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Abstract
Very Low Frequency (VLF) radio waves have long been used as a tool for longrange remote-sensing of the ionosphere. Changes in the electrical properties
of the ionosphere cause changes in the received phase and amplitude of the
radio wave. Comparing experimental observations with simulations based
on the predicted changes to the ionosphere allows us to understand what is
happening.
This technique has been successful in understanding many different
types of ionospheric changes, from the influence of the Sun, including day–
night differences and solar flares to nuclear weapons tests, and electron precipitation from the Earth’s Van Allen Radiation belts to the effects of lightning related phenomena such as EMP and quasi-electrostatic heating.
A new VLF propagation simulation is created here with the aim that it
has a minimum of assumptions and is as general as possible. The simulation
approach is based on previous work by Nagano et al. [1975]. However, we
expand on their basic approach to allow propagation in a realistic Earthionosphere waveguide allowing for the spherical nature of the Earth and
changing conditions along the path.
The simulation is able to reproduce some simple propagation situations,
particularly close to the transmitter and when the transmitter and receiver
are on the ground, which is a common modelling situation. Despite some
shortcomings considerable progress has been made towards the stated goals.
Useful modelling can be achieved using the simulation, particularly with
short range (< 3000 to 4000 km) transmitter to receiver paths under mostly
homogenous conditions.
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Chapter 1
Introduction
The part of the electromagnetic spectrum described as Very Low Frequency
(VLF) radio waves generally spans 3 − 30 kHz [Kraus, 1984]. VLF radiation
tends to reflect off electron densities (strictly conductivities) at altitudes of
55–75 km during the day time and 80–90 km during the night (an altitude
range termed the D-region of the ionosphere). VLF radiation also reflects
off the conducting surface of the Earth and this means that the radio waves
travel over the Earth trapped between the imperfect mirrors of the ground
and the ionosphere. A schematic of subionospheric propagation is shown in
Figure 1.
D-region altitudes (∼ 50 − 90 km) are far too high for balloons and
too low for most satellites, making in situ measurements extremely rare.
Rocket lofted experiments have taken place in the D-region [e.g. Holzworth
et al., 1985], but can only provide limited coverage due to their transient

nature. Radio soundings made at frequencies >1 MHz (e.g., ionosondes),
while successful for observing the upper ionosphere, generally fail in the Dregion. The low electron number densities at D-region altitudes produce
weak reflections, and hence measurement difficulties, particularly at night.
Very-long range remote sensing of the D-region is possible using the
VLF radio wave approach as these signals can be received thousands of kilometres from the source [Crombie, 1964]. The nature of the received radio
waves is largely determined by propagation between these boundaries [e.g.,
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Cummer, 2000]. Changes in the conditions of the upper atmosphere at these
altitudes causes changes in the received phase and amplitude at the receiver,
allowing us to compare experimental observations of received radio waves
with the simulations based upon the predicted changes to the atmosphere to
understand what is happening.

Figure 1.1: Schematic of subionospheric VLF propagation. VLF transmissions propagate in the waveguide formed by the Earth and the lower edge of
the ionosphere (for night time ∼ 85 km altitude).
This thesis concentrates on techniques using VLF radio waves as a
long-range probe to better understand the electrical properties of the upper
atmosphere. The original aim of this project was to create a general VLF
propagation and scattering model simulation with a minimum of assumptions or limitations, which could be applied to any of the myriad current
geophysical problems. Unfortunately all of these aims have not been able
to be achieved, as it has proven more difficult than anticipated and I only
managed to get as far as a propagation simulation.
In this thesis Chapter 2 gives the background to understand the upper
atmosphere. Chapter 3 gives the history of the study of the simulation of VLF
radio waves and discusses the pros and cons considered in choosing which
method would be used to develop the simulation. This chapter includes
significant details on the need for native scattering (i.e., scattering that is
built into the propagation simulation), as this was important in achieving
2

the project’s aims. Chapter 4 gives the derivation of the simulation and
Chapter 5 details our testing process. Finally, in Chapter 6 it is discussed
how the simulation was attempted to be applied to the investigation of the
effects of climate change on the ionosphere.
During the course of this research project a number of research papers and conference presentations occurred. A brief list of the peer-reviewed
publications is presented below:
• Gamble, R J, C J Rodger, M A Clilverd, J A Sauvaud, N R Thomson,
S L Stewart, R J McCormick, M Parrot, and J-J Berthelier, Radiation belt electron precipitation by manmade VLF transmissions, J.
Geophys. Res, 113, A10211, doi: 10.1029/2008JA013369, 2008.
• Rodger, C J, and R J McCormick, Remote sensing of the upper at-

mosphere by VLF, in Sprites, Elves and Intense Lightning Discharges:
Proceedings of the NATO Advanced Study Institute from 21-30 July
2004, edited by M. Füllekrug, Nato Science Series II (Mathematics,
Physics and Chemistry), Vol. 225, Hardcover ISBN 1-4020-4627-8,
Springer, 2006.

