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Abstract

In this thesis, a new whistler mode sounding method has been developed to measure mag- 

netospheric electron density using the RPI instrument on the IMAGE satellite. During the 

2000-2002 period, RPI frequently recorded discrete whistler mode (WM) echoes in the ~  10-400 

kHz frequency range when IMAGE was at low altitudes (<  7000 km) in the inner plasmas- 

phere or near its perigee in the southern hemisphere. Most discrete cases were observed in the 

wintertime in the southern hemisphere during the local morning or nighttime. Ray tracing 

simulations indicate that the discrete echoes may result from reflections of RPI signals from 

the earth-ionosphere boundary. By comparing the measured and calculated time dispersion of 

discrete WM echoes, it is possible to determine the plasma density along the ray path as well 

as the nonducted or ducted modes of propagation. The ray tracing simulations were carried 

out for 8 cases observed in the year 2002 when discrete echoes were accompanied by Z mode 

echoes. The 8 cases were chosen to cover the maximum and minimum local electron densities, 

which varied from ~  300 - 4000 el/cc at the satellite location as measured from Z mode echoes. 

The simulations showed that the electron densities at the F2 layer peak (~  250 km altitude) 

varied from 1 x 105 to 7 x 105 el/cc for all the cases. The extrapolated electron density of the 

calculations at ~  4000 km altitude varied from ~  200 - 2000 el/cc (L <  4) and ~  60 - 1000 

el/cc (L >  4). The extrapolated electron density at ~  8000 km altitude ranged from ~  100 - 

1000 el/cc (L < 4) and from 20 - 60 el/cc (L > 4). These results are in general consistent with 

previous observations of plasma density in the low altitude magnetosphere. The ray tracing 

simulation results also indicate that in each of the 8 cases studied whistler mode waves incident 

on the Earth-ionosphere boundary have incident angles that fall within the transmission cone 

angle and hence can be observed at the Earth’s surface.
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Chapter 1

Introduction

1.1 Objectives and motivation

The objectives of this research were to: (1) study the propagation and reflection mechanism 

of whistler and Z mode waves; (2) apply a sounding technique using whistler mode waves to 

determine the electron density and structure in the Earth’s magnetosphere; (3) develop simu

lation tools related to whistler and Z mode wave propagation and polarization.

The plasmasphere surrounding the Earth is a region of ionized gas or plasma. The plasma 

structure and plasma density profiles in this region have been studied for more than forty years 

by using different in situ and remote techniques on ground transmitters and space shuttles. 

However, many uncertainties still exist in this region at high latitude due to a high varia

tion of electron density. The Radio Plasma Imager (RPI) instrument, onboard the Imager for 

Magnetopause-to-Aurora Global Exploration (IMAGE) satellite launched in March 2000, has 

provided new knowledge to the ongoing questions involving the plasma structure and density 

profiles. The RPI operates in the radio frequency band (3 kHz - 3 MHz) which excites several 

wave propagation modes. This is also the first time that whistler mode waves were successfully 

injected from space instead of ground transmitters. Whistler-mode sounding from RPI offers 

an opportunity to probe the plasma density structure and density profiles in the region of the 

plasmasphere and ionosphere with specific advantages. Compared to the ground based whistler 

mode experiment, the whistler mode waves in the topside sounding can be injected to cover a 

larger region inside the Earth’s magnetosphere with a wider range of wave normal angles. The 

topside soundings of the free space mode waves are limited by their cutoff frequencies and get
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reflected at the certain plasmaspheric regions (e.g., the F2 layer peak in ionosphere at ~  300 

km altitude). However the whistler mode waves can penetrate the ionosphere and get reflected 

at the Earth-ionosphere boundary (~  90 km) providing a complete plasma density profile from 

the orbital altitude of the satellite downward to the Earth.

1.2 Organization of the thesis

This thesis consists of seven chapters. Chapter 1 provides a background on the work done in 

this thesis; introduces the Earth’s magnetosphere and wave propagation modes; and describes 

contributions made by the present work. Chapter 2 describes the IMAGE satellite and the data 

format of the measurements. Chapter 3 shows examples of different types of wave propagation 

and their occurrence pattern in the RPI data. Chapter 4 explains the algorithm involved in the 

analysis tools developed for this research including: (1) extension of whistler mode ray tracing 

program to Z mode ray tracing program; (2) calculation of antenna orientation and coordinate 

transformation. Chapter 5 includes a whistler mode sounding technique for electron density 

measurements along the ray path. Two examples of ducted and non-ducted propagation are 

provided to explain this technique. Chapter 6 includes detailed results of ray tracing simu

lations and measurements of electron density profile. Chapter 7 concludes this thesis with a 

summary of the work done along with a discussion of results. Recommendations for future 

work are also discussed in the final part.

1.3 The Earth’s magnetosphere

Figure 1.1 shows a schematic of the Earth’s magnetosphere with various plasma regions. The 

Earth’s magnetosphere starts at about 1000 km altitude. It is a fully ionized ion plasma and 

the dynamics of the charged particles in this region are controlled by the geomagnetic field. 

The magnetosphere is like a conducting fluid surrounding Earth and its shape is greatly influ

enced by the solar wind, which is a fully ionized plasma. The Earth’s magnetic field cannot 

penetrate easily into the solar wind. When the solar wind encounters the geomagnetic field, 

a sharp boundary is formed which divides an outer region, where the wind continues to flow, 

from an inner one that contains the compressed geomagnetic field, and from which the wind is



excluded. The inner region is called the magnetosphere, and the boundary is called the mag

netopause. The magnetopause has an altitude of about 10 Re at the sun side and more than 

about 100 Re at the night side. Re is the Earth radius, equal to about 6370 km. Between 

the bow-shock wave front and the magnetopause there is a magnetosheath region in which 

particles have an irregular motion.

3

—    ■----
' D E F L E C T E D  S O L A R  W I N D  P A R T I C L E S  
' I N C O M I N G  S O L A R  W I N D  P A R T I C L E S

' P O L A R
C U S r K

P L A S M A  S H E E T

n e u t r a l  s h e s

m a g n e t o t a i l

B O W
S H O C K

Figure 1.1 Schematic showing the Earth’s magnetosphere adapted from [Sonwalkar, 
1986].

The magnetosphere is dominated mostly by the Earth’s magnetic field. The geomagnetic field 

within the inner magnetosphere, i.e., the region within about 6 Re , can be approximated by 

a magnetic dipole at the center of the Earth. At farther distances, the solar wind distorts 

the dipole symmetry and each field line is now compressed into a form that departs rather 

markedly from a dipole field.

The inner magnetosphere is basically a magnetoplasma comprising thermal electrons and pos

itive ions (mainly protons, and some He+ and 0 + ions) in the ~  leV  or less energy level, 

constituting the background cold plasma. Ionization by solar ultraviolet ray radiation in the
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daytime F region of the ionosphere is believed to generate thermal or cold plasma, which then 

flows along field lines to fill the inner plasmasphere. The plasmasphere starts at an altitude 

above 1000 km. The electrons and ions in the plasmasphere are in diffusive equilibrium and 

approximately rotate with the Earth. The region beyond the plasmasphere, called plasma- 

trough, has charged particles of higher energy, but of smaller concentration typically on the 

order of 1 el/cc. The boundary between the plasmasphere and the plasmatrough is called 

plasmapause. The location of the plasmapause can vary from L ~  2 - 8 .  For a quiet geo

magnetic condition, the plasmapause is typically near L ~  4 - 5 .  The cold plasma density 

measured at the geomagnetic equator gradually decreases with increasing distance from the 

Earth up to the plasmapause, at which point the electron concentration drops by two orders 

of magnitude [Carpenter, 1966]. In addition to the cold plasma, the inner magnetosphere is 

also populated by energetic particles, mainly protons and electrons with energies extending 

from approximately 100 eV up to hundreds of MeV. These particles, which form the Earth’s 

radiation belts, are magnetically trapped in the geomagnetic field and execute a helical gyro 

motion around the field lines. They bounce back and forth between the two conjugate hemi

spheres and slowly drift in longitude across the field lines. These particles are believed to be 

responsible for various wave particle interactions that occur in the magnetosphere [Helliwell, 

1965]

The Earth’s ionosphere, starting from ~  80 km and gradually merging into the plasmasphere at 

~  1000 km, has been traditionally treated as horizontally stratified. The D region is at about 

70 to 90 km above the Earth. The D region ionization is mainly responsible for absorption 

of radio waves. Different from other regions, its free electrons almost totally disappear during 

the night because they recombine with oxygen ions to form oxygen molecules. The region 

between 95 and 150 km above the Earth is termed E layer, at which MF (~  300 kHz - 3 MHz) 

waves are reflected. This permits radio wave propagation to distant stations. The auroral 

kilometric radiation created by the precipitating particles high above the ionosphere does not 

reach the ground because of the ionospheric E layer. Ions in this region are mainly 0\ . Above 

the E layer, a F layer consisting of two parts can be found: FI at about 170 km, and F2 at 

about 250 km altitude. The F layer reflects HF (~  3 MHz - 30 MHz) waves. The maximum 

ionospheric electron density is found in the F2 layer. The topside ionosphere starts at the F2 

layer (maximum electron density) and extends upward with decreasing density to a transition



height where 0 + ions become less numerous than H + and H+. The transition height varies 

but seldom drops below 500 km at night or 800 km in the daytime, although it may lie as high 

as 1100 km. Although we have discussed the ionosphere as horizontally stratified layers, there 

are horizontal gradients of enhanced and/or depressed ionization present in the ionosphere all 

the time. The spatial scale of these irregularities ranges from 0.1 m to 100 km and the density 

change can be from a few percent at shorter spatial scales to 500 percent at longer spatial 

scales [Kelly et aZ., 1980].

1.4 Wave propagation in the magnetosphere

Magnetospheric plasma consisting of electrons and ions of finite temperature and permeated by 

a magnetic field can support a large variety of electromagnetic, electrostatic, and magnetosonic 

wave modes that cannot exist in free space. In particular, all types of waves and oscillations 

predicted by linear theory for both cold and warm magnetoplasma have been observed in the 

magnetosphere. The range of frequencies for which the various modes are observed to exist 

can be understood in terms of characteristic frequencies of the plasma. These frequencies in

clude: electron plasma frequency ion plasma frequency /^ ; electron gyro frequency fhe (or 

electron cyclotron frequency f ce)m, and ion gyro frequency fhi (or ion cyclotron frequency fd). 

These frequencies depend on Earth’s magnetic field, electron and ion densities and masses. 

The expressions for these characteristic frequencies along with handy formulae are given in 

Sonwalkar [1995]. In this thesis, a cold plasma model is assumed. Linear theory predicts four 

plasma wave modes for a cold plasma at frequencies near the electron gyro and plasma fre

quencies. These modes are the (1) free space LO mode, (2) free space RX mode, (3) Z mode, 

and (4) whistler mode. Plasma waves belonging to each of these modes are commonly observed 

in the magnetosphere [Gurnett and Inan, 1988]. Figure 1.2a and Figure 1.2b are dispersion 

diagrams of frequency /  =  u>/27r versus wave number k. These figures illustrate schematically 

the relationship between the trapped whistler and Z modes and the free space ordinary and 

extraordinary (O and X) modes used in conventional radio sounding. Figure 1.2a represents 

the condition fpe >  f ce, which is common below ^  2000 km and above ~  4000 km within the 

Earth’s plasmasphere, while Figure 1.2b represents the condition fpe <  / ce, which regularly 

prevails over a wide range of altitudes outside plasmapause.

5
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fpe 51 fee fpe < fee

Figure 1.2 Dispersion diagram for cold plasma waves Dispersion diagram, of wave 
frequency f versus wave number k, showing regions of oblique propagation in various modes 
for a two component (electron and proton) cold plasma, (a) Diagram for the case of electron 
plasma frequency fpe greater than the electron gyro frequency / cc, a situation common within 
the plasmasphere. The band of no propagation between fz and fce appears only when fpe/  fce 
exceeds y/2. (b) Diagram for the case of f^  > a situation common poleward of the 
plasmapause. Adapted from Goertz and Strangeway [1995].

The term “free space” is used to indicate that these modes connect smoothly to free space 

modes propagating at the velocity of light in free space. L-O and R-X are used to indicate the 

polarization and the nature of the dispersion relations [Stix, 1992]. As shown in the Figure 

1.2, the L-O and R-X free space modes have lower cut offs at the electron plasma frequency 

fpe and the R =  0 cutoff fx, respectively.

The Z mode is named after the Z traces observed on ground ionograms [ Rat cliffe, 1959]. The 

Z mode is bounded by the upper hybrid resonance (fuh) and the L =  0 cutoff (/l= o  or fz). 

Its refractive index for parallel propagation (0 =  0) undergoes a complicated change near the 

plasma frequency. When the frequency is between the fpe and f û , the refractive index is larger 

than one, indicating the phase velocity is less than the speed of light. This part of the Z mode 

is called “slow Z mode” . When the frequency is between the fz and fpe, the refractive index
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is less than one, indicating the phase velocity is greater than the speed of the light. This part 

of the Z mode is called the “fast Z mode” .

The whistler mode is named after the lightning generated “whistler [Helliwell, 1965]. The 

whistler mode propagates at frequencies below either fpe or whichever is lower. It has a 

lower cutoff at fihr, where for the propagation perpendicular to the magnetic field (8 =  90°) 

the waves undergo a reflection when the wave frequency is equal to the local fihr- Waves propa

gating in the whistler mode are found throughout the magnetosphere, including the equatorial 

and polar regions, polar cusp, near the magnetopause, and in the magnetosheath and the bow 

shock.

1.5 Literature review

The propagation mode of the waves in space is related to the medium properties. The waves 

mentioned above provide a variety of direct and indirect techniques to measured the plasma 

density in the space [ Helliwell, 1965; Knight, 1972; Schunk and 2000]. These waves can

also be from different sources. Sounding experiments for electron density measurements were 

first conducted from ground stations. Free space mode wave from ground transmitters can 

be used to construct the electron density profile for the bottom side of the ionosphere up to 

the F2 layer peak [Ratcliffe, 1959]. Whistler mode waves, which propagate along the Earth’s 

magnetic field and can be detected at conjugate ground stations, were used to measure the 

electron density along the ray path [Helliwell, 1965]. Rocket measurements, including in situ 

probe measurements and measurements based on wave propagation effects, began in the late 

1940’s and were used to construct vertical electron density profiles to altitudes above the F2 

layer peak [Maeda, 1969, 1971]. Satellites in eccentric and circular polar orbits were able to 

measure electron density in the magnetosphere. Electron density measurements from space 

shuttles were obtained by a variety of techniques that included in situ probe measurements 

and measurements based on wave propagation effects. The latter method was employed by the 

topside sounder satellites. Explorer 20 and the four topside sounder satellites of the Allouette 

and ISIS series were launched in the decade following 1961 [Calvert and Van Zandt, 1966, 

Florida, 1969; Jackson and Warren, 1969]. The electron density profiles were constructed up



to 3500 km (apogee of the ISIS A satellite). In this method, some form of electron density 

profile has been assumed and a conversion technique has been used. Electron density profiles 

were obtained by matching the dispersion of the free space mode waves in the ionogram with 

the simulation [Benson 1979; Jackson, 1969]. The Dynamics Explorer 1 satellite, launched in 

1981, was used for in situ electron density measurements from the cutoff frequency of whistler 

mode echoes observed in the electric field spectrum at altitudes up to 4Re [Persoon et al., 1983, 

1988]. In situ probe measurements of electron density were obtained from a group of American 

and European satellites in the late 1960’s and 1970’s. For example, Explorer 31 was launched 

in 1965, along with the topside sounder satellite Alouette II, in order to provide simultaneous 

measurements of ionospheric plasma density by direct measurement probes and the topside 

sounder technique [Donley et al, 1969]. The Explorer 22, launched with a circular orbit, was 

able to obtain the latitudinal and diurnal variations in the electron density profile [Brace et al., 

1970; Miller and Brace, 1969; Reddy et al, 1969]. In 1974 and 1976, two spacecraft, Hawkeye 

I and S3-3 were launched into higher orbits over the polar cap. The S3-3 satellite, with an 

apogee of 8000 km, carried instrumentation to measure electron densities both by the in situ 

probe technique and indirectly by the measurement of the upper hybrid frequency [Mozar et 

al, 1979; Kletzing and Torbert, 1994; Kletzing et al, 1998]. In 1986, the Swedish satellite 

Viking, was launched on a nearly polar obit and has a trajectory designed to cross the main 

region where Auroral Kilometric Radiation was believed to be generated [Hilgers, 1992]. The 

Viking satellite carried Langmuir probes and can be used to measure the electron density up 

to 2 Re .

In 2002, the IMAGE satellite was launched to image the magnetosphere. The RPI instrument 

onboard the IMAGE satellite can be used to determine the local electron density by using 

resonance frequencies observed in the plasmagram and dynamic spectrogram [Benson et al., 

2003]. An empirical electron density model has been built by using sounding techniques with 

free space mode waves [Nsumei et al., 2003; Reinisch et al, 2001a; Reinisch et al., 2001b]. The 

RPI instrument is also capable of topside sounding with whistler mode waves. This is the first 

time that whistler mode was injected successfully from the space. Using the sounding technique 

with whistler mode waves to probe the density structure and profiles at high latitudes, which 

has not been attempted yet, is the main objective of this research work. The topside sounding 

with the whistler mode waves has some certain advantages compared to the ground based
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whistler mode experiments including: (1) waves can be injected to cover a larger region inside 

the Earth’s magnetosphere; (2) waves can be injected over a wider range of wave normal 

directions. Compared to the topside sounding with free space mode experiment, the topside 

sounding with whistler mode waves has advantages including: (1) The whistler mode waves 

can penetrate the ionosphere and get reflected at the Earth-ionosphere boundary (~  90 km) 

providing a complete density profile. However, the frequencies above the free space (O or X) 

mode cutoff frequencies are limited to certain plasmaspheric regions (e.g., F2 layer peak in 

ionosphere at ~  300 km altitude) earthward of the space craft. (2) Free space mode waves 

have echo time delays with a lower limit imposed by transmitted pulse length; the whistler 

mode is not restricted this way because of its low group velocity.

1.6 Problem statement and approach

The RPI instrument on the IMAGE satellite transmits electromagnetic waves in the magne

tosphere and detects echoes. These waves reflect when they encounter plasma density irreg

ularities or when their wave frequency equals cutoff frequency of certain propagation modes. 

The time delay of these echoes is directly related to the reflection conditions and the property 

of the plasma along the ray path. Plasma density structure and profiles can be estimated by 

studying the time delays of these echoes. During the year 2000 to 2002 period, two types 

of whistler mode echoes have been observed frequently. One is discrete lighting-whistler-like 

(small time delay spread) and the other is diffuse (large time delay spread). The diffuse like 

Z mode echoes were commonly found in the low altitude portion of the IMAGE orbit. This 

research work concentrates on how to use the observed echoes of whistler mode and Z mode 

waves to determine the electron density profiles. A 2-D ray tracing simulation program, which 

contains models for electron density and geomagnetic field, has been used to interpret the re

flection mechanism of the mentioned waves. The input parameters for the ray tracing models 

are chosen by comparing the model profile with previous measurements of electron density 

from different satellites. The local electron density is determined by the diffuse Z mode echoes 

associated with the whistler mode echoes. By matching the measured dispersion with the ray 

tracing simulation result, we can estimate the electron density along the ray path.



1.7 Contributions of present work

The main contributions of the present work include:

1. A detailed data survey of discrete whistler mode echoes from February 2002 to January 

2003.

2. Development of a whistler mode sounding technique to determine the electron density 

profile along the ray path by using discrete whistler mode echoes and diffuse Z mode 

echoes.

3. Study of the propagation, reflection and transmission conditions for whistler mode waves.

4. Extension of the Stanford 2-D ray tracing tools to simulate and interpret the propagation 

of diffuse Z mode echoes.

5. Development of analysis tools to study the relation between wave normal direction and 

vector electrical field on the RPI instrument.

6. Measurement of electron density for invariant latitudes lower than 60° and higher than 

60°.

Part of this research work has been published in Sonwalkar et al [2004].

10
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Chapter 2

Experiment Description

2.1 Experiment setup

2.1.1 The IM AGE satellite orbit

The IMAGE satellite was launched from the Western Range (Vandenberg AFB) on a Boeing 

Delta II 7326-9.5 launch vehicle on March 25, 2000. Figure 2.1 shows the IMAGE satellite 

orbit. IMAGE was put into an elliptical polar orbit with an apogee altitude of 7.2 (45,922

km) and a perigee altitude of 1200 km. The initial apogee was at 40 degrees north latitude 

(labelled Mar, 2000 in the figure). During the first year of the two-year mission, the apogee 

progressed from 40 to 90 degrees north latitude, which is to a position directly over the north 

pole. It continued to progress until returning to ~  40 degrees after two years in March, 2002. 

The satellite travels around the Earth with a 14.2-hour orbital period at different speeds at 

different positions along its orbit. When the satellite is closer to the Earth, near perigee, 

its speed is much higher than when it is farther away, near apogee, like any keplerian orbit. 

The region of interest in this research is the low altitude (<  2 Re ) region in the southern 

hemisphere. Because of the high speed near perigee, the satellite covers this region in about 1 

to 2 hours depending on the inclination of the orbit. The satellite’s spin axis is perpendicular 

to the orbital plane and has a nominal spin period of about 2 minutes (spin rate of 0.5±0.01 

rpm). Both the spin rate and the spin axis orientation axe controlled and maintained by a 

single magnetic torque rod, according to the attitude information provided by a sun sensor 

and a star tracker to an accuracy of 0.1 degrees.
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Figure 2.1 The IM A G E  satellite orbit The IMAGE satellite orbit has the apogee of 
7 Re altitude and a perigee of 1200 km altitude. The initial inclination is 40°, and becomes 
140° after 2 years. The period of the satellite is about 14.2 hours. The tick marks labelled on 
the orbit show the satellite’s position every thirty minutes. The spin period of the satellite is 
two minutes.

2.1.2 The RPI instrument

Figure 2.2 shows the payload installed on the IMAGE satellite. The IMAGE payload instru

mentation consists of six systems. The LENA (Low Energy Neutral Atom), MENA (Medium 

Energy Neutral Atom) and HENA (High Energy Neutral Atom) Imagers are used for neutral 

atom imaging at low, medium and high energies respectively. The FUV (Far-Ultraviolet) and 

EUV (Extreme-Ultraviolet) Imagers are used for ultraviolet imaging at far and extreme ultra

violet wavelengths. The RPI instrument used for radio sounding is of interest in this research 

work and will be discussed in detail.

IMAGE carries the RPI instrument for transmission and reception of radio frequency signals. 

RPI is a multimode instrument [Reinisch et al.,2000] in which the transmitting and receiving
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Figure 2.2 The r p i  instrument on the i m a g e  satellite The RPI instrument has three 
orthogonal dipole antennas, two 500-m long dipole antennas in the spin plane and a 
20-m dipole along the spin axis. The two spin plane antennas are used for transmission 
and all three for reception.

frequencies, range detection, pulse characteristics and repetition rate are parameters over a 

wide range of values. The instrument covers the frequency range from 3 kHz to 3 MHz with 

a receiver bandwidth of 300 Hz. There are three orthogonal thin wire antennas, two 500-m 

tip to tip dipoles in the spin plane (X and Y) and a 20-m tip to tip dipole along the spin axis 

(Z). The 500-m long dipoles are used for transmission and all three for reception. The nominal 

radiated power from RPI, variable (in terms of free space mode excitation) from 0.1 mW at 

low frequencies to «  10 W  per dipole at 200 kHz, was reduced by 3 dB on 8 May 2000 when 

the power supply for the y-axis transmitter failed. A further reduction occurred on 3 October 

2000, when one of the x-axis monopoles was partially severed, apparently by a micrometeorite, 

reducing the dipole length to 340 m. On 18 September 2001, an unknown (presumably small 

and negligible) section of the Y  antenna was lost. In spite of these difficulties, excellent data 

have continued to be acquired, as described in the next several chapters.



2.1 .3 Programs and schedules

RPI is a multiple mode instrument, capable of measuring plasma densities that, vary over six 

orders of magnitude at different locations of the IMAGE orbit. To optimize the scientific 

output, different programs have been designed based on the operating mode, frequency and 

waveform of the transmission signals, detection range, and format of measurement. All these 

programs can be classified into two groups by the operating mode. One is the sounding (or

14

Figure 2.3 Schematic showing the RPI sounding and thermal noise program This 
figure schematically shows the RPI sounding program and thermal noise program.

active) experiment, in which the RPI transmits signals and detects the echoes returning to 

the satellite. This experiment is schematically shown in Figure 2.3 (left). The other is the 

thermal noise (or passive) experiment, in which the satellite only listens to the thermal noise 

in the space. The thermal noise program is shown in Figure 2.3 (right). These two types of 

experiment were scheduled alternately during the mission of the IMAGE satellite. Both the 

experiments are used in this research work. Programs used in these two experiments will be 

discussed separately.

The sounding programs used in this research are program 61, program 29 and program 5. 

Figure 2.4 shows an example of transmission program 5. Program 5 operates in the 60 to 1000 

kHz frequency range, with 144 logarithmic steps and has a maximum radar range of 7.5 Re •
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Figure 2.4 An example of the program used in the sounding experiment. This 
figure shows the frequency step and time step of transmitted signal in the sounding program
5. The inset shows the details of the program. The vertical line at the beginning of each 
horizontal line represents 3.2 ms duration transmitted pulse at that frequency. The length of 
the horizontal line represents the waiting period during which RPI listens to the echoes..

This program uses only the X antenna for transmission and all three for reception. A single 3.2 

ms pulse was transmitted at each frequency about every 0.5 - 0.7 seconds. Program 61 operates 

in the 10 to 1800 kHz frequency range with 40 logarithmic steps and has a maximum radar 

range of 5.8 Re - In this program, both the X and Y  antennas were used for transmission and 

all three for reception. Eight pulses are transmitted at each frequency with a pulse duration of 

25 ms during a 2 s transmission period. Coherent integration, which integrates eight successive 

samples in phase, was used for amplitude measurements on the three antennas. For program 

29 there are two pulses transmitted at each frequency for a pulse duration of 3.2 ms. Program 

29 operates in the 3 kHz to 3000 kHz frequency range with 178 logarithmic steps and has a 

maximum radar range of 11.7 Re - In this program, the X antenna is used for transmission and 

all three for reception with coherent integration. The following factors were considered in the 

selection of a specific program: (1) the lowest transmission frequency is lower than 100 kHz to 

be able to observe the whistler mode echoes (both plasma frequency and gyro-frequencies in 

the region studied are typically larger than 100 kHz) ; (2) the highest transmission frequency 

is higher than 1000 kHz to be able to observe the Z and R-X mode echoes; (3) signals are 

transmitted when the satellite is at a low altitude; (4) the waveform of the transmitted signal 

is 3.2 ms short pulse. The three programs introduced above are to observe whistler, Z and free



space mode waves together. They may not be the best programs to observe a specific mode of 

wave. Other programs that have the potential to observe whistler mode waves are programs 

21, 33, 34, 35, 38, and 57. All these programs have the starting frequency less than (or equal 

to) 20kHz and use a wave form of 3.2 ms short pulse.

Programs 23 and 26 are the most commonly used programs in the passive experiment. Program 

23 detects the thermal noise from 3 kHz to 20 kHz in 43 uniformly distributed steps. All the 

three antennas are used for reception. The duration of this program is 11 seconds. Program 

26 detects the thermal noise from 20 kHz to 1000 kHz in 199 logarithmic steps. The duration 

of this program is 50 seconds.

2.2 RPI level 0 data format and satellite orbit information

The RPI level 0 data includes data on: (1) amplitudes of electrical field or voltage stored 

in databins; (2) program information in detail; (3) auxiliary information regarding frequency 

readings, databin serial numbers, antenna impedance values in the data and frequency head

ers. The detailed information on level 0 data can be found in the document “RPI Level 0 

Data Formats” listed in the references. This research work utilizes a GUI-based browser to 

access the measurements on the three antennas and the satellite attitude information, which 

will be discussed in the next section. The satellite location and orbit information can be 

found in ‘plasma predict file’ , available online at “ftp / /nssdcf tp.gsfc.nasa.gov/spacecraft 

_ d a t a / i m a g e / R P I / p l a s m a j p r  edict/".Each plasma predict file includes: (1) satellite location 

and local time in magnetic coordinates; (2) satellite location in solar magnetic coordinates; (3) 

satellite location in geocentric solar inertial coordinate system; (4) model values of local electron 

plasma frequency, electron cyclotron frequency, distance to the magnetopause and plasma- 

pause. Another source of the satellite location is the link “http://sscweb.gsfc.nasa.gov/cgi- 

bin/sscweb/Locator.cgi” . This website gives the location of 73 satellites during their missions, 

including the IMAGE satellite.
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2.3 Browsing tools of RPI data
17

2.3.1 Overview of BinBrowser

BinBrowser is a browsing tool for RPI data with a database query subsystem. Figure 2.5 

shows the main window of the BinBrowser. This window includes several sub-panels. The
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Figure 2.5 Overview of BinBrowser software The main window of BinBrowser includes 
several sub-panels. The tool bar, enclosed in the black box, is to send queries. The session 
selector panel, enclosed in the yellow box, is used to select data for each measurement program. 
The headers panel, enclosed in the cyan box, displays the preface and data header of the current 
telemetry packet. The presentation panel, enclosed in the green box, is to select color mode 
and representation of data. The data panel, enclosed in the red box, displays the contents of 
databins for the current session.

tool bar, enclosed in the black box, Is used to send queries to the data source and download 

RPI data (level 0 data) or to open a data file in the *.lz format on the local machine. The 

last button, labelled with a letter T  inside the yellow circle, is used to access the program and 

satellite attitude information. The satellite attitude information can be displayed in a new 

window by clicking this button. The attitude information includes: (1) satellite location and



spin axis in the GSM coordinates; (2) orientation of the X  antenna in GSM coordinates at 

times each frequency is transmitted. The session selector panel, enclosed in the yellow box, 

is used to select the RPI data from a list of sessions specified in the queries. Each session 

corresponds to a set of RPI data of a single program transmitted during a specific time period. 

The header panel, which is enclosed in the cyan box, displays the preface and data header of 

the current telemetry packet. The resonance control model, enclosed in the purple box, can 

be used to automatically detect the resonance frequencies in a plasmagram. The presentation 

options window, enclosed in the green box, includes display options panel with different color 

scales, a filter to suppress background noise, and a representation selector to select one of the 

available data representation. For example, the unit dBnv/m is one of the options to represent 

the electrical field on the three antennas. The data panel, enclosed in the red box, is used to 

display the contents of databins for the current session. The data panel displays a variety of 

graphical presentation modes and data representations by switching tags on the top of the data 

panel. The “Plasmagram” displays electrical field measurement in each session. The “Dynamic 

Spectrogram” displays the voltage measurements made from the background thermal noise.

2.3 .2  Plasmagram

In the BinBrowser, the measurement data are shown by a plasmagram. Figure 2.6 shows an 

example of plasmagram observed on 16 Jun 2002 07:29:22 UT. An RPI plasmagram normally 

plots the virtual range of echoes in Earth radii as a function of sounding frequency [ 

et al, 2001a], with virtual range calculated from the measured time delay assuming that the 

signal has propagated with a velocity of light in free space. For convenience, the plasmagrams 

discussed later are in the format of time delay versus frequency. The color bar, on the right 

of the figure, shows the amplitude of the electrical field in dBnv/m. This electrical field is 

calculated by dividing the measured amplitude of voltage on the antenna by the antenna 

effective length. The antenna effective length is assumed to be half the physical length of the 

antenna. Under this assumption, the effective length for the X, Y  and Z antennas are 250 m, 

250 m, and 10 m respectively. Echoes of different wave propagation modes can be identified 

in the plasmagram by looking at the amplitudes of the electrical field. Figure 2.6 shows an 

example of the whistler mode echoes ( < 9 0  kHz), Z mode echoes (180 kHz - 450 kHz), and 

free space RX mode echoes (>  550 kHz). A plasmagram can also be used to detect resonances 

when the satellite is at a region where fee/fpe <  1- These resonances can appear as spikes at

18
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Figure 2.6 Typical plasmagram The ar-axis of a plasmagram is the frequency in kHz; the 
y-axis is the virtual range in Re . The color bar on the right shows the amplitude of electric 
field in dBnv/m. The observed echoes of whistler mode (WM), Z mode (ZM) and and free 
space R-X mode (RX) waves are shown.

frequencies such as the upper hybrid frequency, plasma frequency, gyro frequency, harmonics 

of the gyro frequency, Dn, and Qn frequencies. Plasmagrams of this type can be foimd in 

Benson et al. [2003].

