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Abstract

This thesis reports the observations of the Magnetospherically Reflected (MR) Whistler 

Mode (WM) echoes on the IMAGE (Imager for Magnetopause-to-Aurora Global Exploration) 

satellite. These observations and interpretations were first reported in Sonwalkar et al. [2006]. 

MR-W M echoes were observed when RPI (Radio Plasma Imager) onboard the IMAGE satellite 

transmitted 3.2 ms pulses in the 6 kHz to 63 kHz frequency band. These echoes occurred at 

frequencies less than ~12 kHz with time delays ranging from 40 ms to 130 ms. MR-WM echoes 

were recorded when the satellite was at altitudes ranging from 700 km to 4000 km, geomagnetic 

latitudes from -30° to 50°, and magnetic local times 3 to 17. Ray tracing simulations confirmed 

that MR-WM echoes are a result of WM waves propagating along the geomagnetic field line 

and reflecting at an altitude where local fih ~  / ,  where fih is the lower hybrid frequency 

and /  is the wave frequency. In this interpretation, the lower and upper cutoff frequencies 

of the MR-WM echoes are equal to the at the satellite and the maximum along the 

geomagnetic field line passing through the satellite, respectively. These echoes were frequently 

accompanied by discrete W M  echoes at frequencies greater than the maximum frequency of 

the MR-WM echoes. By matching the measured dispersions of the MR-WM and discrete 

W M echoes with that calculated from ray tracing simulations, remote estimates of electron 

density and ion effective mass were obtained along the geomagnetic field line passing through 

the satellite.
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Chapter 1 

Introduction 

1.1 Objectives of this research

The objectives of this research are to: (1) report the observations of Magnetospherically- 

Reflected (MR) Whistler Mode (WM) echoes and provide a ray tracing interpretation of their 

propagation mechanism; (2) measure the local and maximum lower hybrid frequencies from the 

frequency characteristics of MR-WM echoes; (3) perform a ray tracing analysis to estimate the 

electron density and ion effective mass along the propagation path of the echo; (4) propose a 

method to use a combination of WM, Z mode (ZM), free space Left hand Ordinary (LO) mode 

and Right hand Extraordinary (RX) mode echoes to reduce the uncertainty in the estimated 

electron densities along the propagation path of the echo.

1.2 Scientific background

1.2.1 The Earth’s magnetosphere

The magnetosphere, containing mainly electrons and ions, is a region surrounding the 

Earth. The magnetosphere extends to about 10 Re (1 R e ~  6370 km) on the side facing the 

sun and as much as 200 R e on the side away from the sun. The structure and details of the 

magnetosphere are discussed in detail in Lemaire and Gringauz [1998]. Figure 1.1 schematically 

shows the various regions of the magnetosphere and the natural wave phenomena observed in 

these regions. The shape of the magnetosphere is influenced by the Earth’s magnetic field and 

the solar wind. Close to the Earth, the magnetic field has a dipole like pattern as shown in 

the schematic. The solar wind (shown as dotted arrows) reaching the Earth compresses the 

Earth’s dipole field on the side facing the sun and extends the dipole field on the side away 

from the sun. Some of the solar wind particles leak into the polar cusp and others are deflected 

by the Earth’s magnetic field. Since the plasma near the Earth is corotating with the Earth, 

a natural boundary called the plasmapause [Carpenter, 1963] separates the corotating plasma



from the convecting plasma. The bulk of the plasma contained within the plasmapause is 

called the plasmasphere. The plasmasphere is a relatively cold (<1 eV), doughnut shaped, 

high density (~102-104 el/cc) plasma surrounding the Earth beginning at an altitude of about 

1000 km. Outside the plasmasphere the plasma density decreases as R ~N, where N ~  3 to 

5. Below the plasmasphere is the highly conductive ionosphere. The ionosphere comprises of 

free electrons and ions such as Oxygen, Hydrogen, Helium, and Nitrogen. The ionosphere is 

divided into three different layers: D, E, and F starting at ~80 km, ~ 1 10 km, and ~150 km

2

Figure 1.1 Schematic showing various regions of the magnetosphere and the natural 
phenomena observed in those regions. The IMAGE satellite orbit approximately lies in 
the noon-midnight meridian plane in March 2001. Adapted from Sonwalkar [2006].

altitudes, respectively [Hargreaves, 1992]. The electron densities increase to a maximum of 

about 105-106 el/cc at the F2-layer peak altitude of ~250 km. The Oxygen ion concentration 

is highest at low altitudes and decreases beyond ~500 km to 1000 km where Hydrogen ion 

concentration begins to increase. The Helium ion concentration increases to a maximum at 

~1000 km altitude and then decreases. Below the ionosphere and immediately surrounding 

the Earth is the non-conducting atmosphere which is roughly 60 km to 80 km thick. The 

boundary between the ionosphere and the neutral atmosphere is called the Earth-ionosphere



boundary and the region between this boundary and the Earth is called the Earth-ionosphere 

waveguide [Sonwalkar, 2006].

This research deals with the measurement of electron and ion densities at low altitudes 

(<5000 km) using the Radio Plasma Imager (RPI) instrument on the IMAGE satellite. The 

IMAGE satellite is capable of performing both active radio sounding experiments and passive 

recording experiments as shown in Figure 1.2. The figure shows a schematic of the active 

sounding experiment on the left where IMAGE transmits signals which result in an echo due 

to reflections from the Earth-ionosphere boundary. The schematic also shows the passive 

recording experiment on the right where IMAGE only listens to the natural background noise. 

Both techniques have been discussed and used in this thesis.

IMAGE satellite experiments

 I___________ I___________I___________ I___________ I___________L

-4  -2  0 2 4 6 
Re

Figure 1.2 Schematic showing IMAGE satellite active sounding and passive recording 
techniques.



1.2.2 Review of past work

This section presents a chronological review of the past work focusing primarily on: (1) 

determination of ion effective mass and relative ion compositions in the magnetosphere; (2) 

observations and ray tracing interpretation of MR whistlers; (3) IMAGE satellite observation 

of W M waves. A detailed discussion of the past active and passive ground-based and satellite- 

based sounding experiments is discussed in Sonwalkar et al. [2004, 2006, and references therein] 

and Benson et al. [2006 and references therein].

In 1963, an unusual band of Very Low Frequency (VLF) noise (600-10,000 Hz) at middle- 

latitudes was first reported by Barrington and Belrose [1963] on data recorded by the Alouette- 

1 satellite. A similar noise band was reported by Gurnett and O'Brien [1964] on Injun-3 

satellite. This noise band was then named the Alouette hiss band [Brice et al., 1964; Brice 

and Smith, 1964]. Smith et al. [1964] reported a related phenomenon observed on Alouette-1 

and Injun-3 satellites showing noises displaying a rapid rise in frequency following which the 

frequency was nearly constant. They suggested that the noises may be related to the ion gy- 

rofrequency resonance. Brice and Smith [1965] suggested that the VLF noise band was a result 

of a local resonance in the plasma surrounding the satellite and renamed the noise band as the 

LHR noise band. Using the plasma frequency / pe, gyrofrequency f cei and the measured lower 

cutoff frequency of the emissions, termed as the lower hybrid resonance frequency //^, the first 

measurements of ion effective mass m ef f  were made. Bounds on the relative ion composition 

were placed using the measurements of mef f  by Barrington et al. [1965]. He showed that at 

1000 km altitude, the relative ion composition of Oxygen in the polar region is more than 60% 

at midnight and about 95% at noon. At low latitudes at L < 2, the relative ion composition of 

Hydrogen is greater than 68%. Measurements of Hydrogen and Helium relative ion concentra

tions at altitudes between 1500 km and 30,000 km using the mass spectrometry data onboard 

the Orbiting Geophysical Observatory (OGO-1) satellite were provided by Taylor et al. [1965]. 

Gurnett and Shawhan [1966] proposed a new technique to measure Hydrogen, Helium, and 

Oxygen ion concentrations from their respective ion whistlers recorded by the Injun-3 VLF 

receiver, assuming a uniform ion concentration near the satellite. Mayr et al. [1967] provided 

measurements of electron density, ion composition, and ion effective mass profiles. Brace et al. 

[1967] provided altitude and latitude variations of electron density. Barrington [1969] presented 

comprehensive measurements of the relative ion composition at various altitude and latitude

4



ranges using the data from Alouette-1 and Alouette-2 satellites. He used both VLF noise band 

data and the ion whistler data to determine the relative composition of Hydrogen, Helium, 

and Oxygen ions. Young et al. [1982] estimated the ion composition and ion effective mass 

as a function of geomagnetic and solar activities. Various satellites such as the ISIS-1, ISIS-2 

[Jackson and Warren, 1969], and OGO series have provided measurements of electron density 

and ion composition which were used to empirically model the electron and ion densities (e.g. 

International Reference Ionosphere model - http://modelweb.gsfc.nasa.gov/ionos/iri.html).

Kimura [1966] showed that whistlers undergo magnetospheric reflections when the ions are 

taken into account in the dispersion relation. He showed that signals injected at frequencies 

below the maximum lower hybrid frequency can reflect when /  ~  fih and when the wave 

normal angles are close to 90°. However, there were no satellites until 2000 that were capable 

of injecting waves in the whistler mode frequency range. All observations till 2000 were of MR 

whistlers whose sources were lightning or ground transmitter generated WM signals entering 

and undergoing MR reflections in the magnetosphere. Smith and Angerami [1968] provided 

the first observations of naturally occurring MR whistlers on the OGO-1 satellite. Edgar 

[1972] provided a detailed survey of lightning generated MR whistlers and related their time 

dispersion measurements to the properties of ducts and irregularities in the magnetosphere. 

Later in 1976, he explained the lower and upper cutoff frequencies of MR whistlers, based on 

the propagation of these waves along different L-shells [Edgar, 1976]. He also predicted that a 

satellite capable of injecting in the whistler mode frequency range above the local fih can appear 

back on the satellite in a ‘boomerang mode’ . Signals transmitted from Siple ground station 

(Antarctica) that experienced MR reflection processes were recorded on ISEE-1 satellites [Bell 

et al, 1981]. Lower hybrid waves excited due to VLF whistler mode waves originating from 

Omega ground transmitter (Australia) signals were reported previously on DE-1 and COSMOS 

1809 spacecrafts by Bell et al. [1991, 1994]. HA ARP station signals were also observed on 

the CLUSTER satellite recently [Bell et al, 2004]. Other important studies of the naturally 

occurring MR whistlers include Sonwalkar and Inan [1989] and Draganov et al. [1992, 1993]. 

The energy distributions, landau damping, and frequency spectra of MR whistlers were studied 

using ray tracing calculations in Draganov et al. [1992], Thome and Horne [1994], Bell et al. 

[2002], Bortnik et al. [2002, 2003], Bortnik [2005], and references therein. Past work has 

also predicted that MR whistler mode echoes can be observed by in-situ satellite experiments 

[Sonwalkar et al., 2001].

5
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The IMAGE satellite, launched in March 2000 and operational until December 2005, was 

the first satellite that injected waves at VLF and higher frequency range (3 kHz to 3 MHz), 

probing the magnetosphere up to an altitude of ~8  Re [Reinisch et al, 2000]. The design and 

capability of the IMAGE satellite to probe the magnetosphere have been detailed in Reinisch et 

al [2000]. Several text books discuss the four plasma wave modes in cold plasma at frequencies 

near f pe and f ce [Stix, 1962]. These modes are the free space LO mode, free space RX mode, 

ZM, and WM. RPI onboard IMAGE transmits a single 3.2 ms pulse or multiple 3.2 ms pulses 

and radiates in all the four plasma wave modes. RPI has detected echoes in all four modes. 

Recent work has explained the time delay dispersion, conditions of occurrence, and possible 

propagation mechanisms of those echoes [Reinisch et al, 2001a, 2001b; Carpenter et al., 2003; 

Sonwalkar et al, 2004]. A method was proposed to determine the electron density profile along 

the geomagnetic field lines up to thousands of kilometers above and below the IMAGE satellite 

location by inverting the time delay versus frequency measurements of W M and ZM echoes 

[Sonwalkar et al, 2004]. Free space mode echoes were also used to build an empirical electron 

density model [Nsumei et al., 2003].

1.3 Problem statement and approach

This thesis provides the observations and ray tracing interpretation of W M  waves injected 

at frequencies which can undergo MR reflections. Some of these MR reflected waves propagate 

along the geomagnetic field line passing through IMAGE and appear as MR-WM echoes. 

The central problem treated in this thesis is how to determine the electron density and ion 

composition from the observed properties of the MR-WM echo. In this thesis, we provide new 

measurements of electron density and ion composition by comparing the calculated MR-WM 

echo properties with the measured MR-WM echo characteristics. Ray tracing simulations are 

performed in a model magnetosphere to calculate the MR-WM echo dispersion and cutoffs.

1.4 Contributions of the present work

The work builds upon the first observations and interpretations of MR-WM echoes re

ported by Sonwalkar et al. [2006] at the AGU fall conference at San Fransisco. The specific 

contributions of this thesis are:

6
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the IMAGE satellite.

• A survey of the occurrence of MR-WM echoes observed in the January to August 2004 

and August to December 2005 periods.

• The measurement of lower hybrid frequency at the satellite location and the maximum 

lower hybrid frequency along the geomagnetic field line passing through the satellite.

• Ray tracing calculations to determine the bounds on the electron density and ion effective 

mass along the propagation path of the echo by matching the measured time delay 

dispersion of the MR-W M echoes with those calculated using ray tracing.

• Development of a new method to reduce the uncertainty in the estimated electron density 

profile along the geomagnetic field line by performing a combination of WM, ZM, free 

space RX and LO mode ray tracing calculations.

• Application of the method discussed above to the data recorded by IMAGE on 27 July 

2003 at 12:33:00 UT.

1.5 Organization of this thesis

This thesis is organized into seven chapters: Chapter 1 provides the objective for this 

research, background information, problem statement and approach, and the outstanding con

tributions of the work presented in this thesis. Chapter 2 describes the details of the IMAGE 

satellite orbit and the data analysis tools used to present the measurements in this thesis. 

Chapter 3 describes the geomagnetic field models and the cold plasma density models used 

in the ray tracing calculations presented in this thesis. Chapter 4 describes the modifications 

made to the Stanford 2D ray tracing program to extend the use of ray tracing program for 

free space RX mode ray tracing simulations. Chapter 5 describes the ray tracing analysis per

formed for a particular case recorded by IMAGE on 27 July 2003 at 12:33:00 UT when WM, 

ZM, free space LO and RX mode echoes were observed in one 77 s long data set. Chapter 6 

describes the data survey, observations, and ray tracing interpretation of MR-WM echoes, and 

provides a method to determine electron densities and ion effective mass from MR-WM echo 

dispersion. Chapter 7 summarizes the results presented in this thesis, provides conclusions, 

and provides suggestions for the future work.



Chapter 2

Experiment description

This chapter describes the IMAGE satellite orbit and the data analysis tools used to present 

the measurements in this thesis.

2.1 The IM AGE satellite orbit

This section discusses the orientation, precession, and the perigee altitude drift of the 

IMAGE satellite orbit. A detailed discussion of the instrumentation and remote sensing capa

bilities of the IMAGE satellite is presented in Reinisch et al. [2000].

The IMAGE satellite was launched into a polar orbit in March 2000 with an initial perigee 

altitude of 1200 km and an apogee altitude of ~7.2 Re (46,000 km) with an apogee inclination 

of 40°. The satellite has an orbital period of 14.2 hours. Figure 2.1 schematically shows the 

IMAGE satellite orbit orientation in March, June, and December 2001. The plane containing 

the satellite orbit is approximately perpendicular to the ecliptic plane containing the mean 

orbit of the Earth around the Sun. The IMAGE satellite orbit is not elliptical when plotted 

in a fixed 2D plane in the geomagnetic coordinate system and the orbit shows a discontinuity 

near the geomagnetic poles. Hence a mean perigee altitude and orbital inclination are chosen 

to approximately plot the low altitude (<10,000 km) portion of the IMAGE satellite orbit 

in the geomagnetic coordinate system. To plot the complete satellite orbits, the Geographic 

or GEI (Geocentric Equatorial Inertial) coordinate systems are used. The satellite locations, 

however, are shown in the geomagnetic coordinate system (unless otherwise specified) in this 

thesis. The satellite locations are provided as geocentric distances in Earth radius (Re ) or 

altitude (km), geomagnetic latitude (°) and MLT (hr).

Figure 2.2 shows a plot of the IMAGE satellite orbit in the Geographic coordinate system 

in the month of July for years 2000 to 2005. The tick marks (e.g. July 2000 orbit) indicate 

the IMAGE satellite location every 30 minutes. The IMAGE satellite orbit precesses by about 

40° in a year allowing the satellite to probe a range of locations in the magnetosphere. For



example, the MR-W M echo data survey presented in this thesis was performed in the years 

2004 and 2005 at altitudes ranging from 700 km to 4000 km inside the plasmasphere. Figure

2.3 shows the drift in the perigee of the IMAGE satellite orbit during its operational period 

from 2000 to 2005. The perigee drifted between 600 km and 1700 km with a mean perigee 

altitude of 1150 km. The satellite had a lower perigee altitude (~600 km) in 2003 and a higher 

perigee altitude (~1700 km) in 2001 and 2005.

Figure 2.1 Schematic showing the IMAGE satellite orbit in March, June, and Decem
ber 2001.

2.2 Data analysis tools

This section discusses the BinBrowser and PostPro analysis tools used to process and mea

sure the amplitude and phase of the signals recorded by the three crossed dipole antennas 

onboard the IMAGE satellite. Both these tools are a part of the software package called “RPI- 

Anywhere V3.5” available for download at h ttp ://u lca r .u m l.ed u /d ow n loa d s . Certain key 

features of these tools that have not been discussed in the literature are listed below.

(1) BinBrowser is a data analysis and visualization software that processes the amplitude

http://ulcar.uml.edu/downloads
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Figure 2.2 The IMAGE satellite orbit precession between the years 2000 and 2005. 
The IMAGE orbit is plotted in the geographic coordinate system. The tick marks in
dicate IMAGE satellite location every 30 minutes. The IMAGE satellite orbit precesses 
by about 40° in a year allowing the satellite to probe a range of locations in the magne
tosphere.

and phase information of signals received by the IMAGE satellite in the 3 kHz-3 MHz frequency 

range. The received signal strength is plotted as a function of frequency and time delay (virtual 

range) and is called a plasmagram. A detailed description of the software and its capabilities is 

available at h ttp ://u lca r.u m l.ed u /rp i_B in B row ser.h tm l. Li [2004] provided a description 

of the key features of this software useful for our research. The aspects which are not mentioned 

in his work are discussed below.

BinBrowser (V2.2.6) allows the user to save ‘*.spin’ and ‘*.bin’ files. The c*.spin’ file 

provides satellite location and attitude information (spacecraft position and satellite spin axis 

orientation in the Geocentric Solar Magnetospheric (GSM) coordinate system), and the X- 

antenna orientation at times when each frequency is transmitted. The ‘*.bin’ file provides the

http://ulcar.uml.edu/rpi_BinBrowser.html
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Year: 2000 2001 2002 2003 2004 2005

Figure 2.3 The IMAGE satellite perigee altitude drift between years 2000 and 2005.

un-processed amplitude and time delay of each received frequency component on the X-, Y-, 

and Z-antennas. The MATLAB scripts used to process these two files are available online 

(h t tp : //w w w -star. S tan ford . edu/~vlf/IMAGE/RPI/Tools/index.html).

BinBrowser allows the user to save particular plasmagrams of interest as a session list (text 

file containing mission elapsed times), thereby permitting the user to access only those specific 

plasmagrams at any time later instead of choosing them from a 24 hour data set (*.LZ file). 

BinBrowser also allows the user to save multiple plasmagrams as images in a single click using 

the new Twin Session option.

BinBrowser allows the user to access the definitive orbital data for a given plasmagram by 

clicking the T  button which is located in the top row of the BinBrowser window displaying 

the plasmagram. The definitive orbital data contains the satellite location information in 

Geomagnetic, GSM and Geographic coordinate systems. This information is available for the 

entire satellite orbit as CDF (Common Data Format) files at f tp ://c d a w e b .g s fc .n a s a .g o v  

/p u b /is tp /im a g e /r p i/. This data has a 2 minute resolution. MATLAB tools have been 

developed as a part of this research to access and interpolate the definitive orbital data at 

any given time. The details of the MATLAB subroutines used in this thesis are provided in 

Appendix G.

BinBrowser allows the user to determine if the plasmagram is saturated or not (i.e. in

put antenna voltage exceeds the receiver saturation level). To achieve this, the BinBrowser is

ftp://cdaweb.gsfc.nasa.gov


first switched to the uncalibrated data representation mode to show the raw telemetry data. 

Most of the other data representations display the processed data (calibrated and converted 

to physical units and processed to produce average quantities). An amplitude [dB] represen

tation for 3.2 ms data bins is used to determine when the data is saturated (more than 66 

dB). The received signal amplitude in dB is represented using the Jet color scale where white 

represents the maximum amplitude and blue represents the minimum amplitude. Setting the 

maximum value in the color scale controls at the bottom right of the plasmagram to -4 maps 

the color scale to amplitudes ranging from 0 dB to 66 dB where the region in white indicates 

saturation in the plasmagram. Saturation is important when calculating phase-sensitive in

formation or while comparing received signal amplitudes at two frequencies or on two antennas.

(2) PostPro is an analysis tool that processes the raw satellite data (zero level data) and 

converts the data into plasmagram and dynamic spectrogram images. The advantage of this 

tool is that it can be used to survey several plasmagrams. The limitation of this tool is 

that it saves the images using overall amplitude representation and not using the individual 

amplitudes as observed on the X-, Y-, and Z-antennas of IMAGE. PostPro has been used to 

obtain the plasmagrams for the data survey performed in the year 2003 for discrete and diffuse 

type of WM and ZM echoes.

12
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Chapter 3 

Geomagnetic field model, cold plasma density model

This chapter describes the geomagnetic field model and the cold plasma density model used 

in the ray tracing calculations presented in this thesis.

3.1 The geomagnetic field model

This section discusses the limitations of the dipole model used in the ray tracing calculations 

and introduces the non-dipolar International Geomagnetic Reference Field (IGRF 2000) model. 

The Stanford 2D ray tracing program uses a dipole model which requires the satellite altitude 

and geomagnetic latitude to calculate the total geomagnetic field strength (B0). The 2D dipole 

model requires the reference gyrofrequency at the equator as an input which is nominally 880 

kHz but can be changed by the user. The gyrofrequency at the satellite location is calculated 

using the following relation

fee =  (3.1)m 2tt

where f ce is the gyrofrequency, e is the charge of an electron, m  is the mass of an electron 

and B0 is the geomagnetic field strength at the point of interest. The dipole model is built 

by matching the reference gyrofrequency measurement usually known at the satellite location. 

Li [2004] showed that the gyrofrequency measurements can vary from those calculated using 

the IGRF2000 model by ~5%. The IGRF 2000 model depends on the altitude, latitude, and 

longitude parameters to calculate geomagnetic field strengths at a given location. A detailed 

description of this model is available at http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html. 
The BinBrowser provides the IGRF 2000 field components at the satellite location (plasma 

predict) during the plasmagram transmission time. To get the magnetic field components at 

any other location (definitive) and time, a MATLAB subroutine (Appendix G) was developed 

based on a subroutine available at http: //deeptow. whoi . edu/matlab. html.
Figure 3.1 shows the gyrofrequency contours calculated from the IGRF 2000 model (on the

http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
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left of the Earth) and the dipole model (on the right of the Earth). The reference gyrofrequency 

at the satellite was calculated from the plasmagram measurements made by IMAGE on 05 

December 2005 at 02:57:16 UT. About 10 Proton Cyclotron (PC) echoes were recorded in 20 

range bins of the plasmagram resulting in a proton gyroperiod rp =  6.4 ms time delay ( f ce ~  

290 kHz). An uncertainty in the gyrofrequency measurement exists because of the 3.2 ms step 

size resulting in the 10 PC echoes falling in 19 to 21 range bins. This results in an uncertainty 

in the gyrofrequency measurement of 273 kHz to 302 kHz. The dipole field model is built using 

a reference gyrofrequency of 290 kHz at the satellite location (1.57 Re , Am =  10.78°, and MLT 

=  8.6) measured from the PC echoes recorded in the plasmagram. A gyrofrequency of 1077 

kHz is chosen at the equator in the dipole field model. The gyrofrequency at the satellite 

location calculated from the IGRF 2000 field model is 270 kHz. The satellite location for both 

models is shown as black dots.

The gyrofrequency at the satellite location computed by the IGRF 2000 model deviates 

from the measurement by 20 kHz. Most likely the large difference in gyrofrequency obtained 

from two models is the result of large margin of error (Sfce ~  15 kHz) in obtaining f ce from PC 

echoes. The IGRF 2000 model may also deviate from the measurements during geomagnetic 

storms (Kp >  4). The variation of f ce as a function of altitude and latitude is also different for 

the IGRF and the dipole models. This variation is important for MR-WM echoes which reflect 

when sounding frequency equals local fih which in turn depends on local f ce. The IGRF field 

model is used to calculate f ce at the satellite location whenever measurements of f ce cannot 

be obtained directly from the observed plasma wave mode cutoff frequencies.

3.2 The cold plasma density model

This section discusses the ion composition, lower hybrid frequency fih , and ion effective 

mass mef f  profiles as obtained from the cold plasma density model used in the ray tracing cal

culations [Harikumar, 2001]. The cold plasma density model is based on a diffusive equilibrium 

model [Angerami and Thomas, 1964] and is defined by the following equations

A N  I  =  AN E 0 A N R (r ) A N L I(r) A N L K (r , L) JJ A N L(r, L) (3.2)
K=2,KDUCTS

NUM

(3.3)
i=2
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Re

Figure 3.1 Comparison of the IGRF and dipole field models. The gyrofrequency 
contours are plotted using the IGRF (left) and dipole field (right) models. The satellite 
locations, where reference gyrofrequency is known, are shown as black dots for the 
IGRF and dipole field models. The dipole field model was built using the reference 
gyrofrequency 290 kHz at the satellite location (1.57 R e , Am =  10.78°, and MLT =  8.6). 
The gyrofrequency as obtained from the IGRF model at the same satellite location was 
270 kHz.
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-\RD UCTL(k)-r]2

F R D U C T  =  e , if r <  RDUCTL

F R D U C T  =  1, if RDUCTL < r <  EDUCTU
-lr-RDUCTL(k)}2

F R D U C T  =  e , if r <  RDUCTL

where the parameter A N  I  is the electron density, ANEO  is the density at the base (Rbase) of 

the diffuse equilibrium model, A N R (r) is the factor due to the diffusive equilibrium, A N  L I  is 

the factor due to the lower ionosphere, A N L K  is the factor due to the plasmapause, A N L  is 

the factor due to each of the fcth duct, r is the radial distance, L is the L-shell value, Rbase 

is the geocentric distance (km) to the base of the diffuse equilibrium model, ALPHAO is the 

relative ion concentration of H + , iJe+ , and 0 + at Rbase and Therm is the temperature, 

N U M  is the number of ion species that can be included in the density model, and i — 2, 

3, and 4 in Equation 3.3 above refers to iJ+ , H e+ , and 0 + , respectively. R ZE R O  is the 

geocentric distance (km) to the lower ionosphere where density goes to zero, S C B O T  is the 

scale height of the bottom side of the lower ionosphere, L K  is the L-shell of the inner edge 

(knee) of plasmapause, D D K  is the half-width (in L) of the knee, R C O N SN  is the geocentric 

distance to level at which density outside the knee is equal to the density inside the knee, 

E X P K  is exponential density decrease beyond the knee, LO(fc) is the L-shell of the center of 

the kth duct, D E F (k )  is the duct enhancement factor, D D (k) is half-width (in L) of the duct, 

and RD U C LN  is geocentric distance (km) to the lower end of the kth duct in the northern 

hemisphere below which the density blends to background.

The electron density at any given location is equal to the sum of the three ion densities 

satisfying charge neutrality. The scale height SH  of these ions is set by Rbase and Therm with



Oxygen having the smallest scale height and Hydrogen having the largest scale height. The ion 

compositions are scaled based on the electron density, relative ion composition, and the scale 

height. Hence a density model is defined by the reference relative ion concentration at Rbase, 

the temperature Therm, and reference electron density at a particular location. Electron and 

ion densities are related as
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f ih — [-72“ +  7 2 "]  ) 2
fpe fee  1836rae //

where A H+ , A He+ , and A q+ are the relative ion concentrations of and 0 + , re

spectively. The factor 1836 is the ratio of the proton and electron masses. The details of the 

derivations of these equations are discussed in Section 6.2.1. The MR-WM echo dispersions are 

strongly influenced by both the electron density and ion composition along their propagation 

paths. These echoes undergo MR reflections when the sounding frequency is approximately 

equal to the local fih and when the wave normal angle is close to 90°.

Figure 3.2 shows the variation of ///j, / pe, / ce, and mef f  along the geomagnetic field line 

passing through the satellite as a function of altitude. This density profile was used in the 

ray tracing analysis of an MR-WM echo recorded on 23 January 2004 at 18:57:49 UT. The 

satellite was located at an altitude of 715 km, Am =  39.16°, and MLT =  17.1. The f pe profile 

(dash-dotted) increases up to a maximum of 5.5 MHz at the F2-layer peak altitude of 240 km. 

The local (at the satellite) f pe is 2540 kHz corresponding to an electron density of 8 x l0 4 el/cc. 

This is the reference electron density for the density model used. The local f ce =  822 kHz and 

fih =  6.3 kHz. Because the satellite is inside the plasmasphere, f pe is greater than f ce along



the geomagnetic field line passing through the satellite. The fih profile has two peak values:

(1) a maximum value of 9.3 kHz at 1450 km altitude and (2) a secondary maximum close 

to the F2-layer peak altitude. In general, the maximum fih occurs at an altitude where the 

slope of mef f  changes from steep (mef f  >  2) to gentle (mef f  ~  1-2). The following paragraph 

discusses how electron density, ion composition, and fih vary with density model parameters 

Rbase, Therm, and the relative ion composition at Rbase.
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Figure 3.2 Variation of the plasma frequency / pe, gyrofrequency / ce, lower hybrid fre
quency fih, and ion effective mass meff  along the geomagnetic field line passing through 
the satellite as a function of altitude.

Figure 3.3a shows four electron density profiles using Rbase =  7170 km and Rbase =  7570 

km geocentric distance (800 km and 1200 km altitude), and Therm =  1000° K and Therm 

=  2000° K. A reference electron density of 8 x l0 4 el/cc was chosen at the satellite altitude of 

715 km below the Rbase altitude. The electron density profiles show a change in slope (steep 

to gentle) at their respective Rbase altitudes. This change in slope is evident in the Rbase =  

7570 km and Therm =  2000° K density profile where the change in the slope occurs at about 

1200 km altitude. The density profiles with lower Rbase, Rbase =  7170 km (profiles 1 and

3) have higher electron densities above the Rbase altitude compared to the higher Rbase =



7570 km (profiles 2 and 4) density profiles. Therm determines the slope of the lower altitude 

portion of the electron density profile above the F2-layer peak altitude and below the Rbase 

altitude. Density profiles with a lower value of Therm =  1000° K (profiles 1 and 2) have higher 

F2-layer peak electron densities compared to Therm =  2000° K density profiles (profiles 3 and

4). Figure 3.3b shows the fih profiles using the four density models. The fih profiles can be 

understood as a function of f pe and m ef f  profiles as the f ce model is fixed. While the altitude 

where mef f  changes slope relates to the altitude at which the fih,max occurs, the electron 

density at the fih,max altitude relates to the value of the fih,max- The density profiles 1 and 4

Figure 3.3 (a-b). Variation of the electron density and lower hybrid frequency profiles 
as a function of Rbase and Therm. Four combinations of Rbase and Therm as shown 
in the inset of the figure on the top right hand corner. The reference electron density of 
8xl04 el/cc was chosen at the satellite altitude of 715 km.

have a similar electron density profile above the satellite altitude. However, the density profile 

1 has an mef f  profile which changes slope from steep to gentle at a lower altitude compared 

to the density profile 4 resulting in a lower fih,max altitude. Profiles 1 and 3 (lower Rbase 

altitude) with higher electron densities close to the fih,max altitude result in higher fih,max



values. Higher values of f ce at lower altitudes can also result in higher fih,max values at lower 

altitudes. This is due to the fih being proportional to f pe and / ce, and inversely proportional 

to mef f .  Both Rbase and Therm can be varied to obtain a variety of electron density and fih 

profiles.

Figures 3.4a-3.4f show electron density, fih, m eff, H + > H e+ , and 0 + ion density profiles, 

respectively, for the four Rbase and Therm combinations discussed above. The mef f  and 

ion composition profiles show that higher mef f  (~16) at lower altitudes <1000 km is due to 

higher Oxygen ion concentrations as is given by Equation 3.6. At higher altitudes >2000 km, 

where H + ion concentration is maximum, mef f  reaches 1. The altitude (knee point) where

(a) Electron density
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Figure 3.4 (a-f) Variation of the electron density, fih, meff,  i f + , He+, and 0 + ion 
density profiles along the geomagnetic field line passing through the satellite.

the mef f  profile changes slope roughly defines the maximum fih altitude which is consistent 

with past measurements [Brace et al, 1967]. Density profiles 2 and 4 with higher mef f -slope 

change altitude result in a higher fih,max altitude. Density profiles 1 and 3 with higher electron 

densities close to and above the fih,max altitude have a higher fih,max value compared to the 

density profiles 2 and 4.

Figures 3.5 and 3.6 show the contours of f pe and fih calculated using the density model 

given in Appendix A as input file 4. The same density model is later used to analyze an



M R -W M  echo recorded on 05 December 2005 and is discussed in Chapter 6. The plasma- 

pause boundary (L =  4) is shown by a dashed line. Figure 3.5 shows a sharp change in the 

contour direction at the plasmapause location owing to higher electron densities inside the 

plasmasphere. The contours show the plasmasphere merging with the background electron 

density at lower altitudes as can be seen from the f pe =  500 kHz contour. The sharp decrease 

in the electron density close to the plasmapause location can be estimated using the upper 

hybrid band emissions from the dynamic spectrogram at altitudes above 2000 km [Li, 2004].

Re

Figure 3.5 Plasma frequency contours plotted using the cold plasma density model. 
The contours show how the plasma frequency (electron density) is modeled and the 
propagation mechanism of the LO mode echoes along the geomagnetic field line. Plasma 
frequency is higher inside the plasmasphere and reduces towards higher altitudes.

Figure 3.5 also shows a /  =  500 kHz ray, injected from the satellite location, propagating in 

the LO mode along the geomagnetic field line and reflecting at an altitude above and below 

the satellite location where /  =  f pe. The ray is confined to propagate along the geomagnetic 

field line passing through the satellite by a depletion duct [Calvert, 1995]. In Figure 3.6, the 

value o f f a  increases to a maximum {fih,max) o f 12 kHz at about 1500 km altitude and then
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Figure 3.6 Lower hybrid frequency f a  contours plotted using the plasma frequency 
(electron density) and ion effective mass obtained from the cold plasma density model, 
and the gyrofrequency obtained from the dipole field model. The value of f a  increases 
to a maximum of ~12 kHz at about 1000-1500 km and then decreases again. The 
plasmapause location is assumed to be at about L =  4. WM waves propagating at 
frequencies below the maximum can propagate towards higher f a  altitudes and 
reflect when sounding frequency /  ~  f a  when wave normal angle reaches 90°.

Lower hybrid frequency (fih) contours

decreases with increasing altitude. This figure shows that M R -W M  echoes can appear due 

to propagation from above and below the fih,max altitude. The fih contours show cavity like 

structures at lower altitudes inside which the M R reflected rays may bounce back and forth 

before reaching the satellite.

Figure 3.7 shows contours of the ZM lower cutoff frequency f z . These frequencies were 

calculated using a density model provided in Appendix A as input file 5. The value o f f z has 

a maximum at the F2-layer peak altitude and then decreases to a minimum at about 2000 

km altitude and again increases to a secondary maximum at the equator. The contours show 

closed cavities in the ~100 kHz to ~185 kHz frequency range inside the plasmasphere. The 

figure shows a ducted fast ZM echo propagating along the geomagnetic field line and reflecting 

at altitudes above and below the satellite location where /  =  f z =  180 kHz.



23

2   j___._____ ,____ ______ t ____

0 0.5 1 1.5 2 2.5 3 3.5 4
Re

Figure 3 .7 ZM cutoff frequency f z contours plotted using the plasma frequency (elec
tron density) obtained from the cold plasma density model and the gyrofrequency ob
tained from the dipole field model.
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Chapter 4

Analysis tools

This chapter discusses the modifications made to the Stanford 2D ray tracing program to 

perform free space RX mode ray tracing. The ray tracing time dispersion calculations are 

compared with measurements to validate the modifications done to the ray tracing program.

4.1 Free space mode wave ray tracing program

This section discusses the modifications made to the FORTRAN Stanford 2D ray tracing 

program to permit free space RX mode ray tracing. Ray tracing calculations help identify 

possible propagation mechanisms and provide estimate of the electron density along the prop

agation path of the echo. Free space RX mode echoes propagate at frequencies higher than 

the local RX mode cutoff frequency f r. These rays reflect at altitudes above and below the 

satellite where the sounding frequency /  equals the cutoff frequency / r .

The following modifications were made to the ray tracing program:

(1) A conditional statement was introduced to check if the ray frequency was greater than 

f r which is given by the relation

(2) The refractive index is calculated from the cold plasma dispersion relation [Stix, 1962] in 

the subroutine ‘MU’ of the ray tracing program. The refractive index [i depends on the angular 

plasma frequency ujpei angular gyrofrequency u>ce, wave normal angle 6, and the angular wave 

frequency uj. The angular frequencies are defined in radians and the wave normal angle is 

defined in degrees. The dispersion relation is given by the equation

(4.1)

— Bji2 +  C — 0 (4.2)
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where

A =  S sin2 9 +  P  cos2 9 (4-3)

B =  RL  sin2 9 +  P S  (I +  cos2 9) (4.4)

C  =  P R L  (4.5)

R  =  1 -  , ^  , (4.6)
-  LVce)

L =  — -  (4.7)
uj(uj +  UJce)

P  =  1 - ^ T  (4-8)

S =  \{R  +  L) (4.9)

D  =  \ { R - L )  (4.10)

B +  V W ^ l A C  _  /  2C

V 2A \ B -  \TB2 -  4 A C
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virtual range as discussed in Sonwalkar et al. [2004]. The amplitude o f the echoes is color coded 

in units o f dB nV /m . The satellite was located at 10,200 km altitude, geomagnetic latitude 

Am =  15.52°, and MLT =  2.87 inside the plasmasphere. This echo has been explained using 

ray tracing to be a ducted conjugate reflected R X  mode echo by Fung and Green [2005]. The 

ducted R X  mode echoes propagate approximately along the field line inside a depletion duct 

and reflect when sounding frequency /  equals the local free space R X  mode cutoff frequency 

f r . The letters A  and B are used to indicate echo traces due to reflections from the same side of 

the hemisphere as the satellite and the conjugate hemisphere, respectively. So the trace 2A +B  

indicates an echo trace which has propagated and reflected twice from the same side o f the 

hemisphere as that o f the satellite and once from the conjugate hemisphere before propagating 

back to the satellite. The gyrofrequency at the satellite location (local) f ce is 59.6 kHz as 

calculated from the IGRF model. The local f r =  269.7 kHz is measured from the lower cutoff 

frequency of the R X  mode echo. The local f pe =  238 kHz is calculated from the local f r and

Figure 4.1 Plasmagram showing a free space RX mode echo recorded on 16 February 
2001 at 20:30:48 UT.

The input file used to perform ray tracing calculations is provided in Appendix B as input 

file 1. The plasmapause location is assumed at L =  4. The maximum electron density o f ~106 

e l/cc  (F2-layer peak) occurred at an altitude of 240 km. The reference electron density at the 

satellite is 703 el/cc. A depletion duct centered at L =  2.81 with a 15% depletion and a 0.05 

L width is used. Figures 4.2a and 4.2b show a comparison of the refractive indices o f the free



space R X  mode echoes calculated by the ray tracing program (green dots) with the refractive 

indices calculated using a M ATLAB subroutine (red curve) which uses the Stix dispersion 

relation for 300 kHz and 600 kHz, respectively. The refractive index values were obtained by 

injecting rays at all wave normal angles in steps o f 20° using the free space R X  mode ray 

tracing program. Both values match well as shown by the figures. The shape o f the refractive 

index surface for a free space R X  mode wave changes from a dot at f r to an ellipsoid (ellipse 

in 2D) at frequencies where f  >  f r and finally close to a sphere (circle in 2D) at much higher 

frequencies. In Figure 4.2a, the refractive index surface at a frequency 300 kHz is an ellipse and 

in Figure 4.2b the refractive index surface at a frequency 600 kHz is approximately a circle. 

The black lines on the surface at different wave normal angles indicate the ray directions. The 

ray directions being perpendicular to the refractive index surface at each point demonstrates 

that the R X  mode ray tracing program is determining the ray directions correctly.

(a) refractive index surface, f  = 300 kHz (b) refractive index surface, f  = 600 kHz

nll nn
Figure 4.2 Comparison of the refractive index values obtained from the RX mode ray 
tracing program (green dots) and those calculated using the Stix dispersion relation (red 
curve).

Figure 4.3 shows the results o f the ray tracing calculations for the free space R X  mode echo 

recorded on 16 February 2001 at 20:30:48 UT. The contours o f the frequency f r are plotted 

using the density model obtained by matching the time dispersion o f the free space R X  mode 

echo traces with that calculated from ray tracing. Ray propagation mechanism at a frequency

303.5 kHz is shown here to explain that the traces A and B are a result of rays propagating 

along the geomagnetic field line inside a depletion duct towards the same side and the conjugate 

side o f the hemisphere, respectively. Both traces reflect when sounding frequency /  =  f r .

Figure 4.4 shows a comparison o f the measured and calculated time delays obtained using
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the procedure discussed above. The measured time delays are shown in black and the calculated 

time delays in red. The time delays of the four traces shown in Figure 4.1 namely A, B, A-f B, 

and 2A+B approximately matched the measured time delays demonstrating that the free space 

RX mode ray tracing program is able to perform free space RX mode ray tracings.

Re

Figure 4.3 Ray propagation mechanism as obtained from the ray tracing analysis of the 
free space RX mode echo recorded on 16 February 2001 at 20:38:48 UT. Contours of the 
free space RX mode cutoff frequency f r are plotted using the density model obtained by 
matching the dispersion of the free space RX mode echo with the ray tracing calculations.

This chapter has discussed the modifications done to the Stanford 2D ray tracing program 

to permit free space RX mode ray tracing. The chapter also discussed the testing of the 

program and a comparison of the measured and ray tracing calculated time delays. The next 

chapter discusses the use of ray tracing to estimate electron density along the propagation 

path by matching the measured dispersion with the calculations for a case when echoes in four 

plasma wave modes were recorded.
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Figure 4.4 Comparison of the measured and calculated time delays of the free space RX 
mode echo recorded on 16 February 2001 at 20:30:48 UT assuming ducted propagation. 
The measured time delays are shown in black and the calculated time delays in red. 
The time delays of the four echoes shown in the figure, namely, A, B, A +B , and 2A+B 
matched approximately with the measured time delays demonstrating that the free space 
RX mode ray tracing program is able to perform free space RX mode ray tracings.
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Chapter 5 

Plasma diagnostics using multi-mode sounding of the magnetosphere

This chapter discusses the ray tracing analysis of a particular case recorded by IMAGE 

on 27 July 2003 at 12:33:00 UT when discrete WM, discrete ZM, discrete LO and RX mode 

echoes were observed in one 77 second long data set. This example was mentioned in Li’s thesis 

[Li, 2004] as a possible future work suggesting the use of more than one sounding technique 

to reduce the uncertainty in the estimated electron densities via ray tracing. Li in his thesis 

showed that the ray tracing analysis of a discrete W M echo can result in a maximum uncertainty 

of about 4 in the estimated electron densities at the F2-layer peak altitude. This chapter uses 

the example recorded on 27 July 2003 and provides a method to reduce the uncertainty in 

the estimated electron density model. This procedure involves ray tracing analysis to match 

the time delay dispersion of echoes propagating in more than one plasma mode and recorded 

on IMAGE. The reduction in the uncertainty in the electron density measurements is possible 

because waves propagating in different modes reflect from different locations and are influenced 

differently by the electron densities along their propagation paths.

Figure 5.1 shows example plasmagrams displaying discrete traces of echoes recorded by 

IMAGE due to signals propagating in more than two cold plasma modes. Such plasmagram 

records indicating multiple mode echoes were routinely observed when programs whose trans

mission frequency range covering a larger portion of the RPI bandwidth (3 kHz-3 MHz) were 

used. For example, discrete W M and discrete RX mode echoes accompanied by diffuse ZM 

echoes were routinely observed during RPI soundings in the polar region when using Pro

gram 5 (50-1000 kHz, 2% logarithmic stepping, and 12-320 ms time delay range). However, 

examples showing discrete WM, ZM, LO, and RX mode echoes were rarely observed. Only 

one such case was recorded on 27 July 2003 at 12:33:00 UT. Such a rare occurrence could be 

because programs with large enough transmission bandwidth (capable of WM, ZM, LO, and 

RX mode soundings) were not used routinely in the regions capable of observing echoes in 

the four modes of propagation. In general, discrete forms of WM, ZM, LO, and RX mode



Figure 5.1 Example plasmagrams showing discrete traces of echoes due to RPI signals 
propagating in more than two cold plasma modes. The echoes appeared in the same 
plasmagram of 77 second duration.

passing through the satellite (supported by field aligned ducts). All o f the examples shown in 

Figure 5.1 have discrete W M , discrete ZM, and diffuse ZM echoes in common. These examples 

were observed in July 2003 in the middle-latitudes (Am ~  30° to 50°) region at about 1 0 0 0  km 

to 1500 km altitude, MLT about 5 to 6  when the satellite orbit perigee (~600 km) was inside 

the plasmasphere. The satellite location information as obtained from the definitive orbital 

data along with local plasma parameters and the types o f echoes observed are indicated in the 

figure and also listed in Table 5.1.

The plasmagram recorded by the IM AGE satellite on 27 July 2003 at 12:33:00 UT is 

shown in Figure 5.2. This plasmagram displays discrete traces o f echoes propagating in four
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Table 5.1 Details of the plasmagrams shown in Figure 5.1. These examples show 
discrete traces of echoes propagating in more than two cold plasma modes. The times 
of observation, satellite location (definitive orbital data), and local plasma parameters 
are listed here.

Year Month Day Hr Min Sec Am(°) R (Re ) Alt (km) L Tpp (Kp) Kp^max
2003 7 9 17 29 56 -35.4 1.18 1136 1.78 4.83 1.67
2003 7 1 2 16 40 57 -38.9 1 .2 1 1340 2 .0 0 2.53 6.67
2003 7 15 1 35 57 -42.6 1.19 1233 2 .2 0 3.30 5.00
2003 7 18 15 1 56 -41.1 1.26 1628 2 .2 1 3.91 3.67

cold plasma modes (WM, ZM, LO, and RX) and is hereafter referred to as the ‘multi-mode 

case.’ The satellite was located at 1.32 R e  (2045 km altitude), Xm =  -43.3°, and MLT =  4.9 

as obtained from the plasma predict data. A comparison of the satellite plasma predict data 

and the actual definitive orbital data is provided in Table 5.2. The ray tracing analysis is 

performed using satellite position information obtained from the model plasma predict data. 

However, the interpretation and results from the ray tracing analysis will not change. As seen 

in the Figure 5.2, discrete WTM echo [Sonwalkar, 2004] was observed when injecting RPI signals 

at frequencies below ~130 kHz which appeared at about 20 ms to 30 ms time delay with less 

than 5 ms time delay spread. The discrete ducted ZM echo [James, 1979; Carpenter et al,

Table 5.2 Comparison of the plasma predict data and definitive orbital data of the 
multi-mode case recorded on 27 July 2003 at 12:33:00 UT.

