MODELING OF VERY LOW FREQUENCY WAVE
PROPAGATION AND SCATTERING WITHIN THE
EARTH-IONOSPHERE WAVEGUIDE IN THE PRESENCE
OF LOWER IONOSPHERIC DISTURBANCES

By
William LeRoy Poulsen
November 1991



© Copyright 1991 by William LeRoy Poulsen
All Rights Reserved

11



I certify that T have read this thesis and that in my opinion
it is fully adequate, in scope and in quality, as a dissertation
for the degree of Doctor of Philosophy.
A
"Umran S. Inan
(Principal Advisor)

I certify that I have read this thesis and that in my opinion
it is fully adequate, in scope and in quality, as a dissertation
for the degree of Doctor of Philosophy.

T pon By ER L)

T'yﬁothy F. Bell

I certify that I have read this thesis and that in my opinion
it is fully-adequate, in scope and in quality, as a. dissertation
for the degree of Doctor of Philosophy.

%’%; /

Gene F. Frankhn

Approved for the University Committee on Graduate Stud-
- des:

il







Abstract

A method has been developed for three-dimensional modeling of the effects of localized
disturbances in the lower ionosphere on VLF waves propagating in the Earth-ionosphere
waveguide. These disturbances include those produced by energetic electron precipitation
from the magnetosphere induced by lightning. The model has been used to investigate
the effects of various geophysical parameters on both the propagation properties .of the
wave energy within the waveguide and on the scattering properties of the disturbance.
The model has also been used to examine the overall effects of typical ionospheric distur-
bances, of finite extent and occurring in the region between the transmitter and receiver,
on the amplitude and phase of VLF signals. Results of the model indicate that the field
strength pattern of a VLF wave propagating along the Earth-ionosphere waveguide can
be strongly affected by changes in the ambient ionosphere and differences in the surface
conductivity of the Earth. The model also shows that the signal scattering ability of the
type of disturbance modeled is generally insensitive to differences in the conductivity
of the ground underneath it; however, the scattering ability of the disturbance is very
sensitive to differences in the altitude profile of electron density within the disturbed re-
gion. Analysis shows that for typical disturbances, most of the wave energy is scattered
into a narrow (3-20°) angular range about the forward scattering direction. This result
implies that for typical path lengths, the effects of disturbances located at transverse dis-
tances >200 km from the propagation path can generally be neglected. Using typical
values of geophysical parameters, predictions of the model are shown to be consistent
with experimental data on.subionospheric VLF wave amplitude and phase changes that
occur in response to transient disturbances in the lower ionosphere caused by electron
. precipitation which is induced by lightning discharges.
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Chapter 1

Introduction

This research addresses the topic of three-dimensional numerical modeling of very low
frequency (VLF) wave propagation in the Earth-ionosphere waveguide, and the scattering
effect on these waves of transient, localized disturbances in the lower ionosphere. The
model developed here significantly enhances the capabilities of existing two-dimensional
VLF propagation models which are used in various applications involving VLF navigation
- and communication. The development of a 3-D model was primarily motivated by
the need to investigate effects of localized ionospheric disturbances due to lightning
discharges as discussed in section 1.1 below. However, this model is general enough
to be used in other applications involving disturbances of finite horizontal extent. In
this chapter, we introduce the motivation for the work, give a simple description of
the general problem addressed, provide a brief background on VLF propagation in the
Earth-ionosphere waveguide, and review previous work done in this area. A brief outline
of each chapter and a list of the specific contributions of this research are separately
provided in section 1.4.

1.1 Motivation

- The primary motivation for this research is depicted in Figure 1.1 [Inan et al., 1988¢].”
- The phenomenon investigated here involves the transient appearance of a disturbance of
finite-extent in the lower region of the nighttime ionosphere (known as the “D region™)
consisting of a localized enhancement of the ambient plasma density. Such 10nospher1c



CHAPTER 1. INTRODUCTION 2

avy
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Figure 1.1: (@) Dlustration of lighming-induced electron precipitation and the associated ionospheric dis-
turbance (typically, enhanced secondary ionization gencrated by precipitating energetic electrons). ()]
Amplitudes of four different VLF signals measured at Lake Mistissini (LM), Quebec. The signal ampli-
tudes are plotied in arbitrary linear units. The data points plotted were averaged over ~1 s. (c) The great
circle propagation paths of the four signals. The locations of cloud-to-ground lightning flashes detected
during the period in Figure 1.15 are shown on the map as pluses (‘+7). '
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~ disturbances are assumed to be caused by bursts of precipitating energetic (>50 keV)
radiation belt electrons that generate secondary ionization at D region altitudes. The
precipitation of these electrons is in turn believed to be induced by whistler wave energy,
generated by lightning discharges. This wave energy enters the ionosphere, propagates up
along the Earth’s magnetic field lines within the jonosphere and up to the magnetosphere,
and interacts with stably trapped energetic (>50 keV) electrons in the geomagnetic equa-
torial region of the radiation belts causing the electrons to become un-trapped and to
precipitate into the upper atmosphere [Helliwell et al., 1973; Lohrey and Kaiser, 1979;
Voss et al., 1984; Carpenter and LaBelle, 1982; Carpenter et al., 1984, 1985; Inan et al.,
1985; Inan and Carpenter, 1986, 1987; Toistoy et al., 1986]. (See also Tolstoy, 1983;
Cotton, 1989; Wolf, 1990; Adams, 1990.)

The first evidence of precipitation of energetic electrons by whistler waves from
lightning was in the form of associated perturbations in the amplitude of VLF signals
propagating in the Earth-ionosphere waveguide [Helliwell et al., 1973] and subsequently,
in the phase of such VLF signals [Lokrey and Kaiser, 1979]. In recent years, the resulting
characteristic perturbations of subionospheric VLF signals, referred to as “Trimpi” events,
or as lightning-induced electron precipitation (LEP) events, have been extensively used
to investigate the occurrence statistics and geographic distribution of this phenomenon
[Carpenter and Inan, 1987; Inan et al., 1988a, b], their association with magnetospheric
whistler waves [Carpenter and LaBelle, 1982; Inan and Carpenter, 1986] and lightning
discharges [Inan et al., 1988c], as well as their association with patches of secondary
ionization [Dowden and Adams, 1988, 1989a; Poulsen et al., 1990].

The VLF group of the Space, Telecommunications, and Radioscience (STAR) Lab-
oratory at Stanford University has set up an extensive network of receiving stations
that continuously monitor both the amplitude and the phase of various VLF transmitter
signals during local nighttime hours, and characteristic signatures of lightning-induced
ionospheric disturbances are regularly observed in the amplitude andfor phase of these
signals. For example, the first panel of Figure 1.15 which illustrates the basic nature of
the VLF perturbations, shows a particular sequence of events in the amplitude of the 28.5
kHz NAU signal originating in Aguadilla, Puerto Rico and observed at Lake Mistissini.
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The ‘events’ are characterized as rapid (~1 s) changes in the amplitude, followed by

slow recoveries (~10-100 s) to the ambient level. Notice that this same type of signa-~~ = |

ture is not seen on the lower panels, which show the amplitude of several other signals,
also observed at Lake Mistissini, from transmitters located at several different places in
North America. The geography of the transmitter-receiver paths is shown in Figure 1.1¢c,
Also indicated in Figure 1.1c by the small ‘4+’ symbols are the locations of a number
of cloud-to-ground lightning discharges observed by the SUNY-Albany (State University -
of New York at Albany) lightning detection network [Orville et al., 1983, 1987] which
occurred during the same period of time indicated in Figure 1.1b.

The characteristic amplitude perturbations observed on the NAU signal are belisved to
be the signatures of ionospheric disturbances caused by the lightning discharges occurring
on or near the great circle path (GCP) of propagation between the transmitter and receiver.
That the ionospheric disturbance regions associated with these discharges are localized is
consistent with the fact that they are seen only on one transmitter signal (NAU) at Lake
Mistissini, but not on any of the others [Inan er al., 1988c]. Because these particular
events seen on the NAU signal are believed to be caused by disturbances produced by
precipitating electrons rather than being produced directly by the lightning energy, the
disturbances need not have been located directly over the lightning discharge. However,
if the discharge energy entered the ionosphere directly overhead, or did not propagate
very far before doing so, the locations of the lightning discharges, which happen to be
within 150 km of the GCP from NAU to Lake Mistissini, may represent the locations of
the disturbances which caused the perturbations seen in the NAU signal amplitude shown
in Figure 1.15. (Evidence that some disturbances may be located far (~400-1100 km)
from the location of the lightning discharges leading to their formation can be found in
Yip et al., [1991]. Evidence that some disturbances may have been caused directly by the
upward coupling of the lightning discharge energy are described in Inan et al., 1988c].
Disturbances may also be caused by electrons precipitating in the region geomagnetically
conjugate to where the lightning discharge energy entered the ionosphere [Burgess and
Inan, 1990].)
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The motivation for this. work was to develop a complete 3-D model that quantita-
- - tively accounts for the signal amplitude and phase changes described, given () electrical:
properties (e.g., conductivity) of the ambient as well as the disturbed ionosphere and the
ground, and (§i) location, size, and shape of the disturbances. The ionospheric distur-
bance is typically modeled in terms of a density enhancement as a function of altitude,
which in turn is determined by the flux and energy spectra of precipitating electrons. A
quantitative model is thus needed in order to interpret the observed amplitude and phase
changes in terms of the characteristics of the precipitation. Also, since the signal along
a particular path can be affected by localized disturbances located directly over the GCP,
as well as completely off the path, a three-dimensional model is needed.

Throughout this dissertation the three dimensions will be defined as follows (see
Figure 1.1): 2 is the direction of propagation (ie., the distance along the GCP); z is
the vertical direction (i.e., altitude); and y is the direction perpendicular to the plane of
propagation (i.e., perpendicular to the z-2 plane).

1.2 Description of the Problem

One of the properties of electromagnetic waves is that they can be channeled or guided
between partially conducting boundaries commonly referred to as a waveguide, such that
the wave energy moves away from the energy source (the transmitter, in this case) along
this waveguide structure. The cross-sectional dimensions of a waveguide are usually of
the same order of magnitude as the wavelength of the signal being guided. Tn the case
of VLF or LF waves (which have wavelengths between approximately 5 and 50 km or
s0) the space between the Earth’s surface and the lower ionosphere (i.e. the atmosphere),
forms a waveguide that is 85 km (60 km) in height at nighttime (daytime). (Officially,
the “very low frequency™ or VLF band is 3—-30 kHz which corresponds to wavelengths in
free space of 100-10 km, while the “low frequency” or LF band consists of 30-300 kHz
which corresponds to free-space wavelengths of 10-1 km. In this report, we will refer 1o
the frequencies of interest as “VLE” frequencies, even though some of the frequencies
congidered extend into the LF band.)
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Figure 1.2: Typical daytime and nighttime ionospheric electron and daytime ion density proﬁlgs versus
altitude (from Kelley and Heelis [1989]).

The ionosphere has been defined to be that part of the atmosphere above about 50
km in altitude in which free electrons exist in sufficient numbers to have an important
effect on the propagation of radio waves [Davies, 1966; Razcliffe, 1972). It is created and
maintained by a dynamic equilibrium between the production of ions and free electrons in
the upper atmosphere, and a number of processes including: a) the attachment of charged
particles to nearby neutral molecules, b) the recombination of electrons and ions, and ¢)
diffusion caused by the decrease in density of the atmosphere with altitude (which, among
other things, changes the various collision frequencies). The ions and free electrons are
pfoduced by the ionization of atoms and molecules caused by the absorption of solar
and cosmic electromagnetic radiation which increases in intensity with altitude. The net
result is that the electron (and ion) density within the ionosphere varies with altitude,
and also from day to night (due to the lack of solar radiation during local nighttime).
Figure 1.2 shows typical profiles of electron and ion density versus altitude [Kelley and
Heelis, 1989]. . : _ '
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There is no distinct upper boundary to the ionosphere. However, the density of
» atmospheric. constituents decrease steadily with increasing altitude and ‘above rouglily'-
1000 km the effect of colisions becomes negligible and the behavior of the charged
particles become dominated by the Earth’s magnetic field [Ratcliffe, 1972; Park and
Carpenter, 1978]. This region of the Earth’s upper atmosphere is commonly referred to

as the ‘magnetosphere’.

The ionosphere is further subdivided into the D, E, and F layers with the following
characteristics [Davies, 1966]:

D region 50-90 km altitude
E region 90-140 km
F region >140 km,

In this research the effects of interest occur in the lowest, or D region, layer of the
-lonosphere between ~50 and 100 km. The electron density increases rapidly enough in-
the lower ionosphere that it reflects most of the VLF wave energy that impinges upon
it. Figure 1.3 shows a plot of the electron density as a function of altitude for a typical
nighttime lower ionosphere.

Both natural and man-made VLF signals propagate within the Earth-ionosphere wave-
guide. The natural VLF signals, which are excited by lightning discharges, are known as
“sferics”, are of impulsive nature and constitute the major impediment to VLF navigation
and communication as intense impulsive noise. Man-made signals are produced by a
number of VLF transmitters located throughout the world. Despite their relatively small
usable bandwidths (~20 to 150 Hz) and low transmitting antenna radiation efficiencies
(~10 to 20%), VLF signals are extensively used for global communication and navigation
because waves at these frequencies have relatively low attenuation versus distance and
remain relatively stable with time [Davies, 1966]. Also, VLF waves can be guided
for very long distances between the Earth and the ionosphere (~5,000 to 20,000 km)
making these frequencies particularly attractive for navigational beacons and time signals.

‘Table 1.1 [Cotton, 1989; Inan et al., 1984; Parrot, 1990] lists a number of important
VLF communication and navigation transmitters in various parts of the world.
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Figure 1.3: Electron density versus altitude for a typical nighttime lower ionosphere.
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Table 1.1: List of important VLF transmitters
Transmitters Latitude Longitude Radiated Frequency
Power (kW) (kHz)
Communication Transmitters
NAA (Cutler, Maine) 44° 39'N 67° 17 W 1000 24.0
NLK (Jim Creek, Washington) 48° 12/ N 121° 55 W 850 24.8
NPM (Lualualei, Hawaii) 21°25' N 158° 09' W 300 23.4
NSS (Annapolis, Maryland) 38° 59'N 76° 27 W 285 21.4
NAU (Aguadilla, Puerto Rico) 18°25' N 67° 09’ W 28.5
“48.5” (Silver Creek, Nebraska) 41° 30' N 97° 36’ W 48.5
NWC (N. W. Cape, Australia) 21°49'S 114° 10’ 1000 223
GBR (Rugby, Great Britain) 52° 200 N 00° 20 W 300 16.0
UMS (Gorki, USSR) 56° N 44° E ~1000 16.2
RPS (Eastern Siberia, USSR)  43° N 135° E ~1000 17.1
Navigation Transmitters
Omega A (Norway) 66° 25' N 13°08' E 10 10.2-13.6
Omega B (Liberia} 06° 18' N 10°00'W 10 10.2-13.6
Omega C (Hawaii) 21° 24 N 157° 49 W 10 10.2-13.6
Omega D (North Dakota) 46° 21’ N 98° 29 W 10 10.2-13.6
Omega E (La Réunion) 20°58'S 55 1T'E 10 10.2-13.6
Omega I (Argentina) 43° 03’ S 65°1I'W 10 10.2-13.6
Omega G (Trinidad) 10°42' N 61°38' W 10 10.2-13.6
Omega H (Japan) 34° 36’ N 129° 27 E" 10 10.2-13.6
Komsomolskamur (USSR) 50° 34' N 136° 58’ E 10-500 11.9-15.6
Novosibirsk (USSR) 55°04' N 80°58'E  10-500 11.9-15.6
Krasnodar (USSR) 453°02'N 38°39'E  10-500 11.9-15.6
Experimental Transmitter
Siple (Antarctica) 84° 14 W  ~3 1-10

75° 56’ S
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Now suppose that we have a transmitter sending out a VLF signal with constant
- amplitude, and a receiver, some distance away, receiving this signal. The wave energy
will propagate in the Earth-ionosphere waveguide, interacting with the two boundaries in a
manner depending on the electrical properties of those two boundaries. (See Figure 1.44.)
Some of the properties of the ionosphere pertinent to VLF propagation include the local
electron and ion densities, the local particle collision frequencies, and the local magnetic
field. Some pertinent properties of the Earth’s surface include the ground or water
conductivity (), relative permittivity (e,.), and elevation above sea level.

Because these properties remain relatively constant over a period of seconds or min-
utes, the amplitude and phase of the signals measured at a receiver remain fairly constant
over such time scales. Figure 1.4a shows a schematic representation of a signal prop-
agating along the Earth-ionosphere waveguide. Figure 1.4b is a typical example of the
amplitude of a 48.5 kHz signal received several thousand kilometers away showing rela-
tively small changes in overall amplitude versus time. It should be noted, however, that
there are diurnal changes in the density of the lower ionosphere, and therefore, due to
this and other factors, a constant amplitude transmitted signal often exhibits slow changes
in amplitude or phase on time scales of the order of tens of minutes or longer [Davies,
1966].

When sudden (<1 s) changes in one or the other of the two waveguide boundaries
occur, the amplitude and the phase of the signal as observed at receivers beyond the
disturbance (or distortion) also exhibit sudden (<1 s) changes. Such disturbances may
be on or near the great circle path (GCP) of propagation between the source and the
receiver. The receiver may then detect a rapid change in either the amplitude or phase
of the signal (or both) with respect to the relatively constant values prior to appearance
of the disturbance.

Energetic electrons dislodged from the radiation belts (by wave energy from a light-
ning discharge, for example) precipitate into the atmosphere in the form of short (<1 5)
bursts, causing secondary ionization and thereby rapidly (<1 s) enhancing the electron
density in a localized region of the lower ionosphere. Such a disturbance could in turn
perturb the amplitude and/or phase of the VLF signal measured at the receiver if the
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Figure 1.4: (@) Schematic representation of a VLF signal propagating under an ambient ionosphere. (b)
Typical example of the received amplitude of a 48.5 kHz signal transmitted at a constant arnplitude.




CHAPTER 1. INTRODUCTION 12

disturbance was located on or near the propagation path. Figure 1.5a¢ schematically il-
lustrates this type of a disturbance in the Earth-ionosphere waveguide and Figure 1.55

shows a representative electron density versus altitude profile at the center of such a°

disturbance. Figure 1.5¢ shows sudden (<1 s) amplitude change of ~2 dB recorded on
the 48.5 kHz signal just after the portion of the record that was shown in Figure 1.4b.
The sudden amplitude change recovers back to the ambient over a time of ~100 s. This
characteristic temporal signature, commonly known as a “Trimpi event”, consisting of
a rapid (<1 s) change followed by a relatively slow (10-100 s) recovery, is typical of -
subionospheric VLF signal responses to lightning-induced ionospheric disturbances of
the type shown in Figures 1.5z and 1.5b. As the newly generated secondary ionization
gradually recombines with ions or attaches to neutral atoms or molecules [Dingle, 1977],
the disturbance gradually disappears. The electron density returns to its prior, ambient
condition, and thus, the measured signal also gradually returns to its prior, unperturbed
level (as indicated by the arrows in Figures 1.5 and 1.5¢).

The purpose of this research was to develop a three-dimensional model of the effect
that a localized disturbance (of finite transverse extent), in the lower ionosphere’s electron
density, has on VLF waves propagating in the Earth-ionosphere waveguide; especially its
effect on the amplitude and phase measured at ground-based receivers. The model devel-
oped is built on extensive past work that led to a full-wave, numerical, two-dimensional
VLE/LF Earth-ionosphere waveguide propagation program, known as the Long-Wave
Propagation Capability (LWPC) [Ferguson et al., 1989], developed by the Naval Ocean
Systems Center (NOSC), and on the VLF diffraction theory developed by Wait [1964a,
b, c]. This model can be easily extended to model disturbances involving changes in
other properties of the lower ionosphere boundary, such ashfor example the electron or
ion collision frequency or temperature,

1.3 Review of Previous Work

The first major effort at a detailed numerical study of the influence of localized density
enhancements produced by lightning-induced electron precipitation on subionospherically
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Figure 1.5: (@) Schematic depiction of a perturbed ionosphere. (b) Representative electron density profile
within the disturbed region. (c) A typical VLF signature (commonly referred to as a “Trimpi event™) of a
lightning-induced ionospheric disturbance observed on the 48.5 kHz signal at Arecibo.
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propagating VLF waves was that of Tolstoy [1983; Tolstoy et al., 1982, 1986]. That study
employed a full-wave 2-D waveguide mode propagation model (a precursor to the LWPC
program used in our research) to investigate the effects on the received signal amplitude
and phase of disturbances in the form of 2-D “strips™ (infinite in transverse extent) located
on a great circle path (GCP). The Tolstoy study used the Rees [1963] model to calculate the
disturbed electron density profiles for the disturbances, using monoenergetic precipitating
electrons with energies ranging from 50-150 keV and energy fluxes in the range of 10~7
to 1072 erg cm=?% s7¢
where the transmitters were located in North America (NPM, NLK, NSS, and NAA;
sec Table 1.1) and the receivers were located in Antarctica (Palmer Station—65° S, 64°
W; Eights Station-75° S, 77° W; and Siple Station-76° S, 84° W). The results were
compared to Trimpi events observed at the receiving stations and found to be generally
consistent with the measured data. However, because it was a two-dimensional model,
it necessarily could not account for the effects of disturbances of finite extent nor of
disturbances located off the GCP, and in some instances gave results that were much
larger than that seen in the measured data.

A simplified single waveguide mode analysis of the effects of typical disturbances on
subionospheric VLF signals was put forth by Inar et al. [1985] and Inan and Carpenter
[1987]. These authors used quantitative estimates of precipitating electron fluxes induced
by lightning as provided by theory [Chang and Inan, 1985] and measurement [Voss et
al., 1984] to determine the amount of secondary ionization to be produced at nighttime
D region altitudes. The resulting effects on the subionospheric VLF signal were then
represented as simple changes in reflection height leading to amplitude and phase changes
evaluated using simple analytical expressions [Irnan and Carpenter, 1987]. It was argued
that such analyses would be applicable to cases of propagation over long all-sea-based
paths where the signal at the receiver would be constituted by a single dominant wave-
guide mode. Theoretically computed ratios of expected amplitude and phase changes
were compared with those measured at Palmer Station, Antarctica on a 12,000 km path
from Hawaii (NPM transmitter in Table 1.1) and a ~2400 km path from Argentina
(Omega F transmitter from Table 1.1). While there was general agreement between the
data and theory, ratios of measured amplitude changes to phase changes were found to be

. Calculations were made for several transmitter—receiver paths -
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.somewhat larger than the theory predictions, probably due to effects of additional modes.
. Inan and Carpenter [1987] also noted the need for a more general 3-D model that could
account for effects of disturbances located off the great circle path.

Cotron [1989] developed a full-wave 2-D mode propagation program, independent of
the NOSC programs, tailored to model VLF waveguide propagation frequencies below
10 kHz in the Antarctic (sea-water, ice shelf, and ice cap; highly vertical magnetic
field) terrain. It used a flat-earth approximation and a sharply bounded ionosphere. The
model was used to make detailed calculations of the amplitude, phase, arrival bearing,
and signal elevation for VLF wave propagation for a number of Antarctic signal paths.
The 1onospheric disturbances were modeled as simple reductions in the undisturbed VLF
reflection height. Such depressions were assumed to have a gaussian variation with
horizontal distance along the GCP from the center of the disturbance, and the depth of
the depression was obtained by converting calculated ionospheric ionization enhancement
to an equivalent reduction in VLF ionospheric reflection height for a sharply bounded
ionosphere.