2.3.3 Dynamic spectrogram

The measurements of passive experiments are shown in the dynamic spectrogram. Figure 2.7 

shows the dynamic spectrogram observed on August 26, 2002. An RPI dynamic spectrogram 

normally displays the frequency versus time. The color bar on the right shows the amplitude of 

the voltages measured on the RPI antennas in dBV/VWz, which is simply the voltage divided 

by the square root of the 300 Hz bandwidth. The record of a dynamic spectrogram is obtained 

by the RPI receiver sweeping 300 Hz bandwidth through 243 frequency steps between 3 kHz 

and 1 MHz. The interval of 3 kHz to 20 kHz is from the thermal noise program 23 covered 

by 44 steps of 400 Hz increment at each step. The interval of 20 kHz to 1 MHz is from 

thermal noise program 26 covered by 199 logarithmic steps with 2% increment at each step. 

At each of the frequency steps, the RPI samples the received signal 36 times with a 3.2 ms
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Figure 2.7 Typical dynamic spectrogram The x-axis of a dynamic spectrogram is time 
in UT; y-axis is the frequency. The color bar on the right shows the amplitude of voltage in
dBv/y/Hz. Signals from ground transmitters, upper hybrid emissions, plasmapause, and gyro 
frequency harmonics are shown.

sampling period and calculates a series of eight 25.6 ms running averages. This way, transient 

signals tend to be suppressed and the relatively steady signals, such as local resonances are 

emphasized. A frequency sweep is taken every 2-6 minutes, depending on the schedule of the 

thermal noise program. This also forms the time resolution in the dynamic spectrogram. In 

Figure 2.5, the solid red curve indicates the gyro frequency calculated by IGRF2000 model 

for internal magnetic field and T96 model for external magnetic field[Tsyganenko and Stem, 

1996]. Whistler mode signals from a group of ground transmitters in the 10 to 30 kHz range 

were frequently observed when the satellite travels from the pole to the equatorial region in the 

northern hemisphere. These signals appear as slim horizontal lines in the dynamic spectrogram. 

The upper hybrid emission, which is the resonance at upper hybrid frequency, can be used to 

estimate the plasma frequency with the equation below

f p e = \ l f l k - f l  (2-1)

Where / ce, fuh, and fpe are gyro frequency, upper hybrid frequency, and plasma frequency, 

respectively. Under the condition of fpe/ fee »  1, the upper hybrid frequency is approximately 

the same as the plasma frequency. The sudden drop of the upper hybrid emission band 

indicates the location of the plasmapause, where the electron density can vary by two orders 

of magnitude. The harmonics of the gyro frequency, which are usually found close to the



plasmapause [Sonwalkar, 1995], can be used to accurately estimate the electron gyro frequency.
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Chapter 3 

Observations

During the years 2000 and 2002, different types of whistler and Z mode echoes have been 

observed in the RPI plasmagrams. In this chapter, we will discuss the following observations: 

(1) discrete whistler mode echoes (hghtning-whistler-like); (2) diffuse whistler mode echoes, 

which have large spread in time delay over the observed whistler mode frequency band; (3) 

diffuse Z mode echoes, which have a spread in time delay that increases with frequency. The 

occurrence pattern will be presented after discussing a few examples of each type.

3.1 Observations of discrete whistler mode echoes

Discrete whistler mode echo is the most relevant type of echo in this research. Here, we show 

different examples of discrete whistler mode echoes. The occurrence pattern will be studied 

based on different aspects such as local time, satellite position and local electron density.

3.1.1 Examples of discrete whistler mode echoes

Figure 3.1a shows an example of a discrete whistler mode echo observed on 05 May 2002 

19:07:24 UT, in program 61. The satellite shown as a red dot (a) is in the lower portion of 

the orbit (blue dashed line) in Figure 3. Id. The satellite is at about R =  1.64 Re , 58.9° 

magnetic latitude in the southern hemisphere and 11.3 MLT at the time of transmission. In 

the Figure 3.1a, the lowest detectable time delay is about 26 ms (0.6 Re ) because of the 25.6 

ms transmitted signal. The whistler mode echoes in this case are restricted below ~  60 kHz 

and the time delays varied from ~  75 to ~  110 ms. These echoes cover up to six databins 

(3.2 ms/bin) at each frequency, corresponding to a time delay spread of 19.2 ms. The gyro
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Figure 3.1 Examples of whistler mode echoes (a - c) Plasmagrams displaying whistler 
mode echoes received on 05 May, 11 May 2000 and 20 May, 2002 respectively. The whistler 
mode echoes in (a) are the discrete traces below ~  60 kHz and the time delay varies between 
25 and 125 ms. The time delay spread for an individual echo ranges from 3.2 ms to 19.2 ms. 
In (b), The whistler mode echoes extend from 20 kHz to 50 kHz. The echoes extend from 
~  140 ms to ~  160 ms in time delay. In (c), the whistler mode echoes are the traces below 
~  300 kHz. The time delay varies between 25 and 40 ms and the echoes cover 3.2 to 6.4 ms 
time delay at each frequency. The signals above «  300 kHz are Z-mode echoes. The measured 
upper hybrid frequency, gyro frequency, and plasma frequency are 787 kHz, 699.2 kHz, and 
362 kHz respectively, (d) Plot of the low altitude portion of the IMAGE polar orbit for the 
cases of (a) and (c) are given by blue dotted lines respectively. The approximate locations of 
IMAGE for all the three cases are indicated by red dots. Dipole field lines at L =  4 are shown 
as a reference.
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frequency calculated from the IGRF2000 model is 341 kHz. The IGRF model is an empirical 

model and is represented by a spherical harmonics series with the first term being the sim

ple dipole term [Peddie, 1995]. The local plasma frequency is determined by matching the 

measured time dispersion with the ray tracing simulation result and equals to 252 kHz. This 

confirms that the observed echoes are indeed whistler mode.

Figure 3.1(b) shows another example observed in program 61 on 11 May 2000, 17:14:48 UT. 

The satellite is at R =  2.1 Re and 34.8° magnetic latitude in the southern hemisphere. The 

MLT is 10.0. Here the whistler mode echoes ranged from ~20 kHz to 50 kHz and the time 

delays varied from ~  140 to ~  160 ms. The gyro frequency calculated from the IGRF2000 

model is 125 kHz. The local plasma frequency measured by matching the time dispersion with 

the ray tracing result is about 337 kHz. The satellite orbit can be assumed the same as in 

case (a) due to only six days interval between the two cases. As shown in the figure, this case 

shows a different slope (~  0.63 ms/kHz) in the time dispersion compared to the case in Figure 

3.1a (~  1.08 ms/kHz). This feature results from the existence of a duct in the magnetosphere 

and will be discussed in detail in Chapter 5.

Figure 3.1c shows the discrete case observed in program 5 on 20 May 2002, 14:48:03 UT. The 

satellite shown as a red dot (c) in Figure 3.Id is in the lower portion of the orbit shown as a 

blue dashed line. The satellite is at R =  1.22 Re , 56.7 magnetic latitude and 9.35 MLT in the 

southern hemisphere. Here the minimum observable time delay is 12.7 ms, equivalent to 0.3 

Re in virtual range, due to the single 3.2 ms transmitted pulse and additional time needed 

for the receiver to recover from the high voltage generated during the transmitter pulses. The 

whistler mode echoes in (c) are the discrete traces below ~300 kHz. The time delay varied 

from 25 ms to 40 ms covering one or two bins at each frequency. The signals above «  300 

kHz with the time delay spread increasing with frequency are the Z mode echoes. The abrupt 

high frequency cutoff, at ~  787 kHz, is a measure of the upper hybrid resonance frequency 

f uh. The gap or decrease in spread at «  699 kHz gives a measure of the local gyro frequency 

f ce [Carpenter et al, 2003]. The plasma frequency calculated by equation (2.1) is 362 kHz.



3.1.2 Occurrence pattern of discrete whistler mode echoes

Discrete echoes from the transmission of programs 61 and 5 have been used to perform a data 

survey of the discrete whistler mode echoes. These two programs have been described in Chap

ter 2. During the observation period of program 61, from 21 Apr 2000 to 28 Aug 2000, there 

were a total of 7010 transmissions. Twenty-four discrete whistler mode cases were observed on 

17 different days in the southern hemisphere [Chen, 2000] when the satellite was at an altitude 

below 7000 km and a magnetic latitude greater than 25°. In this range, RPI had 292 trans

missions of program 61 indicating an 8% occurrence rate of discrete echoes. A more thorough 

survey was performed in program 5 covering the period from February, 2002 to January, 2003. 

After a preliminary survey in May 2002, it was found that all the discrete whistler mode cases 

were observed with a magnetic latitude greater than 45° close to the apogee. The one-year 

data survey was therefore confined to a magnetic latitude higher than 45°. Figure 3.2a shows 

the total number of transmissions from February, 2002 to January, 2003. In the month of 

October and November 2002, the program 5 was scheduled for transmission for only 9 days, 

which resulted in a smaller number of plasmagrams compared to other months. Figure 3.2b 

shows the number of discrete whistler mode cases observed in each month during the period. 

There were a total of 87 discrete cases observed in the one year period when the satellite alti

tude was between 1200 and 3000 km. Among these 87 cases, 35 and 31 cases were observed in 

June and July alone in the winter, containing 76% of the total number of discrete cases. The 

occurrence rate in the two months June and July, however, is about 7% of the total number 

of transmissions in both these months totalled at magnetic latitude higher than 45 ° in the 

southern hemisphere. There were only 10 and 11 discrete cases observed in the spring (August, 

September and October) and fall (March, April, and May), respectively. None of the discrete 

cases were observed in the summertime. One reason for such a seasonal pattern could be D 

region absorption. Because of collisions between electrons and neutral particles, the whistler 

mode waves lose some of their energy as they propagate through the ionosphere. Some of this 

lost energy appears as heat in the medium and some as disordered electromagnetic radiation. 

Much of this absorption occurs in the lower regions between 70 and 120 km as a result of 

collisions between electrons and neutral particles. The contribution from the lower ionosphere 

(60 - 200 km) is usually dominant [Helliwell, 1965]. The absorption in the daytime is about 

10 - 30 dB higher than at night [Helliwell, 1965]. Our observations ranged from mid to high

25
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This figure shows occurrence pattern of discrete cases found in program 5 from February 2002 
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Figure 3.3 Occurrence of discrete whistler mode cases versus local time(a) Occur
rence pattern of discrete whistler mode cases versus local time for all cases observed in program 
5 and program 61. (b) Occurrence pattern of discrete whistler mode cases versus local time for 
cases observed in program 5. (c) Occurrence pattern of discrete whistler mode cases versus 
local time for cases observed in program 61.

latitude regions. The average absorption is low because the length of daytime is much shorter 

than nighttime in the winter. This occurrence pattern is related to D region absorption and 

can also be observed as a function of local time.

Figure 3.3a shows the local time of the observed discrete cases. Most of the discrete cases were 

observed when the local time is during early morning or at night. During this period, the D 

region absorption is much lower than around noontime. Figure 3.3b shows the local time of 

discrete cases observed in program 5. As seen in the figure, most cases were observed in the 

early morning before 9:00 AM, except for the one case that stands out at 14:00 LT close to 

noontime. Figure 3.3c shows the local time of discrete cases observed in program 61. In this 

program, discrete cases were observed both in the morning and at night.
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Figure 3.4 shows the satellite location where discrete cases were observed. Figure 3.4a shows 

the satellite location where discrete cases were observed in program 61 in the year 2000. All 

of the 24 discrete cases in this figure were observed at an altitude less than 7000 km. Figure 

3.4b shows the satellite location of discrete cases observed in program 5 in the year 2002. All 

of the 87 discrete cases in this figure were observed at an altitude less than 3000 km. The 

reason why discrete cases can be found even at higher altitudes in program 61 is because of 

the coherent integration technique used in this program. As discussed earlier, the local plasma

R e

Figure 3.4 Satellite locations when discrete cases were observed in the years 
2000 and 2002.(a)The satellite position where discrete cases were observed in the program 
61 during the period April 2000 to August 2000. There were 24 discrete cases observed at 
a magnetic latitude greater than 34 degrees. The altitude varied from ~1150 km to ~7000 
km. (b)The satellite position where discrete cases were observed in the program 5 during 
the period February 2002 to January 2003. There are 87 discrete cases found at a magnetic 
latitude greater than 45 degrees and extending to the polar region. The altitudes varied from 
1200 km to 2500 km. L shell values 4 and 6 are shown here as references..

frequency can be calculated from the characteristic frequency of the Z mode echoes by using 

equation (2.1). The local electron density can be calculated from the plasma frequency by the 

equation [Sonwalkar, 1995]

Ne =  ^ e°m e. (3.1)

where Ne is the electron density; upe is the angular plasma frequency; e0 is the permittivity 

of free space; me is the mass of an electron; e is the electron charge. All the discrete whistler 

mode cases observed in 2002 were accompanied by the Z mode echoes. However, we could not 

measure the local plasma frequency for some cases due to the following reasons: (1) the gap



or weakening at the gyro frequency ( / ce) is not observable; (2) the upper hybrid frequency 

exceeds the highest transmitted frequency and therefore cannot be observed. In the former 

case, we can use IGRF2000 model to estimate the gyro frequency. For cases where fuh exceeds 

the maximum value of transmission frequency, we can determine the lower bound of electron 

density by assuming that f uh is greater than the maximum transmission frequency. Figure

3.5 shows a comparison between the model and measured values of gyro frequency. The red 

points show the gyro frequency measured from the associated Z mode echoes of discrete cases 

in year 2002. The blue points show the gyro frequency measured from other 63 cases where 

only Z mode echoes were observed. The green points represent the discrete cases observed in 

program 61 year 2000. In these cases of program 61, Z mode echoes were only observed in 

4 cases out of the 24 discrete cases. In these four cases the gap was not observed due to a 

low frequency resolution at high frequencies. For all the discrete cases observed in program 

61, only the model values of the gyro frequency were shown in Figure 3.5. The variation 

between the model and measured values can be seen as greater at higher frequencies. This 

is because the RPI signals are transmitted based on a logarithmic scale, leading to a lower 

frequency resolution at high frequencies. In general, the values calculated from the IGRF2000 

show good agreement with the measured values, within ~  5%. For all the discrete cases, the 

observed range of gyro frequencies is from 100 kHz to 1000 kHz. Figure 3.6 shows a comparison 

between the model and measured values of plasma frequency. Similar to the Figure 3.5, the red 

points and blue points represent cases containing Z mode echoes with and without the discrete 

whistler mode echoes. From this figure, we can see that there is a large deviation between the 

measured value and the model value. The maximum difference can be as large as a factor of 10 

to 100. The observed plasma frequency ranges from 150 kHz to 600 kHz. After measuring the 

gyro frequency and plasma frequency by the described method, we can study our measured 

frequency range of whistler mode echoes and Z mode echoes.

Figure 3.7 shows the measured frequency range of discrete whistler mode echoes observed in 

program 61 of year 2000. The Z mode echoes cannot be observed in these cases. The frequency 

range of the whistler mode echoes and the gyro frequency from the IGRF2000 model are shown 

in the figure. The frequency range of the observed whistler mode echoes is well below the gyro 

frequency. Figure 3.8 shows the measured frequency range of discrete whistler mode echoes 

and the accompanying Z mode echoes in program 5 of year 2002. The gyro frequency is either

29
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Figure 3.5 Comparison of measured and model values of gyro frequency^)
Figure shows a comparison of measured and model values of fce observed from the Z mode 
echoes. Here y axis represents the measured values and the x axis represents the model values. 
The red points are from the discrete cases associated with Z mode in the year 2002. The blue 
points are from the other 63 cases where only diffuse Z mode echoes were observed in program 
5■of year 2002. The model values of fcc are from the IGRF2000 model. The measured values 
showed good agreement with the model values with less than 5% error. The line of Y =X  is 
given here as a reference.
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Figure 3.6 Comparison of measured and model values of plasma frequency(fpe) 
Figure shows a comparison of measured and model values of observed from the Z mode 
echoes. Here y axis represents the measured values and the x axis represents the model values. 
The red points are from the discrete cases associated with Z mode in the year 2002. The blue 
points are from the other 63 cases where only diffuse Z mode echoes were observed in program 
5 of year 2002.
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measured from the gap or calculated from the model. In Figure 3.8, the measured whistler
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Figure 3.7 Frequency band of discrete W M  echoes observed in program 61 The
Figure shows the measured frequency range (black line) of observed whistler mode echoes 
observed in program 61, year 2000. The model value of gyro frequency is shown in the black 
rectangle.

mode frequency range can be seen below both the values of the gyro frequency and plasma 

frequency. In most cases, the maximum frequency of the whistler mode echoes is well below 

the cutoff frequency f^  or / ce, whichever is lower. Since our measurements were taken in 

the region of low altitude and mid to high latitude in the southern hemisphere, the plasma 

frequency is usually less than gyro frequency as shown in Figure 3.8.

Among the total number of 87 cases observed in program 5, electron density is measured only 

for 67 cases and an estimate of the lower bound on electron density is made for the rest of the 20 

cases. Figure 3.9 shows the local electron density measurements. The black triangles represent 

actual electron densities measured from fuh and f ce for the 67 cases. The red squares represent 

the estimated lower bound on electron density using the maximum transmission frequency and 

f ce. Figure 3.9a shows the measured electron densities of all 67 cases in black triangles. The 

maximum and minimum measured electron density are 4250 el/cc and 337 el/cc, respectively. 

The estimated lower bound on electron densities for the rest of the 20 cases is shown in red 

squares. These estimated numbers indicate that the electron densities of the order of 103 can 

be measured in this region. Figure 3.9b shows electron density measurements (black triangles) 

taken from the cases where the satellite is below 60° invariant latitude. These measurements
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Figure 3.8 Frequency band of discrete W M  echoes and accompanying Z mode 
echoes observed in program 5 The Figure shows the measured frequency range of observed 
whistler mode echoes (red line) and accompanying Z mode echoes (black line) observed in 
program 5, year 2002. The gyro frequency (blue rectangle) is either from the measured gap 
or the IGRF2000 model. The plasma frequency (blue triangle) is calculated from the upper 
hybrid frequency and the gyro frequency.

show that the maximum and minimum electron densities that could be measured are 4250 

el/cc and 462 el/cc, respectively. The estimated lower boundary (shown in red squares) shows 

a maximum value of 2300 el/cc. Figure 3.9c shows the electron density measurements and the 

estimated lower boundary for the cases where the satellite is above 60° invariant latitude. These 

measurements show that the maximum and minimum measured electron densities are 2048 and 

337 el/cc, respectively. The maximum estimated lower bound of electron density is 2717 el/cc. 

At low altitude (<  2500 km), the difference between electron densities measured between 

low and high latitudes is found to be small. This confirms the previous assertion that the 

plasmapause merges with background electron density at about 3000 km altitude [.Bernhardt 

and Park, 1977]. The measurements shown in Figure 3.9 are also compared with the ISIS-A 

in-situ measurements for invariant latitudes both lower and higher than 60° respectively. In 

Figure 3.10, the local electron density is plotted on the background of ISIS-A measurements. 

As seen in the Figure 3.10, our electron density measurements are in the lower portion of 

the ISIS-A in-situ measurements. This is because of the limitation placed by the maximum 

transmission frequency in program 5. When the local electron density is higher, the upper
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Figure 3.9 Measured local electron densities. The Figure shows the local electron 
density measurements at the satellite location, a) Electron density in el/cc for all cases, b) 
Electron densities of cases with invariant latitude less than 60° c) Electron densities of cases 
with invariant latitude greater than 60°.

hybrid frequency exceeds the maximum transmission frequency (~  1018 kHz) and the exact 

value of electron density cannot be measured.
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Figure 3.10 Comparison of local electron density measurements with ISIS-A 
in-situ measurements The measurement of local electron densities is plotted on a back
ground of ISIS-A in-situ measurements (taken with a probe), (a) Electron densities for invari
ant latitude less than 60° (b) Electron densities for invariant latitude greater than 60°. Our 
measurements lie in the lower part of the ISIS in-situ measurements.



3.2 Observations of diffuse whistler mode echoes
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3.2.1 Examples of diffuse echoes

During the sounding over the southern polar region, RPI has observed strong echoes with 

delay spreads much beyond those observed in the discrete whistler mode events as in Figure 

3.1. Figure 3.11 shows three examples of wide spreading in time delay of whistler mode echoes, 

called diffuse whistler mode echoes at low altitudes over the polar region. Figure 3.11a shows 

the diffuse case observed in program 29 on 11 July 2000 19:27:42 UT. The satellite is at ~  2700 

km altitude and 77.9° magnetic latitude in the southern hemisphere (shown in Figure 3.lid ). 

The magnetic local time is 9.11. Whistler mode echoes were observed from ^  50 - 160 kHz. 

In contrast to the discrete cases shown in Figure 3.1a, in which the time delay spread at each 

frequency varied from ^ 3 - 2 0  ms, the diffuse whistler mode echoes were spread over as much 

as 100 ms with the most pronounced spreading at the lower frequencies. The Z mode echo is 

visible between about 420 kHz and 727 kHz. As discussed earlier, f uh ~  727 kHz, f ce ~  620 

kHz, and fpe ~  380 kHz are determined from the Z mode echo characteristics.

Figures 3.11b and 3.11c show two other examples of diffuse cases similar to the one observed in 

3.11a. The case in Figure 3.11b was observed in program 29 on 06 August 2000 07:27:11 UT. 

The satellite is at «  2600 km altitude and 64.6° magnetic latitude in the southern hemisphere. 

The observed whistler mode echoes ranged from ^ 1 5 - 5 5  kHz with a time delay spread 

of about 85 ms. The fuh, fee> and fpe determined from Z mode characteristics were 621kHz, 

502kHz and 365 kHz respectively. In case 3.11c, the satellite location, at the time of observation 

12 July 2002 09:35:31 UT, is at an altitude of 2548 km and a magnetic latitude of 82.2° in 

the southern hemisphere. The observed whistler mode echoes start at ~  60 kHz, which is the 

minimum frequency transmitted in program 5, and end at ~  90 kHz. The echo spread is more 

than 75 ms and reaches a maximum of «  150 ms at 82.4kHz. The Z mode echoes were observed 

from 135 kHz to 573.5 kHz. The f uh, / ce5 and /pe determined from Z mode echoes were 573.5 

kHz, 562.3 kHz and 112.8 kHz, respectively. Free space R-X mode echoes were also observed 

at frequencies higher than ~  600 kHz. Figure 3.l id  shows the satellite location in cases (a), 

(b) and (c) by a red dot. The satellite orbit for (a) is also shown in a dashed line.
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Figure 3.11 Examples of diffuse whistler mode echoes received outside the 
plasmapause at low altitudes over the southern polar region, (a - c). Plasmagrams 
showing examples of wide spreading in virtual range (time delays) of whistler mode echoes, 
called diffuse echoes. Whistler mode echoes were accompanied by Z mode echoes in all the 
three cases and by a free space R — X  mode echo in (c). In (a) the echoes were spread over as 
much as 100 ms at frequencies between «  50 kHz and «  160 kHz. The minimum detectable 
time delay in (a) was «  25 ms. The Z  mode echo is visible between about 420 kHz and 727 
kHz. In (b), the echoes are spread over 85 ms at frequencies between 15 and 55 kHz and in (c), 
they are spread over 125 ms between 40 and 95 kHz. (d) Plot of the low altitude portion of 
the IMAGE polar orbit for the case of (a). The approximate location of IMAGE is indicated 
by a red dot, as are the locations for cases (b) and (c). Dipole field lines at L =  4 are shown 
as a reference.
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3.2.2 Occurrence pattern of diffuse whistler mode echoes

A similar survey has been performed for diffuse cases in program 5 and program 29. The 

information of program 29 has been introduced in Chapter 2. Figure 3.12a and 3.12b show the

Re r e

Figure 3.12 Satellite location of diffuse whistler mode echoes (a) Satellite position 
of diffuse whistler mode echoes observed in program 29, in the year 2000. (b) Satellite position 
of diffuse whistler mode echoes observed in program 5, in the year 2002.

satellite locations of diffuse whistler mode cases observed in program 29 in the year 2000 and 

program 5 in the year 2002, respectively. For program 29, there were a total of 1010 transmis

sions during the period from 21 April 2000 to 28 August 2000. Twenty-four diffuse whistler 

mode cases were observed on 15 different days in the southern hemisphere. In these cases, 

the satellite altitude was below 5000 km and the magnetic latitude higher than 20 degrees. 

During the observation period of diffuse whistler mode cases, there were 118 transmissions of 

program 29. The occurrence rate is therefore about 20%. There were 126 diffuse whistler mode 

cases observed in program 5 from February, 2002 to January, 2003. The 125 whistler mode 

cases were observed in 80 different days from March to December in 2002, when the satellite 

altitude was below ^6000 km. The occurrence rate of diffuse cases in program 5 is about 5%, 

which is less than the occurrence rate in program 29. This is probably because (1) the lowest 

frequency transmitted in program 5 is about 60 kHz, which is much greater than the lowest 

frequency transmitted in program 29 (3 kHz); (2) the coherent integration technique is used 

in the program 29.



3.3 Observation of Z mode echoes from mid to high latitude 

regions

The diffuse Z mode echo, characterized by a time delay spread which increases with frequency, 

is omnipresent from mid-latitudes (~  40°) to the polar region. We will show different examples 

of diffuse Z mode echoes in these regions and summarize the occurrence pattern.

3.3.1 Examples of diffuse Z mode echoes observed on 27 August 2002

A very interesting case of diffuse Z mode echoes was observed on 27 August 2002, when IM

AGE moved from a region along its orbit where fpe/fee <  1 to a region where fpe/fce > 1

and then to a region where fpe/fee ~  1- This case is interesting because we can observe the 

bandwidth changes of the Z mode echo related to the values of plasma- and gyro-frequency 

changes along the orbit. Before proceeding to discuss the observations of the echoes, it is 

relevant to get rough idea of the plasma density along the orbit. Figure 3.13 a and b shows 

the dynamic spectrogram for the previous (26 August 2002) and this day. From the dynamic 

spectra we note that the plasmapause observed on 26 August 2000 is located between L =  4.8 

and L =5.7. The plasmapause observed on 27 August 2000 is located at L =  4.1 and 4.95, at 

the times of 01:55:19 UT and 17:27:34 UT, respectively.

We can determine the approximate location of plasmapause on this day using an empirical for

mula given by Carpenter and Anderson [1992]. This formula states that Lw  =  5.6—0.46 

where Kpmax is the maximum Kp index in the preceding 24 hours. Using this formula and the 

maximum Kp (4.7) of the last 24 hours, the estimated plasmapause is found to be at 3.44. We 

note here that this recent formula of Carpenter and Anderson [1992] is virtually identical to 

the one given earlier (Lpp =  5.7 — QAlKpmax, where K^ax  is the maximum Kp index in the 

preceding 12 hours) by Carpenter and Park [1973] . The value of plasmapause obtained from 

this latter formula is 3.49.

Figures 3.14 to 3.16 show the 13 successive observations on 27 August 2000. Figures 3.14a to 

3.16m show the 13 plasmagrams. Figure 3.16n shows the satellite location during the time of 

observation.
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Figure 3.13 Dynamic spectrogram observed on 26 and 27 August 2002 (a) shows 
the dynamic spectrogram from the thermal noise program conducted on 26 August 2002. The 
plasmapause was observed aroimd 13:00 UT between L =  4.8 and L =  5.7. (b) shows the 
dynamic spectrogram observed on 27 August 2002. The plasmapauses observed at 01:55:19 
UT and 17:27:34 UT are at L =  4.1 and L =  4.95, respectively..
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Figure 3.14 Examples of diffuse Z mode echoes in the southern hemisphere-1.
(a) to (f) show the plasmagrams from 01:14:31 UT to 01:29:31 UT on 27 August 2002. The 
observation is performed every three minutes..



Figure 3.14a shows the observation on 27 August 2002 01:14:31 UT. The satellite is at «  1150 

km altitude and 36°S magnetic latitude. The measured value of the upper hybrid frequency 

(fuh) is about 922.5 kHz. The model value of gyro frequency ( / ce) is about 532.7 kHz. The 

calculated plasma frequency (fpe) is about 753.0 kHz. The Z mode cutoff frequency (f z) calcu

lated from f ce and fpe is about 532.4 kHz. The L shell value of this case is 1.8, which implies 

the satellite is inside the plasmapause at the time of observation. As the plasma frequency 

is greater than the gyro frequency, the Z mode echo becomes very narrow in the plasmagram 

and is seen as a spike at the upper hybrid frequency. The diffuse Z mode echoes appear on 

the next observation, which is 3 minutes later (shown in Figure 3.14b). The satellite is at 

^  1250 km altitude and 52°S magnetic latitude. The observed diffuse Z mode echoes ranged 

from «  500 kHz to 727 kHz. The measured f ce and fpe are 573.5 kHz and 447.4 kHz respec

tively. The calculated f z is about 244.6 kHz. The next observation is at 01:20:31 UT (shown 

in Figure 3.14c). The satellite is at ~  1500 km altitude and 64.4°S magnetic latitude. The 

diffuse Z mode echoes were observed from 371 kHz to 741 kHz. The measured gyro frequency 

and plasma frequency are 633.2 kHz and 386.6 kHz here. The calculated f z is about 183.1 

kHz. In this case, the Z mode bandwidth is wider compared to the previous observation due 

to a higher ratio of fee/fpe- Figure 3.14d shows the observation at 01:23:31 UT. The satellite 

now moves to «  1900 km and magnetic latitude 73.4°S magnetic latitude. The diffuse Z mode 

echoes here were observed from 363.7 kHz to 699.2 kHz. The measured gyro frequency and 

plasma frequency are 620.8 kHz and 321.7 kHz respectively. The calculated f z is about 136.6 

kHz. Figure 3.14e shows the observation at 01:26:31 UT. The satellite is at the polar region 

in this case. The altitude is about 2400 km and the magnetic latitude is about 77.7°S. The 

observed Z mode echoes were from ~  275.0 kHz to 645.9 kHz. The measured gyro frequency 

and plasma frequency were 585.0 kHz and 273.8 kHz, respectively. The calculated f z is about

108.2 kHz. Figure 3.14f shows another case observed in the polar region, when the satellite is 

at ^2960km and 77.2°S magnetic latitude. The observed Z mode range is from «221.7 kHz 

to 562.3 kHz. The measured gyro frequency and plasma frequency were 509.3 kHz and 238.3 

kHz, respectively. The calculated f z is about 94.1 kHz. From Figure 3.14c to Figure 3.14f, the 

Z mode echoes shift to the lower frequencies due to a decrease in gyro frequency and plasma 

frequency as the altitude increases.

41

Figure 3.15g shows the observation at 01:32:31 UT. The satellite crosses the pole at an altitude
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Figure 3.15 Examples of diffuse Z mode echoes in the southern hemisphere-2, (g)
to (1) show the plasmagr arris observed from 01:32:31 UT to 01:47:31 UT on August 27, 2002. 
This observation is performed every three minutes.



«  3600 km. The magnetic latitude is 71° in the southern hemisphere. The observed Z mode 

echoes ranged from 208.9 kHz to 452.2 kHz. The measured values of gyro frequency and plasma 

frequency are 426.2 kHz and 151.1 kHz, respectively. The calculated f z is about 48.13 kHz. 