Plasma Predict Data Definitive Orbital Data
Time Freq. R Alt L R Alt L MLT /celGRF
(UT) (kHz) (Re ) (km) (°) (R e ) (km) (°) (kHz)

12:33:00 50 1.32 2038 -43.3 2.49 1.32 2045 -43.6 2.52 4.9 591.27
12:33:00 130 1.33 2125 -44.9 2 .6 6 1.34 2140 -45.1 2 .6 8 4.9 580.19
12:33:00 149 1.34 2136 -45.1 2 .6 8 1.34 2151 -45.3 2.70 4.9 578.89
12:33:00 181 1.34 2152 -45.4 2.72 1.34 2171 -45.6 2.74 4.9 576.56
12:33:00 280 1.34 2179 -46.0 2.78 1.35 2 2 1 0 -46.2 2.81 4.9 571.86
12:33:00 315 1.35 2198 -46.3 2.82 1.35 2 2 2 2 -46.3 2.83 4.9 570.39
12:33:00 643 1.36 2261 -47.3 2.95 1.36 2287 -47.3 2.96 5.0 562.50
12:33:00 900 1.36 2300 -47.7 3.01 1.36 2321 -47.8 3.02 5.0 558.40
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2003] appeared at frequencies between 148.59 kHz and 181.13 kHz with time delays between 

~50 ms and ~200 ms. The diffuse ZM echo [Benson, 1985, 1997] appeared between 280.02 

kHz and 571.2 kHz below 100 ms time delay. The conjugate ducted LO mode echo [Muldrew, 

1963] appeared at higher time delays >250 ms at frequencies between 280.02 kHz and 309.16

Figure 5.2 Plasmagram showing the multi-mode case recorded on 27 July 2003 at 
12:33:00 UT. The satellite was at 1.32 R e , Am =  -43.3°, and MLT =  4.9 as obtained 
from the plasma predict data.

kHz. The free space R X  mode echo is seen at frequencies between 643.27 kHz and 900.73 kHz 

with less than 20 ms time delay. Ray tracing analysis is used to reduce the uncertainty in the 

electron density model estimated by matching the measured dispersions with those obtained 

from ray tracing simulations o f the four cold plasma wave mode echoes appearing in the same 

plasmagram.

5.1 Interpretation of multi-mode echoes observed on 27 July 2003

This section discusses the propagation mechanism o f the echoes observed in the multi-mode 

case and how their measurements o f frequency versus time delay properties place constraints 

on the ray tracing density model. Discrete nonducted W M  echoes propagate at both small
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and large wave normal angles close to and along B 0 passing through the satellite and reflect 

at the Earth-ionosphere boundary. The large wave normal angle assumption resulting in a 

discrete W M echo is not considered in this chapter. Such a possibility is discussed in the ray 

tracing analysis of low frequency (6-63 kHz) discrete WM echoes in Chapter 6 . The W M 

echo propagation is limited to frequencies /  < m in(/pe, f ce). Therefore, the discrete W M echo 

appearing between 50 kHz and 130 kHz places a constraint that the local f pe and f ce are above 

130 kHz. The W M echo (small wave normal angle propagation) group velocity being inversely 

proportional to the electron density accrues maximum time delays close to the F2-layer where 

the electron density is maximum. The time delay of the WTM echo is proportional to the 

integral of the electron densities along its propagation path [Li, 2004]. Ray tracing analysis 

performed to match the measured W M echo dispersion provides an estimate of the electron 

densities from the satellite down to the Earth-ionosphere boundary.

The discrete fast ZM echoes appear due to ducted propagation of RPI signals inside ZM 

cavities (Figure 3.7). The fast ZM cutoff frequency f z is given by the equation

The fast ZM signals at frequencies f Zi8at <  f  <  f Zmax,equ, where f ZjSat is the local f z 

and fzmax,equ is the maximum f z at the geomagnetic equator, can propagate along B 0 inside a 

depletion duct [Calvert, 1995] towards a region of higher f z and reflect when sounding frequency 

/  =  f z . Such trapped rays bounce back and forth inside the ZM cavity resulting in a variety 

of fast ZM echo dispersions [Carpenter et al, 2003]. When the satellite is below the f z ,min 

(minimum f z along B 0) altitude, the traces due to reflections from lower and higher altitudes 

are referred to as A and B traces, respectively, and when the satellite is above the f z ,min 

altitude, these traces are referred to as C and D traces [Carpenter et al., 2003]. The fast ZM 

dispersion in the multi-mode case is the D trace which occurs when the satellite is above f z,min 

and whose upper cutoff frequency is equal to f zmax,equ• The lower cutoff frequency f z j ow of 

the D trace equal to the local f z ,sat at the satellite must appear at a zero time delay. However, 

the D trace shown in Figure 5.2 begins at a non-zero time delay (40-60 ms) at its lower 

cutoff frequency f z,iow =  148.6 kHz suggesting that the f z,sat is less than f zjow =  148.6 kHz. 

Such a D trace may occur when the satellite is not inside a depletion duct when transmitting 

signals between f z,sat and f zjow — 148.6 kHz. The electron density model assuming a fixed 

gyrofrequency model (dipole model) must satisfy the following criteria: (1) The maximum f z

(5.1)
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is equal to f zmax,equ =  181-6 kHz, f ZjSat < f Zjiow and f z ,min < fz,imv- The upper limit on f pe,Sat 

=  318 kHz is obtained from f 2jow  — 148.6 kHz and f ce,sat — 532.5 kHz (plasma predict data) 

at the fast ZM transmission time 30.3 s after 12:33:00 UT at the satellite location of 2132 

km altitude, Am =  -45.06°, and L =  2.675. (2) The depletion duct used in the ray tracing 

calculations must be capable of guiding frequencies between f zjow =  148.6 kHz and f zmax,equ 

=  181.6 kHz. (3) The calculated time delays using the ray tracing density model and the 

depletion duct must satisfy the measured time delays. Such a density model provides electron 

density estimates from the satellite up to the equator along B0 passing through the satellite.

The diffuse ZM echo occurs due to the scattering of RPI signals (slow ZM) by the field 

aligned electron density irregularities within a few thousand kilometers of the satellite, partic- 

ulary those in the cross-B0 direction [Sonwalkar et al, 2004]. The diffuse ZM echo provides 

an estimate of local f ce,sat where a gap in the time delay dispersion is noticed [Carpenter et 

al, 2003]. This value can be used as a reference to build the dipole field model in ray tracing. 

Diffuse ZM echo also provides f uh,sat as a resonance at f uh which can be used to calculate local 

f pe using the relation:

The lower cutoff frequency of the RX mode echo f r,sat where the echo appears with a zero 

time delay cannot be measured accurately due to the limitation on the minimum measurable 

time delay 12.74 ms (0.1 Re radar range) resulting in an uncertainty in the calculated f pe,Sat 

using f r,sat• The value of f pe,sat estimated from the f uh resonance of the diffuse ZM echo 

occupying one or two frequency bins has a lower uncertainty. The satellite was at 2246 km 

altitude, Am =  47.06°, and L =  2.914 when recording the f uh resonance at about 65.2 s after 

the initial transmission time. A measurement of f pe,Sat — 232.87 kHz is obtained from f uhjSat 

=  571.2 kHz and f ce,sat =  521.64 kHz (plasma predict). An f pe,sat range of 267.29-279.01 kHz 

is obtained from f uh,Sat — 571.2 kHz and the gap frequency measurement range of f Ce,sat —

507.21-517.36 kHz. The diffuse ZM echo can therefore provide accurate measurements of local 

electron density at the satellite.

In the ducted LO mode echo propagation ( /  >  / pe), LO mode waves reflect when sounding 

frequency /  =  f pe (Section 3.5). A depletion duct can guide LO mode waves along B 0 to the 

same side and conjugate side of the hemisphere resulting in waves bouncing back and forth 

and appearing as a ducted conjugate reflected LO mode echo. When close to the plasmapause 

location, where sufficiently large plasma density gradients are present, ZM waves may be mode

(5.2)



converted into LO mode echoes due to tunneling [Jones, 1976] as both LO and ZM waves can 

have approximately same wavelengths at 0 ° wave normal angle.

The intense band of emission beginning at about 280 kHz in the multi-mode case is above 

the f pe,sat range 267.29-279.01 kHz estimated from the diffuse ZM echo. The slow ZM waves 

between f pe and f ce when f pe <  f ce have a closed refractive index surface whose group veloc

ity decreases with increasing frequency resulting in higher time delays at higher frequencies. 

However, the band of emission shows a dispersion similar to that of the LO mode echoes 

shown in Figures 5.1a and 5.1c displaying a decrease in the measured time delays. A slow ZM 

wave injected towards higher altitudes along B0 may reach an altitude where f ce,sat <  f  (open 

refractive index surface) prohibiting propagation close to 0 ° wave normal angles above this 

altitude. A ducted ZM echo should not appear beyond f ce,sat or f Ce,equ at the equator, where 

it is minimum. On the contrary, Figure 5.1a shows well separated LO mode traces extending 

beyond f ce,sat• The lower time delays at higher frequencies of the LO mode echo are due 

to higher group velocities at higher frequencies. This example is similar to the intense band 

appearing between 285.6 kHz and 315.3 kHz above 270 ms in the multi-mode case when the 

satellite was at 2184 km altitude, Am =  -46.03°, and L =  2.786 as obtained from the plasma 

predict data. The lower cutoff frequency of the LO mode echo equal to f pe,sat =  285.6 kHz 

provides a measurement of the local electron density at the satellite location when the LO 

mode echo wets recorded. The LO mode frequencies were transmitted 47.4 s after 12:33:00 

UT. Ray tracing analysis of the LO mode echo provides estimates of electron density along 

its propagation path along B 0 up to its reflection altitude in the conjugate hemisphere. The 

LO mode echo in the multi-mode case provides electron densities and duct parameters along 

B0 above the lowest altitude where the maximum frequency (315.3 kHz) of the LO mode echo 

reflects.

In the ducted RX mode propagation ( /  >  / r), RX mode echoes may be observed due to 

propagation along B 0 guided by the depletion ducts (Chapter 4) and reflection at the /  =  

f r altitude. RX mode echoes can also appear due to nonducted propagation at small wave 

normal angles resulting in RX mode traces such as those recorded in the multi-mode case. The 

measurement of f r,sat is limited by the minimum measurable time delay 12.37 ms of Program 

5, i.e., f r ŝat is less than the cutoff frequency f r ranging from 630.65 kHz to 643.27 kHz. A 

measurement frequency range of f pe,sat =  263.87-281.32 kHz is obtained from / r?sat =  630.65- 

643.27 kHz and f Ce,sat =  520.24 kHz (plasma predict data). The f pe,sat measurement ranging



284.59-295.84 kHz is obtained from f r,Sat — 643.27 kHz and the gap frequency f ce,sat ranging

507.21-517.36 kHz. The f pe,sat =  242.09-262.69 kHz is obtained from f r,Sat =  630.65 kHz 

and the gap frequency f Ce,sat — 507.21-517.36 kHz. These local electron densities provide 

constraints on the choice of the reference electron density in the ray tracing density model. 

Ray tracing analysis of the free space RX mode echoes will therefore provide electron density 

estimates from the satellite down (towards lower altitudes in this case) to the lowest possible 

reflection altitude where the maximum frequency (900 kHz) of the RX mode echo reflects. The 

details of each of the echoes observed in the multi-mode case are discussed in Table 5.3. The 

table shows the satellite locations, local gyrofrequency from the plasma predict data, the time 

delay, and the frequency range measurements during the transmission period of each of the 

echoes.

Table 5.3 Frequency, time dispersion details (satellite location) o f W M , ZM, LO, and 
R X  m ode echoes observed in the m ulti-m ode case recorded on 27 July 2003 at 12:33:00 
UT. This data is obtained from the plasma predict orbital data.

Echo Freq, kHz Tg, ms R, Re Alt, km Am L Zee, kHz
WM 50 -  130 22 -  32 1.320 -  1.334 2038 -  2125 -43.3° -  -44.9° 2.49 -  2.66 541 -  533
ZM 149 -  181 40 -  230 1.335 -  1.338 2136 -  2152 -45.1° -  -45.4° 2.68 -  2.72 532 -  530
LO 280 -  315 270 -  320 1.342 -  1.345 2179 -  2198 -46.0° -  -46.3° 2.78 -  2.82 527 -  526
RX 643 -  900 1 2  -  2 0 1.355 -  1.361 2261 -  2300 -47.3° -  -47.7° 2.95 -  3.01 520 -  516

5.2 The procedure for estimating the electron density model from the ray 

tracing analysis of the multi-mode case

The previous section discussed how various cold plasma mode echoes occur and place 

constraints on the electron density model used in the ray tracing analysis. This section discusses 

a ray tracing analysis method using more than one plasma mode sounding technique in the 

form of a flow chart to reduce the uncertainty in the estimated electron density. This method 

is specific to examples such as the multi-mode case where a discrete WM echo is accompanied 

by a discrete fast ZM echo. The ray tracing analysis of the discrete W M echo is considered 

first because the ray tracing analysis provides bounds on the possible electron density models 

from the satellite down to the Earth-ionosphere boundary where the WM echoes are reflected 

[Li, 2004].



Figure 5.3 shows the flowchart discussing the procedure of the ray tracing analysis. The 

local fpe,sat (electron density) can be estimated from: (1) diffuse ZM resonance f uh,sau or (2) 

free space LO f pe,sat, or (3) RX mode f r,sat cutoff frequencies, or (4) the dynamic spectrogram 

f uh and fee,sat-i which can be estimated from diffuse ZM echo gap frequency or from models such 

as plasma predict or IGRF. Measurements of f pe,Sat and f ce,sat can be used as constraints to 

estimate local reference electron density, and to build the dipole model for the W M ray tracing 

program, respectively. The ray tracing analysis of the discrete W M echo provides a bound

Figure 5.3 Flowchart showing the multi-m ode case ray tracing analysis procedure.

on all possible electron density models whose calculated dispersion can match the measured 

dispersion. These density models along with the fixed f ce model (dipole model) provide f z 

models. Only those electron density models, whose corresponding f z models can match the 

measured lower and upper cutoff frequencies equal to f Zii(yw and f z,high, respectively of the fast 

ZM echo, are chosen. ZM ray tracing analysis using these density models provide estimates 

of electron density and the depletion duct parameters (width and depletion) at the satellite 

location where the fast ZM echo was observed. An electron density model whose calculated 

dispersion can match the fast ZM echo dispersion is a subset of the initial set of density models 

obtained from the ray tracing analysis of the discrete W M echo. While the electron density
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below the satellite down to the Earth-ionosphere boundary influences the discrete W M  echo 

dispersion, electron density above the satellite up to the geomagnetic equator influences the 

fast ZM echo dispersion. Similar analysis on the choice of density model parameters using the 

available constraints on the local electron density and the electron density models derived by 

matching the LO and R X  mode echo dispersions with the ray tracing calculated dispersions 

reduces the uncertainty in the estimated electron density models.

5.2.1 Estimation of the plasmapause location

This subsection discusses how the plasmapause location is estimated for use in the ray 

tracing analysis. Figure 5.4 shows the dynamic spectrogram recorded on 27 July 2003 from 

10:00 UT to 15:00 UT displaying the natural noise measurements made by RPI. Due to a low 

altitude ~  1000-3000 km satellite orbit where the plasmasphere merges with the background

3 RPI dynamic spectrogram, 27 July 2003

Figure 5.4 Dynamic spectrogram recorded on 27 July 2003 from 10:00 UT to 15:00 
UT. The satellite location where the multi-mode case was recorded on 27 July 2003 at 
12:33:00 UT is indicated by the letter ‘S ’ in the figure, when the satellite was at 1.32 
R e  and Am =  43.3°.

electron density [Bernhardt and Park, 1977], the narrow f uh band emissions which provide 

estimates of electron density and plasmapause location are not available. The plasmapause 

location can be estimated from the planetary K-index, K p, during the past 24 hours (since 

12:33:00 U T) which varied as 4.33, 5, 6 , 5.33, 5, 4, 4.33, 3.67, and 3.33. The plasmapause



location Lpp =  2.84 is calculated using the relation Lw  =  5.6 — 0A6Kp m̂ax [Carpenter and 

Anderson, 1992] where K p m̂ax =  6  is the maximum K p in the preceding 24 hours. The 

plasmapause location calculated using the relation Lpp =  5.7 — 0A7Kp m̂ax [Carpenter and 

Park, 1973] where K p m̂ax =  5 is the maximum K p in the past 12 hours is Lpp =  3.35.

The plasmapause location can also be estimated from the variation in the electron density 

(fpe) measurements obtained from the cutoff frequencies of the echoes recorded along the 

IMAGE satellite orbit from 12:27:00 UT to 12:36:00 UT as shown in Figure 5.5. Table 5.4 

shows electron density (fpe) measurements from ZM or RX mode echo cutoff frequencies as

Table 5.4 Details o f the plasmagrams recorded along the IM AGE satellite orbit on 
27 July 2003 and measurements o f local electron densities as obtained from the cutoff 
frequencies o f the echoes observed. These measurements are obtained using the definitive 
orbital data.
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UT
(hh:mm:ss)

R

( R e )

Alt
(km)

Am
(°)

MLT L Mode fuh

(kHz)
f r

(kHz)
fee

(kHz)
fpe

(kHz)
Ne

(el/cc)
12:27:00 1.16 1015 -20.17 4.64 1.32 ZM 8 6 6 605 620 4770
12:30:00 1.23 1470 -32.66 4.76 1.74 ZM 710 573 420 2189
12:33:00 1.32 2045 -43.58 4.91 2.52 ZM 571 517 240 714.7
12:33:00 1.32 2045 -43.58 4.91 2.52 RX 643 520 281 979.7
12:36:00 1.42 2705 -52.97 5.08 3.93 ZM 459 444 1 2 0 178.7
12:36:00 1.42 2705 -52.97 5.08 3.93 RX 469 444 107 142.1

a function of the satellite location (L-shell). These measurements are obtained using the 

definitive orbital data. At L-shells 1.32, 2.52, and 3.93, the local electron densities are 4770 

el/cc, 714.7 el/cc, and 178.7 el/cc, respectively. This decrease in electron density measurements 

suggest a plasmapause location at Lpp ~  3 where a decrease in electron density to as low as 200 

el/cc, typically occurring outside the plasmasphere, is noticed. However, this decrease could 

also be attributed to the satellite traveling towards higher altitudes from 1015 km to 2705 km.

Ducted conjugate reflected LO mode echoes of the type observed in the multi-mode case 

were recorded routinely (15 cases), about one echo in every other orbit crossing, in July 2003 

at L-shells ranging from 1.2 to 3. The dynamic spectrogram could not be used to estimate 

the plasmapause location. The corresponding plasmapause locations obtained using the rela

tion Lpp =  5.6 — 0.46ifp?max when these echoes were recorded ranged from 2.8 to 4. These 

measurements suggest that such ducted LO mode echoes are typically observed inside the
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plasmasphere. Ducted free space mode echoes in the past were routinely recorded inside the 

plasmasphere [Muldrew, 1963; Fung et a l, 2003]. Conjugate ducted ZM echoes such as the one 

observed in the multi-mode case were routinely recorded inside the plasmasphere [Carpenter 

et a l, 2003]. Therefore, a plasmapause location at a higher L-shell Lw  — 3.5 is chosen in the

a) 27 Jul 2003 12:27:00 UT

Figure 5.5 Plasmagrams recorded along the IMAGE satellite orbit on 27 July 2003 pro- 
viae measurements of local electron density from the cutoff frequencies calculated from 
multiple echoes. These measurements are used to estimate the plasmapause location 
from the variation of electron density as a function of the satellite L-shell.

ray tracing analysis o f the multi-mode case echo recorded at L =  2.5-3. The discrete W M , 

ZM, LO, and R X  mode echoes propagate close to and along B 0. The electron densities at the 

plasmapause location Lw  =  3.5 and outside the plasmapause therefore do not influence the 

propagation o f these echoes. However, it may be possible that these echoes have occurred close 

to and inside the plasmapause suggesting that the multi-mode case is a good example for a 

case study involving modeling of the plasmapause before performing the ray tracing.
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This section discusses the ray tracing analysis o f the multi-mode case. Figure 5.6 shows 

the IM AGE satellite orbit on 27 July 2003 and the satellite locations as tick marks along the 

orbit where discrete W M , Fast ZM, LO, and R X  mode echoes were recorded. The satellite 

(~2045-2321 km, L =  2.52-3) being close to its perigee (620 km), was moving at a high velocity 

o f 8 .6 8  km /s traveling ~600 km distance in the 77 s duration. The local electron densities as 

measured from the cutoff frequencies o f the echoes observed in the plasmagrams recorded from 

12:30:00 UT (2189 e l/cc) to 12:36:00 UT (142 e l/cc ) (Table 5.4) suggest that the satellite may 

be moving out o f the plasmasphere. The next subsection discusses how the density model is 

built using the available constraints followed by the ray tracing analysis o f the discrete W M  

echo.

5.3 Ray tracing analysis

Figure 5.6 IM A G E  satellite orbit and locations where discrete W M , ZM , LO , and R X  
m ode echoes were recorded on 27 July 2003 at 12:33:00 U T.

5.3.1 Building a reference ‘Cyan electron density ’ model

Figure 5.7 shows the initial reference electron density model (along B 0 passing through 

the satellite) used to perform the discrete W M  echo ray tracing analysis. This density model 

is hereafter referred to as the ‘Cyan electron density’ model. The density model parameters



Rbase =  7599 km (1229 km altitude) and Therm =  1879° K are obtained by best fit to ISIS-1 

electron density measurements [Li, 2004] made within the satellite invariant latitude range 50° 

±  5°. The reference electron density 672 e l/cc  (from f pe =  232 kHz) is calculated from the 

diffuse ZM f u  ̂ resonance at 571 kHz and the gap frequency f ce =  521.64 kHz. The dipole 

model has a reference gyrofrequency f Ce,equ =  801 kHz at the geomagnetic equator calculated 

from the measured f ce — 521.64 kHz at the satellite. This dipole field model is used in all the 

ray tracings discussed in this chapter. The reference electron density is chosen at the satellite 

location o f 1.352 R e  and Am =  -47.06° at the ZM f uh transmission location. This density model
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Figure 5.7 ‘Cyan electron density’ model obtained by curve fitting the density model 
with the ISIS-1 electron density measurements.

has a local electron density Ne ŝat =  685 e l/cc  (f pe,sat — 235 kHz) and a local gyrofrequency 

fee,sat — 540 kHz at the satellite location 1.32 R e and Am =  -43.3° when transmitting W M  

frequencies. This density model has an F2-layer peak electron density o f about 105 e l/cc  at 

240 km altitude.

5 .3 .2  Ray tracing analysis o f  the discrete W M  echo

Figure 5.8 shows the ray tracing analysis o f the discrete W M  echo observed in the multi- 

mode case assuming a small wave normal angle propagation. The satellite moved from 2038 

km altitude and Am =  -43.3° to 2125 km altitude and Am =  -44.9° when recording W M  

signals between 50 kHz and 130 kHz. Figure 5.8a shows the ray tracing o f a W M  ray at 

a frequency 50 kHz propagating at an initial wave normal angle o f 12° which can reflect at 

the Earth-ionosphere boundary and result in a discrete W M  echo. The ray propagates at an
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initial ray angle o f 4.9° close to B 0 passing through the satellite owing to the W M  refractive 

index surface. The ray reflects specularly at the Earth-ionosphere boundary at 120 km altitude 

approximately retracing the incident path and reaching back to the satellite in 35.2 ms. Ray 

tracing parameters along the ray path at other frequencies are provided in Table 1 of Appendix 

D. The ray tracings show that, as frequency increases (50 kHz to 130 kHz), the rays propagating 

at approximately the same wave normal angle o f about 12°, reflect at the Earth-ionosphere 

boundary at 120 km altitude, and appear back on the satellite at lower time delays (35-28 

ms). All rays collect maximum time delays close to the F2-layer peak altitude where the 

electron densities are maximum. Figure 5.8b shows a comparison of the measured time delays 

in grey and the calculated time delays in cyan corresponding to the Cyan density model used. 

Ray tracing shows that the calculated time delays using the Cyan electron density model 

overestimated the measured time delays by about 5 ms. The time delay measurements were

Figure 5.8 Ray tracing analysis of the discrete WM echo assuming propagation at small 
wave normal angles, (a) Ray propagation mechanism at a WM frequency 50 kHz. (b) 
Comparison of the measured and calculated time delays obtained from the ray tracing 
analysis of the discrete WM echo assuming propagation at small wave normal angles.

made at discrete logarithmically stepped frequencies between 50 kHz and 900 kHz o f Program 

5. The RPI receiver has a 300 Hz bandwidth. The entire program is executed in 77 s as shown 

in Table 2 o f Appendix D.

5 .3 .3  Z M  echo constraints on the electron density model

The calculated time delays using the Cyan density model approximately match the mea

sured time delays o f the discrete W M  echo. Li [2004] showed that a maximum uncertainty of
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a factor o f ~4  exists at the F2-layer peak altitude in the electron density models deduced from 

the ray tracing analysis o f the discrete W M  echo using constraints from past electron density 

measurements (e.g. ISIS-1). This subsection discusses how the ZM echo lower and upper cutoff 

frequencies and its dispersion measurements can be used to place constraints on the choice of 

the density model parameters Rbase and Therm as discussed in Section 5.1. The fast ZM echo 

in the multi-mode case displayed a lower cutoff frequency f z jow  =  148.6 kHz ( f z,sat <  f z ,iow) 

and an upper cutoff frequency f z^igh — 181.1 kHz. Figure 5.9 shows a plot o f the frequency 

parameters / ce, f pe, A , and f u\x as a function o f altitude using the Cyan density model along 

the satellite at L =  2.67 where the fast ZM echo was recorded. The plasma frequency (electron 

density) is shown in cyan corresponding to the Cyan density model. This density model has an 

fpe,sat =  230 kHz, fee,sat =  532 kHz, and f ZySat — 8 6  kHz. The fast ZM echo propagates along

M81.1 kHz 
Frequency, kHz

Figure 5.9 Plot of the plasma frequency, gyrofrequency, ZM cutoff frequency, and 
upper hybrid frequency using the Cyan density model along the geomagnetic field line 
passing through the satellite. The satellite was located at L =  2.67 when the fast ZM 
echo was recorded.

B 0 above and below the satellite and reflects when f  =  f z . The ZM ray tracing density model 

must therefore satisfy the following criteria: f z,m in <  f z ,sat < f z ,iow =  148.6 kHz and f Zmax,equ 

— f z ,high =  181.1 kHz. The Cyan density model shows that the minimum value of f z (dashed 

curve) equal to f z ,m in — 8 6  kHz is equal to f z ,Sat at the satellite altitude o f 2130 km and is 

less than f zjow =  148.6 kHz. The value o f f zmax,equ at the geomagnetic equator altitude o f



10,600 km is less than f zj 0w =  148.6 kHz. The Cyan density model therefore cannot be used 

to perform the fast ZM ray tracing analysis. This comparison shows the advantage o f using 

the lower and upper cutoff frequency measurements o f the fast ZM echo to test the density 

model before performing the ZM ray tracing analysis.

To satisfy the density model criterion on f Zmax,equi the electron density along B 0 at altitudes 

above the satellite up to the geomagnetic equator is increased as the gyrofrequency model is 

fixed. A variation o f Rbase and Therm for a fixed reference electron density shows that 

fzmax,equ can increase only when the local plasma frequency increases from f pe,sat =  230 kHz 

to f pe,sat =  278 kHz (N e ŝat =  960 e l/cc  at 1.33 R E and Am =  -45.1°). An Rbase =  7200 

km and Therm =  2400° K are used in this density model. This density model has a local 

gyrofrequency f ce,sat — 532 kHz and an F2-layer peak electron density o f 3 x l0 4 e l/cc  at 240 

km altitude. The plasma frequency (measure o f electron density) is shown in green and the 

density model is hereafter referred to as the ‘Green electron density’ model. Figure 5.10 shows 

a plot o f the frequency parameters / ce, fpe, f z , and f uh along B 0 passing through the satellite

Plot of frequency parameters along B0at L = 2.67

Figure 5.10 Plot o f  the plasm a frequency, gyrofrequency, ZM  cu toff frequency, and 
upper hybrid frequency along the geom agnetic field line passing through the satellite at 
L =  2.67 using the ‘Green density m od e l’ . T he density m odel used here was obtained  by 
m atching the constraints on the fast ZM  cu toff frequencies 148.6 kHz and 181.13 kHz.

at L =  2.67. As seen in the figure, f ZjSat =  118.8 kHz is less than f ziow =  148.6 kHz and
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fzmax,equ =  fz,high ~  181.1 kHz suggesting that the density model is now consistent for use in 

the fast ZM echo ray tracing analysis. This procedure shows that the local electron density is 

higher than what was initially assumed.

5.3.4 Fast ZM echo ray tracing analysis, estimated ‘Green electron density’ model

The fast ZM echo requires a depletion duct to guide the signals along B 0 [Calvert, 1995]. 

A  10% depletion duct centered at L =  2.677 with a duct width o f 0.01 L capable o f ducting 

frequencies between f z,iow =  148.6 kHz and f z,high =  181.13 kHz is used in the Green density 

model. The lower frequencies o f the fast ZM echo between f z,sat — 118.8 kHz and f zjow —

148.6 kHz have not appeared in the plasmagram possibly because they are not ducted. The 

ZM ray tracing program developed by Li [2004] is used to perform the ray tracing analysis. 

Figure 5.11 shows the ray tracing propagation mechanism of signals injected at a frequency 164 

kHz, at all possible wave normal angles in the presence of the depletion duct. As the injected 

frequency 164 kHz is above f z,sat =  118.8 kHz and below f pe,sat — 278 kHz, the rays propagated

Re

Figure 5.11 R ay tracing analysis o f the fast ZM  echo at a frequency 164 kHz show ing 
the ray propagation  m echanism  at all possible wave norm al angles. N onducted  rays are 
showm in black and the ducted  rays propagating at small wave norm al angles resulting 
in the D trace are shown in green.



in the fast ZM. The D trace at a frequency 164 kHz results due to ducted propagation (green 

ray) at a small wave normal angle along B 0 towards higher altitudes and reflection at the /  

=  f z =  164 kHz altitude. All other rays which are not ducted (black), reflect at the f  — f z 

altitude and propagate to regions away from B0 (do not result in an echo). The particular 

fashion in which the fast ZM rays reflect from lower latitudes can be explained using the f z 

contours shown in Figure 3.7. The rays reflecting at lower altitudes inside the duct result in 

the C trace and those rays reflecting from both above and below the satellite altitude inside 

the duct result in C+D  and 2C+D traces. The C trace did not appear in the plasmagram, 

possibly because the duct is not extending towards lower altitudes below the satellite. The ray 

parameters along the propagation path obtained from the ray tracing analysis at a frequency 

164 kHz resulting in the D trace is discussed next. The ducted fast ZM ray shown in green 

is injected at a frequency 164 kHz at 0° wave normal angle from the satellite located at 2133 

km altitude and Am =  -45.06°. The ray propagates along B0 passing through the satellite (L 

=  2.69) where f z,sat =  118.8 kHz. The ray reaches the /  =  f z =  164 kHz reflection altitude 

at 5810 km and Am =  -32.33° in 41.32 ms, where the refractive index of the ray becomes zero. 

The depletion duct creates lower electron densities (lower f z) along B0 resulting in the ducted 

rays (green) reflecting at a higher altitude compared to the nonducted rays. The reflected ray 

propagates along B0 reaching back to the satellite in 81.42 ms time delay. The fast ZM ray 

tracing analysis shows that higher frequencies resulting in the D trace (148.6 kHz to 181.13 

kHz) propagate along B0 in the depletion duct, reflect from higher altitudes (4275 km to 9220 

km) closer to the geomagnetic equator and appear back on the satellite at higher time delays 

(46.8 ms to 243.8 ms). The Table 3 shown in Appendix D provides the ray parameters along 

the propagation path of the ZM echo at various frequencies as obtained from the ZM ray 

tracing analysis using the Green density model. The resonance cone angle column is manually 

changed to show 0° (closed refractive index surfaces), corresponding to the fast ZM frequencies 

/  <  f pe. The ZM ray tracing program uses the formula tan~1^  where P  and S are the Stix 

parameters to calculate the resonance cone angle [Stix, 1962].

Figure 5.12 shows a comparison of the measured (grey) and calculated time delays (green 

diamonds) obtained from the ray tracing analysis of the fast ZM echo. The calculated time de

lays fell a few milliseconds above the measured time delays. The Green density model obtained 

by matching the fast ZM echo dispersion with the calculated dispersion provides electron den

sity estimates above the satellite altitude ~2136 km (960 el/cc) up to the geomagnetic equator
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Frequency, kHz
Figure 5.12 Comparison of the measured and calculated time delays of the fast ZM 
echo. The measured time delays are shown in grey and the calculated time delays are 
shown as green diamonds.

~10,600 km (544 e l/cc ) along with bounds on the electron density model parameters. The elec

tron densities below the satellite altitude (close to the F2-layer) do not influence the measured 

dispersion of the fast ZM echo (D trace). The following subsection discusses the ray trac

ing analysis o f the discrete W M  echo using the Green density model, which provides electron 

density estimates at lower altitudes below the satellite down to the Earth-ionosphere boundary.

5.3.5 Discrete WM echo ray tracing analysis using the Green electron density model, 

estimated ‘Red electron density 9 model

The Green density model gave f pe,sat =  296 kHz and f ce,sat =  540 kHz at the satellite 

location (1.32 R e  and Am =  -43.3°) where W M  frequencies are transmitted. The discrete 

W M  echo ray tracing analysis using the Green density model underestimated the measured 

W M  echo dispersion by about 5 ms. A comparison of the measured (grey) and calculated time 

delays (green diamonds) using the Green density model is shown in Figure 5.13. As discussed in 

Table 5.4, local electron densities from 12:30:00 UT to 12:36:00 UT indicate a decrease along the 

satellite orbit. The f pe,sat estimates from the LO, diffuse ZM, and R X  mode echoes transmitted 

one after the other are 280 kHz, 267-279 kHz, and 242-269 kHz, respectively, also indicate 

a decrease. Consistent with decreasing electron densities, the calculated dispersion using a 

density model with higher local f pe,sat =  357 kHz at the satellite location when transmitting
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Figure 5.13 Comparison of the measured and calculated time delays obtained from 
the ray tracing analysis of the discrete WM echo.
W M  frequencies matches the discrete W M  echo dispersion. This is due to the W M  echo time 

delays being proportional to the electron densities along its propagation path. This density 

model hereafter referred to as the ‘Red electron density’ model has an Rbase =  7200 km and 

Therm =  2000° K as shown in Figure 5.14. A comparison of the calculated time delays (red 

diamonds corresponding to the Red density model) matching the measurements (grey) is shown 

in Figure 5.13.

5.3.6 Comparison of the Cyan, Green, and Red electron density models estimated from  

the ray tracing analysis of the discrete WM and fast ZM echoes

Figure 5.14 shows a comparison of the density models obtained by matching the ray tracing 

calculated dispersions with the measured dispersions of discrete W M  (Cyan and Red) echo and 

ZM (Green) echo. The Cyan density model is the initial model obtained from the best fit to 

ISIS-1 data. This density model has an f pe,sat =  235 kHz ( N e =  685 e l/cc ) at the satellite 

location where W M  frequencies were transmitted (2038 km altitude) and an F2-layer peak 

electron density 9 x l0 4 e l/cc  at 240 km altitude. The Green density model obtained from the 

ray tracing analysis of the fast ZM echo has an f pe,sat =  278 kHz at 2130 km altitude and 

an F2-layer peak electron density o f 2 x l0 4 e l/cc  at 240 km altitude. The Red density model
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Figure 5.14 Comparison of the estimated electron density models obtained by match
ing the WM and ZM echo dispersions with the ray tracing calculated dispersions.

showing a similar electron density gradient as that o f the Green density model has an f pe,Sat 

=  357 kHz and an F2-layer peak electron density o f 5 x l0 4 e l/cc  at 240 km altitude. The 

calculated dispersion using the Cyan density model (ISIS-1 data) overestimated the W M  echo 

dispersion. The time delays calculated using the Green density model obtained from the ray 

tracing analysis o f the ZM echo underestimated the W M  echo time delays. The calculated 

dispersion using the Red density model close to the Green density model and with a higher 

fpe,sat =  357 kHz matches the W M  echo dispersion. The ray tracing analysis of the discrete 

W M  echo has provided estimates o f the electron density from the satellite (~2038 km) down 

to the Earth-ionosphere boundary altitude (120 km). Ray parameters along the propagation 

path o f the W M  echo are provided at a few frequencies in Table 4 of Appendix D.

The dispersions o f each of the discrete echoes observed in the multi-mode case are influenced 

differently by the electron densities along their echo propagation paths due to differences 

in their propagation characteristics. Therefore each echo provides different constraints and 

estimates of the electron density model whose calculated dispersion can explain the measured 

dispersion. On the assumption that the electron densities along the satellite orbit during the 

77 s duration vary smoothly, a density model with lower uncertainty can be deduced from the 

ray tracing analysis o f all echoes. The calculated dispersions using the Red and Green density 

models with different local electron densities but a similar variation in their electron density



models can explain the discrete WM and ZM echo dispersions, respectively. The Red density 

model provides electron density estimates from the satellite down to the Earth-ionosphere 

boundary. The Green density model provides electron density estimates from the satellite up 

to the geomagnetic equator.

About 48.6 s after the initial transmission time of 12:33:00 UT, the multi-mode case 

recorded LO mode, Oblique ZM, diffuse ZM, and RX mode echoes one after the other. The 

oblique ZM echo is the band of intense emission with 12 ms to 50 ms time delay spread be

ginning at 280 kHz frequency. The oblique ZM echo occurs when signals propagate at oblique 

wave normal angles and reflect when sounding frequency /  =  f pe [Calvert, 1966]. Such oblique 

ZM echoes were routinely recorded in the 2003 data survey displaying an increase in time 

delays above its lower cutoff frequency at f pe. The Oblique ZM echo ray tracing analysis could 

not be performed in this thesis. The intense band of emission appearing between 285.6 kHz 

and 315.3 kHz at higher time delays from 270 ms to 320 ms is the LO mode echo. This band 

of emission was determined to be an LO mode echo in Section 5.1.

5.3.7 Ray tracing analysis of the LO mode echo, estimated ‘Blue electron density’ model

The LO mode echo ray tracing analysis is not performed using an LO mode ray tracing 

program as it was not available. Instead, a MATLAB program is used to simulate propagation 

of LO mode signals along B 0. The total time delay is computed as a summation of time delays 

accrued (ratio of distance propagated and group velocity) along the propagation path. This is 

demonstrated by the equation

T9 =  f  Y  • (5-3)
Js vg

The MATLAB program uses the cold plasma density model and dipole field model used 

in the Stanford ray tracing program for modeling the electron density and geomagnetic field 

strengths, respectively. Assuming propagation at a 0° wave normal angle, the rays are allowed 

to propagate along B0 by distances specified by the step size ds. At each step, the f pe, / ce, 

distance propagated (ds), group velocity (Vg), and hence the time delays accrued (ds/Vg) 

are computed. This process of calculating and summing up the time delays is continued 

until an altitude is reached where the sounding frequency /  =  f pe. Figure 5.15 shows the ray 

propagation mechanism at a frequency 300 kHz as obtained from the LO mode echo ray tracing 

analysis using the MATLAB program. Rays in red and blue indicate the paths taken by the
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traces A and B due to propagation/reflection from lower and higher altitudes, respectively. 

The rays can also appear back on the satellite due to multiple reflections from either side o f 

the hemisphere and result in traces A-t-B, 2 A + B  and so on. At 300 kHz frequency, the traces 

A  and B appear in 5 ms and 250 ms time delays, respectively. The traces A + B  and 2 A + B  

will therefore appear in 255 ms and 260 ms time delays, respectively as shown in Figure 5.16. 

The figure shows the calculated time delays at frequencies 280-400 kHz resulting in the three 

traces B, A + B  and 2A +B . The LO mode echo measurements o f time delays (270-320 ms) are 

available only up to 315.3 kHz as shown in Figure 5.2. Therefore the calculated time delays 

above 320 kHz are indicated as dashed lines.

Figure 5.15 shows the ray propagation path as obtained from the ray tracing analysis at 

a frequency 300 kHz. The density model with an Rbase =  7200 km, Therm =  2000° K, and 

a local fpe,sat =  280 kHz equal to the lower cutoff frequency o f the LO mode echo is used. 

This density model, hereafter referred to as the ‘Blue electron density’ model, is used in the 

ray tracing analysis o f the LO mode echo. The ray propagating at 300 kHz is injected at a 

0° wave normal angle towards higher altitudes from the satellite located at 2203 km altitude 

and Am =  -46°, where fpe,sat =  281 kHz and f Ce,sat =  527 kHz (plasma predict). The wave

Re

Figure 5.15 R ay tracing analysis at a frequency 300 kHz showing LO m ode echo 
propagation  along the geom agnetic field line. T he rays can propagate to  a lower or higher 
altitude and reflect from  the same side (red) or the con jugate side o f  the hem isphere 
(blue), respectively.



normal angle and ray angle are set to 0° due to the assumption of propagation along B0. This 

ray reaches the equator at an altitude of 11,635 km in about 61 ms time delay. The closed 

refractive index surface of the LO mode echo (initial refractive index value of 1.49) becomes a 

dot at the /  =  f pe =  300 kHz reflection altitude of 1694 km and Am =  47.8° in the conjugate 

hemisphere. The total time delay of the echo is calculated assuming that the time taken by 

the ray to reach the reflection altitude is equal to the time taken by the ray to reach back to 

the satellite after reflection. Table 5.5 shows the ray parameters along the propagation path 

of the 300 kHz ray from the satellite up to the reflection altitude in the conjugate hemisphere.

Table 5.5 Ray parameters obtained from the ray tracing analysis of the LO mode echo 
at a frequency 300 kHz using the MATLAB LO mode ray tracing program.

B Trace Alt
(km)

Am

(°)
fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fz

(kHz)
fuh

(kHz)
6

(°)

a

(°)
V Tg

(ms)
Initial 2203 -46 281 983 527 1 2 2 597 0 0 0.84 0 .0 0

7132 -30 216 579 1 1 1 167 243 0 0 0.82 22.06
At Equator 11635 0 194 465 35 177 197 0 0 0.83 61.54

7132 30 216 579 1 1 1 167 243 0 0 0.82 1 0 1 .0 2

At Reflection 1694 47 300 1116 643 118 709 0 0 0.83 125.09

The calculated time delays (250-270 ms) cannot explain the large time delay spread (270- 

320 ms) in the measurements. The higher time delay spread can be attributed to the extra 

path the rays propagate bouncing inside a duct at a non-zero wave normal angle rather than 

the path taken by a ray propagating at a 0 ° wave normal angle. A time delay spread of 50 

ms of the B, A +B , and 2 A +B  traces appearing together can also be a result of multipath 

propagation. A possible way of increasing the time delay spread between each trace is by 

increasing the propagation distance before reflection ( /  =  f pe). This is possible by a gentle 

slope in the electron density model (slowly varying f pe) below the satellite altitude by lowering 

the Rbase altitude. The maximum frequency of the LO mode echo of about 300 kHz reflects 

at the lowest altitude of 1694 km. The ray tracing analysis of such LO mode echoes provides 

electron density estimates above the lowest reflection altitude along B0 passing through the 

satellite up to the conjugate side of the hemisphere. The electron densities at the F2-layer peak 

altitude do not influence the measured dispersion of the LO mode echo. The Blue density model 

whose calculated dispersion can explain the LO mode echo dispersion has a reference electron
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Frequency, kHz

Figure 5.16 Calculated time delays of the LO  mode echo observed in the multi-mode 
case. The A trace falling at 5 ms is not shown here.

density o f N e,Sat =  972 e l/cc  obtained from the lower cutoff frequency fpe,sat =  280 kHz o f the 

LO mode echo. This model is close to the Green density model (ZM ) as shown in Figure 5.19.

5.3.8 Ray tracing analysis o f the RX mode echo, estimated ‘Brown electron density1 

model

A free space R X  mode ray tracing program (Chapter 4) was built by modifying the refrac

tive index subroutine in the Stanford W M  ray tracing program. The R X  mode ray tracing 

calculated time delays (green diamonds) assuming the Green density model fall below the 

measured time delays as shown in Figure 5.18. The ‘Brown electron density’ model uses a 

reference electron density corresponding to an f pe,sat =  230 kHz obtained from the R X  mode 

echo cutoff frequency f r,sat =  607 kHz (below f r — 630.65-643.27 kHz) and f ce,sat — 520 kHz. 

The time delays calculated from ray tracing assuming the Brown density model match the 

measured time delays suggesting that the actual f r,Sat is less than the measured f r,sat which 

has an uncertainty due to the minimum measurable time delay 12.74 ms of Program 5.

The R X  mode echo is observed in the frequency range 643.3-900 kHz in the multi-mode 

case. Figure 5.17 shows the rays injected at all possible wave normal angles at a frequency 800 

kHz from the satellite located at 2287 km altitude and Am =  -47.6°. Ray parameters along the
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Re
Figure 5.17 Propagation mechanism of RX mode echo rays resulting in the discrete 
RA mode echo as obtained from the ray tracing analysis.

ray path are shown at a few frequencies o f the R X  mode echo in Table 5 o f Appendix D. The 

ray in brown (corresponding to the Brown density model) injected at a 15° wave normal angle 

appears back on the satellite in about 21.27 ms time delay after reflecting at an altitude where 

f  =  f r — 800 kHz. The ray propagates with an initial ray angle o f 13.8° close to B 0 passing 

through the satellite. This ray reflects in 10.73 ms when /  =  f r =  800 kHz at an altitude of 

1444 km and Am =  -48.9°.

Figure 5.18 shows a comparison of the measured and calculated time delays o f the R X  

mode echo. The measured time delays are shown in grey, and the calculated time delays using 

the Brown density model are shown as brown diamonds. The particular dispersion o f the 

R X  mode echoes can be understood from the rapid increase in group velocities from zero to 

speed of light at frequencies /  >  f r . The low group velocity at frequencies close to f r results 

in the sharp increase in time delays above the cutoff frequency. At higher frequencies, the 

propagation distance continues to increase slowly due to propagation towards steeper density 

gradients at altitudes above the F2-layer. The ray tracing analysis o f the R X  mode echo has 

provided electron density estimates from the satellite altitude at —2261 km down to —1170 km 

where the ray propagating at the maximum frequency 900 kHz reflects. The electron densities



close to the F2-layer peak altitude therefore do not influence the measured dispersion o f the 

R X  mode echo. Only discrete W M  echoes can provide an estimate o f the electron density 

model from the F2-layer peak altitude down to the Earth-ionosphere boundary.

Figure 5.18 Comparison of the measured and calculated time delays as obtained from 
the ray tracing analysis of the RX mode echo.

5.3.9 Summary of the estimated electron density models from the ray tracing analysis 

of the multi-mode case

The ray tracing analysis o f the echoes propagating in various modes o f the multi-mode 

case has provided estimates o f electron density along their propagation paths. Only discrete 

W M  echo has shown the diagnostic potential of providing electron density estimates at low 

altitudes from the F 2 -layer peak altitude down to the Earth-ionosphere boundary. All other 

echoes propagate to regions much above (>1170 km) the F2-layer peak altitude, suggesting 

that the electron densities close to the F2-layer peak altitude do not influence their dispersion. 

The discrete ZM echo and LO mode echo in the multi-mode case provided electron density 

estimates above the satellite altitude. Ray tracing analysis of echoes propagating in more than 

one mode showed that bounds on the choice o f the density model parameters can be placed 

and the electron densities along B 0 passing through the satellite can be estimated with a lower
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uncertainty.

Figure 5.19 shows the electron density estimates along B 0 passing through the satellite 

locations when W M  (Red), ZM (Green), LO (Blue), and R X  (brown) mode echoes were ob

served. The calculated time delays using these density models match the measurements. Only 

the electron densities in bold are the estimates from the ray tracing analysis o f each echo. 

Electron densities at locations where it is shown as dashed do not influence the dispersion o f 

the echo. The satellite was moving towards lower altitudes and outward o f the plasmasphere 

while recording W M , ZM, LO, and R X  mode echoes in the 77 s duration. The reference local 

electron densities used in the ray tracing analysis o f W M , fast ZM, LO, and R X  mode echoes 

are 1585 e l/cc  (357 kHz), 960 e l/cc  (278 kHz), 972 e l/cc  (280 kHz), and 656 e l/cc  (230 kHz), 

respectively. These local electron densities are consistent with the decreasing trend observed 

in the electron density measurements (Table 5.4) from the cutoff frequencies o f echoes recorded 

on 27 July 2003. The values o f Rbase (Rb), Therm (TX), and the reference electron density 

(N e,S(1t) at the satellite are shown in the figure. The estimated electron density models show 

that the F2-layer peak electron density varies from 5 x l0 4 e l/cc  to 2 x l0 4 e l/cc  when trans-

Figure 5.19 Comparison of the final electron density models obtained by matching the 
measured dispersion with that calculated from the ray tracing of the echoes observed 
in the multi-mode case recorded on 27 July 2003 at 12:33:00 UT. The electron density 
models shown in bold along the geomagnetic field line passing through the satellite were 
estimated from WM (Red), ZM (Green), LO (Blue), and RX (Brown) mode echoes.



mitting W M and RX mode echoes in the 77 s duration. In general, the F2-layer peak electron 

density does not vary as much within 77 s duration as it does not influence the ZM, LO, and 

RX mode echo dispersions here and can be estimated only using discrete W M echo ray tracing 

analysis. A low value of the F2 -layer peak electron density of 5 x l0 4 e l/cc ( fpe ~  2  MHz) is 

possibly due to the recording made in the midnight-to-dawn sector (MLT =  4.9) or due to 

highly disturbed geomagnetic conditions when the K p values in the past 24 hours were as high 

as 4 and 6 .