The other major effort in this area was the study done by Adams [1990; Dowden and
Adams, 1988, 19894, 1989b, 1990]. The main thrust of that work was the measurement at
Dunedin, New Zealand of characteristic VLF perturbations of the type shown in Figure 1.5
at the two carrier frequencies (200 Hz apart) utilized for the minimum shift keying (MSK)
modulation of the NWC (Australia,; see Table 1.1) VLF transmitter, and made by two
receivers spaced less than a wavelength apart. The information obtained was used to
calculate the group delay of the scattered signal relative to the direct signal and the
arrival bearing of the scattered wave compared to that of the direct signal. The results
of using this information to determine the disturbance location were compared to the
theoretical results calculated using Wait’s [1964a] 3-D diffraction formulation for the
case of a single mode and for the case of two interfering modes. Their results suggest
that a number of the disturbances causing the observed events could not be explained by
either a 2-D model, such as those described above, or by Wait’s 3-D WKB formulation;
implying that these disturbances consisted of localized regions where sharp variations
from the ambient conditions occurred dve to the LEP-generated ionization. Dowden
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and Adams modeled the ionospheric disturbance as a depression (in 3-D) in the VLF
" ionospheric reflection height having a gaussian variation with horizontal radial distance
from the center of the disturbance.

A substantial amount of experimental work has recently been done with respect to
subionospheric VLF signatures of lightming-induced ionospheric disturbances (i.e., Trimpi
events) and related phenomena. Observations of this effect were first reported by Helliwell
et al. [1973] as sudden changes in the amplitude of VLF transmissions. Characteristic

perturbations in the phase of VLF transmissions were first reported by Lohrey and Kaiser "~

[1979]. Further study on the correlation of whistlers with VLF signal changes was done
by Carpenter and La Belle [1982]. Perturbations have been observed at frequencies as
high as 780 kHz [Carpenter et al., 1984] and as low as 2.5 kHz [Carpenter et al.,1985]. A
one-to-one correlation between ground-based measurements of VLF sferics and whistlers
and energetic electron precipitation measured by low-altitude satellite was first reported
~ by Voss et al. [1984]. More evidence of phase perturbations on VLF signals produced
by lightning-induced electron precipitation bursts was reported by Inan et al. [1985], and
analysis of events which added support to the mechanism as described in section 1.1 was
made [/nan and Carpenter, 1986]. Simultaneous amplitude and phase perturbations were
observed and analyzed using a single mode waveguide theory by Inan and Carpenter
[1987]. Evidence of VLF signal perturbations caused by >1 MeV electron precipitation
at L < 1.8 was reported by Inar et al. [1988a]. Events have also been observed at
latitudes as high as L > 4 [Hurren et al., 1986]. More recently, studies have been made of
the geographic distribution of event occurrence [/nan et al. 1988b], their path-dependent
properties {Wolf and Inan, 1990], the possibility of direct coupling between the associated
lighting discharge and the disturbance itself [Inan et al., 19§8c], simultaneous phase and-
amplitude perturbations that were interpreted in terms of scattering of the signal from
localized ionospheric disturbances that lie off the propagation path [Dowden and Adams,
19894], simultaneous disturbance of conjugate regions of the ionosphere associateed
with the same lightning discharge [Burgess and Inan, 1990], “imaging” of the spatial
distribution and occurrence of lower ionospheric disturbances [Inan et al., 1990], and the
spatial relationship between the propagation path of a disturbed signal and the location of
the associated lightning discharge [Inan et al., 1988¢; Yip et al., 1991]. A comprehensive
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- study of events on multiple VLF/LF signal paths observed at both Stanford, California

- -and at Palmer Station, Antarctica study revealed a number of new properties that appear

to be characteristic of particular signal paths and which none of the existing models could
fully explain [Wolf 1990; Wolf and Inan, 1990].

Other causes of lower tonospheric disturbances and their effects on subionospherically
propagating VLF waves have also been reported. Some of these include the effects of
high altitude nuclear detonations [Jean and Crombie, 1963; Field and Engel, 1965],
solar x-ray flares [Chilton et al., 1965; Crombie, 1965], substorms and solar particle
bursts [Potemra and Rosenberg, 1973; Kikuchi and Evans, 1983], stellar x-rays from
x-ray stars [Svennesson et al., 1972, 1979], and patches of the lower ionosphere heated
by beams of high frequency (HF) transmissions [Barr er al., 1984, 1985].

Before the work of Tolsroy [1983], a number of preliminary efforts were made (pri-
- marily by J. R. Wait) to theoretically model the effects of lower ionospheric perturbations
on VLF wave propagation. -Wait [1961] first described a 2-D model of the effects of a
“localized” depression in the ionospheric reflection height on VLF waves propagating un-
der it. Wair [1962] described a 2-D model of VLF mode propagation along a part of the
Earth-ionosphere waveguide where the ionospheric reflection height changes smoothly.
In Wait [1964a], a 3-D formulation of the diffraction effects of a disturbed region which
is rectangular in the horizontal (z-y) plane on the propagation of VLF waves was pre-
sented. Rather than changes in the ionospheric reflection height, changes in the modal
refractive index S(x,y) were used to represent the disturbed region of the ionosphere.
Wait [1964b] expanded on the analysis of Wair [19644] and presented an explanation of
the formulation used. The formulation in that paper, and si;npliﬁed in Wair [1964c] for
the case of a cylindrically symmetric ionospheric disturbance, are used as the basis for
the 3-D model described in this dissertation. Crombie [1964] also presented a 3-D model
of the changes in amplitude and phase of a received VLF signal due to a small, localized,
depression in the ionospheric reflection height using elementary diffraction theory.

Following the basic work of Wait described above, an extensive and long-term effort
was undertaken to develop general numerical models to -calculate, two-dimensionally,-
VLF wave propagation within the BEarth-ionosphere waveguide along arbitrary paths.
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Much of the initial work was in developing the theoretical formulations required [Pap-
pert et al., 1967, Wait, 1968; Wait and Spies, 1968; Sheddy, 1968; Galejs, 1968; Snyder
and Pappert, 1969; Morfitt and Hildebrand, 1970; Barr, 1971; Galejs, 1971], after
which operational computer programs began to appear. A full-wave, 2-D, mode conver-
sion program to calculate VLF propagation for an inhomogeneous anisotropic ionosphere
called “FULLMC” was developed by NOSC [Pappert and Shockey, 1972] and initial
results using it were reported in Pappert and Snyder [1972] and Pappert and Morfitt

[1975]. An improved program to calculate the mode eigenangle solutions essential to - -

the solution of the VLF waveguide propagation problem, called “MODESRCH”, was
also developed by NOSC [Morfitt and Shellman, 1976]. This was refined and improved, |
and renamed “MODEFNDR?” [Ferguson et al., 1985; Shellman, 1986], and a program,
called “FASTMC?”, using a different, approximate, formulation was developed to increase
the computation speed compared to FULLMC [Ferguson and Snyder, 1980] while main-
taining equivalent accuracy [Pappert and Ferguson, 1986]. A program to automate the |
calculation of VLF wave propagation along actual paths on the Earth’s surface, includ-
ing actual parameter values of the chosen propagation path, called “SEGMWVGD?”, was
developed and added to the series of NOSC programs described above [Ferguson and
Snyder, 1987] culminating in the complete Long-Wave Propagation Capability (LWPC)
for performing 2-D calculations of VLF wave propagation along arbitrary paths in the
Earth-ionosphere waveguide [Ferguson et al., 1989].

Corton [1989] developed their own complete full-wave 2-D VLF propagation model
as described earlier. Tolstoy and Rosenberg [1985] briefly presented a scheme to extend
the NOSC 2-D VLF propagation model to a quasi-three-dimensional propagation model
using the results of Crombie [1964]. Barr et al. [1985; presented the results of a
simple theoretical 3-D model based on the formulation of Wair [1964a, b] and Barr
[1971] specifically tailored to calculate the effects of HF heating on a localized patch
of the lower ionosphere whose properties abruptly change from those of the ambient
ionosphere around it.

Other work relevant to the problem of calculating the effects of localized, cylindrically
symmetric, disturbances within a waveguide can be found in Nielsen [1969], Dawson and
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© Oberman [1959], and most recently for the Earth-ionosphere waveguide case studied in
- this research, in Wair [1991].

1.4 Chapter Descriptions and Contributions of the Re-
search |

In this section, we provide a description of the contents of each chapter, and a brief
summary of the contributions described therein. '

Chapter 2 contains an overview of the waveguide mode theory of VLF wave prop-
agation in the Earth-ionosphere waveguide. The basic formulation for calculating the
electromagnetic fields as a VLF wave propagates along the waveguide is given. Since
the use of the waveguide mode method of describing the wave field is essential to this

-research, the concept-of using eigenangles to identify and represent each mode is de--
scribed in some detail. In order to find the eigenangles for typical ground and ionosphere
parameter values, a computer program called “MODEFNDR” (which was developed by
NOSC as part of LWPC) is used, and is also described in Chapter 2.

Chapter 3 describes how the formulation given in Chapter 2 is modeled numerically.
It describes how the necessary physical parameters of the ionosphere and the ground are
incorporated in the calculations, and then goes on to describe the need for calculating
the conversion between modes due to horizontal inhomogeneities along real propagation
paths. NOSC also developed a computer program that calculates VLF propagation in two-
dimensions (z and z), and accounts for mode conversion as the signal propagates along
a waveguide with changing boundary parameters. It is called “FASTMC”, and is used in
tandem with MODEFNDR. This program is described, and both of these together are used
as the starting point for the three-dimensional numerical model developed in this research:
- Chapter 3 summarizes the 2-D method of modeling the effects on subionospheric -VLF

~propagation of localized ionospheric disturbances that has been used in previous studies. - -

Chapter 4 presents the formulation of the three-dimensional modeling of the scattering
effects of a finite-sized disturbance in the lower ionosphere. Using this formulation, VLF

scattering properties of typical lower ionospheric disturbances that are expected to be
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induced by lightining-induced electron precipitation (LEP) are explored. Among the
- properties that were revealed as a result of this analysis are the following, which:"

s The scattering from typical disturbances is generally insensitive to differences in
the conductivity of the ground underneath it.

o The scattering is sensitive to differences in the altitude profile of electron density
within the disturbed region.

o For typical disturbances, and for a variety of disturbance sizes, most of the wave
energy is scattered into a fairly narrow (£20°) angular range about the forward
scatter direction. This result implies that the effects of disturbances of this type
located beyond ~200 km transverse to the GCP can in most cases be neglected.

Chapter 5 describes a simple application of the 3-D scattering model to the case of
single mode WKB (Wentzel, Kramers, and Brillouin) propagation over a homogeneous
surface; in particular, a long, all-sea-based path. Realistic values for the ground con-
ductivity, ambient ionospheric electron density, disturbed electron dcnsity versus altitude
profile, and dimensions and shape of the disturbance are used to investigate the effect
these disturbances have on the received signal. The results are consistent with experimen-
tal data having similar geophysical characteristics to those used in the model calculations.
Another result which was revealed in the single mode analysis was the following:

e The ratio of the change in amplitude of the received signal to the change in phase
is strongly dependent on the altitude profile of ionization in the disturbed region,
in particular to the depth of penetration of the enhancement in altitude.

Chapter 6 explains the extension of the single mode WKB technique to a three-
dimensional multiple mode WKB scatterer method. Mode conversion along the propa-
gation paths to the receiver, and to and from the scatterer are calculated. Hence, a more
realistic, horizontally (z and y directions) inhomogeneous ground or ionospheric bound-
ary can be modeled. The methodology used to accomplish this is described. Application
of this method to a realistic path on the Earth is also found to produce results consistent
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- with experimental data. Other results that were revealed as a result of the analysis were
as follows: ' '

¢ Again, the scattering effect of the disturbance is sensitive to differences in the dis-
turbed electron density altitude profile. In particular, the ionospheric ‘conductivity’
with altitude is the controlling parameter, rather than just the electron density.

¢ The dependence of amplitude and phase changes on location of the disturbed re-
- gion with respect to the great circle path shows that the effects of disturbances at -
distances greater than ~200 km transverse to the GCP are negligible.

The importance of the location of the receiver with respect to the signal strength versus
propagation distance pattern was elaborated, and for the multiple mode case in particular,
the sensitivity to changes in the signal amplitude and phase of a receiver located at or
near a deep null in the signal strength is illustrated. Consequently, another simple result:
of the model is:

¢ The altitude profile of the ambient electron density along the propagation path can |
significantly affect the signal strength pattern and thus the response at the receiver
to a given disturbance.

Chapter 7 concludes with a summary of the contributions of the research and a number
of suggestions for further investigation. '



Chapter 2

Overview of VLF Waveguide Theory in
the Earth-Ionosphere Waveguide

This chapter gives a brief description of the important aspects of the theory of VLF wave
propagation within the Earth-ionosphere waveguide. The basic geometry of the problem
is depicted in Figure 2.1.

lower ionosphere

X
~4000 km
Earth's surface

transmitter receiver

Figure 2.1: Geometry of the Earth-ionosphere VLF waveguide problem. .

In very simplistic terms we can describe the system in the following way. The source
of the wave signal is a transmitter that applies an oscillating electric voltage in the VLF
frequency range to the terminals of an antenna. While the radiating antennas of most VLF
transmitters consist of large and elaborate structures [Warr, 1967], typically, the antennas

22
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-used are equivalent to a vertical monopole (oriented perpendicularly to the ground surface,
ie., in the z direction of Figure 2.1) with a ground plane. (The Siple Station antenna is
one exception, being a horizontal dipole, oriented parallel to the ground surface, lying on
top of a 2-km thick ice sheet [Helliwell and Katsufrakis, 1974; Raghuram et al., 1974].)
Part of the energy of the oscillating electrical current is converted by the antenna into
an electromagnetic wave which radiates from the antenna structure and propagates away
from it. Most of the radiated energy for VLF frequencies is reflected back and forth and
guided by the Earth and ionosphere boundaries. For a single vertical dipole, the wave
energy radiates equally in all horizontal directions; i.e., the radiation pattern is radially
symmetric about the antenna. A small amount of the wave energy can penetrate the
ionospheric boundary and escape upwards to the upper ionosphere and magnetosphere.
(See Helliwell [1965].) This represents one of the loss mechanisms of the waveguide.
After the guided wave energy has propagated for some distance within the waveguide,
it arrives at the receiver antenna (refer to Figure 2.1) which converts a portion of the
wave energy back into an oscillating electrical current, which is processed, measured,

and recorded by the receiver instrumentation,

2.1 Theoretical Considerations

The portion of the foregoing simple explanation that is of most importance in this research
is the propagation of the electromagnetic wave. In particular, it is important to describe
how the electromagnetic wave energy is transformed as it propagates within the, in our
case Earth-ionosphere, waveguide. The most general formulation of electromagnetic
waves is in terms of a set of four physical laws known as Maxwell’s equations [Maxwell,
1873), which uniquely describe the (macroscopic) electromagnetic field. The differential
form of these equations is given in Equation 2.1. '

V-D = p,
Vv-B
VxH = J+W’ (2.1)

Il
k=)
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VxEFE = ———
% at

where

E is the total electric field,

H is the total magnetic field,

D =¢F,

B=uH,

e is the permittivity of the medium,

i is the permeability of the medium, and

J is the current density.

The solution of these equations gives the electric and magnetic fields in. the region for
which they are solved. It is these fields that can be measured by the receiver and which
are affected by the disturbances in the regions through which they propagate (such as the
lower ionospheric type studied in this research). Therefore, Maxwell’s equations must

be solved for E and H, given the Earth-ionosphere waveguide conditions.

There are basically two methods for solving this type of problem: the geometrical
“ray” theory, and the waveguide “mode” theory (these modes are also referred to as
eigenmodes). The choice of which is best to use depends principally on the frequency
of the signal and the distance the signal propagates. (See also Wair [19644].)

2.1.1 Ray Theory

Using the principles of geometric optics, the ray, or wave-hop, method traces every
possible discrete ray path that completes an integral number of reflections, or “hops”, from
the Earth to the ionosphere and back to the Earth again, between the transmitter and the
receiver. Figure 2.2 shows the first, second, and third order ray paths. Theoretically, there
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are an infinite number of poésible, discrete, pﬁms between the transmitter and the receiver.
However, the higher the order of the ray path, the more nearly vertical is the angle of
incidence on the ionosphere. Due to the higher absorption and/or transmission into the
ionosphere of such rays upon reflection at the ionospheric “boundary”, their contribution
towards the total signal level at the receiver becomes less and less significant. Also, the
overall path length of higher order ray paths becomes much longer and thus the field

| strength of such rays falls off more than for the lower order rays. The result is that only
a finite number of low order rays are needed to calculate the total signal at the receiver
[Davies, 1966; Cotton, 1989; Wolf, 1990].

receiver
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Figure 2.2: Possible discrete ray paths that complete an integral number of “hops” between the transmitter
“and the receiver. The first, second, and third order ray paths are indicated.

For very short (< 500 km) propagation paths, relatively few ray paths are needed to
calculate the received signal. Also, for higher frequencies (LF and higher), a large number
of waveguide modes are required to describe the wave structure, and thus, the ray method
becomes the method of choice. However, the ray method becomes inconvenient for
calculation purposes for long paths because many ray paths of relatively low attenuation

are possible between transmitter and receiver. Also, for each separation distance between
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the transmitter and the receiver there is a unique ray path geometry, which must be re-
calculated each time the transmitter-receiver path length is changed [Morfitt and Shellman,
1976].

2.1.2 Mode Theory

Another way to represent electromagnetic wave energy as it propagates in a waveguide
is in terms of a sum of an infinite series of discrete waveguide “modes™. A propagation
mode has been defined as “a form of propagation of waves that is characterized by a
particular field pattern in a plane transverse to the direction of propagation, which field
pattern is independent of position along the axis of the guide” [Davies, 1966]. These
waveguide modes can be found by solving Maxwell’s equations (Equations 2.1) given
the waveguide boundary conditions.

In general, in the VLF frequency range of interest here, and for the Earth-ionosphere
waveguide, the higher order modes have a greater spatial attenuation rate versus propaga-
tion distance. (The ‘order’ of a waveguide mode is typically determined by the number
of maxima and minima in the transverse vertical field pattern.) Also, as the mode order
becomes very large, the amplitudes of those modes initially excited by the transmitter an-
tenna become increasingly small. Thus, for relatively long paths, only a relatively small
number of modes are required to describe the propagating waveform at VLF frequencies.

Another factor is that as the frequency (and/or the waveguide height, measured in
wavelengths) decreases, fewer modes are needed to describe the propagating waveform.
At the low end of the VLF band, only one to four modes are required for typical propa-
gation path lengths. At 50 kHz, as many as 30 modes may be necessary in some cases
[Morfirt and Shellman, 1976). Nevertheless, these factors, along with the need to re-
calculate the ray path geometry every time the transmitter-receiver distance is changed
(if the ray method is used) leads to the waveguide mode method being the preferred
method for calculating VLF wave propagation along typical transmitter-receiver paths.
In this work, we rely on the waveguide mode theory of VLF propagation which is de-
scribed in some detail \in the next two sections.
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2.2 Overview of Waveguide Mode Theory

ionosphere

Ri

R¢ Earth’s surface

Figure 2.3: Two superposed plane waves propagating in a flat, infinitely wide waveguide with parallel,
sharply-defined boundaries.

Waveguide mode theory can most easily be visualized by assuming that the waveguide is
flat, infinitely wide, and has parallel, sharply-defined boundaries (as shown in Figure 2.3).
It can be shown [Budden, 1961; Wait, 1970; Ramo et al., 1984] that each waveguide mode
can be found by superposing two plane waves, which reflect back and forth between
the two waveguide boundaries, propagating at particular angles of incidence 8, (see
Figure 2.3). Solving Maxwell’s equations for these two superposed waves for a series of
8, yields an infinite sum of waveguide modes (some of which may be non-propagating
or “evanescent” modes given the proper waveguide boun&ary conditions). If this same
approach is used for a waveguide with spherical boundaries that are concentric, Maxwell’s
equations can again be solved to yield an electric field E and a magnetic field H whose
components are each functions of ¥(r,d), an infinite sum of rather complicated spherical
wave functions [Wair [1970], Chapter 6] -

(r,0) = S D,z (kr) Py~ cos 9) (2.2)

n=1

where
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r, 1 are spherical coordinates,
" n, an integer, is the mode number,
v is a complex value related to n (See Wait [1970], Chapter 6.),
D, are the mode coefficients,
z, are sums of Hankel functions of the first and second kind of order » + %
k=w/v,
v is the phase velocity of the wave in the medium,
w = 27 x the wave frequency, and

P, are Legendre functions.

Wait [1970] showed that under undisturbed ionospheric conditions, with the Earth and
the ionosphere taken to be a spherically concentric waveguide, and with- homogeneous
conditions along the entire path, Equation 2.2 can be simplified using asymptotic expan-
sions to give the total vertical electric field E,,; at a great circle path (GCP) distance d
(> a wavelength) from the transmitter in the form

1 = .
Brosa(d) o ———a S ATReikoSnd 2.3
totat(d) |sin(d/REg) ; (23)

where

n is the mode number,
1 =+—1,

S, = sinf,, and is equivalent to the complex index of refraction for mode n, and
thus determines the attenuation and phase velocity of that mode. In the general case,
S, is a function of the waveguide properties at each point along the propagation
path. '
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#,, is the complex-valued “angle of incidence” of each mode on the ionosphere,
Rp is the radius of the Earth,
k. = 27/ ), where ), is the free space wavelength of the signal, and

ATR s a complex-valued function which includes the excitation and the height-
gain factors at the transmitter and receiver and is dependent only on conditions at
the transmitter and receiver locations.
The factor

__

| sin(d/ Rg)|

represents a cylindrical spreading factor on a spherical surface and is a first order
approximation resulting from the asymptotic expansions of the Legendre functions
of Equation 2.2. (Due to this approximation, Equation 2.3 is not valid at the
antipode of the transmitter.)

All of the variables in Equation 2.3 are functions only of the properties of the waveguide
at the transmitter or receiver locations, or of the fransmitter and receiver antennae, except
for S,.

The factor AT*® can be written out more completely as
AR - KT.R, (2.4)

where

K = a+/Pf; a is a constant coefficient; P is the radiated power; f is the signal
frequency;

Jn T

3
T, = Y t;A5,GL.(2)
j=1

3
R, = Y. riA}GE () (2.5)
a=1
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and

j =1, 2, 3 represent the three dimensional coordinates z, y, and z;

t;, r; are factors which account for the orientation of the transmitter or receiver

antenna, respectively;

Ag:;f are the “initial excitation” factors for each mode for the transmitter or re-
ceiver antennas, respectively [Budden, 1961]. These factors represent the relative
amount of each mode that each component of the antenna excites (or by reciprocity,
receives). (The initial excitation factor A as written here is equivalent to VA as
defined in Ferguson and Snyder [19801.);

Gz;f(z) are known as the “height-gain” factors for each mode for the transmitter
or receiver, respectively. They represent the relative amplitude and phase of each
of the three components of each waveguide mode as a function of altitude, at the

transmitter or receiver.

The S, are functions of the waveguide properties at each point along the propagation
path, and must be determined at each point where the Earth or ionosphere boundary prop-
erties change. Equation 2.3 is essentially a two-dimensional formulation for a waveguide
whose characteristic properties are constant throughout the propagation path (i.e., homo-
geneous). There is no dependency on changes in the y direction (transverse to the GCP).
However, Equation 2.3 does take into account the spherical curvature of the waveguide.