For the frequencies below 208.9 kHz, the Z mode echoes are merged in the strong background 

noise. Figure 3.15h shows the observation on 01:35:31 UT. The satellite is at an altitude ~  

4250 km and 66.3° magnetic latitude in the southern hemisphere. The Z mode echoes were 

observed between 171 kHz and 371 kHz. Below 171kHz, the Z mode echoes merge with the 

strong background noise. The measured values of gyro frequency and plasma frequency are

336.0 kHz and 157.3 kHz, respectively. The calculated f z is about 62.1 kHz. Figure 3.15i shows 

the observation at 01:38:31 UT. The satellite is at ~  5000 km altitude and 61.1° magnetic lat

itude in the southern hemisphere. The Z mode echoes were observed between 92.8 kHz and

292.5 kHz. Below the 92.8 kHz, the Z mode echoes merged with the background noise. The 

measured values of gyro frequency and plasma frequency are 270.2 kHz and 112.0 kHz. The 

calculated f z is about 40.4 kHz. Figure 3.15j shows the case observed at 01:41:30 UT. The 

satellite is at ^  5600 km altitude and 56.1° magnetic latitude in the southern hemisphere. In 

this case, the Z mode echo is relatively weak. However, the upper hybrid frequency is at 254.7 

kHz and the minimum frequency at 135.1 kHz can still be observed clearly. The measured 

gyro frequency and plasma frequency are 226.1 kHz and 117.3 kHz. The calculated f z is about

49.9 kHz. Figure 3.15k shows the observation at 01:44:31 UT. The satellite is at «  6400 km 

altitude and 51.8° magnetic latitude in the southern hemisphere. The Z mode echoes were 

observed from 66.2 kHz to 200.8 kHz. The measured gyro frequency and plasma frequency 

are 185.5 kHz and 76.8 kHz. The calculated f z is about 27.7 kHz. Figure 3.151 shows the 

observation at 01:47:31 UT. The satellite is at ^  7100 km altitude and 50° magnetic latitude 

in the southern hemisphere. The Z mode echoes were observed between 96.5 kHz and 181.9 

kHz. The measured gyro frequency and plasma frequency are 155.2 kHz and 94.8 kHz. The 

calculated f z is about 44.9 kHz. A resonance frequency at 96.5 kHz has been detected, which 

was indicated to be the local plasma frequency.

Figure 3.16m shows the observation at 01:50:31 UT. The satellite is at «  7700 km altitude 

and 15.42°S magnetic latitude. Several resonance frequencies appearing as spikes can be ob

served in the plasmagram including fpe (96.5 kHz), f ce (127.3 kHz), f uh (155.2 kHz) and 2f ce 

(249.7 kHz). The calculated f z is about 52.0 kHz. Here the L shell value is about 4.4. The Z
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Figure 3.16 Examples of diffuse Z mode echoes in the southern hemisphere-3.
(m) shows the plasmagram observed on 01:50:31 on August 27, 2002. (n) shows the satellite 
position from Figure 3.4a to Figure 3.6m. Dipole field line of L=4 is shown to roughly indicate 
the plasmapause .

mode echoes become narrow and of resonance type here because of a lower value of the ratio 

fee/fpe- This phenomenon can be observed often at low latitude, where the plasma frequency 

is comparable or higher than gyro frequency. Figure 3.16n shows the motion of the satellite 

from case (a) to (m). The diffuse Z mode echoes were observed from cases (b) to (1). During 

this period of observation, the measured local electron density (or plasma frequency) decreases 

as the altitude of the satellite increases. The upper hybrid frequency shifts to lower frequen

cies in the 11 successive cases. In cases (e) to (m), free space RX mode can be observed clearly.

From the measured and calculated characteristic frequencies we can find the following general 

features of diffuse Z mode echoes observed on this day: (1) Diffuse Z mode echoes were found 

over a wide range of latitudes outside the plasmapause. (2) The bandwidth of the echoes was 

roughly equal to fuh — fpe, the lowest frequency being ~  and the highest fuh. It is not 

clear from our observations if the lower cutoff frequency near fpe, as opposed to near fz, is 

the result of low range cutoff (0.3 Re ) or the result of some other unknown factor. (3) For 

the case when plasma frequency is larger than gyrofrequency the echo bandwidth is narrow as 

predicted by linear theory. (4) The gap near fce was observed in every instance of wideband 

Z mode echo.



3.3.2 Occurrence pattern of diffuse Z mode echoes.

As discussed earlier, the diffuse Z mode is omnipresent in the southern hemisphere from mid 

to high latitude. Most of the discrete and diffuse whistler mode echoes were accompanied by 

Z mode echoes. Among the 24 diffuse whistler mode cases observed in program 29, Z mode 

echoes were found in 21 cases. Among the 125 diffuse whistler mode cases observed in program 

5, Z mode echoes were found in 101 cases. Z mode echoes were observed in all the 87 discrete 

whistler mode cases of 2002. The overall occurrence rate in program 5 and program 29 is about 

90% of the total number of transmissions at mid to high latitude. Z mode echoes in program 61 

were not seen as frequently as in program 5 and program 29. Among the 24 discrete whistler 

mode cases in program 61, the Z mode echoes were observed only in 4 cases and the Z mode 

echo was not easily identified in eight cases. The overall occurrence rate of Z mode in program 

61 is about 25% to 50%. We believe that this is related to the low frequency resolution (40 

logarithmic steps from 10 kHz to 1320 kHz) and coherent integration process involved in the 

program 61.
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Chapter 4

Analysis Tools

This chapter discusses two important tools developed as a part of this research in order to 

analyze and interpret the observations of whistler mode echoes on the IMAGE satellite that 

were discussed in the previous chapter. The first section of this chapter presents the ray 

tracing tools which were used to analyze the time dispersion of the received signals observed 

on IMAGE. This helped in providing a plausible explanation of the nature of wave propagation 

in the magnetosphere. The second section presents an analysis method developed to calculate 

polarization of the received waves using measured data. This section also discusses the various 

coordinate transformation tools developed to calculate the antenna orientation in space. The 

last section illustrates an example of satellite location and attitude calculation in different 

coordinates.

4.1 Ray tracing simulation tools

In this section, we will start with a brief explanation of the Stanford 2-D ray tracing program 

which was used to simulate whistler mode wave propagation. We will indicate the extensions 

made to this program as a part of this research effort, which helped in simulating multiple 

rays simultaneously, a feature not present previously. We will then elaborate on the extension 

capabilities of this program to simulate Z mode wave propagation in the magnetosphere.

4.1 .1 Stanford 2-D  ray tracing program

The Stanford 2-D ray tracing program uses a Runge-Kutta/Adams routine to integrate a sys

tem of linear differential equations given by ray theory [Kimura, 1966] assuming slowly varying
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magnetospheric plasma conditions. Both group time delay and wave normal angle can be cal

culated along ray paths for rays injected at arbitrary latitudes and altitudes. The ray tracing 

program employs a dipole magnetic field, an isothermal diffusive equilibrium model to repre

sent electron and ion densities inside the plasmasphere and an (R -71) density falloff outside the 

plasmasphere [Inan and Bell, 1977]. For details about this program, refer to Burtis [1974].

Initially the ray tracing program allowed the simulation of only one ray for a single simulation 

run. This proved time consuming and inefficient. Hence a small modification to the control 

flags in the program ( “ISTOP” in the Adams routine) allowed us to run multiple rays in a 

single run which helped perform several ray tracing simulations to understand the character 

of whistler mode wave propagation in the magnetosphere.

Though the ray tracing simulation program was written for whistler mode wave propagation, 

the models mentioned above are independent of wave modes. Hence by using a suitable expres

sion for refractive index, the ray tracing program can be extended to simulate the propagation 

of other wave modes in the magnetosphere. In this research effort, the ray tracing program has 

been extended to simulate not only whistler mode but also Z mode wave propagation in the 

magnetosphere. The theory and approach adopted to achieve Z mode ray tracing is discussed 

next.

4.1.2 Theory of waves in cold plasma

The different expressions for refractive index originate from the dispersion relations which 

relate the wave normal vector to the angular wave frequency. In this section we will discuss: 

(1) Stix dispersion relation, which is a general expression for wave refractive index fx for a cold 

multiple component plasma [Stix, 1992], and (2) Appleton-Hartree dispersion relation, which 

is a simplified case of (1) where we assume a two component cold plasma (ions and electrons) 

[Russel, 1997].

4.1.2.1 Dispersion relation

In linear theory, solutions to Maxwell’s equations are obtained for plane waves of the form 

[Sonwalkar, 1995]

E  — E 0 - e



where, Eo, K , and uj are the wave polarization, wave normal vector, and angular wave frequency 

(a; =  27r /) , respectively. The angle between the static magnetic field BQ and k is called the 

wave normal angle, 9. It is convenient to define wave refractive index [i as follows:

, - d S  (4.2)
U)

where c is the velocity of light. Comparing equations 4.1 and 4.2, the wave normal vector K  

can be written in terms of the refractive index // as follows:

K  =  — u(6, (4.3)
c

where u(9, <p>) is the unit vector in the direction of the wave normal vector. This relation is 

called dispersion relation.

The solution to Maxwell’s equation for a plane wave in a cold magnetoplasma is obtained in 

terms of a general expression for wave refractive index /i [Stix, 1992; Sonwalkar, 1995]

Aft* -  Bn2 +  C 0 (4.4)

where

A =  S sin2 9 +  P  cos2 9 (4.5)

B =  RL sin2 9 +  PS( 1 +  cos2 9) (4.6)

C =  PRL (4.7)
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The quantities R (for right), L (for left), S (for sum), D (for difference) and P (for plasma) are 

defined in terms of the wave frequency u, the plasma frequency, up, and the gyro frequency, 

ujh- These frequencies are determined by the electron density (Ne), ion species (mass mi and 

density N{) and the ambient magnetic field strength (B).

t o *  U J  + (kVhk

^w2 u -  eku)hk(R  +  L )
(4.8)

(4.9) 

(4.10)



D =  \{R-L)(4.11)

P  =  1 - E ^  (4-12)
k

where ujpk is the plasma frequency of species k, cuhk is the gyro frequency of the species k, and 

ek is +1 for positive ions and -1 for electrons and negative ions.
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For certain values of the aforementioned parameters, the refractive index fi goes to zero (cutoff) 

or infinity (resonance). Cutoff occurs when P=0 or R =0 or L=0 according to equations (4.8), 

(4.9) and (4.12). Resonance occurs when waves propagate at wave normal angle that satisfy 

the criterion tan2 0 =  —P/S. If U =  /x2, the roots of the quadratic equation (4.4) are given as

Ui =  b w w e M  (4,13)

„  B - V B * -  4AC
" -----2A  (4 14)

U\ and U2 correspond to different propagation modes for a specific frequency. To simplify the

analysis of the different propagation modes, we assume the medium to be a two-component

plasma (electron and proton). The mass of a proton is ~  1836 times the mass of a electron,

the plasma and gyro frequencies of the proton are ~  1/1836 of the electron plasma and gyro

frequencies and can be ignored without causing much error. Under these assumptions, the

equations (4.8), (4.9) and (4.12) become

u2
R =  1 ---------— ^    =  1 -  X /( l  -  Y) (4.15)

u * (a; -  uJhe)

u2
L =  1 -— ^    -  1 -  X /( l  +  Y) (4.16)uj + tu+uhe) /v x v j

(jj2
P =  1 ----- ^  =  1 — X  (4.17)

where X  =  Y  =  ^’ U)
By substituting the equations (4.15), (4.16) and (4.17) into the equations (4.10) and (4.11).

S =  1(J* +  L) =  1 (4.18)

1 X V
D =  - ( R - L )  =  - r - V t(4.19)

Substituting for S and D in equations (4.5), (4.6) and (4.7), we get
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A =  1 -
1 - Y 2sin2 0 -  cos2

B -  2 +  ^ l ^ Y 2 '  r = T 2 “  1 ~  cos2 e)X  +  )x2  

c  = 1- ^ T ^  +  1)x  + T ^ x 2~ T ^ 3Y2
Now substituting for A, B and C in equations (4.13) and (4.14) we get

 2X (1 -U\ =  I -

u 2 =  l -

2X (1 -X ) _  y 2X  sin2 g , r sin AQX2 , £X2Y 2(l—X )2 cos2 0 yl. 
l-Y*2 1—Y 2 ' (1 -Y 2)2 ' ( i_y 2 )2

________________ 2X ( l - A ' ) T̂ r________________
2 X (1 -X )  Ŷxsin2fl ry 4 sin4 flX2 , 4 X 2y 2( l - X ) 2cos2 Si I

i - y * ' i - y 2  I (i_K'i\2 H d - y g ^  J2

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)
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Figure 4.1 Dispersion diagram from Stix’s equation. Figure (a) shows the dispersion 
diagram for fpc < fce. Figure (b) shows the dispersion diagram for fp< > fcc. The blue area 
corresponds to the equation (4.23) (or 4.13). The red area corresponds to the equation (4.24) 
(or 4.14).

A dispersion diagram is plotted in Figure 4.1 to study the propagation modes. In this figure, 

the wave frequency /  is plotted along the y-axis and the wave number |K| is plotted along the
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x-axis. Figure 4.1a shows the dispersion when fpe < f ce and figure 4.1b shows the dispersion 

when fpe >  f ce. The wave number |K| is defined by 2irf^/c. Different wave propagation modes 

and polarizations are also indicated in both figures. The area shaded in blue dashed lines is 

due to equation (4.23) and the area shaded in red is due to equation (4.24). In Figure 4.1a, the 

plasma frequency (fpe) is 400 kHz, the gyro frequency (fee) is 500 kHz and the upper hybrid 

frequency, which is calculated by the relation f uh =  y  +  f ’|e, is ~  640 kHz. Equation (4.23) 

(or 4.13) solves for K  which corresponds to fast Z mode ( /  <  / pe), and part of the slow Z mode 

(fpe <  /  < f fee)') and part of the free space LO mode (f fee)- The equation (4.24) (or 4.14) 

solves for K  which corresponds to the entire whistler mode ( /  <  f ce or /  <  fpe depending on 

min(fce, fpe))) part of the slow Z mode (f ce < f  <  fuh) and the entire free space RX mode. In 

Figure 4.1b, the plasma frequency (fpe) is 500 kHz, the gyro frequency (f ce) is 400 kHz and 

the upper hybrid frequency (fuh) is 640 kHz. Equation (4.23) or (4.13) solves for |K| which 

corresponds to part of the fast Z mode ( /  < fce) and the entire LO mode. The equation (4.24) 

(or 4.14) solves for |K| which corresponds to the entire whistler mode, part of the fast Z mode 

(fee <  f  <  / pe), the entire slow Z mode and the entire free space RX mode.

Equations (4.23) and (4.24) can be simplified by dividing numerator and denominator by the 

term 2(1 — X) 1*y $. This gives

/ X
^   ̂ ^ y 2 sin2 6 r \y 4 sin4 0 ^ 2 2 /31-  (4 .2 5 )

1 -  2 - +  [ 4(1_ x )^  +  ^ 2 COS2 0]2

Un =  1 ---------- i—r— 5------- . X, ,------------------------  (4.26)
2 1 ~Y2 sin 0 r \ Y s in 6 2 /31

 [ 4( i ~ ^ " + y  cos20]2

These equations are known as Appleton-Hartree equation (neglecting ions and collisions) [Rus

sel, 1997]. Here variable Uf represents the value of ft2. There may be a sign change at the 

place before the square root depends on the value of . For example, when the wave

frequency is between fpe and / ce, U[ =  U2 and U2 — U\. When the wave frequency is lower or 

greater than both fpe and / ce, U[ and U2 equal to U\ and C/2, respectively.

Figure 4.2 is the dispersion diagram from the Appleton-Hartree equation. Figure 4.2a shows 

the dispersion when fpe < f ce and Figure 4.2b shows the dispersion when fpe > f^ . The wave 

number represented by the blue area is calculated from equation (4.25). The wave number
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Figure 4.2 Dispersion diagram from Appleton-Hartree’s equation. Figure (a) shows 
the dispersion diagram for fpe < fee- Figure (b) shows the dispersion diagram for fpe > fce. 
(4̂ 26^ U0 aX6a corresPon( ŝ f°  equation (4.25). The red area corresponds to the equation

represented by the red area is calculated by equation (4.26). In Figure 4.2a, the plasma fre

quency, gyro frequency and upper hybrid frequency equal 400, 500 and 640 kHz, respectively. 

In Figure 4.2b, the plasma frequency, gyro frequency and upper hybrid frequency are 500 kHz, 

400 kHz and 640 kHz respectively. For both cases, the equation (4.25) corresponds to the free 

space LO mode and fast Z mode. The |K| calculated from equation (4.26) corresponds to 

whistler mode, slow Z mode and free space RX mode.

In the above derivation we have connected the Stix formulation with the Appleton-Hartree 

equation in an effort to calculate the refractive index of waves in cold plasma. The sign change 

in equations (4.25) and (4.26) suggests that for the same cold plasma parameters different 

wave propagation modes can exist. We will now explain the differences between wave normal 

direction and ray direction and relate the two using the refractive index surface for whLstler 

and Z mode waves. We will also derive the relationship for group velocity Vg for two special 
cases.



4 .1.2.2 R efractive index surface and group ve locity

Wave propagation in a magnetoplasma is dispersive. In such a medium, the direction of propa

gation (ray direction) of the wave is different from the wave normal direction. The ray direction 

indicates the energy flow of the electromagnetic wave. The wave-normal direction and the ray 

direction can be related in a useful way by means of the refractive index surface. The refrac

tive index surface of whistler- and Z-mode waves is discussed next as an example to show the 

relationship between wave normal direction and the ray direction.
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F ig u re  4.3 R efractive index surface for w histler m ode wave propagation  Figure (a) 
shows the refractive index surface for /  <  //^r. Figure (b) shows the refractive index surface
for /  >  Bo is the direction of the magnetic field, 9 is the wave normal angle and 0res is 
the resonance angle.

Figure 4.3 shows the refractive index surface for whistler-mode wave propagation. Figure 4.3a 

shows the refractive index surface when the wave frequency ( / )  is greater than the lower hybrid 

frequency(///ir). Figure 4.3b shows the case when /  <  fihr. For both of the cases, the refractive 

index(/i) scales a vector pointing in the same direction as the wave normal direction K ' . 9 is 

the wave normal angle with respect to the direction of magnetic field (Bo). As 9 is varied, the 

tip of the refractive index vector traces the curve shown in the figure. 9res is the resonance 

angle. 9 < 9res is a required condition for wave propagation. Rotation of the curve about the 

axis Bq forms the refractive index surface.

For Z-mode wave propagation, the refractive index surface is different from the whistler mode 

case, as shown in Figure 4.4. Figure 4.4a shows the refractive index surface for /  >  f ce. In this 

case, the refractive index surface is open. This means that waves can only propagate when
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the wave normal angle (6) is greater than the resonance angle (0res). This condition places a 

bound on Z-mode wave propagation that Z-mode waves cannot propagate along the magnetic 

field line. Figure 4.4b shows the elliptically-shaped refractive index surface for /  <  f ce. The 

shape of the ellipse depends on the values of the local f ce and fpe.

a) b )

F ig u re  4 .4  R efractive index surface for Z -m od e  wave propagation . Figure (a) shows 
the refractive index surface for /  <  f ce and Figure (b) shows the refractive index surface for
f  >  fee- B0 is the direction of the magnetic field and 0 is the wave normal angle.

It can be shown that the ray direction is always at right angles to the refractive index surface 

at the point of termination (arrow tip) of the corresponding refractive index vector [Helliwell, 

1965]. The expressions for group velocity Vg and the angle between the ray direction and the 

magnetic field a with respect to wave normal direction are given as

du
Vn

duj
OK

K ' —  I ff 1 —  
0|K| |K|

tana =
— 1 d[i 
/i dO

(4.27)

(4.28)

where K ' and O' are unit vectors along and perpendicular to wave normal vector K. For a given 

wave propagation mode, the group velocity and ray direction of the wave can be determined by 

equations (4.4), (4.27) and (4.28) [Sonwalkar, 1995]. The group velocity can also be described 

in terms of the group refractive index / /  [Helliwell, 1965]

v’ - 7

(4.29)

(4.30)



The complete expression for group velocity is difficult to solve owing to its complexity. Hence 

certain specific circumstances are important where the expressions can be simplified and the 

group velocity can be calculated. Two such special cases are: (1) Quasi-Longitudinal (QL) 

approximation and (2) wave propagating along the magnetic field line.
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The Quasi-Longitudinal (QL) approximation is an useful method to calculate the group velocity 

when the following condition holds

y 2sin4 # i/ 2
  Ya «  ( 1 - * - * - )  (4-31)4 cos2 Q u

where v is the collisional term. This term is important only in the lowest regions of the

ionosphere, below ~  80 km [Helliwell, 1965]. Hence, for the topside of the ionosphere, we

can ignore the collisional term. Substituting this condition into Appleton-Hartree’s equations 

yields

1,2 = 1~ T<4'32>
Since /i2 and Y  cos 9 are much larger than one for frequencies well below the gyro frequency. 

The above expression can be further simplified by ignoring one. Substituting the simplified 

expression in equations (4.29) and (4.30), the group velocity for the whistler mode wave is 

calculated as
c 2c/ j ( / „ c o s » - / ) l

H fpe fce COS 6

Wave propagation along a magnetic field line commonly occurs when a wave is trapped inside 

a field-aligned duct. Field aligned ducts commonly exist in the magnetosphere at altitudes 

greater than ~  1000 - 3000 km [Bernhardt and Park, 1977]. Under this circumstance, the wave 

normal angle 0 is 0° or 180°. Hence, applying this condition to Appleton-Hartree’s equations 

and equations (4.29), (4.30), we have

a ' - 1 f  fpe(2f  +  fce) fpe2
M i  -  2  r,2  t\2 + \ll ~ 7 2  —  ( 4 -3 4 )

,  A  J h  ( / 2 +  / c e / ) 2 V  / 2 +  / < * /V 1 / 2+/c TS
c

Vgl =  ~T (4.35)

, _  1 ______  /  /p e ( 2 /  -  fee)
^2 =  H - T —  W TT2 —  ,12  +  \ *2 t  < (4-36)rpe
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where fi[ and (i'2 are the group refractive indexes corresponding to equations (4.25) and (4.26). 

Vgi is the group velocity of wave propagation along the field line for fast Z mode and free space 

LO mode and Vg2 is the group velocity for wave propagation along the field line for whistler 

mode, slow Z mode and free space RX mode.

Hence we have completely derived the expressions for refractive index // and group velocity Vg 

by providing a connection between the Stix formulation and the Appleton-Hartree equations. 

We will now discuss how the above formulation was used to modify the Stanford 2-D ray 

tracing program to help analyze and understand the propagation of Z-mode waves in the 

magnetosphere.

4.1 .3  Z m ode ray tracing

As discussed earlier, the refractive index of Z mode wave propagation can be calculated by 

equation (4.13) or (4.14) for different frequency ranges. The modified ray tracing program for 

the Z-mode wave propagation uses the equation (4.13) for f z < f <  fee and the equation (4.14) 

for fee <  f  <  fuh• fz  is the cutoff frequency for Z mode waves in the magnetosphere and is 

given by the relation [Sonwalkar, 1995]

h  =  - f- f  +  [ ! f  +  fvê(4-38)

The upper hybrid frequency f uh is given by the relation

fuh = [fce +  fffl(4-39)

f z and f uh place bounds on the wave frequency range for for Z mode wave propagation in 

the magnetosphere. As the ion frequency is ignored, equations (4.38) and (4.39) are only the 

approximate expressions for f z and f uh• Hence, when the input wave frequency is verified to be 

between the approximate values of f z and f uh, the ray tracing program will run and calculate 

the output wave propagation parameters. A Z-mode ray tracing for the case on 06 August 

2000 07:27:11 is shown as an example.

Figure 4.5 shows the plasmagram on 06 August 2000 07:27:11 UT. The Z mode echoes are 

observed from 184.3 kHz to 621.8 kHz. The satellite moves from 1.36 R e, Am =  —70.87°S to 

1.34Re , Am =  —72.66°S. The local gyro frequency was estimated at 1.34 Re , Am =  —72.66°S.
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Figure 4.5 Plasmagram observed for Z mode echo Plasmagram observed on 06 August 
2000 07:27:11 UT.

The estimated value of the gyro frequency is 598.7 kHz. For this value of gyro frequency the 

local plasma frequency is 167.9 kHz and local electron density is about 350 el/cc. These are 

taken as the input reference values for the Z-mode ray tracing. The ray tracing was performed 

at an intermediate location between the two extremes at 1.35 RE and Xm — -71.92°S. This is 

the location where the transmitted wave frequency was 373.4 kHz.

Figure 4.6 shows an example of the Z mode ray tracing for the transmitted frequency of 373.4 

kHz. The wave was transmitted with initial wave normal angles ranging from -180° to 4-180°. 

In Z-mode wave propagation, the transmitted rays can propagate in all directions, unlike 

whistler mode waves. When the initial wave normal angle equals 180° (parallel to Bo and 

travelling downward), the ray is reflected at R =  1.11 RE and Am =  -74.16°. At this location, 

the gyro frequency equals 1054.69 kHz, the electron density is 6442.9 el/cc, which results in a 

plasma frequency of 720.6 kHz. Equation (4.38) yields the cutoff frequency fz =  366 kHz. This 

is smaller than the calculated wave frequency because we did not include the ion frequency. 

The refractive index is calculated to be 1.16 at the starting point, which suggests a slow Z-mode
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F igu re  4.6 R ay  tracing exam ple for Z m ode wave propagation . Figure shows the ray 
tracing simulation of Z mode wave propagation on August,06, 2000. The transmitted signal 
has frequency of 373.4 kHz. The initial wave normal angles are at 0, 20, 40, 60, 90, 120, 140, 
160, 180, -160, -140, -120, -90, -60, -40, -20 degrees. The satellite was at 2295 km altitude and 
—71.92°. The reference point of electron density is at 1.34 Re and —71.92° magnetic latitude 
with Ne =  350 el/cc.

wave propagation. The refractive index decreases as the wave propagates downward along the 

magnetic field line. As it reaches the location of 1.158 Re ^ tu =  —73.6°, the refractive index 

is 0.982, the electron density is 1730.94 el/cc, which implies that the local plasma frequency is 

374.5 kHz. This is the transition point from slow Z-mode to fast Z-mode because the refractive 

index becomes smaller than unity at this point. In Figure 4.6, we observe a kink when the ray 

travels at a small wave normal angle close to the field line. For example, the ray with an initial 

wave normal angle of 160° has a kink at about 1.16Re and —69° magnetic latitude. This 

implies that there is a sudden change in the ray direction or the direction of the group velocity. 

To understand this feature of the Z-mode calculation, the Poeverlein analysis is performed.

Figure 4.7 shows the refractive index surfaces along the ray path when the ray passes through 

the transition region from slow Z-mode to fast Z-mode. The red lines represent the refractive



Figure 4.7 refractive index surface along the ray path. The refractive index surface 
along the ray path is shown when the ray crass the transition point. The red lines represent 
the refractive index surface for slow Z mode ( /  > fpe). The blue lines represent the refractive 
index surfaces for the fast Z mode ( /  < fpe). The green dots on the refractive index surface 
show the local refractive index. By assuming the magnetic field did not change during a very 
small range, the boundary is chosen to be parallel to the direction where the electron density 
remains constant.

index surfaces for slow Z mode waves ( /  >  fpe). The blue lines represent the refractive index 

surfaces for fast Z-mode waves ( /  < f pe). If we assume that the gradient of the magnetic 

field does not change during the transition region, the refractive index surface is parallel to 

the direction where the electron density remains constant. Initially, when in the range of the 

slow Z-mode, the refractive index surface is an ellipse with the major axis parallel to B0. As 

the ray travels, the refractive index surface becomes a circle at the point where /  =  . After

this transition point, the refractive index surface becomes an ellipse again with the major axis 

perpendicular to Bq. As seen from the figure, the region where the location of the ray is close 

to the transition point, the refractive index surface is convex shaped at the top for the slow 

Z-mode and concave shaped for fast Z mode wave propagation. This sudden change in the 

shape of the refractive index surface causes a change in the direction of the group velocity.



The direction of group velocity is shown in figure 4.8 when the ray travels across the transition
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Figure 4.8 Direction of group velocity as a function of plasma parameters along 
the ray path This is the enlarged figure of part 1 in Figure 4.7. The red lines represent part 
of the refractive index surface for slow Z-mode. The green lines represent part of the refractive 
index surface of the fast Z-mode. The green dots represent the local refractive index surface. 
The small black bars show the direction of the local group velocity, which is perpendicular to 
the refractive index surface.

point. At the beginning of the transition region, the ray propagates in the slow Z mode and has 

a large wave normal angle with respect to the direction of B q . As the ray crosses the transition 

point, the change in the shape of the refractive index surface results in a change in the ray 

direction. Now the ray travels in the fast Z-mode and the ray direction subtends a small angle 

with Bq. This explains the kink in the ray paths calculated by the ray tracing simulation. The 

kink happened at a position where the wave frequency is close to the plasma frequency. The 

same analysis can be also be applied to the reflection point to study the reflection conditions 
for Z mode waves.

Figure 4.9 shows the refractive index surface along the ray path at the reflection point. Points 

1 and 2 are the locations on the ray path marked before reflection. Point 4 is the location on 

the ray path after reflection. The reflection of the ray occurs at a location close to point 3,



Figure 4.9 Refractive index and ray direction at the reflection position The gray 
dots show the local refractive index surface. The small black bars show the direction of the 
group velocity. Points 1 and 2 are before the reflection. Point 4 is after the reflection. The 
reflection of the ray happened at a position close to point 3.

where the minimum value of the refractive index is calculated. As the ray goes down to the 

Earth, the refractive index surface shrinks due to an increase in the fpe and /<*> values. The ray 

can go down to a position where the ray path is tangential to the refractive index surface. The 

reflection occurs at this point and the ray direction is parallel to the refractive index boundary. 

When the ray travels along the field line and initial wave normal angle equals zero, the ray 

reflects at f  — f z. The refractive index is zero at the reflection point. This is because at the 

L =  0 cutoff frequency f z, the refractive index surface is a dot (refractive index equals to zero 

everywhere). When the initial wave normal angle is non zero or the ray propagates at an angle 

with respect to the field line, the ray will reflect at f  >  f z when the refractive index is nonzero.

The nature of the Z mode echoes observed by the IMAGE satellite depends on the location of
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the satellite and the different propagation mechanisms involved. In high-latitude regions where

cies. The time delay for these echoes increase with frequency, as seen in Figure 4.5. A general 

description of these diffuse Z-mode echoes and some comments on their interpretation have 

been presented by Carpenter et al. [2003] and a through discussion is presented by Sonwalkar 

et al. [2004]. The ray tracing simulation discussed here can be used to interpret the mechanism 

of their generation. In agreement with Sonwalkar et al. [2004], we believe that these diffuse Z 

mode echoes are in part the result of scattering of signals transmitted by IMAGE due to field 

aligned irregularities in the vicinity of the satellite. We envision that the Z mode echoes can 

occur in two different ways: (1) At any given frequency /  below local f ce the Z mode waves 

may propagate downward along the magnetic field and reflect at altitudes where /  =  / 2, the 

low frequency cutoff of Z mode propagation, and then return to the satellite along the same 

direction. This kind of propagation scenario can be observed for echoes below f ce only, since 

above f ce and below f uh the refractive index surface is open and propagation parallel to the 

magnetic field is not possible (Figure 4.4). This scenario is believed to explain discrete Z mode 

echoes trapped in the Z mode “cavities” in the plasmasphere and plasmasphere boundary layer 

[Carpenter et al., 2003]. (2) At any given frequency /  below the local / ce, waves are spread out 

in all directions, as allowed by the closed refractive index surface at these frequencies. They 

encounter density irregularities that can scatter the incident waves which then propagate back 

to the satellite. For frequencies between f ce and fuh, Z mode propagation is allowed within a 

resonance cone that permits propagation in the direction roughly perpendicular to the mag

netic field. These waves can also lead to echoes after scattering from density irregularities 

aligned with the magnetic field as has been documented by ionospheric topside sounders [e.g., 

Muldrew, 1969; James, 1979].

Figure 4.10 shows the ray tracing simulation results corresponding to the two mechanisms 

introduced above. The red diamond shows the time delay assuming that Z mode waves propa

gate along the magnetic field line and are reflected when /  =  f z at a certain distance (numbers 

in red below the diamonds). We have developed a MATLAB ray tracing program to simulate 

this scenario. Figure 4.11 shows the flowchart of this program. In this simulation, the time 

delay is calculated by the equation

fp e / fe e  < 1, the Z mode echoes are usually diffuse in nature and span a wide band of frequen-

(4.40)
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Figure 4.10 Results of ray tracing for Z mode wave propagation Results of ray 
tracing for Z mode wave propagation showing time delays (red diamonds) assuming that Z 
mode waves propagated along the magnetic field line and reflected at /  =  fz at a certain 
distances (numbers in red below the diamonds) from the satellite. The black bars show the 
measured time delays and the numbers above them represent distance that Z mode waves 
should travel in various directions in order to produce time delays equal to the measured ones.
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Figure 4.11 Flow chart of the Z mode ray tracing program .



where the group velocity Vg is a function of / ,  fpe and f ce and calculated by equation (4.24) 

or (4.32) and (4.34). Diffusive equilibrium model and dipole model were used to estimate the 

local electron density and Earth’s magnetic field at each point along the ray path. The ray 

stops when the wave frequency equals the local Z mode cutoff frequency f z. The formats of 

the input and output files for this MATLAB program are described in Appendix-C.