The multi-mode case ray tracing analysis assumes a fixed value of Rbase =  7200 km in 

all the density models. A lower value of Rbase can also explain all the echo dispersions 

suggesting that an uncertainty in the F2-layer peak electron density exists. Electron density 

measurements from the F2-layer peak altitude down to the Earth-ionosphere boundary are 

available from ionosonde and other ground based measurements. A density model constrained 

by these measurements can be used in the ray tracing analysis of the discrete WM echo to 

reduce the uncertainty in the electron densities estimated from the satellite down to the Earth- 

ionosphere boundary. Together, both ground based measurements and IMAGE satellite based 

active soundings such as the multi-mode case can provide electron density estimates along the 

whole of the geomagnetic field line passing through the satellite with a reduced uncertainty. 

The multi-mode case echo (recorded in 2003) deduced electron densities fell below the ISIS-1 

measurements taken during sunspot maximum period from 1969 to 1971 when the sunspot 

numbers varied from 140 to 60. This could be due to the IMAGE satellite active sounding 

measurements of electron densities from 2003 to 2005 which were obtained when sunspot 

numbers were lower and varied from 60 to 2 0 .

Figure 5.20 shows a comparison of the measured dispersions of WM, ZM, and RX mode 

echoes with the dispersions calculated from their respective ray tracing analysis. The calculated 

dispersion colors correspond to the density model colors used in the ray tracings. The time 

delays from the LO mode echo displaying a diffuse nature could not be measured and so are 

not shown here.
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Figure 5.20 Comparison of the measured and calculated time delays of the discrete 
WM, fast ZM, and free space RX mode echoes observed in the multi-mode case. The 
calculated time delays are plotted using diamonds whose color corresponds to the color 
used to represent the density models used in their ray tracing analysis.
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Magnetospherically Reflected (MR) Whistler Mode (W M ) echoes

This chapter discusses the observations, interpretation, and ray tracing analysis of the 

MR-WM echoes recorded by RPI on the IMAGE satellite. The first section presents a brief 

introduction and background of the past work related to MR-W M echoes. The second section 

presents a survey of MR-WM echoes observed on IMAGE during its operational period from 

March 2000 to December 2005. The third section presents an interpretation of the observed 

echoes. The fourth section presents a method to determine the electron density and ion effec

tive mass by matching the time dispersion properties (group time delay of each transmission 

frequency) of the MR-WM echoes with those calculated from ray tracing analysis.

6.1 Introduction

Whistler mode waves injected from a satellite in the magnetosphere can appear as WM 

echoes via three possible mechanisms: (1) specular reflections at the Earth-ionosphere bound

ary, (2 ) magnetospheric reflections when sounding frequency /  is approximately equal to the 

local lower hybrid frequency fih, and (3) scattering due to irregularities of scale sizes compa

rable to the W M  wavelengths. The three mechanisms have been discussed in Sonwalkar et al 

[2001, 2004].

This thesis reports the observations and ray tracing interpretation of the MR-W M echoes 

recorded by RPI on IMAGE. The IMAGE satellite recorded MR-WM echoes when it trans

mitted 3.2 ms pulses in the 6  kHz to 63 kHz (Program 38) frequency range with a 0.3 kHz step 

size in the period from January to August 2004 and August to December 2005. These echoes 

were recorded when the satellite was located at low altitudes (<5000 km) inside the plasma- 

sphere. MR-W M echoes were not recorded frequently on IMAGE from 2000 to 2003 because 

there were very few transmissions of programs capable of observing MR-WM echoes. In order 

to observe MR-W M echoes, the programs must be capable of transmitting 3.2 ms pulses at 

frequencies less than 12 kHz (maximum fih), have smaller frequency step sizes —0.3 kHz, and

Chapter 6



have maximum detectable time delays > 2 0 0  ms when the satellite is inside the plasmasphere 

(<5000 km). The details of the programs transmitted when MR-WM echoes were recorded by 

IMAGE from 2000 to 2005 are discussed in Section 6 .2 .

A chronological review of past work on observations of MR-WM waves due to lightning 

and ground transmitter signals, and in-situ and satellite-based measurements of f a  and mef f  

were presented in Section 1.2.2. This thesis uses the following past work to place bounds 

on the reference relative ion composition used in the ray tracing calculations: (1 ) mef f  and 

relative ion composition measurements from ion whistlers [Barrington, 1969], (2) ion density 

measurements from ISIS-2 satellite at a fixed 1400 km altitude [Hoffman et al, 1974], and 

(3) ion density measurements by Atmospheric Explorer AE-C, AE-D, and AE-E satellites at 

altitudes 149-4294 km, 154-3816 km, and 156-2983 km, respectively [Brinton et al., 1973].

6.2 Observations of M R -W M  echoes

This section discusses the data survey and observations of MR-WM echoes recorded by 

RPI on IMAGE in the 2000 to 2005 period. The first part of this section presents examples of 

MR-WM echoes observed on IMAGE, and the second part discusses their occurrence pattern, 

frequency and group time delay measurements. Unless otherwise stated, all satellite locations 

presented in this chapter are based on the definitive orbital information.

6.2.1 Examples o f  M R -W M  echoes recorded on IM AG E

IMAGE transmits signals using two 500 m tip-to-tip dipoles, namely, X- and Y-antennas in 

the spin plane of the satellite. IMAGE receives signals using the X-, Y-, and Z-antennas. The Z- 

antenna is a 20 m tip-to-tip dipole antenna oriented along the spin axis of the satellite. Figure

6.1 shows examples of MR-W M echoes received by the 500 m long X-antenna on IMAGE. 

Figure 6 .1 a shows the plasmagram displaying MR-WM echoes recorded on 16 November 2005 

at 03:33:36 UT. The satellite was located at an altitude of 3420 km, magnetic latitude Am =  

14.2°, and MLT =  10. The discrete MR-W M echo extends from a lower cutoff frequency of

6.3 kHz at ~110 ms time delay to an upper cutoff frequency of 10.8 kHz at ^120 ms to ^150 

ms time delay spread. This echo is characterized by a minimum in time delay («100 ms) at a 

frequency (8.1 kHz) above the lower cutoff frequency (6.3 kHz). The Proton Cyclotron (PC) 

echoes [Carpenter et al, 2007] labeled as PC in the figure appear as horizontal lines in the
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Figure 6.1 Examples of MR-WM echoes recorded in the data survey made during 
January-August 2004 and August-December 2005 periods. Each of these echoes shows 
a characteristic dispersion. All MR-WM echoes have a distinctive lower cutoff frequency 
where a resonance occurred and an upper cutoff frequency <12 kHz. All MR-WM echoes 
accompanied PC echoes, (a) Discrete MR-WM echo example with time delay spread of 
~ 3 -6  ms at each frequency appearing with a minimum in time dispersion at a frequency 
above the lower cutoff frequency, (b) Example of a discrete MR-WM echo (time delay 
spread ~ 3 -6  ms at each frequency) appearing without a minimum in time dispersion at 
a frequency above the lower cutoff frequency, (c) MR-WM echo example with multipath 
(<20 ms time delay spread at each frequency). This MR-WM echo accompanied a 
discrete WM echo, (d) Example of a diffuse MR-WM echo with time delay spread 
greater than ~40-100 ms at each frequency and accompanied by a discrete WM echo, 
(e) Plot of the low-altitude portion of the IMAGE satellite orbit on 16 November 2005. 
The approximate locations of the IMAGE satellite are indicated as red dots, as are the 
locations for cases shown in Figures 6.la-6. Id. (f) Dynamic spectrogram on 16 November 
2005 provides local measurement of the upper hybrid frequency indicated as f uh. The 
plasmapause location is indicated as PP and the gyrofrequency J ce using the TSY-96 
model is shown as a red curve. The MLT for these cases shown in Figures 6.la -6 .Id  were 
10, 10.8, 12, and 12, respectively. The narrow band signals covering 20-160 ms time 
delay range around 20 kHz frequency are the small bandwidth VLF ground transmitter 
signals leaking through the ionosphere and appearing on the satellite.



plasmagram. The strong signal bands around 20 kHz are the VLF (<30 kHz =b 1 kHz) ground 

transmitter signals leaking through the ionosphere into the magnetosphere and recorded on 

IMAGE. A list of possible ground transmitter signals observed on IMAGE is given in Table 

6 .1 , providing the transmitter location, transmitted center frequency, and bandwidth.

Table 6.1 Details of the possible VLF ground stations whose signals have appeared in 
the plasmagrams accompanying MR-WM echoes recorded on 16 November 2005 [Cour
tesy, Amani Reddy].

Freq. Strength Station Lat., Long. Power Bandwidth
(kHz) (dBnV/m ) (°) (kW) (Hz)

16.2 64.0 UKG 54.42 N, 200.30 E <500
16.3 70.0 VTX1 8.25 N, 77.48 E
16.8 6 6 .8 Unid
17.9 65.0 US Navy TACAMO 400/800
18.2 6 8 .8 VTX3 8.25 N, 77.48 E
18.3 68.4 HWU 200 (MSK)
18.6 66.4 RD1 54.45 N, 20.30 E
18.6 66.4 RKS 68.58 N, 33.04 E
18.9 63.8 UMB 57.4 N, 390.48 E < 1 0 0 0

19.8 68.3 GBZ 52.43 N, 3.03 W 30
20.4 66.5 ICV 40.55 N, 90.45 E <500
20.5 61.5 UNW3 54.26 N, 26.48 E 300
2 1 .6 59.5 HWU 46.37 N, 1.05 E 2 0 0

2 2 .2 6 6 .2 Navy Skelton 32.05 N, 132.3 E
2 2 .2 6 6 .2 JJI 32.05 N, 132.3 E
23.1 67.4 US Navy TACAMO 400/800
23.4 68.7 DH038,DHJ 53.05 N,7.37 E

Figure 6.1b shows the plasmagram displaying an MR-WM echo recorded on 14 November 

2005 at 08:54:32 UT. The satellite was located at 2950 km altitude, Am =  31.6°, and MLT 

=  10.8 when the echo was recorded. The discrete MR-WM echo extends from a lower cutoff 

frequency of 6.9 kHz at «9 0  ms time delay to an upper cutoff frequency of 10.2 kHz at « 1 12 

ms to «125 ms time delay. This echo shows a trace with higher frequencies having higher time 

delays and appears without a minimum in time delay at a frequency above the lower cutoff 

frequency. Such echoes were observed at lower altitudes (<2500 km) inside the plasmasphere. 

The MR-WM echoes in Figures 6.1a and 6.1b have narrow range of time delays as a function



of frequency and are called discrete MR-WM echoes covering one or two 3.2 ms range bins 

at each frequency (temporal resolution imposed by the transmitted pulse length is 3.2 ms). 

The strong signal bands between «1 6  kHz and ^24 kHz are the ground transmitter signals. 

Figure 6.1c shows the plasmagram displaying an MR-W M echo recorded on 23 October 2005 

at 10:22:46 UT. The satellite was located at 2650 km altitude, Am =  39.2°, and MLT =  12. 

The MR-WM echo extends from a lower cutoff frequency of 7.8 kHz at ~ 6 8  ms to ~78 ms time 

delay to an upper cutoff frequency of 10.5 kHz at ~94 ms to ^167 ms time delay. The time 

delays occupy more than two range bins ( « 6  ms to «2 0  ms) at each frequency. The spread 

in time delay at all frequencies of the echo suggests a possibility of multiple path propagation. 

Figure 6 .Id shows the plasmagram displaying an MR-WM echo recorded on 29 October 2005 

at 08:42:38 UT. The satellite was located at 2500 km altitude, Am =  38.4°, and MLT =  12. 

The MR-WM echo extends from a lower cutoff frequency of 8.4 kHz at ~52 ms minimum 

time delay to an upper cutoff frequency of 11.1 kHz at ^84 ms minimum time delay. All the 

frequencies have a maximum time delay of 160 ms equal to the maximum measurable time delay 

of Program 38 suggesting diffuse nature of the echo. Such diffuse MR-WM cases (>40-100 ms 

time delay spread) were observed at lower altitudes close to and inside the plasmasphere and 

often accompanied WM echoes which reflected at the Earth-ionosphere boundary, hereafter 

referred to as ‘discrete’ W M echoes.

Figure 6.1e shows the plot of the low altitude portion of the IMAGE satellite orbit for 

the case of Figure 6.1a. The approximate locations of IMAGE for the cases shown in Figures 

6 .la - 6 .Id are indicated by red dots. Dipole field lines at L =  4 are shown as a reference. 

Figure 6 .If shows the dynamic spectrogram recorded by IMAGE on 16 November 2005 from 

02:00 UT to 06:00 UT in the 3 kHz to 1 MHz frequency band. The dynamic spectrogram is 

a measurement of the natural background activity recorded by RPI on IMAGE. The dynamic 

spectrogram shows strong natural upper hybrid frequency emissions indicated as f uh- The 

gyrofrequency f ce using TSY-96 model is shown as a red curve. The measurement of f pe from 

f uh is made using this dynamic spectrogram. The plasmapause location is indicated as PP at 

03:00 UT at Lpp =  4.2. All MR-WM echoes displayed an upper cutoff frequency less than 12 

kHz where the maximum in time delay occurred. Carpenter et al. [2007] showed that the PC 

echoes that accompany MR-W M echoes appear at time delays nrp, where rp =  1 /f Ci is the 

proton gyroperiod and fd  is the proton gyrofrequency. The proton gyrofrequency is given as

fd  =  eB/rrip (6.1)



where e is the charge of an electron, B is the magnetic field intensity, and mp is the mass of 

a proton. The gyrofrequency f ce can be calculated from fd  using the relation f ce ~  1836 f c%. 

The upper hybrid resonance frequency f uh can be measured from the dynamic spectrogram 

shown in Figure 6 .If and the gyrofrequency from PC echoes can be used to estimate the plasma 

frequency using the relation

fpe =  y f f [h -  fee • (6 -2 )

The following paragraphs discuss the derivation of the parameter ion effective mass m e/ /  

and how it is related to the ion composition. Let us assume that plasma is made up of electrons 

and p number of ions. Let each ion have a mass ra* and charge qi where i — 1, 2, 3,....p. If A ,̂ 

i =  1, 2, 3,...p represents ion density of the zth ion and Ne represents electron density, overall 

charge neutrality is satisfied when

p
Ne =  Niqi +  N2q2 4 -  Npqp =  .

i=1

The parameter Mi =  is defined as the mass to charge ratio of the zth ion with respect”*,e/Qe
to that of an electron, where m e =  9.1 xlO - 3 1  Kg and qe =  1 .6x l0 - 1 8  C are the electron mass 

and charge, respectively, and ra* and qi are ion mass and charge, respectively. The cold plasma 

density model used in this thesis assumes Hydrogen ( # + ), Helium (H e+ ), and Oxygen ( 0 + ) 

ions. Assuming an overall concentration of each ion to be NH+, NHe+, and Nq+, the relative 

ion concentration is then calculated as follows

a H+

a He+

^o+

Ne
N n et
Ne
N0+

Ne
3

a H+ +  a He+ +  a Q+ =  ^  a, =  1 .

i=1

The ratio of the positive charge densities of the zth ion with respect to that of an electron 

density is defined as where z =  1, 2, and 3 correspond to a^+ , &He+i and &q+, respectively. 

The values of mH+, m He+, and m0 + corresponding to masses of H + , H e  and 0 + ions are
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where ion effective mass 777eyj is related to the parameter effective mass M ef f  as

=  s -  (6'6)

For the 16 November 2005 case (Figure 6.1a) the local f pe =  545.6 kHz is measured from 

fuh — 626.7 kHz obtained from the dynamic spectrogram shown in Figure 6 .If. The f ce =  308.3



kHz is measured from the accompanying PC echoes. The local f a  is 6.26 kHz as measured 

from f pe and f ce assuming mef f  =  1 using Equation 6.5. The measured lower cutoff frequency 

of the MR-WM echo shown in Figure 6.1a is 6.3 kHz which is close to the calculated f a  =  6.4 

kHz. The maximum recorded K p value (K Pirnax) in the preceding 24 hours is 1.7. This suggests 

that the geomagnetic conditions are quiet. The plasmapause location (Lw ) is calculated as 4.8 

using the relation Lpp =  5.6 - 0.46KPiTnax [Carpenter and Anderson, 1992]. The plasmapause 

location Lpp =  4.2 is obtained from the L-shell where a decrease in the f uh measurements is 

noticed in the dynamic spectrogram (Figure 6 .If). This suggests that the satellite location 

where the MR-W M echo is recorded (L =  1.63) is inside the plasmasphere (shown as a red dot 

in Figure 6.1e).

The PC echoes accompanying the MR-W M echo recorded on 14 November 2005 (Figure 

6 .1 b) could not be used to estimate f ce as the gap between the successive PC harmonics is 

less than the time delay resolution (3.2 ms). Using the dynamic spectrogram measurement of 

f uh =  667 kHz and IGRF model f ce =  535 kHz, f pe =  565 kHz is obtained. The lower cutoff 

frequency equal to 6.9 kHz is close to f a  =  6.99 kHz as calculated from f pe and f ce assuming 

mef f  =  1. The geomagnetic conditions are moderately quiet as suggested by K p m̂ax =  3.3 in 

the preceding 24 hours. The satellite at L =  2.2 may be inside the plasmasphere as suggested 

by Lpp =  4 calculated from the relation Lpp =  5.6 - 0.46Kp,rnax-

The local plasma frequency of 524 kHz is measured for the 23 October 2005 case (Figure 

6.1c) from f uh =  678 kHz (dynamic spectrogram) and f ce =  430 kHz (IGRF). The calculated 

value of local f a  =  7.76 kHz obtained from fpe and f ce assuming mef f  =  1 is close to the lower 

cutoff frequency 7.8 kHz of the MR-W M echo. The K p m̂ax =  1.3 in the preceding 24 hours 

suggests quiet geomagnetic conditions. The satellite at L =  2.36 and the plasmapause location 

of Lpp =  5 obtained using the relation Lpp =  5.6 - 0.46Kp m̂ax suggest that the MR-WM echo 

was observed inside the plasmasphere.

The local plasma parameter f pe =  544 kHz is obtained for the 29 October 2005 case (Figure 

6 .Id) using the dynamic spectrogram measurement of f uh =  713 kHz and the IGRF model 

value f ce =  480 kHz. Both the MR-W M echo lower cutoff frequency and the calculated value 

of local f a  are equal to 7.8 kHz. A Kp,max value of 2 in the preceding 24 hours suggests quiet 

geomagnetic conditions. A plasmapause location of Lpp =  4.6 calculated using the relation Lpp 

— 5.6 - 0.46Kp^max and the satellite location at L =  2.26 suggest that the diffuse MR-WM 

echo may have been recorded inside the plasmasphere.
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Examples shown in Figures 6 .la - 6 . Id are recorded inside the plasmasphere as estimated 

from the plasmapause location from K p m̂ax at quiet to moderately quiet geomagnetic condi

tions. All the M R-W M  echoes appeared with a resonance at the lower cutoff frequency and 

accompanied PC echoes. The measured values o f the lower cutoff frequency of the M R-W M  

echo are close to the calculated values o f local fih and increased from 6.3 kHz for the case 

shown in Figure 6.1a recorded at 3420 km altitude and Am =  14.2° to 8.4 kHz for the case 

shown in Figure 6 .Id recorded at 2500 km altitude and Am — 38.4°.

Figures 6.2a, 6.2b, and 6.2c show the plasmagrams displaying M R -W M  echoes recorded 

on 10 November 2005 at 05:16:36 UT by the three orthogonal X-, Y-, and Z-antennas. The 

satellite was at 3057 km altitude, Am =  20.9°, and MLT =  20. The local f pe =  715 kHz is

Figure 6.2 (a-c). Plasmagrams showing an MR-WM echo as recorded by the three
orthogonal X-, Y-, and Z-antennas of RPI. The X-antenna showed stronger echoes with 
comparatively lower background noise, (d) Dynamic spectrogram provides estimate of 
the local plasma frequency f pe =  715 kHz. The plasmapause location indicated as PP 
was determined to be at L =  5.94.

calculated from the dynamic spectrogram measurement f uh =  667 kHz and the IGRF model 

value of f ce =  359.8 kHz. The lower cutoff frequency 7.5 kHz of the M R-W M  echo is equal 

to the local fih as calculated from f pe and f^  assuming m ef f  =  1. Unless otherwise specified,



X-antenna measurements of the MR-WM echo will be used in this thesis for display, discussion, 

or comparison purposes. The X-antenna displayed MR-W M echoes with low background noise. 

The lower frequency portion of the MR-W M echo above the lower cutoff frequency was recorded 

sometimes on the Y-antenna as discrete in nature possibly due to reflections from locations 

closer to the satellite. The signal power radiated by the Y-antenna was reduced by 3 dB in 

May 2000 when its power supply failed. The Y-antenna’s efficiency further reduced in October 

2000 when it was struck by a meteorite. In September 2 0 0 1 , an unknown part of the Y-antenna 

was again lost. A further reduction in the signal amplitudes measured on the Y-antenna was 

noticed in September 2004 and again in January 2005. The Z-antenna occasionally recorded 

MR-W M echoes as diffuse in nature comparatively better than the Y-antenna. While the 

Y-antenna did not record the 10 kHz noise band, the Z-antenna displayed narrow frequency 

bands of strong signal amplitude separated uniformly in frequency which were attributed to 

ground transmitter signals. The presence of the 10 kHz noise band and the diffuse nature of 

the MR-WM echoes on the smaller Z-antenna could be due to smaller wavelengths of MR-WM 

signals propagating at large wave normal angles (large refractive indices). The details of how 

and why these noise bands occur are not studied in this research.

Figure 6 .2d shows the dynamic spectrogram recorded by IMAGE on 10 November 2005 

from 03:00 UT to 08:00 UT in the 3 kHz to 1 MHz frequency band. The plasmapause location 

indicated as PP was determined to be at Lpp =  5.94 from the passive measurements of f uh-

6.2.2 Data survey and observations

The first step in the MR-WM echo data survey involved searching for transmissions of 

programs whose minimum transmission frequency is less than the maximum fih , typically 1 2  

kHz (in the magnetosphere). A list of all such programs capable of observing MR-WM echoes 

from May 2000 to December 2005 is provided in Table 6.2. Among the programs listed in the 

table, few programs had a minimum transmission frequency equal to the minimum possible 

transmission frequency of RPI which is 3 kHz. Programs such as 12, 14, 16, and 27 used larger 

frequency step sizes of about 1 kHz to 2 kHz. Programs such as 28 and 29 used logarithmic 

frequency stepping of 1% and 4%, respectively. MR-W M echoes were not recorded on programs 

such as 12, 14, 16, 28, and 36 either because of the lack of adequate frequency step size or 

because the maximum measurable time delays were less than 100 ms. In the year 2000, one 

MR-W M echo was recorded on 13 June 2000 at 08:43:34 UT when the satellite was at 2064
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km altitude, Am =  -14.9°, and MLT =  19.3 when Program 29 transmitting frequencies in the 

3-3000 kHz range using 4% logarithmic stepping was used. The MR-WM echo time delays 

were about 133 ms, 136 ms, 139 ms, 148 ms, and 160 ms at frequencies 9.4 kHz, 9.7 kHz, 10.1 

kHz, 10.5 kHz, and 10.9 kHz, respectively. Program 63 transmitting frequencies from 7 kHz 

to 20 kHz recorded 6  MR-W M echoes in the year 2001. These echoes displayed resonances 

at their lower cutoff frequencies. As an example, an MR-W M echo displaying a resonance 

at fih =  7.6 kHz was recorded on 20 November 2001 at 03:26:58 UT when the satellite was

T a b le  6 . 2  List of low frequency ( < 1 2  kHz) programs transmitted during the years 
2000-2005 and capable of observing M R -W M  echoes.

Year Prg. Sch. Freq.
(kHz)

Steps Step
Size

Type of 
stepping

Tg,min
(ms)

Tg,max
(ms)

Pulse Type

2 0 0 0 1 2 1 2 3 - 258 256 1 kHz Linear 12.74 84.93 1 3.2 ms
2 0 0 0 14 15 3 - 258 256 1 kHz Linear 12.74 42.47 1 3.2 ms
2 0 0 0 16 15 3 - 258 256 1 kHz Linear 12.74 42.47 1 3.2 ms
2 0 0 0 27 2 2 3 - 15 7 2 kHz Linear 169.9 1826 1 .5 s
2 0 0 0 28 2 2 3 - 3000 104 7% Log 1 2 .0 2 13.59 1 3.2 ms
2 0 0 0 29 2 2 3 - 3000 178 4% Log 25.48 297.3 1 3.2 ms
2 0 0 0 30 2 2 10 - 300 50 Log 42.47 339.7 16 chip comp.
2 0 0 0 34 32 8  - 1 0 0 0 245 2% Log 5.521 19.96 1 3.2 ms
2 0 0 0 35 31 6  - 770 255 3 kHz Linear 5.521 19.96 1 3.2 ms
2 0 0 0 64 25 6  - 2800 158 4% Log 12.74 84.93 2 3.2 ms
2 0 0 1 33 30 6  - 76 6 6 4% Log 12.74 721.9 1 3.2 ms
2 0 0 1 36 30 3 - 79 127 0.6 kHz Linear 12.74 84.93 1 3.2 ms
2 0 0 1 63 17 7 -  2 0 44 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2 0 0 2 2 0 2 0 6  - 56 167 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2 0 0 2 36 32 3 - 79 127 0.6 kHz Linear 12.74 84.93 2 3.2 ms
2 0 0 2 38 30 6  - 63 191 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2 0 0 2 61 32 1 0  - 1800 40 Log 29.73 424.7 8  chip comp.
2 0 0 2 62 32 1 0  - 1 2 0 24 Log 55.21 467.1 16 chip comp.
2003 2 0 1 0 6  - 56 167 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2003 36 32 3 - 79 127 0.6 kHz Linear 12.74 84.93 2 3.2 ms
2003 38 30 6  - 63 191 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2004 38 30 6  - 63 191 0.3 kHz Linear 12.74 169.9 1 3.2 ms
2005 38 30 6  - 63 191 0.3 kHz Linear 12.74 169.9 1 3.2 ms



at 3840 km altitude, Xm =  -0.6°, and MLT =  21. Program 38 transmitted in the year 2002 

recorded 5 MR-W M echoes. An MR-WM echo recorded on 20 November 2002 at 10:29:21 UT 

when the satellite was at 2520 km altitude, Am =  18.4°, and MLT =  21.3 extended from 7.8 

kHz at ~98 ms time delay to 11.4 kHz at ^112 ms time delay. In January 2003, Program 38 

transmissions displayed resonances at f a  when the satellite was located close to the perigee 

altitude of ~600-800 km inside the plasmasphere. An MR-WM echo recorded on 1 February 

2003 at 09:08:00 UT displayed a resonance at its lower cutoff frequency 9.9 kHz when the 

satellite was at 1653 km altitude, Am =  10°, and MLT =  16.3.

The data survey from the years 2000-2005 showed that MR-WTM echoes whose lower and 

upper cutoff frequencies can be measured were recorded in the January-August 2004 and 

August-December 2005 periods when using Program 38. Program 38 operates in the 6-63 

kHz frequency range with 191 linearly spaced frequency steps, 0.3 kHz step size equal to the 

smallest frequency step size due to the 300 Hz bandwidth of the RPI receiver and a maximum 

radar range of 4 R e (160 ms) with 56 ranges sampled linearly between 0 .1  Re and 4 Re - 

It transmits a single 3.2 ms pulse at each frequency every 0.3-0.4 s. Strong MR-WM echoes 

were recorded whose amplitudes were saturated, as the measured electric field strengths on the 

antennas were above the maximum measurable amplitude 6 6  dB. The active sounding Program 

38 transmitted every 2-5 minutes was interspersed with other active sounding Programs 5 and 

33 and passive recording Programs 23 (3-20 kHz, 0.4 kHz stepping) and 26 (20-1000 kHz, 

2% stepping). The passive recording programs allow reconstruction of a dynamic spectrogram 

containing measurements of natural noise such as the upper hybrid band emissions f uh which 

can be used along with f ce to estimate electron density inside the plasmasphere and to estimate 

the plasmapause location.

IMAGE satellite locations in the geomagnetic coordinate system where MR-WM echoes 

were recorded in the January-August 2004 and August-December 2005 periods are shown 

in Figure 6.3. The IMAGE satellite orbits in January and August 2004, and August and 

December 2005 are shown approximately in the geomagnetic coordinate system. MR-WM 

echoes were observed in the period August-December 2005 at altitudes ranging from 2000 km 

to 4000 km and Am from 10° to 50°. In January-August 2004, MR-W M echoes were recorded 

at altitudes ranging from 700 km to 4000 km and Am from 30° to 60°. One case recorded on 

23 January 2004 at 18:44:44 UT fell at Am =  80° and 2600 km altitude during geomagnetically 

disturbed conditions (K p m̂ax of 5 and 6  in the last 12 hours). Overall, MR-W M echoes were
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recorded typically at lower L-shells ranging from 1.5 to 3.5 possibly inside the plasmasphere 

when MLT was ~3 -17 . In the August-December 2005 period, 126 cases o f discrete and 35 

cases o f diffuse M R-W M  echoes were recorded when the MLT varied from 8  to 15. Two MR-

Figure 6.3 IMAGE satellite locations wrhere MR-WM echoes were recorded in the 
periods January-August 2004 and August-December 2005. Satellite locations where 
discrete and diffuse MR-WM echoes were recorded are shown as green and red dots, 
respectively. MR-W M echoes were recorded at altitudes ranging from 700 km to 4000 
km, Am from 30° to 60°, and MLT from 3 to 17. In the August-December 2005 period, 
126 cases of discrete and 35 cases of diffuse MR-WM echoes were recorded when the 
MLT varied from 8 to 15. Two MR-WM echoes shown by green dots near the January 
2004 IMAGE orbit were recorded at 17.1 MLT (L =  1.85) and 13.7 MLT (L =  1.52).

W M  echoes shown by green dots near the January 2004 IM AGE orbit were recorded at 17.1 

MLT (L — 1.85) and 13.7 MLT (L — 1.52). The K p m̂ax during the preceding 24 hours when 

these echoes were recorded varied from ~ l - 4  suggesting geomagnetically quiet to moderately 

quiet conditions. The plasmapause locations (Lpp =  2.4-5.3) as estimated using the relation



Lpp =  5.6 - 0.46Kp m̂ax are typically higher than the satellite L-shells where the echoes were 

recorded.

The colors green and red indicate discrete and diffuse nature of the MR-WM echoes, re

spectively. Diffuse MR-WM echoes were recorded in the year 2005 typically at higher latitudes 

Am ranging from 25° to 50° and altitudes ranging from 2000 km to 3000 km, possibly due to 

scattering from irregularities located close to the plasmapause. The IMAGE satellite orbits 

in the data survey during January-August 2004 and August-December 2005 limit the region 

being surveyed (satellite location) for MR-WM echoes. The maximum satellite altitude where 

an MR-WM echo can be observed depends on the maximum virtual range 4 Re (160 ms time 

delay) of Program 38. Higher satellite altitudes result in MR-WM echoes reaching the satellite 

in time delays greater than 160 ms. The MR-WM echo occurrence in the year 2005 is limited 

to a region Am > 1 0 ° above the geomagnetic equator because the satellite is at a higher alti

tude >4000 km when Am < 10°. The maximum virtual range limitation problem was not seen 

in the year 2004 data survey as the satellite was at lower altitudes (700-1200 km) inside the 

plasmasphere when MR-WM echoes were observed at all geomagnetic latitudes.

Figure 6.4 shows the satellite locations where discrete W M echoes were observed. The 

discrete W M echoes which often accompanied MR-WM echoes were typically observed close to 

and inside the plasmasphere when the satellite was at altitudes ranging from 1700 km to 4000 

km and Am from 25° to 65°, and L-shells from 1.6 to 6  at all MLT in the August-December 

2005 data survey. Out of 170 cases, only 6  cases of discrete W M echoes were recorded at Am > 

65° and 6 cases at Am < 25°. Unlike MR-WrM echoes which were recorded at all geomagnetic 

latitudes inside the plasmasphere, discrete W M echoes tended to occur at Am > 20° consistent 

with past observations [Li, 2004]. The lower cutoff frequency of the discrete W M echoes 

always occurred above the upper cutoff frequency of the MR-W M echoes. The time delays of 

the lower frequency portion of the discrete WrM echoes often displayed a steep slope and the 

higher frequency portion >30 kHz, a gentle slope.

Discrete W M echoes were not observed during January-August 2004 when the MLT varied 

from 3 to 8  and the altitudes were in the 700-1200 km range inside the plasmasphere. In 

the period August-December 2005, about 150 cases out of a total of 170 cases were recorded 

during the day time when MLT varied from 9 to 14 at altitudes 1700-2500 km and L-shells 

1.65-6, although there is more D-region absorption during the day time. The range of MLT 

covered by the satellite is limited by the orbit orientation in 2005 as shown in Figure 6.4.
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W hen the satellite was in the polar region at Am >  70°, only 3 echoes were recorded when 

MLT was between 20 and 24 (night time) at altitudes close to 1600 km. Discrete W M  echoes 

were not recorded in the polar region possibly due to strong background natural noise masking 

the echoes in the plasmagram records. During night times, when MLT varied between 0 and 

4 at altitudes >3000 km and L-shells 3-6, only 10 discrete W M  echoes were observed out of 

300 transmissions of Program 38. In general, discrete W M  echoes appeared diffuse in nature

Figure 6.4 IMAGE satellite locations in the geomagnetic coordinate system where 
discrete WM echoes were recorded in the January-August 2004 and August-December 
2005 data surveys. Most of the echoes were recorded when the satellite was at altitudes 
ranging from 1700 km to 2500 km and Am from 25° to 60° at all MLT.

in the polar region and discrete in nature when close to and inside the plasmasphere. While 

discrete W M  echoes were recorded more often during geomagnetically quiet periods (K p <  3), 

diffuse W M  echoes were recorded during geomagnetically disturbed periods (K p >  4). During
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geomagnetically quiet periods (K p ~  1-2) extending more than one day, the lower frequency 

portion of the discrete W M echoes tended to display a gentle slope at all frequencies with the 

lower cutoff frequency going as low as 6  kHz, possibly due to lower electron densities resulting 

in lower fih,max values.

The occurrence pattern of the MR-W M echoes from the August-December 2005 data survey 

is shown in Figure 6.5. A comparison of the total transmissions that can lead to the generation 

of MR-WM echoes (black bars) and the total number of MR-W M echoes recorded (grey bars) is 

shown in Figures 6.5a-6.5c. The figures show the occurrence pattern as a function of altitude, 

MLT, and magnetic latitude. An altitude separation of 200 km, MLT separation of 1, and

MR-WM echo occurrence based on Aug-Dee 2005 data survey
(a) (b)__________

Figure 6.5 (a-c). Occurrence pattern of the MR-WM echoes recorded in the data
survey from August to December 2005 as a function of altitude, MLT, and magnetic 
latitude. The total transmissions that can lead to the generation of MR-WM echoes are 
shown as black bars and the total number of MR-WM echoes observed are shown as 
grey bars.



Am separation of 5° was used here. MR-WM echoes appeared 161 times out of a total of 

600 transmissions capable of observing MR-WM echoes in the year 2005 typically at satellite 

altitudes ranging from 2000 km to 4000 km, Am from 10° to 50°, and MLT from 8  to 15. 

Figure 6.5b shows that only two MR-WM echoes were observed at MLT from 3 to 4. This 

can be explained using the satellite orbit in Figure 6.4 which shows that the satellite was 

at higher altitudes >4000 km inside the plasmasphere in the August-December 2005 period 

when MLT varied from 3 to 4. Figure 6.5c showing MR-WM echo occurrence as a function of 

magnetic latitude indicates that MR-W M echoes were not observed at higher latitudes >50°. 

This suggests that MR-WM echoes may occur typically close to and inside the plasmasphere. 

The plasmagram records in the polar region showed strong background noise which could have 

masked the presence of an MR-WM echo. The Y-antenna always displayed the resonance at 

the lower cutoff frequency of the MR-WM echo and sometimes displayed the lower frequency 

portion of the MR-WM echo when other antennas displayed the MR-W M echo as diffuse in 

nature or masked by background noise.

The occurrence pattern of the MR-WM echoes from the January-August 2004 data survey 

is shown as a function of altitude, MLT, and magnetic latitude in Figures 6 .6 a -6 .6 c. The total 

number of transmissions that can lead to the generation of MR-W M echoes are shown as black 

bars and the total number of MR-W M echoes observed as grey bars. Out of 103 transmissions 

made at altitudes less than 4000 km, 19 MR-WM echoes were observed at altitudes ranging 

from 700 km to 4000 km and Xm from -30° to 50° inside the plasmasphere. One case was 

observed in the polar region when the satellite was at 2600 km altitude, Am =  82°, and MLT 

=  15.

One of the key indicators of the geomagnetic disturbance is the planetary index K p. K p m̂ax 

is defined to be the maximum K p in the past 24 hours relative to the plasmagram transmission 

time. Figure 6.7 shows a histogram of K p m̂ax values when MR-W M echoes were recorded. 

The total number of transmissions in the data survey having a particular K p m̂ax value are 

shown as black bars and the total number of occurrences of MR-W M echoes of a given K p m̂ax 

are shown as grey bars. The geomagnetic conditions were quiet to moderately disturbed with 

the K p,max typically ranging from 0.7 to 5. Only one case was observed in the polar region at 

an altitude of 2600 km, Xm =  82°, and MLT = 1 5  when the maximum K p was 5 and 6 in the 

preceding 24 hours. Edgar [1972] found that naturally occurring MR whistlers resulting from 

lightning were not observed during severe magnetic storm time conditions.
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Figure 6.6 (a-c). Occurrence pattern of MR-WM echoes recorded and the total number 
of transmissions in the January-August 2004 data survey as a function of altitude, MLT, 
and magnetic latitude. The total number of MR-WM echoes recorded are shown as grey 
bars and the total number of transmissions are shown as black bars.
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Figure 6.7 Histogram of the KPi7nax index and relation to the occurrence of the MR-WM 
echoes. The total number of transmissions made of a particular Kpm̂ax value from the 
data survey are shown in black and those where MR-WM echoes were observed are 
shown in grey. The geomagnetic conditions were typically quiet with the maximum Kp 
index during the preceding 24 hours typically varying from 0.7 to 5 except one case 
which was observed in the polar region at an altitude of 2600 km, Am =  82°, and MLT 
=  15 when the maximum K p was 5 and 6 during the preceding 24 hours.

The angle of orientation of the X-antenna with the local geomagnetic field direction at the 

initial transmission time of the plasmagram records containing MR-WM echoes is shown in 

Figure 6 .8 . Program 38 transmits frequencies from 6  kHz to 63 kHz (191 frequency steps) in 61 

s. MR-WM echoes almost always appeared below 12 kHz, within a total transmission time of

6.4 s. The X- and Y-antennas with a spin period of 2 min can therefore rotate by a maximum 

of about 20° in 6.4 s during which an MR-WM echo may be observed. Figures 6 .8 a and 6 .8 b 

show histograms of the angle of orientation of the X-antenna with the geomagnetic field line 

B 0 as obtained from the BinBrowser, and plotted using 0° to 90° and 0° to 180° conventions. 

Figure 6 .8 a is useful to understand the antenna orientation assuming that its radiation and 

reception properties are symmetric. The figures show the tendency of the antenna to transmit 

and receive MR-W M signals more efficiently when the orientation is close to 45° or 135°. Ray 

tracing analysis showed that MR-WM echoes propagate and appear at large wave normal 

angles close to the resonance cone angle.
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Figure 6.8 Histogram of the angle of orientation of the X-antenna during MR-WM 
echo recordings. The angle of orientation is plotted using two angle conventions (a) 0° 
to 90° and (b) 0° to 180°.

Figure 6.9 shows a plot of the frequency versus time delay measurements of all MR-WM 

echoes observed in the period August-December 2005. The time delays ranged from 40 ms to 

160 ms with the maximum time delay always occurring at the upper cutoff frequency ( < 1 2  

kHz) of the echoes. The upper cutoff frequency is later interpreted to be approximately equal 

to the maximum fih along B 0 passing through the satellite. MR-WM echoes observed at higher 

altitudes *>3000 km (lower local fih) displayed higher time delays (>100 ms) at all frequencies 

and had a minimum in their time delays at a frequency above the lower cutoff frequency. It 

is later interpreted in Subsection 6.4.6 that, at lower frequencies, the decrease in time delay 

with increase in frequency is due to the rate of increase in group velocity being higher than 

the rate of increase in the distance propagated. The larger time delays at higher frequencies 

were interpreted to be due to signals propagating greater distances and also because greater 

time delays are accrued due to bending before reflection close to the fih,max altitude. At lower 

altitudes <3000 km, the MR-W M echoes had a higher value of the lower cutoff frequency 

( > 6  kHz). These echoes displayed lower time delays (<100 ms) at lower frequencies and did 

not have a minimum in time delays at a frequency above the lower cutoff frequency. The 

measured dispersions can be used to estimate the electron density and ion effective mass along 

the MR-WM echo propagation paths i.e., along B0 passing through the satellite up to the 

fih,max altitude.
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Figure 6.9 Frequency versus time delay measurements of the MR-WM echoes recorded 
in the August-December 2005 data survey. The time delays ranged from 40 ms to 160 
ms with the maximum time delay always occurring at the upper cutoff frequency (<12 
kHz) of the echoes.

6.2.3 Interpretation of lower and upper cutoff frequencies

This subsection discusses the interpretation of the lower and upper cutoff frequencies of the 

MR-WM echoes where a resonance is observed. Figure 6.10 shows the lower cutoff frequency 

measurements of the MR-W M echoes as black circles and the calculated values of fih (using 

Equation 6.2) from fpe (dynamic spectrogram) and f ce (IGRF) assuming mef f  =  1 as black 

squares. MR-W M echoes in the August-December 2005 data survey were observed at >2000 

km altitude where a H+ ~  1 and hence the approximation of mef f  =  1 is valid [Barrington, 

1969]. Figure 6.10a shows the measurements of the lower cutoff frequency of a few MR-WM 

echoes whose lower cutoff frequency is 6  kHz. This frequency 6  kHz is the minimum frequency 

transmitted by Program 38. The calculated values of local fih always fell below the measured 

lower cutoff frequency 6 kHz. Figure 6.10b shows a few examples of MR-W M echoes whose 

lower cutoff frequency can be measured as a local resonance. The lower cutoff frequency and 

the local fih as calculated from f pe and f ce match well within the frequency step size 0.3 kHz 

of Program 38. This comparison suggests that the lower cutoff frequency is equal to the local
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Figure 6.10 Comparison of the measured lower cutoff frequencies of the MR-WM 
echoes (black circles) and calculated values of local fih (black squares). The calculated 
values are obtained from f pe (dynamic spectrogram) and f ce (IGRF) assuming mej j  
=  1. (a) MR-WM echoes whose lower cutoff frequencies are equal to the minimum 
transmission frequency 6 kHz of Program 38. The calculated values of local fih fell 
below the lower cutoff frequencies, (b) The lower cutoff frequencies measured as a local 
resonance of the MR-WM echoes fell close to the calculated values of local fih within 
the 0.3 kHz step size of Program 38.

Measurements of the lower cutoff frequency (grey circles) and upper cutoff frequency (black 

circles) of the MR-WM echoes are shown as a function of magnetic latitude and altitude in 

Figures 6.11a and 6.11b, respectively. As shown in Figure 6.10, the lower cutoff frequency can 

be concluded to be the local lower hybrid frequency fih• Ray tracing analysis confirmed that 

the upper cutoff frequency is approximately equal to and below ( < 1  kHz) the maximum fih 

{fih,m ax) along the geomagnetic field line passing through the satellite. MR-W M echoes have 

therefore provided measurements of local fih (local me/ / )  and remote estimates of fih,max- 

These measurements were made at altitudes ranging from 600 km to 4000 km and Am from 

-20° to 80°. The lowest possible measurement of local fih is limited to 6  kHz due to the 

minimum transmission frequency 6  kHz of Program 38. The measurements of local fih ranged 

from 6  kHz to 9.6 kHz. The fih,max estimates ranged from 8.1 kHz to 12 kHz. Measurements 

of local fih made at satellite altitudes from 2000 km to 4000 km show a decreasing trend 

from ~9 kHz to ~ 6  kHz. These measurements are consistent with the variation observed in 

the measurements of fih as obtained from the AE satellite in-situ electron density and ion 

composition data [Brinton et al, 1973]. The AE satellite measurements show an increase in
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f a  up to a maximum value fih ,m ax  occurring in the altitude range ~600-1200 km and then 

a decreasing trend. The upper cutoff frequency of the MR-WM echoes which provides an 

estimate of the fih ,m ax  did not show any trend with latitude or altitude.

MR-WM echo lower (grey), upper cutoff frequencies (black)

A,m Altitude, km
Figure 6.11 (a-b). Measurements of the lower and upper cutoff frequencies of the
MR-WM echoes recorded as a function of magnetic latitude and altitude. The lower 
(grey dots) and upper (black dots) cutoff frequencies are interpreted to be local fih and 
approximately the fih,max along the geomagnetic field line passing through the satellite, 
respectively. The measurements were made at altitudes ranging from 600 km to 4000 
km and Am from -20° to 80°. The local fa  measurements ranged from 6 kHz to 9.6 kHz 
and the fih,max measurements ranged from 8.1 kHz to 12 kHz.

Figure 6.12 shows measurements of the upper cutoff frequency of the MR-WM echoes as a 

function of the satellite L-shell. Ray tracing analysis interpreted that the upper cutoff frequency 

is ~ 0 .5 -l kHz below fa ,m a x  along B 0 passing through the satellite. It is also interpreted that 

fa ,m a x  can be measured to be between the upper cutoff frequency of the MR-W M echo and the 

lower cutoff frequency of the accompanying discrete WM echo. The maximum f a  as estimated 

from the upper cutoff frequency of the MR-WM echo is always <12 kHz. The lower estimates 

of fa ,m a x  ranged from 8.1 kHz to 12 kHz at L-shells 1.5-3 and did not show any trend with 

varying L-shells.



Upper cutoff frequency of MR-WM echoes
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L-shell
Figure 6.12 Measurements of the upper cutoff frequencies of the MR-WM echoes as 
a function of the satellite L-shell.

6.3 Interpretation of the M R -W M  echo dispersion

This section provides the interpretation of the MR-WM echo observations found in the 

data survey and of the MR-WM echo dispersion. The propagation and reflection mechanisms 

resulting in the observation of both MR-W M and discrete W M echoes on the IMAGE satellite 

are discussed in this section.

6.3.1 Propagation scenarios

A schematic describing the propagation scenarios involved in the generation of W M echoes 

observed on the IMAGE satellite is shown in Figure 6.13. Figure 6.13a describes the propa

gation mechanism of W M rays appearing as discrete nonducted W M echoes on the satellite. 

Such W M signals propagate at small (close to 0°) or large wave normal angles (close to the 

resonance cone angle) close to B0 passing through the satellite towards lower altitudes, reflect 

specularly at the Earth-ionosphere boundary, and appear back on the satellite. Such non

ducted discrete W M echoes appear with little or no spreading (~5 ms) in time delays and are 

assumed to occur in a relatively smooth magnetosphere. Discrete W M echoes with medium
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Earth i

Figure 6.13 Schematic showing propagation and reflection mechanisms which can 
result in WM rays to appear as WM echoes on the IMAGE satellite. In general, the 
schematics show propagation scenarios that may lead to an MR-WM echo or a discrete 
WM echo on the IMAGE satellite.



time delay spreading (~20-30 ms) can occur if Field-Aligned Irregularities (FAI) of scale sizes 

~1-10 km or larger result in W M signals reaching the satellite in multiple paths. Ducts or 

field-aligned columns of enhanced or depressed ionization present along or near the field line 

passing through the satellite can also guide W M energy to low altitudes where some of the 

energy can be reflected at the Earth-ionosphere boundary. Figure 6.13b describes the prop

agation scenario showing how discrete MR-WM echoes appear on the IMAGE satellite when 

rays propagate at large wave normal angles along B0 passing through the satellite and reflect 

when sounding frequency f  ~  fa -  Unlike specular reflection of the discrete W M echoes at the 

Earth-ionosphere boundary, the MR-WM echoes reflect when the wave normal angle is 90° and 

as the ray direction changes by 180° due to topological changes in the refractive index surface 

close to the /  ~  fih reflection altitude. Figure 6.13c describes the propagation scenario of WM 

rays appearing as discrete MR-W M echoes with medium time delay spreading of ~20 ms at 

each frequency resulting from multipath propagation of W M rays in the presence of large scale 

FAI. Figure 6.13d describes the propagation scenario of diffuse MR-WM echoes resulting from 

rays being scattered by small scale irregularities (1 0 - 1 0 0  m) along the geomagnetic field line 

passing through the satellite.