• Rodger, C J, R J McCormick, and M A Clilverd, Testing the importance of precipitation loss mechanisms in the inner radiation belt, Geophys. Res. Lett., 31 (10), L10803, 10.1029/2004GL019501, 2004.
• Rodger, C J, M A Clilverd, and R J McCormick, Significance of lightning generated whistlers to inner radiation belt electron lifetimes, J.
Geophys. Res.,108 (12), 1462, 10.1029/2003JA009906, 2003.
Chapter 2 is largely drawn from material which was prepared for the
NATO Advanced Study Institute on Sprites, Elves and Intense Lightning
Discharges which was cut down to produce Rodger and McCormick [2006]
(see above). The expanded version was provided to students at the workshop
as detailed lecture notes and comprised 90 pages.
Rodger et al. [2003, 2004], above made use of the geomagnetic field
model, described in Section 2.2 and Appendix A, which was created for
3

this project. Gamble et al. [2008] involved the use of DEMETER satellite
recordings such as those used in Chapter 6.

4

Chapter 2
The Geophysical Environment
The propagation of VLF radio waves in the Earth-ionosphere waveguide depends greatly on the conductivity of the Earth and of the ionosphere. Ground
conductivity is spatially variable but not in time, for example sea water is
very conducting, dry ground not so much and ice caps much less again. So
for the purpose of VLF propagation modelling the ground is taken to be
constant in time and is of little interest (with the possible exception of reflections from mountain ranges [Barr and Armstrong, 1996]). In contrast the
conductivity of the atmosphere varies in time and 3 dimensional space.
The electrical conductivity of the middle atmosphere ranges over many
orders of magnitude from the troposphere to the mesosphere. The electrical
properties of the atmosphere depends on many parameters: the density of
the neutral atmosphere, the number density of ionised particles as well as the
presence of the geomagnetic field. In general the atmospheric electrical conductivity increases with height. However, in order to describe the electrical
properties of regions stretching from the troposphere to the thermosphere,
this space can be divided into sections with different properties. At low altitudes where the electrical properties are collision-dominated the effects of
the geomagnetic field are unimportant. Here the electrical conductivity is
isotropic and for the most part too small to greatly affect the propagation of
electromagnetic radiation at VLF. At higher altitudes, say ∼70 km, the collision frequency no longer dominates over the gyrofrequency and the medium
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is anisotropic. Thus the conductivity description depends greatly on the
coordinate system used and the angle the field makes with this coordinate
system. Above ∼150 km, the conductivities along the geomagnetic field lines
become very large compared with the transverse conductivities such that the
field lines can be treated as equipotentials [Maynard et al., 1984].
An example of a representative conductivity profile based on international standard models for the ionosphere and neutral atmosphere has been
presented previously by the author [McCormick et al., 2002].

2.1

The Neutral Atmosphere

The neutral atmosphere vertical structure is divided into regions termed
“spheres” with the boundaries described as “pauses”, based on temperature gradients and/or the state of mixing. The variation of temperature
with altitude is shown in Figure 2.1, from which the different spheres of the
atmosphere are defined in terms of temperature gradients. In the lowest altitude region, termed the troposphere, the temperature decreases with altitude
(i.e., dT
< 0) until the altitude of the tropopause at which point the gradient
dz
reverses, defining the stratosphere where dT
> 0. The tropopause can be
dz
clearly seen in the figure, along with the stratopause, the upper boundary of
the stratosphere where the temperature gradient again reverses. Above the
stratopause is the mesosphere in which the temperature again decreases with
altitude. The final transition in this scheme, the mesopause, delineates the final gradient change that exists in the thermosphere in which the temperature
increases to ∼ 1000 K at altitudes above 300 km.
Gases which are relatively chemically inert do not exhibit changes in
their relative abundance below the thermosphere. All the major constituent
gases in the neutral atmosphere fall into this category. In this region, known
as the “homosphere”, the mean molecular mass, m, does not change with
altitude as the gases are completely mixed. Note that this does not hold for
the minor constituent gases (e.g., H2 O) whose relative abundance changes a
great deal over the homosphere (.90 km). While the mean molecular mass is
constant in the homosphere, the number density, n, decreases with altitude.
6
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Figure 2.1: Atmospheric temperature profiles from NRLMSISE-00 for Corsica and Dunedin in late July.