The MATLAB program calculates the refractive index, group velocity, gyro frequency, plasma 

frequency, location and time delay at each point along the ray path for a ray propagating along 

the magnetic field line. The gyro frequency (598.7 kHz) and plasma frequency (167.9 kHz) 

at a reference location R=1.34 Re and Xm =  —72.66° can be used to calculate the plasma 

frequency and gyro frequency at the local satellite location (R=1.35 Re , Am =  —71.92°). The 

local fee is found to be 583 kHz. The local plasma frequency is 165.4 kHz. The group velocity 

in Table 4.1 is calculated for six frequencies above the local plasma frequency. For each wave 

normal angle, as the frequency increases, the group velocity decreases in general. The maxi

mum group velocity usually occurs when the wave propagates perpendicular to the magnetic 

field line.

Table 4.1 Group velocity for Z mode waves of different initial wave normal angles 
at different frequencies in m /s.
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freq\# 0 30 45 60 90
184.3 2 .7 6 x l0 8 2.33 x10s 2.60 x10s 2.72 x10s 2.75x10s
295.1 2.60 x10s 2.58 x10s 2.63 x10s 2.71x10s 2.77x10s
373.4 2.34x10s 2.41x10s 2.49 x10s 2.58x10s 2.66 x10s
454.3 1.76 x10s 1.92 x10s 2.07x10s 2.22 x10s 2.36 x10s

511.1 9 .8 6 x l0 7 1.19x10s 1.40 x10s 1.60 x10s 1.82x10s
552.8 2 .9 0 x l0 7 4 .4 6 x l0 7 6 .1 6 x l0 7 8 .0 7 x l0 7 1.03 x10s

Table 4.2 shows the time delay and travelling distance of the ray from the satellite location to 

f  — fz by assuming that the wave is propagating along the magnetic field line. This mechanism 

cannot explain the calculated time delays shown in Figure 4.10.

We next carried out ray tracing simulations at the six frequencies listed in Table 4.1 and at 

one more frequency equal to 620.0 kHz, which is higher than the local f ce. The ray tracing
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T a b le  4 .2  G rou p  delays and travelling distances o f  rays for Z m ode waves assum ing 
wave reflected at /  =  f z.___________________________________________________

freq(kHz) 184.3 295.1 373.4 454.3 511.1 552.8
Tg( ms) 7.0 5.9 6.4 7.4 8.5 11.6

Dis(km) 1.35e3 1.48e3 1.55e3 1.60e3 1.64e3 1.66e3

simulation covers a range of permissible wave normal angles that includes 0° to 90° for /  <  f ce 

and angles inside a resonance cone with axis perpendicular to the geomagnetic field for /  >  f ce 

(the resonance cone angle with respect to the magnetic field is «  75° at 620.0 kHz, implying 

that the permissible wave normals lie in a narrow cone of «  15° with the axis perpendicular to 

Bq). We allowed each ray to propagate until the group time delay reaches half of the maximum 

total time delay observed for echoes at that ray frequency. If we assumed that electron density 

irregularities at this location were capable of scattering Z mode waves back to the IMAGE 

satellite, we would obtain an echo with time delay equal to the observed maximum delay at 

that frequency. In Figure 4.10, the pair of numbers listed above each of the black bars gives 

the range of distances in kilometers that Z mode waves at a given frequency may propagate in 

various directions before encountering plasma irregularities, such that the observed maximum 

delay could be obtained. If a ray injected in a certain direction were to encounter irregularities 

before reaching this maximum distance, the corresponding echo delay would be less than 

the maximum observed at the ray frequency. Figure 4.10 shows that density irregularities 

located within «  20 — 3000 km can lead to multiple echoes at each frequency with time delays 

that match the observed ones. In terms of the efficiency of backscattering, we expect that 

the strongest echoes occur when the incident wave normal is perpendicular to Bo- Thus 

those waves propagating in directions generally transverse to B 0 probably make the largest 

contribution to the observed echoes. The calculated refractive indices for Z-mode waves at 

the point of scattering suggest that the irregularities involved had scale size about 70 meters 

to 2000 meters. The overall nature of the observed time delays as a function of frequency is 

consistent with the theoretical properties of Z mode with group velocity decreasing and time 

delay increasing with frequency for any given wave normal direction. Above f ce and close to f uh 

the Z mode becomes quasi electrostatic and we expect much longer time delays. In this section, 

we have explained the ray tracing simulation tools based on dispersion law and group velocities. 

A bunch of MATLAB subroutines have been developed to assist ray tracing simulations for
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both whistler mode and Z mode waves which are discussed in detail in Appendix-C.

4.2 Vector E field measurement on RPI

4.2.1 Wave polarization

The general expression for electromagnetic waves is

E — Eop(0, (j>) exp[i(ko/i(9)u(0, (f>) • r — ut)] (4-41)

where u(0, (j>) is the unit vector in the direction of the wave normal vector. Fo? P? k and u are 

the electric field magnitude, electric field wave polarization unit vector, wave normal vector and 

angular wave frequency [u =  2ir /) , respectively. Figure 4.12 shows the local coordinate with 

Z-direction along the B. The Z-X plane is the magnetic meridian plane. The y-axis is along 

the normal to the meridional plane. 0 is the polar angle measured in the counter clockwise 

direction from B0 and (f> is the azimuthal angle measured from the magnetic meridional plane.

Bo

X

F ig u re  4 .12  W ave norm al v ector  in a local coord inate . Geometry showing wave 
normal vector in a local coordinate system with geomagnetic filed along the z-axis. The X-Z 
plane is the Earth’s magnetic meridian plane, y-axis is formed follows right hand rule. The 
direction of wave number K  is defined by the wave normal angle 9 (polar angle) and azimuth 
angle (p .

Based on the Stix’s formulation, the polarization of a wave propagating in a magnetic merid
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ional plane is given by

I  - *  <«
Ez /i2 cos 6 sin 9

Ex n2sin2 (4 '43)

In general, waves in plasma are elliptically polarized. But when the waves propagate along or 

perpendicular to the magnetic field, the polarization of the wave is circular. For fast Z-mode, 

when f  m f z, fi2 «  1 and \P\ »  1 , the wave polarization is roughly circular independent of 

wave normal angles.

4.2.2 Voltage calculation on X , Y , and Z antennas

Assuming that the three orthogonal antennas on IMAGE are short dipoles, the voltage induced 

across the antenna terminals is given by the following relations [Sonwalkar et al., 2001]

vA =  LfE • \A (4.44)

vB =  L f E \  B(4.45)

vc  =  Uq■ \c  (4.46)

where va, vb , vc are the phasor voltages induced across the three antennas, L ^ , Lgff, 

are the effective lengths, and 1^, 1#, 1 c  are the unit vectors along the lengths of the three 

antennas. The two unit vectors 1 ,̂ 1# rotate in the spin plane and 1 c  is a fixed vector along 

the spin axis. From equations 4.44 to 4.46 we obtain,

L f  _  (  vA \  (p(0 ,4>) ■ ', ^  4?^

(4.48)

Lc \vc J  \P (0

I g _  =  ( v_b \  p ( g , <f>) • l c

Lec (0
This relation can be used to determine the antenna effective length by measuring the amplitude 

of voltage on the three antennas; wave normal direction, plasma parameters and the satellite 

attitude. The effective physical length of the IMAGE antenna is unknown and this analysis will 

provide a first order estimate of the actual length of the dipole antenna. This analysis method 

will also provide an alternative method to calculate wave normal direction from measured data.



4.2.3 Coordinate transformation

As discussed earlier, different coordinate systems are required in this research work. For in

stance, the wave polarization is calculated in a local coordinate defined by the direction of 

magnetic field; the ray tracing simulations can be performed only in the geomagnetic coor

dinate system; the satellite attitude (antenna orientation) is given in the Geocentric Solar 

Magnetic(GSM) system. To relate these different coordinate systems we need a coordinate 

transformation tool.
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Coordinate transformations in 3D can be achieved by rotation with respect to each of the three 

axes taken one at a time. A transformation matrix, called “Hapgood matrix” is generated for 

this purpose. Figure 4.13 shows the rotation of the coordinate system with respect to x-axis, 

y-axis, and z-axis respectively. The corresponding Hapgood matrices are also shown in the

(a) (b)

X2
Y2

Z2

1 0 0 1 
0  cos9 sin0 
0  -s in(0) cos0

X I

(C)

X2
Y2
Z2

cos0 sin0 0  
■sin(0) cos0 0

0 0 1

Z 2

F ig u re  4 .13  R ota tion  o f  coord inates w ith  respect to  x, y and z-axis (a)-(c) shows the 
rotation of a coordinate respect to x, y and z-axis respectively. The corresponding Hapgood 
matrices are shown for each case.



figure. All of the transformation matrices can be seen to have the same format. Here 0 is the 

angle measured from the old coordinate system to the new coordinate system taken counter 

clockwise (right hand system). The left diagonal of this matrix has 1 in the row or column 

corresponding to the rotation axis and the remaining terms as cos(9). The other terms sin(0) 

and -sin(0) correspond to the cells not of the rotation axis. Such a matrix is defined as a 

“Hapgood Matrix” . This convention assumes 9 to be —9 when rotating with respect to y-axis. 

The above matrices can be shown to have the following notation < 0, X  > , <  —0, F  > and 

<  0, Z  > , where the first term in the braces represents the angle of rotation in counter-clockwise 

direction from the old to the new coordinate system and the right term represents the axis 

of rotation. This notation is used throughout this section for all the coordinate transformations.

Geocentric Equatorial Inertial Coordinate System (GEI) Figure 4.14 shows the defini

tion of the GEI system. The x-axis points towards the first point of Aries (i.e., the position of 

the sun at vernal equinox). This direction is defined as the intersection of Earth’s Equatorial

z
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Y

X

Figure 4 .14 Geometry showing Geocentric Equatorial Inertial Coordinate System
The x-axis points towards the first point of Aries, the 2-axis is the Earth’s rotation axis and 
the y-axis completes the right-handed orthogonal set.

Plane and the Ecliptic plane. The 2-axis is defined as an axis parallel to the Earth’s rotation 

axis and the y-axis completes the right hand rule (Y  =  Z  x X). This system is named as 

“inertial” because it remains fixed in space.

Geographic Coordinate System (GEO) Figure 4.15 shows the GEO coordinate system. 

The Geographic Coordinate System is the most commonly used system, which uses degrees of



latitude and longitude to describe a location on the Earth surface. The x-axis is defined as 

lying in the equatorial plane but fixed with the rotation of Earth so that it passes through the

Z

70

F ig u re  4 .15  G eom etry  show ing G eograph ic C oord in ate  System  The x-axis is in the 
equatorial plane passing through Greenwich meridian, the z-axis is the rotation axis and y-axis 
completes the right handed orthogonal set.

Greenwich Meridian. The z-axis is defined as an axis parallel to the Earth’s rotation axis and 

the y-axis completes the right hand rule.

Both GEI and GEO systems are based on the Earth’s rotation axis. The transformation 

matrix can be generated by a rotation in the equatorial plane from the first point of Aries to 

the Greenwich Meridian with respect to the z-axis. This matrix can be expressed as follows:

T 1 = < 6 ,Z >  (4.49)

Where the rotation angle 0 is the Greenwich mean sidereal time calculated in degrees given by

0 =  100.461 +  36000.77To +  15.04107# (4.50)

T0 =  (M JD  -  51544.5)/ (36525.0) (4.51)

MJD is defined as modified Julian Date (time measured in days from 00:00 UT on Nov 17, 

1858). To is the time in Julian Centuries (36525 days) from 12:00 UT on Jan 1 , 2000 to the 

previous midnight. H is the time in hours since the preceding midnight. Gregorian Calendar

and UT (universal time) are given as the present year, month, day, hour, minute, and second.



Number of Julian days is first calculated here and then these days are converted to ephemeris 

seconds past 12:00 UT Jan 1,2000 to calculate the number of Julian centuries and H (hours 

since the preceding UT midnight).

G eocen tric  Solar E clip tic C oord in ate  S ystem (G S E ) Figure 4.16 shows the GSE coor

dinate system with the ecliptic plane. The GSE system has its x-axis pointing from the Earth 

towards the sun and its y-axis is chosen to be in the ecliptic plane pointing towards dusk (thus 

opposing planetary motion). Its z-axis is parallel to the ecliptic pole that is perpendicular to 

ecliptic plane and completes the right hand rule.
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F ig u re  4 .16  G eom etry  show ing G eocen tric  Solar E clip tic C oord in ate  System  The
x-axis always points from Earth towards sun, z-axis perpendicular to ecliptic plane and y-axis 
in ecliptic plane towards dusk.

Transformation from GEI to GSE system can be achieved in two steps: (1) rotation from the 

Earth’s equator to the point of ecliptic with respect to the x-axis; (2) rotation in the plane of 

ecliptic from the first point of Aries to the Earth - sun direction with respect to the x-axis. 

This transformation can be expressed by

T 2 = <  A0, Z >  x <  6, A  > (4.52)

where epsilon is the obliquity of the ecliptic and Ao is the Sun’s ecliptic longitude. These values 

can be calculated by 

e =  23.439 -  0.013Tb 

M  =  357.528 +  35999.050To +  0.04107H  

A =  280.460 +  3600.772Tb +  0.041071T 

Ao =  A +  (1.915 -  0.0048Tq) sin(M ) +  0.020 sin(2M )



where H is in hours since preceding midnight. M is the sun’s mean anomaly. A is its mean 

longitude and To is defined earlier.

G eocen tric  Solar M agnetospheric C oord in ate  System  Figure 4.17 shows the GSM co

ordinate system and the plane containing the dipole. In the GSM system, the x-axis points 

from the Earth towards the sun. The y-axis is defined to be perpendicular to the Earth’s 

magnetic dipole. The X-Z plane contains the dipole axis.

z
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F ig u re  4 .17  G eom etry  show ing G eocen tric  Solar M agnetospheric C oord in ate  
System  The x-axis always points from the Earth towards the sun. The z-axis is defined as 
projection of dipole axis onto a plane perpendicular to the x-axis. The y-axis completes the 
right hand rule.

GSE and GSM have the x-axis in common; therefore there is only a rotation with respect to 

the x-axis. Here the angle of rotation is equal to -</> which is between the GSE z-axis and the 

dipole. IGRF (International Geomagnetic Reference Field) model is used to get the position of 

the dipole model accurately in the Geographic Coordinate System. The geographic location 

of the dipole can be converted to the GSE coordinates, as discussed before, to get the angle 

~4> (negative sign) because of the clockwise measurement taken from the old GSE to the new 

GSM coordinate system.

T 3 = <  -(f), X  >  (4.53)

where (j) is the angle between the GSE z-axis and the projection of the magnetic dipole axis 

on the GSE YZ plane (ie., the GSM z-axis) measured positive for rotation towards the GSE
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y-axis. It can be calculated by

<j> =  arctan(—̂ -) (4.54)
Y

where ye and ze are obtained from a unit vector Qe =  [Xe, Ye, Ze], which described the dipole 

axis direction in the GSE coordinate system. The magnetic pole direction is usually defined 

in GEO coordinate system by knowing the latitude and longitude from IGRF model.

Qg (4.55)
( cos </> cos A \

cos (j) sin A 
\ sin (j)

where Qg is the unit vector representing the magnetic pole in the GEO system. <j> and A are 

the geocentric latitude and longitude of the north geomagnetic pole. The values of A and (j> 

can be derived from IGRF coefficients as follows:

A =  arctan(^f)

4> =  90 -  aretan( 9icosA+/ll sin ̂ )

The unit vector Qe can be obtained using Qg and the two transformation matrices T\ and 

T2 discussed earlier. T2 transforms from GEI to GSE and T f 1 transforms from GEO to GEI, 

therefore

Qe =  T2T ^lQg (4.56)

Solar M agnetic C oord inates Figure 4.19 shows the SM coordinate system. In the Solar 

Magnetospheric coordinates, the z-axis is chosen parallel to the north magnetic pole and the 

y-axis perpendicular to Earth-sun line towards dusk. The difference between this system and 

the GSM is a rotation with respect to the y-axis. The amount of rotation is simply the dipole 

tilt angle, as defined before. Like GSM, the SM system rotates with both a yearly period and 

a daily period with respect to the inertial coordinates.

As discussed the rotation about the y-axis produces SM from GSM. The transformation matrix 

can be defined as

T4 = <  - /x ,T  >  (4.57)
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Z  (D ip o le )

F ig u re  4 .18  G eom etry  show ing Solar M agnetospheric C oord inate  System  The
z-axis is chosen parallel to the dipole axis. The y-axis is perpendicular to the Earth-Sun line 
towards dusk. The difference between this system and the GSM system is a rotation about 
the y-axis.

Where fj, is the dipole tilt angle (angle between the GSM Z - axis and the dipole axis) which 

can be calculated by
oc

fi =  arctan e = (4.58)
v v i  +  ze

where xe, ye and ze are the three components of the vector Qe described by equation 4.56.

G eom agnetic C oord inate  System  (M A G ) Figure 4.19 shows the MAG coordinate system. 

Like the SM coordinate system, the MAG coordinate system also has its z-axis as the dipole 

axis. The y-axis is perpendicular to the geographic poles, lying in the geographic equatorial 

plane. The x-axis completes the right hand system and therefore lies below the equatorial plane.

The y-axis for both GEO and MAG coordinates is in the GEO equatorial plane. The transfor

mation from GEO to MAG includes two rotations. One is the rotation in the plane of Earth’s 

equator from the Greenwich meridian to the meridian containing the dipole, such that the 

new XZ plane contains the dipole. The other is the rotation in this meridian plane from the 

geographic pole to the dipole pole with respect to y-axis. Therefore the transformation matrix 

is
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F ig u re  4 .19  G eom etry  show ing G eom agnetic C oord in ate  System  The z-axis is 
chosen parallel to the Earth’s dipole axis. The y-axis is perpendicular to the geographic poles. 
The x-axis completes the right hand system.

T5 =  -  90, Y) x (A, Z) (4.59)

where A is the longitude of the dipole in GEO coordinates. ^  is the latitude of the dipole in 

the GEO coordinate system. Both of these quantities have been discussed earlier.

Local C oord in ate  System  Figure 4.20 shows the definition and transformation of local 

coordinates defined by magnetic field direction. The z-axis is chosen along the magnetic field. 

The XZ plane is the magnetic meridian plane. The y-axis completes the right hand rule. Here 

an example meridian plane containing a field line L =  3 is shown, in which the local coordinates 

are defined.

Transformation from MAG coordinate to the local coordinate includes two steps. One is the 

rotation from zero degree magnetic meridian to the local magnetic meridian. The angle of 

rotation is the magnetic longitude of Point P. After this rotation, the new x, y , and z-axis 

are defined as x', y', and z'-axis as shown in the Figure 4.20. The second rotation is from 

the z'-axis in the direction of the magnetic field (B) with respect to y'-axis. The rotation 

angle is the angle between the magnetic field direction and the dipole axis. Therefore, the 

transformation matrix can be written as

(4.60)



76

Z Z' (Dipole)

F ig u re  4 .20  Local C oord in ate  System  The Z ” -axis is chosen along the direction of 
Earth’s magnetic field. In this local coordinate, the X ” Z” plane lies along the magnetic 
meridian plane as shown in the figure and the y” -axis is perpendicular to the meridian plane 
shown with a cross (into the paper).

where Pm Iou is the magnetic longitude of point P. BMiat is the magnetic latitude of magnetic 

field at point P, which can be calculated from the dipole model.

Figure 4.21 shows the overall relation between each of the coordinate systems discussed here. 

By using the transformation matrices T 1 - T5 and Tloc with their inverses, transformation 

between any coordinates can be achieved. We have discussed the algorithm for all the coor

dinate transformations required in this research work. More information on these coordinate 

transformations can be found in Russell [1971], and Hapgood [1992, 1995].

4.3 An illustrative example showing how to determine satellite 

location and attitude in various coordinate systems

Now we can use the coordinate transformation to calculate the satellite location and attitude 

in different coordinates. The satellite attitude can be given as the orientations of the RPI three 

antennas. The procedure to calculate the antenna orientation is stated as follows:

(1 ) Get actual times when antenna orientation is required.
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F ig u re  4 .21 B lock  diagram  show ing transform ation  m atrices The block diagram 
showing all possible transformations using the transformation matrices. Backward transfor
mation matrices are the transpose of the matrices shown in the figure.

(2) Search for RPI programs, such as Program 5 or Program 61, transmitted in BinBrowser 

at the time closest and before the desired time and use the information button (yellow circle 

with letter T ) to open the information header in a new window. This information header can 

be used to get spin information. This includes the three components of unit vectors parallel 

to the spin axis (or Z antenna) and X antenna in GSM coordinate system.

(3) The Z antenna (spin axis) is directly given at the beginning of the header of the file (in

formation file obtained by choosing the button represented by yellow circle (see above 2). The 

orientation of the Z antenna does not change much during a short period (<  2 minutes of a 

particular transmission program). The X-antenna rotates with roughly a 2 minute period and 

thus its orientation is different at the transmission of different frequencies. The information 

file lists, for each frequency, the time of transmission and the X-antenna orientation in GSM 

coordinate system.

(4) We now have antenna orientations of X  antenna and Z antenna (spin axis) in GSM [X_gsm, 

Z_gsm] as unit vectors.

(5) Get the actual interpolated satellite location in SM coordinates as a vector from plasma



predict file location (Sat_sm =  [Sat_Xsm, Sat.Ysm, Sat_Zsm]. Matlab program Tablel was 

used to do the linear interpolation. Perhaps in the future, an elliptical orbit fit can be used to 

determine the interpolated satellite location. This may matter near perigee, where the orbit 

changes rapidly.

(6) Convert the satellite location from SM coordinates to MAG and GEO coordinates as fol

lows:

[Sat_mag, polar, azmuth] =  sm2mag (year, mon, day, hour, min, sec, Sat_sm);

[Sat.geo, polar, azmuth] =  sm2geo (year, mon, day, hour, min, sec, Sat_sm); 

where the Sat_mag is the vector of satellite location in the MAG coordinates. Sat.geo is the 

vector of satellite location in the GEO coordinates. The time is given in UT.

(7) Calculate the direction of the dipole magnetic field by using the satellite location in the 

MAG coordinates (SatJVIlat, SatJvllon, Sat_R) as following:

[Bf_Mlat,Bf_Mlon]=direction_B0_2(Sat_Mlat,SatJVllon,Sat_R); 

where BLMlat and BLMlon are the latitude and longitude of magnetic field direction in MAG 

coordinates, respectively. This is a somewhat confusing way of describing the direction of the 

magnetic field, but has been done to facilitate rotation from magnetic to local coordinates, 

which have Z axis parallel to the direction of the local magnetic field. The direction cosines of 

the orientation of the local magnetic field in the MAG coordinates are the same as those of a 

point in the MAG system that is unit distance from the origin and has BLMlat and BLMlon 

for its latitude and longitude.

(8) We can also calculate the antenna orientations in MAG and GEO coordinate systems as 

follows:

[A_mag, B_mag, C_mag] =  Ant .orientation (year, mon, day, hour, min, sec, Z_gsm, X_gsm); 

[A_geo, B_geo, C_geo]= Ant_orientation_geo(year, mon, day, hour, min, sec, Z_gsm, X_gsm); 

where A_mag, B_mag, C_mag are the unit vectors of the X, Y  and Z antennas in the MAG 

coordinates. A.geo, B_geo, C.geo are the unit vectors of X, Y  and Z antenna in the GEO 

coordinates.

(9) The antenna orientation in the local coordinates is obtained as follows:
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[AJoc]=gm21oc(BLMlat, BLMlon, A_mag,‘fwd’);

[BJoc]=gm21oc(BLMlat, BLMlon, B_mag,‘fwd’);

[CJoc]=gm21oc(BLMlat, Bf_Mlon, C_mag,Twd’); 

where the AJoc, BJoe, and CJoe are the unit vectors of X, Y  and Z antenna orientation in 

a local coordinate system. The local coordinate system is defined with the z-axis along the 

magnetic field direction and the xz plane as the magnetic meridian plane.

For example, we want to calculate the antenna orientation on 28 August 2002 at 19:24:00 UT. 

The closest program transmitted before the above time is program 5 at 19:23:29 UT. The spin 

axis in GSM coordinates obtained from Binbrowser at 19:23:29 UT is spin_gsm =  [-0.61324

0.76486 0.19732]. As the spin axis remains constant during a short period, we can directly use 

this value to approximate the spin axis at 19:24:00 UT. In general, the spin axis only changes 

in the third decimal during a two minute period. The X antenna obtained from Binbrowser in 

GSM coordinates at 19:24:00 UT is X_gsm =  [-0.40492 -0.08965 -0.90995]. The satellite location 

in SM coordinates at 19:24:00 UT can be interpolated from the plasmapredict file as [-1.1899 

-1.0099 1.4559]. The plasma predict file provides the satellite location in SM coordinates every 

four minutes and has been discussed in Chapter 2 . Using the above parameters as the input 

and following the above procedure, we can calculate the satellite location in GEO and MAG 

coordinates as well as the antenna orientation in GEO, MAG and the local coordinates as 

defined earlier. The satellite location in the MAG coordinatess is R =  2.13 Re , Am =  43°, 

(f)m =  179.7°. The satellite location in the GEO coordinates is R =  2.13 Re , Xg =  53.4°, 

(f)g =  107.9°. The calculation result of the antenna orientation in the local coordinates is 

shown in Figure 4.22. From this figure, we can see the C antenna, which is the spin axis, is 

almost along the y-axis and perpendicular to the magnetic meridian in this case.
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Figure 4.22 Antenna orientation in a local coordinates on 28 August 2002 19:24:00
UT The figure shows the A, B, and C antenna orientation in the local coordinates. The z-axis 
is along the magnetic field and the xz plane is the magnetic meridian plane. The A, B and C 
antennas are in blue, green and red colors.
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Chapter 5

Whistler Mode Sounding Technique

In this chapter we will discuss a whistler mode sounding technique to determine electron den

sity and investigate the propagation and reflection conditions of whistler mode waves. The 

technique involves matching the observed time dispersion with calculated ray tracing results 

to determine the electron density along the ray path. Two examples will be presented to ex

plain our method: (1) Non-ducted propagation of whistler mode waves where the waves are 

guided primarily by the geomagnetic field [Sonwalkar, 1999]. This kind of propagation can be 

used to determine the electron density profile along the ray path close to the magnetic field line.

(2) Ducted propagation of whistler mode waves where the waves propagate along field-aligned 

plasma density irregularities called ducts [Sonwalkar, 1999]. This kind of propagation can be 

used not only to determine the electron density profile along the ray path but also to determine 

the properties of ducts in the magnetosphere. The ray tracing tools explained in the previous 

chapter have been extensively used in analyzing and interpreting the observed data on IMAGE.

When the Radio Plasma Imager (RPI) on the IMAGE satellite operates in the inner plasma

sphere at moderate to low altitudes over the polar regions, pulses emitted at the lower end 

of its 3 kHz to 3 MHz sounding frequency range can propagate in the whistler mode and/or 

in the Z mode. During soundings with both 25.6 ms pulses and 3.2 ms pulses, whistler-mode 

echoes have been observed in (1 ) discrete, lightning-whistler-like forms, and (2) diffuse, widely 

time-spread forms. This has been discussed in detail in Chapter 3. The mechanism of the 

discrete and diffuse whistler mode echoes are explained in detail in the paper [Sonwalkar et a/., 

2004]. As discussed in that paper, discrete echoes have been observed at altitudes less than



^5000 km both inside the plasmasphere and in the auroral and polar regions. Diffuse echoes 

have also been observed at altitudes less than 5000 km, being most common poleward of the 

plasmasphere.

5.1 Whistler mode sounding with non-ducted wave propaga

tion

5.1.1 Relation between time dispersion and electron density profile

The time taken for whistler mode waves to travel from the IMAGE satellite to the Earth- 

ionosphere boundary and back to IMAGE depends primarily on the properties of the medium. 

The electron density and the geomagnetic field (and thus the refractive index) are the two 

important properties that determine the time delays. Hence the electron density profile of 

magnetoplasma along the wave propagation path can be measured by matching the time delay 

of the ray tracing simulation result with measured time dispersion.

As discussed in Chapter 4, the ray tracing simulation tool employs a dipole magnetic field, 

an isothermal diffusive equilibrium model to represent electron and ion densities inside the 

plasmasphere and a collisionless (R_n) density falloff outside the plasmasphere [Inan and Bell, 

1977]. For the diffusive equilibrium model, two parameters (Rb and T) can affect the shape of 

the electron density profile [Harikumar, 2001]. The Rb is the geocentric distance to the base of 

diffusive equilibrium model and T is the isothermal temperature used in the ray tracing simu

lation. The diffusive equilibrium model works well for Rb >  500 km altitude [Kimura, 1966]. A 

typical value of Rb =  1000 km altitude has been used by different researchers [e.g., Carpenter 

and Anderson, 1992; Kimura, 1966]. We have considered three Rb values (500, 1000 and 1500 

km altitude) in our ray tracing simulations for non-ducted whistler mode wave propagation.

Figure 5.1a corresponds to the 20 May 2002 case which has been discussed in Chapter 3. At 

the beginning of the sounding program the satellite is located at R=1.22 Re and magnetic 

latitude \m =  —57.6° . As discussed in Chapter 3, f ce is measured from the Z mode gap. The 

f ce is measured to be 699.2 kHz and the upper hybrid frequency f uh to be 787.4 kHz. The 

plasma frequency fpe =  362.1 kHz, indicating a local electron density of 1627 el/cc. When
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Figure 5.1 An example of a ray tracing analysis for whistler mode echoes with 
associated Z Mode echoes, (a) Plasmagram showing the dispersion of discrete echo detected 
on 20th May 2002, the same as discussed in detail in Figure 3.1. (b) The three solid curves for 
different Rb and T values have the same electron density of ~  1627 el/cc close to the IMAGE 
location, (c) Ray tracing example showing propagation of a non-ducted ray to the bottom of 
the ionosphere and back to the IMAGE satellite, (d) Results of the ray tracing analysis for 
the three Rb and T values indicated in (b) are compared with the observed dispersion in (a).



the transmitted wave frequency is equal to the upper hybrid frequency, the satellite moves to 

the location 1.23 Re and —61.37° magnetic latitude. Based on the observed data, ray tracing 

simulations are performed for five wave frequencies (59, 68.9, 100.4, 168 and 238.7 kHz) with 

an initial wave normal angle 9ini =  175.7°. Three simulations have been performed with R  ̂

equal to 6870 km (500 km altitude), 7370 km (1000 km altitude), and 7870 km (1500 km 

altitude), respectively. In all three simulations, we assume the gyro frequency at the Earth’s 

equator to be 880 kHz and the plasmapause at L =  4. A i?~4,5 model is chosen for electron 

density outside the plasmapause to agree with the “collisionless” model (7?-4 ) at middle in

variant latitude [e.g., Eviata et a/., 1964; Angerami and Thomas, 1964; Angerami, 1966] as well 

as an R~b empirical model at high latitude [e.g., Persoon et a/., 1988; Nsumei et al, 2003]. 

The temperature (T) is calculated by matching the observed dispersion with the ray tracing 

simulation results. Figure 5.1b plots electron densities calculated from ray tracing as a function 

of altitude for three different values of R& and T. For Rt, =  6870 km and T =  457 K, the F2 

layer peak (maximum electron density) occurs at 184.7 km altitude with an electron density of 

1 .7xl06 el/cc. For R  ̂ =  7370 km and T =  1260 K, the F2 layer peak occurs at 252.3 km alti

tude with electron density of 4 .3x l0 5 el/cc. For R& =  7870 km and T =  1570 K, the F2 layer 

peak occurs at 253.1 km altitude, with electron density of 3 .3x l0 5 el/cc. Figure 5.1c plots the 

calculated ray path for wave frequency f =  59 kHz and initial wave normal angle 0ini =  175.7° 

for the case of Rs =  7370 km. The ray propagates close to the magnetic field line, reflects 

at the Earth-ionosphere boundary and returns back to the satellite within 0.1° in magnetic 

latitude. At 1 .2Re 0.1° in magnetic latitude corresponds to ~10 km, the distance travelled 

by the satellite in one second (order of time duration over which, typically, one frequency is 

transmitted and received). For the three simulations, the ray paths are roughly the same. This 

indicates that the ray path is not sensitive to the electron density profile. This feature of the 

propagation path will be discussed later in detail. Figure 5. Id compares the simulated and 

measured time dispersion as a function of frequency for the case shown in Figure 5.1a. The 

time delays calculated for all the three cases match well with the measured dispersion. The 

reason for multiple solutions is that, similar to most inverse problems, the problem of calculat

ing the electron density profile along the ray path from measured dispersion is ill-posed. This 

is explained next using the QL approximation for simplicity.