Figure 6.14 shows a plot of the parameters fih (bottom x-axis), f pe and f ce (top x-axis) as 

a function of altitude (y-axis) along B0 passing through the satellite. The input file for the 

density model used to plot this figure is given in Appendix E as input file 1 . The value of fih 

increases from 3000 km to 1200 km altitude due to increase in f ce and f pe because mef f  is 

roughly constant ~ 1 . A maximum fih equal to fih,maxi occurs at an altitude where mef f  begins 

to increase (>1). Below 1200 km altitude, the increase in mef f  results in a minimum in the fih 

equal to fih,min• Close to the F2-layer peak altitude at 240 km, fih again increases due to an 

increase in f pe, resulting in a secondary maximum in f a  equal to fa,max2- A particular scenario 

on 05 December 2005 at 02:57:16 UT when an MR-W M echo was recorded is considered here. 

The satellite location at 2700 km and 600 km altitude is shown above and below the fa,maxl 

=  1200 km altitude, respectively, for reference. This figure describes qualitatively how an MR- 

WM echo is produced with certain lower and upper cutoff frequencies. The MR-WM echo rays 

propagate towards the fa,max altitude and reflect when sounding frequency /  is approximately 

equal to the local f a  when the wave normal angle reaches 90°. The lower and upper cutoff 

frequencies of the MR-W M echoes are determined by the local fih at the satellite and the 

fa,max along B0 passing through the satellite, respectively.
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Figure 6.14 Propagation scenarios of WM rays along the geomagnetic field line pass
ing through the satellite resulting in an MR-WM echo. The parameters / pe, f ce (top 
x-axis), and fih (bottom x-axis) are plotted as a function of altitude (y-aocis) along the 
geomagnetic field line passing through the satellite.

6.3.2 W M  echo generation and energy distribution at frequencies f  <  fih,local

The previous subsection discussed the possible propagation mechanisms that may result in 

either an MR-WM echo or a discrete WM echo on the IMAGE satellite. The following para

graphs discuss, via ray tracing analysis, how the radiated W M energy propagates at various 

frequencies resulting in these echoes. The WrM rays are divided into three different frequency 

ranges at all possible wave normal angles: (1 ) below the local fih ; (2 ) between local fih and 

fih,max', and (3) above fih,max- Figure 6.15 shows W M ray propagation mechanism at frequen

cies below local fih. At such frequencies, the refractive index surface is closed and is such that 

at most of the wave normal angles, the W M energy remains close to B0 passing through the 

satellite. For a fixed frequency, the closed refractive index surface component perpendicular to



B 0 decreases at higher values of local fih  resulting in a minimum refractive index component 

at the fih,max altitude. Signals propagating at small wave normal angles (close to 0 °), which 

have a smaller refractive index value than the minimum refractive index component perpen

dicular to B 0 at the fih,max altitude, propagate below the fih,max altitude. Such signals reflect 

specularly at the Earth-ionosphere boundary, some of which may appear back on the satellite 

as discrete W M echoes. Signals propagating at large wave normal angles close to the resonance 

cone angle (larger initial refractive index values) may reflect as MR above the fih,max altitude 

but do not reach back to the satellite (not shown in the figure). Note that the geomagnetic 

field is shown as a straight line in the schematic for simplicity.

Figure 6.15 Refractive index surfaces along the propagation path of WM rays at a 
frequency below the local f ih.

Figure 6.16 shows the ray propagation as obtained from the W M ray tracing analysis at a 

frequency /  =  3 kHz below the local fih =  5.6 kHz. The input file for the density model used 

to plot this figure is given in Appendix E as input file 2 . Rays are injected earthward at all 

wave normal angles from the satellite located at 3600 km altitude and Am =  10°. The fih,max 

=  11.2 kHz at an altitude 1200 km is plotted here for reference. Ray tracing is used to show



how W M  energy is guided when rays are injected at a frequency less than local fih . The rays 

in red and black show the M R reflected and Earth-ionosphere boundary reflected W M  rays, 

respectively.

Re

Figure 6.16 R ay tracing analysis showing the W M  ray propagation  m echanism  at a 
frequency 3 kHz below  the local fih =  5.6 kHz.

As shown in Figure 6.15, a minimum wave normal angle 0C exists above which rays are 

reflected as MR. A  ray propagating at the smallest wave normal angle 0C that can reflect as 

M R therefore reflects at the fih,max =  11.2 kHz altitude. The value o f 0C ~  10° when signals are 

injected towards higher L-shells and 0C ~  -80° when signals are injected towards lower L-shells. 

The M R reflected rays reach 90° wave normal angle at the reflection altitude. Rays propagating 

at wave normal angles above 6C have larger initial refractive index values and reflect at higher 

altitudes above the fih,max altitude (closer to the satellite). None of the M R reflected rays 

reach back to the satellite. Some of the rays propagating at wave normal angles just below 6C 

may result in a Sub Protonospheric (SP) mode of propagation. The rays propagating in the 

SP mode reflect as M R from below the fih,max altitude bouncing back and forth, and remain 

at lower altitudes. Therefore rays injected earthward at a frequency below local fih can only 

appear as discrete W M  echoes due to propagation at small wave normal angles.



6.3.3 WM echo generation and energy distribution at frequencies fih,local < /  < fih,max

WM ray propagation mechanism at frequencies between local fih and fih,max along B 0 

passing through the satellite is shown in Figure 6.17. At W M frequencies above local fih, the 

refractive index surfaces are open, limiting the possible wave normal angles at which rays can

■ specular reflection

Figure 6.17 Propagation mechanism of WM rays at frequencies between local fa  and 
fih,max- The refractive index surfaces are open when sounding frequency /  is above the 
local fa . There is a minimum wave normal angle 6C at which the rays begin reflecting as 
MR at the fih,max altitude. Any ray propagating at a wave normal angle below 6C would 
propagate below the fa,max altitude and reflect at the Earth-ionosphere boundary, some 
of which result in a discrete WM echo. All other rays propagating at wave normal angles 
above 9C reflect as MR, some of which appear as an MR-WM echo on the satellite.

be injected. The refractive index values are higher at larger wave normal angles close to the 

resonance cone angle. The refractive index surface has a curvature reversal at the gendrin 

angle close to and below the resonance cone angle. The gendrin angle is a non-zero wave 

normal angle at which the ray direction is along B 0 passing through the satellite. At small 

wave normal angles close to zero, the rays propagate below the fa ,m a x  altitude where the 

refractive index surface is closed as /  <  f a  and reflect specularly at the Earth-ionosphere 

boundary. All other rays propagating at larger wave normal angles reflect as MR above the 

fa ,m a x  altitude. There is a minimum wave normal angle 0C above which the rays are reflected 

as MR. Among the MR reflected rays, there are two possible wave normal angles at which rays
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can be injected earthward towards higher and lower L-shells on either side o f B 0 which can 

appear as an M R-W M  echo.

Figure 6.18 shows how rays injected earthward at a frequency 6.9 kHz above the local fih =  

5.6 kHz and below fih,max — H-2 kHz can appear either as a discrete W M  echo or as an M R

W M  echo. The input files for the density model used to plot this figure are given in Appendix 

E as input files 3.1 and 3.2. Rays are injected at all possible wave normal angles from the

Re Re

Figure 6.18 Ray tracings showing ray propagation mechanism at a frequency 6.9 kHz 
between local fih =  5.6 kHz and fih,max =  11.2 kHz. (a) Shows how WM energy is guided 
at a frequency above local fih and below fih,max- Rays in black indicate those rays which 
propagate below the fih,max altitude and reflect at the Earth-ionosphere boundary, some 
of which appear back on the satellite as discrete WM echoes as shown in (b). All other 
rays propagating at larger wave normal angles shown in red reflect as MR, some of which 
appear back on the satellite as MR-WM echoes as shown in (c).

satellite located at 3600 km altitude and Am =  10° as shown in Figure 6.18a. Rays in black 

indicate the rays propagating and reflecting at the Earth-ionosphere boundary, some of which 

appear back on the satellite as a discrete W M  echo. Rays in red show the M R rays, some of 

which appear back on the satellite as M R-W M  echoes. The minimum wave normal angles at 

which rays can reflect as M R are 6C ~  60° and 0C ~  -80° when injected towards higher and 

lower L-shells, respectively. Among the rays injected towards higher L-shells at wave normal 

angles close to and above 0C, the rays reflecting as M R fall above the satellite. At larger wave



normal angles close to and below the 0res, the rays fall below the satellite. There exists a wave 

normal angle in between 6C and 0res at which rays can reflect back to the satellite. Figure 

6.18b shows rays propagating at initial wave normal angles o f -41°, -45°, and -49° reflecting 

at the Earth-ionosphere boundary and appearing above, on, and below the satellite forming 

a discrete W M  echo. Such small wave normal angle rays resulting in a discrete W M  echo do 

not have a second solution, i.e., only rays injected towards lower L-shells at small wave normal 

angles can appear back on the satellite as a discrete W M  echo.

Figure 6.18c shows rays propagating at large wave normal angles resulting in an M R-W M  

echo. Rays propagating at initial wave normal angles of 8 6 °, 88.48°, and 89° close to the 

resonance cone angle 89.04° injected earthward towards higher L-shells, reflect as M R and 

appear above, at, and below the satellite location. A second solution resulting in an M R-W M  

echo appearing within the same time delay exists when rays are injected towards lower L-shells.

Figure 6.19 shows W M  ray propagation mechanism at a frequency 1 0 .2  kHz above the 

local fih =  5.6 kHz but close to and below fih,max =  H -2 kHz. The input file for the density 

model used to plot this figure is given in Appendix E as input file 4. Rays are injected at all 

possible wave normal angles from the satellite at 3600 km altitude and Am =  10° at a frequency

WM ray propagation at 10.2 kHz (f|h,local = 5.6 kHz)

Re
Figure 6.19 Ray tracings showing WM ray propagation mechanism at a frequency 
10.2 kHz between local f lh =  5.6 kHz and fih,max =  11.2 kHz.



10.2 kHz. Rays in black indicate the rays propagating and reflecting at the Earth-ionosphere 

boundary some of which appear back on the satellite as discrete W M echoes. Rays in red show 

all the MR reflected rays. As frequency increases from 6.9 kHz to 1 0 .2  kHz, the resonance cone 

angle decreases from 89.04° to 87.97° limiting the possible range of wave normal angles. Similar 

to the rays injected at 6.9 kHz, the rays propagating at 10.2 kHz result in both discrete WM 

and MR-WM echoes. As frequency increases, the range of wave normal angles that can reflect 

as MR decreases. A maximum frequency below fih,max exists above which rays reflecting as 

MR fall only on one side of the satellite and hence do not form an echo.

6.3.4 WM echo generation and energy distribution at frequencies f  > fih,max

As shown in Figures 6.15-6.19, W M energy can propagate along B 0 passing through the 

satellite at small wave normal angles and result in discrete W M echoes ( /  <  fih,max) or at 

large wave normal angles and result in MR-WM echoes (fih < f  <  fih,max)- Figure 6.20 

shows the W M ray propagation mechanism at frequencies above the maximum fih, fih,max —

11.2 kHz along B0 passing through the satellite. At higher frequencies ( /  >  fa ) ,  the WM 

refractive index surfaces are open and have smaller resonance cone angles. Figure 6.20a shows 

the refractive index surface at frequencies fih,max < f  < f e e /2. W M  rays injected at both 

small (close to 0°) and large wave normal angles (close to 6res) can propagate along B0 passing 

through the satellite and reflect at the Earth-ionosphere boundary resulting in a discrete WM 

echo. Figure 6.20b shows the refractive index surface at frequencies f ce/ 2 < f  <  rnin(fpe, f ce). 

At frequencies above f ce/ 2, the refractive index surface is such that only those W M rays which 

are propagating at small wave normal angles along B0 can result in a discrete W M  echo. As the 

frequencies are above fih,maxi the refractive index surfaces remain open along their propagation 

paths. All rays reflect at the Earth-ionosphere boundary altitude, some of which appear back 

on the satellite as a discrete W M echo.

Figure 6.21a shows an example ray tracing at a frequency 30 kHz, above fih,max =  H-2 

kHz. The input files for the density model used to plot this figure are given in Appendix E as 

input files 5.1 and 5.2. The figure shows how the W M energy is guided when rays are injected 

earthward from the satellite located at 3600 km altitude and Am =  10° where the local fih =  

5.6 kHz. The W M  energy remains guided approximately along B0 passing through the satellite 

due to the nature of the refractive index surface. Rays propagating at both small (close to 

0°) and large wave normal angles (close to 0res) resulting in a discrete W M  echo are shown
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f  > f|h,max

Figure 6.20 Refractive index surfaces along the WM ray propagation path at a fre
quency above fih,max- The frequencies are divided into two frequency ranges (a) fih,max 

<  f  <  fce/2 and (b) /< * , / 2  <  /  <  m in (fpe, f ce).

in Figures 6.21b and 6.21c. WM rays propagating at frequencies above f ce/2 can result in 

discrete W M  echoes only due to propagation at small wave normal angles.

The application of Snell’s law in an anisotropic medium to explain the Earth-ionosphere 

boundary reflection mechanism resulting in discrete W M echoes is discussed next.

6.3.5 Discrete WM echo reflection mechanism at the Earth-ionosphere boundary

As discussed in the earlier subsection, discrete W M echoes are a result of reflections at the 

Earth-ionosphere boundary. The choice of the reflected wave normal angle at the reflection 

altitude in the ray tracing program involves a change in delta (5 is the wave normal angle with 

respect to the local vertical) by 180°-J at the reflection altitude. However, this assumption 

is true only when B 0 aligned with the local vertical. Although the W M refractive index 

surface is symmetric about B 0, the local vertical and B0 are not aligned with each other. The 

ray tracing convention halts the ray tracing program when 180°-5 falls outside the resonance 

cone angle resulting in no possible solutions of the reflected wave normal angle. To solve 

this problem, a two step process is implemented. Rays are first injected earthward and the
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Figure 6.21 Ray tracing analysis showing ray propagation mechanism at a WM fre
quency 30 kHz above fih,max =  11.2 kHz. (a) WM ray propagation at all possible wave 
normal angles, (b) Discrete WM echo due to propagation at small wave normal angles, 
(c) Discrete WM echo due large wave normal angle propagation.

Earth's vertical

( l j(0 j)  s in (0 j-p ) =  JLlr (0 r) s in (6 r+p )

Figure 6.22 Application of Snell’s law to WM echoes at the Earth-ionosphere bound
ary reflection altitude. W M refractive index surface at the Earth-ionosphere bound
ary reflection altitude shows the incident wave normal angle incident refractive in
dex /i*, and the angle /? equal to the angle between B0 and the local vertical. The 
reflected wave normal angle 6r is obtained by applying Snell’s law which can match 
Liisin(6i — /3) =  /.irsin{6r +  /?).



incident wave normal angle (0 *), wave normal angle with respect to the local vertical (Si) and 

the incident refractive index (^ )  are calculated at the reflection altitude. The wave normal 

angle at which the ray has to reflect back is calculated by finding and Sr of the reflected ray 

whose refractive index component along the local stratification nrsin(Sr) matches the incident 

component Hisin(Si). Equation 6.7 shows how Snell’s law in an anisotropic medium can be 

applied to obtain the reflected wave normal angle 6r from Sr and (3 (angle between local vertical 

and B 0). The W M refractive index surface in Figure 6.22 shows how the reflected wave normal 

angle 0r can be calculated using the Snell’s law if the incident wave normal angle and incident 

refractive index are known. This process is repeated at different initial wave normal angles 

to find those rays which can fall both above and below the satellite resulting in a discrete WM 

echo. The Snell’s law is given by the following relation

fiisin(Si) =  fj,rsin(Sr) (6*7)

where Si =  — (3 and Sr =  0r +  f3.

Figure 6.23 shows the W M refractive index surfaces at two Earth-ionosphere boundary 

reflection altitudes, close to the geomagnetic equator and close to the geomagnetic poles. The 

angle f3 between the local vertical and B0 at a given reflection altitude decreases with increasing

Earth 's v e rtic a l Earth 's ve rt ic a l
|ij(G j) s inO i-p ) =  JLlr Or) s in (M r )  I W  s inO rP ) =  | i r  (®r) s in (6 r+P)

Figure 6.23 WM refractive index surfaces at the Earth-ionosphere boundary reflection 
altitude at low and high geomagnetic latitudes, (a) WM refractive index surface at low 
latitudes close to the geomagnetic equator where (3 is large, (b) WM refractive index 
surface at high latitudes close to the geomagnetic poles where (3 is small.



latitude. This is because the geomagnetic field lines are almost aligned with the local vertical 

at the poles. At a fixed invariant latitude, /3 increases with increasing altitude becoming 90° 

at the equator. Ray tracing analysis of the MR-W M echoes accompanied by discrete W M 

echoes can be performed to match the measured dispersion with the calculated dispersion 

by assuming a density model. Constraints on the density model using known values of local 

electron density, local fih and fih,max provide an estimate of the electron density and meff  

along the echo propagation path. Such a ray tracing analysis is performed for the MR-WM 

echoes accompanied by discrete WTM echoes recorded on 05 December 2005.

6.4 Ray tracing analysis o f  the M R -W M  echoes recorded above the fih,max 

altitude

This section discusses how ray tracing analysis substantiates the data analysis and interpre

tation of MR-WM echoes provided in the previous sections. The following subsections discuss 

ray tracing analysis as a diagnostic tool to explain the observed properties of the MR-W M and 

discrete W M echoes (frequency versus time delay measurements) to estimate electron density, 

lower hybrid frequency fih, and ion effective mass mef f  along the echo propagation paths. The 

results and limitations of the ray tracing analysis are discussed at the end of the chapter.

6.4-1 M R -W M  echoes recorded on 05 December 2005 from 02:53:11 UT to 03:06:16  

UT

Figures 6.24a-6.24d show successive plasmagrams recorded along the IMAGE satellite orbit 

on 05 December 2005 between 02:53:11 UT and 03:11:11 UT. The plasmagrams using Program 

38 are shown here using the X-antenna measurements. Figure 6.24a shows a plasmagram 

recorded when the satellite was at 4350 km altitude, Am =  1.81°, and MLT =  8.53. The local 

f pe =  460 kHz for this case is measured from f uh ~  496 kHz (dynamic spectrogram) and f ce 

=  196 kHz (PC echoes). The local fih =  4.2 kHz calculated from f pe and f ce assuming m ef f  

— 1 is less than the minimum transmission frequency 6  kHz of Program 38. An MR-WM echo 

may not have been recorded on this plasmagram because of the limitation on the maximum 

time delay 160 ms of Program 38.

The next sounding about 5 minutes later shown in Figure 6.24b displays a plasmagram 

recorded at 02:57:16 UT when the satellite was at 3509 km altitude, Am =  11.7°, and MLT =
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Figure 6.24 (a -d ). Plasm agram s recorded along the IM A G E  satellite  orbit on 05 De
cem ber 2005 from 02:53:11 U T  to 03 :06 :16  U T . (a) Plasm agram  recorded at 02:53:11 U T .
(b) M R -W M  echo accom panied by P C  echoes at 02 :57 :16  U T . (c) Diffuse M R -W M  echo 
(dashed line) accom panied by a discrete W M  echo at 03:02:11 U T . (d) M R -W M  echo 
appearing diffuse in nature is indicated by a dashed line. T h is M R -W M  echo is accom pa
nied by a discrete W M  echo at 03 :06 :16  U T . (e) IM A G E  satellite  orbit on 05 D ecem ber 
2005 shows the satellite  locations as red dots where the cases in Figures 6 .24 a -6 .2 4 d  
were observed, (f) D ynam ic spectrogram  recorded on 05 Decem ber 2005 shows the in
tense upper hybrid band f uh, plasm apause P P  and the T S Y -9 6  gyrofrequency model 
(red curve).



8.59. The plasmagram shows an MR-W M echo with a minimum in its time delay dispersion. 

The lower cutoff frequency equal to the local f a  is below the minimum transmission frequency 

6  kHz. The upper cutoff frequency is 10.2 kHz. The f ce =  290 kHz, as obtained from PC 

echoes and f uh in the 506-560 kHz range, as obtained from the dynamic spectrogram shown 

in Figure 6.24f, gave a local f pe in the 414-479 kHz range. Ray tracing analysis shows that the 

local f pe =  453 kHz (Ne ~  2550 el/cc) is within the measurement bounds. The local f a  for 

this case as measured from f pe =  453 kHz and f ce =  290 kHz assuming mef f  =  1 is equal to 

5.69 kHz. The asterisk on f a  in the figure indicates that it is not a measured value.

Figure 6.24c shows another plasmagram recorded at 03:02:11 UT displaying a diffuse MR- 

W M echo accompanied by a discrete W M echo when the satellite was at 2633 km altitude, Am 

=  25.9°, and MLT =  8.69. The local f ce from the diffuse PC echoes could not be estimated 

due to time delays between successive PC harmonic echoes being less than the time delay 

resolution of 3.2 ms. The f uh measurements from the dynamic spectrogram could not be made 

from about 03:00 UT, so the local f pe is calculated from f a  appearing as a resonance at the 

lower cutoff frequency of the MR-WM echo. The local fih =  7.8 kHz and f ce =  458 kHz as 

obtained from the IGRF model gave a local f pe — 488 kHz assuming mef f  =  1. The MR-WM 

echo is accompanied by a weak discrete W M echo from 12 kHz to 63 kHz. The lower cutoff 

frequency of the discrete W M echo appears to merge with the upper cutoff frequency of the 

MR-WM echo.

Another diffuse MR-W M echo (indicated by a dashed line) accompanied by a discrete WM 

echo and recorded at 03:06:16 UT when the satellite was at 2077 km altitude, Am =  39.6°, and 

MLT =  8.82 is shown in Figure 6.24d. Local f a  =  9 kHz as measured from the lower cutoff 

frequency is used to calculate f pe =  454 kHz from f ce =  641 kHz (IGRF model) assuming mef f  

=  1 . The local f a  increased from 4.2 kHz to 9 kHz as the satellite moved from about 4500 

km to 2000 km altitude for the cases shown in Figures 6.24a-6.24d. Figure 6.24e shows the 

satellite orbit along with satellite locations in red where these cases were recorded along the 

05 December 2005 orbit. Figure 6.24f shows the dynamic spectrogram displaying the intense 

upper hybrid band emissions such as f uh, which provided the local f pe =  453 kHz for the 

02:57:16 UT case. The plasmapause location shown as PP is at Lpp ~  3.5 suggesting that the 

MR-WM echoes were recorded inside the plasmasphere.

The MR-WM echoes, unlike other plasma mode echoes, are strongly influenced not only 

by f pe (electron density) and f ce (geomagnetic field intensity) but also by the relative ion
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composition (mef f ) along their propagation paths. The cases shown in Figures 6.24b-6.24d are 

analyzed via ray tracing to use their frequency versus time delay properties to study the effect 

of ion composition on their dispersion. While MR-WM echoes propagate from the satellite 

up to the fih,max altitude, discrete W M echoes reflect at the Earth-ionosphere boundary. Ray 

tracing analysis of MR-WM and discrete W M echoes provide estimates of electron density and 

ion effective mass along the echo propagation paths with a reduced uncertainty compared to 

the electron densities estimated from the ray tracing analysis of a discrete W M echo alone.

6.4- 2 Building a ray tracing density model

This section shows how the ray tracing density model is built from the available constraints 

to perform the ray tracing analysis.

The Stanford 2D ray tracing density model allows modeling of three ions Hydrogen ( # + ), 

Helium ( # e + ), and Oxygen ( 0 + ) along with electrons as is discussed in detail in Section 3.2. 

The value of fih is a function of mef f  (relative ion concentration), f pe, and f ce• A detailed 

discussion of how the ray tracing model parameters vary the electron density and fih profiles 

is discussed in Section 3.2. Figure 6.25 shows the lower altitude portion of the electron and 

ion densities from the assumed Earth-ionosphere boundary reflection altitude at 120 km to 

about 3500 km along B0 passing through the satellite. The heavier Oxygen ion concentration 

is maximum at lower altitudes and decreases rapidly above 1000 km. The lighter Hydrogen 

ion is maximum at higher altitudes above ~2000 km. The input file for the density model 

used to plot this figure is given in Appendix E as input file 6 . The plasmapause location Lpp 

as obtained from the dynamic spectrogram is ~3.5. The plasmapause location as obtained 

from the K p m̂ax in the preceding 24 hours defined by the relation Lw  =  5.6 - 0.46Kp r̂nax 

[Carpenter and Anderson, 1992] is 4.35. The local f pe =  480 kHz (Ne =  2858 el/cc) is obtained 

from f uh =  560 kHz (dynamic spectrogram) and f ce =  290 kHz (PC echoes). A relative ion 

composition of a H+ =  0.7, a # e+ =  0.05, and ctQ+ =  0.25 at Rbase =  1000 km altitude is 

chosen based on the past measurements of the relative ion composition from ion whistlers and 

lower cutoff frequencies (local fih) of the LHR noise bands recorded by the Alouette satellite 

[.Barrington, 1969]. The f ce =  290 kHz obtained from PC echoes is used to estimate the 

reference gyrofrequency of 1020 kHz at the equator to build the dipole field model.

The lower and upper cutoff frequencies of the MR-WM echo at 02:57:16 UT are 6  kHz 

(limited by the minimum transmission frequency 6  kHz) and 10.2 kHz, respectively. The
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F igure 6.25 ‘Cyan electron density’ model used in the ray tracing analysis of the 
MR-W M echo recorded on 05 December 2005 at 02:57:16 UT. Electron density and ion 
composition of the Cyan density model constructed from the available constraints is 
usea in the ray tracing analysis of the MR-WM echo recorded on 05 December 2005 at 
02:57:16 UT.

density model used must therefore have a local fih  below 6  kHz and a fih,max along B 0 passing 

through the satellite above 10.2 kHz. The measurements o f the upper cutoff frequency o f MR- 

W M  echoes fell below 12 kHz suggesting that the fih,max may be about 12 kHz. The density 

model with Rbase =  1000 km and Therm — 1000° K has a local fih =  5.7 kHz and a fih,max 

~  12 kHz consistent with the measurements. This density model is hereafter referred to as the 

‘Cyan electron density’ model.

6-4-3 Ray tracing analysis of the M R-W M  echo recorded at 02:57:16 UT using the 

1Cyan electron density1 model

The ray tracing results o f the M R -W M  echo recorded on 05 December 2005 at 02:57:16 UT 

are shown in Figure 6.26. The input file for the density model used to plot this figure is given 

in Appendix E as input file 6 . The density model in Figure 6.26a is built from the following 

available constraints of local electron density Ne}Sat =  2858 e l/cc  from f pe ~  480 kHz calculated 

from f uh =  560 kHz (dynamic spectrogram) and f ce =  290 kHz (PC echoes). Figure 6.24b 

shows the lower hybrid frequency profile along B0 passing through the satellite. A  reference 

relative ion com position o f a //+  =  0.7, otHc+ =  0.05, and a 0 + =  0.25 is chosen at Rbase =
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1000 km altitude which scales the m ef f  and hence fih . The ion effective mass is about 1 and

1.1 at the fih,sat — 5.8 kHz and fih,max ~  12.1 kHz altitudes, respectively. Figure 6.24c shows 

the ray propagation mechanism as obtained from the ray tracing analysis at a frequency 8.4 

kHz along B 0 passing through the satellite and reflection at an altitude where fih is 9.2 kHz. 

Figure 6.24d shows a comparison of the measured and calculated time delays as obtained from 

the ray tracing analysis using the Cyan density model. The maximum frequency 11.1 kHz at 

which the rays reflected back as an M R-W M  echo to the satellite is below fih,max =  12 kHz.

F igure 6.26 Ray tracing analysis of the MR-WM echo recorded on 05 December 2005 
at 02:57:16 UT using the Cyan density model, (a) Electron density model used in the 
ray tracing has a local electron density of 2858 el/cc at the satellite altitude of 3509 
km. (b) Lower hybrid frequency profile along the geomagnetic field line passing through 
the satellite, (c) Ray tracing showing ray propagation mechanism at a frequency 8.4 
kHz along the geomagnetic field line passing through the satellite and reflection when 
fih — 9.2 kHz. (d) Comparison of measured (grey) and calculated time delays (cyan 
diamonds) as obtained from ray tracing.

Figure 6.26c shows an 8.4 kHz ray propagation mechanism resulting in an M R -W M  echo 

when injected at a wave normal angle 6ini =  87.6° close to Qres =  8 8 .6 °. The ray is injected 

earthward towards higher L-shells from the satellite located at 3509 km altitude, Am =  1 1 .8 °,



and L =  1.5. The convention used here assumes positive wave normal angles when injected 

earthward towards higher L-shells and negative wave normal angles towards lower L-shells. 

The initial wave normal angle being just above the gendrin angle results in an initial ray angle 

of 0.4° (towards lower L-shells) along B 0 passing through the satellite. Below the altitude 

where f  — fih =  8.4 kHz, the open refractive index surface begins to close as f  < fih resulting 

in the bending of rays. At about 2 1 0 0  km altitude and Am =  24.9°, where local fih ~  9.2 

kHz, the ray reflects back to the satellite. The ray refractive index value of 113 equals the 

closed refractive index surface component perpendicular to B 0 at this reflection altitude. The 

reflected ray continues to propagate approximately along B0 reaching back to the satellite in 

about 1 2 0  ms time delay.

Figure 6.26d shows that the calculated time delays obtained using the Cyan density model 

overestimated the measurements at lower frequencies and underestimated the measurements 

at higher frequencies. The maximum frequency which can reflect as MR equal to 11.1 kHz 

was ~1 kHz below fih,max =  12 kHz and ~1 kHz above the measured upper cutoff frequency 

equal to 10.2 kHz. This is due to bending of the rays below the /  =  fih altitude resulting 

from topological changes in the refractive index surface before reflection. The calculated time 

delays at lower frequencies fall above the measurements and show a dependence on the electron 

density close to the satellite altitude, which can be adjusted by changing the reference electron 

density at the satellite. The overall dispersion of the MR-WM echo could be moved upwards 

or downwards by increasing or decreasing the electron density along the echo propagation path 

as the group velocity is inversely proportional to the square root of electron density. A rapid 

increase in time delays occurred at frequencies close to and below fih,max- Time delays at higher 

frequencies close to the upper cutoff frequency can therefore be adjusted by decreasing fih,maxi 

i.e., by decreasing electron density at the fih,max altitude. This suggests that the constraints 

on the electron density model are lower reference electron density and lower fih,max value. The 

ray tracing parameters along the propagation path at a few frequencies as obtained from the 

ray tracing analysis of the MR-WM echo using the Cyan density model are provided in Table 

1 of Appendix F.



6.44 Ray tracing analysis of the MR-WM echo recorded at 02:57:16 UT using the ‘Red 

electron density ’ model and ‘Green electron density’ model

Using the constraints obtained from the ray tracing analysis using the Cyan electron den

sity model, a new density model hereafter referred to as the ‘Red electron density’ model is 

constructed with a local electron density of NeiSat =  2550 el/cc ( fpe =  453 kHz) and fih,max =  

11  kHz. The f pe =  453 kHz is calculated from f uh =  535 kHz within the measurement bounds 

(dynamic spectrogram) and f ce =  290 kHz (PC echoes). The Ne r̂ef  — 2550 el/cc is assigned 

at the satellite location of 1.55 R e  and Am =  11.7°. To decrease the fih,max to 11 kHz, the 

value of Therm is increased to 1295° K which resulted in a lower electron density profile below 

the Rbase =  1000 km altitude due to a decrease in the slope of the electron density profile 

below Rbase. The local fih as measured from f pe =  453 kHz and f ce =  290 kHz is 5.69 kHz.

The ray tracing analysis using the Cyan density model shows that the value of fih,max 

determines the upper cutoff frequency and the time delays at higher frequencies of the MR- 

WM echo. As the ion effective mass mef f  is a function of relative ion composition (three ions 

in our case), our ray tracing density model does not impose any limitation on the choice of the 

relative ion composition i.e., many possible combinations of the relative ion composition can 

result in the same m ej f .  In Chapter 3, we noted from the relative ion composition data from 

Barrington [1969] and from AE satellite data that the relative ion compositions at a given 

altitude are variable within certain bounds. The measurements of a He+ at 1000 km altitude 

typically vary between 0 and 0.1, therefore a fixed value of a He+ =  0.05 is chosen. Another 

density model hereafter referred to as the ‘Green electron density’ model is constructed with 

the same fih,max but using a different relative ion composition to understand the effect of ion 

composition on the dispersion of the MR-W M echoes. A reference relative ion composition, 

aH+ =  0.25, =  0.05, and a 0 + =  0.7 is chosen at Rbase =  1000 km altitude and Therm

=  900° K for this model. The Red density model uses a relative ion composition, a H+ =  0.7, 

ct}je+ =  0.05, and ao+  =  0.25 at Rbase =  1000 km altitude and a Therm =  1295° K. Both 

Red and Green density models have the same reference electron density and fih,max values, 

and approximately same electron densities between the satellite and fih,max altitudes.

A comparison of the three density models Cyan, Red, and Green is shown in Figure 6.27. 

The input files for the density models used to plot this figure are given in Appendix E as input 

files 6 , 7, and 8 . The figure shows electron density, fih, meff ,  and relative ion compositions



of H + , i / e + , and 0 + ions along B 0 passing through the satellite location at 02:57:16 UT on 

05 December 2005. The electron densities between the satellite and fih,max altitude (~1100 

km) are approximately same. The Red and Green density models have F2-layer peak electron 

densities o f 1 .8 4 x l0 5 e l/cc  and 5 .9 4 x l0 6 e l/cc, respectively. The Red and Green density 

models have the same local fih  =  5.7 kHz at 3509 km altitude, and a different fih,max of 11-06 

kHz at 1125 km altitude and fih,max =  11-32 kHz at 1275 km altitude, respectively. The 

relative ion composition o f H + at Rbase =  1000 km altitude equals 0.7 and 0.25 for the Red 

and Green density models, respectively. Figure 6.27e shows that all the models have the same 

otHe+ — 0.05 at the Rbase =  1000 km altitude. The H e+  ion concentration in the density 

model increases to a maximum at an altitude where the H + and 0 + ion concentrations are 

approximately equal.

F igure 6.27 (a -f). Electron density, fih, rneff , ctHe+, and aO + profiles from
the density models used in the ray tracing analysis of the MR-WM echo recorded on 05 
December 2005 at 02:57:16 UT.



6.4-5 Details of the ray tracing analysis

This section discusses the ray tracing analysis of the MR-WM echoes recorded on 05 De

cember 2005 at 02:57:16 UT using the Red and Green density models. Ray tracing provides 

the echo parameters such as the wave normal angle, ray angle, refractive index, group velocity 

along with an estimate of the electron densities along the MR-WM echo path. By explain

ing the MR-WM echo dispersions, the following features of the echo can be understood: (1) 

MR-WM echo displays a resonance at the local f a  and begins at a fixed time delay above the 

lower cutoff frequency, (2) MR-WM echoes appear with or without a minimum in their time 

delays and display a sharp increase in time delays close to and <2 kHz below its upper cutoff 

frequency, and (3) MR-WM echoes display multipath nature at frequencies close to and below 

the upper cutoff frequency.

Propagation of W M signals at frequencies between local f a  and fa ,m a x  resulting in MR- 

W M echoes was discussed earlier in Section 6.3. The current section discusses the parameters 

obtained by matching the MR-WM echo dispersion with that calculated from ray tracing and 

their interpretation. Figure 6.28 shows the ray tracing analysis of the MR-W M echo using the 

Red and Green density models. The input files for the density models used to plot this figure 

are given in Appendix E as input files 7 and 8 . Figure 6.28a shows electron density models 

built from the constraints as discussed in Subsection 6.4.4.

Figure 6.28b shows f a  profiles along the geomagnetic field line passing through the satellite. 

The local f a  for both models is ~5.7 kHz. The fa ,m a x  — 11.06 kHz at 1125 km altitude for 

the Red density model and fa ,m a x  — 11-32 kHz at 1275 km altitude for the Green density 

model. Figure 6.28c shows the MR-WM echo propagation mechanism at a frequency 8.4 kHz 

along the geomagnetic field line and reflection at an altitude where f a  =  9.1 kHz. Figure 

6.28d shows a comparison of the measured (grey) and calculated time delays (color diamonds) 

as obtained from ray tracing using the Red and Green density models. The measurements of 

time delays are made at each frequency whose amplitudes fell about 5 dB to 10 dB below the 

maximum value. The MR-WM echo measurements appeared saturated as the amplitudes of 

the received voltage fell above 6 6  dB. The rectangular shaped appearance of the measurement 

bins is due to the 0.3 kHz step size of Program 38 and the 3.2 ms time delay resolution of the 

transmitted pulse.

The ray tracing using the Red density model showing an MR-WM echo ray propagation



mechanism at a frequency 8.4 kHz is shown in Figure 6.28c. This ray is injected earthward 

towards higher L-shells from the satellite located at 3500 km altitude and Am =  11.8° at an 

initial wave normal angle of 87.4° close to 0res =  8 8 .6 °. This ray has an initial ray angle o f 0.3° 

propagating along B 0 passing through the satellite. Beyond f  =  f lh =  8.4 kHz altitude, the ray

Figure 6.28 Ray tracing analysis of the MR-WM echo recorded on 05 December 2005 at 
02:57:16 UT. (a) Electron density models (Red and Green), (b) Lower hybrid frequency 
along the geomagnetic field line passing through the satellite, (c) Ray propagation 
mechanism at a frequency 8.4 kHz. (d) Comparison of the measured and calculated 
time delays as obtained from ray tracing using the Red and Green density models.

begins to bend as the refractive index surface becomes closed. At about 1960 km altitude and 

Am =  26°, where local fih — 9.13 kHz, the ray reflects back to the satellite. The ray refractive 

index value of 103 equals the closed refractive index surface component perpendicular to B 0 

at this reflection altitude. Overall, the ray propagates to a lower L-shell and bends towards 

higher L-shells at the point o f reflection before returning back to the satellite with a maximum 

L-shell difference o f ~0.005 L along its propagation path. The reflected ray also propagates



approximately along B 0 reaching back to the satellite in 113 ms time delay. As frequency 

increases (6.3 kHz to 10.2 kHz), the rays propagate at smaller wave normal angles (89.1° to 

8 6 °) closer to the gendrin angle and have smaller initial refractive index values (176 to 4 4 .5 ). 

The refractive index at all frequencies (6.3 kHz to 10.2 kHz) is maximum (202 to 89) at the 

reflection altitude and the maximum frequency reflects closest to the fih,max =  12 kHz altitude. 

All other ray tracing parameters at a few frequencies of the MR-WM echo are provided in the 

appendix as Table F.2.

6.^.6 Results and interpretation from the MR-WM echo ray tracing analysis

This subsection discusses the ray tracing results and interpretation obtained by matching 

the measured time delays with those calculated from ray tracing using the Red density model. 

Figure 6.29 shows the results of the ray tracing analysis using the Red density model of the MR

WM echo recorded on 05 December 2005 at 02:57:16 UT. At frequencies f  >  fih, the refractive 

index surfaces are open and have smaller resonance cone angles at higher frequencies. Among 

the rays which appear as MR echoes on the satellite, lower frequencies start at an initial wave 

normal angle (circles) closer to the resonance cone angle (triangles) and higher frequencies 

start closer to the gendrin angle (squares). As frequency increases, the minimum wave normal 

angle of the rays which can reflect as MR increases and the resonance cone angle decreases 

resulting in a decrease in the range of wave normal angles which can reflect as MR. This figure 

does not show the minimum wave normal angle at which the rays begin reflecting as MR.

Among the MR reflected rays, rays injected towards higher L-shells at smaller and larger 

wave normal angles appear below and above the satellite, respectively resulting in an MR-WM 

echo. At frequencies between 10.2 kHz and fih,maxi the rays injected towards higher L-shells 

appear only below the satellite and so do not result in an MR-WM echo. The ray propagation 

mechanism discussed until now involves rays injected towards higher L-shells from the satellite. 

At each frequency, those rays injected towards lower L-shells which form an MR-WM echo also 

result in the same time delays as those of the rays injected towards higher L-shells. Both rays 

which can form an MR-WM echo approximately traverse the same path. Therefore, there are 

two rays (two solutions) which can be injected earthward at wave normal angles towards higher 

and lower L-shells, which can reach back to the satellite as an MR-WM echo resulting in the 

same time delay.

The MR-WM echoes propagate at large wave normal angles close to the resonance cone
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F ig u re  6 .29  Comparison of the wave normal angle, ray angle, and gendrin angle as 
a function of frequency as obtained from the ray tracing analysis of the MR-WM echo 
recorded on 05 December 2005 at 02:57:16 UT. The initial wave normal angles at which 
the rays reflected back to the satellite as an MR-WM echo are shown as circles. Gendrin 
and resonance cone angles at each of these frequencies are shown as squares and triangles, 
respectively.

angle (<5°) and hence propagate at low group velocities. Figure 6.30 shows the average group 

velocity VgAve (red circles) along the propagation path, total distance propagated D ist^  (blue 

circles), and the average time delay (green circles) calculated as a ratio Disttot/Vg,ave at each 

frequency obtained from ray tracing. The values of Vg,ave and Dist*0t although not plotted to 

same scale, show a similar trend in their variation; however, the ratio (equal to time delay) 

displays a minimum in time delays explaining the MR-W M echo dispersion. The time delays 

shown here are different from the time delays calculated via ray tracing as Tg =  f s $r- The 

minimum in the time delay dispersion can be attributed to the rate of increase in group velocity 

being higher than the rate of increase in the total distance propagated at lower frequencies. 

At higher frequencies, the increase in the propagation distance and the decrease in the rate of 

increase in group velocity results in the increase in time delays. The ray parameters at 10.35 

kHz frequency are circled indicating that the ray did not reach back to the satellite and falls 

about 7 km below the satellite.

Figure 6.31 shows group velocities (black curve) along the propagation path as a function 

of distance propagated at each of the MR-WM echo frequency obtained from the ray tracing 

analysis. Higher frequencies (6.3 kHz to 10.2 kHz) propagate greater distances (2000 km to
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Figure 6.30 The average group velocity, total distance propagated, and group time 
delay as a function of frequency of the MR-WM echo recorded on 05 December 2005 at 
02:57:16 UT. The group time delay (T g) calculated as a ratio of total distance propagated 
(Disttot) and average group velocity ( Vg,ave) explains the MR-WM echo dispersion.

8000 km) and have higher average group velocities (2x  107 m /s  to 7x 107 m /s). Rays injected at 

all frequencies have a minimum group velocity at the reflection altitude. The total time delay 

accrued is maximum close to the reflection altitude where the group velocities are minimum. 

At frequencies close to the maximum frequency which can reflect back to the satellite as MR, 

the rays collect greater time delays due to bending at low group velocities. The turn around 

mechanism occurs below the /  =  fih altitude when the rays cross the satellite L-shell close to 

the reflection altitude. Higher frequencies propagate greater distances during the turn around 

time. The frequency 6  kHz reflects at the fih =  6.14 kHz altitude and the frequency 10.2 kHz 

reflects at the fih =  11 kHz altitude. The maximum difference in the L-shell values along 

the propagation path increases from about 0.001 L at 6  kHz to 0.01 L at 10.2 kHz. Edgar 

[1972] qualitatively explained the dispersion o f the lightning generated M R whistlers at higher 

frequencies using the turn around mechanism.

The large time delay spreads (> 3 -6  ms) at frequencies close to and below the upper cutoff 

frequency of the discrete M R-W M  echoes is explained in Figure 6.32 showing a comparison 

of the measured and calculated time delays. The RPI receiver bandwidth of 300 Hz allows 

the echoes at frequencies 10.05 kHz and 10.35 kHz to fall in the same frequency bin centered
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Figure 6.31 The group velocities along the ray path as a function of frequency and 
distance propagated of the MR-WM echo recorded on 05 December 2005 at 02:57:16 
UT.

at 10.2 kHz. The 10.35 kHz ray reaches a closest distance of about 7 km falling below the 

satellite in about 165 ms time delay. The rays propagating at frequencies 10.05 kHz, 10.2 

kHz, and 10.35 kHz appear in 122 ms, 130 ms, and 165 ms time delay, respectively. The ray 

tracing calculated time delays at frequencies 10.05 kHz and 10.35 kHz are shown as red and 

green squares falling in the same bin centered at 10.2 kHz corresponding to the Red and Green 

density models. Similarly rays propagating at frequencies 9.75 kHz and 10.05 kHz appear at 

116 ms and 122 ms time delay and fall inside the 9.9 kHz frequency bin. The ray tracing input 

files used to plot this figure are provided in Appendix E as input files 7 and 8 .

The maximum frequency at which a ray can result in an MR-WM echo depends on the 

maximum frequency which can turn around before going below the fih,max altitude. A ray 

propagating at this maximum frequency has a refractive index value equal to the refractive 

index surface component perpendicular to B 0 at the fih,max altitude. The ray tracing analysis 

of MR-WM echoes recorded at altitudes 2000-4000 km and L-shells 1.5-4 suggest that the 

upper cutoff frequency of the MR-WM echo is about 0.5-1 kHz below fih,max-

Ray tracing analysis will explain the MR-WM echo dispersion and the time delay spread 

at frequencies below the upper cutoff frequency. As shown in Figure 6.28, both Red and Green 

density models have approximately similar electron densities between the satellite and fih,max
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F igure 6.32 Comparison of the measured and calculated time delays of the MR-WM 
echo recorded on 05 December 2005 at 02:57:16 UT. The measured time delays are shown 
in grey along with the calculated time delays as red and green diamonds corresponding 
to the Red and Green density models used.

altitudes where the M R-W M  echoes propagate. The Red and Green density models have a 

difference in the F2-layer peak electron density o f a factor o f 10 suggesting that many density 

models close to and between the Red and Green density models can also explain the M R-W M  

echo dispersion. A fixed a He+ =  0.05, and a variable a H+ =  0.25 and a H+ =  0.7 at Rbase 

=  1 0 0 0  km altitude is used in the Red and Green density models, respectively. A higher ctQ+ 

=  0.7 at Rbase =  1000 km for the Green density model results in higher electron density 

estimates close to the F2-layer peak altitude. Ray tracing analysis shows that bounds on 

electron density and m ef f  can be placed by matching the measured M R -W M  echo dispersion 

using the available constraints on the density model. The effect o f changing a He+ between 0 

and 0 .1  at Rbase =  1000 km on the bounds o f the estimated electron density profiles and its 

influence on the M R-W M  echo dispersion is not considered for this case. The uncertainty in 

the electron density obtained from the ray tracing analysis o f an M R -W M  echo by assuming 

a fixed a / /e+ =  0.05 at 1000 km altitude can be reduced from the ray tracing analysis o f the 

Earth-ionosphere boundary reflected discrete W M  echoes. The discrete W M  echo dispersion 

is influenced by the electron densities in the lower altitude portion from the fih,max altitude 

down to the Earth-ionosphere boundary.



6.4-7 Ray tracing analysis o f an M R-W M  echo and a discrete WM echo recorded on

05 December 2005 at 03:02:11 UT

The following sections discuss the ray tracing analysis o f an M R-W M  echo accompanied by 

a discrete W M  echo recorded on 05 December 2005 at 03:02:11 UT to reduce the uncertainty 

in the estimated electron density. Figure 6.33 shows the frequency portion 6-30 kHz of two 

M R -W M  echoes which appeared as discrete in nature on the Y-antenna and were recorded 

at 03:02:11 UT and 03:06:16 UT. These M R-W M  echoes appeared diffuse in nature on the 

X-antenna as shown in Figures 6.24c and 6.24d. The Y-antenna always displayed a resonance 

at the lower cutoff frequency and sometimes displayed the lower frequency portion o f the M R- 

W M  echo as discrete in nature. The Y-antenna was therefore used to make the M R -W M  echo 

dispersion measurements. The M R-W M  echo at 03:02:11 UT was accompanied by a discrete 

W M  echo. The satellite was at 2633 km altitude and Am =  25.9° when recording the M R -W M  

echo. The local fih =  7.8 kHz is measured from the lower cutoff frequency o f the M R-W M  

echo on the Y-antenna. The upper cutoff frequency 10.5 kHz o f the M R -W M  echo is measured 

with uncertainty due to the diffuse nature o f the M R-W M  echo on the X-antenna. The local 

fih increased from 5.6 kHz to 7.8 kHz as the satellite moved from 3509 km altitude at 02:57:16 

U T to 2633 km altitude at 03:02:11 UT.

b) 05 Dec 2005,03:06:16 UT

t 10 15 20 25 30

lh Frequency, kHz
Figure 6.33 MR-WM echoes as recorded by the Y-antenna on 05 December 2005 
at 03:02:11 UT and 03:06:16 UT. The Y-antenna was used to make the time delay 
measurements for comparison with the ray tracing calculated time delays.

Ray tracing analysis o f the M R-W M  echo recorded at 02:57:16 UT shows that the estimated 

electron densities have an uncertainty o f a factor o f 1 0  at the F2-layer peak electron density 

altitude. About five minutes later at 03:02:11 UT, another M R-W M  echo (Figures 6.24c 

or 6.33a) accompanied by a discrete W M  echo was recorded. The discrete W M  echoes can



propagate at both small and large wave normal angles below the fih,max altitude and reflect at 

the Earth-ionosphere boundary. Such a propagation scenario was shown earlier in Figure 6.21. 