2.2.1 Inhomogeneous Waveguides
WKB Approximation

If the waveguide properties are not homogeneous along the direction of propagation, then
a more generalized version of Equation 2.3 is necessary. If the changes in the waveguide
properties are “slowly varying”, i.e., the variations in the waveguide properties over
distances of the order of a wavelength along the propagation direction are small, then
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the energy of each mode does not contribute significantly to that of any of the other
modes. The assumption of ‘slow variations is known as the WKB (Wentzel, Kramers,
and Brillouin) approximation, and when this approximation holds, each mode propagates
independently of the other modes [Wait, 1962; Ferguson and Snyder, 1980]. Equation 2.3
can be generalized to account for this by noting that the angles of incidence 6, are
dependent on the waveguide properties at each point along the propagation path and are
therefore functions of z. Thus, S,(z) = sin[f.(z)] is also a function of z and therefore
Equation 2.3 can be generalized by making the substitution [Wair, 1964b]:

S, — fo * $.(z)dz. (2.6)

Non-WKB Inhomogeneous Waveguides

If significant changes in the ionosphere or ground boundary properties occur over a
shorter distance along the propagation path than a wavelength, the WKB approximation
breaks down, and some of the wave energy of a mode may transfer to other modes.
This effect is known as mode conversion, and must be accounted for in determining
the total magnetic or electric field arriving at the receiver in non-WKB inhomogeneous
waveguides. In order to numerically calculate signal strengths in the Earth-ionosphere
waveguide, a method to approximate the waveguide and calculate the mode conversion
that occurs along typical propagation paths is used in this work and is discussed in the

next chapter.

2.3 Determination of the Mode Refractive Index S, (VLF
Waveguide Mode Theory)

The complex quantities S, characterize the propagating modes which can be found by
superposing two plane waves propagating at various angles of incidence 6, on the iono-
sphere as shown in Figure 2.3. Values for S,, can be computed using the mode theory of
VLF propagation in the Earth-ionosphere waveguide [Budden, 1961; Waiz, 1970]. In this

theory, the energy within the waveguide is considered to be partitioned among a series
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of modes. Each mode is associated with one of a discrete set of angles of incidence 6,
of the waves on the ionosphere, for which constructive interference occurs and energy

propagates away from the source.

To more easily visualize what is occurring, we consider again the case of the flat,
infinitely wide waveguide with sharply defined boundaries (Figure 2.4). The ionosphere
boundary has a reflection coefficient R9(0,,) and the ground surface has a reflection coef-
ficient R*(6,,). Upgoing waves will reflect off the upper boundary to produce downgoing
waves, which are in turn reflected from the lower boundary and give rise to more upgo- -
ing waves. In order to interfere constructively, the twice-reflected upgoing waves must
be in phase with the original upgoing waves, and thus must have suffered a net phase
change of 2mm radians (where m is an integer). This requirement, which satisfies the
boundary conditions at both boundaries, yields the mode, or resonance, condition for a
self-consistent mode [Budden, 1961; Wait, 1970]. If we let Fp represent the upgoing

wave and F the twice-reflected upgoing wave, the mode condition gives
|Fy|e™2™ = | Fo| R (6) B? (6,) e 2** i (2.7)
Since |F}| = |Fy| and m is an integer, Equation 2.7 reduces to

R'(8,)R9(8,)e " Wkhsintn — 1, (2.8)

Due to the effect of the Earth’s magnetic field on the plasma in the ionosphere, the
plasma is an anisotropic medium, requiring that the reflection coefficients be described
in matrix form. Also, because of various loss mechanisms in both the ground and the
ionosphere, the elements of the reflection coefficients are complex (the imaginary part '
mathematically accounting for the ohmic losses in the calculations). Thus, Equation 2.8
bccom_es [Morfitt and Shellman, 1976}

[ R (6,)RE(6x) — =0 . (29)

where
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Figure 2.4: A flat, infinitely wide waveguide with sharply defined boundaries showing the reflection angles
and geometry of the mode or resonance condition.

R} (4,) is the complex-valued reflection coefficent matrix looking up into the iono-

sphere from height %

o= | G TG ] , (2.10)

BL(a)  LRi(0)

R (6,) is the complex-valued reflection coefficient matrix looking down towards

the ground from height h

g 1 R8s) Q-
R;(0,) = [ 0 LR(0) ] ; (2.11)

and

I is the identity matrix

|10 |
I=[0 1]. (2.12)

Since the elements of the reflection coefficient matrices are complex, the mode solutions
are complex also. These mode solutions consist of the set of “angles of reflection” 4,,
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also called eigenangles, each representing one waveguide mode. This set-of complex
eigenangles, 0,, constitute the solutions to the “modal equation” (Equation 2.9).

Due to the anisotropy of the ionosphere, a wave which has a component of its electric
field perpendicular to the plane of incidence, for example E, (the plane of incidence is
the z-z plane), can, upon reflection, give rise to a wave with electric field components
polarized both perpendicular and parallel to the plane of incidence. A component of the
electric field which is parallel to the plane of incidence can also give rise to both polar-
izations in the reflected wave. Hence, in the matrix element notation (e.g., _LRfl((?n) )
the pre-subscript (L) indicates the polarization of the incident electric field component
and the post-subscript (||) indicates the polarization of the reflected electric field compo-
nent. The ground surface is considered to be homogeneous and isotropic in this model,
leading to a diagonal matrix (R}(8,)) in Equation 2.9. (However, see Galejs [1972]
for a description of equivalent anisotropy in a multilayer ground model.) Therefore, in
the isotropic case, perpendicularly polarized incident wave components give rise only
to perpendicularly reflected waves, and similarly for incident wave components having
parallel polarization.

The elements of the two reflection coefficient matrices are determined by integration
of differential equations which describe the reflection coefficients as functions of the
properties of the Earth and the ionosphere ‘boundaries’ at a given location [Budden,
1955, 1961; Sheddy, 1968].

Once the eigenangles 8, that satisfy Equation 2.9 for the appropriate waveguide
boundary conditions are determined, the quantities S,, for each mode n can be obtained
by taking the (complex-valued) sines of the respective eigehangles [Wait, 1970].

2.3.1 Numerical Solutions of the Mode Equation: MODEFNDR

Since the solutions to the mode equation (Equation 2.9) cannot, in general, be determined
in closed form, we used the computer program “MODEFNDR” [Morfitt and Shellman,
1976; Shellman, 1986; Ferguson and Snyder, 1987] developed by the Naval Ocean
Systems Center (NOSC) to obtain values for S, numerically. The input to this program,
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-~ which accounts for the curvature of the Earth, consists of arbitrarily assigned electron

- - and ion density distributions with altitude, collision frequency versus altitude profiles, the

local vector magnetic field, ground conductivity, and ground permittivity. Using these
quantities, MODEFNDR determines the elements of the ionospheric and ground reflection
coefficient matrices (R}, RY) and solves for the 6, which satisfy Equation 2.9.

Ionospheric electron and ion density versus altitude profiles can be input either via an
exponential equation describing the profile, or by means of a table containing a series of
altitude values and the corresponding density values, for non-exponential profiles. Iono-
spheric collision frequency profiles can also be input either via an exponential equation
or by explicitly entering a table of values versus altitude.

Generally, values for all the important wave and boundary properties can be input
to MODEFNDR. Both the magnitude ahd direction of the magnetic field are input, as
well as the wave frequency, and the altitude of the transmitter and receiver above the
ground boundary. Also, the masses of the different ion species can be specified by the
user. However, in the .currently implemented form of the program, both the transmitter
and receiver antennas are assumed to be electric dipoles of arbitrary orientation, and the
ground boundary is specified by only two parameters: its conductivity and its relative
dielectric constant (permittivity). There is as yet no capability to account for variations
in the ground conductivity or permittivity versus depth (which becomes more important
for the lower end of the VLF band, where the wave penetration into the ground, or skin
depth, becomes increasingly large). Nor does MODEEFNDR itself calculate variations
in conductivity or dielectric constant versus frequency. Finglly, no mechanism has been
provided to indicate changes in the altitude (above some average sea level) of the ground
surface along the propagation path.

Using these parameter values, MODEFNDR searches a region of the complex plane,
specified either explicitly or by inputting a maximum desired modal attenuation rate (See
section 2.4.2), for all #, which satisfy Equation 2.9. In the process of determining the
reflection coefficients of the ionosphere, MODEFNDR calculates an effective reflection
height. From the resultant values of the reflection coefficient matrix elements and the
modal eigenangle solutions, the attenuation rate, phase velocity, initial excitation and
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“height-gain™ factors, and the polarization mixing ratio for each mode are calculated
[Pappert and Shockey, 1971; Morfitt and Shellman, 1976]. From these, the z, y, and z
components of each mode’s electric and magnetic fields can be calculated versus altitude
(ie., €;n(2z) and h;,(z). See Pappert and Hitney [1981]; Ferguson and Hitney [1987]).
(One aspect of interest provided by the polarization mixing ratio, is an indication of
whether a mode is mostly transverse magnetic (TM) in nature, mostly transverse electric
(TE), or some mixture in between; i.e., whether a mode’s vector magnetic field is nearly
perpendicular to the direction of propagation (TM modes), or whether the mode’s vector
electric field is nearly perpendicular to the propagation direction (TE modes). Magnitudes
> 1 indicate quasi-transverse magnetic (QTM) modes, whereas magnitudes < 1 indicate
quasi-transverse electric (QTE) modes. The further from unity the polarization ratio is,
the ‘purer’ is the character of the mode.)

2.4 Examples

2.4.1 Ideal (Perfectly Conducting) Waveguide Boundaries

To give some idea of what occurs in the Earth-ionosphere waveguide, we can roughly
approximate it by treating the lower, or ground surface, boundary as a perfect electri-
cal conductor and the upper, or ionosphere, boundary as a perfect magnetic conductor
[Davies, 1966] (Figure 2.5a). The boundaries are flat, parallel, sharply-defined, and
isotropic (and hence, the reflection coefficients are scalars). Thus, the lower boundary’s
reflection coefficient is E = 1 and the upper boundary’s reflection coefficient is R = —1.
Figure 2.5b shows the first 20 mode, or eigenangle, solutions for this simple case for
a 25 kHz signal and a boundary separation of 85 km (which is roughly the effective
waveguide height of the nighttime Earth-ionosphere waveguide). In this case, because
there are no losses, the modes are either

1) purely propagating, represented by eigenangle solutions on the real axis,

2) or, purely attenuating, i.e., non-propagating or “evanescent” (below the “cut-off”
angle), represented by solutions along the imaginary axis.
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Figure 2.5: (g) Representation of the Earth-ionosphere waveguide as a waveguide with flat, parallel,
sharply-defined, and isotropic boundaries. The Earth surface (or lower) boundary is treated as a perfect
electric conductor (B¢ = 1) and the ionospheric (or upper) ‘boundary’ is teated as a perfect magnetic
conductor (R' = —1). (b) The first 20 mode, or eigenangle, solutions for a 25 kHz signal propagating in
the waveguide shown in Figure 2.5¢ assuming a boundary separation of 85 km. ' ‘
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2.4.2 “Real” Waveguide Boundaries

In the actual Earth-ionosphere waveguide, the boundaries are curved, are not perfectly
conducting, and have complex, anisotropic reflection coefficients, as mentioned before.
All of the modes attenuate as they propagate and are thus represented by eigenangles that
are neither purely real nor purely imaginary, as shown in Figure 2.6. The eigenangles
plotted in Figure 2.6b are mode solutions for a 25 kHz signal where the Earth-ionosphere
waveguide boundaries consist of the typical nighttime ambient ionosphere shown in Fig-
ure 1.3 and a sea-water surface. Contours of attenuation (in dB/Mm) have been plotted in
Figure 2.6b to illustrate the attenuation each eigenangle solution represents. The lowest
order modes (those whose real part of their eigenangles are closest to 90 degrees) have
relatively lower attenuation rates (< 10 dB/Mm) than most of the other modes, and thus
become the dominant modes that play a role in the wave’s propagation after sufficient
distance has been traversed. The ultimate dominance of any mode, however, depends
on how strongly each mode is initially excited by the transmitter antenna; generally, all
modes are not equally excited, initially. (See section 2.4.4.)

If we compare this case to the ideal case of Figure 2.5, we can see that there are no
purely evanescent modes. However, some modes, particularly the higher-order modes,
have increasingly large attenuation rates. This is shown in Figure 2.60 where we see that
the two branches of eigenangle solutions head towards higher attenuation rate regions of
the complex plane as their real part decreases towards zero degrees. (This is the same
as the mode number increasing towards infinity.) Figure 2.6 illustrates graphically why
VLF is used for long distance global communication and navigation; some of the lowest
order modes have attenuation rates on the order of only 1 dB/1000 km,

The two “branches™ seen in the locus of eigenangle solutions represent two different
sets of modes; one set are quasi-transverse magnetic (QTM) and the other set are quasi-
transverse electric (QTE). The reason that none of these modes is purely TM or purely TE
is due to the anisotropy of the ionosphere which couples the parallel and perpendicular
components of the propagating wave field, as compared to the perfectly conduicting case
where all the propagating modes are either purely TM or TE. (The difference between
the TM and TE modes of section 2.4.1 cannot be distinguished in Figure 2.5 because all
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Figure 2.6: (@) Representation of the actual Earth-ionosphere waveguide including Earth curvature and
the smoothly varying electron density of the ionospheric ‘boundary’. (b) The first 24 mode or eigenangle
solutions for a 25 kHz signal propagating in the Earth-ionosphere waveguide with the typical nighttime
ambient ionosphere represented by Figure 1.3 and a sea-water Earth surface. Also plotted are contours of
attenuation in dB/Mm. -
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of the propagating solutions lie along the real axis. The z, y, and =z components must be
examined to determine which of these are TM and which are TE.)

2.4.3 Field Strength versus Altitude

Each waveguide mode has a unique field strength profile versus altitude as shown in
Figure 2.7 for one example mode. This figure shows the magnitude versus altitude of the

three rectangular coordinate components of both the electric and magnetic fields of one of

the modes in the example depicted in Figure 2.6. In this case, the mode illustrated is one
of the lowest order modes (mode 3 according to MODEFNDR’s mode numbering system,
which happens to be mode QTM;) and is the mode corresponding to the eigenangle with
a circle drawn around it in Figure 2.6. (MODEFNDR’s method of assigning a number to

- a mode consists of ordering all the eigenangle solutions in descending order according to
their real part, starting with the mode closest to 90°. This method does not consistently
assign the same number to a given mode independent of changes in the eigenangle
solutions caused by changes in the waveguide boundary properties.)

We note that this mode is indeed mostly transverse magnetic because, even though
there are finite amounts of all three electric field components (which is not the case for
the ideal situation; see Figure 2.8.), there is almost no = component of the magnetic
field; the magnetic field consists almost entirely of the transverse y and z components.
It can be seen by the small but finite magnitude of several of the electromagnetic field
components that continue upward in altitude beyond ~90 km, that a small amount of
wave energy escapes into the ionosphere, and that the effective reflection height in this
example is ~85 km below which the bulk of the wave energy resides. (See Helliwell
[1965]; Wair [1970]; and Budden [1985] for discussion of what happens to the wave
energy that penetrates the Earth-ionosphere interface and propagates into the ionosphere
and magnetosphere.)

Once again, if we compare the real case to the ideal case (See Figure 2.8 for a plot
of the magnitude of the components of the electric and magnetic fields as a function of
height for the ideal TM; case depicted in Figure 2.5), we can see that the components are
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Figure 2.7: (a) Relative magnitude versus altitude of the three rectangular coordinate components of the
modal electric field of mode QTM; for the example depicted in Figure 2.6. (b) The three components of
the modal magnetic field corresponding to the electric field magnitudes shown in Figure 2.7a.
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Figure 2.8: (@) Relative magnitude versus altitude of the three components of the modal electric field of
mode TM,, for the ‘ideal’ case depicted in Figure 2.6. (b) The corresponding magnetic field components

for the *ideal’ case.
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similar, but due to the coupling of the two polarizations, e, and hz are not everywhere
zero and have finite magnitudes.. We can also see that while the ground surface can be
closely approximated by a perfect electric conductor (the value of all six components
of the electric and magnetic fields at or near the ground are nearly the same as in the
ideal case), the ionosphere does not behave like a perfect magnetic conductor. In the real
case, all the components become very small in magnitude as they move into the lower
ionosphere, whereas for an ideal R = —1 conductor, the z component of the electric field
(es,3) has a maximum value at the upper boundary. An analogous situation occurs if we
were to approximate the ionosphere using a perfect electric conductor (£ = 1). Thus, the
ionosphere cannot in general be treated as an ideal, perfectly conducting boundary.

Figure 2.9 shows examples of the component electric and magnetic field structure
versus altitude for modes 13 and 14 (QTM> and QTE-, respectively) for the same ambient
nighttime conditions as in the previous figures. Higher order modes have more lobes
versus altitude, the number of lobes corresponding to the subscript » used when indicating-
that the mode is of type QTM,,.

2.4.4 Initial Excitation versus Mode Number

Table 2.1 is a list of the first 24 modes of the example case discussed in the previous
two sections. Along with the mode number, the magnitude of the initial excitation level
(relative to the strongest mode excited) in dB, and the initial attenuation rate in dB/Mm,
is given for each mode. Figures 2.10a and b show corresponding plots of both of these
sets of values versus their mode number. The initial excitation values (i.e., Af’f in
Equation 2.5) are obtained directly from MODEFNDR, which evaluates them based on
the formulation of Ferguson and Snyder [1980], assuming, in this case, vertical electric
dipoles.

We note that mode 3 (QTMy) is the strongest mode excited at the transmitter followed
closely by mode 5, but they do not have the lowest attenuation rates; modes 1, 2, and 4
have the lowest attenuation rates. However, the initial excitation levels of these modes

are much lower than those of modes 3 and 5. Thus, at least initially and for quite some
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Figure 2.9: (@) Component electric field structure versus altitude of mode QTM7 for the condiﬁons depicted
in Figure 2.6. () The corresponding magnetic field structure of mode QTM7. (¢} The component electric
field structure of mode QTE7. (d) The corresponding magnetic field structure of mode QTE7.



CHAPTER 2. OVERVIEW OF VLF WAVEGUIDE THEORY

46

Table 2.1: Relative initial excitation levels and attenuation rates for the first 24
modes of a 25 kHz signal above a sea-water surface for an ambient nighttime lower

ionosphere.

Mode Type Mode Number

Relative Initial - Attenuation

Excitation Level Rate
(dB) (dB/Mm)
QTE, 1 -39.8 -1.2
QTM, 2 -18.7 -1.1
QTM, 3 0.0 -2.1
QTE, 4 -25.1 -1.1
QTM; 5 -0.2 -5.1
QTE; 6 -24.4 -2.0
QTM, 7 -1.7 -9.5
QTE, -8 -20.4 -2.9
QTM; 9 -3.1 -15.5
QTE; 10 -16.6 -3.6
QTM; 11 4.8 -23.2
QTEs 12 -13.8 -4.3
QTM, 13 -6.5 -32.6
QTE, 14 -11.9 -5.4
QTM;s 15 -8.0 -43.7
QTEsg 16 -10.8 -7.6.
QTM, 17 -9.1 -57.1
QTE, 18 -10.1 -11.7
QTM,o 19 -9.6 -74.6
QTEo 20 -10.0 -18.1
QTMy, 21 -9.9 -100.8
QTE 22 -11.0 -26.8
QTM;, 23 -11.3 -147.0
QTE;, 24 -13.7 -35.3
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. distance, modes 1, 2, and 4 do not contribute significantly to the total field of the wave.
This illustrates how it can be possible for one or more modes to be initially excited so
effectively that they remain the dominant modes for quite a long propagation distance,
even if their attenuation rates are not as low as other modes excited less effectively by

the transmitter antenna.
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Chapter 3

Two-dimensional Numerical Modeling
of VLF Wave Propagation in the
Earth-Ionosphere Waveguide

3.1 Simple Two-dimensional Modeling

The governing equation (Equation 2.3) for VLF wave propagation in the Earth-ionosphere
waveguide can be modeled numerically using realistic (“typical’”) values for the various
geophysical parameters required by these expressions.

Parameters

These include:

e Transmitter characteristics such as the transmitter location z7 and altitude, the
transmitter frequency f, the radiated power P, the antenna orientation t;, and the

type of antenna;

e receiver characteristics such as the receiver location (with respect to the transmitter

location) zr and its altitude, the antenna orientation r;, and the type of antenna;
o the propagation path (or great circle path, GCP) distance d;

¢ properties of the Earth surface such as conductivity o, relative dielectric constant
versus depth ¢,(—2z), and height of the surface above sea level;

49
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- » and properties of the lower ionosphere such as. the electron, positive ion, and neg-
ative ion densities as functions of altitude (N.(2), N;.(z), and N_(z)), the electron °
and ion collision frequencies versus altitude, and the local magnetic field B(z).

Typical Parameter Values

Typical values of these variables for VLF wave propagation in the Earth-ionosphere

waveguide are as follows:

¢ Frequencies f of interest range from ~3 kHz to 50 kHz. (These correspond to
wavelengths A between 100 km and 6 km, respectively.) As for the total radiated
transmitter power P, in all of the calculations made in this research, its value has
been normalized to 1 kW.

o Typically utilized VLF antennas include electric dipoles, monopoles, or magnetic
loop antennas, but as mentioned in the previous chapter, high power VLF trans-
mitters typically use a vertically-oriented (z direction) electric monopole antenna.
VLF narrowband receivers used by Stanford for measurement of subionospheric
signals as mentioned in Chapter 1 typically use a magnetic loop which is oriented
to detect the horizontal component of the magnetic field 4, of the propagating wave
[Wolf, 1990]. At the Earth’s surface, this usually corresponds to the vertical electric
field component e,, and for low order modes (typically the dominant modes for
frequencies < ~30 kHz) this is usually the case as can be seen by comparing the
magnitude profiles of A, and e, in Figure 2.7. However, for higher order modes
(see Figure 2.9), even though the e, component is still the only non-zero electric
field component at the Earth’s surface, the A, component is not the only non-zero
magnetic field component at the surface—there is also a finite amount of k., which
is also a horizontal component of the magnetic field. For the purposes of this re-
search, however, vertical electric dipoles are assumed for both the transmitting and
receiving antennas.

o Typical transmitter-receiver path lengths d of interest range from ~500 to 12,000
km.
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¢ Effective Earth surface conductivities o at the frequencies of interest range from
~107% t0 10~* S/m for ice caps and ice shelfs, and ~10~2 to 10~2 S/m for continen-
tal mountains and soils, to 4 S/m for sea water [Hauser et al., 1969]. Corresponding
relative dielectric constants range from e, = 5 for ice through ¢, = 15 for soils to
e, = 81 for sea water.