Figure 5.2 shows the calculated value of Vcos^T /l^—̂ \2 along the ray path from the ray tracing
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F ig u re  5.2 Testing for QL approxim ation  along the ray path  Figure shows the ratio 
of Y 2 sin4 9 and 4 cos2 911 — X\2 for the simulation of Rb =  1000 km altitude. The frequency 
of the ray is 238.7 kHz. The maximum ratio is less than 0.0014.

simulation for the case Rb =  7370 km. The ray frequency is 238.7 kHz and the maximum value 

of the ratio is calculated to be less than 0.0014. This means that the QL approximation holds 

for all the selected frequencies as the the chosen wave frequency is the maximum of all the 

other selected simulation frequencies. Hence using the QL approximation (eqn 4.33.) we can 

calculate the time delay Tg as

In our simulations all the rays have wave normal angles within ~  20° of the magnetic field

path. For the same reason, we also need to determine the power law factor (N) for the electron

(5.1)

line, hence the value of cos 9 is between 1 and 0.94 and the gyro frequency f ce changes slowly 

( «  i?-3 ) from the Earth to the satellite (R =  1 .22Re )- If we assume cos9 ~  1 , / ce to be a 

constant and fpe & 9y/Ne [Sonwalkar, 1995] then equation 5.1 becomes

(5.2)

From the above equation it is seen that for a given ray path and electron density profile, the 

group time delay Tg oc -jj (or the slope is For a fixed frequency and ray path, the

group delay is the same when f  y/Ne is the same along the ray path. Any electron density 

profile satisfying this condition can match the measured time dispersion. Hence we need to 

place bounds on Rb and T in order to limit the possible electron density profiles along the ray
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density outside the plasmapause and compare this with our assumption of N =  -4.5.

5.1 .2  Determ ination of T  and Power law factor

The values of Rb, T and N need to be determined to narrow down the range of electron den

sity profiles which can fit the measured time dispersion. In this research, these parameters 

were determined from previous in-situ electron density measurements made on different satel

lites [Kletzing et al., 1998; Persoon et al., 1988; Hilgers, 1992]. Figure 5.3 shows the best fit 

of the diffusive equilibrium model with the ISIS-A in-situ measurement of electron density. 

The ISIS-A satellite has an elliptical polar orbit with an inclination of 88.4°. The apogee and 

perigee of the satellite orbit are 500 km and 3500 km, respectively. The in-situ electron density 

measurements made using a probe can be obtained from link of “http : / /  nssdc.gsfc.nasa.gov/ 

ftphelper/” . The least mean square method is used to estimate the optimized values of Rb 

and T. Figure 5.3(a-j) shows the best fit of Rb and T with the ISIS-A in-situ measurements 

at invariant latitudes of 35, 40, 45, 50, 55, 60, 65, 70, 75 and 80 degrees. In each case 500 to 

700 measurements were analyzed at satellite locations within invariant latitude ±0.3° of the 

aforementioned values. As most of the discrete cases were observed at an altitude of about 

1300 - 1400 km, the reference electron density is chosen from the median value of electron 

density measurements in this range. However, the best fit at 40, 60 and 75 degrees are three 

exceptions as the reference altitude falls outside 1300 - 1400 km altitude range. This is because 

at the 40 and 60 degree invariant latitude, there are only three and two measurements in the 

desired altitude range. The reference electron density is now chosen from the median value 

of 1200 - 1400 km altitude. At 75 degrees invariant latitude, there are no data between 1200 

-1400 km altitude, so the reference electron density is chosen from 1400 - 1500 km altitude. 

The cross correlation coefficient ranged from 0.59 to 0.86 for all the cases analyzed. The overall 

value of Rb varied from 7155-7620 km from the center of the Earth. The overall value of T 

varied from 1089-2472 K.

Next we need to determine the power law factor (N). This factor is determined by matching 

previous in-situ electron density measurements at high latitude. In this part, we are match

ing the expression of Ne =  NeoRN (Neo is considered as a proportional constant, R is the 

geocentric distance, N is the power law factor) with the previous measurement using the least 

mean square method for Neo and N. Figure 5.4a shows the best fit with measurements from
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Figure 5.3 Best fits for Rbase and T from ISIS-A in situ electron density mea
surements The figure shows ISIS-A in-situ measurements made using a probe and best fit 
with electron density model in electron density el/cc versus altitude in km. (a)-(j) Best fit of 
Rbase and thermal values with the ISIS-A in-situ measurement with ILAT equals to 35, 40, 
45, 50 55, 60, 65, 70, 75 and 80 degrees. The reference electron density, chosen from the me
dian value at altitude between 1200 and 1500 km, and the best fit of Rbase (Rb) and thermal 
temperature (T) were shown in each of sub-figures.
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Figure 5.4 Best fit of power law factor N using previous measurement Best fit 
of power law factor N with previous satellite measurement in electron density el/cc versus 
geocentric distance RE. (a)Best fit of N with probe measurement from S3-3 satellite, adapted 
from Figure 4 in kletzing et al. [1998]. The invariant latitude of the measurement is higher 
than 65°. (b) Best fit with DEI satellite data observed from whistler mode upper cutoff(fpe), 
adapted from Figure 7 in Persoon et al. [1988]. The invariant latitude of the measurements 
is higher than 70°. (c) Best fit with probe measurement from viking satellite, adapted from 
Figure 2 in Hilgers [1992]. The invariant latitude of the measurement is about 70°. (d) Best 
fit with a combination of satellite measurements shown in (a) (b) and (c), the line of best fit 
shows a power law factor -4.73.

the S3-3 satellite (Figure 4 in Kletzing et al. [1998]) at invariant latitudes higher than 65°. 

The line of best fit shows a power law factor of -4.64. Figure 5.4b shows the best fit with 

measurements from the DEI satellite (Figure 7 in Persoon et al [1988]) at invariant latitudes 

higher than 65°. The line of best fit shows a power law factor of -5.39. Figure 5.4c shows 

the best fit with measurements from Viking satellite (Figure 2 in Hilgers [1992]) at invariant 

latitudes greater than 70°. The line of best fit shows a power law factor of -4.49. Figure 5.4d 

shows the best fit of R~N model with the aforementioned satellite measurements of electron 

density (el/cc) versus geocentric distance RE. The best fit to the measured data is for N  «  4.7 

and Neq ~  631 el/cc. Another empirical model of N ~  5 was used for invariant latitudes 

greater than 70° and 1.4 <  R < 5.0RE in Nsumei et al [2003]. In our simulations, we used



N  — 4.5, which is approximately the best fit obtained from the various satellite data. Since 

most of the discrete cases are found at low altitudes (<  2500 km), the simulation model results 
are not very sensitive to the value of N.

After placing bounds on the values of Rb and using the R~4-5 diffusive equilibrium model for 

electron densities outside the plasmasphere, the ray tracing simulations are performed to cal-
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Frequency, kHz

Figure 5.5 Electron density profile and time dispersion calculated from simula
tions of Rb =  7155, 7370 and 7620 km(a) shows the three electron density profiles along 
the magnetic field line at Rb =7155km, 7370km, and 7620 km. The location of F2 layer peak 
is at an altitude of 229.8 km, 252.3 km, and 252.3 km respectively. The electron density at the 
F2 layer peak are 6.9xl05 el/cc, 4.3xl05 el/cc and 3.4x 105 el/cc. All the three profiles merged 
at about 400 km altitude, (b) shows the measured dispersion and ray tracing simulation result 
from the three Rb and T values.



culate electron density profiles along the ray path. Figure 5.5 shows the simulation results 

for three different combinations of Rb and T. The calculated electron density at the F2 layer 

peak varied by a factor of two for the three simulated cases (Ne from ~  3.4 xlO5 e l/cc to ~  

6.9xlO 5 el/cc). As seen from the figure, the electron densities along the three profiles become 

the same at about 400 km altitude. The maximum difference in electron density occurred at 

altitudes ranging between ~  800 - 1000 km (Ne from ~  3500 el/cc to ~  15000 el/cc at 916.8 

km altitude). For altitudes greater than 2000 km, the ratio between the maximum {Rb =  7370 

km) and minimum (Rb =  7620 km) electron densities was roughly a constant (~1.5).

Table 5.1 shows the electron densities of the three calculated profiles at different altitudes 

covering the aforementioned range. From the table, the ratio of the maximum and minimum 

electron density on different profiles has a maximum value at ~  900 km altitude. The ratio 

indicates a maximum uncertainty along the ray path which is calculated to be 4.3.

Table 5.1 Electron density at different altitudes for R b = 7155, 7370, and 7620 km
This table shows the electron densities at different altitudes for the three sets value of Rb and 
T.
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Alt,km 800.8 916.8 1010 1104 1197 3064 3993 5013
Rb=  7155 T=894 Ne (el/cc) 7182 3495 2499 2123 1946 839.9 675.9 525.5
Rb=7370 T=1260 Ne (el/cc) 18540 9690 5965 3869 2724 975.3 791.2 656.7
Rb=7620 T=1508 Ne (el/cc) 26020 14960 9470 6427 4318 644 535.8 525.5

The calculations presented in this section have helped us place numerical bounds on the values 

of Rb and T using ray tracing simulations and measurements. The propagation and reflection 

conditions for non-ducted propagation of whistler mode waves will be studied next.

5.1.3 Propagation and reflection conditions for reflection of non-ducted dis

crete whistler mode echoes

In this section, we investigate the propagation and reflection conditions for the three ray tracing 

simulations discussed in Table 5.1. Tables 5.2, 5.3 and 5.4 show the different parameters of 

the ray tracing simulations for each of the three cases.
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T a b le  5.2 R ay param eters along the ray path  for R b = 7 1 5 5  km  and T = 8 9 4  K
Table includes the altitude (Alt), L shell value(L), refractive index (//), wave normal angle (0), 
ray direction(0ray), electron density(Ne) and group time delay(T^) at the location of satellite,

k and Earth ionos phere bounclary.
freq Alt(km) L M 9(°) @ray(°) Ne(el/cc) Tg(ms)

59 1401 4.0 2.0 4.3 1.9 1 .8x l 03 0

59 220 3.8 27.0 16.5 7.7 7.0 xlO5 15.6
59 120 3.8 12.0 16.4 7.7 1.4 xlO5 19.5

68.9 1401 4.0 1.9 4.3 1.9 1 .8x l 03 0
68.9 220 3.8 25.1 16.5 7.6 7 .0x l0 5 14.7
68.9 120 3.8 11 .1 16.4 7.6 1 .4x l0 5 18.4

100.4 1401 4.0 1.7 4.3 1.7 1 .8x l 03 0
100.4 220 3.8 21.1 16.4 7.4 7.0 xlO 5 13.0
100.4 120 3.8 9.3 16.2 7.3 1 .4x l0 5 16.1

168 1401 4.0 1.5 4.3 0.9 1 .8x l 03 0
168 220 3.9 16.8 16.2 6.8 7.0 xlO 5 11.4
168 120 3.8 7.4 15.9 6.7 1 .4x l05 14.0

238.7 1401 4.0 1.4 4.3 0.8 1 .8x l 03 0
238.7 220 3.9 14.5 16.0 6.2 7.0 xlO5 10.8
238.7 120 3.9 6.43 15.7 6.0 1.4 xlO5 13.2
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Table 5.3 Ray parameters along the ray path for R b=7370 km and T =1260 K
The parameters in this table are the same as defined in Table 5.2. _________

freq Alt (km) L M on Oray(°) Ne(el/cc) Tg(ms)
59 1401 4.0 2.0 4.3 1.9 1 .8x l 03 0

59 242 3.8 21.5 16.5 7.7 4 .4x l0 5 15.6
59 120 3.8 8.1 16.3 7.6 6 .4x l0 4 19.4

68.9 1401 4.0 1.9 4.3 1.9 1 .8x l 03 0

68.9 242 3.8 20.0 16.5 7.6 4.4 xlO5 14.8
68.9 120 3.8 7.5 16.3 7.5 6 .4x l0 4 18.3

100.4 1401 4.0 1.7 4.3 1.7 1 .8x l 03 0

100.4 242 3.8 16.8 16.4 7.4 4 .4 x l0 5 13.0
100.4 120 3.8 6.3 16.0 7.2 6 .4x l0 4 16.0

168 1401 4.0 1.5 4.3 0.9 1 .8x l 03 0

168 242 3.8 13.3 16.2 6.8 4 .4 x l0 5 11.4
168 120 3.8 5.1 15.7 6.6 6 .5x l0 4 13.9

238.7 1401 4.0 1.4 4.3 0.7 1 .8x l 03 0

238.7 242 3.9 11.5 16.0 6.1 4 .4x l0 5 10.8

238.7 120 3.9 4.4 15.4 5.9 6 .4x l0 4 13.1

Table 5.4 Ray parameters along the ray path for R b=7620 km and T — 1508 K
The parameters in this table are the same as defined in Table 5,2._______________

freq Alt (km) L I1 o n 0ray{°) N e(el/cc) Tg(ms)
59 1401 4.0 2.1 4.3 1.9 1 .9x l03 0

59 254 3.8 19.2 16.5 7.7 3.5x10s 15.9
59 120 3.8 6.6 16.1 7.6 4.3 xlO4 19.5

68.9 1401 4.0 2.0 4.3 1.9 1 .9x l03 0

68.9 254 3.8 17.9 16.5 7.6 3.5x10s 15.0
68.9 120 3.8 6.3 16.0 7.4 4 .4x l0 4 18.3

100.4 1401 4.0 1.8 4.3 1.7 1.9 xlO3 0

100.4 254 3.8 15.0 16.3 7.3 3.5x10s 13.2
100.4 120 3.8 5.3 15.8 7.1 4 .5x l0 4 16.0

168 1401 4.0 1.5 4.3 1.0 1 .9xl03 0

168 254 3.8 11.9 16.2 6.7 3.5 xlO5 11.5
168 120 3.8 4.2 15.4 6.4 4.4 xlO4 13.9

238.7 1401 4.0 1.4 4.3 0.4 1 .9x l0 3 0

238.7 254 3.9 10.32 16.0 6.1 3.5x10s 10.9
238.7 120 3.8 3.7 15.2 5.8 4.4 xlO4 13.2



The features of the extensive simulations performed for the three pairs of R  ̂ and T  chosen 

previously are summarized as a list of similarities and differences. The similarities of the results 

listed in tables 5.2 - 5.4 are:

1 . The difference in the L shell value along the ray path from the satellite to the Earth- 

ionosphere boundary is ~  0.2 for all three cases, meaning that the rays propagate close 

to the magnetic field line and that all three ray paths are about the same.

2 . The initial wave normal angle for all the down-going rays is ~  5°. As the ray travels 

downward from the satellite, the wave normal angle increases to a maximum value of 

~  17° from the magnetic field line close to the F2 layer peak. After this region, the wave 

normal remains about the same.

3. The ray direction is ~  2° from the magnetic field at the satellite and gradually moves 

away from the field line reaching a maximum value of less than 8° at the F2 layer peak.

4. The minimum refractive index at the satellite is between 1 and 2 for all three cases. At 

the lowest wave frequency (59 kHz), the refractive index is ~  2 . At the largest wave 

frequency (238.7 kHz), the refractive index is about 1.4 for all three cases.

The differences of the results listed in Tables 5.2 - 5.4 are:

1. The refractive indices at the F2 layer peak are different for all three cases. For =  7155 

km, the refractive index ranges from 14.5 to 27.0 as the frequency increases. As Rb 

increases, the corresponding refractive index fi decreases and hence the electron density 

at the F2 layer peak decreases. The refractive index for R\> — 7620 km ranges from 10.32 

to 19.2 at the F2 layer peak.

2 . Although all three cases have the same total time delay from the satellite to the Earth- 

ionosphere boundary, the time delay from the satellite to the F2 layer peak is not the 

same. We find that there is a difference of ~  0.3 ms in the simulated time delay for 

R\) =  7155 km and 7620 km at low frequencies. This difference in time delay is due to 

the difference in the shape of the electron density profile along the ray path for the two 

simulated cases. This difference is more pronounced at altitudes of ~  400 km, where the 

density of the three simulated cases become equal. From the satellite location to ~  400 

km altitude, the profile of Rb =  7155 km has minimum value of electron density; therefore
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the wave should travel fastest here. The profile of Rb =  7620 km has a maximum value 

of electron density; the wave there travels slowest. The time delay from the satellite 

location to the 400 km altitude is listed in Table 5.5. The maximum difference of time 

delay between Rb — 7620 and 7155 km is about 2.8 ms. As the frequency increases, this 

value decreases owing to a higher group velocity of the ray.
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T a b le  5.5 T im e delay (m s) from  the satellite to  400 km  altitude.
Rb( km) Alt (km) 59kHz 68.9kHz 100.4kHz 168kHz 238.7kHz

7155 400 8.5 8.1 7.3 6.6 6.4
7370 400 10.3 9.8 8.7 7.8 7.5
7620 400 11.3 10.7 9.5 8.4 8.1

We will now discuss the conditions for reflection of whistler mode waves at the Earth-ionosphere 

boundary. Figure 5.6 is a schematic explaining the reflection mechanism of whistler mode 

waves at the Earth-ionosphere boundary. Waves at the Earth-ionosphere boundary encounter 

Snell’s law type of reflection. Snell’s law states that a wave can be transmitted only when the 

projection of the refractive index on the boundary is less than one (refractive index of free 

space). The refractive index surface in free space and ionosphere are shown in Figure 5.6. The 

transmission cone is formed by projecting the refractive index surface in free space (unit circle) 

onto the refractive index surface in the ionosphere, and is shown as the region bounded by LI 

and L2 . Incident waves having wave normal angles that He within the transmission cone will 

be transmitted and those outside the transmission cone will encounter total internal reflection. 

The reflection coefficient can be used to represent the energy carried by the reflected wave. 

For the whistler mode waves travelling close to the magnetic field line, the polarization of the 

electric field is almost circular, as discussed in chapter 4. The two orthogonal components of 

the electric field are: (1) transverse magnetic or TM polarization where the electric field vector 

is in the plane of incidence and (2) transverse electric or TE polarization where the electric 

field vector is perpendicular to the plane of incidence. The plane of incidence is the magnetic 

meridian plane and the plane of reflection is the Earth-ionosphere boundary.

Tables 5.6, 5.7 and 5.8 show the reflection parameters at the Earth-ionosphere boundary for 

ray tracing simulations done for R5 =  7155, 7370 and 7620 km respectively.

The similarities of the results listed in Tables 5.6 - 5.8 are:

1 . All the incident rays have incident angles less than 1 degree, which indicate almost normal
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Table 5.6 Ray parameters at the reflection point for simulation with Rb =  7155
km and T == 894 K. Table shows the parameters at the reflection point, where // is the 
refractive index; 5inc, 6ref , 5tra are the incident, reflection and transmission angles with respect 
to Earth vertical; Qinc, Qref , and 6tra are the incident angle, reflection and transmission angles 
with respect to magnetic field; Ttm  and T te  are the reflection coefficient for the TM and 
TE mode. The transmission cone is represented by angles between the magnetic field and 
boundaries of the transmission cone (LI and L2 in Figure 5.6); a is the angle between Earth 
vertical and the magnetic field._________________________________________________ ______

freq 5°wme Sref A°°tra f)°inc K e f IY m Tte tran-Cone(°) « (° )
59 12.0 0.41 0.41 4.8 16.4 17.2 0.84 0.84 22 -  12 16.8

68.9 11 .1 0.46 0.46 5.0 16.4 17.3 0.83 0.83 22 -  12 16.8
100.4 9.3 0.59 0.59 5.4 16.2 17.4 0.80 0.80 23 -  11 16.8

168 7.4 0.79 0.79 5.7 15.9 17.5 0.76 0.76 2 4 - 9 16.7
238.7 6.4 0.90 0.90 5.6 15.7 17.5 0.72 0.73 2 5 - 8 16.6

Table 5.7 Ray parameters at the reflection point for simulation with Rb =  7370
km and T =  1260 K . The parameters in this table are the same as defined in Table 5.6.

freq M 6°m e ref °tra
no
uinc K e f Ttm Tte tran-Cone(°) a(°)

59 8.1 0.58 0.58 4.6 16.3 17.5 0.77 0.78 23 -  10 16.8
68.9 7.5 0.65 0.65 4.8 16.3 17.54 0.76 0.76 2 4 - 9 16.8

100.4 6.3 0.83 0.83 5.1 16.0 17.7 0.72 0.72 2 6 - 8 16.8
168 5.1 1.1 1.1 5.5 15.7 17.9 0.66 0.67 2 7 - 5 16.7

238.7 4.4 1.2 1.2 5.3 15.4 17.9 0.62 0.62 2 9 - 3 16.6

Table 5.8 Ray parameters at the reflection point for simulation with Rb =  7620
km and T — 1508 K . The parameters in this table are the same as defined in Table 5.6.

freq 5°vme 6ref utra
no

inc °ref Ttm Tte tran-Cone(° ) alpha{°)

59 6.6 0.85 0.85 5.5 16.1 17.8 0.73 0.73 2 5 - 8 16.9
68.9 6.3 0.90 0.90 5.6 16.0 17.8 0.72 0.72 2 6 - 8 16.9

100.4 5.3 1.10 0.83 5.7 15.8 18.0 0.68 0.68 2 7 - 6 16.9
168 4.2 1.41 1.41 5.8 15.4 18.2 0.60 0.61 3 0 - 3 16.8

238.7 3.7 1.55 1.55 5.6 15.2 18.3 0.56 0.56 3 1 - 1 16.7
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F ig u re  5 .6  Schem atic showing the wave reflection  at the E arth-ionosphere bou n d 
ary Waves at the Earth-ionosphere boundary encounter a Snell type reflection. Corresponding 
to Snell’s law, a wave can transmit only when the projection of the refractive index on the 
boundary less than one. The refractive index surface in the free space and ionosphere are also 
shown. The transmission cone is formed by projecting the refractive index in free space (unit 
circle) onto the refractive index surface in the ionosphere, which is the region formed by LI 
and L2 . Only incident waves within the transmission cone will be transmitted. Incident waves 
outside the transmission cone will encounter total internal reflection.

incidence.

2. There is no total internal reflection observed in any of the simulations and the rays are 

partly transmitted in all the cases.

3. As the frequency increases the transmission cone gets wider and hence permits a greater 

range of wave normal angles to penetrate the Earth-ionosphere boundary to reach the 

earth’s surface. This is because the refractive index decreases as the frequency increases.

The difference between the three simulations is related to the electron density at the Earth- 

ionosphere boundary, which causes the refractive index to differ. As the value of Rb increases, 

the refractive index decreases. For Rb =  7155 km, the refractive index is a maximum. The 

calculation of the reflection coefficient when one medium is anisotropic and other medium free 

space is complicated and will not be attempted here. Here an estimate of reflection coefficient 

is made using the conventional formulas for a boundary between two isotropic media. The 

numbers thus obtained have to be treated with caution and may substantially change when 

proper analysis is carried out. The reflection coefficient ranges from 0.72 to 0.84, indicating



that the reflected wave carries about 52 - 71% of the total incident energy. For Rb — 7620 

km, the reflection coefficient reduces to 0.57 - 0.73, which indicates that the reflected wave 

carries about 32 - 51% of the total incident energy. A reflection coefficient less than one im

plies that part of the RPI signal energy should reach the Earth. This has not yet been observed.

In this section, we have discussed the propagation, reflection conditions and electron density 

calculation for discrete non-ducted whistler mode wave propagation. In the next section we 

will discuss ducted whistler mode wave propagation.

5.2 Whistler mode sounding with ducted wave propagation

As discussed earlier, the time dispersion for non-ducted whistler-mode wave propagation shows 

a slope of However, this feature does not appear in all the observed cases. Some of 

the observed cases show a shallower slope in the time dispersion which can be explained by 

ducted propagation. This analysis also provides a method to calculate the location, size, and 

enhancement factor of a duct in the magnetosphere.

5.2.1 Ray tracing simulation of whistler mode wave propagation in the pres

ence of ducts

Figure 5.7a shows a plasmagram displaying whistler mode echoes received on 11 May, 2000. 

The satellite is located at R =  2.1 Re and -34.8° magnetic latitude. In this case, we can not 

estimate the local electron density from either the Z mode echoes or the dynamic spectrum. 

Hence we will choose typical values of Rb =  7370 and T — 1600 K [Carpenter and Ander

son, 1992; Kimura, 1966] for the diffusive equilibrium model and a R “4 5 fall off outside the 

plasmapause, which is assumed at L =  4. The ray tracing simulations are performed for both 

non-ducted and ducted propagation. The electron density is calculated by matching the mea

sured time dispersion with ray tracing simulation results. Figure 5.7b shows the simulated ray 

paths for non-ducted propagation at 20.4 kHz. One ray having a initial wave normal angle 

6ini — 127.9° bends away from the satellite after reflection from the Earth-ionosphere boundary 

(green line) and the other ray, with 9ini =  158.6°, reflects off the Earth-ionosphere boundary 

and returns to the satellite (red fine). This simulation indicates that rays with wave normal 

angles close to the geomagnetic field line return to the satellite for non-ducted propagation,
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Figure 5.7 An example of a ray tracing analysis for whistler mode echoes for 
ducted propagation (a) Plasmagram displaying whistler mode echoes received on 11 May, 
2000, the same as described in Chapter3. (b) An example of a ray tracing simulation done 
for the case of non-ducted propagation of Whistler Mode waves for f =  20.4 kHz. The two 
rays have initial wave normal angles (6ini) equal to 127.9 kHz and 158.6 kHz, respectively, 
(c) An example of a ray tracing simulation done for the case of ducted whistler-mode wave 
propagation for f=20.4 kHz. A duct at L=3.1 with half duct width equal to 0.1L and 70 
percent enhancement is assumed in this simulation. Two rays, the same as those described in 
(b), have been injected from the satellite location, (d) Plot showing a comparison of measured 
and calculated group time delays for ducted and non-ducted Whistler Mode propagation as a 
function of frequency. Dispersion of ray tracing simulations without duct are represented by 
red lines with electron densities of 1300 el/cc, 1100 el/cc and 900 el/cc, respectively, at the 
satellite. Simulated dispersion of ducted wave propagation is represented by a green line with 
electron density chosen as 1400 el/cc at the satellite. The black triangles represent measured 
time delays for the discrete case shown in (a).



which is consistent with what we discussed earlier. Figure 5.7c shows ray tracing simulation for 

ducted wave propagation. A duct, 0.2L wide having an enhancement factor of 70%, has been 

added to the electron density model in the ray tracing simulation. The duct is set to be at L 

=  3.1, which is the same as the satellite L shell value. The duct starts at 3000 km altitude and 

extends to the same altitude in the other hemisphere [Bernhardt and Parks, 1977]. The scale 

height of the duct is set at 800 km [Harikumar, 2001]. Waves are injected with similar to 

the non-ducted propagation case shown in figure 5.7b. Unlike (b) the wave with large wave 

normal angle (0 ^  =  127.9°) with respect to the magnetic field line (green line) reflects at 

the Earth-ionosphere boundary and returns back to the satellite. The downward propagating 

wave with small wave normal angle (0ini =  158.6°) is trapped in the field-aligned duct. Af

ter reflection at the Earth-ionosphere boundary, the ray bends away from the magnetic field 

line. This simulation indicates that a field-aligned duct can either trap a small wave normal 

angle wave after reflection and guide it to the satellite or bend a large wave normal angle ray 

away from the satellite after reflection at the Earth-ionosphere boundary. Figure 5.7d shows a 

comparison of measured and calculated group time delays for ducted and non-ducted whistler

mode wave propagation as a function of frequency. The selected frequencies are 20.4, 25.1, 

31.6, 38.7, 42.5, 47.1 kHz. Calculated time dispersion from ray tracing simulations without 

duct are represented by red lines with electron densities of 1300 el/cc, 1100 el/cc and 900 el/cc 

respectively at the satellite. Simulated dispersion of ducted wave propagation is represented 

by a green line with electron density chosen as 1400 el/cc at the satellite. The black triangles 

represent measured time delays for the discrete case shown in (a). The simulation of a ducted 

wave propagation shows good agreement with measurements for the above case.

The ray tracing simulation results show that there are two main differences between ducted 

and non-ducted whistler mode wave propagation. One is the initial wave normal angle, the 

other is the slope of time delay. We will now provide explanations for these differences. A 

duct can either bend a ray or trap a ray. The conditions required for a duct to trap a ray are 

extensively discussed in [Helliwell, 1965]. Figure 5.8 shows two paths, one at a wave frequency 

of 20.4 kHz and another at a frequency of 47.1 kHz. The 20.4 kHz ray path is bent by the 

duct, but not trapped in it. The 47.1 kHz ray path is trapped inside the duct due to a initial 

wave normal angle closer to the magnetic field line but still larger than that of a non-ducted 

whistler mode wave propagation. The reason for the large initial wave normal angle in ducted
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propagation can be explained by the guiding effect of a duct. The 20.4 kHz ray bends towards 

the direction of the magnetic field as it propagates from inside (denser) to outside (rarer) of 

the duct, due to the decrease in the electron density. This density gradient holds the ray close 

to the magnetic field line and hence converts a large wave normal angle ray to a small wave 

normal angle. The 47.1 kHz wave gets trapped inside the duct and propagates along the field 

aligned duct. After reflection at the Earth-ionosphere boundary, the ray is again trapped in 

the duct and propagates back to the satellite. These two ray paths explain why the waves with 

large initial wave normal angles can return to the satellite.
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R e

Figure 5.8 Ray path of ducted propagation at different frequencies Figure shows 
the ray path for f =  20.4 kHz and f =  47.1 kHz. The initial wave normal angle are 127.9° and 
146.8° respectively. The ray path of 20.4 kHz signal is bent by the duct but not trapped in it. 
The ray path of 47.1 kHz signal was trapped in the duct due to a smaller wave normal angle.

For non-ducted propagation, all the rays propagate roughly along the same ray path, which 

means that the group delay of the ray primarily depends on the wave frequency. For the 

ducted case, the rays at different frequencies travel in different ray paths. For example, the 

wave at 20.4 kHz travels mainly outside the duct, where the electron density is much lower 

(~  59%) than inside the duct. Along this ray path, the wave has higher group velocity and 

hence smaller total time delay. On the other hand, the wave at high frequency (e.g. 47.1kHz) 

travels inside the duct, which has the higher electron density gradients resulting in lower group 

velocity and hence higher time delay. This effect causes the group delay at low frequency to
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be smaller and at high frequency to be larger resulting in a shallower time dispersion slope.

5.2 .2  Electron density measurements from ducted whistler mode wave prop

agation

Altitude, km

Figure 5.9 Electron density profiles of a duct (a) Electron density profile inside a duct 
along the magnetic field line at L =  3.1. The reference electron density at the satellite is 1400 
el/cc. The lower end of the duct is set to 3000 km. Below the 3000 km, the electron density 
inside the duct begins to merge with the background electron density, (b) Electron density 
profile at R=2.1 Re with electron density versus magnetic latitude. The duct is from ~  33° 
(L — 3.0) to ~  36° (L — 3.2). The background electron density is ~  823 el/cc. The peak 
electron density value inside a duct is 1400 el/cc, which indicates a 70% enhancement. Beyond 
the plasmapause (L=4, Am =  43.6°), the electron density drops by a factor of 10.

We have discussed the nature of the time dispersion resulting from ducted wave propagation. 