The following sections discuss how the uncertainty in the electron density may be reduced 

using the discrete WM echo recorded at 03:02:11 UT.

6.4-8 Ray tracing analysis using the ‘Blue electron density’ model

The following assumptions and constraints are discussed before proceeding to the ray trac

ing analysis. The ray tracings are performed using the same Red and Green density models 

discussed in the ray tracing analysis of the MR-WM echo recorded at 02:57:16 UT. The same

ness in the density model refers to fixed values of parameters Rbase, Therm, and the reference 

relative ion composition at Rbase. Local f pe and f ce measurements made at 03:02:11 UT are 

assigned to these density models based on the following constraints: the dynamic spectrogram 

(Figure 6.24f) did not allow us to estimate f pe from f uh at 03:02:11 UT. The MR-WM echo 

recorded at 03:02:11 UT displays a resonance at the local fih =  7.8 kHz which is used along 

with the local f ce =  458 kHz (IGRF model) to estimate f pe =  488 kHz (Ne ŝat =  2965 el/cc), 

assuming mef f  =  1. The density models are built with these constraints and have relative 

ion compositions of a#+ =  0.7, a # e+ =  0.05, and qq+ =  0.25 for the Red density model and 

a H+ =  0.25, a # e+ =  0.05, and ocq+ = 0 .7  for the Green density model at Rbase — 1000 km 

altitude. An Earth-ionosphere boundary reflection altitude at 120 km within the plausible 

range of 80-150 km altitude and a plasmapause location of =  3.5 are assumed. The Red 

and Green density models are assumed to remain the same (same Rbase, Therm, and relative 

ion composition) at satellite locations at 02:57:16 UT and 03:02:11 UT although satisfying the 

constraints on the known measurements of local f pe and f ce. However, the actual electron den

sities may vary due to differences in the satellite location and time. A ‘Blue electron density’ 

model is constructed in order to explain the discrete W M echo dispersion recorded at 03:02:11 

UT.

The ray tracing analysis of the discrete WM echo recorded on 05 December 2005 at 03:02:11 

UT is shown in Figure 6.34. The ray tracing input files used to plot this figure are provided 

in Appendix E as input files 9.1, 9.2, 9.3, 9.4, and 9.5. The Red, Green, and Blue density 

models shown in Figure 6.34a have a local electron density NejSat =  2965 el/cc (f pe =  488 

kHz) as calculated from fih =  7.8 kHz and f ce =  458 kHz (IGRF model). Figure 6.34b shows 

fih profiles along B 0 passing through the satellite. The three density models have the same
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fih,sat =  7.8 kHz equal to the lower cutoff frequency of the MR-WM echo. The fih,max is

1 1 .1  kHz, 12 kHz, and 11 kHz for the Red, Green, and Blue density models, respectively. 

Figure 6.34c shows the ray propagation mechanism as obtained from the ray tracing analysis 

using the Blue density model at a frequency 12.9 kHz. The 12.9 kHz ray is propagating at 

a small wave normal angle -29.1° close to B 0 passing through the satellite and reflecting at 

the Earth-ionosphere boundary. Figure 6.34d shows a comparison of the measured (Grey) and 

calculated time delays (color diamonds) as obtained from the ray tracing assuming small wave 

normal angle propagation of the discrete WM echo. Figure 6.34e shows the ray propagation 

mechanism at a frequency 12.9 kHz assuming a large wave normal angle 87.3° (6res =  88.3°) 

propagation. Figure 6.34f shows a comparison of the measured and calculated time delays 

as obtained from the ray tracing assuming large wave normal angle propagation resulting in 

discrete W M echoes. The following paragraphs discuss the details of the discrete W M echo 

ray tracings as to how the large wave normal angle assumption is considered and why a new 

density model (Blue density model) is required.

The Red and Green density models used to perform the ray tracings assuming small wave 

normal angle propagation resulted in calculated time delay dispersions different from the mea

surements as shown in Figure 6.34d. The group time delay of the discrete W M echo due 

to propagation at small wave normal angles is inversely proportional to the square root of 

frequency. For a given frequency, the total group time delay of the discrete WM echo is pro

portional to the integral of square root of electron density along its propagation path [Li, 

2004]. The discrete W M echo time delay dispersion can therefore be increased or decreased 

by correspondingly varying electron density along the propagation path of the echo. The time 

delays calculated using the Green density model overestimated the measured time delays of 

the discrete W M echo recorded at 03:02:11 UT indicating that the Green density model may 

not be a possible estimate of the electron density. The ray tracing calculated time delays using 

the Red density model fall above the measured time delays at lower frequencies where there is 

a slope change. The ray tracing details at various frequencies using the Red and Green density 

models are provided in Tables 3 and 4 of Appendix F. In order to reduce the electron densi

ties to match the discrete WM echo dispersion, a Blue density model with a lower F2-layer 

peak electron density of 1 .23xl05 el/cc compared to the Red density model with an F2 -peak 

electron density of 1 .79xl05 e l/cc is built by increasing Therm from 1295° K to 1400° K.

Figure 6.34c shows the small wave normal angle propagation of a ray injected at a frequency
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Figure 6.34 Ray tracing analysis of the discrete WM echo recorded on 05 Decem
ber 2005 at 03:02:11 UT. (a) Red, Green, and Blue electron density models used in 
the ray tracing have the same local electron density of 2965 el/cc. (b) The fih profiles 
corresponding to the Red, Green, and Blue density models, (c) Ray tracing showing 
ray propagation mechanism at 12.9 kHz assuming small wave normal angle propagation 
and reflection at the Earth-ionosphere boundary at 120 km altitude, (d) Comparison of 
the measured and calculated time delays as obtained from ray tracing assuming small 
wave normal angle propagation, (e) Ray propagation mechanism as obtained from the 
ray tracing analysis at a frequency 12.9 kHz at a large wave normal angle propagat
ing along the geomagnetic field line passing through the satellite and reflecting at the 
Earth-ionosphere boundary at 120 km altitude, (f) Comparison of the measured and 
calculated time delays as obtained from ray tracing assuming a large wave normal angle 
propagation.



12.9 kHz as obtained from the ray tracing analysis using the Blue density model. The ray is 

injected earthward towards lower L-shells at a small wave normal angle which can result in a 

discrete W M echo on the satellite located at 2611 km altitude and Am =  26.3°. The 12.9 kHz 

ray injected at an initial wave normal angle of -29.1° (9res =  88.3°) has an initial ray angle of 

13° propagating close to B0 passing through the satellite. As the frequency is above fih,max 

=  11 kHz, the ray propagates below the fih,max altitude reaching the F2-layer peak electron 

density 1 .23xl05 el/cc altitude at 250 km in 38.7 ms. The ray starting at a small initial 

refractive index value of 6.9 reaches its maximum refractive index value of 27 at the F2-layer 

peak altitude. Maximum time delays are accrued at this altitude where high electron densities 

result in low group velocities. The ray has a wave normal angle of -34.7° and a ray angle of 15° 

close to B0 here. The ray reaches the Earth-ionosphere boundary at 120 km altitude shown 

as a dashed line above the Earth in 43.7 ms where it reflects specularly and approximately 

follows the incident path reaching back to the satellite in 87.5 ms time delay.

The ray tracing analysis of the discrete WM echoes provided the following conclusions: as 

frequency increases (9 kHz to 62.7 kHz), the initial wave normal angles (-29.3° to -27.2°) and 

the ray angles (-13° to -10°) are closer to B0. As frequency increases (9 kHz to 62.7 kHz), 

the initial refractive index value decreases (8.2 to 3.38), the maximum refractive index value 

along its ray path (32.4 to 12.3) occurring at the F2-layer peak altitude decreases, and the 

total group time delay decreases (104 ms to 43.8 ms). Unlike MR-W M echoes, the small wave 

normal angle discrete W M echoes occur due to propagation at only one wave normal angle 

which can be injected earthward towards lower L-shells. MR-WM echoes can occur due to 

propagation at two possible wave normal angles at each frequency, both injected earthward 

towards lower and higher L-shells from the satellite. The ray tracing parameters along the 

propagation path at a few frequencies of the discrete WM echo using the Blue density model 

are provided in Appendix F as Table 5.

As seen in Figure 6.34d, the calculated dispersion using the Blue density model explains the 

lower frequency portion of the discrete W M  echo better than the Red density model. However, 

the WM rays propagating at small wave normal angles could not explain the steep slope in time 

delays at the lower frequency portion and the gentle slope in time delays from ~20 kHz to 63 

kHz of the recorded discrete W M echo. The small wave normal angle propagation also results 

in W M  echoes to appear at frequencies below the lower cutoff frequency 11.4 kHz (also below 

fih,max =  11 kHz) of the discrete W M echo. Such a dispersion of the W M echoes propagating



at small wave normal angles is similar to the nonducted whistler dispersion due to the group 

time delay being inversely proportional to the square root of frequency [Helliwell, 1965]. The 

current 2D ray tracing program limits ray injection in a fixed magnetic meridional plane of the 

satellite. It may be possible that a 3D ray tracing program can be used to provide a better 

understanding of the time delays resulting due to small wave normal angle propagation. Ray 

tracing analysis of the discrete W M  echoes has shown that the density models such as the 

Green model with higher electron densities below the fih,max altitude can be eliminated from 

the possible electron density models. Discrete WM echoes can also appear at frequencies /  > 

fih,max due to propagation at large wave normal angles close to the resonance cone angle as 

shown in Figure 6.21c. The rays reflect specularly at the Earth-ionosphere boundary satisfying 

Snell’s law as discussed in Figures 6.22 and 6.23. The following paragraphs discuss the ray 

tracing analysis assuming large wave normal angle propagation.

Figure 6.34e shows the ray tracing analysis at a frequency 12.9 kHz injected earthward 

towards higher L-shells at a large wave normal angle 87.3° (0res =  88.3°), which can reflect 

at the Earth-ionosphere boundary at 120 km altitude and appear back on the satellite as a 

discrete W M echo. The 12.9 kHz ray has a large initial refractive index value of 49 and an 

initial ray angle of 0.78° suggesting propagation along B0 passing through the satellite. As 

the frequency is above fih,max =  11 kHz, the refractive index surface is open all along the 

propagation path and the ray propagates below the fih,max altitude reaching the F2-layer peak 

electron density 1 .23xl05 el/cc altitude at 250 km in 36.1 ms with a refractive index value of 

89.7. The ray continues to propagate along B 0 as suggested from the wave normal angle 85.5° 

and the ray angle -3.5° at the F2-layer peak altitude. Unlike the WM rays propagating at 

small wave normal angles, this ray does not reach its maximum refractive index value close to 

the F2-layer peak altitude. The large wave normal angle ray collects time delays all along its 

propagation path. The ray reaches the Earth-ionosphere boundary at 120 km altitude in 38.9 

ms (maximum refractive index here) and reflects at a wave normal angle satisfying Snell’s law 

at the boundary. After reflection, the ray continues to propagate approximately along B 0 and 

appears back on the satellite in 77.8 ms.

The ray tracing analysis of the discrete WM echo using the Blue density model assuming 

large wave normal angle propagation indicates that, as frequency increases (11.4 kHz to 62.7 

kHz), the initial wave normal angles are smaller (87.9° to 72.2°) and the initial ray angles are 

farther away from the field line (0.73° to 2.56°) as the resonance cone angles decreases (8 8 .6 °
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to 79.9°). At higher frequencies (11.4 kHz to 62.7 kHz), both the initial refractive index values 

(61.8 to 7.8) and the total group time delays (94.9 ms to 54.4 ms) decrease. At large wave 

normal angles, the discrete W M  echoes propagate approximately along B 0 passing through the 

satellite.

Figure 6.34f shows the comparison of the measured and calculated time delays of the 

discrete W M echo assuming a large wave normal angle propagation and reflection at the Earth- 

ionosphere boundary at 120 km altitude. As seen in the figure, both Blue and Red density 

models result in time delays falling approximately below and above the measured dispersion of 

the discrete W M echo. A change in the Earth-ionosphere boundary specular reflection altitude 

is made from 120 km to 90 km within the permissible bounds to be able to match the discrete 

WM echo dispersion. A lower reflection altitude allows the rays to propagate greater distances 

and accumulate greater time delays before reflecting at the 90 km reflection altitude.

The Red and Blue density models with an Earth-ionosphere boundary reflection altitude 

at 90 km shown in Figure 6.35a have a local electron density N e,Sat =  2965 el/cc obtained from 

f pe =  488 kHz which is calculated from local fih =  7.8 kHz and f ce =  458 kHz (IGRF model). 

The Blue density models with a reflection altitude of 120 km and 90 km have F2-layer peak 

electron densities of 1 .23xl05 el/cc and 1 .6x l0 5el/cc, respectively. Both Red and Blue density 

models have approximately the same fih,sat and fih,max of 7.8 kHz and 11 kHz, respectively, 

as shown in Figure 6.35b. The ray tracing input files used to plot this figure are provided in 

Appendix E as input files 10.1 and 10.2. Figure 6.35c shows the ray tracing analysis using the 

Blue density model at a frequency 12.9 kHz injected earthward towards higher L-shells. The 

ray injected at an initial large wave normal angle of 87.42° (0res =  88.3°) has an initial ray 

angle of 0.91°. As shown in Figure 6.35c, the ray continues to propagate along B 0 passing 

through the satellite. The ray starts with an initial refractive index value of 52.5 and reaches 

the F2-layer peak electron density 1 .6x l0 5 e l/cc altitude at 210 km in 38.8 ms, where the 

refractive index value is 97. The ray reaches the Earth-ionosphere boundary at 90 km altitude 

in 41.8 ms and reflects at a wave normal angle obtained by satisfying Snell’s law. The ray 

reaches the 90 km altitude at a wave normal angle 6 \ =  88.63° with 5\ — 61.1° and has fii 

=  103. The local vertical makes an angle (3 =  30.3° with the local B0. The refractive index 

component perpendicular to B 0 of the incident ray is fiisin(Si) =  90.4. The reflected ray 

having a similar component begins at 62 =  -88.7° with 82 =  58.37° and /i2 =  106.2 whose 

Li2 sin(S2 ) =  90.4. The reflected ray continues to propagate along B 0 appearing back on the



satellite in 83.5 ms. The incident and reflected angles, and refractive indices at the 90 km 

reflection altitude at all other frequencies are provided in Table 6.3. The table shows that as 

frequency increases (11.4 kHz to 62.7 kHz), the rays reach the 90 km reflection altitude at 

smaller wave normal angles 6\ (88.95° to 79.18°), have larger angles of (60.7° to 72.1°) and 

have smaller initial refractive index values (130 to 15.2). The reflected rays start at smaller 

62 (89° to 81.5°) with smaller S2 (58.62° to 52.74°) and hence have smaller ^ 2  (133 to 18.22) 

to match the smaller refractive index components along the stratification. The ray parameters 

along the path at a few frequencies of the discrete W M echo using the Blue density model are 

provided in Table 6  of Appendix F.

Table 6.3 Ray parameters at the Earth-ionosphere boundary at different frequencies 
of the discrete WM echo recorded on 05 December 2005 at 03:02:11 UT.

f
(kHz)

Alt
(km)

01

(°)
Ml 61

(°)

fjLisin(5i) P

(°)
@res

(°)
O2

(°)
M2 62

(°)

fi2 sin(S2 )

11.4 89.3 88.95 130 60.7 114 30.4 89.5 -89 133 58.62 113.6
12.9 89.4 88.63 103 61.1 90.4 30.3 89.4 -88.7 106.2 58.37 90.4
15.3 90.9 8 8 .1 2 80.8 61.6 71.1 30.2 89.3 -8 8 .2 83.84 57.98 71.09
2 0 .1 90.3 87.32 57.9 62.6 51.4 30.1 89 -87.5 60.97 57.42 51.38
21.3 90 87.15 54.1 62.8 48.2 30 89 -87.3 57.24 57.31 48.17
29.1 90 85.88 38.2 64.3 34.4 29.8 8 8 .6 -86.3 41.29 56.49 34.43
39.6 90.2 84.08 27 66.5 24.8 29.4 8 8 -84.8 30.12 55.42 24.8
41.4 90.4 83.73 25.7 66.9 23.6 29.4 87.9 -84.6 28.78 55.2 23.63
62.7 89.7 79.18 15.2 72.1 14.5 28.7 8 6 .8 -81.5 18.22 52.74 14.5

The calculated time delays assuming large wave normal angle propagation and reflection at 

the Earth-ionosphere boundary 90 km altitude match well with the measured time delays of the 

discrete WM echo as shown in Figure 6.35d. Further ray tracing analysis of the MR-WM echo 

accompanying the discrete W M echo at 03:02:11 UT shows that the calculated dispersion using 

the Blue density model can match the measured dispersion of the MR-WM echo. Previous 

ray tracing analysis of the discrete W M echoes [Li, 2004; Chen, 2000] was performed at higher 

frequencies >30 kHz (above fih,max ~  12 kHz) assuming small wave normal angle propagation. 

A particular case of discrete WM echo recorded on 11  May 2000 at 17:14:48 UT, extending 

from about 20 kHz to 50 kHz and displaying a steep slope in time delays at lower frequencies 

was analyzed by Li [2004]. He explained the steep slope assuming ducted propagation of WM
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Figure 6.35 Ray tracing analysis of the discrete WM echo recorded on 05 December 
2005 at 03:02:11 UT assuming large wave normal angle propagation and reflection at the 
Earth-ionosphere boundary at 90 km altitude, (a) Electron density models (Red and 
Blue) used in the ray tracing analysis, (b) Lower hybrid frequency profiles along the 
geomagnetic field line passing through the satellite, (c) Ray tracing analysis showing 
ray propagation mechanism at a frequency 12.9 kHz along the geomagnetic field line 
passing through the satellite and reflection at the Earth-ionosphere boundary at 90 km 
altitude, (d) Comparison of the measured and calculated time delays as obtained from 
ray tracing analysis assuming large wave normal angle propagation.



signals propagating at small wave normal angles. The gentle slope at frequencies >30 kHz of 

the discrete W M echo at 03:02:11 UT (Figure 6.34d) can be explained assuming nonducted 

propagation at both small and large wave normal angles. In order to match gentle slope of the 

time delays at frequencies >30 kHz assuming small wave normal angle propagation requires 

higher electron densities resulting in higher estimates of the electron density. The electron 

density estimates may therefore be different for assumptions of small and large wave normal 

angle propagation.

The W M rays propagating at large wave normal angles explain both the steep slope at 

low frequencies (10-20 kHz) and the gentle slope at high frequencies (>30 kHz) of the discrete 

W M echo as shown in Figure 6.35d. As frequency increases ( /  > fih,max), the large initial 

wave normal angles change from being close to the resonance cone angle to being close to the 

gendrin angle. A ray propagating at a frequency below fih,max at such large wave normal angles 

(above gendrin angle) cannot propagate below the fih,max altitude as it is MR reflected. The 

ray tracing analysis suggests that the fih,max must be between the upper cutoff frequency of the 

MR-WM echo ~10.5 kHz and the lower cutoff frequency of the discrete W M echo 11.4 kHz. The 

upper cutoff frequency of the MR-WM echo at 03:02:11 UT could not be measured accurately, 

as the X-antenna displayed a diffuse MR-WrM echo, the Y-antenna displayed only the lower 

frequency portion of the echo, and the Z-antenna displayed many noise bands probably covering 

the weak MR-WM echo.

Our data survey shows that the lower cutoff frequency of the discrete W M echo is always 

above the upper cutoff frequency of the MR-WM echo. A clear example of the MR-W M echo 

accompanying the discrete W M echo and satisfying this interpretation is shown in Figure 6.36b. 

The plasmagram was recorded on 26 October 2005 at 09:32:42 UT when the satellite was at 

2576 km altitude and Am =  38.69°. The lower cutoff frequency fih =  7.8 kHz appearing as 

a resonance along with the local f ce =  642 kHz (IGRF model) gave f pe =  391 kHz assuming 

mef f  =  1. The large wave normal angle propagation resulting in the discrete W M echoes is 

also confirmed from the lower and upper cutoff frequency measurements of the discrete W M 

echoes recorded in the 2003 data survey. The W M refractive index surface at frequencies /  > 

fee/2 is such that the W M rays cannot propagate along B 0 at large wave normal angles due to 

a topological change in the refractive index surface. The upper cutoff frequency measurements 

of the discrete W M echoes always fell below the minimum of f pe and f ce/2, consistent with 

the interpretation that the discrete W M echoes are a result of propagation at large wave
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normal angles. Figure 6.36a shows a typical example of another discrete W M  echo in the 

absence of an M R-W M  echo, possibly due to a low fih,max <  6  kHz. Such discrete W M  echoes 

with gentle slope appeared sometimes during geomagnetically quiet conditions (K PiTnax <  3), 

consistent with lower electron densities resulting in lower local fih and fih,max values. The local 

f pe measurements for such cases could not be made as f uh measurements from the dynamic 

spectrogram or the fih measurements were not available.

Figure 6.36 Examples of low frequency discrete WM echoes, (a) Plasmagram recorded 
on 07 December 2005 at 12:02:11 UT shows an example of a discrete W M echo whose 
lower cutoff frequency is as low as 6 kHz. (b) Plasmagram recorded on 26 October 2005 
at 09:32:42 UT showrs an example of a discrete WM echo whose lower cutoff frequency 
is above the upper cutoff frequency of the accompanying MR-WM echo.

The ray tracing analysis o f discrete W M  echoes at 03:02:11 UT shows how the uncertainty 

in the choice o f the electron density model can be reduced assuming a fixed concentration of 

&He+ — 0-05 at 1000 km altitude. The Green density model has a higher ao+ =  0.7 compared 

to the Red density model which has ctQ+ =  0.25 at 1000 km altitude. The Green density 

model having higher electron densities close to the F2-layer peak altitude was eliminated as the 

calculated time delays overestimated the measured time delays. The M R-W M  echo dispersion 

measurements at 03:02:11 UT and its ray tracing analysis will strengthen the assumption on 

the choice o f the relative ion composition in the electron density model as it relates to how the 

m ef f  and hence fih is scaled from the satellite down to the fih,max altitude.

Figure 6.37 shows the ray tracing analysis and the comparison o f the measured and calcu

lated time delays o f the M R -W M  echo recorded on 05 December 2005 at 03:02:11 UT. The ray 

tracing input files used to plot this figure are provided in Appendix E as input files 1 1 .1  and

1 1 .2 . Figure 6.37a shows the Red and Blue density models used in the ray tracing analysis
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of the discrete W M  echoes (Figure 6.35) accompanying M R -W M  echoes at 03:02:11 UT. The 

Y-antenna measurements are used to estimate the local fih =  7.8 kHz from the resonance and 

to measure the time delays at the lower frequency portion (8.1 kHz to 9.9 kHz) of the M R-W M  

echo. Figure 6.37c shows the ray tracing analysis using the Blue density model at a frequency

10.2 kHz. The ray starts at an initial wave normal angle 6tni =  88.21° (6res =  8 8 .8 8 °) and 

has a ray angle of 0.4° propagating along B 0 passing through the satellite located at 2621 km

Figure 6.37 Ray tracing analysis of the MR-W M echo recorded on 05 December 2005 
at 03:02:11 UT using the Red and Blue density models, (a) Electron density models 
(Red and Blue) used in the ray tracing analysis, (b) Lower hybrid frequency profile 
along the geomagnetic field line passing through the satellite, (c) Ray tracing showing 
ray propagation mechanism at a frequency 10.2 kHz as obtained using the Blue density 
model, (d) Comparison of the measured and calculated time delays of the MR-WM 
echo.

altitude and Am — 26.13°. The ray has an initial refractive index of 6 6  at the satellite where 

the local fih =  7.8 kHz. At /  =  f a  =  10.2 kHz altitude, the wave normal angle increases 

to 89.57° and the ray angle is 0.4°. At about 1307 km altitude and Am =  3 3 .9 4 ° where the



local fih =  10.8 kHz, the ray refractive index reaches a maximum value of 94.38 equal to the 

closed refractive index surface component perpendicular to B0. The ray reflects at this altitude 

where the wave normal angle and ray angle are equal to 90°. Close to this altitude, the ray 

angle changes by 180° and the ray approximately traces the incident path reaching back to the 

satellite in 78 ms. Among the MR-WM echoes, as frequency increases (7.95 kHz to 10.4 kHz), 

the rays propagate at smaller wave normal angles (89.66° to 88.16°) closer to the gendrin angle 

and have lower initial refractive index values (316.3 to 65.12). At all frequencies (7.95 kHz to 

10.4 kHz), the maximum refractive index (326 to 95) occurs at the reflection altitude. The 

parameters obtained from the ray tracing analysis of the MR-W M echo recorded on 03:02:11 

UT are provided in Appendix F as Table 7.

The Red and Blue density models have approximately similar electron density and fih 

values from the satellite down to the fih,max altitude resulting in their calculated time delays 

at MR-WM echo frequencies falling close to each other as shown in Figure 6.37d. As shown 

in Figure 6.35d, the calculated dispersion using the Blue density model matches well with the 

discrete WM echo dispersion assuming a 90 km reflection altitude. The calculated dispersions 

using the Blue density model match both the dispersions of MR-WM echo and discrete WM 

echo recorded at 03:02:11 UT. Therefore, the calculated dispersion using the Blue density 

model should be able to match the dispersion of the MR-W M echo recorded at 02:57:16 UT.

6.^.9 Ray tracing analysis of the MR-WM echo recorded at 02:57:16 UT using the Blue 

density model

The measured dispersion of the MR-WM echo recorded at 02:57:16 UT can be explained 

with that calculated from ray tracing using the Red and Green density models assuming a 120 

km Earth-ionosphere boundary reflection altitude as shown in Figure 6.28. The analysis shows 

that the electron density and fih values below the fih,max altitude do not influence the MR

W M echo dispersion, resulting in an uncertainty in the electron density model. Ray tracing 

analysis of both the MR-W M echo and accompanying discrete W M echo recorded five minutes 

later at 03:02:11 UT shows that the uncertainty in the electron density model may be reduced. 

The Green density model is eliminated from the possible electron density estimates and the 

ray tracing calculated time delays using the Blue density model match the MR-WM echo and 

discrete WM echo time delays assuming a 90 km reflection altitude. This subsection discusses 

the ray tracing analysis of the MR-WM echo recorded at 02:57:16 UT using the Blue density
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model.

Figure 6.38a shows the Red and Blue density models used in the ray tracing analysis of 

the M R-W M  echo. Figure 6.38b shows the fih profiles along B 0 passing through the satellite 

for the Red and Blue density models. The ray tracing input file used to plot the Blue density 

model in this figure is provided as an input file 12 in Appendix E. Figure 6.38c shows the ray 

propagation mechanism as obtained from the ray tracing analysis o f the M R-W M  echo using

Figure 6.38 Ray tracing analysis of the MR-WM echo recorded on 05 December 2005 
at 02:57:16 UT using the Blue density model, (a) Electron density models (Red and 
Blue) used in the ray tracing of the MR-WM echo (b) Lower hybrid frequency along the 
geomagnetic field line passing through the satellite, (c) Ray propagation mechanism from 
the ray tracing analysis using the Blue density model at 10.2 kHz along the geomagnetic 
field line passing through the satellite and reflection at the fih =  10.81 kHz altitude, (d) 
Comparison of the measured and calculated time delays as obtained from ray tracing 
using the Red and Blue density models.

the Blue density model at a frequency 10.2 kHz. The 10.2 kHz ray is injected from the satellite 

location at 3494 km altitude and Am =  11.9° using the Blue density model. The ray starts 

at an initial wave normal angle o f 0ini =  8 6 .1 ° (0res =  8 8 .1 °) and a ray angle a*™ =  0.06° 

suggesting propagation along B 0. At 1218 km altitude and Am =  30.9°, where local fih =  10.81



kHz, the ray refractive index reaches a maximum value of 89.43 equal to the closed refractive 

index surface component perpendicular to B0l and the wave normal angle and ray angle are 

equal to 90°. This ray reflects back to the satellite in 129.8 ms time delay. Figure 6.38d shows 

a comparison of the measured and calculated time delays using the Red and Blue density 

models. The calculated dispersions using the Blue density model (Therm =  1400° K) match 

the measure dispersions of the MR-WM echoes recorded at 02:57:16 UT and 03:02:11 UT at 

satellite locations of L =  1.62 and L =  1.75, respectively. A fixed relative ion composition 

a H+ — 0-25, otHe+ =  0-05, and a 0 + =  0.7 at Rbase =  1000 km altitude is chosen for both ray 

tracings. A lower fih,max =  10.87 kHz for the Blue density model compared to fih,max =  11.06 

kHz for the Red density model results in a lower value of the upper cutoff frequency showing 

the strong dependence of fih,max on the upper frequency portion of the MR-WM echo. The 

ray tracing analysis of another discrete WM echo accompanied by an MR-WM echo recorded 

at 03:06:16 UT at 2077 km altitude, Am =  39.6°, and L =  2.2 is discussed next.

6.4’ 10 Ray tracing analysis of the MR-WM echo and discrete WM echo recorded at 

03:06:16 UT

The ray tracing analysis of the discrete WM echo recorded on 05 December 2005 at 03:06:16 

UT assuming a small wave normal angle propagation and using the Red and Blue density 

models is shown in Figure 6.39. The ray tracing input files used to plot this figure are provided 

in Appendix E as input files 13.1 and 13.2. The density models as shown in Figure 6.39a have 

a local electron density Ne ŝat =  2560 el/cc as obtained from f pe =  454 kHz calculated from 

fih =  8.7 kHz and local f ce =  641 kHz (IGRF model). The F2-layer peak electron densities for 

the Red and Blue density models are 1 .34xl05 el/cc and 9 .4x l0 4 el/cc, respectively. Figure 

6.39b shows the fih profile along B 0 passing through the satellite. Both the Red and Blue 

density models have the same local fih,sat =  8.7 kHz but a different fih,max ° f  10-3 kHz and

1 0 .2  kHz, respectively. Figure 6.39c shows the ray propagation mechanism as obtained from 

the ray tracing analysis at a frequency 19.2 kHz propagating at a small wave normal angle of 

Oini =  -20° using the Blue density model. Figure 6.39d shows a comparison of the measured 

(Grey) and calculated time delays (color diamonds) as obtained from ray tracing using the two 

density models assuming small wave normal angle propagation of the discrete W M echoes.

The ray tracing calculated time delays using the Red and Blue density models could not 

explain the measured dispersion of the discrete W M echo. The time delays calculated using



the Blue density model with a lower F2-layer peak electron density o f 9.4 x 104 e l/cc  match the 

lower frequency portion time delays better than those o f the Red density model which has an 

F2-peak electron density o f 1 .34 x l0 5 e l/cc. A similar propagation mechanism of small wave 

normal angle rays resulting in discrete W M  echoes was shown earlier in Figure 6.34c to explain 

the discrete W M  echo recorded at 03:02:11 UT. Figure 6.39c shows ray propagation path at 

a frequency 19.2 kHz as obtained from the ray tracing analysis using the Blue density model. 

The ray is injected earthward towards lower L-shells at a small wave normal angle 0 ^  =  -20°

F igure 6.39 Ray tracing analysis of the discrete WM echo recorded on 05 December 
2005 at 03:06:16 UT assuming propagation at small wave normal angles and reflection 
at the Earth-ionosphere boundary at 120 km altitude, (a) Electron density models (Red 
and Blue) used in the ray tracing analysis, (b) Lower hybrid frequency profiles along the 
geomagnetic field line passing through the satellite, (c) Ray tracing analysis showing 
ray propagation mechanism at a frequency 19.2 kHz propagating at a small wave normal 
angle close to the geomagnetic field line passing through the satellite, (d) Comparison 
of the measured and calculated time delays as obtained from the ray tracing analysis 
assuming small wave normal angle propagation.

(0res =  87.4°) from the satellite located at 2047 km altitude and Am =  40.6°. The ray has an 

initial ray angle o f otini =  9.3° suggesting propagation close to B 0 passing through the satellite. 

The ray propagates below the fih,max — 10.2 kHz altitude reaching the F2-layer peak electron 

density 9 .4 x l0 4 e l/cc  altitude at 250 km in 20.5 ms. The ray reaches its maximum refractive



index value of 17.8 and collects maximum time delays at this altitude. In 23.7 ms time delay, 

the ray reaches the Earth-ionosphere boundary altitude at 120 km, where it reflects specularly 

following the incident path and reaching back to the satellite in 47.3 ms time delay. As seen in 

Figure 6.39d, the small wave normal angle assumption cannot explain the discrete W M echo 

time delays at lower frequencies where there is a steep slope and at higher frequencies where 

there is a gentle slope.

The ray tracing analysis assuming large wave normal angle propagation and reflection at 

the Earth-ionosphere boundary at 90 km altitude is discussed here. Figure 6.40a shows the 

Red and Blue electron density models whose reference electron density is 2560 el/cc at the 

satellite. The ray tracing input files 14.1 and 14.2 in Appendix E are used to plot the density 

models in this figure. Figure 6.40b shows f a  profiles along B 0 passing through the satellite 

for the Red and Blue density models having same local f a  =  8.7 kHz and different fih,max ° f

10.3 kHz and 10.2 kHz, respectively.

A lower reflection altitude allows the rays to propagate greater distances and accumulate 

greater time delays before reflecting at the 90 km reflection altitude. Figure 6.40c shows the 

ray tracing at a frequency of 19.2 kHz injected earthward towards higher L-shells at a large 

wave normal angle. The ray reflects at the Earth-ionosphere boundary reflection altitude at 

90 km and appears as a discrete W M  echo on the satellite located at 2047 km altitude and Am 

=  40.6°. The ray injected at an initial wave normal angle of 6ini =  86.5° (0res =  87.4°) has an 

initial ray angle of aini =  1.76°. This ray reaches the F2-layer peak electron density 1 .2x l0 5 

el/cc altitude in 20 ms. The refractive index value increases from 33.9 at the satellite location 

to 51.2 at the F2-layer peak altitude. The large wave normal angle ray collects time delays all 

along its propagation path due to propagation close to the resonance cone angle at low group 

velocities. The ray reaches the Earth-ionosphere boundary at 90 km altitude in 22.5 ms where 

it has to reflect at a wave normal angle obtained by satisfying Snell’s law. The ray reaches the 

90 km altitude at a wave normal angle 6 \ — 87.6°, refractive index value /ii =  54.7 and makes 

an angle <5i =  68.4° with the local vertical. The local vertical makes an angle (3 =  24° with the 

local B0. The ray refractive index component along the stratification at the 90 km reflection 

altitude before reflection is nisin(5i) =  50.8. The reflected ray must therefore start at a wave 

normal angle 62 =  -87.7° and make an angle 82 =  63.7° with the local vertical. The reflected 

ray has a refractive index value of 112 =  56.7 whose refractive index component fj,2 sin(S2 ) =

50.8 matches the incident ray component. The reflected ray continues to propagate close to
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Figure 6.40 Ray tracing analysis of the discrete WM echo and MR-WM echo recorded 
on 05 December 2005 at 03:06:16 UT. (a) Red and Blue electron density models, (b) 
fih profiles along the geomagnetic field line passing through the satellite, (c) Ray trac
ing showing ray propagation mechanism at a frequency 19.2 kHz. (d) Comparison of 
the measured and calculated time delays obtained from the ray tracing analysis of the 
discrete WM echo assuming large wave normal angle propagation, (e) Ray propaga
tion mechanism as obtained from the ray tracing analysis using the Blue density model 
at a frequency 9.9 kHz. (f) Comparison of measured and calculated time delays of 
the MR-W M echo. Measurements of time delays could be made only from 9 kHz to 
9.9 kHz. As shown here, both Blue and Red density models approximately match the 
measurements.



the field line appearing back on the satellite in 44.6 ms.

At the Earth-ionosphere boundary reflection altitude at 90 km, as frequency increases (11.4 

kHz to 62.1 kHz), the incident rays have a large wave normal angle with respect to the local 

vertical (5\ =  6 6 .8 ° to 77.2°) and smaller refractive index values (/i\ — 112 to 14.4) while the 

reflected rays have a smaller wave normal angle with respect to the local vertical (#2  =  64.6° 

to 59.4°) and smaller refractive index values (fi2 =  114-16.3). The reflection parameters from 

the ray tracing analysis of the discrete W M echo are provided in Table 6.4. The comparison 

of the measured and calculated time delays is shown in Figure 6.40d. The ray tracing analysis 

of the MR-WM echo accompanied by the discrete W M echo at 03:06:16 UT using the Blue 

density model is discussed next.

Figure 6.40e shows MR-WM rays injected at a frequency 9.9 kHz at a wave normal angle 

Qini — 89° (Qres =  89.3°) which results in an MR-W M echo. The 9.9 kHz ray, shown in blue 

corresponding to the Blue density model used, is injected from the satellite located at 2070 km 

altitude and Am =  39.9°. The refractive index of the ray increases from 8 6  at the satellite to 106 

equal to the refractive index surface component perpendicular to B 0 at its reflection altitude 

where fih =  10.2 kHz. The ray reaches back to the satellite along B 0 in 80 ms time delay. 

Figure 6.40f shows a comparison of the measured and calculated time delays using the Red and 

Blue density models shown in Figure 6.40a. Both Blue and Red density models with similar 

electron density and fih values from the satellite down to the fih,max altitude could explain the 

MR-WM echo dispersion. Measurements of time delays could be made only between 9 kHz and

9.9 kHz from the Y-antenna. An accurate measurement of the MR-W M echo dispersion and its 

ray tracing analysis could have resolved the uncertainty in the estimated electron density and 

mef f .  The parameters obtained from the ray tracing analysis using the Blue density model of 

the MR-WM echo and discrete W M echo (large wave normal angle propagation) recorded at 

03:06:16 UT are provided in Appendix F in Tables 8  and 9.

The MR-WM echo observed at 03:06:16 UT appears diffuse in nature on the X-antenna 

(Figure 6.24d) and discrete in nature at lower frequencies on the Y-antenna (Figure 6.33b). 

There was no echo noticed on the Z-antenna possibly due to the background noise. The value 

° f  fih,max as obtained from the Blue density models used in the ray tracing analysis decreases, 

as the satellite moves towards higher latitudes from fih,max =  11 kHz at Am =  11.7° and L 

=  1.62 (02:57:16 UT) to fih,max =  10.2 kHz at Am =  39.6° and L =  2.24 (03:06:16 UT). The 

measured upper cutoff frequency of the MR-W M echoes are 1 0 .2  kHz for the 02:57:16 UT case,
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Table 6.4 Ray parameters at the Earth-ionosphere boundary at different frequencies 
of the discrete WM echo recorded on 05 December 2005 at 03:06:16 UT.

f
(kHz)

Alt
(km)

0i

(°)
Mi Si

(°)

fiisin(8i) P
(°)

Ores

(°)
02

(°)
M2 *2

(°)

H2sin(52)

11.4 90.1 88.9 1 1 2 6 6 .8 103 24.3 89.5 -89 114 64.6 103
13.5 89.1 88.5 85.1 67.3 78.5 24.2 89.4 -89 87.1 64.4 78.5
16.2 90.1 8 8 .1 67 67.8 62 24.1 89.2 - 8 8 69 64 62
19.2 89.8 87.6 54.7 68.4 50.8 24 89 - 8 8 56.7 63.7 50.8
27.6 90.4 86.3 36.4 70.1 34.2 23.6 8 8 .6 -87 38.4 62.9 34.2
49.8 90.3 82.7 18.8 74.5 18.1 2 2 .8 87.4 -84 2 0 .8 60.7 18.1
62.1 89.7 80.4 14.4 77.2 14 22.4 8 6 .8 -82 16.3 59.4 14

~10.8 kHz at 03:02:11 UT, ~10.8 kHz at 03:06:16 UT. The uncertainty in the measurements of 

the upper cutoff frequency of the MR-WM echo on the X-antenna is due to the diffuse nature 

of the echo. The discrete WM echo appears at frequencies above 11.1 kHz at both 03:02:11 

UT and 03:06:16 UT suggesting that fih,max is below 11.1 kHz. Ray tracing analysis shows 

that the lower cutoff frequency of the discrete W M echoes propagating at large wave normal 

angles is close to and above fih,max- However, ray tracing analysis of the MR-WM echoes 

shows that the fih,max is about 0.5-1 kHz above the upper cutoff frequency of the MR-WM 

echoes. Therefore, fih,max can be measured with an uncertainty of 0 .3-0 .6  kHz (frequency step 

size of 0.3 kHz of Program 38) when both MR-WM echo and discrete W M echo accompany 

each other. The local f a  increases from 5.6 kHz to 7.8 kHz and then to 8.7 kHz at the satellite 

locations where the three MR-WM echoes are recorded along the orbit on 05 December 2005. 

The satellite moves towards lower altitudes from 3510 km at 02:57:16 UT to 2077 km altitude 

at 03:06:16 UT. The ray tracing calculated dispersions using the Blue density model with an 

Rbase =  1000 km altitude, Therm =  1400° K, and assuming a He+ =  0.05 at Rbase, suggest 

that a H+ = 0 . 7 ,  a 0 + =  0.25 at Rbase and an Earth-ionosphere boundary reflection altitude 

at 90 km can match the measured dispersions of the MR-WM echo and the accompanying 

discrete W M echo. Thus the Blue density model provides one of the possible estimates of 

the electron density and ion composition along the geomagnetic field line passing through the 

satellite assuming a reference a He+ =  0.05 at Rbase =  1000 km altitude. From the known 

bounds of reference relative ion composition of one of the ions at a reference altitude (Rbase in 

our case), bounds on the possible electron density and ion composition profiles can be placed.



6.4.II Comparison of the estimated electron density models along the satellite orbit on 

05 December 2005

A comparison of the three density models (Blue) obtained from the ray tracing analysis of 

the MR-WM echo and discrete W M echo recorded at 02:57:16 UT, 03:02:11 UT, and 03:06:16 

UT are shown as bold, dashed, and dash-dotted lines in Figure 6.41. The ray tracing input 

files used to plot the density models are provided in Appendix E as input files 10.2, 12, and 

14.1. The corresponding satellite locations for these three cases are shown as circle, triangle, 

and square. These models are derived by assuming that the discrete W M  echo is a result of 

propagation at large wave normal angles and that the Earth-ionosphere boundary reflection 

altitude is 90 km. The three density models have Rbase =  1000 km, Therm =  1400° K, and 

relative ion concentrations of =  0.7, a # e+ =  0.05, and ao+ =  0.25 at Rbase. Figure 

6.41b shows that the local fih increases from 5.7 kHz at 3509 km altitude and L =  1.62 to

7.8 kHz at 2616 km altitude and L =  1.75, and then to 8.6 kHz at 2065 km altitude and L =  

2.24. Figures 6.41c-6.41f show that the ion effective mass and relative ion compositions are the 

same for the three density models, although the ion densities (relative ion composition times 

electron density) are different. An assumption of a fixed a He+ =  0.05 at Rbase =  1000 km 

and corresponding ray tracing analysis shows that = 0 .7  and ao+ =  0.25 at Rbase can 

alone explain the discrete W M echo dispersion assuming that the W M rays propagate at large 

wave normal angles and reflect at the Earth-ionosphere boundary reflection altitude at 90 km. 

The calculated dispersions using a density model with different relative ion concentrations of 

a H+ and ao+  at the Rbase altitude cannot explain the measured dispersion of the discrete 

WM echo as was seen using the Green density model with a H+ =  0.25 and ao+ =  0.7.

While free space sounding techniques provide estimates of electron density alone from the 

satellite down to the F2-layer peak altitude, discrete W M  echoes provide estimates of electron 

density from the satellite down to the Earth-ionosphere boundary. The ray tracing analysis 

of the MR-WM echoes accompanied by discrete W M echoes has shown that it is possible 

to estimate bounds on the electron density from the satellite down to the Earth-ionosphere 

boundary and mef f  (ion composition) from the satellite down to the fih,max altitude along the 

satellite orbit.

The density models used in the ray tracing analysis of the MR-WM echoes observed on 05 

December 2005 between 02:57:16 UT and 03:06:16 UT use a reference local electron density
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Figure 6.41 Comparison of the density models obtained from the ray tracing analysis of 
the M R -W M  echoes and discrete W M  echoes recorded on 05 December 2005 at 02:57:16 
UT, 03:02:11 U T, and 03:06:16 UT. The electron density and f a  profiles are shown in 
bold, dashed, and dot-dashed in (a )-(b ). The satellite locations are show^n as circle, 
triangle, and squares, respectively, (c )-(f)  show the ion effective mass and the relative 
ion com position to be the same for the three density models. These models are obtained 
by assuming a fixed relative ion com position a He+,sat =  0.05 at Rbase =  1000 km altitude 
and that the discrete W M  echo is a result o f propagation at large wave normal angles 
and reflection at the Earth-ionosphere boundary at 90 km altitude.
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Figure 6.42 Electron density estimates along the IMAGE satellite orbit obtained from 
the ray tracing analysis of the MR-WM echoes and discrete WM echoes recorded on 05 
December 2005 between 02:57 UT and 03:07 UT assuming a fixed a # e+ =  0.05 at Rbase 
=  1000 km altitude. The electron densities were interpolated at all other points using 
the three density models. The electron density is shown in the logarithmic scale in the 
color bar suggesting that the electron densities were about 103,4 el/cc =  2510 el/cc at 
4000 km altitude and about 105,2 el/cc =  1 .6x l05 el/cc at the F2-layer peak altitude.

which is obtained by assuming local m ef f  =  1. The assumption is valid because o f the high 

satellite altitude (>2000 km) where a H+ ~  1 results in m e/ /  ~  1. The m ef f  (relative ion 

com position) along with electron density and gyrofrequency scale the value o f /^ .  The density 

model is built by assuming that one o f the relative ion compositions (c*//e+ — 0.05 in this 

case) is fixed at Rbase =  1000 km altitude and the electron density model is then varied to 

scale the ion effective mass such that fih,sat and fih,max can match the measured lower and 

upper cutoff frequencies o f the M R-W M  echo, respectively. The electron density model is then 

varied to match the measured dispersion of the M R-W M  echo and discrete W M  echo. The 

ray tracing analysis shows that the uncertainty in the estimated relative ion composition can 

be reduced by assuming that the specular reflection altitude is known. A different reference 

a H e+ (changes fih,max altitude and the slope o f fih profile) may result in a different electron 

density and ion composition model which can explain both the M R -W M  and discrete W M  echo 

dispersions. The uncertainty in the estimated electron density can be reduced by using the F2- 

layer peak electron density value and electron density measurements below the F2-layer peak 

altitude obtained from the bottom-side sounding experiments such as the ionosonde located 

around the world. The ray tracing analysis discussed here suggests an approach in using W M



sounding (MR-W M echo and discrete W M echo) at low frequencies as a remote sensing tool to 

place bounds on the electron density and m ef f  from the satellite down to the Earth-ionosphere 

boundary.

The measurements of relative ion composition [Barrington, 1969] show that beyond ~2000 

km altitude, Hydrogen relative ion concentration is maximum. All MR-W M echoes in the 

year 2005 were recorded at altitudes >2000 km where mef f  =  1 can be assumed to estimate 

the local f pe. The cold plasma ray tracing density model parameters along with the relative 

ion composition (within known bounds) set the scale heights of the ions such that Hydrogen 

reaches ~99% above 2000 km altitude. A given me/ /  and a fixed value of the relative ion 

composition of one of the ions fix the relative ion composition of the other two ions. The cold 

plasma density model scales the relative ion composition based on Rbase, Therm, and the 

relative ion composition at Rbase. The local mef f  at the satellite is known from the fih,sat 

equal to the lower cutoff frequency of the MR-WM echo, local f ce obtained from the PC echoes 

or IGRF model, and local f pe obtained from f uh (dynamic spectrogram). The value of fih,max 

can be estimated from the upper and lower cutoff frequencies of the MR-WM and discrete W M 

echoes, respectively. The mef f  at the location of fih,max can be estimated from fih,max, and 

the f pe and f ce models which are known. MR-WM echoes recorded at lower altitudes (<1000 

km) where vnef f  >  1 were found in the year 2004 having lower and upper cutoff frequencies 

which provide estimates of the mef f  at the satellite and fih,max altitude. Ray tracing analysis 

using a density model with constraints on the two values of m ef f  at the satellite and fih,max 

altitudes can be used to calculate the time delays which can match the measured MR-WM echo 

dispersion. These constraints allow us to place bounds on the ray tracing model parameters 

Rbase, Therm, and the relative ion composition at Rbase. The ray tracing analysis allows us 

to estimate the bounds on the electron density and vriej j  along the propagation path of the 

echoes. The following section discusses the ray tracing analysis of an MR-WM echo recorded 

below the fih,max altitude and shows how bounds on mef f  profiles can be placed using the 

constraints on the mef f  values known at the satellite and fih,max altitudes.