¢ This research is confined to modeling disturbances in the nighttime lower iono-
sphere because the daytime lower ionosphere ‘boundary’ is so low in altitude that
the effect of the electron precipitation mechanism described in Chapter 1 that causes
Trimpi events is not large enough to measureably perturb the daytime ambient elec-
tron density profile. The nighttime D region (see Chapter 1) of the ionosphere is
the least well known region of the ionosphere [Forbes, 1989; Ferguson et al.,
1989], and several versions of electron and ion density versus altitude profiles for
this altitnde range (~50-90 km) are commonly used. The simplest is a model in
which the electron density increases exponentially with altitude [Wair and Spies,

1964] : _
N,(2) = 1.4265 x 107 lF-015)=—6k! (3.1)

where £ is in inverse km, z is in km, N, is in electrons per cm?®, and &’ is a reference
height in km and can have various values depending on whether it is local daytime
or local nighttime, the frequency of the wave, and the geomagnetic latitude [Morfist,
1977; Ferguson, 1980; Ferguson et al., 1989]. Other profiles are based on rocket
measurements and various types of soundings (partial reflection method [Belrose
and Burke, 1964], pulse cross modulation [Barrington et al., 1963], incoherent
scatter radar [Reagan et al., 1981]) and are not simplta mathematical relationships
between electron density and altitude [Wait and Spies, 1964; Reagan et al., 1981].
A typical example of these is the density profile shown in Figure 1.3, which is
used as the ambient nighttime profile in most of the numerical examples given in
this report.

e Similarly, various collision frequency altitude profiles exist for electron-neutral
particle »,(z), positive ion-neutral particle v, (z), and negative ion-neutral particle
v_{z) collision frequencies [Wair and Spies, 1964; Morfitt and Shellman, 1976]. A
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typical example of these is the set of exponential profiles given in Wait and Spies
[1964], and which are used as the default profiles throughout this research

ve(z) = 1.816 x 10M=01%
vi(z) = 4.540 x 10%~01%2 (3.2)
v_(z) = 4.540 x 10%~915=

where v are in 57!, and z is in km,

o The magnetic field is that of the Earth, and therefore has a magnitude of ~0.2
to 0.7 gauss (1 gauss = 107* tesla) and an orientation that varies from horizontal
(parallel to the Earth’s surface) near the equator to nearly vertical near the poles,
and therefore depends on what geomagnetic latitudes the propagation path fravcrses.

Given these parameter values, the electric field along a propagation path can be
calculated using the straightforward two-dimensional method given by Equation 2.3 [Wail,
1962], one dimension being distance along the transmitter-receiver great circle path (GCP)
of propagation (z), and the other dimension being altitude (2). This method assumes that
all path parameters extend to infinity in both directions transverse to the GCP direction
(ie., y direction; see Figure 3.1). '

7 Ne(z)

wave frequency path length ambient ionospheric
N ground con electron density profile
P permittivity
radiated power xp xp
transinitter location

receiver location

Figure 3.1: Geometry of the 2-D VLF Earth-ionosphere waveguide propagation problem showing the
important parameters,

The values for the frequency, ground conductivity, relative dielectric constant, particle
densities, collision frequencies, and magnetic field are used to determine the reflection
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coefficient matrix elements which are then used to determine the eigenangles 4, (and
- consequently the S,). The reflection coefficient matrix elements, together with the an-
tenna orientation factors ¢; and r; and antenna altitudes, are in turn used to determine
the initial excitation factors A;{;LR and “height-gain” factors Gf;LR .

Equation 2.3, however, assumes homogeneous conditions along the entire path. This
situation occurs rarely. One example is long-distance propagation over an all-sea path.
Even then, the path may cross a part of the Earth’s surface where the Earth’s magnetic field
changes sufficiently (either in magnitude or direction) to cause significant differences in
the signal’s propagation from the simple case having homogeneous conditions (including
a constant magnetic field) over the entire propagation path,

3.2 2-D Homogeneous Propagation Example

Figure 3.2 shows two examples of a 2-D calculation of vertical electric field strength
versus distance for homogeneous conditions, one for an Earth surface conductivity of
o = 1073 §/m and relative dielectric constant of ¢, = 15 which represents soil conditions
in the mid-continental United States, and the other for & = 4 S/m and ¢, = 81 which
Tepresents sea-water; all other parameters being the same for the two calculations. The
ambient nighttime ionospheric electron density profile given in Figure 1.3 was used,
and the signal frequency was taken to be 25 kHz radiated from a vertical electric dipole
transmitting antenna. Notice that the plots show that the received signal amplitude clearly
depends on ground conductivity; the signal strength patterns for the two different ground
conductivities diverge with distance. The signal that propagates ovcf water is attenuated
less after a long distance than the one propagating over land.

Figure 3.3 shows the signal strength pattern for the 25 kHz sea water example of
Figure 3.2, but also plots the signal strength pattern for the slightly lower frequency
of 24.5 kHz as well. We note that the successive series of peaks and nulls are shifted
somewhat with distance for one frequency as compared to the other, but the overall
behavior of the amplitude versus distance is very similar.
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Figure 3.2: 2-D calculation of vertical electric field strength versus distance for two different homogeneous
ground conductivities. See text for details.
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Figure 3.3: 2-D calculation of vertical electric¢ field strength versus distance at two different frequencies
for the same sea-water conditions as in Figure 3.2,
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- Figure 3.4 is a plot of the total vertical electric field strength versus distance for the
same conditions as in the previous two figures (f =25 kHz, o0 =4 S/m, ¢, = 15, transmitter
at z = 0 km), but measured by an antenna at three different elevations within the Earth-
ionosphere waveguide: namely, at z = 0 km, 30 km, and 60 km. Note that the vertical
component of the electric field at z = 0 plotted in Figure 3.4 is approximately equal to the
total electric field at z = Q since the horizontal electric field components in the relatively
highly conducting sea-water are small. We note from Figure 3.4 that the total electric
field structure varies considerably with altitude along the entire propagation path, due
to the fact that the constructive or destructive interference between different waveguide
modes is further modulated by the altitude variation of the electric field components for
each mode as shown in Figure 2.7.

3.3 Mode Conversion

In the previous chapter we described how the electric field is a function of S, which
itself depends on the characteristics of the waveguide at each point along the propagation
path. If these change slowly over distances the order of a wavelength, then it has been
shown [Wait, 1962] that the energy of each mode does not convert measurably to other
modes. On the Earth’s surface, ground conductivity does change fairly rapidly and
sometimes abruptly, and mode conversion must be accounted for whenever such a rapid
conductivity change is encountered along a propagation path. Conversion between modes
will occur wherever the propagating wave encounters rapid changes in the properties of
the ionosphere boundary as well. '

One method to numerically account for mode conversion along the propagation path
(called the “mode conversion” method) is described as follows (refer to Figure 3.5).
The entire propagation path is approximated by dividing the path into a discrete number
of segments or *“slabs” [Wdit, 1968; Pappert and Snyder, 1972]. Within each slab all
waveguide parameters are assumed to be homogeneous, and changes in the ground or
tonospheric boundary characteristics occur abruptly at each slab—slab boundary. At each
boundary, a set (a matrix, actually) of mode conversion coefficients is calculated based
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Figure 3.4: 2-D calculation of the total vertical electric field strength versus distance for the same conditions
as in Figure 3.3 but measured at three different receiver elevations: 0, 30, and 60 km in altitude.
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~--on the differences in the waveguide characteristics of the two adjoining slabs. These

(complex-valued) coefficients represent how much of a given mode “converts” to each
mode of the signal on the other side of the boundary. Theoretically, there are an infinite
number of modes making up the total signal within each slab, but we only need be
concerned with the non-negligible modes. For example, if there are N significant modes
in slab ¢ and M modes in slab ¢+ 1, then for each of the N “incoming” modes there must
be a coefficient representing how much of each of those modes is “converted” to each of
the M “outgoing” modes. Thus, the set of all significant mode conversion coefficients
will be a matrix with N x M elements.

The mode conversion process is represented pictorially in Figure 3.5 which shows a
very simplified case of a propagation path consisting of three slabs. At the first slab—slab
boundary, the ground conductivity ¢ changes suddenly, but the ionosphere remains the
same. Below this point in the figure, we represent the signal propagating within the first
slab as being made up of three modes of equal magnitude. At the boundary, most of
the energy of mode 1 continues on as mode 1 and a small amount converts to mode
2. However, a larger amount of mode 2 converts to mode 1 resulting in there being
more of mode 1 than of mode 2 propagating within slab 2. All of the energy of mode 3
continues into slab 2 as mode 3, so it does not change at the boundary. At the next slab
boundary, the ground conductivity remains the same, but now the ionospheric density
profile changes from profile I to profile II. The various mode conversions that occur due
to this change in the waveguide characterisitics are similarly represented below this slab.

3.3.1 The NOSC “Long Wave Propagation Capability” Program

As with the mode equation (Equation 2.9), the conversion coefficient matrices cannot
be determined in closed form. In their development of a comprehensive 2-D model-
ing program called the Long Wave Propagation Capability, or “LWPC™, one of whose
main components is the program MODEFNDR described in Chapter 2, NOSC also de-
veloped two different programs to calculate the mode conversion coefficient matrices at
arbitrarily input slab-slab interfaces. One of these is called “FULLMC” [Pappert and
Shockey, 1972] and is more mathematically fundamental, and slower in execution time,
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than the other, called “FASTMC” [Ferguson and Snyder, 1980], which uses a number of
approximations to reduce the execution time, and which has been made the other main
component of NOSC’s LWPC model.

Both methods assume invariance of all parameters in the transverse, or y, direction,
and most importantly, neglect reflection at each boundary so that therefore there are no
backward-traveling modes, eliminating the need to know the future propagation history
of the signal [Wait, 1968a, b; Galejs, 1971; Pappert and Snyder, 1972; Smith, 1974].

FULLMC uses conventional mode conversion theory (sece Ferguson and Snyder
[1980]) where the electromagnetic field is represented by a complete set of orthogo-
nal eigenvector functions, and the eigenvectors consist of all the components of both the
electric and magnetic fields versus altitude (see section 2.3.1). An adjoint waveguide
with adjoint eigenvector functions is calculated, and both sets of eigenfunctions are used
to solve a full-wave integration up through the ionosphere that takes advantage of the
biorthogonality condition to determine the mode conversion coefficients for the slab—slab
interface [Pappert and Shockey, 1972; Pappert and Smith, 1972; Pappert and Snyder,
1972; Pappert and Morfitt, 1975].

FASTMC employs an incomplete set of non-orthogonal functions produced by dis-
carding the complete eigenfunctions above some height % in the waveguide and approxi-
mating them below height & by Airy functions. No adjoint waveguide is introduced and
the associated integrals are performed analytically. The problem reduces to a system of
n equations in n unknowns, which can be solved by conventional techniques [Ferguson
and Snyder, 1980; Pappert and Morfitt, 1975; Pappert and Ferguson, 1986].

Pappert and Ferguson [1986] showed that the FASTMC model gives excellent agree-
ment with the FULLMC results and was therefore incorporated into NOSC’s LWPC model
[Ferguson et al., 1989]. Accordingly, our formulation of the 3-D VLF propagation code
also relies on the use of FASTMC. In either case, in order to calculate the eigenfunction
solutions required to determine the mode conversion coefficients, a knowledge of the
mode eigenangle solutions and “height-gain” functions for each of the slabs along the
propagation path is necessary. These are calculated by MODEFNDR as described in the
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previous -chapter, -and the output from MODEFNDR is used as input to FULLMC or
FASTMC.

3.3.2 The Ground Parameters

In order to model real signal propagation along arbitrary paths over the Earth’s surface,
values of conductivity ¢ and relative dielectric constant ¢, are taken from the DECO-NRL
10 level ground conductivity map of the world’s surface [Ferguson and Snyder, 1987,
Hauser et al., 1969]. This database maps the entire Earth’s surface into ten different pairs
of o and ¢, values. No capability for determination of the variation of these values with
frequency is given. It also does not give ground elevation directly; nor does it allow for
calculation of ground parameters versus depth, as was mentioned in Chapter 2.

3.3.3 The Ionospheric Parameters

As mentioned in section 3.1, a number of different models for the electron density in the
lower ionosphere have been described [Wait and Spies, 1964; Helliwell, 1965; Morfitt,
1977, Ferguson, 1980; Reagan et al., 1981]. In order to compare the effects of lower
ionospheric disturbances on waves propagating in their vicinity with waves propagating in
their absence, we must use an ambient density profile that is consistent with the modified,
or disturbed, density profile being examined. Tolstoy er al. [1986] use the exponential
profile (Equation 3.1) of Wait and Spies [1964] as their ambient density profile and
calculated their modified density profiles based on it. For the purposes of this research, -
we use modified electron density profiles produced by the model described in Inan et al.
[1988a], and to maintain consistency, we adopt the ambient nighttime D region profile
used in that model which was taken to be representative of geomagnetically quiet times
[Reagan et al., 1981; Helliwell, 1965]. This ambient proﬁlle is shown in Figure 1.3.
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3.4 2-D Multiple Slab (Mode Conversion) Example

Figure 3.6 is a plot of the amplitude and phase of the total vertical electric field as a
function of distance from the NSS transmitter (21.4 kHz) in Annapolis, Maryland along
the GCP to Stanford, California. It uses the ambient ionosphere of Figure 1.3 (described in
section 3.3.3) and the ground conductivities and relative dielectric constants as contained
in the ground conductivity map described in section 3.3.2. The vertical lines indicate the
“slab” boundaries; i.e., where the ground conductivity changed along the NSS-to-Stanford
propagation path. The ionospheric properties were assumed to be unchanging along the
path.

3.5 2-D Modeling in the Presence of an Ionospheric Dis-
turbance

Given the capability of accounting for mode conversion between two “slabs™ having one
or more differing geophysical parameters, the 2-D method can be used to model VLF
propagation in the presence of an ionospheric disturbance along the propagation path as
shown in Figure 3.7a. For example, the effects on the received signal of a disturbed
density profile, such as the one shown in Figure 3.7b, can be studied as a function of
its width ¢ and location z, along the GCP. The disturbed region can be modeled as yet
another “slab™ along the propagation path with the same ground parameters as existed
along that segment in the absence of the disturbance, but with the modified ionospheric
parameters due to the disturbance. Initial theoretical model$ of the effects of lightning-
induced disturbances on subionospheric signals have used this 2-D method, which treats
the Earth-ionosphere waveguide as infinite in the horizontal direction transverse to the
propagation path, and assumes that the Iower ionospheric disturbance lies on the prop-
agation path and is infinite in the transverse dimension also [Tolstoy, 1983; Inan er al.,
19835; Tolstoy at al., 1986; Inan and Carpenter, 1987; Cotton, 1989].

Figure 3.7c and d show respectively the amplitude and phase of the total vertical
electric field at ground level as a function of distance in the absence of the disturbance
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Figure 3.6: (a} Electric field strength along the NSS to Stanford path. The dashed vertical lines indicate
the slab boundaries at which the ground conducnwty changes and conversion of waveguide modes can

occur. (&) Phase of the signal versus path distance.
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(ambient condition) and in the presence of the disturbance. This example is for the
21.4 kHz NSS signal traveling from east to west across North America described in
the previous section. A disturbance “slab” with a width ¢ = 200 km centered at z, =
2 Mm along the GCP from the transmitter was used in the calculations for this plot.
The ionospheric disturbance perturbs the signal in a manner similar to that illustrated in
Figure 3.5 so that the variation of both amplitude and phase is different from the ambient
pattern beyond the point where the disturbance is located. We note that the change in
amplitude and/or phase relative to the ambient signal at points beyond the disturbance
(along the GCP) sensitively depends on the receiver location. Both the magnitude and
sign of the change in amplitude (denoted as A A) or the change in phase (denoted as Adg)
changes with location of the receiver—sometimes being negative in sign and sometimes
positive. In this example, for a receiver located at Stanford, California (~3950 km from
the transmitter), a change in amplitude AA of -1.95 dB and a change in phasé Agof 14.1°
is evident from Figure 3.7. However, the 2-D method of modeling the effect of these
disturbances is very limited in how well it can represent actual ionospheric disturbances
due to lightning, which are believed to have a finite transverse extent of the order of
50-500 km. |
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Figure 3.7: (a) Schematic illustration of the 2-D method for modeling waveguide propagation in the
presence of a disturbance along the waveguide. (b) Profiles of electron density versus altitude of the
ambient ionosphere and within the disturbance region used to calculate Figures 3.7¢ and d. (¢) Amplitude
of the total vertical electric field as a function of distance under ambient condmons and in the presence of
the disturbance. (&) Corresponding phase of the sugnal




Chapter 4

Three-Dimensional Modeling of VLF
Scattering from Localized Disturbances
in the Lower Ionosphere

A three-dimensional model of VLF propagation in the Earth-ionosphere waveguide is
needed in order to better model realistic cases of scattering caused by localized distur-
bances in the Earth-ionosphere waveguide. One of the applications of such a model that
is of current interest concerns disturbances of finite transverse extent that are believed
to be created by LEP events as discussed in Chapter 1. Such disturbances may either
partially overlie the great circle propagation path (GCP), or be located nearby, but to one
side of the GCP, completely off the path.

4.1 Formulation of the Method

In a 2-D model, a localized disturbance can be modeled only as a “strip” crossing over
the propagation path and extending on either side out to infinity. Experimental evidence,
on the other hand, indicates that lightning-induced ionospheric disturbances are finite in
extent [Inan et al., 1990]. A 3-D model is thus needed for more realistic modeling of
disturbances that lie on the GCP as well as those lying completely off the propagatioh
path. Possibly the first evidence of the need for a 3-D model was brought out by Carpenter
and LaBelle [1982] who found that perturbations associated with ducted whistlers can
at times be located at significant distances (up to ~200 km) transverse to the GCP

67
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between transmitter and receiver. Inan and Carpenter [1987] also recognized the need
for more realistic models which include the effects of off-GCP locations of ionospheric
perturbations.

Recently, Dowden and Adams [1988, 1989a] put forward a heuristic three-dimensional
model based on ‘echoes’ from lightning-induced electron precipitation (LEP) lonization
‘patches’ or ridges located off the GCP. In this chapter, we present a three-dimensional
model based on a waveguide mode scattering analysis of VLF propagation in the Earth-
ionosphere waveguide in the presence of ionospheric perturbations of various types [Wair,
1961, 1964a, b, cl.

4.1.1 Modal Electric Field Scattered by an Ionospheric Disturbance

Figure 4.1 shows the basic geometry of the 3-D problem. To account for all three
dimensions, we need to incorporate information from the transverse (y) direction into
the formulation. Equation 2.3 can be generalized to include slow variations in the local
properties of the Earth-ionosphere waveguide in both the GCP direction (z direction) and
the transverse direction (y direction), in which case S,, becomes a function of both z and
y. (See Figure 4.15.) The expression for the total field a distance d from the transmitter
then has the form [Wait, 19644]

Bura(d) =~ [Sm‘iiz ?gEl > AT,

where

1
n o2 exp[—tk, | Sn(z',y")ds ; 4.1
: {\/ﬁ pl C/(y)]}m (4.)

the origin (z = 0,y = 0) is located at the transmitter, and the integration contour C is
along the path of minimum total phase between the transmitter and observation point at
d. The other variables are as defined previously in Chapter 2.

The above expression assumes that the properties of the Earth-ionosphere wavegunide
are slowly-varying in the horizontal (z and y) directions so that the conversion of modes
from one order to another, i.e., mode coupling, can be safely ignored. As noted before,
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Figure 4.1: (a) Side view representation of the Earth-ionosphere waveguide between a transmitter and
receiver separated by a distance d along the surface of the Earth. The change in the electron density with
altitude h of the lower ionosphere is represented by the change in shading density. Also represented is a
density enhancement disturbance region or perturbation of the ambient ionosphere such as those generated
by lightning-induced electron precipitation bursts. The center of this disturbance is Jocated at the point
(2o, ¥,). Such a disturbance, appearing transiently, scatters some of the signal impinging on it and causes
a temporary perturbation in the total signal measured at the receiver. (b) A plan view, seen from above,
of the situation depicted in Figure 4.1a showing the three-dimensional configuration of the problem and
identifying the geometry and variables used in Equations 4.5-4.11. Note that the origin has been shifted
to the point z = =z,
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this is referred to as the WKB approximation. This assumption is justified if the wave-
guide properties do not change appreciably in a horizontal distance of one wavelength
[Wait, 1964a] and if each mode n has relatively low attenuation, i.e.,

Tm [Si (2, y)] < 1. (4.2)

Since the modal field e, satisfies a two-dimensional Helmholtz equation of the form

6622 + == & =+ (koS )’ ={ (4.3)
for each mode of order n, we can use a perturbation method to solve for each modal field
e, in the presence of a localized disturbance region P in the waveguide. Assuming that
within the region P mode coupling effects do not occur, and that Earth curvature effects
are negligible, the solution of Equation 4.3 for each modal field e, can be found using a
Green’s function method [Arfken, 1970]. In this case, the solution is found to be [Wai,
1964a]

direct field scattered field

=] &
en(:c,y) = e( )+ e( ay)
= e(z,y) _—jj [52',v) = (S3)7] ente’, /) HE (koS2 ) do’dy!
A 32 ﬁeld cyhndr‘ical
distasbance  Tioiung
(4.4)
where

e, is the total modal field for the mode of order » (i.e., the total field seen at (z,y)
in the presence of some disturbance in the waveguide);

es is the unperturbed modal field, also called the *direct’ field, (i.e., the field seen
at (z,y) in the absence of any disturbance);

g
e‘n.

is the secondary or ‘scattered’ field, (i.e., the field seen at (z,y) due to the

disturbance);
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S? is the ambient value of 5, in the absence of any disturbance. (In the single-mode
analysis, it is a constant independent of z and y);

P is the region of integration, or ‘patch’, which extends over that portion of the
z-y plane that encompasses the disturbance (i.e., where S, # S5 );

H$ is a Hankel function of the second kind of order zero;

and

R = \/(z -2+ (y —y)2 (4.5)
is the distance from each integration point (z’,3") within the disturbance to the

observation point (z, y).

In order to simplify the evaluation of Equation 4.4, we shift the origin from the transmitter.
location to the point x = x, along the GCP between transmitter and receiver. A plan view
of the geometry is shown in Figure 4.15. The origin is located such that the transmitter
coordinates are (—z,,0) and the location where the field e, is observed, i.e., the receiver
coordinates, are (z.,0). Thus, R' = \/(ar:R -2+ (Y and d =, + .

Equation 4.4 is a Fredholm equation of the second kind, which has no general closed
form solution and is typically solved by successive approximations to form a Neumann
series [Arfken, 1970]. However, an approximate solution of Equation 4.4 can be found
by substituting the unperturbed field €, for the total perturbed field e,, inside the integral.
(This is known as the Born approximation [Born and Wolf, 1965].) This substitution is
justified if S, inside the disturbance region P is only slightly different from the ambient,
or undisturbed, value 52 (ie., |52 — (52)%| < 1), a condition that holds for the various
ionospheric disturbance electron density profiles that were considered in this study and
which are described in section 4.2,

From Equation 4.1 it can be shown that the unperturbed field el at a distance R,

from the transmitter and at a location (2',y') has the form

(') & e HSER: (4.6)

VR,
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where for the geometry shown in Figure 4.15, K is a constant factor and

R, = /e, + ) + (¥)2. (4.7)

For locations (z,y) greater than approximately one wavelength from the transmitter
or receiver, the asymptotic form of the Hankel function as given below can be used in
Equation 4.4 [Abramowitz and Stegun, 1964].