Figure 5.9a shows the electron density profile inside a duct along the magnetic field line at L 

=  3.1. The reference electron density at the satellite is 1400 el/cc. The lower end of the duct



is set at 3000 km. Below the 3000 km altitude, the electron density inside the duct begins to 

merge with the background electron density. Figure 5.9b shows the electron density profile as 

a function of magnetic latitude at R =  2.1 /?#. The duct extends from \m ~  33° (L =  3.0) 

to Am ~  36° (L =  3.2). The background electron density is ~  823 el/cc. The peak electron 

density value inside the duct is 1400 el/cc, which indicates a 70% enhancement. Beyond the 

plasmapause (L =  4, Am =  43.6°), the electron density drops by a factor of 10. It should be 

noted here that we have assumed L =  4 for plasmapause in this simulation. It is possible to use 

other methods to estimate the location of the plasmapause. For example, we can estimate the 

plasmapause location by looking at the dynamic spectrogram of thermal noise or by using the 

kp index. Using this method the plasmapause was located at L =  3.8 for the aforementioned 

case. This is close the value we have assumed in our simulations. Another method formulated 

by plasmapause(PP) =  5.7 — 0.47ATpmax [Carpenter and Park, 1973], provides the location of 

plasmapause at L =5.1, where Kpmax is the maximum kp index for the 12 preceding hours of 

the observation and equals 1.3 for our case. This value (L =  5.1) is higher than the assumed 

value in the ray tracing simulations. Our simulation result for the time delay and electron 

density profiles shown in Figures 5.7d and 5.9a still holds for both of the cases (L =  3.8 and 

L =  5.1 ). This is because the R~N density fall off does not contribute to the electron density 

inside the plasmapause.

5.2 ,3  Propagation and reflection conditions of whistler m ode wave propa

gation in the presence of ducts

Table 5.9 shows that: ( 1 ) All the rays in the simulation were injected with large wave normal 

angles with respect to the magnetic field line in comparison to non-ducted propagation. As 

discussed earlier the wave normal angle decreases as the ray propagates and is within 23 

degrees of the magnetic field line. At the F2 layer peak, the wave normal angle of the ducted 

propagation at low frequencies (f =  20.4 - 47.1 kHz) is within ~  23°. This is not very different 

from the non-ducted propagation (0max =  17°); (2) The ray direction is roughly about 20° 

with respect to the magnetic field line; (3) The change in the L shell value is ~  0.6 L along the 

ray path except for the case of 47.1 kHz wave frequency, where the ray is trapped in the duct 

leading to a small change in L shell value; (4) The refractive index at the Earth-ionosphere 

boundary varies from ™ 6 - 9 as the wave frequency increases; (5) The F2 layer peak, which 

is at 257 km altitude, has electron density ~ 1 .9 x l0 5 el/cc. The maximum refractive index at

102



103

this location varies from 16 to 25 as the frequency decreases.

T a b le  5.9 R ay param eters along the ray path  for du cted  propagation . This table 
shows the ray parameters at the position of the satellite, F2 layer peak and Earth ionosphere 
boundary for each frequency when travelling downward. The satellite is at 2.1 Re and -34.8° 
magnetic latitude. The MLT is 10.0._______________________________________

freq Alt (km) L e @ray Ne t9
20.4 7007 3.1 9.6 52.1 10.1 1.4 xlO3 0
20.4 255 2.5 25.1 22.9 10.8 1.9xl05 77.9
20.4 120 2.4 8.6 23.1 10.9 2 .3x l0 4 82.6
25.1 7007 3.1 9.0 52.0 8.7 1 .4xl03 0

25.1 255 2.5 22.7 22.8 11 1.9 xlO 5 74.2
25.1 120 2.4 7.8 23.3 11 2.3 xlO4 78.5
31.6 7007 3.1 8 50.9 5.3 1 .4x l0 3 0

31.6 255 2.5 20 22.3 10.4 1 .9x l05 72.0
31.6 120 2.5 7 22.2 10.3 2.1 xlO4 75.8
38.7 7007 3.1 7.8 47.9 2.3 1 .4x l03 0

38.7 255 2.5 18.3 22.4 10.4 1 .9x l05 71.9
38.7 120 2.5 6.0 22.8 10.5 2 .1 x l 04 75.4
42.5 7007 3.1 7.4 45.4 1.2 1 .4xl03 0

42.5 255 2.5 17.4 21.2 9.8 1 .9x l05 72.0
42.5 120 2.6 5.7 20.0 9.3 2 .1 x l 04 75.4
47.1 7007 3.1 6.2 33.2 2.8 1.4xl03 0
47.1 255 2.9 16.5 22.4 10.3 1.9 xlO5 69.7
47.1 120 2.9 5.7 27.1 11 .1 2.2 xlO4 72.8

Table 5.10 shows the reflection condition for ducted wave propagation at the Earth-ionosphere 

boundary. The reflection condition for ducted propagation is similar to the non-ducted case 

discussed earlier. All the rays are almost normally incident on the Earth-ionosphere boundary. 

There is no total internal reflection and part of the wave should continue to travel downward 

to the Earth. The energy contained in the reflected wave is ~  40% to 50% of the total energy. 

The transmission cone angle varied from 13° to 20° as the frequency increased.
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Table 5 .10 Ray parameters at the reflection point for the ducted propagation
Parameters are the same as defined in Table 5.6. The satellite is at R =  2.1 Am=-34.8
and MLT =  10.0 .___________  L______________ ,_____

freq M 5°m e K e f °tra
no
uinc Ke Ttm Tt £ tran-cone(°) a (°)

20.4 8.6 0.10 0.10 0.81 23.15 22.95 0.78 0.78 29 -  16 23.0

25.1 7.8 0.34 0.34 2.56 23.33 22.64 0.76 0.76 30 -  15 23.0

31.6 6.7 0.48 0.48 3.10 22.16 23.13 0.73 0.73 31 -  14 22.6

38.7 6.0 0.28 0.28 1.66 22.80 22.23 0.71 0.71 32 -  13 21.9

42.5 5.7 2.03 2.03 11.35 20.02 24.10 0.69 0.69 32 -  12 22.1

47.1 5.7 6.72 6.72 38.71 27.12 13.67 0.62 0.74 3 0 - 1 0 20.4
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Chapter 6

Measurement of Electron Density 

and Determination of Wave 

Propagation from Whistler Mode 

Sounding Technique

In this chapter we present 8 cases of non-ducted propagation of discrete whistler-mode waves 

observed on IMAGE. We will discuss the calculation of electron density based on the analysis 

technique presented in the previous chapter. We will also explain the transmission, propaga

tion, reflection at Earth-ionosphere boundary and reception of discrete whistler mode waves 

back to the IMAGE satellite for each of the 8 chosen cases in the year 2002.

6.1 Time dispersion and local electron density measurement

As discussed in Chapter 3, 87 discrete whistler mode cases were observed in the period from 

February 2002 to January 2003. All the observed cases were detected when IMAGE satellite 

was below ~  3000 km altitude.

Figure 6.1 plots the ratio of time delay and altitude as a function of wave frequency. This 

figure shows the variation of average group velocity with transmission frequency. A total of 

111 discrete cases in the years 2000 and 2002 were analyzed; 24 cases in the frequency range



Frequency, kHz

Figure 6.1 Dispersion of discrete cases in the year of 2000 and 2002. The variation 
of the average group velocity (altitude/group time delay) as a function of frequency is indicated 
for discrete whistler mode echoes observed in the year 2000 and 2002. The blue lines shows 
the dispersion of 24 discrete cases observed in the year 2000. The red line shows the dispersion 
of 87 discrete cases in the year 2002.

Freqeuncy, khlz

Figure 6.2 The normalized value of l/V g Vs. frequency Figure shows the normalized 
value of 1 /Vg Vs. frequency at satellite location and F2 layer peak respectively. The group 
velocity (Vg) is calculated by assuming typical values of gyro frequency and plasma frequency 
at the two locations. The wave normal angle is assumed to be 6 =  0°.



from ~  10 — 120 kHz (blue stars) from program 61 were observed in the year 2000 and 87 

discrete cases in the frequency range from ~  60 -  340 kHz (red stars) from program 5 were 

observed in the year 2002. The average group velocity for all the cases shows a factor of 5 

variation which indicates that the electron density measurement can vary by a factor ~  25. 

According to equation 5.2, the time dispersion should fall-off ^  1 />//• We have used a least 

mean square fit for the observed time dispersion of all the 1 1 1  cases to the power law relation 

log Tg — k +  n log /  where Tg is the time delay in seconds and f is the transmitted wave fre

quency in kHz. The term k represents the value of log (^  fs which is a function of

plasma frequency, gyro frequency and wave normal angle along the ray path. The slope n has 

a mean value of -0.36 with standard deviation of 0.17. The k value ranges from -2.1 to 0.69. 

The falloff of Tg calculated by curve-fitting is lower than the expected value of -0.5. This is 

because equation 5.2 has the following assumptions: (1) the refractive index [i »  1, and (2) 

fee cos 0 / f  > > 1 .  The assumptions work well for /  < <  f ce and f  «  fpe• In our observations, 

the maximum wave frequency exceeds 200 kHz and the refractive index [i ~  1 at the satellite 

location. This causes the observed falloff in Tg to be slower than the expected falloff of 0.5. 

As wave frequency increases, the expected analytical time dispersion slope deviates from the 

calculated values owing to a decrease in the refractive index.

Figure 6.2 plots the normalized values of 1/Vg as a function of wave frequency f. The group 

velocity is calculated at the satellite location and the F2 layer peak. The wave is assumed to 

propagate along the magnetic field line. Typical values of gyro frequency and plasma frequency 

were chosen at: (1 ) the satellite location (~  1200 km altitude) and (2) F2 layer peak (~  250 

km altitude). The wave frequency is chosen to range from 10 - 150 kHz, which covers the 

frequency range of most of the observed cases. The slope from best fit of the calculated time 

dispersion results in a power law function of -0.28 at the satellite location and -0.41 at the F2 

layer peak. As the wave propagates through both the aforementioned locations, the dispersion 

slope varies between these two values. If we plot the same curve at low frequency (3-10 kHz), 

the best fit shows a slope of -0.45 and -0.49 at the satellite location and F2 layer peak. This 

verifies that the equation discussed in Chapter 5 works well for low frequencies.
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6.2 Ray tracing simulation and electron density measurement 

for 8 selected discrete whistler-mode cases

108

In this section, we will show calculations for the eight selected discrete whistler-mode cases. 

These cases were selected so as to cover a wide range of measured local electron densities and 

altitudes. Table 6.1 shows the satellite locations for the eight chosen discrete whistler-mode 

cases, listed in the order of increasing magnetic latitude. The gyro frequency ( / ce) and local 

electron density (Ne) are measured at the time when echo at the upper hybrid frequency was 

observed. The plasmapause is measured in two independent ways: (i) using the upper hybrid 

band emission in the dynamic spectrogram to determine the location of the local plasmapause 

and (ii) using the relation that location of plasmapause is equal to 5.7 - 0.47 kpmax, where 

the kpmax is the maximum value of kp index during the 12 preceding hours [Carpenter and 

Park, 1973]. For the cases 19 and 71, observed on June 06 and July 25, 2002 respectively, 

a sudden drop in the upper hybrid emission band is not observed and hence this does not 

permit a plasmapause measurement. All the measured and calculated values of plasmapause 

indicate that the first 4 cases are inside the plasmapause and the rest of the cases are outside 

the plasmapause.

Ray tracing simulations are performed for all the eight discrete whistler-mode cases assuming 

Rb =  7370 km (or 1000 km altitude), plasmapause at L =4 , and a falloff factor (N) of -4.5 

outside the plasmapause. Under the assumption that plasmapause is located at L =  4, the 

first four cases are still inside the plasmapause and the last four cases are outside the plasma

pause which is consistent with observations. The precise location of the plasmapause is not 

very important at low altitudes because below 3000 km altitude the plasmapause boundary 

merges with the background. The gyro frequency at the Earth’s equator used in ray tracing 

is matched to the observed local gyro frequency at the satellite. The thermal temperature 

T is chosen such that the measured time dispersion matches the calculated ray tracing re

sults. The altitude of the Earth-ionosphere boundary is set at 120 km in the simulations. For 

each simulation result, the plasmagram, matched time dispersion and propagation ray path 

is shown in different figures (Figures 6.3 - 6.10). The parameters at the satellite location, 

F2 layer peak and Earth-ionosphere boundary are given in tabular form (Tables 6.2 - 6.17). 

The reflection conditions are also given in tables at the Earth-ionosphere boundary. In our



simulation, all the 8 cases listed can be explained by non-ducted propagation. The propaga

tion and reflection conditions are similar to the case of May 20th, 2002, discussed in Chapter 5.
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Table 6.1 Satellite locations for the selected cases This table shows the satellite location in geocentric distance(R), 
latitude(A), longitude(0), local time(LT), magnetic latitude(Am), magnetic longitude(0m) and magnetic local time(MLT). The local 
gyro frequency(/ce) and electron density were measured at the satellite location where the signal at upper hybrid frequency was trans
mitted. L is the L shell value of the satellite. Lvv is the location of the plasmapause observed from the upper hybrid emission band in

Case Time(UT) R (Re ) A(°) LT A m(°) M ° ) MLT Ne fee L Lpp ■Rproax Lpp(Kp)

17 06/05/02 15:00:24 1.20 -50.7 256.6 8.1 -41.6 333.5 8.3 4250 713 2.1 3.95 2.3 4.6

47 07/01/02 17:12:33 1.19 -46.9 197.8 6.4 -45.9 280.5 7.1 2717 904 2.5 4.8 3.7 4.0

19 06/06/02 19:29:24 1.20 -55.5 188.2 8.0 -55.9 275.5 9.3 465 960 3.8 N /A 1.3 5.1

71 07/25/02 10:34:31 1.23 -66.4 274.1 4.9 -56.2 349.8 4.8 736 685 3.9 N /A 2.7 4.4

72 07/28/02 23:55:32 1.20 -55.0 70.2 4.6 -62.3 129.2 3.8 337 819 5.7 N /A 2.7 4.4

03 05/12/02 21:45:35 1.21 -61.1 178.8 9.7 -62.9 270.1 11.3 1448 960 5.8 4.4 2.7 4.4

85 09/01/02 09:31:28 1.33 -82.3 251.3 2.3 -72.9 345.5 3.9 1712 609 15.4 4.8 3.7 4.0

02 04/02/02 14:07:49 1.37 -81.0 150.0 2.3 -80.54 301.1 5.8 2048 620 50.7 4.1 4.3 3.7
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a) 05 JUN 2002 15:00:24 UT
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Frequency, kHz
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Frequency, kHz

Figure 6.3 Ray tracing simulation of case 17, observed on 05 June 2002. (a)
Plasmagram of case 17, observed on 05 June 2002. The satellite is at R =  1.2 Re , Am =  -“ 41.6° 
and MLT=8.3 . The fce =  596.7 kHz, Ne= 4250 el/cc were measured at R=1.2 Re and 
Am =  —46.7°. (b) Comparison of measured time delay and ray tracing simulation result, (c) 
Ray path at the maximum (f =  185.0 kHz) and minimum (f =  66.2 kHz) frequency.
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Table 6.2 Ray parameters along the ray path for case 17 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.2 Re and -41.6° magnetic 
latitude. The MLT is 8.3. In this simulation, =  7370 km and T — 1660 K.

freq alt (km) L 9 9ray Ne Tg
66.2 1274 2.1 3.15 16 6.8 4.3 x lO 3 0
66.2 260 2.0 17.8 26.6 11.5 2 .3 x l0 5 15.7
66.2 119 2.0 5.9 26.8 11.6 2.7 x lO 4 19.3

84 1274 2.1 2.9 16 6.4 4 .3 x l0 3 0
84 260 2.0 16.0 26.5 11.2 2.3 x lO 5 14.6
84 119 2.0 5.3 26.8 11.3 2 .7 x l0 4 17.8

110.9 1274 2.1 2.6 15 5.4 4.3 x lO 3 0
110.0 260 2.0 14.1 26.2 10.6 2.3 x lO 5 13.5
110.9 119 2.0 4.7 26.1 10.6 2 .7 x l0 4 16.5
158.3 1274 2.1 2.33 15 4.0 4.3 x lO 3 0
158.3 260 2.1 12.1 26.1 9.7 2.3 x lO 5 12.7
158.3 119 2.0 4.1 26.2 9.6 2 .7 x l0 4 15.4
185.5 1274 3.1 2.2 15 3.0 4.3 x lO 3 0
185.5 260 2.1 11.4 26.1 9.2 2.3 x lO 5 12.5
185.5 119 2.1 3.9 26.3 9.1 2 .7 x l0 4 15.1

Table 6.3 Ray parameters at the reflection point from the ray tracing simulation 
of case 17 Table shows the parameters at the reflection point, where n is the refractive 
index; ^ nc, 5ref , 5tra are the incident, reflection and transmission angles with respect to Earth’s 
vertical; #;nc, 9ref , and 9tra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm and T te  are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq(kHz) 8°me 8° ref Vra 9°inc Ke Ttm Fte tran.cone(°) < )
66.2 5.9 0.01 0.01 0.07 26.83 26.81 0.70 0.70 36 -  17 26.8

84 5.3 0.05 0.05 0.27 26.82 26.72 0.67 0.67 3 7 -1 6 26.8
110.9 4.7 0.53 0.53 2.39 26.14 27.21 0.63 0.63 3 8 -1 4 26.7
158.3 4.1 0.32 0.32 1.26 26.20 26.84 0.59 0.59 39 -  12 26.5
185.5 3.9 0.16 0.16 0.57 26.27 26.58 0.57 0.57 40 -  11 26.4
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Figure 6.4 Ray tracing simulation of case 47, observed on 01 July 2002 (a) Plas
magram observed on 01 July 2002. The satellite Ls at R =  1.19 R e , Am =  -45.9° and MLT 
=  7.1. The fce =  904 kHz, Ne =  2717 el/cc were measured at R — 1.19 Re and Am =  —51.2° 
(b) Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum (f =  161.5 kHz) and minimum frequency (f =  61.2 kHz).
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Table 6.4  Ray parameters along the ray path for case 47 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.19 Re and -45.9° magnetic
latitude. The M T  is 7.1. In this simulation, R  ̂ =  7370 km and T =  1690 K.

freq alt (km) L M e Oray Ne t9
61.2 1233 2.5 2.4 17 7.3 2 .6 x l0 3 0
61.2 261 2.3 11.7 24.0 10.8 1 .2 x l0 5 15.7
61.2 120 2.3 4.0 24.8 10.0 1 .3 x l0 4 19.3
87.4 1233 2.5 2.1 18 7.1 2.6 x lO 3 0
87.4 261 2.3 9.9 24.2 10.5 1 .2 x l0 5 14.6
87.4 120 2.3 3.5 25.4 10.8 1.4 x lO 4 17.8

106.6 1233 2.5 2.0 18 6.5 2 .6 x l0 3 0
106.6 261 2.3 9.1 24.1 10.3 1 .2 x l0 5 13.5
106.6 120 2.3 3.1 25.4 10.5 1 .4 x l0 4 16.5
146.3 1233 2.5 1.8 18 5.1 2.6 x lO 3 0
146.3 261 2.4 7.9 24.0 9.7 1 .2 x l0 5 12.7
146.3 120 2.3 2.8 25.3 9.7 1.3 x lO 4 15.4
161.5 1233 2.5 1.8 18 4.3 2 .6 x l0 3 0
161.5 261 2.4 7.6 24.0 9.5 1 .2 x l0 5 12.5
161.5 120 2.3 2.7 25.2 9.4 1.4 x lO 4 15.1

Table 6.5 Ray parameters at the reflection point from the ray tracing simulation 
of case 47 The table shows the parameters at the reflection point, where f± is the refractive 
index; Sinc, Sref, 5tra are the incident, reflection and transmission angles with respect to Earth 
vertical; 6inc, 0ref , and Qtra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm and T te  are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries

freq 5°me A '°ref °tra 0°inc 9°ref Ttm Tte tran-Cone( ° ) O
61.2 4.0 0.93 0.93 3.5 24.8 23.0 0.58 0.58 3 8 - 9 23.9
87.4 3.5 1.55 1.55 5.1 25.4 22.3 0.53 0.53 3 9 - 6 23.9

106.6 3.1 1.55 1.55 4.6 25.4 22.3 0.50 0.50 4 1 - 4 23.8
146.3 2.8 1.54 1.54 4.0 25.3 22.2 0.44 0.45 42 -  1 23.7
161.5 2.7 1.51 1.51 3.9 25.2 22.2 0.44 0.44 4 2 - 1 23.7
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Figure 6.5 Ray tracing simulation of case 19, observed on 06 June 2002 (a)
Plasmagram observed on 06 June 2002. The satellite is at R=1.20 Re , Am =  -55.9° and MLT 
=  9.3. The fee =  960 kHz, Ne =  462 el/cc were measured at R =  1.21 Re and Am =  —60.7° 
(b) Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum (f =  181.9 kHz) and minimum frequency (f =60 kHz).
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Table 6.6 Ray parameters along the ray path for case 19 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.20 Re and -55.9° magnetic 
latitude. The MLT is 9.3. In this simulation, R  ̂ =  7370 km and T — 1080 K.

freq alt (km) L M 9 9ray Ne Tg

60.0 1274 3.8 1.3 9.3 3.7 0.5x l 03 0

60.0 233 3.6 15.5 17.6 8.2 2.4 xlO5 10.1

60.0 120 3.6 6.2 18.2 8.4 4 .0x l0 4 12.6

80.8 1274 3.8 1.3 9.3 3.0 0.5 x l 03 0

80.8 232 3.6 13.4 17.6 8.0 2.4 xlO5 9.2
80.8 120 3.6 5.4 17.9 8.2 4.0 xlO4 11.4

100.4 1274 3.8 1.3 9.3 2.0 0.5 x l 03 0

100.4 232 3.6 12.2 17.4 7.8 2 .4 x l0 5 8.6

100.4 120 3.6 5.0 17.7 8.0 4.0 xlO4 10.6

120.0 1274 3.8 1.2 9.3 0.5 0.5 xlO 3 0

120.0 232 3.6 11.2 17.3 7.6 2 .4x l0 5 8.2

120.0 120 3.6 4.6 17.6 7.7 4.1 xlO4 10.1

140.6 1274 3.8 1.2 9.3 2.3 0.5 xlO3 0

140.6 232 3.7 10.4 17.2 7.4 2 .4 x l0 5 7.9
140.6 120 3.6 4.2 17.4 7.5 4.0 xlO4 9.7
181.9 1274 3.8 1.2 9.3 27.4 0.5 xlO 3 0

181.9 232 3.8 9.3 17.8 7.0 2 .4x l 05 7.6
181.9 120 3.7 3.9 17.9 7.0 4.2 xlO4 9.3

Table 6 .7  Ray parameters at the reflection point from the ray tracing simulation
of case 19 The table shows the parameters at the reflection point, where \i is the refractive 
index; Sinc, Sref, Stra are the incident, reflection and transmission angles with respect to Earth 
vertical; Qinc, 6ref , and Otra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm  and T te  are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between Earth’s vertical and the magnetic fielc ..

freq 6°înc ref °tra 9°inc Kef Ttm IY e tran.cone(° ) O
60.0 6.2 0.68 0.68 4.1 18.2 16.8 0.72 0.72 2 6 - 8 17.5
80.8 5.4 0.50 0.50 2.6 17.9 16.9 0.68 0.68 2 8 - 7 17.4

100.4 5.0 0.35 0.35 1.7 17.7 17.1 0.66 0.66 2 8 - 6 17.4
120.0 4.6 0.22 0.22 1.0 17.6 17.1 0.64 0.64 2 9 - 5 17.4
140.6 4.2 0.11 1 .11 0.4 17.4 17.2 0.61 0.61 3 0 - 3 17.3
181.0 3.9 0.16 1.16 0.6 16.9 17.2 0.58 0.58 3 1 - 2 17.1
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a) 25 JUL 2002 10:34:31 UT b)
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Figure 6.6 Ray tracing simulation of case 71, observed on 25 July 2002(a) PI as-
magram observed on 25 July 2002. The satellite is at R = 1.23 Re , Am =  -56.2° and MLT = 
4.8. The fce ~  685 kHz, Ne =  736 el/cc were measured at R =  1.25 Re and Am =  — 60.4° (b) 
Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum (f =  89.2 kHz) and minimum frequency (f =  61.2 kHz).
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Table 6.8 Ray parameters along the ray path for case 71 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.23 Re  and -56.2° magnetic 
latitude. The MLT is 4.8. In this simulation, R5 — 7370 km and T — 1450 K.

freq alt (km) L V 9 9ray Ne Tg

61.2 1459 4.0 1.7 9.3 3.8 0.8x l 03 0

61.2 251 3.7 11.8 16.9 7.8 l . lx lO 5 10.4
61.2 120 3.7 4.2 17.1 7.8 1 .4x l04 12.6

66.2 1459 4.0 1.6 9.3 3.7 0.8x l 03 0
66.2 251 3.7 11.4 16.9 7.7 1 .1 x 10s 10.1

66.2 120 3.7 4.1 17.0 7.7 1 .5xl04 12.3
71.7 1459 4.0 1.6 9.3 3.6 0.8 xlO 3 0
71.7 251 3.7 11.0 16.9 7.7 l . lx lO 5 9.9
71.7 120 3.7 4.0 17.0 7.7 1 .5xl04 12.1

79.2 1459 4.0 1.6 9.3 3.4 0.8x l 03 0
79.2 251 3.7 10.5 16.8 7.6 l .lx lO 5 9.7
79.2 120 3.7 3.8 26.9 7.6 1 .5xl04 11.7
89.2 1459 4.0 1.5 9.3 3.1 0.8x l 03 0
89.2 251 3.8 9.9 16.8 7.5 l . lx lO 5 9.4
89.2 120 3.7 3.6 16.8 7.4 1 .5xl04 11.3

Table 6.9 Ray parameters at the reflection point from the ray tracing simulation
of case 71 The table shows the parameters at the reflection point, where [i is the refractive 
index; 6inc, Sref , 5tra are the incident, reflection and transmission angles with respect to Earth 
vertical; 9inc, 9ref , and 0tra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm  and Tee are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq 6°tnc ^ref utra
no
inc °ref Ttm Tte tran.cone(°) a(°)

61.2 4.2 0.05 0.05 0.2 17.1 17.2 0.61 0.61 3 0 - 3 17.1
66.2 4.1 0.10 0.10 0.4 17.0 17.2 0.60 0.60 3 0 - 3 17.1
71.7 4.0 0.15 0.15 0.6 17.0 17.3 0.59 0.59 3 1 - 2 17.1
79.2 3.8 0.22 0.22 0.8 16.9 17.3 0.58 0.58 3 1 - 2 17.1
89.2 3.6 0.30 0.30 1.0 16.8 17.4 0.57 0.56 32 -  1 17.1
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Figure 6.7  Ray tracing simulation of case 72, observed on 28 July 2002(a) Plas
magram observed on 28 July 2002. The satellite is at R =  1.20 R e , Am =  -62.3° and MLT 
=  3.8. The =  819 kHz, Ne =  337 el/cc were measured at R =  1.21 Re and Am =  —66.9° 
(b) Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum (f =  100.4 kHz) and minimum frequency (f =  60 kHz).
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T a b le  6 .10  R ay param eters along the ray path  for case 72 This table shows the 
ray parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary 
for each frequency when travelling downward. The satellite is at 1.2 Re and -62.3° magnetic 
latitude. The MLT is 3.8. In this simulation, Ry == 7370 km and T == 970 K.

freq alt (km) L V 9 9ray Ne Tg
60.0 1284 5.5 1.3 4.0 1.5 0 .4x l0 3 0
60.0 225 5.3 20.2 13.7 6.4 3 .6x l0 5 12.0
60.0 120 5.3 8.6 14.0 6.5 6.8x l 04 15.0
68.9 1284 5.5 1.3 4.0 1.4 0 .4x l03 0
68.9 225 5.3 18.9 13.7 6.3 3 .6x l0 5 11.4
68.9 120 5.3 8.2 13.9 6.4 6 .9x l04 14.3
82.4 1284 5.5 1.2 4.0 1.1 0 .4x l03 0
82.4 225 5.3 17.4 13.6 6.2 3 .6x l0 5 10.8
82.4 120 5.3 7.4 13.8 6.3 6.8x l 04 13.5
96.5 1284 5.5 1.2 3.3 0.5 0 .4x l0 3 0
96.5 225 5.3 16.2 13.5 6.1 3 .6x l0 5 10.3
96.5 120 5.3 7.0 13.5 6.1 7.0x l04 12.8

100.4 1284 5.5 1.2 3.3 0.4 0 .4x l0 3 0
100.4 225 5.3 15.9 13.5 6.1 3 .6x l0 5 10.2
100.4 120 5.3 6.7 13.5 6.1 6 .7x l0 4 12.7

T a b le  6 .11 R ay  param eters at the reflection  poin t from  the ray tracing sim ulation
o f  case 71 The table shows the parameters at the reflection point, where /i is the refractive 
index; ^ nc, 5ref , 5tra are the incident, reflection and transmission angles with respect to Earth 
vertical; 0inc, #re/> and 6tra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm  and Tte are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq 5°me ref Stra 9°inc Kef Ttm Fte tran-Cone(°) a(°)
60.0 8.6 0.18 0.18 1.6 14.0 13.6 0.79 0.79 2 0 - 7 13.8
68.9 8.2 0.11 0.11 0.9 13.9 13.7 0.78 0.78 2 1 - 7 13.8
82.4 7.4 0.02 0.02 0.2 13.8 13.7 0.76 0.76 2 1 - 6 13.8
96.5 7.0 0.21 0.21 1.5 13.5 13.9 0.75 0.75 2 2 - 5 13.7

100.4 6.7 0.24 0.24 1.6 13.5 14.0 0.74 0.74 2 2 - 5 13.7
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Figure 6.8 Ray tracing simulation of case 3, observed on 12 May 2002 (a) Plas
magram observed on 12 May 2002. The satellite is at R=L21 RE, Am =  -62.9° and MLT = 
11.3. The — 960 kHz, Ne =  1448 el/cc were measured at R =  1.22RE and Am =  —67.3° 
(b) Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum (f =  84 kHz) and minimum frequency (f =  62.4 kHz).
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Table 6.12 Ray parameters along the ray path for case 3 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.21 Re and -62.9° magnetic 
latitude. The MLT is 11.3. In this simulation, — 7370 km and T =  1120 K.

freq alt (km) L M e @ray Ne t9
62.4 1331 5.8 1.8 4.0 1.8 1 .6x l 03 0

62.4 234 5.5 25.0 13.4 6.3 6.9 xlO 5 16.0
62.4 120 5.5 10.0 13.4 6.4 1 .2 x l 05 20.0

67.6 1331 5.8 1.8 4.0 1.8 1 .6x l 03 0

67.6 234 5.5 24.0 13.4 6.3 6.9 xlO 5 15.5
67.6 120 5.5 9.5 13.6 6.4 l .lx lO 5 19.4
73.1 1331 5.8 1.7 4.0 1.3 1 .6x l 03 0

73.1 234 5.5 23.1 13.4 6.2 6 .9x l0 5 15.1
73.1 120 5.5 9.3 13.6 6.3 1 .2 x l 05 18.9

84 1331 5.8 1.7 3.3 1.4 1 .6x l 03 0

84 234 5.5 21.7 13.3 6.1 6 .9x l0 5 14.3
84 120 5.5 00 13.3 6.2 l . lx lO 5 17.9

Table 6.13 Ray parameters at the reflection point from the ray tracing simulation 
of case 3 The table shows the parameters at the reflection point, where // is the refractive 
index; înĉ ref^tra are the incident, reflection and transmission angles with respect to Earth 
vertical; 9inc, #re/ ,  and Btra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm  and T te  are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq 5°m e ref °tra 0 °inc Kef Ttm F t e tran-Cone(°) a n
62.4 10.0 0.17 0.17 1.7 13.6 13.3 0.82 0.82 1 9 - 8 13.5
67.6 9.5 0.15 0.15 1.4 13.6 13.3 0.81 0.81 1 9 - 7 13.4
73.1 9.3 0.13 0.13 1.2 13.6 13.3 0.80 0.80 1 9 - 7 13.4

84 8.6 0.08 0.08 0.7 13.3 13.5 0.79 0.79 2 0 - 7 13.4
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Figure 6.9 Ray tracing simulation of case 85, observed on 1 Sept. 2002 (a)
Plasmagram observed on Sept. 1 , 2002. The satellite is at R =  1.33 RE, Am =  -72.9° 
and MLT =  3.9. The fce =  609 kHz, Ne=1712 el/cc were measured at R =  1.36 Re and 
Am =  —76.2° (b) Comparison of measured time delay and ray tracing simulation result (c) 
Ray path at the maximum (f =  129.9 kHz) and minimum frequency (f =  60.9 kHz).
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T a b le  6 .14  R ay  param eters along the ray path  for case 85 The Table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.33 Re and -72.9° magnetic 
latitude. The MLT is 3.9. In this simulation, R5 =  7370 km and T =  1400 K.