6.5 Ray tracing analysis of the M R -W M  echo recorded on 23 January 2004 

at 18:57:49 U T below the fih,max altitude

This section discusses the ray tracing analysis o f an M R -W M  echo recorded below the 

fih,max altitude. Ray tracing analysis of such M R -W M  echoes provides bounds on the electron 

density and m ef f  along the echo path with a lower uncertainty compared to those obtained 

from M R-W M  echoes recorded at altitudes above 2000 km (05 December 2005 cases) where 

m ef f  =  1 is assumed. The M R-W M  echo shown in Figure 6.43 was recorded on 23 January 

2004 at 18:57:49 UT when the satellite was at 715 km altitude, Am =  39.16°, and MLT =  17.1. 

The local f pe for this case could not be measured using the dynamic spectrogram because o f 

the low altitude orbit where the plasmasphere merges with the background electron density. 

The local f pe cannot be calculated directly from the local fih — 6.3 kHz as the local m ef f  is 

not known and as the m ef f  =  1 is not valid here. The local f ce =  822 kHz is obtained from 

the IGRF model. The lower and upper cutoff frequencies o f the M R-W M  echo are 6.3 kHz 

and 8.7 kHz, respectively.

Figure 6.43 Plasm agram  showing the M R -W M  echo recorded on 23 January 2004 at 
18:57:49 U T. T h e satellite was located  at 715 km altitude and Am =  39.16° inside the 
plasm asphere when recording this plasm agram .

The measurements o f fih from AE satellite data (Brinton et al., [1973]) showing the fih,max 

altitude variation confirm that the M R-W M  echo was recorded below the fih,max altitude. The 

AE satellite data at lower invariant latitudes A <  30° show that fih,max ~  6-14 kHz occurs at

23 Jan 2004,18:57:49 UT

6 10 15 20 25 30
Frequency, kHz



an altitude as low as 600 km with higher fih,max values at lower altitudes. At higher invariant 

latitudes (A > 50°), max occurs at higher altitudes above 1000 km. Above the fih,max 

altitude, fih decreases slowly by about 1 kHz every 100 km above fih,max altitude. The current 

MR-WM echo recorded at 715 km altitude and 42.67° invariant latitude has a local fih =  6.3 

kHz and an fih,max ^ 8.7 kHz suggesting that the satellite is below the fih,max altitude. The 

interpretation of the MR-W M echo mechanism remains the same, except that the satellite 

being below the fih,max altitude, the large wave normal angle rays injected away from the 

Earth result in MR-WM echoes and the large wave normal angle rays injected earthward may 

result in discrete W M echoes. A discrete W M echo did not accompany the MR-W M echo in 

this case, possibly due to strong geomagnetic activity with a K p m̂ax =  8 on 22 January 2004 

and Kp^max =  6 on 23 January 2004.

6.5.1 Building the ray tracing density model from the available constraints

This section discusses how the density model is built using the available constraints and 

provides details of the ray tracing analysis. The local f ce =  822 kHz at the satellite as obtained 

from the IGRF model is used to build the dipole model in the ray tracing. Local electron den

sity measurements could not be made using local fih as mef f  is not known (>1) or using f uh 

measurements from the dynamic spectrogram which are not available. The possible range of 

local electron densities at the satellite is obtained from the ISIS-1 electron density measure

ments at the satellite location. Figure 6.44 shows the ISIS-1 satellite measurements made 

at the satellite invariant latitude range A =  42.67° ±  5°. The measurements show that the 

electron density at 715 km satellite altitude can vary between 2 x l0 4 el/cc and 2 x l0 5 el/cc.

Figure 6.45 shows the a # e+ measurements from AE-C and AE-D satellite data to estimate 

a He+ the satellite altitude of 715 km. The measurements made at a 715 km altitude 

between invariant latitudes 30° and 50° show that a He+ can vary between 0.001 and 0.1 . 

Ray tracings are performed assuming minimum and maximum a He+ at the satellite location 

using the possible range of local electron densities (reference Ne ŝat)- The satellite location 

is chosen as a reference for fixing the relative ion composition as m ef f iSCLt can be calculated 

from fih,sat, fee,sat, and an assumed value of local electron density (f pe,sat)• At the satellite, a 

fixed value of meff,sat and an assumed value of one of the relative ion concentrations (ctHe+) 

therefore fix the relative ion concentrations of a#+ and aQ+. The ray tracing density model 

obtained using these constraints shows that for given local f pe,sat> fee,sat, and fixed relative
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Figure 6.44 ISIS-1 electron density measurements in the invariant latitude range A 
=  42.67° ±  5°. Data indicates that the electron density at the satellite altitude 715 km 
can vary between 2 x l0 4 e l/cc  and 2 x l0 5 e l/cc .

ion concentration at the satellite, a particular set of density model parameters Rbase, Therm, 

and the relative ion composition at Rbase can alone satisfy the local fih,sat and fih,max values. 

The constraints can be satisfied by a single density model. The local f pe,sat is then varied 

within the possible bounds (ISIS-1) to match the MR-WM echo dispersion with the calculated 

dispersion. Ray tracing analysis using such density models (fixed a # e+ value at the satellite) 

shows that bounds on the electron density and mef f  profiles from the satellite up to the fih,max 

altitude can be placed by matching the measured MR-WM echo dispersion with the ray tracing 

calculated dispersion. The algorithm to find the density model parameters Rbase, Therm, and 

the relative ion concentration at Rbase which can match the assumed relative ion composition 

at the satellite (as mef f  and fih are fixed), fih,maxi and whose calculated dispersion matches 

the MR-WM echo dispersion is discussed next.

Figure 6.46 shows a flowchart of how the electron density and ion composition model used 

in the ray tracing analysis of the MR-W M echo is constructed using the available constraints. 

The MR-WM echo lower and upper cutoff frequency measurements of fih,sat and fih,max, and 

local fee,sat obtained from the IGRF model are the known constraints on the density model. 

The plasmapause location Lpp =  2.84 is obtained using the relation Lw  =  5.6 — 0A6Kpmax
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where K p m̂ax =  6 is the maximum K p in the preceding 24 hours and K p =  5.67 when the 

plasmagram was recorded.

n AE-C a  u^+Satellite Data n AE-D 0C u^+Satellite Data

Altitude, km Altitude, km

Figure 6.45 Relative ion concentration measurements o f Helium obtained from AE -C  
ana AE-D  satellite data close to the IM AG E satellite invariant latitude on 23 January 
2004 at 18:57:49 UT. The relative ion concentration data at the satellite altitude o f 715 
km in the invariant latitude range A =  30° to A =  50° vary between 0.001 and 0.1.

A reference a:^e+ sat at the satellite is first chosen. A reference local electron density 

{Ne,sat) at the satellite is then assumed within the possible limits (ISIS-1). The me/ / , sat at 

the satellite is obtained from Ne,sat, fee,sat, and fih,sat- Both me/ / , sat and a He+jSat fix a H+,sat 

and ckq+ sat. The relative ion composition a H+, &He+i and aQ+ at the Rbase altitude which 

can match the cxjj+ satl &He+,sati and &o+,sat at the satellite are estimated. The density model 

parameters Rbase, Therm, and the relative ion composition at Rbase which can match fih,sat 

and a He+ sat at the satellite, and fih,max are obtained. As Rbase and Therm are varied to 

match fih,max-, the relative ion concentration at the satellite also varies resulting in a different 

fih,sat- This is not a problem in the analysis of MR-WM echoes recorded at altitudes >2000 

km on 05 December 2005 as m e/ / , sat ~  1. An iterative procedure requiring variation of each 

of the ray tracing density model parameters is therefore implemented in building the density 

model for the analysis of MR-WM echoes recorded below the fih,max altitude. The use of 

this approach is to place bounds on the choice of the density model parameters and to show 

that the resulting density model satisfies the known constraints of fih,sat and fih,max before 

performing the ray tracing. The following paragraph discusses the ray tracing analysis using 

this procedure assuming otHe+,sat to be equal to the upper limit (0.1) at the satellite.
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Figure 6.46 Flowchart showing the procedure o f determining electron density and ion 
com position estimates from the ray tracing analysis o f the M R -W M  echoes recorded 
below the fih,max altitude. Bounds on the relative ion concentration o f one o f the ions 
at the satellite can be used to estimate the bounds on the electron density and ion 
com position m odel which can explain the measured dispersion o f the M R -W M  echoes. 
By fixing the local relative ion com position o f one o f the ions, Helium at the satellite and 
using the known values o f fih and fih,max, the density m odel parameters Rbase, Therm, 
and the relative ion concentration at the satellite can be estimated.



6.5.2 Ray tracing analysis assuming a relative Helium ion concentration of 0.1 at the 

satellite

This section discusses the ray tracing analysis assuming a reference a He+ sat =  0.1 at the 

satellite equal to the upper bound of a # e+ from the AE satellite data. As shown in the 

Flowchart 6.46, the MR-WM echo ray tracings are performed assuming local electron densities 

to be between 2 x l0 4 el/cc and 2 x l0 5 el/cc (ISIS-1 data). The ray tracing calculated disper

sions assuming Ne ŝat =  2 x l0 4 el/cc and Ne ŝat =  2 x l0 5 el/cc at the satellite underestimated 

and overestimated the measured MR-W M echo dispersion, respectively. The ray tracing calcu

lated dispersion assuming a reference electron density of Ne ŝat =  8 x l0 4 el/cc (f pe,Sat =  2540 

kHz) at the satellite matches the measured dispersion.

The plasma parameters fih,sat =  6.3 kHz, f pe,Sat =  2540 kHz, and f ce,sat =  821 kHz result 

in an meff,sat =  8.37 which are the constraints at the satellite location on the density model. 

Using meff^sat =  8.37 and ctHe+,sat =  0.1, both ocH+ sat =  0.4 and ctQ+,Sat =  0-49 are obtained. 

These relative ion concentrations fix the assumption of a fixed &He+,sat = 0.1 and fih,sat = 6.3 

kHz at the satellite. The other constraint is that fih,max is between 9.3 kHz and 9.6 kHz as 

fih,max has to be ~ 0 .5 -l kHz above the MR-W M echo upper cutoff frequency 8.7 kHz. The 

0.3 kHz step size of Program 38 is used in assuming fih,max- To satisfy the above constraints 

assuming Ne,sat =  8 x l0 4 el/cc, an iterative process of varying Rbase, Therm, and the relative 

ion concentration at Rbase (Section 3.2) is employed. This process shows that Rbase =  7368.6 

km (998.6 km altitude), Therm =  1973.4° K and a relative ion concentration of a H+ =  0.16, 

a He+ — 0-29, ao+ =  0.53 at Rbase can alone match the above constraints. This density 

model is hereafter referred to as the 4Blue-bold electron density’ model. The reason why only 

a particular density model matches the constraints on the fih,sat and relative ion composition 

at the satellite (otHe+ sat =  0.1), and fih,max is possibly due to the nature of the density model.

Figures 6.47a-6.47f show the electron density Ne, f a , mef f , a#+ , a He+ , and Qq+ along B0 

passing through the satellite as obtained using the Blue-bold density model. The ray tracing 

input file used to plot this density model is provided in Appendix E as input file 15. This 

density model has an fih,sat =  6.2 kHz (mef f jSat =  8.65) at 715 km altitude, fih,max =  9.3 

kHz (mef f  =  1-83) at 1405 km altitude, Ne ŝat — 8 x l0 4 el/cc at 715 km altitude and an F2- 

layer peak electron density of 3 .35xl05 el/cc at 320 km altitude. The values meff^sat — 8.65 

and a He+ sat =  0.1 fix c*H+,sat =  0.0368 and cxo+,sat =  0.8632. The electron densities from the
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satellite down to the Earth-ionosphere boundary do not influence the M R -W M  echo dispersion. 

The F2-layer peak electron densities can be estimated if there was an accompanying discrete 

W M  echo which reflects at the Earth-ionosphere boundary as was seen accompanying M R-W M  

echoes along the orbit on 05 December 2005 in Section 6.4. This density model shows that 

fixed values o f density model parameters (Rbase, Therm and relative ion concentration at the 

satellite) exist for given constraints on a H e+sa t) fih,sat, and fih,m ax-

(a) Electron density

Altitude, km Altitude, km
1000 2000 3000 4000 

Altitude, km

Altitude, km Altitude, km Altitude, km

Figure 6.47 Electron  density, lower hybrid frequency, and relative ion concentrations 
of Hydrogen, Helium, and Oxygen ions as deduced from the ray tracing analysis of 
the M R -W M  echo recorded on 23 Jan u ary  2004 a t 18 :57:49 U T  assuming a relative 
Helium ion concentration of 0.1 at the satellite, (a )-(b ) E lectron  density and lower 
hybrid frequency fih profiles deduced from the ray tracing analysis are shown along 
the geom agnetic field line passing through the satellite, (c )-(f)  Ion effective mass and 
relative ion com position of Hydrogen, Helium, and Oxygen ions.

Figure 6.48 shows the ray tracing analysis o f the M R-W M  echo recorded on 23 January 2004 

at 18:57:49 U T using the Blue-bold density model. The ray tracing input file 15 in Appendix E 

is used to perform the ray tracing analysis. The blue ray shows the ray propagation mechanism 

at a frequency 8.7 kHz resulting in an M R-W M  echo. The ray is injected away from the Earth 

(towards fih,max altitude) at an initial wave normal angle of 89.33° (0res =  89.55°) from the 

satellite located at 712.3 km altitude and Am =  38.91°. The large initial refractive index value



of 489 is due to large local f pe =  2546 kHz and f Ce,sat =  820.1 kHz. The W M  refractive 

index value increases with increasing wave normal angle above the gendrin angle due to large 

refractive indices close to the resonance cone angle. For a fixed frequency and wave normal 

angle, the refractive index is higher at higher electron densities (f pe). The ray continues to 

propagate along B 0 reaching the f  =  fih  =  8.7 kHz altitude at 1138 km and Am =  36.77° in 12.5 

ms time delay, where the refractive index value decreases to 439. The ray propagates towards 

higher altitudes where f pe decreases and local fih  increases above the sounding frequency 

8.7 kHz resulting in closed refractive index surfaces with smaller refractive index components 

perpendicular to B 0. The plasma frequency decreases rapidly from about 240 km (F2-layer 

peak) up to 1000 km altitude where fih,max occurs, resulting in a decrease in the refractive 

index. The ray reflects at an altitude 1271 km and Am =  36.08° where fih =  9.16 kHz when 

the wave normal angle and ray angle reach 90°.

Re

Figure 6.48 R ay tracing showing propagation  m echanism  o f an M R -W M  echo at a 
frequency 8.7 kHz o f the M R -W M  echo. T he ray propagates along the geom agnetic field 
line and reflects at fih =  9.16 kHz altitude.

The ray tracing analysis o f the M R-W M  echo (6.3 kHz to 8.7 kHz) shows that the rays 

propagating at higher frequencies have smaller initial wave normal angles (89.9° to 89.33°) 

closer to the gendrin angle and have lower initial refractive index values (2956 to 489). The 

refractive index at all frequencies (6.3 kHz to 8.7 kHz) is minimum (2936 to 426) at the 

reflection altitude with the maximum frequency reflecting closest to the fih,max — 9.3 kHz



altitude. The ray tracing parameters at all other frequencies where ray tracing was performed 

are provided in Table 10 of Appendix F.

MR-WM echoes recorded above and below the fih,max altitude are a result of propagation 

towards fih,max altitude at large wave normal angles above the gendrin angle close to the 

resonance cone angles (<5°). MR-WM echo rays propagating from below the fih,max altitude 

have large initial refractive index values as f pe is higher. The refractive index value of the 

ray decreases along its path towards higher altitudes close to the fih,max altitude due to lower 

f pe at higher altitudes. At altitudes closer to the fih,max altitude, the refractive index surface 

becomes closed and has smaller refractive index components perpendicular to B 0 as local 

fih increases. This explains the minimum refractive index value at the reflection altitude of 

the MR-W M echoes. MR-WM echo rays propagating from above the fih,max altitude have 

a maximum refractive index value at the reflection altitude. In either case, the wave normal 

angle along the propagation path increases and the rays reflect as MR when the wave normal 

angle reaches 90°.

Figure 6.49 shows that the ray tracing calculated time delays using density models whose 

a He+,sat — 0*1? and Ne)Sat =  2 x l0 4 e l/c and Ne^at =  2 x l0 5 el/cc underestimated and over

estimated the MR-W M echo dispersion, respectively. The ray tracing calculated time delays 

(green diamonds) using a density model assuming Ne ŝat =  2 x l0 5 el/cc and fih,max — 9-3 kHz 

fall above the measured time delays (grey). The calculated time delays assuming Ne ŝat =  

2 x l0 5 el/cc and fih,max ~  9.6 kHz are shown as a dashed line in Green. A higher value of 

fih,max =  9.6 kHz results in a maximum frequency 9 kHz that can reflect as MR which is higher 

than the upper cutoff frequency 8.7 kHz of the MR-WM echo. The calculated time delays as

suming Ne,sat — 2 x l0 4 el/cc, shown in red at 10-20 ms time delay, fall below the measured 

time delays. Ray tracing analysis shows that the time delays (blue diamonds) calculated using 

the Blue-bold density model assuming Ne ŝat =  8 x l0 4 el/cc, fih,sat =  6.3 kHz, and fih,max =

9.3 kHz match the MR-W M echo time delays. The echo at 8.85 kHz which falls inside the 

300 Hz bandwidth of the RPI receiver at the center frequency 8.7 kHz appears in 144 ms time 

delay. Ray tracings show that the density models obtained this way place bounds on both 

m€f f  and the electron density along the MR-WM echo propagation paths.
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Comparison of measured and calculated time delays
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Figure 6.49 Com parison of the measured and calculated tim e delays of the M R -W M  
echo recorded on 23 Jan u ary  2004 at 18:57:49 U T  assuming a Helium relative ion con
centration  of 0.1 at the satellite.

6.5.3 Ray tracing analysis assuming a relative Helium ion concentration of 0.001 at 

the satellite

This section discusses the ray tracing analysis and the electron density, m ef  f  profiles deter

mined along the M R-W M  echo propagation paths assuming OLHe+ sat =  0.001 equal to the lower 

bound of the possible a He+ range (AE satellite data). The constraints on the density model 

are f ce,sat =  762.8 kHz (IGRF model), fih,sat =  6.3 kHz, and fih,max =  9.3-9.6 kHz. Figure 

6.50 shows that electron density profiles {otHe+̂ sat =  0.001) assuming Ne,sat o f 2 x l0 4 e l/cc  

and 2 x l0 5 e l/cc  underestimated and overestimated the measured M R-W M  echo dispersion, 

respectively. A value o f fih,max — 9.3 kHz is assumed for both models. The ray tracing input 

file used to perform ray tracing analysis is provided in Appendix E as input file 16. The ray 

tracing calculated time delays (green diamonds) assuming Ne ŝat =  2 x l0 5 e l/cc  fall above the 

measured time delays shown in grey. Ray tracing assuming a reference Ne,sat — 2 x l0 4e l/cc  

results in time delays (red) falling below the measured time delays. The calculated time delays 

shown as blue diamonds (dashed line) match the measured time delays when using a density 

model whose Ne ŝat =  6x  104 el/cc. The time delays shown as a blue dashed line in Figure 6.50 

and as a blue bold line in Figure 6.49 correspond to density models whose a He+ iSOt is 0.001 

and 0.1, respectively and whose calculated time delays match the measured time delays.
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Figure 6.50 Comparison of the measured and calculated time delays of the MR-WM 
echo recorded on 23 January 2004 at 18:57:49 UT assuming a Helium relative ion con
centration of 0.001 at the satellite. The satellite was at 715 km altitude and Am =  39.16° 
inside the plasmasphere.

The density model hereafter referred to as the ‘Blue-dashed electron density’ model has a 

local electron density Ne ŝat =  6 x l0 4 e l/cc  (f pe =  2200 kHz) at the satellite location o f 715 

km altitude and Am =  39.14°. Using f ce,sat =  822 kHz (IGRF model), the reference value of 

gyrofrequency at the equator f ce,equ =  762.8 kHz is obtained to build the dipole field model. 

The values o f fih,sat =  6.3 kHz, fp e,sat =  2200 kHz, and f ce,sat =  821 kHz result in an m eff^sat 

=  8.247. Using m eff^sat =  8.247 and a He+,sat =  0.001 both a H+ sat — 0.062 and a Q+ sat =  

0.936 are obtained which fix fih,sat =  6.25 kHz at the satellite. An Rbase =  8041 km (1671 

km altitude), Therm =  3242° K, and a relative ion concentration of a#+  =  0.7193, a ^ e+ =  

0.0055, and o:q+ =  0.2752 at Rbase match the above constraints. This density model has an 

F2-layer peak electron density o f 1 .45 x l0 5 e l/cc  at 300 km altitude, fih,sat =  6.25 kHz, and 

fih,max — 9.6 kHz at 1687 km altitude.

The ray tracing parameters from the ray tracing analysis at some o f the frequencies o f the 

M R -W M  echo are provided in Table 11 o f Appendix F. The ray tracing analysis is consistent 

with the ray propagation mechanism and interpretation obtained from the ray tracing analysis 

of the M R-W M  echoes discussed in Section 6.5.2. Overall, the ray tracing analysis shows that 

at higher frequencies (6.3 kHz to 8.7 kHz) the M R -W M  echo rays propagate at smaller initial 

wave normal angles (89.9° to 89.33°) and have smaller initial refractive index values (2956 to



489). At all frequencies (6.3 kHz to 8.7 kHz), the minimum refractive index (2936 to 426) 

value occurs at the reflection altitude. The density model with an ctHe+ sat — 0-001 results in 

calculated time delays which fall about 40 ms above the measurements at frequencies close to 

and above fih,sat =  6.25 kHz. The lower frequency portion of the MR-W M echo dispersion 

can be explained better using the a # e+ sat =  0.1 model. This is because of the slope of the 

fih profile being gentler for the density model with a He+ sat =  0.001 than the density model 

with a He+ sat =  0.1. The gentle fih profile results in rays propagating greater distances before 

reflecting at the /  ~  fih altitude. This is true although a He+ sat =  0.001 model has a lower 

Ne,sat =  6 x l0 4 el/cc than the &He+,sat =  0.1 model which has a Ne,sat =  8 x l0 4 el/cc and that 

lower electron density results in lower group time delays of the MR-WM echo. This suggests 

that the fih profile must have a steeper slope corresponding to an a He+ sat > 0 . 1  model to 

explain the measured time delays. Overall, the ray tracing analysis shows that the value of 

fih,max relates to the upper cutoff frequency below which the slope of the dispersion changes 

from gentle to steep at higher frequencies whereas the slope of the fih profile relates to the 

time delays at the lower frequency portion of the MR-W M echo dispersion.

6.5.4 Comparison o f  the density models estimated by assuming a relative Helium ion 

concentration o f  0 . 0 0 1  and 0 . 1  at the satellite

Figure 6.51 shows a comparison of the electron density profiles obtained from the ray 

tracing analysis of the MR-W M echoes assuming ocHe+̂ sat =  0.1 (Blue-bold) and ocHe+̂ sat =

0.001 (Blue-dashed) at the satellite. The estimated electron density and fih profiles are shown 

in Figures 6.51a and 6.51b, respectively along B 0 passing through the satellite. The bold and 

dashed density profiles have Ne ŝat of 3 .7x l0 5 el/cc and 1 .4x l05 el/cc, respectively at the F2- 

layer peak altitude. Figures 6.51c-6.51f show ion effective mass mef f , a H+, a # e+, and qq+ 

along B 0 passing through the satellite.

The ray tracing analysis presented in this section discusses the procedure to estimate the 

parameters Rbase, Therm, and relative ion composition at Rbase which define the density 

model using the dispersion properties of an MR-WM echo. Such a density model matches the 

local fih,sat (a H+,sati a He+,sati and & o+,sat) estimated from the lower cutoff frequency of the 

MR-WM echo, fih,max estimated from the upper cutoff frequency of the MR-W M echo, and 

explains the MR-W M echo dispersion. The local electron density (f pe,Sat), fee,sat, and fih,sat 

at the satellite location fix the local m ef f iSat• For a given relative ion concentration at the
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satellite, the calculated dispersion using a density model can match the measured dispersion 

only for a particular value o f local electron density. Bounds on one o f the ion concentrations, 

a H e+,sat — 0.001-0.1 provide bounds on electron density and m ef f  along the M R -W M  echo 

propagation paths as shown in Figure 6.51. As the M R-W M  echoes propagate from the satellite 

up to the fih,max altitude, the Blue-bold and Blue-dashed density models place bounds on the 

estimated fih,max to be 9.3 kHz at 1400 km and 9.6 kHz at 1687 km altitude, respectively. 

The uncertainty in the local electron density (factor of 1.3) and the F2-layer peak electron

Figure 6.51 Electron density, lower hybrid frequency, and relative ion concentrations of 
Hydrogen, Helium, and Oxygen as deduced from the ray tracing analysis of the MR-WM 
echo recorded on 23 January 2004 at 18:57:49 UT. The constraints on the density models 
with reference relative Helium ion OiHe+,sat concentrations of 0.001 and 0.1 were fih,sat —
6.3 kHz at the satellite altitude of 715 km and fih,max — 9.3 kHz.

density (factor o f 2.5) can be reduced if local f pe from the dynamic spectrogram and a discrete 

W M  echo, respectively are available. M R-W M  echoes observed below the fih,max altitude show 

that constraints on the ray tracing estimated electron density and m ef  /  profiles can be placed 

by choosing bounds on the reference relative ion composition from the past measurements. 

M R -W M  echoes accompanied by discrete W M  echoes provide electron density estimates from 

the satellite down to the Earth-ionosphere boundary reflection altitude and m ef f  estimates 

between the satellite and fih,max altitudes with a reduced uncertainty.
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Summary, conclusions, and suggestions for the future work

7.1 Summary and conclusions

Chapter 1 described the objectives of this research followed by the background information 

providing a brief review of the past work, the problem statement and approach. Chapter 2 

presented the experimental setup and discussed various data analysis tools used in the mea

surements presented in this thesis. Chapter 3 discussed the geomagnetic field and electron 

density models used. Chapter 4 presented the modifications made to the Stanford 2D ray trac

ing program. These modifications permit free space RX mode ray tracing. Chapter 5 provided 

a ray tracing analysis of a multi-mode sounding example. A specific example showing echoes 

observed in WM, ZM, LO, and RX mode was analyzed to obtain electron density along the 

geomagnetic field lines.

Chapter 6 discussed the first observations and interpretation of the MR-WM echoes. The 

lower and upper cutoff frequencies of the MR-WM echoes were determined to be the local fa  

at the satellite and approximately fih,max along the geomagnetic field line passing through the 

satellite, respectively. Ray tracing analysis showed that MR-W M echoes are a result of large 

wave normal angle propagation (above the gendrin angle) approximately along the geomagnetic 

field line passing through the satellite and reflection at an altitude where local f a  is ~ 0 .5 -l 

kHz above the sounding frequency.

Both MR-WM and discrete W M echo dispersion measurements could be matched with the 

ray tracing calculated dispersions assuming large wave normal angle propagation. Such a ray 

tracing analysis was performed for the MR-WM echoes accompanying discrete W M  echoes 

recorded at an altitude above the fa ,m a x  altitude on 05 December 2005 between 02:57 UT and 

03:07 UT. Electron densities from the satellite altitude down to the Earth-ionosphere boundary 

and rnef f  from the satellite altitude down to the fa ,m a x  altitude could be estimated assuming 

that the local mef f  at the satellite is approximately equal to 1. Another example of an MR- 

WM echo recorded below the fa ,m a x  altitude on 23 January 2004 at 18:57:49 UT was used to

Chapter 7



estimate bounds on the possible electron density and mef f  values along the propagation path 

of the echo by matching the ray tracing calculated time delays with the measurements. An 

assumption of a local Helium relative ion concentration aHe+,sat in the range of 0.001-0.1 at 

the satellite location resulted in an uncertainty in the electron densities of a factor of 1.3 at 

the satellite and a factor of 2.5 at the F2-layer peak altitude. These uncertainties may have 

been reduced if local fpe from the dynamic spectrogram measurements of f uh and a discrete 

W M echo, respectively were available.

7.2 Suggestions for the future work

1. In this thesis, the ray tracing analysis of LO mode echoes was performed using a 

MATLAB program assuming propagation along the geomagnetic field line passing through the 

satellite. The Stanford 2D ray tracing program should be modified to be able to perform the 

LO mode ray tracing in a duct. Such a ray tracing program would allow simulation of LO 

mode wave propagation under general propagation scenarios.

2. MR-W M echoes were often accompanied by a 10 kHz noise band of bandwidth >1 

kHz. The 10 kHz noise band is believed to have a natural origin similar to the LHR (Lower 

Hybrid Resonance) noise band previously observed on low frequency satellite receivers [Brice 

and Smith, 1965]. The origin of this 10 kHz noise band needs to be investigated as it frequently 

accompanies the MR-W M echoes, and compromises MR-WM echo dispersion measurement.

3. Discrete and diffuse W M echoes were observed during geomagnetically quiet and dis

turbed periods, respectively. However, diffuse MR-WM echoes were observed during quiet 

to moderately disturbed geomagnetic conditions. The correlation of the discrete and diffuse 

nature of the MR-WM echoes with the geomagnetic activity therefore needs to be studied.

4. Ray tracing analysis of the discrete WM echoes accompanied by a fast ZM echo or free 

space LO mode and RX mode echoes provided electron density estimates from the satellite 

altitude down to the Earth-ionosphere boundary reflection altitude. Bottom-side sounding 

experiments provide electron density measurements from 80 km up to 250 km (F2-layer peak) 

altitude. These measurements should be used to improve the electron density models used in 

the ray tracing analysis of the W M echoes.
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A ppendix A  

Chapter 3 ray tracing input files

This section of the appendix contains a list of input files used in Chapter 3.

(1) R ay tracin g  input file for F igure 3.1

0 30 0 0

47122.3 60.5

4 0 1 -25 1 1 200 1.5728 10.387 2300 

1077 1295 1 0.001 le-6

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.000001

5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.9 10024.469 10.322 360 -91.516 0 0 0.2 

-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 file for F igure 3.2

0 80 0 0

47122.3 60.5

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 1973.4 .1 0.0001 le-6

7368.6 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001



4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.899 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(3 .1 ) R ay tracin g  input file for Figures 3.3 and 3.4

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 1000 .1 0.0001 le-6 

7170 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.899 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(3 .2 ) R ay tracin g  input file for F igures 3.3 and 3.4

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 2000 .1 0.0001 le-6 

7170 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000
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6.3 7083.9 39.13 360 89.899 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(3.3) Ray tracing input file for Figures 3.3 and 3.4

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 2000 .1 0.0001 le-6 

7570 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.899 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(3.4) Ray tracing input file for Figures 3.3 and 3.4

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 1000 .1 0.0001 le-6 

7570 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.899 0 0 0.1
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-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(4) Ray tracing input file for Figures 3.5 and 3.6

0 30 0 0

47122.3 60.5 

-1 0

4 0 1 -25 1 1 200 1.5728 10.387 2300 

1077 1295 1 0.001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.000001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.9 10024.469 10.322 360 -91.516 0 0 0.2 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(5) Ray tracing input file for Figure 3.7

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 2 1 120 1.3526 -47.058 1043

801 2000 .1 0.0001 le-05

7200 1 0.08 0.02 0.9

6460 140 6470 6470 .000001

3.5 4.5 0.1 7000 3000

2.6768 -0.1 .01 6370 800 63700 800 6370 800 63700 800 0 

0.05 1 7 0 1 -60 60 1000

148.6 8502.676 -45.059 360 180 0 0 0.06 

-1 0 0 0 0 0 0 0
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My Rays

2 1 1 1 8  5 4 3 2 6
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A ppendix  B 

Chapter 4 ray tracing input files

List of input files used in ray tracings discussed in Chapter 4.

(1) Ray tracing input file for Figures 4.3 and 4.4

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 2 1 120 2.6063 15.523 703

957.3 2069 .1 0.0001 le-07 

8426.23 1 0.7 0.05 0.25 

6460 140 6470 6470 .000000001

4.0 4.5 0.1 7000 3000

2.81 -0.15 0.05 10000 10000 20000 10000 10000 10000 20000 10000 0 

0.05 1 7 0 1 -60 60 1000

303.5 16609.138 15.554 360 -2 0 0 0.26

303.5 16609.138 15.554 360 0.2 0 0 0.26

303.5 16609.138 15.554 360 2 0 0 0.26

303.5 16609.138 15.554 360 179 0 0 0.2

303.5 16609.138 15.554 360 180.1 0 0 0.2

303.5 16609.138 15.554 360 181 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays
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This section discusses the ray tracing input files for Chapter 5.

(1) Ray tracing input file for Figures 5.7, 5.8, and 5.14

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 1 1 120 1.3274 -45.545 672.85 

801 1879 .1 0.001 le-05 

7599 1 0.08 0.02 0.9 

6460 140 6470 6470 .00001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000 

50 8408.4 -43.305 360 12 0 0 0.3 

75 8447.894 -44.034 360 12 0 0 0.3 

100 8473.374 -44.508 360 12 0 0 0.3 

130 8495.032 -44.917 360 12 0 0 0.3 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(2) Ray tracing input file for Figure 5.9

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 1 1 120 1.3274 -45.545 672.85

Chapter 5 ray tracing input files
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801 1879 .1 0.001 le-05 

7599 1 0.08 0.02 0.9 

6460 140 6470 6470 .00001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

148.6 8502.676 -45.059 360 180 0 0 0.06

164 8502.676 -45.059 360 180 0 0 0.085

174 8502.676 -45.059 360 180 0 0 0.137

181 8502.676 -45.059 360 180 0 0 0.25

-1 0 0 0 0 0 0 0

My Hays

2 1 1 1 8  5 4 3 2 6

(3) R ay tracin g  input file for F igures 5.10, 5.11, 5.14, and 5.19

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 2 1 120 1.3526 -47.058 1043 

801 2400 .1 0.0001 le-05 

7200 1 0.08 0.02 0.9

6460 90 6470 6470 .000000000000000001

3.5 4.5 0.1 7000 3000

2.6768 -0.1 .01 8500 800 63700 800 8500 800 63700 800 0 

0.05 1 7 0 1 -60 60 1000

148.6 8502.676 -45.059 360 180 0 0 0.06 

164 8502.676 -45.059 360 180 0 0 0.085 

174 8502.676 -45.059 360 180 0 0 0.137 

181 8502.676 -45.059 360 180 0 0 0.25 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6
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(4) R ay tracin g  input file for F igures 5.14 and 5.19

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 1 1 115 1.3526 -47.058 1520 

801 2000 .1 0.0001 le-05 

7200 1 0.08 0.02 0.9 

6460 120 6470 6470 .0001

3.5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000 

50 8408.4 -43.305 360 18 0 0 0.3 

75 8447.894 -44.034 360 18 0 0 0.3 

100 8473.374 -44.508 360 18 0 0 0.3 

130 8495.032 -44.917 360 18 0 0 0.3 

-1 0 0 0 0 0 0 0  

My Hays

2 1 1 1 8  5 4 3 2 6

(5) R ay tracin g  input file for F igures 5.15 and 5.19

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 1 1 120 1.3547 -47.222 972

801 2000 .1 0.0001 le-07

7200 1 0.08 0.02 0.9

6460 140 6470 6470 .000000001

4.0 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

235 8543.444 -45.811 360 0.1 0 0 0.03

250 8549.177 -45.924 360 0.1 0 0 0.03

280 8557.458 -46.078 360 0.1 0 0 0.03

290 8561.28 -46.149 360 0.1 0 0 0.03
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300 8565.102 -46.22 360 0.1 0 0 0.03 

310 8568.287 -46.279 360 0.1 0 0 0.03 

320 8570.198 -46.315 360 0.1 0 0 0.03 

330 8572.746 -46.368 360 0.1 0 0 0.03 

365 8581.027 -46.516 360 0.1 0 0 0.03 

400 8589.308 -46.67 360 0.1 0 0 0.03 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(6) R ay tracin g  input file for F igures 5.17 and 5.19

0 30 0 0 

30121 0 

-1 0

4 0 1 -20 1 1 120 1.3547 -47.222 656 

801 2000 .1 0.0001 le-07 

7200 1 0.08 0.02 0.9 

6460 140 6470 6470 .000000001

4.0 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000 

650 8633.898 -47.28 360 10 0 0 0.03 

700 8642.816 -47.381 360 20 0 0 0.03 

750 8648.549 -47.453 360 15 0 0 0.03 

800 8656.83 -47.555 360 15 0 0 0.03 

850 8663.837 -47.642 360 20 0 0 0.03 

900 8668.933 -47.7 360 20 0 0 0.03 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6
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Appendix D

Chapter 5 tables

Table D .l  Ray tracing parameters along the propagation path as obtained from the 
ray tracing analysis o f the discrete W M  echo observed in the m ulti-mode case. The Cyan 
density m odel used in the ray tracing has an Rbase =  7599 km, Therm  =  1879° K, and 
a reference electron density of 685 e l/cc  ( f pe =  235 kHz).

f
(kHz)

Alt
(km)

Am
(°)

fpe
(kHz)

Ne
(el/cc)

fee
(kHz)

fih
(kHz)

e

(°)

a

(°)
Ores

(°)
Tg

(ms)
50 2038 -43.31 235 686 541 4.68 12.00 4.91 76.70 1.82 0.00
50 268 -47.79 2711 91163 1151 6.19 23.84 10.77 87.32 12.15 15.03
50 113 -48.11 709 6237 1240 3.59 24.49 10.86 94.64 3.23 17.59
50 271 -47.78 2710 91129 1150 6.18 24.00 10.83 92.69 12.16 20.20
50 2041 -43.36 235 685 541 4.68 12.81 5.21 103.30 1.83 35.19
75 2078 -44.03 233 675 538 4.68 12.00 3.97 69.70 1.63 0.00
75 268 -48.65 2711 91163 1161 6.23 23.06 10.14 85.99 9.99 13.46
75 117 -48.97 809 8114 1248 3.96 24.26 10.40 96.33 3.05 15.60
75 270 -48.65 2710 91130 1160 6.23 23.49 10.31 94.02 10.01 17.79
75 2083 -44.16 233 674 537 4.68 13.90 4.49 110.30 1.63 31.23

100 2103 -44.51 232 668 535 4.68 12.00 2.54 62.48 1.52 0.00
100 268 -49.30 2711 91166 1169 6.27 22.48 9.60 84.67 8.72 12.69
100 119 -49.61 865 9276 1255 4.16 24.08 9.92 98.05 2.88 14.60
100 270 -49.30 2710 91142 1167 6.26 23.13 9.84 95.34 8.75 16.55
100 2109 -44.66 232 667 535 4.68 14.63 2.85 117.60 1.53 29.23
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Table D.2 Details of Program 5 discrete logarithmically spaced frequencies transmitted 
and their transmission run times (time in seconds after 12:33:00 UT when each frequency 
is transmitted).

Freq Run time Freq Run time Freq Run time Freq Run time
(kHz) (s) (kHz) (s) (kHz) (s) (kHz) (s)
50.00 0.0 104.03 20.8 216.46 40.2 450.39 59.2
51.00 0.8 106.11 21.3 220.79 40.7 459.40 59.7
52.02 1.6 108.24 21.8 225.21 41.2 468.59 60.2
53.06 2.4 110.40 22.4 229.71 41.8 477.96 60.8
54.12 3.0 112.61 22.8 234.31 42.3 487.52 61.3
55.20 3.7 114.86 23.3 238.99 42.8 497.27 61.8
56.31 4.4 117.16 23.8 243.77 43.3 507.21 62.3
57.43 4.9 119.50 24.3 248.65 43.8 517.36 62.8
58.58 5.4 121.89 24.9 253.62 44.2 527.70 63.2
59.76 5.9 124.33 25.4 258.69 44.7 538.26 63.7
60.95 6.4 126.82 26.0 263.87 45.2 549.02 64.2
62.17 6.8 129.35 26.6 269.14 45.7 560.00 64.7
63.41 7.3 131.94 27.2 274.53 46.2 571.20 65.2
64.68 7.8 134.58 27.8 280.02 46.8 582.63 65.8
65.97 8.2 137.27 28.3 285.62 47.4 594.28 66.3
67.29 8.7 140.02 28.8 291.33 48.0 606.17 66.8
68.64 9.2 142.82 29.3 297.16 48.6 618.29 67.3
70.01 9.8 145.67 29.8 303.10 49.2 630.65 67.8
71.41 10.5 148.59 30.3 309.16 49.7 643.27 68.2
72.84 11.1 151.56 30.8 315.35 50.2 656.13 68.7
74.30 11.8 154.59 31.4 321.65 50.8 669.26 69.2
75.78 12.3 157.68 31.9 328.08 51.2 682.64 69.7
77.30 12.8 160.84 32.4 334.65 51.7 696.29 70.3
78.84 13.4 164.05 33.0 341.34 52.2 710.22 70.8
80.42 13.8 167.33 33.6 348.17 52.7 724.42 71.4
82.03 14.3 170.68 34.2 355.13 53.2 738.91 71.8
83.67 14.7 174.09 34.8 362.23 53.7 753.69 72.3
85.34 15.2 177.57 35.4 369.48 54.2 768.76 72.8
87.05 15.7 181.13 35.8 376.87 54.7 784.14 73.3
88.79 16.2 184.75 36.3 384.40 55.2 799.82 73.8
90.57 16.8 188.44 36.8 392.09 55.8 815.82 74.4
92.38 17.4 192.21 37.3 399.93 56.3 832.14 75.0
94.23 18.1 196.06 37.8 407.93 56.8 848.78 75.6
96.11 18.8 199.98 38.4 416.09 57.3 865.75 76.2
98.03 19.3 203.98 38.8 424.41 57.8 883.07 76.8
99.99 19.8 208.06 39.3 432.90 58.2 900.73 77.4

101.99 20.3 212.22 39.7 441.56 58.7
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Table D.3 Ray parameters along the ray path at a few frequencies as obtained from 
the ray tracing analysis of the ducted fast ZM echo observed in the multi-mode case. 
The calculated dispersion from the ray tracing analysis using the Green density model 
matches the measured dispersion.

f
(kHz)

R

(Re )

Alt
(km)

Am
(°)

fpe
(kHz)

Ne
(el/cc)

fee
(kHz)

fz
(kHz)

e

(°)

a

(°)
@res

(°)
Tg

(ms)
148.6 1.33 2133 -45.1 278 961 533 118.8 180.0 180.0 0 0.48 0
148.6 1.48 3088 -41.9 259 832 374 132.3 173.0 177.0 0 0.37 5.9
148.6 1.67 4275 -37.8 243 734 250 148.4 1.1 0.6 0 0 24
148.6 1.48 3045 -42.0 260 836 380 131.7 6.6 3.1 0 0.38 41
148.6 1.33 2129 -45.1 278 960 534 118.6 5.6 2.5 0 0.49 47
164.0 1.33 2133 -45.1 278 961 533 118.8 180.0 180.0 0 0.57 0
164.0 1.58 3697 -39.8 250 777 303 141.1 0.7 0.3 0 0.43 8.8
164.0 1.91 5810 -32.3 229 651 156 163.9 22.0 11.0 0 0.01 41
164.0 1.57 3602 -40.1 251 785 313 139.7 4.0 1.8 0 0.44 73
164.0 1.34 2136 -45.1 278 960 532 118.8 2.4 1.0 0 0.57 81
174.0 1.33 2133 -45.1 278 961 533 118.8 180.0 180.0 0 0.61 0
174.0 1.67 4295 -37.7 243 732 249 148.6 6.1 2.4 0 0.44 12
174.0 2.15 7348 -26.3 219 593 101 173.9 36.3 9.4 0 0 66
174.0 1.65 4158 -38.2 245 742 260 146.9 4.3 1.7 0 0.46 121
174.0 1.33 2124 -45.1 278 961 535 118.5 5.2 2.0 0 0.61 132
181.0 1.33 2133 -45.1 278 961 533 118.8 180.0 180.0 0 0.63 0
181.0 1.79 5002 -35.2 236 690 199 156.5 4.5 1.6 0 0.44 16
181.0 2.45 9220 -17.1 209 544 61 180.9 137.0 155.0 0 0 121
181.0 1.79 5021 -35.2 236 689 198 156.6 5.4 2.0 0 0.44 227
181.0 1.33 2134 -45.1 278 961 533 118.9 0.1 0.0 0 0.63 244
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Table D .4 A few ray tracing parameters along the propagation path of the discrete 
WM echo observed in the multi-mode case. The Red density model with an Rbase =  
7200 km, Therm =  2000° K, and a reference electron density of 1585 el/cc ( f pe =  357 
kHz) was used. The local f ce at the satellite was 540 kHz and the F2-layer peak electron 
density was 5 x l0 4 el/cc at 240 km altitude.

f
(kHz)

R

(Re )

Alt
(km)

Mlat

(°)
fpe

(kHz)
Ne

(el/cc)
fee

(kHz)
fih

(kHz)
6

(°)

a

(°)
@res

(°)
t9

(ms)
50 1.32 2038 -43.3 357 1585 541 6.77 18.00 7.40 80.47 2.50 0.0
50 1.11 685 -46.6 957 11379 948 4.80 21.98 9.80 85.77 4.80 8.1
50 1.02 109 -47.9 499 3095 1239 2.71 24.48 10.60 96.18 2.30 15.4
50 1.11 691 -46.6 947 11133 946 4.80 22.08 9.80 94.26 4.70 22.8
50 1.32 2039 -43.3 357 1585 541 6.77 18.20 7.50 99.53 2.50 30.9
75 1.33 2078 -44.0 355 1572 538 6.75 18.00 6.50 75.52 2.20 0.0
75 1.11 710 -47.4 915 10392 946 4.80 21.39 9.10 83.48 3.80 7.4
75 1.02 110 -48.7 520 3361 1249 2.81 23.52 9.70 98.96 2.10 13.9
75 1.11 716 -47.4 905 10169 943 4.83 21.18 9.00 96.57 3.80 20.3
75 1.33 2078 -44.0 355 1572 537 6.75 17.78 6.40 104.50 2.20 27.8

100 1.33 2103 -44.5 355 1564 535 6.74 18.00 5.20 70.54 2.00 0.0
100 1.12 730 -48.0 882 9669 943 4.85 20.96 8.50 81.11 3.30 7.1
100 1.02 105 -49.4 398 1965 1259 2.22 22.69 7.90 105.20 1.60 13.1
100 1.12 736 -48.0 873 9465 940 4.86 20.46 8.30 98.95 3.20 19.2
100 1.33 2102 -44.5 355 1564 535 6.74 17.44 5.10 109.50 2.00 26.3
130 1.33 2125 -44.9 354 1557 534 6.73 18.00 3.20 64.48 1.90 0.0
130 1.12 753 -48.6 848 8926 939 4.89 20.55 7.60 78.16 2.90 7.1
130 1.02 112 -50.0 568 4014 1263 3.03 22.04 7.90 104.50 1.80 12.7
130 1.12 765 -48.5 830 8561 934 4.90 19.66 7.30 102.00 2.80 18.4
130 1.33 2124 -44.9 354 1557 533 6.73 17.08 3.10 115.50 1.90 25.3
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Table D.5 Details of the ray parameters along the propagation path as obtained from 
the RX mode echo ray tracing analysis.

f
(kHz)

R

{Re )

Alt
(km)

Am

(°)
fpe

(kHz)
Ne

(el/cc)
fee

(kHz)
fr

(kHz)
e

(°)

a

(°)
@res

(°)
T g

(ms)
650 1.36 2264 -47.3 229.8 655.5 520.6 607.6 10.0 7.1 90 0.60 0.0
650 1.34 2171 -47.5 231.9 667.2 538.8 624.9 8.6 5.5 90 0.50 1.4
650 1.32 2047 -47.8 234.9 684.5 564.9 649.8 79.6 69.9 90 0.06 7.5
650 1.34 2191 -47.7 231.5 664.7 536.2 622.3 20.8 14.0 90 0.50 13.4
650 1.36 2271 -47.6 229.7 654.6 520.9 607.8 20.1 14.5 90 0.60 14.6
700 1.36 2273 -47.4 229.7 654.4 519.5 606.5 20.0 16.7 90 0.70 0.0
700 1.33 2078 -47.6 234.1 680.0 557.3 642.6 20.4 15.6 90 0.60 1.6
700 1.28 1808 -47.9 241.9 726.1 616.2 699.8 100.2 109.8 90 0.06 9.3
700 1.33 2081 -47.2 234.0 679.6 554.6 640.1 10.2 7.7 90 0.60 17.2
700 1.35 2251 -46.8 230.1 657.1 520.7 607.8 11.2 9.3 90 0.70 18.6
750 1.36 2279 -47.5 229.5 653.7 518.9 605.8 15.0 13.3 90 0.80 0.0
750 1.31 1994 -47.9 236.3 692.6 575.9 660.5 14.3 11.7 90 0.70 1.7
750 1.25 1615 -48.6 250.3 777.3 666.4 750.0 81.7 73.7 90 0.01 10.3
750 1.32 2006 -48.0 236.0 690.8 574.1 658.6 16.5 13.6 90 0.70 18.8
750 1.36 2283 -47.6 229.4 653.2 519.1 606.0 16.8 14.9 90 0.80 20.6
800 1.36 2287 -47.6 229.4 652.7 517.9 604.9 15.0 13.8 90 0.80 0.0
800 1.30 1911 -48.1 238.6 706.4 594.6 678.5 14.1 12.1 90 0.80 1.9
800 1.23 1444 -48.9 262.9 857.4 713.6 799.9 82.1 74.5 90 0.03 10.7
800 1.30 1937 -48.3 237.9 702.0 590.5 674.4 17.7 15.3 90 0.80 19.4
800 1.36 2298 -47.9 229.1 651.4 517.9 604.8 18.0 16.6 90 0.80 21.2
850 1.36 2294 -47.6 229.2 651.8 517.1 604.1 20.0 18.8 90 0.90 0.0
850 1.29 1846 -48.0 240.6 718.5 608.4 692.0 19.8 17.7 90 0.80 2.0
850 1.20 1289 -48.5 284.0 1000.0 755.0 849.9 97.1 104.0 90 0.04 10.3
850 1.29 1841 -47.5 240.8 719.5 606.8 690.7 14.4 12.9 90 0.80 18.7
850 1.36 2276 -46.9 229.6 654.0 516.7 603.9 15.5 14.5 90 0.90 20.8
900 1.36 2299 -47.7 229.1 651.2 516.5 603.5 20.0 19.1 90 0.90 0.0
900 1.28 1793 -48.0 242.4 729.3 620.7 704.2 19.6 18.0 90 0.80 2.1
900 1.18 1170 -48.7 311.3 1203.0 792.2 899.9 100.5 110.3 90 0.03 10.0
900 1.28 1783 -47.7 242.8 731.5 621.1 704.7 16.3 14.9 90 0.80 17.9
900 1.36 2286 -47.2 229.4 652.8 516.2 603.4 17.2 16.4 90 0.90 20.1
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A ppendix E 

Chapter 6 ray tracing input files 

E .l Ray tracing input files

This section includes all the ray tracing input files discussed in Chapter 6. These input files 

are given in the order of the figure numbers as they appear in the chapter.