1

° 23 2 -3 o f
H(()Z)(koSnR,) o~ [WkgSOR’] € koSﬂ,R (4'8)

With the above-mentioned assumptions and substitutions, the expression for the scat-
tered modal field seen at the receiver, €} (z,,0), normalized by the unperturbed modal
field that would have been seen at the receiver in the absence of a disturbance, e (z , 0),

—@kz i2d [Sa(a',y") — (S)*] wikoSS(Ro+R!—d) 3,1 7, 1
ooy & VRS // VR da'dy’  (49)

where d is the GCP distance between the transmitter and receiver. For the purposes of

is

5

en

this study the region P is assumed to be a circular, cylindrically symmetric disturbance
with radius «, and because of circular symmetry, S(z’,y") becomes S(r’) [Wait, 19644).
Thus, the assumed geometry is as shown in Figure 4.1, and after making the substitutions
' =r'sind and ' = y, + v cos &, Equation 4.9 can be rewritten as

£}
en

=ik} [ [ T [S20) = (S2)°) -itospmorrt—a) gy gt
g ("""Rio) - 4 TI'koS° // R B dr'df (4.10)

For a circular disturbance of the ionosphere of radius a, located at (z,,¥,), and for a

given frequency, a (complex) value for the field scattered by the disturbance relative
to the ‘direct’ signal can be determined numerically from Equation 4.10 if the ambient
refractive index S, and the refractive index in the disturbance region S,,(r') are known.
The above equations provide a means to numerically model the effects of localized 3-D
disturbances on VLF waves propagating in the Earth-ionosphere waveguide [Poulsen et
al., 1990].
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4.1.2 Relationship between the Direct Modal Field ed and the Scat-
tered Modal Field e3,

The relationship between ¢;, and e}, of Equation 4.10 can be ijllustrated by using a phasor
diagram as pictured in Figure 4.2. The phasor representing the total field e, is the
vector sum of the phasors representing the direct field e} and the scattered field e;.
The difference between the length of e, and the length of e} represents the change in
amplitude (AA) caused by e;. The difference between the phase angles Ze, and Ze?
represents the change in phase (A¢) caused by e’. These two quantities, AA and Ag,
are the relevant quantities measured in the experimental data; and theoretical values for
AA and A¢ as would be observed at the receiver can be readily computed from the
(complex) value of €2 /e? determined from Equation 4.10.

P

Figure 4.2: Phasor diagram illustrating the relationship between the total signal modal field e, the direct,
or unperturbed, signal modal field e, and the scattered signal modal field e2,. The two quantities important
in the discussion of the results, AA (change in amplitude) and A¢ (change in phase), are indicated. The
phase angles. Ze,, and Ze2 are measured with respect to the same (arbitrary) reference.
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4.2 The Scattering Disturbance Model

One important cause of localized disturbances in the lower ionosphere, and the primary
motivation behind this research, is the mechanism hypothesized as causing LEP events
and associated perturbations in subionospheric VLF signals (see Chapter 1). This hypoth-
esis is that an observed subionospherié VLF signal perturbation occurring within 0.2-1.0' s
after the time of origin of an associated whistler or lightning discharge is caused by the
precipitation of bursts of electrons resulting from gyroresonant interactions in the mag-
netosphere between whistler waves from lightning and energetic electrons [Chang and
Inan, 1985). When the energies of the precipitating electrons exceed ~50 keV, the parti-
cles penetrate down to altitudes below 90-100 km, where thay can alter the upper VLF
waveguide boundary in a localized region and consequently affect the mode structure of
the propagating wave [Wolf and Inan, 1990].

Since the energy spectra of electrons precipitated by whistlers is a complicated func-
tion of wave frequency and magnetospheric parameters [Chang and Inan, 1985}, a pro-
gram, called “TSIM™, based on a simple theoretical model developed by Inan et al.
[1988] is used to calculate the change in the lower ionospheric electron density profile
that is expected to be produced under different conditions. The model does not account
for the magnitude of pitch angle scattering that is induced by the wave, which requires
test particle modeling of the gyroresonant scattering process [/nan et al., 1989]. Rather,
the simple model assumes interactions to occur at the equator and determines the en-
ergy content of the precipitated electron burst based on the frequency spectrum of the
whistler wave and the L-shell of propagation. (The McHwain’s L parameter identifies
the Earth’s magnetic field lines; e.g., the L = 2 field line crosses the geomagnetic equator
at a geocentric distance of 2 Earth radii [Mcllwain, 1966; Hilton, 1971}.)

In calculating the energy distribution of the precipitated electron burst, the model con-
siders the electron energies required for gyroresonance with typical whistler frequencies
of 0.2-6 kHz, representative equatorial cold plasma densities [Park et al., 1978; Brace
and Theis, 1974], and it assumes equilibrium conditions for the energy and L-dependence
of the trapped particle flux, linear scattering with an interaction region of fixed length,




CHAPTER 4. THREE-DIMENSIONAL MODELING METHOD 75

and a constant whistler wave intensity over the 0.2-6 kHz range. The pulse duration of
the lighting-induced electron precipitation (LEP) bursts is a user-defined variable, and
is assumed to be 0.2 s based bn Chang and Inan [1985], Inan and Carpenter [1987], and
Voss et al. [1984]. The average total energy flux in ergs cm™2 s™! is also a user-defined
variable which is determined on the basis of experimental data; typically measured fluxes
2

being in the 1072 to 1072 ergs cm™2 s~ range.

For the production of the secondary ionization by the precipitating electrons, the
model assumes that the depth of penetration is determined by the incident particle en-
ergy and atmospheric pressure [Rees, 1963; Rishbeth and Garriott, 1969]. The ambient
nighttime D region electron density profile used, as shown in Figure 1.3 (also shown
here in Figure 4.3), is representative of geomagnetically quiet times. The various dis-
turbance density profiles used in this research, were determined using the TSIM model
by specifying specific L-shell values of interest and typical average total energy fluxes
based on theoretical work [Chang and Inan, 1985] and also satellite observations [Voss
et al., 1984]. Figure 4.3 shows examples of several profiles (which we identify by the
labels “17, “II”, “III”, “IV”, and “V™) representative of the electron density at the loca-
tion of maximum perturbation (z,,y,) as a function of altitude A resulting from electron
precipitation bursts induced by lightning-generated whistlers propagating at L = 3, 2.5,
2, 1.6, and 1.4, respectively. The ambient nighttime D region electron density profile is
also shown for reference. The total precipitating electron energy flux density for each
profile was taken to be 5 x 1073 ergs cm~2 571,

The difference between the disturbed electron density N (&) at the location of maxi-
mum ionospheric perturbation and the ambient nighttime dé}isity N2 (h) is designated by
AN,(h). The variation of AN.(h) with distance in the horizontal direction r’ (see Fig-
ure 4.1b) is represented in this work by a cylindrically symmetric Gaussian distribution
such that

AN, k) = ANu(€o, Yo, h)e~ 5 (4.11)

where r' = [(2'—2,)2+(y' —¥.)?]? and the parameter a is the effective disturbance ‘patch’
radius. In general, the refractive index S,(r') depends on density in a complex manner.

However, analysis indicates that, for the parameter ranges considered, an approximate
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Figure 4.3: Ionospheric profiles used for examples and comparisons in this work. See text for the rationale
for selection of these profiles.



CHAPTER 4. THREE-DIMENSIONAL MODELING METHOD 77

expression for S, (r') can be written as
S(r') = [Sa(0) — Sple~"7%" 4 57 (4.12)

Simplified analytic solutions of Equation 4.9 are derived in Appendix A assuming that
Equations 4.11 and 4.12 apply.

4.3 Properties of the Modeled Scatterers

Using the range of typical values given in Chapter 3 of the various geophysical parameters
relevant to the problem in hand, Equation 4.4 was evaluated to investigate the scattering
nature of the type of ionospheric disturbances described in the previous section. The next
two chapters report on the effect that this type of scatterer has on a VLF wave propagating
within the Earth-ionosphere waveguide; in particular, the effects these scatterers have on
the signal amplitude and phase as measured at the receiver. In this section, we describe
several properties of the scatterers themselves as determined by numerically investigating
the “scattered field” portion e3(z,y) of Equation 4.4.

4.3.1 Insensitivity of the Scattering to Surface Conductivity Variations
under the Disturbance Region

Figure 4.4 is a plot of the eigenangle solutions in the complex plane for a 25 kHz signal
and profile II of Figure 4.3 as the disturbed electron density profile for the lower iono-
sphere. The figure shows the results for four different cases of Earth surface conductivity,
ranging from ¢ = 4 S/m for sea-water to o = 10~ S/m for low-conductivity continental
soil (e, = 81 for the sea-water case, and ¢, = 15 for the other three cases). Also plotted
are the eigenangle solutions for the ambient electron density profile of Figure 4.3 and o
=4 S/m.

Notice that the disturbed density eigenangle solutions for each mode are nearly identi-
cal regardless of the conductivity of the Earth surface boundary underneath the disturbed
region. Only for mode n = 3 (QTM;) is there any significant change in the eigenangle
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Figure 4.4: Eigenangles for different surface conductivitics. Wave frequency of 25 kHz and disturbed
density enhancement profile II from Figure 4,3 were assumed.
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solution as the Earth surface conductivity is varied. The ambient ionosphere eigenan-
~ gle solutions for Earth surface conductivities ranging from ¢ = 107! to 10~* §/m are
also nearly identical to those of the ambient case shown in Figure 4.4 for ¢ = 4 S/m.
This result indicates that the mode structure of propagating VLF waves encountering an
ionospheric disturbance, as described by profile II of Figure 4.3, would be affected in a
manner that is generally insensitive to differences in the conductivity o of the surface
under the disturbed region. In other words, a given ionospheric disturbance would scatter
an incoming signal by the same amount whether the disturbance is over water or over

different types of land.

Another way to show this result is by plotting the difference term of Equation 4.4
labelled “AS?” as shown in Figure 4.5. This is the only part of the “scattered field”
portion of Equation 4.4 that depends on the properties of the disturbed region (i.c., the
disturbed eigenangle solutions) under the Born approximation condition discussed in
connection with Equations 4.9 and 4.10. As can be seen in the figure, the magnitude of
AS? is nearly identical for all four ground conductivities for each mode. We note that
since the strength of the scattered signal is directly proportional to the magnitude of AS?
in Equation 4.4, the larger the AS? difference term is, the larger is the strength of the
modal field scattered towards the receiver. Also since 5, = sin 8,,, generally speaking,
in the region of the complex-f plane where the non-negligible mode solutions lie, and
for the type of disturbances considered in this research, the distance in the complex
plane between an ambient mode eigenangle solution and its corresponding disturbed
mode eigenangle solution gives a measure of the relative magnitude of the modal signal
scattered towards the receiver by that disturbance. Thus, the farther apart a given mode’s
ambient and disturbed eigenangle solutions are, the greater is the relative magnitude of
the scattered field of that mode compared to that of modes whose ambient and disturbed
eigenangle solutions are closer together in the complex-# plane. Figure 4.5 indicates that
for a 25 kHz signal, the higher-order QTM modes have larger scattered field strengths
than the higher-order QTE modes for a disturbance having the electron density shown
in profile II of Figure 4.3. However, we note that the overall effect of any mode on the
total scattered field is also dependent on the relative strength of that mode which arrives
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at the disturbance, which is a function of the amount of that mode initially excited at the
transmitter and the attenuation it suffers before reaching the disturbance.
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Figure 4.5: “AS"’” (see Equaticn 4.4) versus mode number for a 25 kHz SIgna] profile H of Figure 4.3,
and for different surface conductivities as indicated.

Figure 4.6 shows plots similar to Figure 4.4 for wave frequencies of 15 kHz (Fig-
ure 4.6a) and 50 kHz (Figure 4.6b). In Figure 4.6a only mode n = 1 (QTM,) and n =3
(QTM;) show any significant variation in their eigenangle solutions (with respect to the
ambient elgcnangles) and in Flgure 4.6b only mode » = 6 (QTM;) shows any significant

vanatlon

Finally Figure 4.7 is for the same conditions as Figure 4.4 except that two additional
sets of eigenangle solutions are plotted. One set is for a low Earth surface conductivity _
-of & = 107* S/m and permittivity of ¢, = 10 representative of ice shelves and shallow
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Figure 4.6: Eigenangle solutions for the different conductivites indicated and for (a) 15 and (b) 50 KHz
signals,
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ice-covered ground. The other set is for a very low Earth surface conductivity of o =
10~5 S/m and permittivity of e, = 5 representative of deep ice caps such as those in
Greenland and Antarctica [Hauser et al., 1_969]. ‘For these conditions, and in particular
over ice caps, the eigenangle solutions vary considerably from those described earlier in
conjunction with Figure 4.4. Thus, for propagation over these regions of the Earth, the
scattering from disturbances with altitude profiles such as those shown in Figure 43 isa
sensitive function of the conductivity of the ground beneath the disturbance.
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" Figure 4.7: Eigenangle solutions for ice cap surface conditions.
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4.3.2 Beamwidth of Density Enhancement Scatterers

Another important property of the type of scatterers defined by the altitude profiles of
Figure 4.3 and having transverse extent of 50-200 km is depicted in Figure 4.8 for a
representative case. Figure 4.8b shows a plot of the relative scattered signal strength
calculated for each of the first ten modes of a 25 kHz signal as a function of the angle
3 (as depicted in Figure 4.8a) measured away from the forward-scatter direction. The
scatterer used in the case shown was chosen to have a disturbed electron density profile
labelled “II” in Figure 4.3 at its center (with density falling off with distance from
the center in the manner described by Equation 4.11), and an effective radius a of 50
km, while the Earth surface conductivity and permittivity under the disturbance were
respectively taken to be ¢ = 4 S/m and ¢, = 81.

Notice that the main, forward, lobe of the scattered ‘radiation’ pattern is vetry similar
(nearly identical) for every mode. Only the overall relative magnitude varies among
the modes. The amplitudes of all the modes for scatter angles 3 outside the main lobe
beamwidth are found to be uniformly much lower than the main lobe amplitudes for
every non-negligible waveguide mode over the entire range of frequencies (15-50 kHz),
effective radii (25-200 km), disturbed density profiles (profiles I-IV of Figure 4.3), and '
ground conductivities (107°—4 S/m) considered. In all the cases involving the gaussian-
shaped (see section 4.2) disturbances considered in this research, only one main lobe is
found as depicted in Figure 4.8. Figure 4.9aq and b show the main lobe portion of the
resuits of calculations for the same conditions as those of Figure 4.8b except they are for
frequencies of 15 and 50 kHz, respectively. The general form of the main lobe is seen

to be very similar at all three frequencies.

Figure 4.10 compares the main lobe of the scattered radiation patterns of four dif-
ferent disturbances with transverse radii ¢« = 100 km, where each has a different peak
disturbed ionospheric electron density profile (corresponding to profiles I, I, III, and IV
of Figure 4.3). For comparison, the figure shows the scattering pattern of the same mode
(n = 3) for each case. (Other parameter values are: f = 25 kHz, ¢ = 4 S/m, and ¢, =
81.) This result illustrates the fact that the effective angular width of the main lobe of the
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Figure 4.8: (2) Schematic description of the scattering geometry and the definition of angle +. (#) Scattered
modal signal strength versus angle 4 for a 25 kHz signal and a distarbance 200 km in diameter. The density
enhancement profile was assumed to be profile IT from Figure 4.3 while the Earth surface conductivity and

permittivity were taken o be o = 4 S/m and ¢, = 81.
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scattered radiation pattern is insensitive to differences in the ionospheric electron density

profile of the disturbance.

relative magnitude (dB)
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Figure 4.10: Scattered modal strength versus for different disturbed density profiles I, II, III, IV as
defined in Figure 4.3. All other parameters are the same as in Figure 4.85.

10
scatter angle 1 (degrees)

15

Figuré 4.11 compares the relative magnitudes of the scattered radiation patterns of
an example waveguide mode (n = 5) for four disturbancés of different effective radii
(a = 25, 50, 100, and 200 km). Other parameter values for this example were taken to
be f = 25 kHz, o = 4 S/m, and ¢, = 81, and profile I of Figure 4.3 was assumed to
represent the altitude variation of density at the center poinf. Notice that for disturbances
which have radii of 50 km or larger, the scattered signal strength at v = 20° is lower
by more than 40 dB with respect to the forward scattered signal strength. Even for the
relatively small 25-km radius disturbance, the scattered signal strength has diminished by
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more than 30 dB for scatter angles ¥» > 35°. However, as can be seen for the forward
scattered () = 0°) signal strength, the smaller disturbances scatter a relatively smaller
amount of signal than the larger disturbances (as measured by the comparison of scattering
magnitudes at ¢ = 0°). For example, the forward scatter for 25 km radius is ~25 dB
lower than for 100 km radius, and 11 dB lower than for 50 km radius. Disturbances
having radii smaller that 25 km were not considered because such small disturbances
begin to violate the WKB approximation used in this model (see section 4.1.1). Tt also
appears that the overall scattering effect of such small disturbances is lower, so that,
generally, much larger density changes would be needed to produce the same amplitude

and phase changes at the receiver.

Our results indicate that, for the type of disturbances considered here (Figure 4.3),
most of the wave energy scatters within a fairly narrow (3-20°) region to either side of the
forward-scatter direction. An important implication of this finding is that if disturbances
are located far enough away transverse to the GCP, the scattering angle ¢ required for
reception at the receiver end of the GCP would be greater than 20° and therefore, the -
effect of these disturbances on the received signal would be negligible. For frequencies
and path characteristics considered in this work, we have found in general that most
disturbances lying more than ~200 km to either side of the GCP have negligible effect
on the signal seen at the receiver. This is because a scattered signal whose magnitude
is more than ~35 dB below that of the direct, or main, signal perturbs the total signal
strength at the receiver by less than 0.1 dB, which is the threshold measurement -of
transient amplitude changes in typical VLF data. A scattered signal having this same

magnitude can perturb the phase at the receiver by a maximum of ~0.6°.
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Figure 4.11: Scattered modal strength versus 4 for disturbances of different sizes, a = 25, 50, 100, and

200. Profile I of Figure 4.3 was as_sumecl for the disturbance profile. All other parameters are the same as

in Figure 4.8.



Chapter 5
Single Mode 3-D Scattering Model

In this chapter we discuss a simple, single-mode-propagation version of the 3-D model
of VLF wave propagation in the Earth-ionosphere waveguide in the presence of lower
ionospheric disturbances. The methodology is explained and results are given for different
cases, using typical parameter values, for which single mode analysis may be applicable.
One such case that is addressed in particular is that of the propagation of 10-25 kHz
waves over a long, all-sea-based path from the source to the receiver. Assuming that
the ambient ionosphere does not change along the path and that a single ionospheric
disturbance exists, which does not violate the WKB approximation [Budden, 1985], the
problem reduces to the analysis of the propagation and scattering of a single ‘dominant’
mode. Substantial portions of this chapter and the content of sections 4.1 and 4.2 appeared
in the Journal of Geophysical Research [Poulsen et al., 1990a].

5.1 Methodology

The results presented below were obtained by numerical evaluation of Equation 4.10
using realistic values for the different parameters d, a, y,, z, or z,, S2, and S,(r').
All distances were normalized to units of wavelength (A) and the following assumptions
were made to facilitate comparison with published data, in particular with the results of
Inan and Carpenter [1987] involving measurements of the 23.4 kHz NPM signal from
Hawaii arriving on an ~12,000 km all-sea-based path to Palmer Station, Antarctica:

89
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1. A'long (d = 800 A), all-sea-based, signal path from source to receiver (thereby
making ‘ground’ conductivity and permittivity constant).

2. A single ambient density profile N (k) for the lower ionosphere. Typical values of
ambient density were obtained from the International Reference Ionosphere [Rawer
et al., 1978] for altitudes down to 95 km, below which, the ambient profile was
assumed to have the form shown in Figure 5.1, in accordance with Reagan er al.
[1981].

3. A single dominant mode arriving at the receiver. (For an 800-\-long all-sea path
at 20 kHz (A = 15 km), our calculations, based on MODEFNDR, show the n = 3
[QTM:] field component to be ~8 dB higher than the next highest mode, the n =
1 [QTM,] component. However, the dominance of the ‘dominant’ mode may in
general need to be more carefully assessed as discussed later in section 6.4.4.)

4. A single disturbance region, or “patch”, having the general shape described by
Equation 4.11.

5. Negligible mode coupling within the disturbed region.

With these assumptions Equation 4.10 was evaluated for (1) a series of patch radii a
ranging from 0.15 A to 10 A (equivalent to a range of 2.3 km to 150 km at 20 kHz), (2)
a series of patch location distances in the  direction (z,.) ranging from points 10 A from
the transmitter to the path midpoint, i.e., 400 A in this case (equivalent to 150 km and
6000 km, respectively, at 20 kHz), and (3) a series of patchq_ locations in the y djrectioﬁ
(¥,) ranging from 0 to 20 A (equivalent to 0 and 300 km, reépcctiv‘ely, at 20 kHz).

Since Equation 4.10 is symmetric both in the = direction about the midpoint of the
GCP and in the y direction to either side of the GCP, a single ‘quadrant’ of the z-y plane
between the transmitter and the receiver provides all non-redundant information about
the received signal.

The numerical results presented in this chapter were obtained using the three different
disturbed ionospheric electron density profiles shown in Figure 5.1. The three profiles,
labeled I, I, and II (which are different from those of Figure 4.3), are taken to be
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representative of the electron density at the location of maximum perturbation (z,,y,) as
a function of altitude 4 resulting from electron precipitation bursts induced by lightning-
generated whistlers propagating at L = 2, 2.5, and 3, respectively. Again, these were
obtained using the method of Inan et al. [19884] as explained in section 4.2. The ambient
nighttime D region electron density profile that is used is also shown for reference. The
total precipitating electron energy flux density for each profile was adjusted so that the
magnitude of the difference between the disturbed mode refractive index S, (where n =
3 for this single mode case) and the ambient mode refractive index S° was the same;
ie., |S3 — S3| has been normalized to the same value for all three disturbance profiles
shown in Figure 5.1. The resulting precipitated energy flux densities required to produce
the disturbances represented by these profiles ranged from ~2 x 10-3 ergs cm™? s~! for
L =210 ~4x107% ergs cm~2 57! for L = 3. The rationale behind this normalization is
to ensure that any differences in scattering between the three profiles are due primarily
to the differences in altitude distribution of electron density.

5.2 Results

The purpose of the calculations is to determine the effect of the modeled disturbance
region on the change in amplitude AA and the change in phase A¢ of a single-mode
VLF signal propagating over a long all-sea path., Numerical results for a few of the
cases discussed above are presented in Figures 5.2-5.4. Figure 5.2 is a contour plot of
the calculated change in signal amplitude (AA) and change in phase (A¢), as seen at
the receiver, that would be produced by a disturbance whose center location (z,,y,) is
varied in both the z and y directions over the range of values mentioned above. The
result shown is for a disturbance with electron density profile 1 (of Figure 5.1) and an
effective patch radius ¢ of 5 X (60 km at 25 kHz). Figure 5.3 is a ‘slice’ along the
y direction of the contour plot of Figure 5.2 at a fixed value of z (z/d = 0.25 in this
-example) but parametric in a, and shows the variation of AA and A¢ with transverse
distance away from the GCP (i.e., in the y direction). Figure 5.4 shows the y dependence
of the magnitude and phase of the scattered field e, (where n = 3; see Equation 4.10 and
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Figure 5.1: Plot of the ambient electron density distribution with altitude and three different ionospheric
disturbance profiles used in the calculations. Profiles I, II, and III represent the electron density distribu-
tion with altitude at the location of maximum perturbation (x,,, y,,) resulting from electron precipitation
bursts induced by lightning-generated whistlers propagating at L = 2, 2.5, and 3, respectively, The total
precipitating electron energy flux density for each profile has been adjusted such that the value of [ S, — 52|
produced by each disturbed profile is the same. A typical value of 200 ms for the duration of the lightning
discharge and the subsequent LEP burst has been assumed in the profile generation.
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Figure 4.2), again at x/d = 0.25 and parametric in «. Several interesting aspects of the
results shown in Figures 5.2--5.3 can be noted as follows:

1. Disturbances centered on the GCP produce an advance in the phase and/or a reduc-
tion in the amplitude of the received signal. For disturbances located off the GCP,
any combination of positive or negative, amplitude or phase changes is possible
depending on the patch location with respect to the transmitter or receiver, and to
the GCP. (See Figure 5.3.)