freq alt (km) L M e @ray Ne t9
60.9 2104 15.4 2.3 4.0 1.7 1.9 x lO 3 0

60.9 249 14.3 21.4 7.9 3.8 4 .4 x l0 5 20.1

60.9 120 14.2 7.6 8.2 3.9 5.9 x lO 4 24.0

71.7 2104 15.4 2.2 4.0 1.7 1 .9 x l0 3 0

71.7 249 14.3 19.8 7.9 3.7 4 .4 x l0 5 19.0

71.7 120 14.2 7.2 8.2 3.8 6 .1 x l0 4 22.6

80.8 2104 15.4 2.1 4.0 1.6 1 .9 x l0 3 0

80.8 249 14.3 18.7 7.9 3.7 4.4 x lO 5 18.3

80.8 120 14.2 6.8 8.2 3.8 6.1 x lO 4 21.7

92.8 2104 15.4 2.0 3.3 1.3 1 .9 x l0 3 0

92.8 249 14.5 17.5 7.8 3.6 4.4 x lO 5 17.5

92.8 120 14.3 6.4 7.8 3.6 6.1 x lO 4 20.8
110.9 2104 15.4 1.9 1.3 0.5 1 .9 x l0 3 0
110.9 249 14.8 16.1 7.3 3.3 4 .4 x l0 5 16.7
110.9 120 14.6 5.9 6.7 3.1 6.0 x lO 4 19.7
129.9 2104 15.4 1.8 1.3 0.4 1 .9 x l0 3 0

129.9 249 14.8 15.0 7.3 3.2 4 .4 x l0 5 16.0

129.9 120 14.7 5.5 6.7 3.0 6 .1 x l0 4 18.9

T a b le  6 .15  R ay  param eters at the reflection  point from  the ray tracing sim ulation
o f  case 85 The table shows the parameters at the reflection point, where /x is the refractive 
index; 5inc, 5re/ ,  6tra are the incident, reflection and transmission angles with respect to Earth 
vertical; #;nc, 9refi and Qtra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm  and Tte are the reflection coefficients for the TM  and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq Knc K e f Kra no
inc Kef IY m Fte tran-Cone(°) O

60.9 7.6 0.27 0.27 2.0 8.2 7.7 0.77 0.77 1 5 - 0 7.9
71.7 7.2 0.24 0.24 1.7 8.2 7.7 0.76 0.76 1 6 - 0 7.9

80.8 6.8 0.22 0.22 1.5 8.1 7.7 0.74 0.74 1 6 - - 1 7.9
92.8 6.4 0.11 0.11 0.7 7.8 8.0 0.73 0.73 17 - - 1 7.9

110.9 5.9 1.07 1.07 6.2 6.7 8.9 0.71 0.71 1 7 - - 2 7.8
129.9 5.5 1.11 1.11 6.1 6.7 8.9 0.69 0.69 18 - - 3 7.8
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Figure 6.10 Ray tracing simulation of case 2, observed on 2 April 2002 (a) Plas
magram observed on 02 April 2002. The satellite is at R=1.37 RE, Am =  -80.5° and MLT 
=  5.8. The =  620 kHz, Ne=2048 el/cc were measured at R =  1.39 Re and Am =  -79.9° 
(b) Comparison of measured time delay and ray tracing simulation result (c) Ray path at the 
maximum ( f= 137.8 kHz) and minimum frequency ( f=61.2 kHz).
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Table 6.16 Ray parameters along the ray path for case 2 This table shows the ray 
parameters at the position of the satellite, F2 layer peak and Earth ionosphere boundary for 
each frequency when travelling downward. The satellite is at 1.37 Re and -80.5° magnetic
latitude. The M’ ;T is 5.8. In this simulation, Rt, =  7370 km and T — 1450 K.

freq alt (km) L 9 @ray Ne Tg

61.2 2327 50.5 2.4 4.0 1.7 2 .2 x l 03 0

61.2 251 44.8 21.5 4.7 2.2 5.0x l 05 21.8

61.2 120 44.3 7.6 5.4 2.6 6.6 xlO4 25.7
71.7 2327 50.5 2.3 4.0 1.7 2.2 xlO3 0

71.7 251 44.9 19.9 4.7 2.2 5.0x l05 20.6

71.7 120 44.4 7.1 5.4 2.6 6.6 xlO4 24.3
100.4 2327 50.5 2.1 3.3 1.2 2.2 xlO3 0

100.4 251 45.8 17.0 4.5 2.1 5.0x l 05 18.5
100.4 120 45.3 6.0 5.0 2.3 6.6 xlO4 21.7
127.3 2327 50.5 1.9 1.3 0.4 2.2 x l 03 0

127.3 251 47.8 15.3 4.1 1.8 5.0x10s 17.4
127.3 120 47.4 5.5 3.9 1.7 6.8 xlO4 20.3
137.8 2327 50.5 1.9 1.3 0.4 2.2 xlO3 0

137.8 251 47.8 14.7 4.0 1.8 5 .0xl05 17.1
137.8 120 47.4 5.3 3.8 1.7 6.8 xlO4 19.9

Table 6 .17 Ray parameters at the reflection point from the ray tracing simulation
of case 2 The table shows the parameters at the reflection point, where /i is the refractive 
index; 5inc, 5re/, Stra are the incident, reflection and transmission angles with respect to Earth 
vertical; 9inc, 0ref , and 9tra are the incident, reflection and transmission angles with respect 
to magnetic field; Ttm and T te  are the reflection coefficients for the TM and TE modes; the 
transmission cone is represented by angles between the magnetic field and the two boundaries 
of the transmission cone; a is the angle between the Earth’s vertical and the magnetic field.

freq 5°winc K e f °tra 9°inc K e f Ttm Tte tran-Cone(°) « (° )
61.2 7.6 0.99 0.99 7.5 5.4 3.4 0.77 0.77 1 2 - -3 4.4
71.7 7.1 0.99 0.99 7.0 5.4 3.4 0.75 0.75 1 2 - -4 4.4

100.4 6.0 0.66 0.66 3.9 5.0 3.7 0.71 0.72 14 - - 5 4.3
127.3 5.5 0.39 0.39 2.1 3.9 4.6 0.69 0.69 1 4 - -6 4.2
137.8 5.3 0.40 0.40 2.1 3.8 4.6 0.68 0.68 1 5 - -7 4.2



From the propagation parameters of the ray tracing result of all the cases, we have the 

following observations:

1. The initial wave normal angle of all the rays is within ~  10° with respect to the magnetic 

field line.

2 . As the wave frequency increases, the rays travel closer to the magnetic field line. This 

can be explained by the change in the shape of the refractive index surface along the ray 

path.

3. As the magnetic latitude increases, the ray travels closer to the magnetic field line. This 

is because the magnetic field lines get close to the Earth’s vertical at high latitude.

4. The refractive index is less than 4 for frequencies higher than 60 kHz at the satellite. 

The maximum refractive index occurs at the F2 layer peak, ranging from 12 to 20.

5. As seen in the plasmagram, the spread in time delay increases with increasing latitude 

of the satellite location. This may be because the ionosphere is highly structured at high 

latitudes causing multiple echoes of the transmitted pulse to reach the satellite.

From the reflection parameters of the ray tracing result of all the cases, we have the following 

results:

1 . None of the rays incident on the Earth-ionosphere boundary is total internally reflected. 

The waves are partially reflected back to the satellite and partially penetrate to the 

Earth’s surface. This result is of most importance when an attempt is made to view 

whistler mode waves at ground stations.

2 . The refractive index at the Earth-ionosphere boundary is less than 10 for all the wave 

frequencies.

3. As the frequency increases, the reflection coefficient decreases and the transmission cone 

becomes wider due to the decrease of the refractive index.

4. The reflection coefficient ranged from ~  50% to ~  80% for all the cases, which indicates 

that the reflected wave contains ~  25% to 64% of the total incident energy.
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5. The eight cases discussed were observed at local times spread from ~  2:00 AM in the

morning to ~  10:00 AM in the local morning. During this time the D-region absorption 
is low [Helliwell, 1965].
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Figure 6.11 Electron density profiles for ILAT less than 60 degrees The blue 
dots show the maximum and minimum electron density measured from ISIS-A satellite with 
invariant latitude higher than 60 degrees. The red triangles represent the local electron density 
measurements from Z mode echoes associated with the discrete whistler mode echoes. The 
black triangles represent local electron densities measured on August 28 and July 21, 2002 
with invariant latitude lower than 60°. Density profiles for cases 17, 19, 47, 71 are shown in 
different colored lines..

Figures 6.11 and 6.12 show the calculated electron density profiles for invariant latitudes lower 

than 60 and higher than 60°, representing cases inside and outside the nominal plasmapause. 

For the cases where invariant latitude is lower than 60° (Figure 6.11), the electron density at 

the F2 layer peak ranges from l.lx lO 5 to 2.4xl05 el/cc. The altitude of the F2 layer peak 

ranges from 234 to 258 km. At 4000 km altitude, the extrapolated value of electron density 

varies from ~  200 — 2000 el/cc. The extrapolated value of electron density at 8000 km altitude 

ranges from 100 - 1000 el/cc. We compared the calculated electron density with measurements 

from Z mode echoes observed on 21 July 2000 and 28 August 2000 (represented by black 

triangles in Figure 6.1 1 ). At an altitude of ~4000 km, the measured electron density is ~  4
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Figure 6.12 Electron density profiles for ILAT greater than 60 degrees The blue 
dots show the maximum and minimum electron density measured from ISIS-A satellite with 
invariant latitude higher 60 degrees. The cross shows the electron density measurement from 
S3-3 satellite with invariant latitude higher than 65 degrees. Density profiles for cases 2 3 72 
85 were shown in different colored lines .

times the maximum extrapolated value. At an altitude of ~  5800 km, the measured value is 

one-fourth of the minimum value of extrapolated electron density. For the case of invariant 

latitudes > 60° (shown in Figure 6.12), the calculated electron density ranges from 3.6x l 05 

to 6.9xl05 el/cc. The extrapolated value at 4000 km altitude ranges from 60 to 1000 el/cc. 

The extrapolated value at 8000 km altitude ranges from 20 - 60 el/cc. The electron density 

measurements from the S3-3 satellite [ Kletzing, 1998] compare well, within the bounds of our 

calculated electron density profile. The maximum difference between the extrapolated values 

and S3-3 satellite measurements occurred at ~  2500 km altitude. These comparisons indicate 

that our calculations of electron density in general show good agreement with previous electron 

density measurements. In both Figures 6.11 and 6.12 , our electron density measurement lies 

in the lower part of the ISIS-A in-situ measurements. This is the because the local electron 

measurements from Z mode echoes were limited to the maximum transmission frequency of the 

program (1018 kHz for program 5). The minimum gyro frequency at the 1.22 RE is about 600 

kHz. The maximum possible plasma frequency that can be measured is 822 kHz, if the upper
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hybrid frequency is assumed to be 1018 kHz. This implies the maximum possible electron 

density that can be measured is 8350 el/cc, which causes the measured electron density lying 

in the lower portion of the ISIS-A satellite data.
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Chapter 7

Conclusion and Future Work

The first section of this chapter summarizes the work presented in this thesis and the conclu

sions based on this work. The second section provides discussion and the third section provides 

interesting research questions that arose from this work and suggests recommendations for fu

ture work.

7.1 Summary and conclusions

As a part of this research work a thorough data survey has been performed in the period from 

Feb, 2002 to Jan, 2003 for discrete whistler mode echoes. In this survey, (1) ~  90% of the 

discrete cases were found during the wintertime in the southern hemisphere; (2) the maximum 

occurrence rate of discrete whistler mode echoes is ~  7% in the months of June and July 

2002 for transmissions at magnetic latitudes higher than 45°; (3) except for one case [Local 

time 14:00; 25 March 2002], the local time of all the other observed discrete whistler mode 

echoes was either in the morning or in the night, when the D region absorption is low; (4) 

the location of the satellite was < 2500 km altitude for all the cases observed when program 5 

was transmitted and < 7000 km altitude for all cases when program 61 was transmitted; and

(5) the measurement of local electron density from associated Z mode echoes is less than 8000 

el/cc, which is the limit placed by the transmission program.

The Stanford 2-D ray tracing program which was used to simulate whistler mode wave prop

agation has been improved with the following enhancements: (1 ) the ability to run multiple 

rays simultaneously; a feature not present previously and (2) the extended capability of the ray
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tracing program to simulate Z mode wave propagation in the magnetosphere. Several analysis 

tools have also been developed to calculate wave polarization and coordinate transformation in 

an effort to study the relation between wave normal direction and electric field measurements 

on IMAGE.

A new whistler-mode sounding technique was developed to calculate the electron density along 

the propagation path for two cases: ( 1 ) non-ducted lightning-like discrete whistler-mode wave 

propagation and (2) ducted lightning-like discrete whistler-mode wave propagation. Two ex

amples of ducted and non-ducted whistler mode wave propagation were used to demonstrate 

this method. Analysis of ducted propagation also helps determine the properties of the field- 

aligned ducts in the magnetosphere. The maximum uncertainty of calculated electron density 

is ~  4 at a location between the satellite and the F2 layer peak. At the F2 layer peak, the 

uncertainty is ~  2 .

Ray tracing simulations have been performed for eight selected cases of non-ducted propagation 

of discrete whistler mode waves. The calculated electron density at the F2 layer peak varied 

from 105 to 7 x 105 el/cc. The location of the F2 layer peak varies from ~230 - 260 km altitude. 

For all the ray tracing simulations, rays propagated close to the magnetic field line with wave 

normal angles < 25°. Rays were partially reflected at the Earth-ionosphere boundary with a 

reflection coefficient ranging from 50% to 80%. All rays lay within the transmission cone, with 

important implications in listening for whistler mode waves on the ground.

7.2 Discussion

This thesis discusses a novel whistler mode sounding technique with distinct advantages over 

sounding techniques of other wave propagation modes. This work also explains in detail the 

propagation characteristics of whistler and Z mode waves, paying special attention to non

ducted and ducted propagation of discrete whistler-mode waves, which are reflected at the 

Earth-ionosphere boundary.

Our electron density measurements from the whistler mode sounding have been compared 

with in-situ electron density measurements from the ISIS-A satellite and S3-3 satellite and



show good agreement with both of the measurements, with a maximum uncertainty in a factor 

of ~  4. From the ray tracing simulations, we found that all the whistler mode waves penetrate 

the ionosphere and are partially reflected at the Earth-ionosphere boundary. This suggests 

that whistler mode waves can be detected on the ground.

Whistler mode sounding has a distinct advantage over free space mode sounding: the free 

space mode sounding is limited to certain plasmaspheric regions (e.g., F2 layer peak in the 

ionosphere at ~  250 km altitude) earthward of the spacecraft, whereas the whistler-mode 

sounding technique penetrates the ionosphere and is reflected off the Earth-ionosphere bound

ary. Thus whistler mode sounding can provide complete ionospheric density profile from the 

satellite altitude down to the bottom of the ionosphere.

Whistler mode sounding permits study of many other important problems in space physics: 

reflection and transmission of waves at the Earth-ionosphere boundary, radiation and receiving 

properties of antennas in space plasmas, and measurement of electron density structures in the 

magnetosphere. A detailed discussion of these and other problems in the context of whistler 

mode sounding experiments is presented in Sonwalkar et al. [2004].

The discrete Z mode echoes, which result from the propagation of fast Z mode waves in a 

cavity, can also be used for remote sensing of electron density profiles [Carpenter et aZ., 2003]. 

This type of propagation requires a cavity like profile of the lower Z mode cut-off frequency 

and this was not observed very frequently. Similar to free space mode sounding, the sounding 

of Z mode waves is also limited by their cutoff frequency and cannot reach the bottom of the 

ionosphere.

7.3 Future Work

This research work has raised the following very interesting research questions:

1 . In the data survey presented for discrete whistler mode echoes it was observed that most 

of the cases were either during the local morning or night. The D region absorption of 

the ionosphere is low during this time (<  5 dB for a 20 kHz signal [Helliwell,1965]) and
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is suggestive that the echoes from the Earth-ionosphere boundary will not be attenuated 

by the absorption. There is one case found at 14:00 local time, in the polar region on 

March 25, 2002 06:48:52 UT. The maximum kp index of the 12 preceding hours is 3.3. 

This case is unique because it occurred during the day when the D-region absorption is 

stronger (~  35 dB for a 20kHz signal [Helliwell, 1965]) than dining morning and night. 

How are whistler mode waves, reflected from the Earth-ionosphere boundary, seen on 

IMAGE even when there is high D region absorption as observed in the aforementioned 

case?

2 . Our sounding technique has a maximum uncertainty with a factor of ~  4. What would 

be the improvements required to the current technique to reduce this uncertainty? One 

possible way to reduce the uncertainty is by combining different sounding techniques 

of the various modes together. For example, a plasmagram observed on July 23, 2003 

12:33:00 UT shows discrete whistler mode echoes, Z mode echoes and free space R-X 

mode echoes together. By matching the time dispersion for both whistler mode echoes 

and free space mode echoes, it is possible to further reduce the uncertainty.

3. We have built the analysis tools to calculate wave polarization and antenna orientation. 

What is the relation between the physical and effective lengths of the X, Y  and Z antennas 

on IMAGE? Sonwalkar et al [2001] describes a method to calculate the effective length 

of the IMAGE antennas, using the magnitude and phase of the electric field of the waves 

measured on the three X, Y  and Z antennas, assuming that the antennas are short dipoles.

4. In this thesis, program 5 is chosen to observe discrete whistler mode echoes based on 

its waveform (3.2 ms pulse) and wide frequency range (60-1018 kHz). Are there other 

sounding programs that can be used to study whistler and Z mode echoes and how do 

they compare with the programs analyzed in this research work? Programs 2 1 , 33, 34, 35, 

38, and 57 potentially can be used to observe whistler mode echoes at lower frequencies. 

All these programs have a minimum transmission frequency less than (or equal to) 20 

kHz and use a waveform of 3.2 ms short pulses.
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Appendix A

List and summary of observed 

discrete whistler mode echoes

The part of the appendix includes the list and summary of the observed discrete whistler mode 

cases in program 5 during the period from February 2002 to January 2003. Tables are included 

in Appendix A.

Table A .l shows the time of observation and satellite location of the discrete whistler mode 

cases. The satellite location is given in both geographic coordinates and geomagnetic coordi

nates.

Table A .2 shows the parameters related to the local electron density measurement and include: 

(1) The satellite location at the time when the upper hybrid frequency is transmitted. (2) The 

measured and model value of gyro frequencies. (3) The measured upper hybrid frequencies.

(4) Calculated and model values of plasma frequencies. (5) Measured local electron densities.

(6) Frequency band of whistler mode echoes. (7) Frequency band of Z mode echoes.



Table A . l  List and satellite locations of discrete whistler mode cases observed in program 5 2002 This table shows the 
time of observation in UT and satellite location in Magnetic coordinates and Geographic coordinates separately. R is the geocentric 
distance in Re, MLT is the magnetic local time, MLat is the magnetic latitude, MLon is the magnetic latitude, geoLat is the geographic 
latitude, geoLon is the geographic longitude, geoLT is the geographic local time, ILAT is the invariant latitude.

Case No. Year month Day hour Min sec R MLT MLAT MLON geoLat geoLon geoLT ILAT

1 2002 3 25 6 48 52 1.28 4.52 -81.09 177.27 -85.23 107.98 14.01 82.16

2 2002 4 2 14 7 49 1.37 5.82 -80.54 301.08 -81.00 150.05 2.34 81.94

3 2002 5 12 21 45 35 1.21 11.31 -62.85 270.09 -61.10 178.82 9.68 65.49

4 2002 5 17 15 37 41 1.21 9.73 -54.34 343.66 -64.16 266.21 9.38 58.07

5 2002 5 20 14 48 3 1.22 9.35 -56.66 351.04 -66.99 275.75 9.18 60.20

6 2002 5 21 19 16 3 1.22 10.81 -63.75 300.95 -67.41 207.58 9.10 66.39

7 2002 5 24 18 27 4 1.24 10.97 -66.87 314.22 -72.80 217.17 8.93 69.28

8 2002 5 26 13 6 5 1.20 8.47 -51.16 5.25 -61.48 295.27 8.78 55.16

9 2002 5 28 21 59 5 1.21 9.41 -42.82 242.90 -50.06 159.51 8.62 48.18

10 2002 5 31 21 9 6 1.20 9.66 -55.70 254.06 -51.68 169.10 8.43 59.12

11 2002 5 31 21 12 6 1.22 10.47 -67.45 262.84 -64.45 168.57 8.43 69.63

12 2002 6 1 11 26 6 1.21 7.68 -55.14 19.17 -64.74 314.49 8.40 58.73

13 2002 6 2 1 40 6 1.22 8.06 -75.05 166.58 -65.00 100.41 8.37 76.45

14 2002 6 2 15 53 6 1.21 8.93 -52.64 327.87 -61.00 246.49 8.32 56.56

15 2002 6 3 20 19 23 1.20 9.59 -56.28 265.19 -54.18 178.63 8.23 59.60

16 2002 6 5 0 45 23 1.19 8.43 -56.50 183.17 -46.10 110.88 8.15 59.80

17 2002 6 5 15 0 24 1.20 8.34 -41.61 333.54 -50.70 256.59 8.12 47.15

18 2002 6 5 15 3 25 1.21 8.58 -54.25 335.96 -63.56 256.03 8.13 57.98

19 2002 6 6 19 29 24 1.20 9.34 -55.91 275.36 -55.49 188.23 8.03 59.27

20 2002 6 7 9 46 24 1.23 6.85 -60.16 31.60 -68.42 333.67 8.02 63.26

21 2002 6 7 23 54 23 1.20 8.42 -53.18 195.10 -43.10 120.69 7.95 56.83

22 2002 6 8 14 13 23 1.22 8.14 -54.92 343.41 -64.74 265.66 7.93 58.61 142



Case No. Year month Day hour Min sec R MLT MLAT MLON geoLat geoLon geoLT ILAT

23 2002 6 9 18 36 23 1.20 8.70 -43.06 280.00 -43.95 198.44 7.83 48.38

24 2002 6 9 18 39 23 1.20 9.14 -55.37 285.14 -56.86 197.84 7.84 58.80

25 2002 6 10 8 53 23 1.20 6.85 -50.47 44.37 -57.21 343.76 7.81 54.56

26 2002 6 10 8 56 23 1.23 6.39 -62.31 37.59 -69.77 343.33 7.82 65.22

27 2002 6 12 17 48 22 1.20 8.68 -51.21 292.58 -54.16 207.64 7.65 55.21

28 2002 6 13 22 11 22 1.22 8.18 -42.09 216.77 -33.45 140.53 7.56 47.91

29 2002 6 13 22 14 22 1.19 8.37 -54.72 218.88 -46.23 139.88 7.57 58.12

30 2002 6 14 12 33 22 1.22 7.32 -57.36 357.52 -70.37 284.72 7.55 60.85

31 2002 6 15 2 42 22 1.19 7.03 -54.65 134.93 -46.79 71.72 7.49 58.06

32 2002 6 15 16 56 22 1.20 8.11 -42.80 298.83 -47.05 217.63 7.45 48.11

33 2002 6 16 7 14 22 1.22 6.03 -59.92 56.18 -64.39 2.79 7.42 62.93

34 2002 6 16 21 24 22 1.20 8.33 -54.83 230.50 -47.57 149.47 7.37 58.35

35 2002 6 17 11 40 19 1.20 6.92 -45.83 5.28 -56.20 294.99 7.34 50.66

36 2002 6 17 11 43 19 1.23 6.90 -58.31 4.21 -68.77 294.49 7.36 61.69

37 2002 6 18 1 51 20 1.20 7.03 -52.59 147.34 -43.57 81.53 7.29 56.39

38 2002 6 18 16 8 20 1.20 7.98 -50.78 310.30 -56.73 226.82 7.27 54.73

39 2002 6 19 6 21 19 1.20 6.23 -50.44 71.60 -52.61 12.94 7.22 54.46

40 2002 6 21 1 1 19 1.19 7.01 -54.69 158.63 -44.87 91.12 7.10 58.16

41 2002 6 22 19 43 19 1.19 7.95 -50.13 251.21 -45.91 168.88 6.98 54.18

42 2002 6 24 0 8 18 1.21 7.04 -44.12 171.91 -33.72 101.38 6.90 49.52

43 2002 6 24 14 28 18 1.21 7.27 -51.49 327.09 -59.86 246.04 6.87 55.52

44 2002 6 25 4 41 18 1.20 5.72 -56.95 87.89 -55.92 32.15 6.83 60.17

45 2002 6 28 18 3 17 1.20 7.51 -49.67 271.97 -49.00 188.07 6.59 53.77

46 2002 6 29 8 20 17 1.21 5.56 -53.92 34.26 -62.09 333.38 6.57 57.71



Case No. Year month Day hour Min sec R MLT MLAT MLON geoLat geoLon geoLT ILAT

47 2002 7 1 17 12 33 1.19 7.13 -45.99 280.49 -46.91 197.82 6.40 50.68

48 2002 7 2 7 29 33 1.21 5.35 -53.13 42.74 -60.04 343.10 6.37 56.91

49 2002 7 2 21 41 33 1.20 7.03 -61.10 207.62 -51.71 129.43 6.32 63.80

50 2002 7 3 11 56 33 1.20 6.10 -46.00 349.48 -56.21 275.14 6.28 50.77

51 2002 7 3 11 59 33 1.23 6.23 -58.43 350.54 -68.76 274.59 6.30 61.82

52 2002 7 4 16 24 33 1.20 7.10 -53.66 293.23 -56.65 206.97 6.20 57.33

53 2002 7 5 6 37 33 1.19 5.27 -47.31 54.05 -52.63 353.10 6.17 51.70

54 2002 7 5 6 40 33 1.22 4.83 -59.26 47.44 -65.34 352.51 6.17 62.45

55 2002 7 5 20 47 33 1.20 6.67 -44.28 216.46 -35.62 139.91 6.12 49.42

56 2002 7 7 15 35 32 1.22 6.97 -57.37 162.86 80.10 79.07 17.65 60.67

57 2002 7 9 10 16 32 1.21 5.46 -48.61 4.68 -59.03 294.34 5.90 53.06

58 2002 7 9 10 19 32 1.25 5.43 -60.87 3.61 -71.39 293.84 5.91 64.08

59 2002 7 12 9 26 31 1.21 5.13 -50.45 11.96 -60.58 303.93 5.70 54.59

60 2002 7 12 23 35 31 1.20 5.58 -49.16 159.28 -39.33 90.94 5.65 53.40

61 2002 7 12 23 38 31 1.20 5.40 -61.98 156.05 -52.32 90.26 5.65 64.53

62 2002 7 13 13 54 31 1.21 6.12 -53.83 319.43 -61.08 235.75 5.62 57.53

63 2002 7 14 18 20 31 1.20 6.55 -57.10 253.55 -53.04 168.00 5.54 60.29

64 2002 7 15 8 37 30 1.23 4.76 -56.15 18.01 -65.87 313.28 5.51 59.78

65 2002 7 16 13 4 32 1.22 5.78 -53.91 327.37 -62.27 245.31 5.43 57.71

66 2002 7 17 3 15 30 1.19 4.49 -50.76 91.09 -49.54 31.90 5.38 54.65

67 2002 7 18 21 55 31 1.19 5.46 -52.18 182.15 -41.81 110.10 5.27 55.91

68 2002 7 19 12 14 30 1.22 5.44 -54.36 335.12 -63.52 254.91 5.23 58.07

69 2002 7 21 21 5 31 1.18 5.40 -53.60 193.95 -43.46 119.69 5.07 57.07

70 2002 7 24 6 4 31 1.21 4.00 -50.59 43.40 -57.57 342.68 4.92 54.70



Case No. Year month Day hour Min sec R MLT MLAT MLON geoLat geoLon geoLT ILAT
71 2002 7 25 10 34 31 1.23 4.78 -56.15 349.82 -66.36 274.07 4.85 59.79
72 2002 7 28 23 55 32 1.20 3.81 -62.27 129.80 -54.96 70.20 4.60 64.85
73 2002 7 29 14 8 56 1.19 5.06 -48.29 299.59 -52.55 216.26 4.57 52.59
74 2002 7 29 14 11 56 1.23 5.58 -60.25 305.50 -65.24 215.56 4.57 63.34
75 2002 7 30 4 23 57 1.20 3.48 -52.80 59.91 -57.14 1.93 4.53 56.58
76 2002 7 30 18 33 57 1.19 5.00 -47.49 227.37 -39.99 148.81 4.48 51.88
77 2002 7 31 8 52 57 1.22 4.10 -51.33 3.93 -61.75 293.53 4.45 55.50
78 2002 8 2 17 43 58 1.19 4.83 -47.39 238.28 -41.30 158.39 4.30 51.75
79 2002 8 5 2 43 58 1.21 2.87 -58.51 75.29 -59.90 21.09 4.13 61.64
80 2002 8 26 11 6 30 1.22 3.43 -54.73 318.58 -61.84 234.26 2.73 58.39
81 2002 8 27 15 29 30 1.18 3.15 -45.32 247.86 -40.65 167.47 2.65 49.73
82 2002 8 28 5 47 29 1.21 2.22 -48.38 18.83 -58.20 312.29 2.62 52.78
83 2002 8 28 5 50 29 1.25 2.04 -60.53 15.43 -70.42 311.38 2.60 63.87
84 2002 8 29 10 16 29 1.22 3.17 -54.52 326.43 -62.79 243.84 2.53 58.29
85 2002 9 1 9 31 28 1.33 3.93 -72.93 345.48 -82.87 251.30 2.28 75.19
86 2002 9 2 13 50 28 1.18 2.96 -48.59 269.64 -47.52 186.36 2.27 52.51
87 2002 9 7 7 45 21 1.21 2.21 -51.32 348.21 -61.46 272.80 1.94 55.49



T ab le  A .2 Param eters related to  local e lectron  density m easurem ents o f  discrete w histler m ode  cases observed  in 
program  5 2002 R is the geocentric distance in Re , MLAT is the magnetic latitude in degrees, ILAT is the invariant latitude in degree, 
f ce (mod) is the model value of fce in kHz, fpe (mod) is the model value of fpe in kHz, fuh is the upper hybrid frequency in kHz, / ce(mea) 
is the measured value of f ce in kHz, fpe(mea) is the measured value of fpe in kHz, Ne is the measured electron density in el/cc, WMi is 
the lowest frequency of observed whistler mode echoes in kHz, W M h is the highest frequency of observed whistler mode echoes in kHz, 
ZMi is the lowest frequency of observed Z mode echoes in kHz, ZM h is the highest frequency of observed Z mode echoes in kHz. For 
the places where data are not available, the number 0.0 was entered.