(1) Ray tracing input file for Figure 6.14

0 30 0 0

47122.3 60.5

4 0 1 -25 1 1 200 1.5728 10.387 2300 

1077 1295 1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.0000001

5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.9 10024.469 10.322 360 -91.516 0 0 0.2 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8 5 4 3 2 6

(2) Ray tracing input file for Figure 6.16

0 30 0 0

47122.3 60.5

4 0 1 4 1 1 120 1.5728 10.387 2300 

1077 1295 1 0.0001 le-6



175

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001 

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464 

3 10012.366 10.464

1000

360 -90.1 0 0 0.35 

360 -95 0 0 0.35 

360 -100 0 0 0.35 

360 -105 0 0 0.35 

360 -110 0 0 0.35 

360 -115 0 0 0.35 

360 -120 0 0 0.35 

360 -125 0 0 0.35 

360 -130 0 0 0.35 

360 -140 0 0 0.35 

360 -145 0 0 0.35 

360 -150 0 0 0.35 

360 -155 0 0 0.35 

360 -160 0 0 0.35 

360 -165 0 0 0.35 

360 -170 0 0 0.35 

360 170 0 0 0.35 

360 165 0 0 0.35 

360 160 0 0 0.35 

360 155 0 0 0.35 

360 150 0 0 0.35 

360 140 0 0 0.35 

360 135 0 0 0.35 

360 130 0 0 0.35 

360 125 0 0 0.35 

360 120 0 0 0.35 

360 115 0 0 0.35 

360 110 0 0 0.35



3 10012.366 10.464 360 105 0 0 0.35 

3 10012.366 10.464 360 100 0 0 0.35 

3 10012.366 10.464 360 95 0 0 0.35

3 10012.366 10.464 360 90.1 0 0 0.35 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(3 .1 ) R ay tracing input file for F igure 6.18
0 30 0 0

47122.3 60.5 

-1 0
4 0 1 20 1 1 120 1.5728 10.387 2300 

1077 1295 .1 0.0001 le-6

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000



6.9 10024.469 10.322 360 -91 0 0 0.45 

-1 0 0 0 0 0 0 0  

My Hays

2 1 1 1 8  5 4 3 2 6

(3 .2 ) R ay tracing input file for F igure 6.

0 30 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 120 1.5728 10.387 2300 

1077 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001



My Rays

2 1 1 1 8  5 4 3 2 6

(4) R ay tracin g  input file for F igure 6.19

0 30 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 120 1.5728 10.387 2300 

1077 1295 .1 0.00001 le-8 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

10.2 10012.366 10.464 360 -93.5 0 0 0.2

10.2 10012.366 10.464 360 -94.26 0 0 0.2

10.2 10012.366 10.464 360 -94.4 0 0 0.2

10.2 10012.366 10.464 360 -105 0 0 0.2

10.2 10012.366 10.464 360 -110 0 0 0.2

10.2 10012.366 10.464 360 -115 0 0 0.2

10.2 10012.366 10.464 360 -120 0 0 0.2

10.2 10012.366 10.464 360 -125 0 0 0.2



-1 0 0 0 0 0 0 0  

My Rays

-130 0 0 0.2 

-135 0 0 0.2 

-140 0 0 0.2 

-145 0 0 0.2 

-150 0 0 0.2 

-155 0 0 0.2 

-160 0 0 0.2 

-165 0 0 0.2 

-170 0 0 0.2 

-175 0 0 0.2 

-180.1 0 0 0.2 

175 0 0 0.2 

170 0 0 0.2 

165 0 0 0.2 

160 0 0 0.2 

155 0 0 0.2 

150 0 0 0.2 

145 0 0 0.2 

140 0 0 0.2 

135 0 0 0.2 

130 0 0 0.2 

125 0 0 0.2 

120 0 0 0.2 

115 0 0 0.2 

110 0 0 0.2 

105 0 0 0.2

93.5 0 0 0.2 

94.26 0 0 0.2

94.4 0 0 0.2 

105 0 0 0.2

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360

360
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(5.1) Ray tracing input file for Figure 6.21

0 30 0 0

47122.3 60.5 

-1 0

4 0 1 4 1 1 120 1.5728 10.387 2300 

1077 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000 

30 10012.366 10.464 360 160 0 0 0.2 

30 10012.366 10.464 360 155 0 0 0.2 

30 10012.366 10.464 360 150 0 0 0.2 

30 10012.366 10.464 360 145 0 0 0.2 

30 10012.366 10.464 360 140 0 0 0.2 

30 10012.366 10.464 360 135 0 0 0.2 

30 10012.366 10.464 360 130 0 0 0.2 

30 10012.366 10.464 360 125 0 0 0.2 

30 10012.366 10.464 360 120 0 0 0.2 

30 10012.366 10.464 360 115 0 0 0.2 

30 10012.366 10.464 360 110 0 0 0.2 

30 10012.366 10.464 360 104.2 0 0 0.2 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(5.2) Ray tracing input file for Figure 6.21
0 30 0 0

47122.3 60.5 

-1 0
4 0 1 4 1 1 120 1.5728 10.387 2300

2 1 1 1 8  5 4 3 2 6
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1077 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.0001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000 

30 10012 -10.464 360 -82 0 0 0.1

30 10012 -10.464 360 -79 0 0 0.1

30 10012 -10.464 360 -75 0 0 0.1

30 10012 -10.464 360 -73 0 0 0.1

30 10012 -10.464 360 -71 0 0 0.1

30 10012 -10.464 360 -69 0 0 0.1

30 10012 -10.464 360 -67 0 0 0.1

30 10012 -10.464 360 -65 0 0 0.1

30 10012 -10.464 360 -60 0 0 0.1

30 10012 -10.464 360 -55 0 0 0.1

30 10012 -10.464 360 -50 0 0 0.1

30 10012 -10.464 360 -45 0 0 0.1

30 10012 -10.464 360 -40 0 0 0.1

30 10012 -10.464 360 -35 0 0 0.1

30 10012 -10.464 360 -30 0 0 0.1

30 10012 -10.464 360 -25 0 0 0.1

30 10012 -10.464 360 -20 0 0 0.1

-1 0 0 0 0 0 0 0 

My Rays

2 1 1 1 8  5 4 3 2 6
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(6) R ay tracin g  input file for F igures 6.25, 6 .26, and 6.27

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 20 1 1 120 1.5509 11.703 2858

1020 1000 .1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

6.3 9878.6 11.716 360 -90.775 0 0 0.2

6.6 9877.3 11.729 360 -91.033 0 0 0.2

6.9 9876.7 11.742 360 -91.274 0 0 0.2

7.2 9875.4 11.755 360 -91.504 0 0 0.2

7.5 9874.1 11.773 360 -91.729 0 0 0.2

7.8 9873.5 11.786 360 -91.952 0 0 0.2

8.1 9872.2 11.799 360 -92.173 0 0 0.2

8.4 9871.6 11.812 360 -92.393 0 0 0.2

8.7 9870.3 11.825 360 -92.613 0 0 0.2

9 9869.7 11.839 360 -92.834 0 0 0.2

9.3 9868.4 11.852 360 -93.053 0 0 0.2

9.6 9867.1 11.869 360 -93.274 0 0 0.2

9.9 9865.9 11.887 360 -93.494 0 0 0.2

10.2 9864.6 11.904 360 -93.714 0 0 0.2

10.5 9863.3 11.922 360 -93.929 0 0 0.2

10.8 9862 11.939 360 -94.124 0 0 0.2

11.1 9860.8 11.957 360 -94.125 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(7) R ay tracin g  input file for F igures 6 .27 -6 .32
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47122.3 60.5 

-1 0

4 0 1 0 1 1 90 1.5509 11.703 2550

1020 1295 .1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

6 9879.2 11.703 360 -90.58 0 0 0.2

6.3 9878.6 11.716 360 -90.876 0 0 0.2

6.6 9877.3 11.729 360 -91.138 0 0 0.2

6.9 9876.7 11.742 360 -91.389 0 0 0.2

7.2 9875.4 11.755 360 -91.632 0 0 0.2

7.5 9874.1 11.773 360 -91.873 0 0 0.2

7.8 9873.5 11.786 360 -92.114 0 0 0.2

8.1 9872.2 11.799 360 -92.355 0 0 0.2

8.4 9871.6 11.812 360 -92.598 0 0 0.2

8.7 9870.3 11.825 360 -92.842 0 0 0.2 

9 9869.7 11.839 360 -93.089 0 0 0.2

9.3 9868.4 11.852 360 -93.336 0 0 0.2

9.6 9867.1 11.869 360 -93.582 0 0 0.2

9.9 9865.9 11.887 360 -93.818 0 0 0.2

10.05 9864.6 11.904 360 -93.919 0 0 0.2

10.2 9864.6 11.904 360 -93.976 0 0 0.2

10.35 9864.6 11.904 360 -93.76 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(8) R ay tracin g  input file for F igures 6.27, 6.28, and 6.32

0 80 0 0

0 80 0 0



47122.3 60.5 

-1 0

4 0 1 10 1 1 90 1.5509 11.703 2550

1020 900 1 0.0001 le-6

7370 1 0.2 0.05 0.75

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

6 9879.2 11.703 360 -90.609 0 0 0.2

6.3 9878.6 11.716 360 -90.876 0 0 0.2

6.6 9877.3 11.729 360 -91.125 0 0 0.2

6.9 9876.7 11.742 360 -91.369 0 0 0.2

7.2 9875.4 11.755 360 -91.597 0 0 0.2

7.5 9874.1 11.773 360 -91.818 0 0 0.2

7.8 9873.5 11.786 360 -92.034 0 0 0.2

8.1 9872.2 11.799 360 -92.254 0 0 0.2

8.4 9871.6 11.812 360 -92.474 0 0 0.2

8.7 9870.3 11.825 360 -92.69 0 0 0.2 

9 9869.7 11.839 360 -92.904 0 0 0.2

9.3 9868.4 11.852 360 -93.114 0 0 0.2

9.6 9867.1 11.869 360 -93.324 0 0 0.2

9.9 9865.9 11.887 360 -93.52 0 0 0.2

10.05 9864.6 11.904 360 -93.596 0 0 0.2

10.2 9864.6 11.904 360 -93.621 0 0 0.2

10.35 9864.6 11.904 360 -93.476 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(9.1) Ray tracing input file for Figure 6.34

0 80 0 0

47122.3 60.5



1030 1295 1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 26.213 360 151.93 0 0 0.5

12.9 8981.1 26.329 360 151.99 0 0 0.5

15.3 8972.8 26.498 360 152.09 0 0 0.5

20.1 8958.1 26.805 360 152.28 0 0 0.5

21.3 8954.3 26.879 360 152.33 0 0 0.25

29.1 8931.4 27.348 360 152.64 0 0 0.25

39.6 8904 27.937 360 153.03 0 0 0.25

41.4 8899.5 28.028 360 153.09 0 0 0.25

54.9 8866.4 28.74 360 153.57 0 0 0.25

62.7 8847.9 29.141 360 153.84 0 0 0.25 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(9.2) Ray tracing input file for Figure 6.34

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 120 1.413 25.89 2965

1030 900 1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 26.213 360 163.97 0 0 0.5

-1 0

4 0 1 10 1 1 120 1.413 25.89 2965
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12.9 8981.1 26.329 360 163.98 0 0 0.5

15.3 8972.8 26.498 360 164.02 0 0 0.5

20.1 8958.1 26.805 360 164.09 0 0 0.5

21.3 8954.3 26.879 360 164.12 0 0 0.3

29.1 8931.4 27.348 360 164.27 0 0 0.3

39.6 8904 27.937 360 164.48 0 0 0.3

41.4 8899.5 28.028 360 164.51 0 0 0.3

54.9 8866.4 28.74 360 164.76 0 0 0.3

62.7 8847.9 29.141 360 164.91 0 0 0.3 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(9.3) Ray tracing input file for Figure 6.34

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 120 1.413 25.89 2965

1030 1400 1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

3.5 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

9 8995.1 26.049 360 150.7 0 0 0.2

10.2 8991.3 26.128 360 150.73 0 0 0.2

11.4 8986.8 26.213 360 150.78 0 0 0.3

12.9 8981.1 26.329 360 150.84 0 0 0.3

15.3 8972.8 26.498 360 150.95 0 0 0.3

20.1 8958.1 26.805 360 151.15 0 0 0.3

21.3 8954.3 26.879 360 151.2 0 0 0.3

29.1 8931.4 27.348 360 151.53 0 0 0.3

39.6 8904 27.937 360 151.94 0 0 0.3
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41.4 8899.5 28.028 360 152 0 0 0.3

54.9 8866.4 28.74 360 152.51 0 0 0.3

62.7 8847.9 29.141 360 152.79 0 0 0.3 

-1 0 0 0 0 0 0 0

My Rays

(9.4) Ray tracing input file for Figure 6.34

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 120 1.413 25.89 2965 

1030 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 -26.213 360 -88.055 0 0 0.1

12.9 8981.1 -26.329 360 -87.501 0 0 0.1

15.3 8972.8 -26.498 360 -86.728 0 0 0.1

20.1 8958.1 -26.805 360 -85.332 0 0 0.1

21.3 8954.3 -26.879 360 -85 0 0 0.1

29.1 8931.4 -27.348 360 -82.906 0 0 0.1

39.6 8904 -27.937 360 -80.124 0 0 0.1

41.4 8899.5 -28.028 360 -79.641 0 0 0.1

62.7 8847.9 -29.141 360 -73.394 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(9.5) Ray tracing input file for Figure 6.34

0 80 0 0

47122.3 60.5
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1030 1400 1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 -26.213 360 -87.903 0 0 0.1

12.9 8981.1 -26.329 360 -87.295 0 0 0.1

15.3 8972.8 -26.498 360 -86.448 0 0 0.1

20.1 8958.1 -26.805 360 -84.914 0 0 0.1

21.3 8954.3 -26.879 360 -84.551 0 0 0.1

29.1 8931.4 -27.348 360 -82.25 0 0 0.1

39.6 8904 -27.937 360 -79.228 0 0 0.1

41.4 8899.5 -28.028 360 -78.709 0 0 0.1

62.7 8847.9 -29.141 360 -72.198 0 0 0.1

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(10.1) Ray tracing input file for Figure 6.35

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 120 1.413 25.89 2965 

1030 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 -26.213 360 -88.055 0 0 0.1

12.9 8981.1 -26.329 360 -87.501 0 0 0.1

-1 o

4 0 1 0 1 1 120 1.413 25.89 2965
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15.3 8972.8 -26.498 360 -86.728 0 0 0.1

20.1 8958.1 -26.805 360 -85.332 0 0 0.1

21.3 8954.3 -26.879 360 -85 0 0 0.1

29.1 8931.4 -27.348 360 -82.906 0 0 0.1

39.6 8904 -27.937 360 -80.124 0 0 0.1

41.4 8899.5 -28.028 360 -79.641 0 0 0.1

62.7 8847.9 -29.141 360 -73.394 0 0 0.1

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(10.2) Ray tracing input file for Figures 6.35, 6.41, and 6.42

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 120 1.413 25.89 2965 

1030 1400 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

11.4 8986.8 -26.213 360 -87.903 0 0 0.1

12.9 8981.1 -26.329 360 -87.295 0 0 0.1

15.3 8972.8 -26.498 360 -86.448 0 0 0.1

20.1 8958.1 -26.805 360 -84.914 0 0 0.1

21.3 8954.3 -26.879 360 -84.551 0 0 0.1

29.1 8931.4 -27.348 360 -82.25 0 0 0.1

39.6 8904 -27.937 360 -79.228 0 0 0.1

41.4 8899.5 -28.028 360 -78.709 0 0 0.1

62.7 8847.9 -29.141 360 -72.198 0 0 0.1

-1 0 0 0 0 0 0 0

My Rays



190

(11.1) Ray tracing input file for Figure 6.37

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 90 1.413 25.89 2965

1030 1295 .1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

7.95 8998.3 25.986 360 -90.333 0 0 0.1

8.1 8997.6 26.002 360 -90.48 0 0 0.1

8.4 8997 26.018 360 -90.714 0 0 0.1

8.7 8995.7 26.034 360 -90.915 0 0 0.1

9 8995.1 26.049 360 -91.104 0 0 0.1

9.3 8994.4 26.065 360 -91.285 0 0 0.1

9.6 8993.2 26.086 360 -91.461 0 0 0.1

9.9 8992.5 26.107 360 -91.633 0 0 0.1

10.2 8991.3 26.128 360 -91.792 0 0 0.1

10.2 8991.3 26.128 360 -91.792 0 0 0.15

10.5 8990 26.15 360 -91.881 0 0 0.15

-1 0 0 0 0 0 0 0

(11.2) Ray tracing input file for Figure 6.37

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 90 1.413 25.89 2965 

1030 1400 .1 0.0001 le-6 

7370 1 0.7 0.05 0.25

2 1 1 1 8  5 4 3 2 6
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6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

7.95 8998.3 25.986 360 -90.337 0 0 0.1

8.1 8997.6 26.002 360 -90.48 0 0 0.1

8.4 8997 26.018 360 -90.714 0 0 0.1

8.7 8995.7 26.034 360 -90.915 0 0 0.1 

9 8995.1 26.049 360 -91.104 0 0 0.1

9.3 8994.4 26.065 360 -91.285 0 0 0.1

9.6 8993.2 26.086 360 -91.461 0 0 0.1

9.9 8992.5 26.107 360 -91.633 0 0 0.1

10.2 8991.3 26.128 360 -91.792 0 0 0.1

10.35 8990 26.15 360 -91.84 0 0 0.15 

-1 0 0 0 0 0 0 0

My Rays

(12) Ray tracing input file for Figures 6.38, 6.41, and 6.42

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 90 1.5509 11.703 2550

1020 1400 .1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

6 9879.2 11.703 360 -90.58 0 0 0.2

6.3 9878.6 11.716 360 -90.884 0 0 0.2

6.6 9877.3 11.729 360 -91.156 0 0 0.2

6.9 9876.7 11.742 360 -91.409 0 0 0.2

7.2 9875.4 11.755 360 -91.647 0 0 0.2

7.5 9874.1 11.773 360 -91.89 0 0 0.2
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7.8 9873.5 11.786 360 -92.137 0 0 0.2

8.1 9872.2 11.799 360 -92.378 0 0 0.2

8.4 9871.6 11.812 360 -92.626 0 0 0.2 

8.7 9870.3 11.825 360 -92.876 0 0 0.2 

9 9869.7 11.839 360 -93.125 0 0 0.2

9.3 9868.4 11.852 360 -93.379 0 0 0.2

9.6 9867.1 11.869 360 -93.628 0 0 0.2

9.9 9865.9 11.887 360 -93.853 0 0 0.2

10.05 9864.6 11.904 360 -93.921 0 0 0.2

10.2 9864.6 11.904 360 -93.7392 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(13.1) Ray tracing input file for Figure 6.39

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 5 1 1 120 1.326 39.63 2560 

1003 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.001

3.5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

9.3 8440.9 39.835 360 160.72 0 0 0.2

9.9 8439.6 39.883 360 160.74 0 0 0.1

11.4 8435.8 40.002 360 160.77 0 0 0.2

13.5 8430.1 40.181 360 160.82 0 0 0.2

16.2 8423.7 40.397 360 160.87 0 0 0.2

19.2 8417.3 40.606 360 160.93 0 0 0.2

27.6 8400.1 41.182 360 161.1 0 0 0.2

49.8 8360.6 42.566 360 161.58 0 0 0.2
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62.1 8340.9 43.271 360 161.86 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8 5 4 3 2 6

(13.2) Ray tracing input file for Figure 6.39

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 5 1 1 120 1.326 39.63 2560 

1003 1400 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6460 140 6470 6470 0.001

3.5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

9.3 8440.9 39.835 360 159.8 0 0 0.2

9.9 8439.6 39.883 360 159.8 0 0 0.1

11.4 8435.8 40.002 360 159.83 0 0 0.2

13.5 8430.1 40.181 360 159.87 0 0 0.2

16.2 8423.7 40.397 360 159.94 0 0 0.2

19.2 8417.3 40.606 360 160 0 0 0.2

27.6 8400.1 41.182 360 160.2 0 0 0.2

49.8 8360.6 42.566 360 160.76 0 0 0.2

62.1 8340.9 43.271 360 161.04 0 0 0.2 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(14.1) Ray tracing input file for Figures 6.40, 6.41, and 6.42

0 80 0 0

47122.3 60.5 

-1 0
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4 0 1 0 1 1 90 1.326 39.63 2560 

1003 1295 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6420 140 6430 6430 0.001

3.5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

11.4 8435.8 -40.002 360 -88.605 0 0 0.1

13.5 8430.1 -40.181 360 -88.028 0 0 0.1

16.2 8423.7 -40.397 360 -87.378 0 0 0.1

19.2 8417.3 -40.606 360 -86.708 0 0 0.1

27.6 8400.1 -41.182 360 -84.951 0 0 0.1

49.8 8360.6 -42.566 360 -80.446 0 0 0.1

62.1 8340.9 -43.271 360 -77.117 0 0 0.1

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(14.2) Ray tracing input file for Figure 6.40

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 0 1 1 90 1.326 39.63 2560 

1003 1400 1 0.0001 le-6 

7370 1 0.7 0.05 0.25 

6420 140 6430 6430 0.001

3.5 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

11.4 8435.8 -40.002 360 -88.517 0 0 0.1

13.5 8430.1 -40.181 360 -87.9 0 0 0.1

16.2 8423.7 -40.397 360 -87.206 0 0 0.1

19.2 8417.3 -40.606 360 -86.49 0 0 0.1

27.6 8400.1 -41.182 360 -84.615 0 0 0.1
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49.8 8360.6 -42.566 360 -79.847 0 0 0.1

62.1 8340.9 -43.271 360 -77.11 0 0 0.1 

-1 0 0 0 0 0 0 0  

My Rays

2 1 1 1 8  5 4 3 2 6

(14.3) Ray tracing input file for Figure 6.40

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 120 1.326 39.63 2560

1003 1295 .1 0.0001 le-6

7370 1 0.7 0.05 0.25

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000

0.05 1 7 0 1 -60 60 1000

8.85 8442.2 39.8 360 -90.381 0 0 0.2

9 8441.5 39.818 360 -90.509 0 0 0.2

9.3 8440.9 39.835 360 -90.723 0 0 0.2

9.6 8440.3 39.859 360 -90.907 0 0 0.2

9.9 8439.6 39.883 360 -91.043 0 0 0.1 

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(14.4) Ray tracing input file for Figure 6.40

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 10 1 1 120 1.326 39.63 2560 

1003 1400 .1 0.0001 le-6 

7370 1 0.7 0.05 0.25
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6460 140 6470 6470 0.001 

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

8.85 8442.2 39.8 360 -90.387 0 0 0.2 

9 8441.5 39.818 360 -90.514 0 0 0.2

9.3 8440.9 39.835 360 -90.729 0 0 0.2

9.6 8440.3 39.859 360 -90.912 0 0 0.2

9.9 8439.6 39.883 360 -91.001 0 0 0.1

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

(15) Ray tracing input file for Figures 6.47, 6.48, 6.49, and 6.51

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 80000

762.8 1973.4 .1 0.0001 le-6

7368.6 1 0.1612 0.2994 0.5394 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.899 0 0 0.1

6.6 7083.7 39.099 360 89.775 0 0 0.1

6.9 7083.4 39.067 360 89.682 0 0 0.1

7.2 7083.2 39.036 360 89.599 0 0 0.1

7.5 7083 39.004 360 89.523 0 0 0.1

7.8 7082.8 38.981 360 89.454 0 0 0.1

8.1 7082.6 38.957 360 89.392 0 0 0.13

8.4 7082.4 38.934 360 89.344 0 0 0.13

8.7 7082.3 38.91 360 89.326 0 0 0.15

8.85 7082.3 38.91 360 89.34 0 0 0.25
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My Rays

2 1 1 1 8  5 4 3 2 6

(16) R ay tracing input file for Figures 6.50 and 6.51

0 80 0 0

47122.3 60.5 

-1 0

4 0 1 3 1 1 120 1.11207 39.1301 60000

762.8 3242 .1 0.0001 le-6 

8041 1 0.7193 0.0055 0.2752 

6460 140 6470 6470 0.001

4 4.5 0.1 7000 3000 

0.05 1 7 0 1 -60 60 1000

6.3 7083.9 39.13 360 89.852 0 0 0.1

6.6 7083.7 39.099 360 89.79 0 0 0.1

6.9 7083.4 39.067 360 89.692 0 0 0.1

7.2 7083.2 39.036 360 89.607 0 0 0.1

7.5 7083 39.004 360 89.53 0 0 0.1

7.8 7082.8 38.981 360 89.459 0 0 0.1

8.1 7082.6 38.957 360 89.395 0 0 0.1

8.4 7082.4 38.934 360 89.339 0 0 0.1

8.7 7083.4 39.067 360 89.301 0 0 0.15

-1 0 0 0 0 0 0 0

My Rays

2 1 1 1 8  5 4 3 2 6

-1 0 0 0 0 0 0 0
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Appendix F 

Chapter 6 tables

This section discusses the actual values of various ray parameters obtained as an output 

from the ray tracing analysis of the MR-WM and discrete W M echoes. These parameters are 

used to explain the mechanism of the MR-WM and discrete W M echoes. The ray parameters 

can help understand how the wave normal angle, ray angle, f ih , f pe, fee , refractive index values 

and group velocities vary along the propagation path of the echoes. The discussion of refractive 

index surfaces and refractive index contours is provided at the end of this appendix.

This part of the appendix contains a list of tables discussed in Chapter 6. These tables show 

ray parameters along the propagation path at some of the frequencies where ray tracing was 

performed for the MR-W M echoes or the Earth-ionosphere boundary reflected discrete WM 

echoes using a particular density model. For MR-W M echo ray tracings, ray parameters at each 

frequency are provided in the table at the following five locations: (1) the initial location at the 

satellite, (2) at the /  =  fih altitude before reflection, (3) maximum fih altitude, (4) at the /  =  

fih altitude after reflection, and (5) back at the satellite. For the Earth-ionosphere boundary 

reflected discrete WM echo ray tracings, ray parameters at each frequency are provided in 

the table at the following five locations: (1) at the initial location at the satellite, (2) at the 

F2-layer peak altitude before reflection, (3) at the reflection altitude, (4) at the F2-layer peak 

altitude after reflection, and (5) back at the satellite.
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Table F .l Ray parameters along the propagation path as obtained from the Cyan
density model ray tracing analysis of the MR-WM echo recorded on 05 December 2005
at 02:57:16 UT.

f
(kHz)

R

(Re )

Alt
(km)

Am
(°)

fpe
(kHz)

Ne
(el/cc)

fee
(kHz)

fih
(kHz)

0

(°)

a

(°)
@res

(°)
Tg

(ms)
6.3 1.55 3509 11.7 480 2858 290 5.79 89.2 -0.4 90.6 211 0.0
6.3 1.51 3253 14.9 496 3046 324 6.32 89.6 0.1 90.0 228 31.0
6.3 1.50 3155 16.0 502 3124 338 6.54 90.0 22.1 90.0 237 60.5
6.3 1.51 3251 14.9 496 3048 324 6.33 90.4 180.0 90.0 232 90.3
6.3 1.55 3509 11.7 480 2858 290 5.79 90.8 -180.0 89.4 218 123.0
7.5 1.55 3504 11.8 480 2862 290 5.80 88.3 -0.5 91.1 99 0.0
7.5 1.43 2731 19.9 532 3508 406 7.53 89.3 0.2 90.0 126 33.9
7.5 1.39 2496 21.9 550 3760 451 8.13 90.0 33.2 90.0 136 56.6
7.5 1.43 2734 20.0 532 3505 406 7.53 90.7 180.0 90.0 128 79.8
7.5 1.55 3505 11.8 480 2861 290 5.80 91.7 -179.0 88.9 106 115.0
8.4 1.55 3502 11.8 480 2863 291 5.80 87.6 -0.4 91.4 74 0.0
8.4 1.37 2380 22.8 560 3896 474 8.43 89.2 0.3 90.0 104 37.0
8.4 1.33 2102 24.9 586 4262 537 9.22 90.0 45.2 90.0 113 56.8
8.4 1.37 2385 22.9 560 3890 474 8.43 90.7 180.0 90.0 106 76.9
8.4 1.55 3502 11.8 480 2863 291 5.80 92.2 -179.0 88.6 81 115.0
8.7 1.55 3500 11.8 480 2864 291 5.81 87.4 -0.4 91.5 69 0.0
8.7 1.36 2271 23.6 570 4033 497 8.73 89.2 0.3 90.0 99 37.9
8.7 1.31 1983 25.8 598 4438 567 9.57 90.0 39.0 90.0 109 56.9
8.7 1.36 2276 23.7 570 4027 497 8.73 90.8 180.0 90.0 101 76.3
8.7 1.55 3500 11.8 480 2864 291 5.81 92.4 -179.0 88.5 75 116.0
9.3 1.55 3498 11.9 481 2866 291 5.81 86.9 -0.3 91.7 60 0.0
9.3 1.32 2061 25.2 590 4320 546 9.33 89.2 0.3 90.0 92 39.7
9.3 1.28 1761 27.4 622 4805 627 10.30 90.0 44.5 90.0 101 57.5
9.3 1.32 2067 25.3 590 4313 546 9.33 90.8 180.0 90.0 94 75.6
9.3 1.55 3499 11.8 481 2865 291 5.81 92.8 -179.0 88.3 66 117.0

10.2 1.55 3495 11.9 481 2868 292 5.82 86.3 -0.1 91.9 50 0.0
10.2 1.28 1766 27.2 622 4795 625 10.20 89.2 0.3 90.0 84 42.2
10.2 1.23 1455 29.4 661 5417 722 11.30 90.0 40.0 90.0 93 58.6
10.2 1.28 1770 27.4 621 4788 625 10.20 90.8 180.0 90.0 86 75.2
10.2 1.55 3495 11.9 481 2868 292 5.82 93.3 -179.0 88.1 56 119.0
10.8 1.55 3492 11.9 481 2870 292 5.82 85.9 -0.1 92.1 46 0.0
10.8 1.25 1580 28.5 644 5148 681 10.80 89.2 0.3 90.0 81 44.0
10.8 1.20 1255 30.7 692 5939 794 11.90 90.0 53.1 90.0 90 60.9
10.8 1.25 1586 28.6 643 5136 680 10.80 90.8 180.0 90.0 82 78.1
10.8 1.45 2895 18.6 520 3350 379 7.14 92.6 -180.0 88.5 59 107.0
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Table F.2 Ray parameters obtained from the ray tracing analysis using the Red density
model of the MR-WM echo recorded on 05 December 2005 at 02:57:16 UT.

f
(kHz)

R

(Re )

Alt
(km)

Am
(°)

fpe
(kHz)

Ne
(el/cc)

fee
(kHz)

fih
(kHz)

6

(°)

a

(°)
Ores

(°)
Tg

(ms)
6.3 1.55 3509 11.7 453.4 2550 289.9 5.70 89.1 -0.4 90.6 175 0
6.3 1.50 3198 15.5 467.2 2709 331.5 6.30 89.6 0.1 90.0 193 29
6.3 1.48 3069 16.8 473.4 2781 350.8 6.57 90.0 27.7 90.0 202 58
6.3 1.50 3199 15.5 467.2 2708 331.6 6.31 90.4 180.0 90.0 197 87
6.3 1.55 3509 11.7 453.3 2550 289.8 5.70 90.9 -180.0 89.4 182 118
7.5 1.55 3504 11.8 453.6 2553 290.5 5.70 88.1 -0.4 91.1 86 0
7.5 1.41 2635 20.7 496.2 3055 423.6 7.50 89.3 0.2 90.0 113 33
7.5 1.37 2379 22.9 511.4 3245 474.5 8.10 90.0 40.8 90.0 122 55
7.5 1.41 2641 20.8 495.9 3051 423.1 7.50 90.7 180.0 90.0 115 77
7.5 1.55 3504 11.8 453.5 2552 290.4 5.70 91.8 -180.0 88.9 93 112
8.4 1.55 3502 11.8 453.7 2554 290.8 5.71 87.4 -0.3 91.4 64 0
8.4 1.35 2248 23.8 519.7 3352 502.5 8.40 89.3 0.2 90.0 94 36
8.4 1.31 1958 26.0 539.9 3616 573.0 9.13 90.0 46.9 90.0 103 55
8.4 1.35 2255 23.9 519.3 3345 501.8 8.40 90.7 180.0 90.0 96 74
8.4 1.55 3502 11.8 453.7 2554 290.8 5.71 92.4 -180.0 88.6 70 113
9.0 1.55 3500 11.8 453.8 2555 291.0 5.71 86.9 -0.2 91.6 55 0
9.0 1.31 2004 25.6 536.5 3571 560.7 9.01 89.2 0.3 90.0 87 39
9.0 1.27 1705 27.7 559.7 3886 643.1 9.78 90.0 45.0 90.0 95 56
9.0 1.32 2010 25.7 536.1 3566 560.3 9.00 90.7 180.0 90.0 88 74
9.0 1.55 3500 11.8 453.8 2555 291.0 5.71 92.8 -180.0 88.4 61 114

10.1 1.55 3495 11.9 454.0 2557 291.7 5.72 86.1 0.1 91.9 45 0
10.1 1.25 1599 28.4 568.8 4014 674.8 10.10 89.3 0.3 90.0 79 42
10.1 1.20 1277 30.5 602.7 4508 785.4 10.90 90.0 50.9 90.0 88 60
10.1 1.25 1605 28.5 568.3 4007 674.2 10.00 90.7 180.0 90.0 81 78
10.1 1.55 3495 11.9 454.0 2557 291.6 5.72 93.5 -180.0 88.1 51 122
10.2 1.55 3495 11.9 454.0 2557 291.7 5.72 86.0 0.0 92.0 44 0
10.2 1.24 1543 28.7 573.9 4086 692.5 10.20 89.3 0.2 90.0 80 43
10.2 1.19 1201 31.0 614.6 4687 814.5 11.00 90.0 49.2 90.0 88 64
10.2 1.24 1549 28.9 573.3 4079 692.2 10.20 90.7 180.0 90.0 81 85
10.2 1.55 3495 11.9 454.0 2557 291.6 5.72 93.5 -180.0 88.0 50 130
10.4 1.55 3495 11.9 454.0 2557 291.7 5.72 86.2 -0.3 92.0 47 0
10.4 1.23 1484 29.1 579.4 4165 711.0 10.40 89.4 0.2 90.0 86 46
10.4 1.18 1138 31.4 627.4 4885 839.0 11.10 90.0 51.4 90.0 95 81
10.4 1.23 1490 29.3 578.9 4158 711.6 10.40 90.6 180.0 90.0 87 115
10.4 1.55 3488 11.9 454.2 2560 292.2 5.73 93.4 -179.0 88.0 53 163
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Table F.3 Ray parameters along the propagation path as obtained from the ray tracing
analysis using the Red density model of the discrete WM echo recorded on 05 December
2005 at 03:02:11 UT.

f
(kHz)

Alt
(km)

Am

(°)
fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fih

(kHz)
9

(°)

a

(°)
@res

(°)
V 5

(°)
Tg

(ms)
9.0 2625 26.0 489 2969 460 7.80 -28 -13 91 8 -162 0
9.0 243 35.1 3797 1 .79xl05 1300 7.21 -35 -15 90 39 -179 49
9.0 112 35.5 1115 15416 1387 5.07 145 164 90 11 0 56
9.0 246 35.1 3797 1 .79xl05 1298 7.20 145 165 90 39 1 63
9.0 2636 26.0 489 2962 458 7.78 152 167 89 8 18 112

11.4 2617 26.2 490 2975 462 7.83 -28 -13 91 7 -163 0
11.4 244 35.2 3797 1.79x10s 1301 7.21 -35 -15 90 35 -179 44
11.4 112 35.6 1130 15842 1389 5.12 145 165 89 10 0 50
11.4 246 35.2 3797 1.79x10s 1299 7.21 145 165 90 35 1 56
11.4 2626 26.2 489 2969 460 7.81 152 167 89 7 17 100
12.9 2611 26.3 490 2978 463 7.84 -28 -13 92 7 -163 0
12.9 244 35.3 3797 1.79x10s 1302 7.22 -35 -15 91 32 -179 41
12.9 114 35.7 1199 17830 1389 5.30 145 165 89 10 0 47
12.9 247 35.3 3797 179000 1300 7.21 145 165 90 32 1 53
12.9 2623 26.3 489 2970 461 7.82 152 167 88 7 17 94
20.1 2588 26.8 491 2994 470 7.91 -28 -12 93 6 -163 0
20.1 244 35.6 3797 1.79x10s 1307 7.25 -34 -15 91 26 -179 34
20.1 114 36.0 1216 18352 1394 5.35 146 165 89 8 0 38
20.1 247 35.6 3797 1 .79xl05 1305 7.24 146 165 89 26 1 43
20.1 2600 26.8 491 2986 468 7.89 152 168 87 6 17 76
39.6 2534 27.9 494 3032 486 8.07 -27 -11 96 4 -164 0
39.6 243 36.5 3797 1.79x10s 1322 7.32 -33 -15 92 19 -179 25
39.6 111 36.9 1077 14389 1410 5.00 146 166 87 5 0 28
39.6 245 36.5 3797 1.79x10s 1320 7.31 147 165 88 18 1 32
39.6 2543 27.9 494 3026 484 8.05 153 169 84 4 16 56
62.7 2478 29.1 498 3072 503 8.24 -26 -10 100 3 -164 0
62.7 242 37.4 3797 1.79x10s 1337 7.39 -33 -14 93 15 -179 21
62.7 111 37.8 1053 13765 1426 4.95 147 166 86 4 0 23
62.7 245 37.4 3797 1.79x10s 1335 7.38 147 166 87 15 1 26
62.7 2488 29.1 497 3065 501 8.22 154 170 80 3 16 47
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T a b le  F .4  Details of the ray tracing parameters along the propagation path of the 
discrete WM echo recorded on 05 December 2005 at 03:02:11 UT using the Green density 
model.

f
(kHz)

Alt
(km)

Am
(°)

fpe

(kHz)
Ne

(el/cc)
fee

(kHz)
fih

(kHz)
e

(°)

a

(°)
@res

(°)

S

(°)
Tg

(ms)
11.4 2617 26.2 490 2979 462 7.84 -16 -8 91 7 -151 0
11.4 221 37.0 11521 1 .6x l0 6 1343 7.78 -33 -15 90 102 -180 73
11.4 118 37.3 4947 303630 1413 7.93 147 165 90 43 0 88
11.4 224 37.0 11515 1 .6x l0 6 1341 7.77 147 165 90 102 1 103
11.4 2619 26.2 490 2977 462 7.83 164 172 89 7 29 175
12.9 2611 26.3 490 2984 463 7.86 -16 -8 92 7 -151 0
12.9 221 37.1 11521 1 .6x l0 6 1344 7.79 -33 -15 90 96 -180 69
12.9 118 37.4 4952 304280 1414 7.93 147 165 90 40 0 82
12.9 224 37.0 11515 1 .6x l06 1342 7.78 147 165 90 96 1 97
12.9 2613 26.3 490 2983 463 7.85 164 172 88 7 29 165
15.3 2603 26.5 491 2992 466 7.88 -16 -8 92 6 -151 0
15.3 221 37.1 11521 1 .6x l06 1346 7.80 -33 -15 91 88 -180 63
15.3 118 37.4 4961 305330 1416 7.94 147 165 90 37 0 76
15.3 224 37.1 11515 1 .6x l0 6 1344 7.79 147 165 89 88 1 89
15.3 2605 26.5 491 2990 465 7.88 164 172 88 6 29 152
20.1 2588 26.8 492 3007 470 7.93 -16 -7 93 5 -151 0
20.1 221 37.3 11521 1 .6x l0 6 1348 7.81 -33 -15 91 77 -180 56
20.1 118 37.6 4972 306730 1418 7.96 147 165 89 32 0 67
20.1 224 37.3 11515 1 .6x l0 6 1346 7.80 147 165 89 77 1 78
20.1 2590 26.8 492 3005 470 7.92 164 173 87 5 29 133
29.1 2561 27.3 494 3033 478 8.01 -16 -7 95 5 -152 0
29.1 220 37.6 11521 1 .6x l0 6 1353 7.84 -33 -14 91 64 -180 47
29.1 117 38.0 4843 291000 1424 8.00 147 166 89 26 0 56
29.1 223 38.0 11517 1 .6x l0 6 1351 7.80 148 166 89 64 1 66
29.1 2561 27.0 494 3033 478 8.00 164 173 85 5 28 112
41.4 2530 28.0 497 3066 487 8.10 -15 -7 97 4 -152 0
41.4 220 38.0 11521 1 .6x l0 6 1360 7.90 -32 -14 92 54 -180 40
41.4 117 38.3 4791 284840 1431 8.00 148 166 88 22 0 48
41.4 223 38.0 11517 1 .6x l0 6 1358 7.87 148 166 88 54 1 56
41.4 2530 28.0 497 3065 487 8.11 165 173 83 4 28 96
62.7 2478 29.1 501 3119 503 8.28 -15 -6 100 3 -153 0
62.7 220 38.7 11521 1 .6x l0 6 1371 7.94 -32 -14 93 44 -180 34
62.7 116 39.0 4702 274320 1443 8.05 148 166 87 17 0 40
62.7 223 38.7 11518 1 .6x l0 6 1369 7.93 149 166 87 44 0 47
62.7 2478 29.1 501 3119 503 8.28 165 174 80 3 27 80
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Table F.5 Ray parameters along the propagation path as obtained from the ray tracing
analysis using the Blue density model of the discrete WM echo recorded on 05 December
2005 at 03:02:11 UT.

f
(kHz)

Alt
(km)

Am

(°)
fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fih

(kHz)
<9

(°)

a

(°)
Ores

n

5

(°)
Tg

(ms)
9.0 2625 26.0 489 2969 460 7.80 -29 -13 91 8 -164 0
9.0 252 35.0 3153 1 .23xl05 1292 7.00 -35 -16 90 32 -179 46
9.0 108 35.4 734 6685 1388 3.80 145 164 89 7 0 52
9.0 255 34.9 3151 1 .23xl05 1290 7.00 145 164 90 32 1 58
9.0 2638 26.0 488 2961 457 7.80 151 167 89 8 16 104

11.4 2617 26.2 490 2974 462 7.80 -29 -13 91 7 -164 0
11.4 253 35.1 3152 1 .23xl05 1293 7.00 -35 -15 90 29 -179 41
11.4 111 35.5 834 8627 1388 4.20 145 165 89 7 0 46
11.4 256 35.1 3150 1.23xl05 1291 7.00 145 165 90 29 1 52
11.4 2629 26.2 489 2966 460 7.80 151 167 89 7 16 93
12.9 2611 26.3 490 2977 463 7.80 -29 -13 92 7 -164 0
12.9 252 35.1 3153 1.23x10s 1295 7.10 -35 -15 91 27 -179 39
12.9 109 35.6 763 7221 1390 3.90 145 165 89 6 0 44
12.9 255 35.1 3151 1.23x10s 1293 7.00 145 165 90 27 1 49
12.9 2620 26.3 489 2972 462 7.80 151 167 88 7 16 88
20.1 2588 26.8 491 2992 470 7.90 -29 -13 93 6 -164 0
20.1 252 35.5 3153 1.23x10s 1300 7.10 -34 -15 91 22 -179 31
20.1 110 35.9 801 7959 1395 4.10 145 165 88 5 0 35
20.1 256 35.5 3150 1.23x10s 1298 7.10 146 165 89 22 1 40
20.1 2599 26.8 491 2985 468 7.90 151 167 87 6 16 71
39.6 2534 27.9 494 3027 486 8.10 -28 -11 96 4 -165 0
39.6 252 36.3 3153 1.23x10s 1314 7.10 -34 -15 92 16 -179 23
39.6 108 36.8 754 7058 1411 3.90 146 166 87 4 0 26
39.6 255 36.3 3150 1.23x10s 1311 7.10 147 165 88 16 1 29
39.6 2546 27.9 493 3019 483 8.00 152 169 84 4 15 53
62.7 2478 29.1 497 3065 503 8.20 -27 -10 100 3 -165 0
62.7 251 37.3 3153 1.23x10s 1329 7.20 -33 -14 93 12 -179 19
62.7 107 37.7 689 5883 1428 3.60 147 167 84 3 0 22
62.7 254 37.3 3151 1.23x10s 1327 7.20 147 166 87 12 1 24
62.7 2488 29.1 496 3058 501 8.20 153 170 80 3 15 44
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Table F.6 Ray parameters along the propagation path as obtained from the ray tracing
analysis using the Blue density model of the discrete WM echo recorded on 05 December
2005 at 03:02:11 UT.

f
(kHz)

Alt
(km)

Am
(°)

fpe
(kHz)

Ne
(el/cc)

fee
(kHz)

fih
(kHz)

e

(°)

a

(°)
r̂es

(°)
V S

n
Tg

(ms)
11.4 2617 26.2 490 2974 462 7.8 88.0 -0.8 88.6 66 47 0
11.4 209 39.8 3569 1.58xl05 1396 7.6 86.6 2.6 89.6 123 63 48
11.4 89 40.5 1687 35314 1487 6.5 91.0 180.0 90.5 133 59 51
11.4 213 39.9 3566 1.58x10s 1394 7.6 93.1 178.0 90.4 131 56 54
11.4 2616 26.2 489 2970 461 7.8 92.0 -179.0 91.4 68 43 102
12.9 2611 26.3 490 2977 463 7.8 87.4 -0.9 88.3 53 47 0
12.9 209 39.9 3569 1.58x10s 1398 7.6 85.2 3.8 89.5 97 64 39
12.9 89 40.6 1691 35464 1488 6.5 91.3 180.0 90.6 106 58 42
12.9 226 39.9 3543 1.56x10s 1387 7.6 94.1 177.0 90.5 105 55 45
12.9 2615 26.3 490 2975 463 7.8 92.5 -179.0 91.7 55 42 84
15.3 2603 26.5 490 2983 466 7.9 86.6 -1.1 87.8 41 48 0
15.3 209 39.9 3569 1.58x10s 1398 7.6 83.3 5.4 89.4 75 66 34
15.3 89 40.6 1681 35067 1489 6.5 88.2 0.4 89.3 81 62 37
15.3 229 40.0 3536 1.55x10s 1387 7.6 95.4 176.0 90.6 84 54 41
15.3 2600 26.5 490 2981 465 7.9 93.3 -179.0 92.2 43 42 74
20.1 2588 26.8 491 2992 470 7.9 85.2 -1.4 86.9 30 50 0
20.1 209 40.1 3569 1.58x10s 1401 7.7 79.9 8.1 89.2 53 69 31
20.1 89 40.8 1672 34682 1493 6.5 87.4 0.6 89.0 58 63 35
20.1 234 40.2 3515 1.53x10s 1386 7.6 97.5 174.0 90.8 62 52 38
20.1 2587 26.8 491 2993 470 7.9 94.6 -178.0 93.1 32 41 68
29.1 2561 27.3 492 3009 478 8.0 82.7 -2.1 85.3 20 53 0
29.1 209 40.3 3569 1.58x10s 1405 7.7 73.3 12.4 88.8 34 76 30
29.1 89 41.2 1672 34684 1498 6.5 86.0 1.1 88.5 38 64 33
29.1 246 40.5 3464 1.49x10s 1384 7.6 101.0 172.0 91.3 43 49 37
29.1 2559 27.4 492 3008 477 8.0 96.8 -177.0 94.7 22 39 65
39.6 2534 27.9 494 3027 486 8.1 79.8 -2.7 83.6 14 57 0
39.6 209 40.6 3569 1.58x10s 1410 7.7 65.0 16.0 88.3 24 85 29
39.6 89 41.6 1684 35182 1505 6.6 84.2 1.7 88.0 27 66 32
39.6 256 41.0 3405 1.44 x10s 1384 7.6 104.0 171.0 91.7 32 47 36
39.6 2535 27.9 494 3027 486 8.1 99.2 -176.0 96.4 17 38 62
62.7 2478 29.1 497 3065 503 8.2 73.0 -3.4 79.9 8 65 0
62.7 209 41.3 3569 1.58x10s 1421 7.8 44.6 16.8 87.3 15 106 26
62.7 90 42.3 1701 35915 1518 6.6 98.5 178.0 93.2 18 53 29
62.7 262 41.8 3375 1.41x10s 1395 7.6 110.0 168.0 92.8 21 41 33
62.7 2477 29.2 497 3063 503 8.2 104.0 -174.0 100.0 10 34 58
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T a b le  F .7  Param eters from the ray tracing analysis using the Blue density model at a 
few frequencies of the M R -W M  echo recorded on 05 December 2005 at 03:02:11 UT.