2. The magnitude of the scattered modal field e, continuously decreases with distance
off the GCP (i.e., the y direction) as shown in Figure 5.4, becoming insignificant
beyond ~20 A. In terms of the phasor diagram shown in Figure 4.2, the length
of the e;, vector continuously shrinks as the patch moves away from the GCP and
thus the largest value of AA or A¢ possible also becomes smaller. This result is
expected from the directional pattern of the scattered fields that were discussed in
section 4.3.2, which indicated that the -40 dB beamwidth of the scattered field was
approximately +20° around the forward-scatter direction.

3. At a given patch location (z,,y,), the amplitude of €2 is found to depend signifi-
cantly on: (§) The magnitude of the difference, AS,, between the mode refractive
index at the peak of the disturbance S,(0) and the ‘background’ mode refractive
index 5; (in other words, |AS,| = |5,(0) — S2|). The value of AS, depends on
the electron density profile within the disturbance and on which modes are domi-
nant at the disturbance. For the range of parameters considered, it was found that
le;,| was proportional to |AS,| It was also found that-a given disturbance density
profile generally produced different e for each waveguide mode. Thus, the effect
produced by a given disturbance depends upon which mode is dominant at the
patch location. (if) The horizontal extent of the disturbance region. Near the GCP,
as the radius « of the patch is increased, the magnitude of e,, is found to increase .
also (see Figure 5.4). Thus, the larger the patch size, in general, the larger the
total VLF perturbation that is produced. However, at certain points either of the
perturbation components AA, or A¢, may decrease as o increases dependlng on
the phase of e;, with respect to that of €2 (see Figure 5.3).



CHAPTER 5. SINGLE MODE 3-D SCATTERING MODEL : 94

AA (@B

.
Q
2

=

wavelengths off GG path
o

—
;_——f__._.-—'-a-.so—————-—-—-_-o‘ao

0 50 100 150 200 250 300 350 400
wavelangths along GC path

‘A (degrees)

—L
[4)]
o0

wavelengths off GC path

50 100 150 200 250 300 350 400
wavelengths along GC path T
{profile I)

Figure 5.2: Contour plots of the calculated A4 and A¢ seen at the receiver that would be produced by a
circularly symmetric disturbance region with a horizontal Gaussian distribution whose center is moved in
both the z (along the GCP) and y (off the GCP) directions over a range of values along the GCP of 10 )
from the transmitter {or receiver) to the path midpoint (400 }), and over a range of values off the GCP of
0 X to 20 X away. The results shown were calculated using profile I of Figure 5.1 and an effective patch
radius ¢ of 5 A, The y dimension has been exaggerated for clarity. ‘
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away from the GCP for three different values of effective radius a.
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Figure 5.4: Plot showing the dependence of the magnitude and phase of the scattered signal ¢, on distance
(in wavelengths) away from the GCP for the same values of @ and x../d as in Figure 5.3 and again using
profile I of Figure 5.1. ‘The values of [e},| and Ze;, are relative to those of the direct signal e2.
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4. Disturbance density enhancement profiles that extend to lower altitudes are in gen-
eral found to cause larger changes in amplitude, yet smaller changes in phase,
for single mode propagation, than those density enhancements that lie at higher
altitudes but which have the same magnitude of AS, as the deeply penetrating dis-
turbances. Because of the dependence of |e2| on |AS,|, the density enhancement
profiles shown in Figure 5.1 were normalized to the same |AS,| in order to bring
out the differences in AA and A¢ caused specifically by the differences in altitude
distribution. In the context of lightning-induced electron precipitation, lightning-
generated whistlers covering a constant frequency range and propagating at lower
L-shells induce precipitation bursts of higher energy electrons that penetrate more
deeply than do bursts induced by whistlers of the same frequency range propagat-
ing at higher L-shells (see Figure 5.1). This is illustrated in Figures 5.5z and 5.55,
which show curves of AA and A¢ calculated for a patch with an effective radius
of 5 A, where each of the three curves in each plot are calculated for a disturbance
patch having one of the three density profiles shown in Figure 5.1. Figure 5.5a
shows the value of AA or A¢ along the GCP itself, and Figure 5.5 shows the
value of AA or A¢ away (in the y direction) from a GCP point one-fourth of the
total propagation path distance from the transmitter (or receiver). Comparing the
curves in each plot, it can be seen that profile I of Figure 5.1, representing a distur-
bance at L = 2, produces greater maximum values of |AA| and smaller maximum
values of [A¢| than does profile I1I of Figure 5.1 representing a disturbance at L
= 3 (with the same value of |AS,] as profile I),

3. The values of AA and A¢ can in some cases be used to roughly determine the
distance y, from the GCP to the disturbance. For example, AA ~ 0 when y, ~ 8\
for an effective patch radius of 5 A. (See Figure 5.2.)

5.3 Discussion and Comparison

As mentioned above, the parameters for the results shown in Figures 5.2-5.5 were cho-
sen so as to facilitate direct comparison with experimental results on the NPM signal -
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Figure 5.5: (@) Plots of A4 and A¢ similar to those shown in Figure 5.4 except the two-dimensional
‘cut’ is taken along the z direction of Figure 5.2, along the GCP (i.e., for a fixed value along the y axis of
y, = 0). The effective radius a is fixed at 5 X and the three different curves of AA and A¢ are calculated
using the three different disturbance density profiles of Figure 5.1. (b) Plots of AA and Ag versus y
similar to those shown in Figure 5.4 except that the effective radius was fixed at @ = 5 A and the three.
curves shown represent the changes produced by the three density profiles of Figure 5.1 (the same as in
Figure 5.5a). Again, z./d was fixed at 0.25 in this example. '
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received at Palmer Station, Antarctica [/nan and Carpenter, 1987]. The NPM transmitter
frequency is 23.4 kHz (A = 12.8 km) along an all-sea GCP of ~12,335 km (or 964 )),
and the unperturbed signal at the receiver for these parameters consists basically of a
single, dominant mode. Inan and Carpenter [1987] found that the distribution of phase
perturbations typically peaked around A¢ ~ 2.5°, and that the overwhelming percentage
(> 95%) of the events observed were positive phase, negative amplitude perturbations.
More recent measurements [Wolf, 1990; Wolf and Inan, 1990] showed similar results
and also found that the distribution of amplitude perturbations seen at Palmer typically
peaked around AA ~ —0.3 dB. Our numerical results indicate that disturbance patches
centered on or near the GCP always produce positive A¢ and negative A A values for
single mode propagation, and that the strongest magnitude scattered signal strengths are
produced by patches closest to the GCP. Thus, it appears that most Trimpi events seen
on the NPM—Palmer signal may be due to disturbances located close to or on the GCP.

It is of interest to consider the distribution of |AA| and |A¢| over long time periods
where a disturbance might be expected to appear at a wide range of locations. Figures
5.7a and 5.7b show plots of |AA| versus |A¢| for a variety of patch sizes o and a regularly
spaced grid of patch locations (z,, y,) for two specific disturbed density profiles N, (', &),
(profiles I and III of Figure 5.1, respectively). These figures are similar to Figure 11a of
Inan and Carpenter [1987] or Figure 7 of Dowden and Adams [1988], reproduced here in
Figure 5.6; however, the results shown in Figure 5.7 do not take into account the relative
probability of occurrence of different size LEP patches nor the relative probability of
occurrence of different locations of the patch with respect to the signal path. Rather, they
show a range of A A-versus-A¢ values produced by a given disturbed density profile that
can be expected on the basis of the present theory. In comparing Figure 5.7a with Figure
11a of Inan and Carpenter [1987], we note that the theoretical results are computed
for a selected range of parameters that represent typical circumstances. In particular for
Figure 5.7a, a range of patch radii « from 3.75 X to 10 A only was used together with the
same density profile (profile I of Figure 5.1) for all of the values of the points. Profile I
is representative of an energy flux density of ~2 x 10~2 ergs cm~2 s™! occurring at I =
2. Patch radii a larger than 10 A and/or energy flux densities greater than ~2 x 10~2 ergs
cm~? 57! would lead to |AA| > 0.9 dB and/or |A¢| > 6°. Any discrepancies between |
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Figure 5.6: Figure 11a of fnan and Carpenter [1987] showing a comparison of measured simultaneous
amplitude (A A) and phase (A ¢) perturbation sizes on the NPM signal cbserved at Palmer Station, Antarc-
tica. Data from 12 different periods during September—October 1983 are shown. In four of the periods
fewer than three events could be scaled; these points are shown with open circles, The sclid line shows
the theoretically expected relationship of A4 and Ag.

our Figure 5.7a¢ and Figure 1la of Inan and Carpenter [1987], for example the fact that -
a number of the measured data points of Tnan and Carpenter [1987] have |AA| >~0.9
dB or |A¢] >~6° can be easily attributed to such variations in the parameter ranges.

While other recent work [/nan and Carpenter, 1987; Dowden and Adams, 1988,
1989a; Cotton, 1989] considered the ionospheric disturbances simply in terms of a re-
flection height change [Ratcliffe, 1959; Hayakawa and Shimakura, 1978], our results
illustrate the critical dependence of AA and A¢ on the disturbed ionospheric density
profile. One result is that the ratio of amplitude change to phase change, i.e., |AA/Ad),
is larger for disturbance density enhancements lying at lower altitudes, such as what.
would be produced by LEP bursts at lower L-shells (e.g., see profile I of Figure 5.1)
than for those lying at higher altitudes and corrcsponding to LEP events at higher L-
shells (e.g., see profile IIT of Figure 5.1). This result is seen by comparing Figures 5.7a
and 5.7b. Since the values plotted in Figure 5.7a borrespond to a disturbance density




-

CHAPTER 5. SINGLE MODE 3-D SCATTERING MODEL 102

3
x = 400K, y=0l—\
0.8
) X = 400A
y=1a = 10k y =0
= 0.6
s (a)
g 104, y = 12
= 0.4
0.2
0 ‘ - . . -
0 1 2 3 4 5 6 7
lap} (degrees)
(profile 1)
1
oy
= (b)
£l
7
14¢1 (degrees)
(profile 1)

Figure 5.7: {a) A plot of calculated values of |A A| versus |Ag| for a range of patch radii e from 3.75 X to
10 ), and a regularly spaced grid of patch locations (z,,y,) spaced 10 X apart in the = direction (ranging
from 10 X to 400 ) away from the transmitter or receiver) and I A apart in the y direction (ranging from
on the GC path to 20 A off the GCP) for disturbance density proﬁlé I of Figure 5.1, Arrows indicate
calculated values corresponding to disturbance patches located near the transmitter or receiver (z = 102)
that lie on the GCP (y = 0X) or 1 X away from it (y = 1}), and patches located at the GCP midpoint
(z = 400)) that also lie either on the GCP or 1 A away from it. These outermost “arcs” of points in this
figure correspond to a patch radivs e of 10 A, For the cutermost sets of points in this figure, as one travels
along an arc from the end nearest the |A¢| axis towards the end nearest the | A 4| axis, the regularly spaced -
grid location of the center of the paich is raversed from =z = 10X to # = 400X, while moving from arc
to arc towards the origin corresponds to increasing distance away from the GCP (i.e., the y direction). The
outermost set of arcs corresponds to the largest patch radius used. The relative probability of occurrence of
different size patches or of different locations is not taken into account in this figure, The line represents
a |AA|/|A¢| ratio of 0.14 dB/degree. (b) A plot similar to Figure 5.7a except that disturbance density
profile IIT of Flgure 5.1 was used in the calculations instead of proﬁle L
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enhancement lying at a lower altitude than that of the values plotted in Figure 5.7b (i.e.,
profile I versus profile Il of Figure 5.1), the ratio |AA/Ag¢| of points in Figure 5.7q is
larger than such a ratio of the corresponding points in Figure 5.7b (Figures 5.7a and 5.7b
differ only in the disturbed density profile used in their calculation). As a consequence,
it can be seen that the ‘average’ slope of the envelope of the points plotted in Figure 5.7a
is higher than that of the envelope of points plotted in Figure 5.75.

Another interesting feature of our results relating to the use of electron density profiles
to model disturbance effects rather than the use of effective reflection height changes is
that the ionospheric disturbance profiles shown in Figure 5.1 do not actually lead to
significant changes in effective reflection height for the waveguide modes. For example,
the maximum change in effective reflection height calculated by our model is produced
by profile III and has the small value Ah ~ 2 km. Thus, the wave perturbations in our
model are produced mainly by the ionization which lies below the effective reflection
height, and the actual change in reflection height is a secondary effect in producing the
perturbations. In contrast, some of the modeling work of Dowden and Adams [19894] has
relied on reflection height changes of ~15 km to produce AA and A¢ values comparable
to measured ones. In view of this circumstance, we believe that it can be physically
misleading to describe waveguide perturbations in terms of effective reflection height
changes.

Dowden and Adams [1988] suggest that the Trimpi events they studied were produced
by small LEP patches, and that there was no statistical correlation between the ‘echo’
(scattered) magnitude |ef| and the ‘echo’ phase /e®. Based on this assumption, they
hypothesized that the expected value of the scattered magnitude and scattered phase was
the same, i.e., <ej}> ~ <Ze}>. This corresponds to a line drawn on a [AA|-|Ad| plot
with a slope of 0.14 dB/degree. However, we find that based on our model, the results
predict a different behavior for the scattered signal phase /e®. It is interesting to note
that when a line with slope 0.14 dB/degree is plotted in Figures 5.7a and 5.7b, it passes
through the midst of many more of the points in plot @ representing signal changes caused
by a disturbance located at [ = 2 than in plot b representing the same effect at L = 3.
The ‘average’ slope of the envelope of points plotted in Figure 5.7h corresponding to
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disturbances at L = 3 has a smaller value than that of the envelope of points plotted in
Figure 5.7a corresponding to disturbances at L = 2; and this ‘average’ slope is found to
increase as the location of the disturbance causing the signal changes is moved to lower
L-shells (using the density distribution model described by Inan et al. [1988a]). Thus,
the ‘average’ slope of the envelope of [AA[-|Ag]| points plotted for a disturbance located
at or near Palmer, which is located at L ~ 2.3, would lie somewhere between that of
Figure 5.7a, corresponding to L = 2, and that of Figure 5.7b, corresponding to L = 3,
being somewhat closer to that of Figure 5.7a than that of Figure 5.7, It is interesting
to observe that the theoretical 0.14 dB/degree slope calculated by Dowden and Adams
[1988] also lies between the ‘average’ slope of the points of Figure 5.7a and that of
Figure 5.7b, but is closer to that of Figure 5.7a. Thus, if the measured data points plotted
in Figure 11a of Inan and Carpenter [1987] correspond to disturbances somewhere near
Palmer (located, say, between L =2 and L = 2.3), it may be fortuitous that a line with
slope of 0.14 dB/degree passes through their midst.

Dowden and Adams [1988] suggest that the disturbance patch is an inverted pimple
or ‘stalactite’ of small horizontal dimensions. The model described in this paper indicates
that as the horizontal size (e.g., radius a) of the disturbance is increased, the magnitude
of e; also increases (Figure 5.4). For the realistic ionospheric parameters used in our
calculations, we find that the change in effective reflection height (Ah) produced by
disturbance profiles such as those shown in Figure 5.1 is small (Al < ~2 km), and
that patches with small (¢ < 1) horizontal extent simply do not diffract enough signal
to affect the ‘direct’ signal e} significantly. In most cases when ¢ < A, the value
calculated for |e;, /e, | is much less than —30 dB, which was the typical value Dowden and
Adams [1988] suggested according to their calculations for the strength of the scattered
signal relative to the direct signal. Dowden and Adams [19894] suggest the existence of
elongated disturbance stalactites or ridges produced by electron precipitation arcs aligned
with an L-shell to explain Trimpi events measured at Dunedin, New Zealand. They
again suggest that Ak ~ 15 km which is much larger than what we find is produced
by the density profiles used in our calculations. They explain that the location of such
elongated stalactites is restricted to regions where some segment of an ellipse of constant
echo signal delay (with the transmitter and receiver as foci) is within a few degrees
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of L alignment and suggest that the lack of this requirement may prevent the use.of
their model for explaining Trimpi events measured on other paths such as the NPM-
Palmer path mentioned in this paper. A plan view of their ridge-like depression is
approximately elliptical and is parallel to the NWC-Dunedin GCP. Equation A.16 of
Appendix A indicates that the strength of the scattered field of an elliptical disturbance
patch with Gaussian density distributions along each axis of the ellipse in the horizontal
plane is linearly proportional to disturbance length parallel to the GCP. Thus, there is
some similarity between the results of Dowden and Adams [19894] and our model.
However, we note that our formulation assumes the density profile within and around
the patch to be slowly varying (with vertical and horizontal distance) in order for mode
coupling to be negligible and for the Born approximation to hold. Thus, a multiple-mode,
non-Born-approximation model would be necessary to truly test the stalactite hypothesis.

For reasonable S5,,(r) shapes and ionospheric electron density. profiles, we obtain
values for AA and A¢ that are of the same order of magnitude as those measured on
NPM-Palmer signals (i.e., AA ~ —0.3 dB, A¢ ~3°). Tolstoy et al.’s [1986] multiple-
mode 2-D theory predicts a range of values for AA and A¢ on the NPM—Palmer path
of —0.08 to —0.34 dB and —0.46 to +6.0 degrees, respectively. Although some of
these values are comparable to those of Figure 5.3, it is not possible to compare the |
results of our 3-D theory with the Tolstoy et al. [1986] 2-D theory since the Tolstoy et
al. [1986] results include strong mode-coupling effects while our WKB theory neglects
these effects. Nevertheless, the ionospheric density profiles used by Tolstoy et al. were
based on monoenergetic electron precipitation, whereas the profiles we used to model the
disturbances are more realistic (see section 4.2).

5.4 Summary and Conclusions

We have presented in this chapter, single mode results from a three-dimensional model of
subionospheric VLF propagation in the presence of localized D region irregularities of the
kind produced in lightning-induced electron precipitation events. This formulation allows
us to estimate the magnitude and phase at the receiver of the electric field as it is affected
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by scattering from ionization disturbances which lie off the great circle propagation path. |
Our results, using typical values for the ionospheric parameters, correspond well with
actual values of amplitude and phase changes measured on a signal path having similar
physical parameters as those assumed in the model, namely, single-mode propagation
over a long sea-based path. It is found, for example, that modest ionospheric disturbances
within ~10 A of the GCP can produce amplitude and phase changes of the same sign and
order of magnitude as the large majority of LEP events measured on the NPM signal at
Palmer Station, Antarctica. The specific details of the altitude profile of the disturbance
is found to have a significant effect both on the magnitude of the scattered signal and
on the ratio of amplitude changes to phase changes caused by such a disturbance. In the
context of lightning-induced electron precipitation, the disturbed profile produced by a
precipitation burst at a lower L-shell has a higher density enhancement at lower altitudes,
and produces a higher [AA/Ag| ratio, than does a profile produced by precipitation at a
higher L-shell. We also find that the values of AA and A¢ can be used to give a rough
estimate of the distance from the GCP to the disturbance.

In this chapter it was assumed that the ionization disturbance varies smoothly with
radius and that a single mode is dominant. However, more abrupt horizontal distribu-
tion profiles violate the slowly varying approximation, and thus, most likely produce
additional modes through mode coupling. If this occurs close enough to the receiver
that the additional modes are of comparable strength, effects more complicated than
those predicted by a single-mode model would occur. In the next chapter, we extend
the single-mode formulation to a multiple-mode WKB model which can account for the

presence of multiple modes incident on the disturbed region and at the receiver.




Chapter 6
Multiple Mode Scattering Model

6.1 Introduction

In the previous chapter, we considered a single-mode method of modeling the effects of
scattering caused by localized enhancement disturbances (also referred to as scatterers)
in the lower ionosphere. The entire ambient path was considered to be horizontally
homogeneous, and the disturbances considered were assumed to involve gradual (i.e.,
slowly varying) changes in electron density over distances in the horizontal direction
of the order of a wavelength, thus allowing the use of the WKB approximation. Also,
the maximum change in electron density from the ambient values was assumed to be
of sufficiently small magnitude that the Born approximation could be used within the
scattering region. This single-mode scattering method can be extended to the case of
multiple modes in the WKB limit. In this chapter we consider more realistic great
circle propagation paths by taking into account conversion between the different modes
as the signal propagates along paths which have changing ground conductivities and
permittivities i) between the transmitter and receiver, if) between the transmitter and the
disturbance, and iii) between the disturbance and the receiver. We extend the single mode
method to take into account all non-negligible modes that arrive at and are scattered by
the disturbance. However, we continue to assume that the nature of the disturbance is
such that the WKB approximation still holds, and that, therefore, mode conversion within
the scattering disturbance region can be neglected. |

107



CHAPTER 6. MULTIPLE MODE SCATTERING MODEL 108

For the case of a single dominant waveguide mode, it was found (as described in the
previous chapter, and by Poulsen er al. [1990)) that the scattering effect of a localized
electron density enhancement is dependcnt on the altitude profile of ionization in the
disturbed region. In other words, it was found that the disturbance should not merely be
treated as a reflective scatterer, but that rather, the actual altitude profile of electron density
within the disturbance (as compared to the ambient density profile) must be considered
in determining the effects that a particular disturbance will have on the propagating VLF
wave. Figure 6.1 shows an electron density disturbance profile (as well as a typical
ambient density profile) that would be expected to occur at the center of a disturbance
produced by an LEP event at L ~ 2.0 [Inan et al., 19884]. (The disturbed density profile
shown here is the same as profile T of Figure 4.3.) The altitude profile of enhanced
ionization within the disturbed region is expected to be an important determinant in
the more general multiple-mode cases as well, especially since each waveguide mode
is scattered a different amount relative to the other modes of the wave by the same
disturbance.

6.2 The Model

The underlying methodology of the multiple-mode 3-D model is depicted in Figure 6.2.
Basically, the Long Wave Propagation Capability (LWPC) developed by the Naval Ocean
Systems Center (NOSC) [Pappert and Snyder, 1972; Ferguson and Snyder, 1987], as
described in Chapters 2 and 3, is used to calculate the complex signal strength of the
wave as it travels along the direct path between the transmitter and receiver (‘direct
path’), and along the paths from the transmitter to the disturbance (‘leg 1°) and from
the disturbance (or scatterer) to the receiver (‘leg 2°), taking into account the changes in
ground conductivity and consequent multiple mode propagation which occurs along each
path. In addition, the single-mode 3-D method described in the previous chapter is used
to calculate the magnitude and phase of the signal scattered by the disturbance towards
the receiver on a mode-by-mode basis, assuming that no conversion among modes occurs
within the disturbed region. (This assumes that the WKB approximation is valid; in other




| CHAPTER 6. MULTIPLE MODE SCATTERING MODEL 109

0

80r

701

altitude (km)
23]
o
H

nighttime ambient
a0k e disturbed profile (III)

30 : ' : : : :
10 10® 102 10" 10° 107 102 10°
electron density (cm3)

Figure 6.1: Plot of the electron density distribution versus altitude at the center of a disturbance produced
by an LEP event induced by whistlers propagating at L ~ 2.0. A typical value of 200 ms for the duration
of the lighming discharge and subsequent LEP burst and a precipitated electron flux of 5 x 10~2 ergs
cm~2 s~ has been assumed in the profile generation, The ambient density profile used in the study is
also shown.
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words, that any variations in the ionospheric or ground properties are gradual and small

over distances of ~1A in the horizontal directions.)