Case R MLAT ILAT f ce( mod) fpe( mod) fuh / ce(mea) /pe(mea) Ne W M t W M h ZMi ZM h

1 1.28 -81.09 82.16 841.3 110.0 0.0 904.4 0.0 0.0 60.0 92.8 835.6 1018.5

2 1.39 -79.86 81.45 615.9 91.7 741.9 620.8 406.2 2047.6 60.0 137.8 393.7 741.9

3 1.22 -67.26 69.47 943.5 26.5 1018.5 959.5 341.6 1448.0 62.4 85.7 869.3 1018.5

4 1.22 -58.97 62.23 723.5 236.8 835.6 727.4 411.2 2098.4 60.0 149.2 417.8 835.6

5 1.23 -61.30 64.39 706.0 102.0 787.4 713.1 333.9 1383.3 60.0 230.0 371.0 787.4

6 1.24 -67.57 69.89 850.4 34.0 886.7 852.3 244.6 742.3 60.0 161.5 281.2 886.7

7 1.26 -70.63 72.73 794.6 53.9 819.2 803.1 161.6 324.1 60.0 164.7 270.2 819.2

8 1.22 -55.79 59.37 746.1 289.7 803.1 771.9 221.7 609.7 60.0 149.2 499.3 803.1

9 1.21 -42.82 48.18 879.4 556.1 998.6 0.0 473.1 2777.6 60.0 275.7 803.1 998.6

10 1.20 -55.70 59.12 970.8 139.3 0.0 979.0 0.0 0.0 60.0 378.4 699.2 1018.5

11 1.23 -72.10 73.89 930.1 72.1 998.6 941.0 334.2 1386.2 62.4 90.9 608.7 998.6

12 1.23 -59.47 62.69 632.0 240.3 741.9 633.2 386.6 1854.6 120.0 204.8 489.5 741.9

13 1.22 -75.05 76.45 920.1 68.6 0.0 904.4 0.0 0.0 60.0 140.6 803.1 1018.3

14 1.21 -57.51 60.85 781.7 189.4 904.4 771.9 471.3 2755.9 61.2 292.5 479.9 904.9

15 1.20 -56.28 59.60 949.8 277.6 0.0 979.0 0.0 0.0 61.2 226.1 479.9 1018.5

16 1.19 -56.50 59.80 981.6 120.3 0.0 998.6 0.0 0.0 96.5 193.0 741.9 1018.5

17 1.20 -46.71 51.30 713.1 487.3 922.5 0.0 585.2 4249.6 66.2 244.8 596.7 922.5

18 1.23 -58.84 62.14 743.1 173.4 787.4 741.9 263.8 863.4 60.0 149.2 304.3 787.4

19 1.21 -60.69 63.51 944.2 29.7 979.0 959.8 192.9 461.9 60.0 180.7 409.6 979.0

20 1.24 -64.09 66.86 635.4 37.1 672.0 645.9 185.5 426.8 61.2 90.9 275.7 672.0 146



Case R MLAT ILAT fce{ mod) f pe( mod) fuh /ce(mea) fpe (mea) Ne W  Mi W M h ZMi ZM h

21 1.20 -53.18 56.83 985.5 363.8 0.0 0.0 0.0 0.0 110.9 363.7 672.0 1018.5

22 1.23 -59.59 62.79 727.7 46.1 835.6 727.4 411.2 2098.4 61.2 135.1 356.6 835.6

23 1.19 -48.04 52.37 886.7 466.9 922.5 852.3 353.0 1545.9 90.9 320.0 672.0 922.5

24 1.21 -60.21 63.17 908.5 159.2 959.8 922.5 265.0 871.1 61.2 221.7 452.2 959.8

25 1.21 -55.11 58.64 684.1 319.4 835.6 685.4 478.0 2834.6 102.4 189.2 585.0 835.6

26 1.24 -66.44 68.99 647.2 53.3 685.4 654.9 202.2 507.2 62.4 135.1 401.6 685.4

27 1.21 -56.19 59.56 894.7 91.1 941.0 886.7 315.0 1231.4 60.0 161.5 386.0 941.0

28 1.22 -42.09 47.91 873.8 546.6 0.0 959.8 0.0 0.0 104.5 259.8 658.8 1018.5

29 1.19 -54.72 58.12 1010.2 338.8 0.0 0.0 0.0 0.0 61.2 230.7 685.4 1018.5

30 1.24 -61.76 64.82 686.3 21.7 727.4 685.4 243.6 736.2 76.1 168.0 270.2 727.4

31 1.20 -59.54 62.46 817.3 228.8 904.4 819.2 383.2 1822.1 64.9 310.4 519.5 904.4

32 1.20 -47.93 52.29 840.9 467.0 979.0 819.2 536.1 3565.4 60.0 149.2 540.5 979.0

33 1.23 -63.67 66.38 626.0 35.7 658.8 620.8 220.5 603.3 85.7 181.9 342.7 658.8

34 1.20 -54.83 58.35 991.8 232.3 0.0 0.0 0.0 0.0 60.0 171.4 620.8 998.6

35 1.21 -50.59 54.76 620.6 406.9 771.9 672.0 379.8 1789.8 61.2 120.0 461.3 771.9

36 1.25 -62.60 65.62 663.0 148.5 699.2 672.0 193.1 462.8 61.2 108.7 286.8 699.2

37 1.20 -57.71 60.87 867.6 196.1 959.8 869.3 406.9 2053.9 60.0 298.4 509.3 959.8

38 1.22 -55.54 59.06 825.5 278.4 922.5 853.0 351.3 1531.1 60.0 196.9 426.2 922.5

39 1.20 -54.87 58.31 586.3 328.4 756.8 585.0 480.1 2860.2 106.6 226.1 509.3 756.8

40 1.19 -59.88 62.66 932.7 108.8 998.6 941.0 334.2 1386.2 62.4 181.9 509.3 998.6

41 1.19 -50.13 54.18 948.2 364.9 0.0 959.8 0.0 0.0 61.2 135.1 529.9 1018.5

42 1.21 -44.12 49.52 870.0 517.0 0.0 922.5 0.0 0.0 66.2 161.5 672.0 1018.5

43 1.22 -56.44 59.94 776.2 90.8 904.4 771.9 471.3 2755.9 60.0 221.7 479.9 904.4

44 1.20 -61.15 63.91 654.8 20.9 699.2 658.8 234.2 680.7 60.0 161.5 363.7 699.2
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Case R MLAT ILAT f ce( mod) fpe( mod) fuh / Ce(mea) /pe(mea) Ne WMi W M h ZM t ZM h

45 1.20 -49.67 53.77 909.9 374.2 0.0 941.0 0.0 0.0 61.2 185.5 461.3 1018.3

46 1.22 -58.31 61.66 607.7 97.5 803.1 608.7 523.9 3405.4 60.0 137.8 401.6 803.1

47 1.19 -51.20 55.02 914.5 409.8 1018.3 904.4 468.0 2717.2 60.0 113.1 509.3 1018.3

48 1.22 -57.29 60.65 593.6 276.3 672.0 573.5 350.3 1522.2 61.2 84.0 426.2 672.0

49 1.20 -61.10 63.80 1021.7 238.1 0.0 0.0 0.0 0.0 60.0 100.4 529.9 1018.3

50 1.21 -50.93 55.03 674.7 405.0 819.2 672.0 468.5 2723.6 60.0 108.7 529.9 819.2

51 1.25 -62.77 65.80 689.5 132.2 727.4 699.2 200.6 499.2 61.2 106.6 275.7 727.4

52 1.21 -58.63 61.75 897.2 50.0 941.0 904.4 259.9 838.0 60.0 185.5 356.6 941.0

53 1.20 -51.75 55.59 560.0 381.0 741.9 596.7 440.9 2411.6 60.0 174.8 479.9 741.9

54 1.23 -63.38 66.21 625.5 51.7 658.8 620.8 220.5 603.3 60.0 129.9 356.6 658.8

55 1.20 -49.53 53.73 979.1 438.0 998.6 979.0 196.9 480.9 60.0 94.6 645.9 998.6

56 1.23 -61.93 64.85 840.6 135.5 869.3 852.3 171.1 363.1 60.0 90.9 461.3 869.3

57 1.22 -53.06 56.99 634.2 353.1 658.8 620.8 220.5 603.3 60.0 90.9 323.0 658.8

58 1.27 -65.04 67.90 657.0 139.0 685.4 658.8 189.1 443.6 61.2 92.8 292.5 685.4

59 1.22 -54.97 58.71 616.1 277.9 771.9 620.8 458.7 2611.0 60.0 90.9 356.6 771.9

60 1.19 -54.38 57.88 915.1 242.7 979.0 922.5 327.8 1333.0 60.0 113.1 585.0 979.0

61 1.21 -66.96 69.09 913.0 95.2 941.0 922.5 185.7 427.8 60.0 135.1 596.7 941.0

62 1.22 -58.28 61.62 788.1 232.5 819.2 0.0 223.6 620.2 61.2 115.3 608.7 819.2

63 1.20 -57.10 60.29 981.2 197.6 0.0 0.0 0.0 0.0 61.2 122.4 685.4 1018.5

64 1.24 -60.32 63.56 628.4 25.9 672.0 620.8 257.3 821.3 60.0 171.4 329.4 672.0

65 1.23 -58.70 62.04 771.3 56.7 852.3 771.9 361.4 1620.3 64.9 98.4 401.6 852.3

66 1.20 -55.10 58.52 626.1 208.3 685.4 620.8 290.5 1047.0 61.2 90.9 336.0 685.4

67 1.19 -52.18 55.91 975.8 358.7 0.0 0.0 0.0 0.0 61.2 92.8 633.2 1018.3

68 1.23 -58.76 62.12 732.6 227.0 787.4 741.9 263.8 863.4 61.2 92.8 286.8 787.4



Case R MLAT ILAT / ce(mod) fpe( mod) fuh fce( mea) fpe (mea) Ne W M t W M h ZMi ZM h

69 1.18 -53.60 57.07 1017.4 382.3 0.0 0.0 0.0 0.0 61.2 94.6 509.3 1018.5

70 1.22 -54.84 58.49 580.8 194.3 633.2 573.5 268.4 893.9 61.2 140.6 336.0 633.2

71 1.25 -60.39 63.68 680.1 213.7 727.4 685.4 243.6 736.2 60.0 90.9 356.6 727.4

72 1.21 -66.93 69.12 812.6 148.8 835.6 819.2 164.7 336.7 61.2 92.8 409.6 835.6

73 1.20 -53.36 57.00 870.0 361.0 959.8 869.3 406.9 2053.9 60.0 92.8 529.9 959.8

74 1.25 -64.66 67.40 819.0 88.2 835.6 819.2 164.7 336.7 64.9 149.2 540.5 835.6

75 1.21 -57.11 60.48 590.3 144.2 699.2 585.0 383.0 1819.7 60.0 85.7 336.0 699.2

76 1.19 -47.49 51.88 969.2 465.2 0.0 0.0 0.0 0.0 79.2 98.4 608.7 1018.5

77 1.23 -56.09 59.75 645.0 257.7 803.1 645.9 477.3 2826.3 61.2 168.0 489.5 803.1

78 1.19 -47.39 51.75 962.8 473.1 0.0 0.0 0.0 0.0 60.0 120.0 633.2 1018.5

79 1.22 -62.60 65.39 631.4 110.1 672.0 633.2 225.0 628.3 60.0 200.8 371.0 672.0

80 1.24 -59.21 62.53 777.1 217.0 886.7 771.9 436.4 2362.5 64.9 217.4 401.6 886.7

81 1.18 -45.32 49.73 965.4 595.1 0.0 979.0 0.0 0.0 64.9 171.4 699.2 1018.3

82 1.22 -52.77 56.78 588.6 224.8 685.4 596.7 337.2 1411.0 62.4 181.9 529.9 685.4

83 1.28 -64.41 67.43 614.7 35.8 699.2 633.2 296.5 1091.1 61.2 135.1 393.7 699.2

84 1.24 -59.18 62.57 757.1 64.0 819.2 756.8 313.6 1220.2 61.2 181.9 378.4 819.2

85 1.36 -76.22 78.14 603.3 59.7 713.1 608.7 371.5 1712.2 60.0 155.2 378.4 713.1

86 1.18 -48.59 52.51 944.7 518.7 0.0 959.8 0.0 0.0 96.7 200.8 596.7 1018.5

87 1.23 -55.95 59.70 677.0 298.0 819.2 685.4 448.7 2497.9 113.1 196.9 519.5 819.2
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Appendix B

Ray tracing input files and dynamic 

spectrograms

B .l Ray tracing input files

This section includes all the raytracing input files used in the thesis. These input files are given 

in the order of the figure numbers that appeared in the thesis.

( 1 ) R ay tracing input files for F igure 4.6 

0 80 0 0 

30121 0 

48769 30 

-1  0

4 1 1 20 1 1 200 1.34 72.66 349.78

745 1600 .1 0.001 le-05

7370 1 0.08 0.02 0.9

6460 140 6460 6460 0.000001

4.5 4.0 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

373.4 8599.5 -108.08 360 0 0 0 .0087

373.4 8599.5 -108.08 360 20 0 0 .02

373.4 8599.5 -108.08 360 -20 0 0 .02

373.4 8599.5 -108.08 360 40 0 0 .02
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373.4 8599.5 -108.08 360 -40 0 0 .02

373.4 8599.5 -108.08 360 60 0 0 .02

373.4 8599.5 -108.08 360 -60 0 0 .02

373.4 8599.5 -108.08 360 90 0 0 .0087

373.4 8599.5 -108.08 360 -90 0 0 .0087

373.4 8599.5 -108.08 360 120 0 0 .02

373.4 8599.5 -108.08 360 -120 0 0 .02

373.4 8599.5 -108.08 360 140 0 0 .02

373.4 8599.5 -108.08 360 -140 0 0 .02

373.4 8599.5 -108.08 360 160 0 0 .02

373.4 8599.5 -108.08 360 -160 0 0 .02

373.4 8599.5 -108.08 360 180 0 0 .087 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(2 ) R ay  tracing input files for Figures 5.1 and 5.5

(a) Rb =  6870 km and T =457 K 

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.23 -61.37 1626.9

880 457 1 0.001 le-05

6870 1 0.08 0.02 0.9

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

59 7784.3 -123.53 360 175.7 0 0 .05

68.9 7784.3 -123.53 360 175.7 0 0 .05

100.4 7784.3 -123.53 360 175.7 0 0 .05 

168 7784.3 -123.53 360 175.7 0 0 .05

238.7 7784.3 -123.53 360 175.7 0 0 .05



My Rays

2 1 1 1 8 5 4 3 2 6

(b) Rb =  7155 km and T =  894 K 

0 300 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.23 -61.37 1626.9 

880 894 1 0.001 le-05 

7155 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

59 7784.3 -123.53 360 175.7 0 0 .05

68.9 7784.3 -123.53 360 175.7 0 0 .05

100.4 7784.3 -123.53 360 175.7 0 0 .05 

168 7784.3 -123.53 360 175.7 0 0 .05

238.7 7784.3 -123.53 360 175.7 0 0 .05 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8 5 4 3 2 6

(c) Rb =  7370 km and T =  1260 K 

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.23 -61.37 1626.9 

880 1260 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000

-1 0 0 0 0 0 0 0



0.05 1 7 0 1 -60 60 1000 

59 7784.3 -123.53 360 175.7 0 0 .05

68.9 7784.3 -123.53 360 175.7 0 0 .05

100.4 7784.3 -123.53 360 175.7 0 0 .05 

168 7784.3 -123.53 360 175.7 0 0 .05

238.7 7784.3 -123.53 360 175.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(d) Rb =  7620 km and T  =  1508 K 

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.23 -61.37 1626.9

880 1508 1 0.001 le-05

7620 1 0.08 0.02 0.9

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

59 7784.3 -123.53 360 175.7 0 0 .05

68.9 7784.3 -123.53 360 175.7 0 0 .05

100.4 7784.3 -123.53 360 175.7 0 0 .05 

168 7784.3 -123.53 360 175.7 0 0 .05

238.7 7784.3 -123.53 360 175.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(e) Rb =  7870 km and T =  1570 K 

0 30 0 0

47122.3 60.5

12910.14 46.052
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-1  0

4 1 1 1 1 1 120 1.23 -61.37 1626.9 

880 1570 1 0.001 le-05 

7870 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

59 7784.3 -123.53 360 175.7 0 0 .05

68.9 7784.3 -123.53 360 175.7 0 0 .05

100.4 7784.3 -123.53 360 175.7 0 0 .05 

168 7784.3 -123.53 360 175.7 0 0 .05

238.7 7784.3 -123.53 360 175.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(3) R ay  tracing input files for F igure 6.3

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.2 -46.7074 4250 

765 1660 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

66.2 7644 -138.388 360 164 0 0 .05

84.0 7644 -138.388 360 164 0 0 .05

110.9 7644 -138.388 360 165 0 0 .05

158.3 7644 -138.388 360 165 0 0 .05

185.5 7644 -138.388 360 165 0 0 .05 

-1 0 0 0 0 0 0 0



My Rays

2 1 1 1 8 5 4 3 2 6

(4 ) R ay  tracing input files for F igure 6.4

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.1905 -51.1915 2717 

910 1690 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

61.2 7603.2 -134.0126 360 163 0 0 .05

87.4 7603.2 -134.0126 360 162 0 0 .05

106.6 7603.2 -134.0126 360 162 0 0 .05

146.3 7603.2 -134.0126 360 162 0 0 .05

161.5 7603.2 -134.0126 360 162 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(5) R ay  tracing input files for F igure 6.5

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.2062 -60.69 462 

930 1080 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000
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60.0 7644 -124.0875 360 170.7 0 0 .05

80.8 7644 -124.0875 360 170.7 0 0 .05

100.4 7644 -124.0875 360 170.7 0 0 .05

120.0 7644 -124.0875 360 170.7 0 0 .05

140.6 7644 -124.0875 360 170.7 0 0 .05

181.9 7644 -124.0875 360 170.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(6) R ay  tracing input files for F igure 6.6

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.2481 -60.3872 736 

740 1450 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

61.2 7828.7 -123.85 360 170.7 0 0 .05

66.2 7828.7 -123.85 360 170.7 0 0 .05 

71'.7 7828.7 -123.85 360 170.7 0 0 .05

79.2 7828.7 -123.85 360 170.7 0 0 .05

89.2 7828.7 -123.85 360 170.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(7 ) R ay  tracing input files for F igure 6.7

0 30 0 0

47122.3 60.5

12910.14 46.052



4 1 1 1 1 1 120 1.2101 -66.9316 337 

770 970 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

60.0 7653.6 -117.7308 360 176 0 0 .05

68.9 7653.6 -117.7308 360 176 0 0 .05

82.4 7653.6 -117.7308 360 176 0 0 .05

96.5 7653.6 -117.7308 360 176.7 0 0 .05

100.4 7653.6 -117.7308 360 176.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(8) R ay  tracing input files for F igure 6.8

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.2202 -67.2613 1448 

920 1120 1 0.001 le-05 

7370 1 0.08 0.02 0.9 

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

62.4 7701.3 -117.1490 360 176 0 0 .05

67.6 7701.3 -117.1490 360 176 0 0 .05

73.1 7701.3 -117.1490 360 176 0 0 .05

84.0 7701.3 -117.1490 360 176.7 0 0 .05

-1 0 0 0 0 0 0 0

My Rays

- 1  0
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2 1 1 1 8 5 4 3 2 6

(9) R ay  tracing input files for Figure 6.9

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.36 -76.2157 1712

780 1400 1 0.001 le-05

7370 1 0.08 0.02 0.9

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

60.9 8474 -107.0677 360 176 0 0 .05

71.7 8474 -107.0677 360 176 0 0 .05

80.8 8474 -107.0677 360 176 0 0 .05

92.8 8474 -107.0677 360 176.7 0 0 .05

110.9 8474 -107.0577 360 178.7 0 0 .05

129.9 8474 -107.0677 360 178.7 0 0 .05 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(9) R ay  tracing  input files for Figure 6.10

0 30 0 0

47122.3 60.5

12910.14 46.052 

-1  0

4 1 1 1 1 1 120 1.3928 -79.8612 2048

850 1450 1 0.001 le-05

7370 1 0.08 0.02 0.9

6460 140 6470 6470 0.001

4.0 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000
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61.2 8697.6 -99.46 360 176 0 0 .07

71.7 8697.6 -99.46 360 176 0 0 .07

100.4 8697.6 -99.46 360 176.7 0 0 .07

127.3 8697.6 -99.46 360 178.7 0 0 .07

137.8 8697.6 -99.46 360 178.7 0 0 .07 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8 5 4 3 2 6

B.2 Dynamic spectrograms

This section presents the dynamic spectrograms measured for the ducted and non-ducted cases 

illustrated in Chapter 5 and the 8 discrete cases discussed in Chapter 6. In all the figures, the 

plasmapause is shown at a time close to the transmission time of discrete whistler mode cases.

Figure B .l  Dynamic spectrogram observed on 05 May 2002 In the dynamic spec
trogram the plasmapauses observed at 01:41:07 UT and 17:06:48 UT are at L =  3.5 and L =
5.5 respectively.



Figure B.2 Dynamic spectrogram observed on 11 May 2000 In the dynamic spec
trogram the plasmapauses observed at 01:40:58 UT and 16:25:17 UT are at L =  4.7 and L =
3.8 respectively.

Figure B.3 Dynamic spectrogram observed on 05 May 2002 In the dynamic spec
trogram the plasmapause is observed at 16:23:00 UT with Lpp =  3.95.

05 JUNE 2002 13:00 - 05 JUNE 2002 22:00 UT

-120
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Figure B .4 Dynamic spectrogram observed on 01 July 2002 In the dynamic spec
trogram the plasmapause is observed at 19:04:16 UT with Lpp =  4.8.
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Figure B .5 Dynamic spectrogram observed on 06 June 2002 In the dynamic spec
trogram, the upper hybrid emission band drops gradually and the plasmapause cannot be 
determined. At 20:24:30 UT, the L shell value is 3.12. At 21:53:07 UT, the L shell value is 
6.42.



162

9h lOh 11h 12h 13h 14h 15h 16h 17h 18h 19h 20h 21h22h 23h Oh

Figure B .6 Dynamic spectrogram observed on 25 July 2002 In the dynamic spec
trogram, the upper hybrid emission band drops gradually and the plasmapause cannot be 
determined. At 11:40:18 UT, the L shell value is 4.1. At 14:14:40 UT, the L shell value is 7.7.

29 JULY 2002 00:00 - 29 JULY 2002 1 1 :00 UT -84 

-100

-120. n

Figure B .7 Dynamic spectrogram observed on 29 July 2002 In the dynamic spec
trogram, the upper hybrid emission band drops gradually and the plasmapause cannot be
determined. At 01:17:00 UT, the L shell value is 3.9. At 02:29:00 UT, the L shell value is 6.0.
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F igure B .8 Dynam ic spectrogram  observed on 12  M ay 2002 In the dynamic spec
trogram the plasmapause is observed at 23:18:00 UT with Lpp =  4.4.

11 h 12h 13h 14h 15h 16h 17h 18h 19h 20h 21h 22h 23h Oh

Figure B.9 Dynamic spectrogram observed on 02 April 2002 In the dynamic spec
trogram the plasmapause is observed at 15:26:08 UT with Lpp =  4.1.



164

I

Figure B.10 Dynamic spectrogram observed on 01 September 2002 In the dynamic 
spectrogram the plasmapause is observed at 10:04:28 UT with Lpp =  4.8.
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Appendix C

List of MATLAB files

This part of the appendices gives a list of the MATLAB subroutines developed for this research 

work. The function name, input parameters, output parameters and a short description are 

given for each of the subroutines.

C .l M ATLAB files to assist the ray tracing simulations

This section shows the list of MATLAB files related to ray tracing. For each file, the function 

name, input and output parameters and a brief description are given.

[fuh,fr,fl] =cal_cutoff (fpe,fce)

This function calculates the cutoff and upper hybrid frequencies from the the plasma frequency 

and gyro frequency. Input: plasma frequency and gyro frequency (fpe), (fce). Output: upper 

hybrid frequency (fuh); R =  0 cutoff (fr); L =  0 cutoff (fl).

[n,k] =  cal_refr_Hartree(f,fpe,fce,WN_angle)

This function calculates the refractive index from Appleton-Hartree equation (4.25 and 4.26). 

Input: wave frequency(f), plasma frequency (fpe), gyro frequency (fce), wave normal angle 

(WN_angle). Output: refractive index (n); wave number (k).

[n,k,theta_res] =  eal_refr_Stix(f,fpe,fce,WN_angle)

This function calculates the refractive index from Stix expression (4.4). Input: wave frequency 

(f), plasma frequency (fpe), gyro frequency (fce), wave normal angle (WN_angle). Output: 

refractive index (n); wave number (k), resonance cone angle (theta_res).

[Vg,n,k,alpha,beta] =  cal_Vg_WM(f,fpe,fce,WN.angle,delta)

This function calculates the group velocity of whistler mode waves by using equation (4.27).
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Input: wave frequency (f), plasma frequency (fpe), gyro frequency (fce), wave normal angle 

(WN_angle), and step size (delta). Output: group velocity (Vg), refractive index (n), wave 

number (k), angle between ray direction and wave normal direction (alpha), angle between ray 

direction and magnetic field direction (beta).

[Vg,n,k,alpha, beta] =  cal_Vg_ZM (f,fpe,fce, WN_angle,delta)

This function calculates the group velocity of Z mode waves by using equation (4.27). In

put: wave frequency(f), plasma frequency (fpe), gyro frequency (fee), wave normal angle 

(WN_angle), and step size (delta). Output: group velocity (Vg), refractive index (n), wave 

number (k), angle between ray direction and wave normal direction (alpha), angle between ray 

direction and magnetic field direction (beta).

[Vg] =  cal_Vg_ZalongB(f,fpe,fce)

This function calculates the group velocity of Z mode waves along the magnetic field line by 

using the equation (4.35). Input: wave frequency (f), plasma frequency (fpe), gyro frequency 

(fce). Output: group velocity along the magnetic field line (Vg)

Vg=Vg_QL(f, fpe, fce, theta);

This function calculates the group velocity with QL approximation by equation (4.33). Input: 

wave frequency (f), plasma frequency (fpe), gyro frequency (fce), wave normal angle (theta). 

Output: group velocity(Vg).

[B,Br,B_theta,Fh]=dipole_magnetic(Fh_equator,r, theta)

This function calculates the magnetic field strength at a desired location by using the dipole 

model. Input: gyro frequency at the Earth equator (Fh_equator), geocentric distance of the 

desired location (r), magnetic latitude of the desired location (theta). Output: total magnetic 

field strength at the desired location (B), magnetic field along the direction of r (Br), magnetic 

field along the direction of theta (B_theta), gyro frequency at the desired location (Fh).

plot _disper sion3 (f 1, f2, fp e, fce, mo de)

This function is to plot the dispersion diagram from Stix or Appleton-Hartree equation. Input: 

lower limit of the frequency range (fl), upper limit of a frequency range(f2), plasma frequency 

(fpe), gyro frequency (fce), equation selection (mode =  0 for Stix equation and = 1  for Appleton- 

Hartree equation).

plot _refSurWM(f,fpe,fce);

This function is to plot the refractive index surface of whistler mode wave by knowing the 

wave frequency (f), plasma frequency (fpe) and gyro frequency (fce). The Appleton-Hartree
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equation is used in this function.

Plot _refSurZM(f, fpe, fce);

This function is to plot the refractive index surface of Z mode wave by knowing the wave 

frequency (f), plasma frequency (fpe) and gyro frequency (fce). The Appleton-Hartree equation 

is used in this function.

ZM_raytracing_alongB (input, output);

This is the ray tracing simulation file of Z mode waves propagating along the magnetic field and 

reflecting at the Z mode cutoff. The algorithm of this program has been discussed in Chapter 

4 of this thesis. Input is the name of the input file. Output is the name of the output file. 

The Input file includes the parameters in the following order: wave frequency (f), geocentric 

distance of satellite location (R), magnetic latitude of satellite location (Am), gyro frequency 

at the earth equator, step size along the ray path, geocentric distance of the reference electron 

density position (dsrrng), magnetic latitude of the reference electron density location (dslat), 

reference electron density (dsdens), geocentric distance to the diffusive equilibrium model (Rb), 

thermal temperature used in ray tracing (T), Geocentric distance to the lower ionosphere where 

density goes to zero (rzero), scale height (km) of bottom side of the lower ionosphere (scbot), 

relative concentration of i / + , He+ and 0 + at Rb respectively, number of ducts (KDUCTS), 

location of plasmapause (LK), Exponential factor for electron density decrease outside the 

plasmapause (EXPK), Half-width of Kth duct, geocentric distance to where density outside 

the knee is the same as density inside the knee (RCONSN), scale height of radial density 

decrease above RCONSN outside the knee, RDUCLN is the geocentric distance to lower end 

of duct in northern hemisphere, HDUCLN is the radial scale height for lower end of duct to 

blend to background, RDUCUN is the geocentric distane to upper end of Kth duct to blend 

to the background. RDUCLS, HDUCLS, RDUCUS, and HDUCUS are defined as being the 

same as RDUCLN, HDUCLN, RDUCUN, and HDUCUN, respectively, but in the southern 

hemisphere. SIDEDU is used to set a 1-sided or 2-sided duct. Except for the step size, all 

the above parameters for the input files are explained in detail in the tracing menu [Burtis, 

1974]. The output contains the following parameters in the order of: group time delay (Tg), 

Geocentric distance (R), magnetic latitude, electron density (Ne), plasma frequency (fpe), gyro 

frequency (fee), Z mode cutoff frequency (/*), refractive index (fj,) and group velocity (V^).



C.2 MATLAB files for coordinate transformations

This section contains the main files related to coordinate transformation and how to calculate 

the satellite location and attitude. The procedure of how to calculate the satellite location and 

attitude has been discussed in Chapter 4, with an example.

[M] =hapgood_matrix(theta,axis)

This function calculates the Hapgood matrix from the rotation axis and rotation angle. Input: 

theta is the angle of rotation in degrees (counter-clockwise), axis is the rotation axis. Output: 

M is the transformation matrix.

[Jul_date]=gregorian_calendar_to_jd(y,m,d,h,mi,s)

This function converts universal time to Julian date. Input: Universal time. Output: Julian 

date.

[es]=date2es(yyyy,mm,dd,hh,mm2 ,ss)

This function converts a standard Gregorian date and UT (Y Y Y Y /M M /D D  HH:MM:SS) to 

ephemeris seconds past January 2000. Input: universal time. Output: Julian date in seconds. 

[M]=mat_Tl(x)

This function calculates the transformation matrix between GEI and GEO coordinates. Input 

is the time in seconds. Output is the transformation matrix.

[M]=mat_T2(x)

This function calculates the transformation matrix between GEI and GSE coordinates. Input 

is the time in seconds. Output is the transformation matrix.

[M]=mat_T3(x)

This function calculates the transformation matrix between GSE and GSM coordinates. Input 

is the time in seconds. Output is the transformation matrix.

[M]=mat_T4(x)

This function calculates the transformation matrix between GSM and SM coordinates. Input 

is the time in seconds. Output is the transformation matrix.

[M]=mat_T5(x)

This function calculates the transformation matrix between GEO and MAG coordinates. Input 

is the time in seconds. Output is the transformation matrix.

[Mlat_B,Mlon_B]=direction_B0_2(Mlat_s,Mlon_s,R_s)

This function calculates the direction of the magnetic field in MAG coordinates from the
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location. Input: Mlat_s, Mlon_s and R_s are the latitude, longitude and geocentric distance of 

the specific locations in MAG coordinates. Output: Mlat_B, Mon_B are the magnetic latitude 

and longitude of the magnetic field direction of the desired location.

[V_out,polar,azmuth]=sm2mag(year,month,day,hour,minute,second, V_in)

This function is to transform a vector from the SM to MAG coordinates. Input: universal 

time, V_in is the vector in the SM coordinates. Output: V_out is the vector in the MAG 

coordinates.

[Vout]— gsm2mag(year, mon, day, hour, min, sec, Vin);

This function is to transform a vector from the GSM to MAG coordinates. Input: universal 

time, Vin is the vector in the GSM coordinates. Output: Vout is the vector in the MAG 

coordinates.

[V_out,polar,azmuth]=sm2geo(year,month,day,hour,minute,second, V_in)

This function is to transform a vector from the SM to GEO coordinates. Input: universal time, 

V_in is the vector in the SM coordinates. Output: V_out is the vector in the GEO coordinates.

[V.out,polar,azmuth]=mag2geo(year,month,day,hour,minute,second, VJn)

This function is to transform a vector from the MAG to GEO coordinates. Input: universal 

time, V_in is the vector in the MAG coordinates. Output: V_out is the vector in the GEO 

coordinates.

[A_mag, B_mag, C_mag]= Ant.orientation (year, month,day, hour,minute, second, Z_gsm, 

X_gsm)

This function calculates the antenna orientation in the MAG coordinates. Input: Universal 

time, Z antenna in GSM coordinates (Z_gsm), X  antenna is GSM coordinates (X_gsm). Output: 

A_mag, B_mag, and C_mag are the X, Y  and Z antenna orientation in the MAG coordinates, 

respectively.

[A_geo, B_geo, C_geo] =  Ant_orientation_geo (year, month, day, hour, minute, second, 

Z_gsm, X_gsm);

This function calculates the antenna orientation in the GEO coordinates. Input: Universal 

time, Z antenna in GSM coordinates (Z_gsm), X antenna is GSM coordinates (X_gsm). Output: 

A_geo, B_geo, and C_geo are the X, Y  and Z antenna orientations in the GEO coordinates, 

respectively.

[Vout] =gm21oc(Mlat,Mlon, Vin,direction)

This function transforms a vector from MAG coordinates to a local coordinates. The local
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coordinates is defined as the z-axis is along the magnetic field direction and the xz plane is 

the magnetic meridian plane. Input: Mlat and Mlon are the magnetic latitude and longitude 

of the direction of the magnetic field, Vin is the vector to be transformed, direction indicates 

from the MAG to local coordinates or the reverse direction. Output: Vout is the transformed 

vector.
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