f
(kHz)

Alt
(km)

Am
(°)

fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fih

(kHz)
6

(°)

a

(°)
Ores

(°)
Tg

(ms)
7.95 2628 26.0 489 2967 459 7.79 89.7 179.8 90.3 316 0.0
7.95 2557 26.5 493 3012 473 7.94 89.8 0.0 90.0 324 51.9
7.95 2520 26.7 495 3037 480 8.02 90.0 17.7 90.0 326 32.9
7.95 2555 26.5 493 3013 473 7.94 89.8 0.0 90.0 323 14.1
7.95 2615 26.1 490 2975 461 7.82 89.7 0.2 89.8 320 63.6
8.40 2627 26.0 489 2967 459 7.79 89.3 179.6 90.5 153 0.0
8.40 2258 28.4 510 3221 537 8.59 89.8 0.6 90.0 169 25.4
8.40 2235 28.5 511 3238 542 8.64 90.0 38.0 90.0 170 33.4
8.40 2261 28.3 509 3219 536 8.59 89.8 0.6 90.0 170 41.4
8.40 2619 26.1 489 2972 461 7.81 89.3 0.4 89.5 156 66.4
9.00 2625 26.1 489 2969 460 7.80 88.9 179.6 90.8 102 0.0
9.00 1978 30.0 527 3448 606 9.23 89.7 0.4 90.0 121 23.4
9.00 1900 30.5 532 3517 627 9.41 90.0 75.3 90.0 124 34.1
9.00 1985 30.0 527 3440 604 9.21 89.7 0.4 90.0 122 45.0
9.00 2616 26.1 490 2974 461 7.82 88.9 0.5 89.2 105 68.2
9.60 2623 26.1 489 2970 460 7.80 88.5 179.6 91.0 79 0.0
9.60 1720 31.6 545 3691 679 9.84 89.6 0.4 90.0 101 24.0
9.60 1600 32.3 555 3818 716 10.13 90.0 68.8 90.0 104 35.2
9.60 1732 31.6 544 3678 676 9.81 89.6 0.3 90.0 101 46.9
9.60 2626 26.1 489 2968 460 7.80 88.6 0.5 89.0 81 70.9
9.90 2623 26.1 489 2970 460 7.81 88.4 179.6 91.0 72 0.0
9.90 1592 32.3 555 3828 719 10.15 89.6 0.4 90.0 94 24.7
9.90 1456 33.1 567 3991 764 10.47 90.0 89.6 90.0 98 36.2
9.90 1603 32.3 554 3814 716 10.12 89.6 0.4 90.0 95 48.0
9.90 2625 26.1 489 2969 460 7.80 88.4 0.5 89.0 74 72.9

10.20 2621 26.1 489 2971 461 7.81 88.2 179.6 91.1 66 0.0
10.20 1461 33.1 567 3986 763 10.47 89.6 0.4 90.0 90 25.9
10.20 1307 33.9 583 4212 819 10.80 90.0 72.8 90.0 94 38.6
10.20 1478 33.0 565 3962 757 10.42 89.6 0.4 90.0 91 51.8
10.20 2622 26.1 489 2970 461 7.81 88.3 0.5 88.9 69 77.6
10.40 2620 26.2 489 2972 461 7.81 88.2 179.5 91.2 65 0.0
10.40 1409 33.3 572 4056 781 10.59 89.6 0.4 90.0 90 26.5
10.40 1224 34.4 594 4377 851 10.94 90.0 77.7 90.0 95 42.5
10.40 1423 33.4 570 4035 777 10.55 89.6 0.3 90.0 90 58.7
10.40 2621 26.1 489 2971 461 7.81 88.2 0.5 88.8 68 85.3
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Table F.8 Ray parameters along the propagation path as obtained from the ray tracing 
analysis using the Blue density m odel at a few frequencies o f the M R -W M  echo recorded 
on 05 Decem oer 2005 at 03:06:16 UT.

f
(kHz)

Alt
(km)

Am
(°)

fpe

(kHz)
Ne

(el/cc)
fee

(kHz)
fih

(kHz)
e

(°)

a

(°)
@res

(°)
Tg

(ms)
9.30 2192 37.6 498 3076 645 9.16 89.7 179.8 90.2 273 0.0
9.30 2118 37.9 502 3131 665 9.31 89.9 0.1 90.0 278 13.0
9.30 2097 38.0 504 3147 671 9.36 90.0 9.6 90.0 280 24.1
9.30 2118 37.9 502 3131 665 9.31 89.9 0.1 90.0 279 35.8
9.30 2183 37.6 497 3063 641 9.13 89.7 0.1 89.7 273 47.6
9.60 2191 37.6 498 3076 646 9.17 89.5 179.7 90.4 147 0.0
9.60 1942 38.7 513 3271 714 9.68 89.8 0.2 90.0 156 15.1
9.60 1894 38.9 517 3311 729 9.78 90.0 21.2 90.0 158 24.9
9.60 1940 38.7 514 3273 715 9.68 89.8 0.2 90.0 157 34.7
9.60 2188 37.6 498 3079 646 9.17 89.5 0.3 89.6 149 50.0

10.20 2189 37.7 498 3078 646 9.17 89.1 179.6 90.6 92 0.0
10.20 1649 40.0 534 3540 808 10.30 89.7 0.2 90.0 105 15.8
10.20 1536 40.5 543 3659 848 10.50 90.0 15.3 90.0 108 26.4
10.20 1641 40.0 535 3548 811 10.30 89.7 0.2 90.0 105 37.1
10.20 2190 37.7 498 3077 646 9.17 89.1 0.4 89.4 93 53.6
10.50 2189 37.7 498 3078 647 9.17 88.9 179.6 90.7 81 0.0
10.50 1495 40.6 547 3706 863 10.60 89.6 0.3 90.0 95 17.3
10.50 1365 41.2 559 3872 913 10.90 90.0 84.5 90.0 98 28.6
10.50 1460 40.8 550 3748 876 10.70 89.7 0.4 90.0 96 38.2
10.50 2195 37.7 498 3074 645 9.16 88.9 0.4 89.3 82 57.5
10.65 2189 37.7 498 3078 647 9.17 88.9 179.5 90.8 82 0.0
10.65 1433 40.9 552 3781 886 10.80 89.7 0.2 90.0 98 19.0
10.65 1300 41.5 566 3973 939 11.00 90.0 29.9 90.0 102 31.3
10.65 1391 41.1 556 3836 903 10.80 89.7 0.4 90.0 100 41.7
10.65 2188 37.7 498 3079 647 9.17 88.9 0.5 89.2 83 63.1
10.80 2188 37.7 498 3079 647 9.17 88.9 179.5 90.8 80 0.0
10.80 1363 41.2 560 3895 919 10.90 89.7 0.2 90.0 98 20.2
10.80 1183 42.0 583 4211 989 11.20 90.0 55.6 90.0 102 40.0
10.80 1299 41.5 565 3956 935 11.00 89.7 0.4 90.0 99 56.5
10.80 2190 37.7 497 3067 643 9.14 88.9 0.5 89.2 81 80.4
10.95 2188 37.7 498 3079 647 9.17 89.0 179.3 90.9 105 0.0
10.95 1293 41.5 567 3984 942 11.00 89.8 0.2 90.0 130 30.2
10.95 1194 41.9 581 4182 984 11.20 90.0 74.3 90.0 134 48.3
10.95 1280 41.6 568 4007 947 11.10 89.8 0.2 90.0 131 65.2
10.95 2189 37.6 498 3078 646 9.17 89.0 0.7 89.1 106 97.0
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Table F.9 Ray parameters along the propagation path as obtained from the ray tracing
analysis using the Blue density model of the discrete WM echo recorded on 05 December
2005 at 03:06:16 UT.

f
(kHz)

Alt
(km)

Xm

(°)
fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fih

(kHz)
9

(°)

a

(°)
Ores

(°)

5

(°)
Tg

(ms)
11.4 2066 40.0 455 2567 646 8.6 88.5 0.8 88.9 69 61 0
11.4 210 47.4 3114 1.20xl05 1476 7.8 86.8 -2.5 89.6 107 69 29
11.4 87 47.9 1395 24150 1569 6.1 89.0 0.0 89.5 112 67 31
11.4 209 47.5 3113 1.20x10s 1475 7.8 93.0 -178.0 90.4 112 62 33
11.4 2070 40.0 455 2564 645 8.6 91.5 179.0 91.1 70 58 62
13.5 2060 40.2 455 2570 649 8.7 87.9 1.1 88.4 53 62 0
13.5 209 47.5 3113 1.20x10s 1477 7.8 85.2 -3.8 89.5 81 70 23
13.5 89 48.0 1465 26639 1569 6.3 43.0 -18.0 89.4 12 113 26
13.5 213 47.6 3111 1.20x10s 1474 7.8 94.2 -177.0 90.5 86 61 28
13.5 2056 40.2 455 2565 647 8.6 92.1 179.0 91.6 54 57 51
16.2 2054 40.4 456 2575 652 8.7 87.2 1.4 87.9 41 62 0
16.2 209 47.7 3113 1.20x10s 1479 7.8 83.6 -5.1 89.4 63 72 21
16.2 88 48.2 1427 25247 1572 6.2 88.1 -0.2 89.2 67 68 24
16.2 227 47.7 3087 1.18x10s 1468 7.8 95.5 -176.0 90.6 69 60 26
16.2 2053 40.4 456 2575 652 8.7 92.8 179.0 92.1 43 57 47
19.2 2047 40.6 456 2579 655 8.7 86.5 1.8 87.4 34 63 0
19.2 208 47.8 3114 1.20x10s 1481 7.9 81.8 -6.5 89.3 51 74 20
19.2 90 48.4 1487 27421 1573 6.3 44.5 -18.0 89.0 10 112 23
19.2 228 47.9 3086 1.18x10s 1470 7.8 96.7 -175.0 90.8 57 59 25
19.2 2048 40.6 455 2572 652 8.7 93.5 178.0 92.6 35 56 45
27.6 2030 41.2 457 2590 663 8.7 84.6 2.7 86.0 23 66 0
27.6 208 48.2 3114 1.20x10s 1487 7.9 76.9 -10.0 88.9 34 79 19
27.6 89 48.8 1459 26417 1581 6.3 86.4 -0.7 88.6 36 70 21
27.6 234 48.4 3068 1.17x10s 1472 7.8 99.8 -173.0 91.1 39 56 24
27.6 2029 41.2 456 2585 662 8.7 95.2 177.0 94.0 24 55 42
49.8 1991 42.6 459 2615 683 8.9 79.8 4.7 82.6 12 72 0
49.8 209 49.2 3114 1.20x10s 1502 7.9 63.0 -16.0 87.9 18 94 18
49.8 89 49.9 1469 26789 1597 6.3 82.9 -1.7 87.4 19 74 20
49.8 248 49.6 3015 1.13x10s 1480 7.8 106.0 -169.0 92.1 22 51 23
49.8 1988 42.6 459 2613 682 0° 00 99.6 175.0 97.4 13 52 39
62.1 1971 43.3 460 2628 694 8.9 77.1 5.7 80.8 9 75 0
62.1 209 49.7 3114 1.20x10s 1509 8.0 54.7 -17.0 87.4 14 102 17
62.1 90 50.5 1484 27310 1606 6.4 54.8 -17.0 86.8 7 103 19
62.1 249 50.2 3009 1.12x10s 1488 7.9 110.0 -168.0 92.6 18 47 22
62.1 1968 43.3 460 2627 693 8.9 102.0 174.0 99.2 11 50 38
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Table F.10 Details of the ray parameters along the propagation path as obtained from 
the ray tracing analysis of the MR-WM echo recorded on 23 January 2004 at 18:57:49 
UT. A local Helium relative ion concentration of 0.1 was assumed.

f
(kHz)

Alt
(km)

Am
(°)

fpe

(kHz)
N e

(el/cc)
fee

(kHz)
fih

(kHz)
0

(°)

a

(°)
Ores

(°)
t9

(ms)
6.30 714 39.1 2539 8.00xl04 822 6.19 89.9 0.1 89.0 2956 0.0
6.30 743 39.0 2 .42xl03 7.26xl04 810 6.34 90.0 0.2 90.0 2936 22.9
6.30 743 39.0 2417 7.25 xlO4 810 6.34 90.0 171.4 90.0 2937 25.8
6.30 742 39.0 2 .42xl03 7.28xl04 811 6.33 90.0 179.9 90.0 2939 31.1
6.30 717 39.1 2532 7 .95xl04 821 6.20 90.1 0.1 90.0 2962 50.2
6.60 714 39.1 2540 8.01 xlO4 822 6.19 89.8 0.1 89.0 1286 0.0
6.60 804 38.7 2.20x10s 5.98xl04 787 6.68 89.9 0.1 90.0 1257 13.5
6.60 820 38.6 2142 5.69xl04 781 6.76 90.0 170.9 90.0 1253 22.1
6.60 802 38.7 2.20x10s 6.02xl04 788 6.67 90.1 179.9 90.0 1261 30.9
6.60 714 39.1 2541 8.01 xlO4 822 6.19 90.2 0.1 90.0 1293 44.0
6.90 713 39.1 2541 8.01 xlO4 821 6.19 89.7 0.1 89.0 916 0.0
6.90 852 38.4 2.04x10s 5 .18xl04 769 7.00 89.9 0.1 90.0 884 12.5
6.90 882 38.2 1959 4.76xl04 758 7.20 90.0 132.9 90.0 879 21.4
6.90 850 38.4 2.05x10s 5.21 xlO4 770 6.97 90.2 179.9 90.0 888 30.5
6.90 713 39.1 2548 8 .05xl04 822 6.18 90.3 0.1 90.0 924 42.8
7.50 713 39.0 2543 8 .02xl04 821 6.18 89.5 0.2 89.0 629 0.0
7.50 940 37.9 1.82x10s 4.09 xlO4 737 7.60 89.8 0.1 90.0 594 13.2
7.50 992 37.6 1707 3.62xl04 719 7.95 90.0 104.1 90.0 587 23.2
7.50 937 37.9 1.82x10s 4.12xl04 738 7.58 90.2 179.9 90.0 598 33.5
7.50 714 39.0 2538 8.00xl04 820 6.19 90.5 0.2 90.0 637 46.6
7.80 713 39.0 2544 8.03xl04 821 6.18 89.5 0.2 89.0 559 0.0
7.80 983 37.6 1.73x10s 3.69xl04 722 7.89 89.7 0.1 90.0 522 14.2
7.80 1047 37.3 1611 3.22xl04 700 8.30 90.0 91.0 90.0 515 25.5
7.80 981 37.6 1.73x10s 3.71 xlO4 722 7.88 90.3 179.9 90.0 526 37.0
7.80 714 39.0 2542 8.01 xlO4 820 6.18 90.5 0.2 90.0 567 51.2
8.10 713 39.0 2545 8 .04xl04 821 6.18 89.4 0.2 89.0 511 0.0
8.10 1030 37.4 1.64x10s 3.34xl04 706 8.19 89.7 0.1 90.0 472 15.6
8.10 1108 37.0 1524 2.88x 104 681 8.63 90.0 86.1 90.0 464 29.1
8.10 1031 37.4 1.64x10s 3 .33xl04 706 8.20 90.3 179.9 90.0 476 42.5
8.10 712 39.0 2550 8 .07xl04 821 6.17 90.6 0.2 90.0 520 58.5
8.70 712 38.9 2546 8 .04xl04 820 6.17 89.3 0.2 89.0 489 0.0
8.70 1138 36.8 1.49 x10s 2 .74xl04 671 8.76 89.7 0.1 90.0 439 21.7
8.70 1271 36.1 1362 2.30xl04 631 9.16 90.0 44.2 90.0 427 50.4
8.70 1140 36.7 1.49x10s 2.73xl04 670 8.77 90.3 179.9 90.0 444 79.3
8.70 712 38.9 2550 8.07xl04 821 6.17 90.7 0.2 90.0 500 101.6
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Table F . l l  Ray tracing parameters along the propagation path of the MR-WM echo 
recorded on 23 January 2004 at 18:57:49 UT using the Blue density model. A local 
Helium relative ion concentration of 0.001 was assumed.

f
(kHz)

Alt
(km)

Am
(°)

fpe

(kHz)
Ne

(el/cc)
fee

(kHz)
fih

(kHz)
e

(°)

a

(°)
@res

(°)
Tg

(ms)
6.30 714 39.1 2199 59,998 822 6.25 89.9 -0.1 89.9 1743 0.0
6.30 794 38.7 2019 50,556 791 6.50 90.0 0.1 90.0 1708 23.8
6.30 803 38.7 2001 49,662 788 6.53 90.0 173.0 90.0 1706 34.6
6.30 793 38.7 2022 50,720 791 6.50 90.1 179.9 90.0 1712 45.8
6.30 712 39.1 2204 60,253 823 6.25 90.2 -180.0 90.1 1752 69.2
6.60 714 39.1 2200 60,024 822 6.25 89.8 -0.1 89.8 1195 0.0
6.60 836 38.5 1934 46,395 775 6.66 89.9 0.1 90.0 1158 18.0
6.60 863 38.4 1883 43,973 765 6.76 90.0 113.8 90.0 1152 30.9
6.60 836 38.5 1934 46,423 775 6.65 90.1 179.9 90.0 1162 43.8
6.60 714 39.1 2199 60,013 821 6.25 90.2 -180.0 90.2 1202 61.8
6.90 713 39.1 2200 60,064 821 6.25 89.7 -0.1 89.8 818 0.0
6.90 912 38.1 1794 39,948 747 6.97 89.8 0.1 90.0 778 16.5
6.90 959 37.8 1717 36,562 731 7.19 90.0 124.8 90.0 770 29.0
6.90 911 38.1 1796 40,013 748 6.97 90.2 179.9 90.0 781 41.6
6.90 714 39.1 2200 60,036 821 6.25 90.3 -180.0 90.2 826 58.1
7.50 713 39.0 2201 60,116 821 6.24 89.5 -0.2 89.7 554 0.0
7.50 104 37.4 1598 31,695 704 7.58 89.8 0.1 90.0 510 17.1
7.50 1117 37.0 1499 27,877 678 7.97 90.0 24.7 90.0 501 30.2
7.50 104 37.3 1595 31,552 703 7.59 90.3 179.9 90.0 513 43.4
7.50 712 39.0 2205 60,339 822 6.24 90.5 -180.0 90.3 562 61.0
7.80 713 39.0 2202 60,143 821 6.24 89.5 -0.2 89.7 490 0.0
7.80 110 37.0 1520 28,678 684 7.88 89.7 0.1 90.0 444 18.2
7.80 1192 36.6 1418 24,930 655 8.34 90.0 41.8 90.0 435 32.4
7.80 110 37.0 1517 28,571 683 7.89 90.3 179.9 90.0 447 46.6
7.80 714 39.0 2201 60,080 821 6.24 90.5 -180.0 90.3 498 65.2
8.10 713 39.0 2202 60,169 821 6.24 89.4 -0.2 89.6 446 0.0
8.10 116 36.7 1452 26,171 665 8.17 89.7 0.1 90.0 398 19.5
8.10 1268 36.1 1346 22,479 633 8.68 90.0 48.9 90.0 389 35.7
8.10 116 36.7 1450 26,099 665 8.18 90.3 179.9 90.0 402 51.9
8.10 713 39.0 2202 60,146 820 6.24 90.6 -180.0 90.4 455 71.8
8.70 713 39.1 2200 60,064 821 6.25 89.3 -0.2 89.5 401 0.0
8.70 129 36.2 1331 21,991 629 8.77 89.6 0.1 90.0 347 23.9
8.70 1444 35.4 1222 18,527 585 9.30 90.0 54.9 90.0 335 49.2
8.70 129 36.2 1331 21,991 628 8.76 90.4 179.9 90.0 351 74.7
8.70 712 39.1 2204 60,256 822 6.24 90.7 -180.0 90.5 411 99.1



The figures in this section show the ray parameters obtained from the ray tracing analysis 

of the MR-W M echo and discrete W M echo. The details of how these various parameters 

vary along the propagation path of an echo are discussed for each figure. Figure F .l shows 

the ray parameters wave normal angle, ray angle, f a , f pe, fee , and group velocities along the 

path of a 6.9 kHz ray as a function of distance propagated. This MR-W M ray propagates 

at the minimum possible wave normal angle of 62° at which the ray can reflect as MR. This 

ray therefore reflects close to the fih,max — H -l kHz altitude. The first subplot displaying 

the group time delay (Tg) and group velocities (Vg) along the propagation path shows that 

most of the time delays are collected close to the reflection altitude where the group velocities 

are lowest. The ray direction changes by 180° below the /  =  fih altitude reaching 90° at the 

reflection altitude where the local fih along the ray path is maximum. The refractive index 

surface becomes closed (resonance cone angle equals 90°) when f <  fih, as can be seen from the 

resonance cone angle in the third subplot. The altitude and latitude of the ray in the fourth 

subplot show that the ray does not return to the satellite and hence does not form an MR-WM 

echo.

Figure F.2 shows the refractive indices, / pe, and f ce along the propagation path as a function 

of distance propagated. The initial refractive index value of 14.31 reaches a maximum value 

of 36 at the reflection altitude where the wave normal angle is 90°. However, the refractive 

index surface component perpendicular to B0 of the ray is maximum when /  =  fa .  The 

second subplot shows that f pe and f ce along the propagation path as a function of distance 

propagated increase as the ray propagates to lower altitudes along B 0 passing through the 

satellite. Among all MR reflected rays propagating at a fixed frequency 6.9 kHz, the ray 

propagating at the smallest wave normal angle of 62° at which the ray can reflect as MR has 

the smallest initial refractive index value of 14.31.

Figure F.3 shows the ray parameters along the propagation path of an MR-WM echo 

propagating at an initial wave normal angle of 88.48° as a function of distance propagated. 

This ray reflects back to the satellite as an MR-W M echo. The black circles indicate the time 

when the ray reaches back to the satellite after propagating a total distance of 3785 km. This 

ray reaches a reflection altitude where the local fih =  7.38 kHz is the maximum fih along its

F .l Ray tracing parameters along the propagation path of the M R -W M

echo and discrete W M  echo
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propagation path. Such rays resulting in an MR-WM echo propagate close to the geomagnetic 

field line passing through the satellite as is seen from the group ray angle of 180° and make a 

complete change in the ray direction close to the reflection altitude. The wave normal angle 

and ray angle reach 90° at the point of reflection. The fourth subplot shows the altitude and 

latitude of the MR-W M echo ray along its propagation path.

Figure F.3 Various ray parameters for a 6.9 kHz ray close to fih,sat =  5.6 kHz propa
gating at an initial wave normal angle o f 88.48° at which the ray results in an M R -W M  
echo.

Figure F.4 shows the refractive indices, / pe, and f ce along the propagation path of an MR 

reflected ray propagating at a wave normal angle which can result in an MR-W M echo. The 

initial refractive index value of 100 increases due to increasing f pe as the ray propagates to 

lower altitudes and due to increasing wave normal angles along the propagation path. The 

refractive index reaches a maximum value of 132 at the point of reflection where the wave 

normal angle reaches 90°. The second subplot shows that both f pe and f ce increase as the ray 

propagates to a lower altitude along B0 passing through the satellite. As a comparison, it can 

be seen that, for a fixed MR-WM frequency 6.9 kHz, the ray that reflects back to the satellite



as an MR-W M echo propagates at a larger initial wave normal angle and has a higher initial 

refractive index value than those rays propagating at a smaller initial wave normal angle and 

reflecting as MR. Ray propagating at a lower frequency such as 6.9 kHz of the MR-W M echo 

begins at a larger initial wave normal angle 88.484° and has a higher initial refractive index 

value 100 compared to higher frequencies such as 10.2 kHz MR-WM echo ray which propagated 

at an initial wave normal angle of 85.74° and has an initial refractive index value of 40.

Figure F.4 Refractive index, group velocity, plasma frequency, and gyrofrequency 
along the path of an MR reflected ray propagating at a frequency close to fih,sat at a 
wave normal angle which can result in an MR-WM echo.

Figure F.5 shows the parameters along the propagation path of a ray propagating at a 

wave normal angle of 88.8° close to the resonance cone angle. This wave normal angle 88.8° is 

higher than the wave normal angle 88.484° at which the ray results in an MR-WM echo. This 

ray does not reach the satellite and appears above the satellite altitude and reflects when the 

local fih =  7.12 kHz. The black circles indicate the times when the ray reaches the satellite. 

Such rays not reaching the satellite also propagate close to B0 passing through the satellite as 

seen from the group ray angle of 180° and make a complete change in the ray direction close 

to the reflection altitude. The wave normal angle reaches 90° at the point of reflection. The 

fourth subplot shows the altitude and latitude of the ray along its path.

Figure F.6 shows the refractive indices, plasma frequency, and gyrofrequencies along an 

MR reflected ray path propagating at an initial wave normal angle 88.8° close to the resonance 

cone angle. The ray has an initial refractive index value of about 150 which increases along its 

propagation path ending at a maximum value of 195 at the reflection altitude where the wave
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normal angle is 90°. The plasma frequency and gyrofrequency shown in the second subplot 

increase as the ray propagates to a lower altitude along B0 passing through the satellite.

Figure F.5 Ray parameters along the propagation path of an M R  reflected ray prop
agating at a frequency 6.9 kHz at a wave normal angle o f 88.8° close to the resonance 
cone angle. The ray is propagating at an initial wave normal angle higher than the wave 
normal angle which results in an M R -W M  echo.

Figure F.7 shows the ray tracing parameters as a function of distance propagated of a 

ray propagating at a frequency 10.2 kHz at an initial wave normal angle of 85.74°. The 

circles indicate the times when the rays reflect back to the satellite. The ray propagating at 

the sounding frequency /  =  10.2 kHz reflects when the ray reaches an altitude where local 

f lh =  10.94 kHz after propagating a total distance of 8206 km. This figure shows that rays 

propagate and reflect below the /  =  f a  altitude. The lower frequency 6.9 kHz reflects as MR 

at a wave normal angle 88.48° (resonance cone angle of 89°) when local f a  =  7.12 kHz. The 

higher frequency 10.2 kHz reflects due to propagation at a smaller initial wave normal angle of 

85.74° (resonance cone angle of 87.97°) when local f a  =  10.94 kHz. Higher frequencies of the 

MR-WM echo propagate greater distances at higher average group velocities reflecting from
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Figure F.6 Ray tracing parameters refractive index, group velocity, plasma frequency, 
and gyrofrequency along the propagation path of an M R  reflected ray propagating at a 
frequency 6.9 kHz close to fih,sat at a wave normal angle o f 88.8° close to the resonance 
cone angle. This ray has an initial wave normal angle higher than that resulting in an 
M R -W M  echo.

locations where local fih is higher than the sounding frequency. All MR-W M echo rays reach 

the reflection altitude when both the ray and wave normal angles are 90° and have a maximum 

refractive index along the propagation path at the reflection altitude.

Ray tracing parameters of a 10.2 kHz MR-WM echo ray propagating at an initial wave 

normal angle of 85.74° are shown along its propagation path in Figure F.8. The rays refractive 

index value increases from an initial value of 40 to a maximum of 84 at reflection where the wave 

normal angle reaches 90°. The second subplot shows the plasma frequency and gyrofrequency 

increasing as the ray propagates to lower altitudes. As can be seen from Figures F.4 and F.8 

that higher frequencies of the MR-WM echo begin at smaller initial wave normal angles and 

have a lower initial refractive index values compared to those of smaller frequencies.

Figure F.9 shows the ray tracing parameters along the propagation path of a ray propagat

ing at a frequency 10.2 kHz with an initial wave normal angle of 45° resulting in a discrete W M 

echo. The circles indicate times when the ray reaches back to the satellite. The rays propagate 

below the fih,max altitude at 1130 km, towards the F2-peak layer altitude at 240 km where the 

electron density of 1 .7x l05 el/cc is highest. The ray reflects at the Earth-ionosphere boundary 

at 120 km altitude reflecting back to the satellite after propagating a total distance of 8206 km. 

Also see that there are no noticeable changes in the wave normal angle or the refractive index 

values at the /  =  fih and fih,max altitudes as the ray angle continues to be close to B0 passing

fe
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through the satellite. The fourth subplot shows the ray location as a function of altitude and 

latitude along its propagation path. Figure F.10 shows the group velocity, refractive index, fpe, 

and f ce along the propagation path confirming that the W M group time delay is proportional 

to the integral of square root of electron density along its ray path. The maximum refractive 

index along the propagation path is not at the point of reflection but at the F2-layer peak 

altitude.

Figure F.9 Ray parameters along the propagation path o f a W M  ray propagating at 
a frequency close to fih,max at a wave normal angle which can result in a discrete W M  
echo. This ray propagating at a small initial wave normal angle o f 45° shows how most o f 
the time delays are collected close to the F2-layer peak altitude where electron densities 
are highest.
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Figure F.10 Refractive indices, group velocity, plasma frequency, and gyrofrequency 
along the propagation path of a WM ray propagating at a frequency close to fih,max at 
a wave normal angle which can result in a discrete WM echo.

F.2 Refractive index contours and application of Snell’s law in an anisotropic 

medium

This subsection discusses the refractive index surfaces along the MR-WM echo path. A ray 

propagating at a higher frequency of 10.2 kHz was chosen between 6 kHz and 10.2 kHz frequency 

range (close to fih,max) of the MR-WM echo recorded on 05 December 2005 at 02:57:16 UT 

because it propagated a greater distance. This distance allows us to explain the refractive 

index surfaces in detail along its propagation path. Figure F .l l  shows the actual refractive 

index surfaces, drawn not to scale, for the 10.2 kHz ray propagating at an initial wave normal 

angle of 85.74° which reflected back to the satellite. Refractive index surfaces are plotted 

along the ray at the following locations: satellite location, between the satellite location and 

the /  =  fih altitude, at the /  =  f a  altitude and at the reflection altitude. Refractive index 

surfaces are plotted using a MATLAB subroutine that calculates refractive index values using 

the Stix dispersion relations. The ray parameters wave normal angle, plasma frequency, and 

gyrofrequency from ray tracing output at these locations were provided as an input to this 

subroutine.

The 10.2 kHz ray starts at 3600 km altitude and 10.46° magnetic latitude where the local 

f a  =  5.6 kHz is below 10.2 kHz and hence the refractive index surface is open (resonance cone 

angle of 89.97°). The large initial wave normal angle of 85.74° results in a ray angle of 0.2° 

along B0 passing through the satellite. The ray propagates along B0 reaching an altitude 1538 

km and Am =  29° magnetic latitude where f  =  f a  — 10-2 kHz and has the largest closed



refractive index component of 745 perpendicular to local B 0. The wave normal angle continues 

to increase to 89.31° as the refractive index surface (resonance cone angle 90°) closes in order 

to match the refractive index component along the propagation path. This closed refractive 

index surface component perpendicular to the B 0 reduces at altitudes below /  =  fih where fih 

increases. The wave normal angle continues to increase as the ray reaches 1202 km altitude 

and Am =  31.25° where local fih is 10.94 kHz and the refractive index surface component 

perpendicular to the field line of 83.88 is equal to the ray refractive index. As the ray cannot 

propagate to a lower altitude, it has to be reflected. The ray has a maximum refractive index 

value along its path at this reflection altitude. The wave normal angle and ray angle directions 

of the ray after reflection and reaching back to the satellite indicated using arrows on the 

refractive index surface are shown as dashed lines. The Table F.12 shows the ray parameters 

at the satellite locations where the refractive index surfaces are shown. The refractive index 

components along and perpendicular to the local geomagnetic field line are indicated as n± 

and n|[, respectively.
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Table F.12 Refractive index surfaces and ray refractive index com ponents along the 
propagation path o f the M R -W M  echo.

f (kHz) Alt (km) Am (°) fih (kHz) n ° ) a ( ° ) Ores (°) f1 n_l n,|
10.20 3642 10.46 5.62 85.74 0.21 87.98 40.08 39.97 2.98
10.20 3025 17.71 6.81 87.23 359.79 88.51 49.25 49.20 2.38
10.20 1538 29.03 10.20 89.31 0.24 90.00 75.98 75.97 0.92
10.20 1201 31.25 10.94 90.00 68.56 90.00 83.88 83.88 0.00

Figure F.12 shows the refractive index surfaces along the propagation path of a ray propa

gating at a frequency 10.2 kHz with an initial wave normal angle of 45° which can reflect at the 

Earth-ionosphere boundary and appearing as a discrete nonducted WM echo. The refractive 

index surfaces are drawn using actual refractive index values but not to scale. The ray begins 

at 3600 km altitude and Am =  10.46° where the frequency 10.2 kHz is above the local fih =  5.6 

kHz and so the refractive index surface is open (6res =  89.97°). The small initial wave normal 

angle of 45° results in an initial ray angle of 18° which is approximately along the geomagnetic 

field line passing through the satellite and an initial refractive index value of 9.6. The ray 

reaches the fih,max =  10.68 kHz altitude at 1130 km and Am =  25°. In 85 ms time delay, the 

ray reaches the F2-layer peak electron density altitude at 240 km where the electron density is
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Figure F . l l  Refractive index surfaces showing wave normal and ray directions along 
the path of an MR reflected ray propagating at a wave normal angle which can result 
in an MR-WM echo.
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Table F . l 3 Refractive index surfaces and ray tracing parameters along the propagation 
path of the discrete W M  echo.

f (kHz) Alt (km) Am(°) fih( kHz) 0 ( ° ) a ( ° ) Ores (°) V n_l ny

10.2 3642.4 10.46 5.62 135.00 162.75 92.02 9.655 6.827 6.827

10.2 1418.2 23.72 10.20 150.11 166.37 90.00 7.088 3.533 6.145

10.2 1131.8 25.18 10.69 150.74 166.58 90.00 7.090 3.465 6.186

10.2 244.24 29.11 6.98 138.75 162.64 90.36 37.918 25.000 28.509

10.2 119.53 29.60 5.67 -41.06 -17.30 -89.50 13.977 9.182 10.538

close to each location. The local stratification is obtained from the perpendicular drawn to the 

local refractive index contour at each location.

Figure F.13 shows refractive index contours plotted for an MR-WM echo ray propagating 

at an initial wave normal angle of 85.74°. The figure shows how the refractive index contours 

vary at different locations along the propagation path of the echo. The locations were chosen 

at the satellite, at /  ~  fih and at fih,max locations along the path and the refractive index 

contours are plotted to match the Snell’s law locally at these locations. The geomagnetic field 

line and the local radial are also shown here for reference. The numbers shown in the refractive 

index contours indicate the actual values at these three locations. This figure only shows the 

contour direction as an arrow and does not show the stratification which is perpendicular 

to the contour direction. The refractive index contours are approximately perpendicular to 

the local radial and the local stratification (perpendicular to the contour) will therefore be 

approximately parallel to the local radial. As the direction of the magnetic field direction 

varies along the propagation path, the angles made by the propagation vector along the local 

stratification also vary.

The values of various angles and refractive index components are provided in Table F.14. 

The table shows the ray tracing parameters at three locations: (1) initial, (2) at /  ~  fih, 

and (3) at fih,max along the propagation path of the MR-WM echo. The parameter (3 is the 

angle between the geomagnetic field and the local radial, 5 is the angle made by the wave 

normal vector with the local radial. This table shows that while Snell’s law can be satisfied 

approximately locally, say, before and after reflection (last three entries in the table), it cannot 

be matched along the propagation path because of changing magnetic field direction.
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Refractive index contours
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Figure F.13 Refractive index contours showing the local stratification along the prop
agation path o f an M R -W M  echo. This ray is propagating at a frequency 10.2 kHz at 
an initial wave normal angle o f 85.74°.
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Table F.14 Application of Snell’s law along the propagation path of the MR-WM echo. 
The refractive index surfaces and refractive index components along the stratification 
are provided here.

f fih Alt Am (°) o n a n Ref. Surface n s n n sin(5) a n
10.2 5.62 3641 10.49 85.75 0.21 open 40.11 77.71 39.19 69.03
10.2 6.81 3025 17.71 87.23 0.21 open 49.25 74.54 47.47 58.03
10.2 10.18 1547 28.97 89.29 0.23 open 75.76 76.89 73.79 42.64
10.2 10.20 1538 29.03 89.31 0.24 closed 75.96 76.87 73.99 42.57
10.2 10.22 1529 29.09 89.32 0.25 closed 76.17 76.85 74.18 42.50
10.2 10.94 1202 31.25 89.99 28.75 closed 83.88 31.25 43.53 39.06
10.2 10.94 1202 31.25 90.00 70.21 closed 83.88 31.25 43.54 39.06
10.2 10.94 1202 31.25 90.01 137.70 closed 83.88 31.25 43.54 39.05
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A ppendix  G 

List o f  M A T L A B  m-files

A list of MATLAB m-files developed and used in this thesis work are discussed in this section of 

the appendix. The MATLAB subroutines written by Li (Li, 2004) were also used in this thesis. 

The MATLAB subroutines written by Li are discussed in the appendix section of his thesis. 

They are reproduced here (pages 229 to 234) for convenience. The MATLAB scripts written 

or modified in this thesis are discussed in this section by providing the file name or function file 

name, input and output parameters along with a brief description of the use of each subroutine.

function [fz, f r, f uh, f ih, Ne , f d, f q, f du f d2} =  CalCutoffs( fpe, f ce, varargin)

This function file calculates the frequency parameters f z , f T, fuh> fih, Ne, fd, f q, /d i, fd2 using 

the input parameters plasma frequency f pe and gyrofrequency f ce. The varargin argument 

takes the value of m ef f  whenever ///* is to be calculated. The default value of mef f  is 1 when 

no argument is passed to varargin.

function [daysKpm at, Kpmaxmat] =  CalKp-GivenT'ime(yyyymat, mmmat, ddmat, hrmat, 

minutemat, secm at, mltmat)

This function file provides the K p values in the past 24 hours along with the maximum K p in 

the past 24 hours based on the inputs year, month, day, hour, minute, seconds and MLT. An 

array of numbers can be passed to input arguments year (yyyym at), month (mmmat), day 

(ddmat), hour (hrmat), minute (minutemat), second (secmat), and MLT (mltmat). The out

put parameters are daysKpmat containing the K p values in the past 24 hours and Kpmaxmat 

containing the maximum K p value in the past 24 hours.

function [GenAngmat] =  CaLGendrinAngle_scr_l(ne?i;ra2/,t;arar^m)

This function file calculates the gendrin angle for the rays provided in the input file newray 

file which has an extension ‘ .in’ as used in the ray tracing. The output parameter GenAngmat



contains the frequency, gendrin angle, and resonance cone angle parameters for each of the 

injected rays in the input file. The varargin can be initialized to obtain a set of input rays with 

initial wave normal angles close to the gendrin angle for each of the ray inputs. This set of 

input rays can be used to find out the large wave normal angle ray which results in a discrete 

WM echo by performing the WM ray tracing analysis.

function [Fh,Bo] =  GetfceIGRF(JR, Mlat, M/on, varargin)

This function file calculates the gyrofrequency Fh and geomagnetic field strength Bo using the 

IGRF geomagnetic field model. The input parameters are geocentric distance R , geomagnetic 

latitude Mlat, geomagnetic longitude Mlon, and varargin. The varargin input must contain the 

year, month, day, hour, minute, and second variables as numbers separated by commas. In

stead, the plasmagram name can be passed as a single argument to varargin directly as a string.

function [rmat, lammat, fpemat, fcemat, flhrmat, chmat, chemat, comat] =

Plot JonComp_Rbase_Therm_fun_4(ra?/^/i/e, altmin, col)

This function file plots the electron density, ion effective mass, lower hybrid frequency and 

relative ion composition profiles along the geomagnetic field line passing through the satellite 

using the density model parameters provided in the input file. The input parameters are rayip- 

file which is the name of the input file, altmin is the minimum altitude above which the density 

models have to be plotted, and the color or line style argument passed as a input string col. 

The array of output parameters along the geomagnetic field line passing through the satellite 

are obtained as geocentric distance rmat, geomagnetic latitude lammat, plasma frequency fpe

mat, gyrofrequency fcemat, lower hybrid frequency flhrmat, and relative ion concentrations of 

Hydrogen chmat, Helium chemat and Oxygen comat.

function [DefOrbData] =  ReadCDFdataJun(cdffilename)

This function file obtains the definitive orbital data DefOrbData by loading a particular CDF 

file with the file name cdffilename. The output parameter DefOrbData contains the satellite 

locations using the definitive orbital data with a 2 minute resolution for the whole day in the 

Geographic, Geomagnetic, Geocentric Solar Magnetospheric, and Solar Magnetospheric coor

dinate systems.



function [DefOrbOut, perigee} =  ReadCDFdata_scr(varargin)

The function file ReadCDFdata_scr gets the satellite location using the definitive orbital data 

(CDF data) for a given plasmagram transmission time. The input argument varargin is a 

string containing the plasmagram name as is saved using BinBrowser without the plasmagram 

figure extension. The year, month, day, hour, minute, and second variables are imported from 

the name of the plasmagram passed as a string. The output variable DefOrbOut contains the 

definitive orbital data for the plasmagram in R e, Am, magnetic longitude, MLT, L-shell, and 

altitude. The output parameter perigee contains the IMAGE satellite perigee for the orbit of 

the day when the plasmagram was recorded.

function [n, fc, theta^res, P, R , L\ =  cal_refr_raytracing_2(/, fce, WN.angle, Ele.e, EleJi, 

Ele.He, Ele_o)

This function file is a modified version of the subroutine cal_refr_raytracing.m written by Li 

[2004] to calculate the refractive index as is obtained using the ray tracing program. The 

input parameters are frequency /, gyrofrequency fce , wave normal angle WN.angle, electron 

density Ele.e, Hydrogen ion density EleJi, Helium ion density Ele-He, and Oxygen ion density 

Ele-O. The outputs are refractive index n, wave number k, resonance angle theta^res, and Stix 

parameters P, R and L.

function [.Fcejref-equmat] =  Calfceref.givenfce(rraa£, thetamat, fcemat)

This function file calculates the reference gyrofrequency at the equator F ce.ref.equmat in kHz 

to be used in the ray tracing input file for building the dipole field model. The input param

eters are geocentric distance rrnat in R e , geomagnetic latitude thetamat in degrees, and the 

reference gyrofrequency fcemat in kHz at the reference satellite location.

function [ ] =  newplot_ray2_LHR_2(ra^/z/e, axishold, gethold, raymat, allatonce, inclination, 

varargin)

This function file plots the rays using the dat file obtained as an output from the ray tracing 

analysis. The input parameter rayfile is the name of the output file obtained from the ray- 

tracing simulation ending in a *.dat extension. A value of input variable axishold equal to 1 

or 0 toggles holding or fixing the axis of the figure while plotting each ray, value of gethold 

equal to 1 or 0 toggles using the same figure to plot all the rays, raymat contains an array of
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user specified rays that alone are required to be plotted and a value of raymat =  0 plots all 

the rays, allatonce value of 1 or 0 toggles pausing while plotting each ray, inclination is the 

angle in degrees of the IMAGE satellite orbit to be plotted along with the ray tracing, varargin 

contains the name of the figure over which rays can be plotted.

function [ ] =  newplot_ray2_LHR_3( ray file, axishold, gethold, raymat, allatonce, inclination, 

varargin)

This function file is similar to newplot_ray2_LHR_2 in its usage as the same input arguments 

are passed, however, this subroutine plots the ray parameters group time delay, group velocity, 

wave normal angle, ray angle, resonance cone angle, lower hybrid frequency, geocentric distance, 

and geomagnetic latitude of each ray along its propagation path. The input parameters have 

the same function as that of the input parameters used in the newplot_ray2_LHR_2 subroutine.

function [h,plotxydata] =  Test_DSP_proj06_1 (starttimestring, stoptimestring, coordsys, plot- 

type, typeoforb)

This function file is used to plot the IMAGE satellite orbit using the definitive orbital data in 

various coordinate systems based on the number passed to the input parameter coordsys cor

responding to: (1) Geographic - GEO, (2) Geocentric Equatorial Inertial - GEI, (3) Geocentric 

Solar Equatorial - GSE, (4) Geocentric Solar Magnetospheric - GSM (5) Solar Magnetospheric 

- SM (6) Geomagnetic - MAG coordinate system. The type of the orbit plot is determined 

by the input plottype whose value corresponds to (1) 3D, (2) 2D, (3) hemisphere (4) 2D pro

jection. The input parameter starttimestring and stoptimestring contains the initial and final 

times passed as a string argument containing the year, month, day, hour, minute, and second 

separated by commas during which the orbit has to be plotted. The parameter typeoforb =  0 

corresponds to the plasmapredict data and typeoforb =  1 corresponds to the definitive orbital 

data. The output parameters h and plotxydata contain the handle to the figure and the carte

sian coordinates of the satellite orbit being plotted, respectively.

function [plotxydata] =  plot .orbit _coordsys_l (starttimestring, stoptimestring, coordsys, plot- 

type, typeoforb)

This function file is used to support the Test_DSP_proj06_l.m to plot the IMAGE satellite orbit 

using the definitive orbital data in various coordinate systems based on the number passed to
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the input parameter coordsys corresponding to: (1) Geographic - GEO, (2) Geocentric Equato

rial Inertial - GEI, (3) Geocentric Solar Equatorial - GSE, (4) Geocentric Solar Magnetospheric 

- GSM (5) Solar Magnetospheric - SM (6) Geomagnetic - MAG coordinate system. The input 

parameters are same as that of the Test_DSP_proj06_l.m

function [tg.oneway, dis-oneway] =  EvalLOmodeDisp_l(mp'U^, output, rayno, direction) 

This function file is used in the LO mode ray tracing analysis assuming propagation along the 

geomagnetic field line passing through the satellite and reflection when sounding frequency /  

is equal to the LO mode cutoff frequency f pe. The input parameter input is the name of the 

input file containing the rays used to perform the LO mode ray tracing analysis, parameter 

output is the name of the output file in which the ray tracing results will be stored. The 

input parameter rayno contains an array of user specified rays used in performing the ray 

tracing analysis. The input argument direction value of 0 and 1 indicates propagation towards 

lower and higher satellite altitudes, respectively of the LO mode echo. The output parameters 

tg-oneway and dis.oneway contain the total time delay and total distances propagated for each 

ray. These parameters store the ray parameters along the one way propagation path of the 

ray towards the reflection altitude assuming that the reflected ray traces the incident path.

The following MATLAB m-files written by Li [2004] were also used in this thesis. For each 

file, the function name, input and output parameters and a brief description are given.

[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] =  cal_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)
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This function calculates the group velocity of whistler mode waves by using equation (4.27). 

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] =  caLVg-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 (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] =  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)

[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_dispersion3(fl,f2,fpe,fce,mode)

This function is to plot the dispersion diagram from Stix or Appleton-Hartree equation. In

put: 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 

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 fre

quency (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 H e+ 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 ( /pe)> gyro
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frequency (fee), Z mode cutoff frequency ( f z), refractive index (/i) and group velocity (Vg).

G .l  M A T L A B  files for coordinate transform ations

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. In

put is the time in seconds. Output is the transformation matrix.

[MlatJB,MlonJB]==direction_B0_2(Mlat_s,Mlon_s,R_s)

This function calculates the direction of the magnetic field in MAG coordinates from the lo

cation. 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, VJn)

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, VJn)

This function is to transform a vector from the SM to GEO coordinates. Input: universal time, 

VJn 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, VJn is the vector in the MAG coordinates. Output: V_out is the vector in the GEO 

coordinates.
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[A_mag, B_mag, C_mag]= Ant .orient at ion (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). Out

put: 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 

coordinates is defined as the 2 -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.