Great Circle
Paths

(LWPC)

— ®
TRANSMITTER @ direct path RECEIVER

Figure 6.2: A depiction of the methodology used to calculate the total perturbed value of the electric field
observed at the receiver, The numbers correspond o the numbered items given in the text of section 6.2.3.
The Long Wave Prophgation Capability (EWPC) is used along the three great circle paths shown, and the
single-mode 3-D methodology explained in Poulsen et al. [1990] is used on a mode-by-mode basis within

the ionospheric perturbation region. See text.

The single mode formulation described in the previous chapter can be extended to

apply to the case of multiple mode propagation and scattering by combining Equations 2.3

and 4.4 to write
Etota.l ~ ZATR +en] _ ZATReo +ZATR 5

where
c—ikeS3d

| sin(d/R )|

(<]
~J
ey

and

e;=(”*k2) / 52 («',9") — (82 en(a 'y ) HE (ko ShR)da'dy

(6.1)



CHAPTER 6. MULTIPLE MODE SCATTERING MODEL 111

as before. Now if instead we make the same substitutions as were made in Chapter 4, in
particular, using the Born approximation (i.e., substituing e for e, in the integrand) and
substituting Equations 4.6 and 4.8 for ¢2 and Héz) respectively, we can write

EBotal ZATRKe;jS : iATR (—_—T—z) ff S2(=',9") — (S2)Y]
E 3

K e=ikoS3R, 2; \ 7 e—ikoSIR’
<" }{(wkos:;) v (64

where all the variables have been previously defined.

6.2.1 Cylindrical Spreading on a Spherical Surface and the LWPC
Code

Equation 4.6 (i.e., €, ~ Ke~ %54 /\/d) represents a far-field approximation for a cylin-
drically spreading wave. It does not, however, account for the fact that on the Earth
the wave is cylindrically spreading over a spherically curved surface. Equation 6.2 is a
~ more accurate representation of the wave’s spreading with propagation distance on the
surface of the Earth [Wait, 1970; Ferguson and Snyder, 1980]. If we equate Equations 4.6
and 6.2 and use the small angle approximation sinz ~ g for ¢ < 1, then we find that

K=\/R,ford< R,.

The LWPC code calculates the electric field versus distance using Equation 6.2 which
is a more accurate representation of Equation 4.6. Since we use the LWPC code to
calculate the propagating field components along the three propagation paths illustrated
in Figure 6.2, we need to account for the discrepancy between the two representations
for e, in the final formulation of the scattered field integral. Thus, we define

tho Sz
BPe(s) = ATRE T (65)

|sin{z/R)!
and then using K = ,/R_, we make the following substitution:

K —ika 82
Az’Re—\/;—— | 6£WPG($). . (6.6)
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Using this substitution in Equation 6.4 (and rearranging), we find
> [ —ik2 21
B 2 3 e + 3 ( 1 ) (WkoS“’)
—iko SSR!
[f [s29) = (527] {277 a, )}{ }d:t:’dy (6.7)
P

[~

The Hankel function term in the integrand of Equation 4.4 essentially represents the re-

radiation of each modal field towards the receiver over a flat Earth by each infinitesimal = -+ - * -

arca element of the disturbance being integrated by the double integral. The double
integral then is “summing” the contributions to the scattered signal of all the infinitesimal
radiators making up the disturbed region. We can extend the e~#*°5~& /\/R7 portion of
the asymptotic expansion of the Hankel function term to account for the sphericity of the
Earth’s surface again by using Equation 6.5. This means that we can take advantage of
the LWPC code to calculate the propagation of the scattered signal from the disturbance
to the receiver location and account for the spherical surface over which it propagates.
Equation 6.7 can thus be rewritten as

Etotai i Z eiWPC’(d) + E Cn \
" " LWPC( )

{/ [Sfb(a:',y') — (5’;)2} { LwPC (R )} {W} de'dy’  (6.8)

and

~ik?\ { 20 \?
eI

6.2.2 Simplifying Computational Approximations

Given enough computer time and patience, Equation 6.8 can be used as written to calculate
the total perturbed electric field caused by a lower ionospheric distur_bancc taking into
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- account multiple mode propagation and mode coupling over a real Earth but neglecting
mode conversion within the disturbed region. However, the LWPC code must then be
run to and from each infinitesimal area element of the double integration (P). In order
to reduce the very large amount of computer time required to do so, we assume that the
spatial variation of the underlying ground conductivity along all paths going from the
transmitter to all points within the disturbance region are the same. We further assume
the same to be true for all paths leading from all the points within the disturbance region
to the receiver, and choose the paths leading to (i.e., R,, in Figure 6.3), and from (i.e.,
R}), the center of the disturbed region as the representative paths. Thus, the ground
conductivity along any radius within one of the two sectors shown in Figure 6.3 is
assumed to be identical to that along the center radius of that sector, respectively. This is
a reasonable approximation because the angles subtended by such sectors are usually very
small (typically < 5°) for longer paths, and for short paths, the wave does not propagate
far enough to be significantly affected by any large changes in ground conductivity
between the disturbance and the transmitter (or receiver). In the rare instances that the
boundary between two regions of significantly different conductivity is nearly parallel to
the centerline of the sector, and lies under the sector area in question, this approximation
would break down. The distance from the transmitter to the center of the disturbance
is denoted R, and the distance from the center of the disturbance to the receiver is
denoted R, as shown in Figure 6.3. Another simplifying approximation that we adopt is
to assume the ground conductivity under the center point of the disturbance to be equal
to the ground conductivity underneath the entire disturbed region. This assumption is
required by the WKB approximation used in our model, and is reasonable in view of the
results of section 4.3.1 indicating that the scattering caused by a disturbance is insensitive
to differences in the conductivity of the Earth surface underneath the disturbed region
{except in ice cap regions).

Since the transverse dimensions of disturbance regions studied are larger than a wave-
length, the phase of each modal signal can vary significantly across the disturbance region.
Thus, a geometrical factor F, (', y’) which accounts for the phase difference (and signal
attenuation) of each modal field arriving at each infinitesimal area element across the
disturbance region (P) with respect to the modal field phase (and amplitude) arriving at
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Figure 6.3: The ‘incident sector’ and ‘scattered sector’ within which li¢ all propagation paths from the
transmitter to each infinitesimal area element and from each area element to the receiver, respectively.

the center point of the region P must be included in the integrand. This factor is such
that
e PR )e " TR = Fule',y el P ®(Roc)e" O (RL) (6.10)

where R, and R', as defined in Chapter 4, are functions of 2’ and ¢/, but R,, and R,
as defined above, are constants and can be moved outside the double integral. If we
substitute Equation 6.5 into Equation 6.10 and solve for F,,{z’,y’) we find that

b -Sin(ROC/RE)Sin (Be/Bo) | —ikoSal(Rot )= (Roct B]
% ”(z’y)‘d sin (R,/R,)sin (R'/R,) |°

(6.11)

where the variables are as previously defined.

Substituting Equation 6.11 in Equation 6.8 we obtain the final formulation that we
use to describe the total electric field at the teceiver in the general case of multiple mode
3-D scattering method from a disturbance region P:

LWPC ~ LWPC LWPC(R') /
Eiota = E (d)-l-; €y (Roo) =71 KATRC f/ 5'2 —(5) ] Ful2', y")da'dy'
(6.12)
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where

EMWPO(d) = 3o eLWFC(d), which is the electric field that is obtained using the
standard LWPC code along the direct transmitter—receiver path in the absence of
any disturbances,

eLWFO(R,,) is the electric field for mode n calculated with the LWPC code along
‘leg 17 (Figure 6.2) from the transmitter to the center point of the disturbance,

el"PO(R])/KATR is the electric field, also for mode n, calculated using the
LWPC code along ‘leg 2’ from the center point of the disturbance to the receiver,
but with the transmitter and receiver antennae height-gain and initial excitation
factors removed from the LWPC calculations. (AL is calculated by LWPC when
evaluating eZ¥FY(R,.) and only needs to be included once in the transmitter—
scatterer-—receiver propagation path calculation.) The factor K is a result of the
geometrical spreading factor substitution explained in the previous subsection.

The other variables have been previously defined.

The summation in Equation 6.12 is in principle over an infinite number of modes, but
beyond a finite number N the modes become negligible in magnitude.

6.2.3 The Methodology

The methodology of our multiple-mode scattering formulation, based on Equation 6.12,
can now be summarized as follows where steps 1-6 correspond to the label numbers in
Figure 6.2:

1. LWPC is used along the GCP from the transmitter to the receiver to find the total
electric field arriving along the ‘direct path’ (Fgyect).

2. LWPC s used along ‘leg 1’ from the transmitter to the disturbance to find the value
of the eleciric field for each mode n arriving at the center of the disturbance region
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(en,). This calculation includes the effects of both the transmitter, and the receiver
at which the scattered signal will eventually arrive.

3. A factor representing the signal strength scattered by the entire disturbance towards
the receiver is calculated for each mode », one mode at a time.

4. LWPC is used along ‘leg 2’ from the center of the disturbed region to the receiver,
but renormalized to account for only the propagation effects on each mode in

travelling from the disturbance to the receiver. (The usual antenna excitation values

for both the transmitter and the receiver have already been calculated in step 2.)

5. The results of steps 2, 3, and 4 are combined to find the total electric field scattered
by the disturbance which arrives at the receiver (B, itered)-

6. The direct and scattered electric fields are summed to obtain the total perturbed -
value of the electric field (Ftotal = Edirect + Escattered)'

7. The total perturbed value of the electric field at the receiver E,,;y; is coﬁlpared
to the total ambient electric field at the receiver Ejy;,..; to calculate the change
in amplitude AA and change in phase Aqﬁ caused by the disturbance. The latter
quantities are directly measured in experimental data when a localized disturbance
suddenly appears, for example due to a burst of precipitating energetic electrons.

6.3 Example of the Use of the 3-D Multiple Mode Model

An example of the application of the 3-D methodology (including the effects of ground
variation along the propagation paths) is presented in Figures 6.4 and 6.5 for the prop-
agation path between the NSS transmitter (Annapolis, Maryland, f = 21.4 kHz) and
Stanford University and a particular example of an ionospheric disturbance. The center
of the disturbed region for this case was assumed to have the disturbed density profile
shown in Figure 6.1, and the density enhancement was assumed to decrease with radial
distance from the center and merge back to the ambient density proportional to a gaus-
sian function (as described in section 4.2) to produce a cylindrically symmetric transverse
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profile with ~100 km effective radius. The center of the disturbance is taken to be 100
km in the transverse direction away from a point 3000 km along the GCP from the
NSS transmitter, and on the northerly side of the NSS—Stanford path. Figure 6.4 shows
the amplitude and phase plots along the three propagation paths (‘legs”) of Figure 6.2.
The signal propagation along ‘leg 1° and the direct path is similar to those previously
discussed in connection with Figure 3.6, and in fact the amplitude variation along ‘leg 1’
is the same as that along the first ~1000 km of the direct path. We note that along the
scattered path (‘leg 2’), a larger number of modes of comparable amplitude (beginning
at the scatterer) result in a complicated amplitude variation that is quite different from
that of the final megameter of the direct path. It should also be noted that the amplitude
scale for ‘leg 2’ is different than for the other two legs since the field scattered towards
the receiver is generally much smaller than the field incident on the disturbance.

Further insight into the propagation along the different path segments and the scat-
tering can be gained upon examination of Figure 6.5. Here we show the relative signal
strength and phase for each of the strongest propagating waveguide modes at various
points along the three paths of propagation for the specific example described in the
previous paragraph. The units of vector length for each phasor diagram are in uV/m,
assuming a total radiated transmitter power of 1 kW. (We note here that this is simply
a normalization for the purpose of discussing relative magnitudes. The typical radi-
ated power levels for operational VLF transmitters are 10 kW to 1 MW and the NSS
transmitter nominally radiates ~250 kW.) As was noted in the previous paragraph, the
phasor diagrams show generally larger amplitudes of higher-order modes being scattered
by the disturbance that subsequently propagate along ‘leg 2*: Even at the receiver, there
are substantial amounts of these higher-order modes still present. It is interesting, for
example, that mode QTE, has a larger magnitude than modes QTE; or QTE, incident
on the disturbance (at the end of ‘leg 1°), but that upon scattering, mode QTE, has a
larger magnitude than either of modes QTE; or QTE,, with mode QTE, now having the
smallest magnitude of the three and mode QTE, having a magnitude nearly comparable
to that of mode QTM, (one of the two ‘dominant’ modes). Mode QTE; is still the third
largest mode of the scattered signal that arrives at the receiver (end of ‘leg 2°), but plays
a minor role in the signal that arrives at the receiver along the ‘direct path’. For this
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- example ‘the calculated change in total received amplitude AA of the signal is ~0.05
dB, accompanied by a phase change A¢ of ~0.6 degrees. These values are in the range
of amplitude and phase changes that have been observed on the NSS signal at Stanford
during LEP events [Wolf, 1990; Wolf and Inan, 1990].

This procedure (as outlined in the previous subsection) can be employed repeatedly
to obtain values for AA and A¢ as the location of the disturbance is moved over the
region between NSS and Stanford along the GCP, and on both sides of the GCP out to
transverse distances where the effect of the disturbance becomes negligible (as discussed
in section 4.3.2). Thus, one could obtain a contour map of AA and A¢ due to this
particular disturbance similar to that shown for the single mode case (Figure 5.2), except
that it would show predicted values for an actual path, accounting for the effects of the
changing terrain that occurs across mid-North America. Given sufficient computer time,
one could produce a “database” of calculated values of AA and A¢ for a variety of
disturbance sizes and disturbed electron density profiles for every transmitter-receiver
path of interest. The database of theoretical values could then be used in conjunction
with actual experimental measurements of signal perturbations on those paths to make
a first order prediction of the possible locations, sizes, and disturbed electron density
profiles of the disturbances believed to have caused those signal perturbations.

6.4 Some Results Obtained with the Multiple Mode Model

In the following sections, the 3-D multiple mode model is used to investigate the physics
of VLF wave propagation in the Earth-ionosphere waveguide in the presence of the
type of lower ionosphere electron density enhancement disturbances described in the
previous chapters. In order to concentrate on the effects on propagation of jonospheric
variations and spatial parameters (i.e., distance between transmitter and receiver, location
and site of disturbance), we limit the Earth surface parameters (conductivity and relative
dielectric constant) to being homogenous over the entire region underlying the propagation
paths. Note that the assumption of an electrically homogeneous Earth is made simply
for the purpose of clarity and is not necessary for the use of the 3-D model. Indeed, the
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Figure 6.5: Phasor diagrams of the relative signal strength and phase of each mode of the propagating signal
located at the points indicated by an arrow along the three propagation paths for the exampie described in
Figure 6.4. The units of vector length indicated in each phasor diagram are in Kvim,
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NSS-Stanford example discussed in the previous section was based on a realistic Earth
conductivity map.

6.4.1 The Effect of Disturbed Density Proﬁle' Variation en Received
+ Signal Perturbations

Figure 6.6 shows one set of examples of the effect that differences in the altitude profile
of electron density within a disturbance can have on the received signal perturbations
caused by that disturbance. The four disturbed density profiles shown in Figure 6.6a are
the same as the correspondingly labelled profiles of Figure 4.3, and each was used as the
density profile at the center of a disturbance of effective radius ¢ = 150 km centered at
the midpoint of a 6000 km path with ground conductivity o = 4 S/m and e, = 15 along
the entire path. The change in amplitude AA and change in phase A¢ of a 25 kHz signal
caused by this disturbance were calculated for each of the four disturbed density profiles.
The results of these calculations are displayed in Figures 6.6b and c.

We note that some disturbed profiles cause relatively larger changes in amplitude
AA than other profiles accompanied by relatively smaller changes in phase A¢. This
illustrates the sensitive dependence of scattering caused by a disturbance to differences
in the vertical electron density profile within the disturbed region. For example, profiles
I and II causes a larger AA than profile IV, while profile IV causes a larger A¢ than
either profile I or IL. (The use of the terminology “profile X ‘caused’ a AA” is a short-
hand notation to refer to the change in the received signal amplitude AA caused by a
disturbance of the type described in section 4.2 having a vertical electron density profile
at its center given by profile X.) However, we note that profile III causes both the largest
AA and A¢, even though it represents an electron density enhancement which does not
penetrate as deeply into the atmosphere as does that represented by profile IV. An inves-
tigation of the amplitude and phase changes produced by these same profiles for different
ground conductivities o and effective disturbance radii « showed that the scattered signal
represented by AA and A¢ was always largest for a disturbance having the disturbed
density profile IIL. Figure 6.7 shows the resulting AA and A¢ for the same conditions
as in Figure 6.6 except for the ground parameters which were assumed to be ¢ = 1073
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Figure 6.6: (a) Reproduction of four of the five disturbed electron density profiles fiom Figure 4.3. (#)
Change in the received amplitnde and phase caused by a lower ionospheric disturbance for each of the
four disturbed density profiles shown in Figure 6.6a (for f= 25 kHz and a disturbance having effective
radius @ = 150 km centered at the midpoint of a homogeneous 6000 km & = 4 S$/m Earth surface).
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S/m and ¢, = 15. While the AA for profile IV is larger in magnitude than for profile
I, the A¢ for profile III is larger than that for profile IV and calculations indicate that
the magnitude of the total signal scattered towards the receiver by a disturbance having
disturbed profile III is only 4.3 dB lower than the direct signal, while the magnitude for
that having profile IV is 5.9 dB lower than the direct signal. Thus, a disturbance with
profile IIT scatters a stronger signal than do disturbances having profiles I, IT, or IV.

v

I
Qo
©
=0

I

6 5 4 3 -2 1 0 1 30 40

AA (dB) A¢ (degrees)

Figure 6.7: Change in the reccived amplitude and phase caused by a lower ionospheric disturbance versus
the four disturbed density profiles shown in Figure 6.6a for the same conditions as in Figure 6.6 except
that o = 1073 §/m.

The physical reason for the results of Figures 6.6 and 6.7 become clear upon exami-
nation of the eigenangle solutions (as is shown in Figure 6.8 for a 25 kHz signal and ¢ =
4 S/m) for two of the profiles of Figure 6.6. We see that most of the mode solutions for
profile III are much further away from the corresponding ambient mode solutions than are
those for profile IV, particularly for the QTM ‘branch’ of solution angles. As explained
in section 4.3.1, this indicates that most of the modes are scattered more strongly by a
disturbance having profile III than by one having profile IV. The separation between the
disturbed and ambient mode solutions for profile III are also larger than for profiles I
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and II. The same resuit is found when the corresponding calculations and comparisons
are made for frequencies of 15 kHz and 50 kHz.
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Figure 6.8: Eigenangle solutions for f = 25 kHz and ¢ = 4 S/m for vertical electron density profiles III
and IV of Figure 6.6a.

Further insight can be gained by examining the altitude pattern of the electric field
shown in Figure 6.9 for two representative waveguide modes (QTE; and QTM;) for the
25 kHz case for disturbances represented by profiles Il and IV. When compared with the
ambient electric field patterns for the same modes shown in Figure 2.9, the patterns of
Figure 6.9 illustrate the modification of the modal field component structures as a result
of the disturbances. In particular, the QTM; field components are significantly different
from the ambient for both the profile II and IV cases. For example, the ¢, component
for QTMg- is larger at all altitudes than the e, component as compared to the ambient
.component fields. And in the case of profile IIl, the QTM; field structure undergoes
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dramatic change from the ambient field structure. We note in particular that the QTMy
field structure appears to undergo the greatest change from the ambient structure in the
~ 50-80 km altitude region for profile IV, while the maximum modification with respect
to the ambient for the case of profile III is near 70 km in altitude.

To better understand the differences in AA and A¢ perturbations resulting from
the disturbances represented by profiles I through IV, and in pardcular, the fact that
AA and A¢ for profile ITI are generally larger than those for profile IV, despite the
deeper penetration of the electron enhancement for the case of profile IV, we examine
the electrical conductivity of the ionosphere as shown in Figure 6.10. At low altitudes
where v > wiyr. (and wy, is the electron gyrofrequency), the ionosphere can be regarded
[Budden, 1961] as a medium with dielectric constant

X
€ionosphere — 1-— 'ﬁ__ﬁ (6.13)
and conductivity
€ XV,
Tionosphere — 'ﬁ__'z_z (6.14)
where . Ve o5
T eymmew? -15)
Z =2 (6.16
= » . )
and

€, is the permittivity of free space,

v, is the electron-neutral particle collision frequency:
e is the charge of an electron,

N, is the number of electrons per unit volume,

m. is the mass of an electron,

and w is the wave frequency in radians per second.
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Figure 6.9: Component vertical electric field structure of modes QTMz (a) and (b), and QTE7 (¢) and (d)
of a 25 kHz signal for & = 4 S/m and ionospheric electron density profiles IIT and IV of Figure 6.6a2. Sec
Figure 2.9a and ¢ for field structures for undisturbed ambient tonospheric conditions.
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Figure 6.10 shows plots of 0,n0sphere VErsus altitude corresponding to the electron density
profiles shown in Figure 4.3 for a wave frequency of 25 kHz and for the effective collision
frequency profile specified in Chapter 3.
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Figure 6.10: Plots of Tipnosphere versus altitude corresponding to the density profiles shown in Figure 4.3
for a 25 kHz wave.

We note that the largest increase in conductivity (with respect to the ambient) of any
of the profiles occurs for profile III, and lies in the ~68~75 km altitude region, which
is the same region where we see the greatest change in the field structure of the profile
III QTM; mode shown in Figure 6.9. The largeét increase in conductivity for profile
IV occurs in the ~50-75 km altitude region, which is the same altitude range where the
greatest change in the field structure of the profile IV QTMz mode occurs. Thus, it appears
that the scattering caused by a given ionospheric disturbance is sensitive to modifications
in the altitude profile of the ionospheric ‘conductivity’ within the disturbed region rather
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-than just to differences in the altitude profile of the electron density. Furthermore, for a
given disturbance and for each waveguide mode, larger electrical conductivity changes
with respect to the ambient lead to larger scattered field magnitudes.

6.4.2 Dependence of Perturbations in the Received Signal on the Re-
ceiver Location

While the results shown in Figures 6.4 and 6.5 are for one particular size and location
of the disturbance, the amplitude and phase changes seen at the receiver also depend
strongly on the location of the receiver, as well as on the location, size, and makeup
of the disturbed region [Tolstoy, 1983; Tolstoy et al., 1986; Poulser et al., 1990]. This
dependence on receiver location was described for the case of a 2-D disturbance in section
3.5. In Figure 3.7¢ and d of that chapter, the calculated amplitude and phase of a 21.4
kHz signal propagating from NSS to Stanford was shown for the ambient case, and for
the case of a 2-D disturbance located approximately midway along the GCP. Both the
amplitude and phase of the signal in the presence of the distuorbance changed considerably
from the undisturbed ambient values at some location beyond the disturbance, while at
other locations little to no change in amplitude and phase occurred. Thus, if the receiver
were moved along the GCP beyond the disturbance, the measured change in amplitude
and/or phase, AA and A¢, would vary from AA =0dB or Ag =0°to |AA| > 10 dB
or |Ag| > 30°. We obtain analogous results when using the multiple mode 3-D model.

Figure 6.11a shows a plot of the calculated amplitude of a 25 kHz signal propagating
over a homogeneous, o = 1072 §/m, ¢, = 15, ground surface. A cylindrically symmetric
(3-D) disturbance with effective radius ¢ = 50 km is centered directly over the GCP at a
point 3000 km away from the transmitter. The electron density profile at the center of the
disturbance was taken to be that of profile III of Figure 6.1. The receiver location is then
varied along the GCP from a point just beyond the disturbance out to ~6000 km away
from the transmitter (or 3000 km away from the center of the disturbance). Figures 6.11b
and ¢ show the changes in amplitude (A A) and in phase (A¢) that would be measured
at the receiver due to the disturbance as a function of the receiver location. We note that

AA and A¢ vary in both magnitude and sign as a function of the receiver location along
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Figure 6.11: (2) Undisturbed electric field strength versus propagation path distance of a 25 kHz signal
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Figure 6.11b. : '
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. the GCP away from the disturbance. An interesting difference from the single mode
behavior that is evident from Figures 6.11b and c is that, although each waveguide mode
component suffers a reduction in amplitude and an advance in phase due to disturbances
centered on the GCP (i.e., AA, is negative and A¢,, is positive for each mode n), the total
vector sum of the modes may produce overall changes in the received signal amplitude
and phase, AA and A¢, of both polarities. The largest magnitudes of AA and A¢ occur
when the receiver is located in the deep null in the ambient signal strength located just
before the 4000 km point along the GCP (see Figure 6.11a). The reason for this result
is the fact that small changes in the mode structure of the wave at this location will
produce large changes in the amplitude and phase relative to the small signal level at this
point [Tolstoy, 1983; Tolstoy et al., 1986; Barr et al., 1985]. In terms of interpretation
of experimental data and the design of new experiments, this result is important since,
for a given signal-to-noise environment, the sensitivity to small ionospheric changes is

greatly enhanced by locating the receiver near a null in the signal amplitude.

6.4.3 Dependence of the Signal Strength versus Distance Pattern on
the “Ambient” Ionospheric Density Profile

The potential importance of the result described in the previous section raises the question
of the dependence of the ambient null locations on the ionospheric conditions. Figure 6.12
shows that differences in the ambient (undisturbed) ionospheric electron density profile
significantly affect or alter the undisturbed signal strength versus distance ‘pattern’ and
hence the location of the nulls. Figure 6.12a shows two different “ambient” lower
ionospheric electron density profiles used for purposes of comparison. Profile A is the
simple exponential profile given by Equation 3.1 for a nighttime D region ionosphere
where § = 0.5 km™! and A’ = 85 km. Profile B is the ambient nighttime profile used for
all the example in this dissertation (see Figure 1.3 and section 4.2). Figure 6.12b shows a
plot of the eigenangle solutions of a 25 kHz wave for both profiles of Figure 6.12q and a
sea~-water (o = 4 S/m, ¢, = 81) Earth surface. We note that almost none of the eigenangle
solutions of corresponding modes are identical or even close to one another in the complex
plane. Figure 6.12¢ shows the signal strength versus distance corresponding to both sets
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of mode solutions shown . in Figure 6.12b for homogeneous waveguide conditions. We
note that the location, multiplicity, and depth of the nulls in the field strength are quite
different for the two ambient ionospheric density profiles. For example, there is a null at
a distance of approximately 2200 km from the transmitter for profile A whereas there is
a relative maximum in the field strength at the same location for profile B.

The sensitive dependence of the AA and A¢ to be received at a fixed location on
the ambient ionospheric conditions underscores the need to use a quantitative model,
such as that presented here, in interpreting experimental data. In doing so, and in view
of the general lack of knowledge of the lower ionospheric ambient density [Forbes,
1989; Ferguson et al., 1989], it is important that careful measurements of the signal
under ambient conditions be made and compared with the model predictions to assess
the ambient ionospheric profile. Once this is done, amplitude and phase changes due to
transient disturbances can be properly interpreted.

Note on the Dominance of a “Dominant”’ Mode

Again referring to Figure 6.12¢, we note that a deep null (an approximately 20 dB drop
in signal level) occurs near the 4000 km point (for either of the two cases) even though
the signal has propagated a relatively long distance over an all-sea path and in such cases
we expect [Inan and Carpenter, 1987] that one, or maybe two, modes are “dominant”.
Indeed, in the case shown in Figure 6.12c, the strongest mode at the 4000 km point is the
QTM; mode while the QTE, mode is just ~5 dB smaller in magnitude. Even if these
two modes are exactly opposite in phase, their destructive interference would produce a
drop in total signal amlitude of only ~7 dB. However, at the 4000 km point there are
three other modes, QTM;, QTMs, and QTE;, whose amplitudes are 15, 12, and 12 dB
smaller, respectively, than the amplitude of the “dominant” QTM, mode. These three
modes could, in tandem, combine to destructively interfere with the QTM, mode and
cause an ~10 dB drop in the total signal amplitude. Thus, these “minor” modes, together
with the QTE; mode, can (and do) sometimes combine together in phase to“gang up on”
the dominant mode to produce a 20 dB drop in total signal level at large propagation

distances. Even if there were one “dominant” mode and the next three smaller modes
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Figure 6.12: (@) Electron density versus altitude for two different “ambient” ionospheres. (b} Eigenangle
solutions of a 25 kHz signal for both “ambient” profiles of Figure 6 12a and a sea-water surface. (c)
Electric field strength versus distance corresponding to both sets of mode solutions shown in Figure 6.12b
for homogeneous waveguide conditions.
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were all 10 dB lower in amplitude, if they were in phase with each other and in opposite
phase with the dominant mode, they could theoretically cause a 26 dB drop in the total
signal level. Thus, care must be taken in deciding if a “dominant” mode is truly dominant
at every point—the relative levels of all the other non-negligible modes must be taken
into account.

6.5 Conclusions

In summary, a three-dimensional methodology to account for the effect of localized, lower
ionosphere electron density disturbances on propagating subionospheric VLF waves has
been developed. It utilizes the LWPC software developed by the Naval Ocean Systems
Center and the 3-D VLF scattering formulation of Poulsen et al. [1990]. Results of the
model were found to be in agreement with observations of lightming-induced electron
precipitation (LEP) event effects along typical paths. The model is applicable t0 a wide
range of disturbance types in the lower ionosphere that can be modeled by a vertical .
density profile and that satisfy the WKB and Bom approximations. The use of this
new model allows the investigation of the physics underlying the connections between
the Earth-ionosphere waveguide characteristics and the individual waveguide modes that
comprise the propagating wave. The results described here give a better understanding
of the physics behind the type of disturbances thought to be created by LEP events as
described in Chapter 1.

3




Chapter 7

Summary & Suggestions for Future
Work

7.1 Summary and Contributions

The purpose of this research was to formulate a three-dimensional numerical model of
VLF wave propagation in the Earth-ionosphere waveguide in order to study the effect
on these waves of transient, localized disturbances in the electron density of the lower
ionosphere. The basic motivation for this effort, as described in Chapter 1, is the need
to quantitatively interpret a class of transient, localized ionospheric disturbances caused
by lightning-induced electron precipitation (LEP) and which lead to characteristic per-
turbations, often referred to as “Trimpi” events, observed in the amplitude and phase of
subionospherically propagating VLF signals. Experimental evidence indicates that the
disturbances thought to cause these perturbations are of finite horizontal extent necessi-
tating a 3-D model to interpret their effects rather than the 2-D models used in previous
VLF propagation studies. The model formulated in this study uses as its basic compo-
nents the sophisticated, full-wave, two-dimensional VLF waveguide mode propagation
software “LWPC” developed by the Naval Ocean Systems Center (NOSC) [Morfitr and
Shellman, 1976; Ferguson and Snyder, 1980; Ferguson et al., 1989] and a perturbation
formulation developed by Wait '[1961, 1962, 1964a, b, c] that gives the modal fields
scattered by a localized disturbance in the lower ionosphere in terms of their complex re-
fractive indices within the ambient ionosphere and the disturbed region of the ionosphere.
We incorporated as much realism as possible by using typical ranges of values for all
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- the geophysical parameters that describe the characteristics of both the Earth surface and
ionospheric ‘boundaries’ (both ambient and disturbed) of the Earth-ionosphere waveg-
uide as well as of the VLF wave propagating within this waveguide. Because the LWPC
program performs full-wave integrations through the ionosphere in obtaining reflection
coefficients for the waveguide boundaries, we were able to model the lower ionosphere
realistically as a continuous density distribution of electrons with altitude rather than
simply as an abrupt reflection height boundary as has been done in other work [Dowden
and Adams, 1990]. We were able to incorporate realistic values for the refractive indices
required by the Wait formulation using the modal eigenangle solutions provided by the
LWPC program.

Although Tolstoy [1983] made an effort to model realistic disturbances in the lower
ionosphere using Vondrak-Rees disturbed electron density profiles [Rees, 1963; 1964],
her model assumed arbitrarily chosen fluxes of monoenergetic electrons, and because it
was a 2-D model, disturbances were incorporated into the model as introduced “slabs™
(as described in section 3.5) whose characteristics are abruptly encountered by the wave -
. propagating along the GCP and which are of infinite extent in the direction transverse
to the GCP. In our work, we have estimated the altitude profile of ionization within the
lightming-induced disturbance based on the energy spectrum of precipitation that would
be expected from actual whistler-wave-induced electron scattering at the geomagnetic
equator on magnetic field lines (L-shells) in regions where LEP effects are observed (as
was described in section 4.2). A number of disturbed electron density profiles expected
to be typical for LEP effects over a range of L-shells were then used to investigate the
effects of our mode! disturbances on VLF waves propagating in a model Earth-ionosphere

waveguide.

One of the VLF scattering properties of these type of disturbances that was revealed
in our analysis was that the magnitude of the scattered modal field is relatively insensitive
to differences in the electrical properties of the Earth surface underneath the disturbed
region, be it sea-water or soil, except for the case of ice cap or ice shelf regions (as was
described in section 4.3.1).
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Section 4.3.2 describes another important VLF scattering property of density enhance-
ment disturbances determined by the use of our model. We found that over the range of
frequencies, horizontal extent of the disturbances, disturbed density profiles, and Earth
surface conductivities considered, the type of disturbance described in section 4.2 scatters
most of the wave energy within a fairly small angular range about the forward scatter
direction for all non-negligible modes (for disturbances whose effective radius a > 50
km, the angular pattern is within 50 dB of maximum over the range 20°). The angular
pattern for all the non-negligible modes for every case studied was found to be very
similar, with differences among the modes being only in the overall relative magnitude
of the pattern. An important implication of this result is that for typical path lengths,
the effects of localized disturbances located at transverse distances > ~200 km from the
propagation path are generally negligible.

The full wave modal eigenangle solutions provided by the LWPC program and the
WKB-based scattering formulation of Wair [1964a, b, c] were combined to first formulate
a simple, 3-D, single mode propagation model of the effect on the received signal of the
type of disturbances described in section 4.2. Results of the single mode model were
compared with measurements of Trimpi events on a transmitter-receiver path where single
mode analysis may be applicable such as the case of 10-25 kHz waves over a long, all-
sea-based path. For example, one such path is the 23.4 kHz NPM signal transmitted from
Hawaii and observed at Palmer Station, Antarctica. Chapter 5 describes several interesting
results found for the single mode case. One result was that disturbances centered on
the GCP itself produce advances in phase (positive A¢) and/or reductions in amplitude
(negative AA) of the received signal. However, for disturbances located off the GCP,

various combinations of positive or negative AA and A¢ were found to be possible for .

the single mode case depending on the disturbance location with respect to the transmitter
or receiver, and to the GCP. In accordance with the angular scattered radiation patterns of
typical disturbances, as discussed above, single mode analysis showed that the magnitude
of the scattered modal field |eZ| continuously decreases with distance transverse to the
GCP, becoming insignificant (relative to the direct signal) beyond ~20 wavelengths. We
found that the magnitude of the scattered modal field depends on the magnitude of the
difference between the disturbed mode refractive index and the ambient mode refractive
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‘index, and to the horizontal extent of the disturbed region—i.e., all else being equal,
disturbances having larger effective radii generally produce larger total perturbations in

the received signal.

The single mode analysis also showed that the specific details of the altitude profile of
electron density within the disturbance have a significant effect on the magnitude of the
perturbed signal seen at the receiver, and particularly on the ratio of amplitude changes
to phase changes (AA/A¢) caused by such a disturbance. For example, we found
that the disturbed profile produced by a precipitation burst corresponding to a lower
L-shell (involving higher energy precipitating electrons and thus enhanced ionization
at lower altitudes) produces a higher |[AA/Ag| ratio, than does a profile produced by
precipitation corresponding to higher L-shells. This result underscored the fact that it can
be physically misleading to model waveguide disturbances in terms of effective reflection
height changes rather than by means of the more realistic disturbed electron density -
profiles whose calculated “effective reflection heights” may be quite similar even if the

- profiles are not. In comparing our model results with experimental data, we found that the
- range of AA and A¢ values estimated with the single mode model were consistent with
LEP events measured on the NPM signal at Palmer Station, Antarctica for typical values
of the geophysical parameters that correspond to those of the NPM-Palmer propagation
path.

In Chapter 6 we presented a 3-D multiple waveguide mode formulation for modeling
the effects of VLF wave scattering caused by localized electron enhancement disturbances
in the lower ionosphere on VLF waves propagating on arbitrary transmitter—receiver paths.

. This formulation takes into account mode conversion among all the non-negligible modes
along the three inhomogeneous propagation paths that are involved in a three-dimensional
analysis of the problem, and also accounts for all the non-negligible modes that arrive at,
and are scattered by, the disturbances. Application of this model to typical disturbances
expected for lightning-induced disturbances clearly illustrated that the altitude profile of
electron density within the disturbances sensitively affected the received signal perturba-
tions AA and A¢. Furthermore, we presented evidence that this sensitivity is due more:
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to the effect of differences in the ionospheric ‘conductivity’ profile Gionosphere(2) Within
the disturbed region than just to differences in the disturbance electron density profile.

Application of the 3-D model also showed the sensitivity of the amplitude and phase
changes of a received signal to the location of the receiver (especially with respect to
deep nulls in the signal strength along the path) as well as to the location of the distur-
bance that caused the signal perturbations. A comparison of the significant differences
that occur in the calculated signal strength pattern along the propagation path due to
two different model “ambient” nighttime electron density profiles showed that a more
accurate and complete model of the D region electron density is needed in order to more
accurately model VLF wave propagation along actual transmitter—receiver paths. Finally,
we presented some results of using the complete 3-D multiple mode model to calculate
the modal fields of a VLF signal propagating along a typical path, the effects they incur
upon encountering a localized disturbance in the lower ionosphere, and the resulting per-
turbation in the amplitude and phase of the signal seen at the receiver. These were found
to be in agreement with observations of LEP event effects seen in signals measured along
such paths. Thus, we conclude that this model is very useful for modeling VLF propa-
gation along actual paths in the presence of LEP event disturbances and in investigating
the physical nature of such disturbances. Additionally, even though we concentrated on
the effects of electron density enhancement disturbances, the model is applicable to other
types of waveguide disturbances; i.e., to localized perturbations in other properties of
the Earth-ionosphere waveguide, such as localized changes in the ionospheric collision
frequencies for example (as occur in radio wave heating of the lower ionosphere by VLF
transmitters or lightning discharge radiation [fnan, 1990; Inan et al., 1991]).

7.2 Suggestions for Future Work

As with any search for the solution to a problem, the answer almost always is such that
one has more new questions than were answered in the first place, and this research was
no different. The suggestions for areas of future work can be divided into two general
groups: 1) further uses of the model, and 2) improvements to the model.
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1.2.1 Areas of Possible Further Study

Several areas where the model could be used to further investigate the nature of the VLF
waveguide disturbance problem suggested themselves over the course of this work. For
example, we limited our study to an in\vestigation of the effects on propagating VLF
waves of waveguide disturbances consisting of an increase in the electron density in
localized regions of the lower ionosphere. It would be interesting to study the effects of
localized changes in the various electron and ion collision frequencies on subionospher-
-ically propagating VLF signals. Another type of effect suggested for future study would
be that of localized, heavy rainfall storms (such as those associated with frontal systems)
that move under or near signal propagation paths of interest. Continuous rainfall over an
altitude region of several km would, in effect, be a change in the effective conductivity
of the Earth surface boundary of the waveguide over a localized region and could be
. therefore be modeled as a “disturbance” in the the lower waveguide boundary.

Further study of the differences in the effect of disturbances on individual modes is
also of interest, particularly for the ~50 kHz frequency range where calculations indicate
that there are three distinct ranges of significant, non-negligible modes, particularly for
short (< 1000 km) paths. These are the low order QTMa/QTE; through QTMs/QTEs
modes, the “medium order” QTM,;,/QTE;, through QTM;5/QTE;s modes, and the “high
order” QTM;0/QTE, through QTM,,/QTE,, modes.) A study of this combined with a
study of the individual mode behavior of the eigenangle solutions of a disturbed region as
its excess electrons recombine and the region returns to the ambient condition would be
important in investigating the temporal nature of LEP events as the ionosphere recovers
with time. A related area of interest would be to compare the differences between A A
and A¢ seen on long paths versus that seen on short paths for the same disturbance,
again particularly at the higher (~50 kHz) frequencies.

Since the behavior of waves in the Earth-ionosphere waveguide is not the same over
the entire VLF/LF frequency range, it would be interesting to investigate the differences,
if any, in the effects of different disturbed profiles, individual mode behavior, AA and

-Ad¢ at the receiver, and other characteristics over a larger range of frequencies than was
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done in this study (for example, at the following freqilencies: 1 kHz, 3 kHz, 10 kHz, 25
kHz, 50 kHz, and 100 kHz).

In order to more clearly understand the nature of the effects of disturbed electron
density profiles on a propagating wave, it would be useful to investigate more thoroughly
the role that the electron density and collision frequency have on the modal components
of the wave at each of a number of small altitude ranges comprising the entire D region.

Finally, in comparing theoretical results with experimental data, it would be useful
to know how constant over time (on the order of days, weeks, or months) are some of
the lower ionospheric characteristics, such as the ambient electron density, the electron
and ion collision frequencies, and the electron flux and energies at a given L-shell that
produce the disturbances—particularly for those parameters to which we showed the
propagating signal to be most sensitive.

7.2.2 Improvements to the Model

Several improvements that could be made to the model became apparent as this work
progressed. One is to incorporate a better model of the Earth surface waveguide boundary
than that used in the LWPC model. In particular, a model of the conductivity and
relative dielectric constant as a function of depth and of frequency, in some cases, would
be most useful in improving the accuracy of modeling actual propagation paths. Also,
some way of accounting for the changing altitude of the ground surface, especially in

mountainous regions, is important because of possible mode conversion and reflection

that occurs in such regions [Thomson, 1985; 1989] and also because many mountain'- -~ -~

ranges are a significant fraction of a wavelength in height (e.g., Mt. Everest-8.8 km,
Cerro Aconcagua—7.0 km, Denali—6.2 km, Kilimanjaro—5.9 km, Vinson Massif-5.1 km,
Mont Blanc—4.8 km, Mt. Whitney—4.4 km, Mt. Cook-3.8 km [National Geographic
Society, 19901). :

Future work would certainly be expected in the area of extending the model to even-
tually remove the approximations used, such as the WKB and Bomn approximations. The
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model would then become useful for investigating disturbances for which these approxi-
mations break down, such as very small disturbances (¢ < A), more abrupt disturbances
than the gaussian shaped omes described in section 4.2, and more intense density en-
hancements and disturbances of other types where mode conversion would be expected
t0 occur within the disturbed region.

Finally, we suggest the use of a different numerical method such as the moment
method (MM) [Stutzman and Thiele, chapter 7, 1981; Kraus, chapter 9, 1988; Richmond,
1965; Harrington, 1968] to calculate the scattering effect of the type of disturbance
studied in this work in order to independently check the validity of our approximations
and in possibly attaining a more accurate and general model.




Appendix A

A.1 Approximate Analytic Expression for the Scattered
Field

According to Wait [1964a], the approximate normalized wave field for each mode scat-
tered by a lower ionospheric disturbance of arbitrary horizontal extent can be expressed
by the relation (the mode subscript » has been dropped in the following)

2 = (¥ 50,0~ 51 (A1)
where _
I= /j fz,y)e Y dady (A.2)
3
fow) = g0 =2 (A3)
a= lk08°2$me] B (A.4)

and where z and y are defined in Figure 4.1 and the remaining variables are defined in
Chapter 4.

It we assume that the ionospheric density perturbation has a cylindrically symmetric
Gaussian distribution in the horizontal plane, then according to Equation 4.10 we can
express Equation A.3 in the form

(e, y) = el +6mvo)o? (A.5)
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- where the position (z,,y,) represents the point of maximum perturbation. In order to
integrate Equation A.2 we will make use of the following identity from Gradshteyn and

Ryzhik [1965]:
L —qp?
Mq —_[o e % dp _ (A.6)

where the real part of ¢ is positive definite. Substituting Equation A.5 into Equation A.2
and using Equation A.6 we obtain the expression

I=a\/7?/ e~ (v=vo)?/a? miaty? gy, (A.7)
—oo

In order to integrate Equation A.7, we first make the change of variable

—y— Yo
Z=9Y (1 + ia%a?) (8.8)

With this variable change, Equation A.7 becomes
) oo+te .
I =a\/re™™ / g (Hieta®) ey, (A.9)

—ootie
where
a’a’y,
= T+ atat (A-10)

and
o’y
1+ia%a?

Since the integrand in Equation A.9 is analytic everywhere in the finite complex z plane

v= (A.11)

and vanishes at the endpoints, the integration contour can be moved to the real z axis

- without changing the value of the integral.

In this case, we can again make use of Equation A.6 to evaluate Equation A.9 and

obtain
arv

I= —Iﬂ—ﬁ;e"f (A.12)
Substituting Equation A.12 into Equation A.1, we arrive at the following analytical ex-
pression: |
koaaz[S(O, 0) - S°] 6—170‘2

V1 + ta2a?

% = —()i/x v3 g inud/al (A.13)
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where 7 = a?a?/(1 + otat).
According to Equation A.13 the magnitude of the scattered field has the form:

i _ koaa?|S(0,0) — S°| _—nady? (A.14)
e° (1 —[—0140',4)% ¥ )

Thus, the magnitude of the scattered field always decreases exponentially as a function
of the distance of the disturbance from the GCP.

The development above can be generalized to the case in which the ionospheric

disturbance has an elliptical cross-section for which
f(z,y) = e[z ai+u-v0)/a%] (A.15)

If Equation A.15 is used in Equation A.l, the development follows similar lines to yield

(i)} \/_ k.o, a[S(0,0) — S5°]

V1 +ia?a?

7022 g iny3/a? (A.16)

where 7 is the same as given above. Since the quantity a, is a measure of the disturbance . -

length parallel to the GCP, Equation A.16 shows that the strength of the scattered field
is linearly proportional to this length. To obtain the results of 2-D theory, let a — oo
to produce a disturbance strip of width a, along the GCP and which extends to infinity
perpendicular to the GCP. For this case:

Z_:. — —in/Thoa, [S(0,0) — S°] (A.17)

which is identical to Wait’s result [1964¢] for the 2-D strip disturbance.
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