The variation in the number density is well described by the scale height, H,
the change in altitude over which the pressure or number density decreases
by e−1 . The scale height is given by,
H=

kT
mg

(2.1)

where k is Boltzmann’s constant (1.3807×10−23 JK−1 ), T is the temperature,
and g is the acceleration due to gravity. Of course, H is not actually constant
throughout the homosphere, as evidenced by the varying temperature gradients that define the thermosphere and stratosphere. Nonetheless H can be
reasonably constant over sections of the atmosphere, and is therefore useful
to describe atmospheric properties inside given regions or sections.
Above the homosphere, in the region referred to as the heterosphere,
mixing is inhibited by the temperature gradient. Thus the various component
gases separate out under gravity and thus each has their own (quite different)
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scale height.
Table 2.1 gives the composition of the principal atmospheric constituents
at standard temperature and pressure (0◦ C and 100 kPa) commonly available
in atmospheric and ionospheric texts. Note that while it is standard practise
in many of these works to adopt the convention of referring to number densities in terms of particles per cubic centimetre we will follow the SI system
and operate in particles per cubic meter.
Table 2.1: The composition and number density of the principal components
of the Homosphere. STP = standard temperature and pressure.
Component Relative Abundance (%) Number Density at STP (m−3 )
N2
78.08
2.10 × 1025
O2
20.95
5.63 × 1024
Ar
0.93
2.51 × 1023
CO2
0.03
8.87 × 1021
At sea level (and hence inside the homosphere), m = 28.96 amu =
4.81 × 10−26 kg. The first significant atmospheric constituent to depart from
its lower atmospheric relative abundance is oxygen (due to photodissociation)
at an altitude of ∼90 km.

The major components of the neutral atmosphere in the altitude range
0-120 km are described using the COSPAR International Reference Atmosphere (CIRA)-1986 [Labitzke et al., 1986], which specifies the variation of
temperature, T , and pressure, P , with altitude, including latitudinal and
monthly variations. Atmospheric number densities can be found using the
state equation for an ideal gas (P = nkT ). CIRA-1986 is primarily an empirical model based on a large number of atmospheric measurements. The
temperatures represent the monthly means, with diurnal differences averaged out. Above 100 km altitude other empirical atmospheric models are
available to describe the neutral densities and temperature, including the
Naval Research Laboratory Mass-Spectrometer-Incoherent-Scatter Extended
(NRLMSISE)-00 Model 2001 [Picone et al., 2002], an empirical standard
model including additional data from space shuttle flights and incoherent
scatter radar measurements, which extends from the ground up to 1000 km.
8

2.2

The Geomagnetic field

The existence of the Earth’s magnetic field appears to have been recognised
at least ∼1000 years ago, with primitive compasses used in China as early as
1040 AD [Stern, 2002]. One of the earliest scientific texts of all time discussed
magnetism and concluded ”Magnus magnes ipse est globus terrestis”- the
Earth itself is a great magnet [Gilbert, 1600]. Because of this, long term
observations of the geomagnetic field have been made for well over 350 years,
leading to a good quality understanding of its properties, variation, and
relationships [e.g., Chapman, 1951]. The total geomagnetic field is made up
of an internal field plus an external field due to extraterrestrial sources (such
as the solar wind carrying the Sun’s magnetic field). The external field tends
to vary over quite short times scales [Chapman, 1951]. The internal field is
generated by the Earth itself and is thought to be due to the rotation of the
electrically conducting outer core [Ladbury, 1996]. To a first approximation
the geomagnetic field at and close to the Earth’s surface can be represented
by a magnetic dipole, located at the centre of the Earth, and tilted 11◦ from
the axis of rotation. In the centred dipole approximation, the magnetic field
strength B is given by,
B = B00
where,



RE
R

3 q

1 + 3 sin2 (φ)

(2.2)

R = distance (radial distance from the centre of the Earth)
RE = radius of the Earth (6378.14 km mean equatorial radius
[Astronomical Almanac, 1994])
φ = dipole latitude
B00 = value of B at R = RE and φ = 0 (for the Earth B00 ∼ 0.31 × 10−4 T)
The dipole field approximation is accurate to within about 30% at
points within 2-3 RE of the surface [Hargreaves, 1992], although can be considerably more accurate for some locations (e.g., ∼3% error for Wallops Island, Virginia, 37◦ 51’11” N 75◦ 28’27” W).
9

A significant improvement is possible by using “eccentric dipole coordinates”, where the dipole is moved about 540 km away from the Earth’s centre
(towards the western Pacific). The poles of the eccentric dipole are at the geographic positions of about 79◦ N, 70◦ W, and 79◦ S, 70◦ E [Hargreaves, 1992].
However, the position of the poles is changing; in 1945 the eccentric dipole
poles were at approximately 77.6◦ N, 102◦ W, and 68◦ S, 146◦ E [Chapman,
1951]. The dip poles, where the magnetic field is vertical, lie at different
locations, with the North dip pole at about 82.6◦ N, 168.6◦ W.
In Fraser-Smith [1987] the eccentric dipole poles and the description
of the field are determined using a best fit approach to the International
Geomagnetic Reference Field (IGRF), which is an empirical representation
of the Earth’s magnetic field. This produces an analytic expression that is
more accurate than the geocentric model described earlier. The positions
of the poles and the dipole location given above were calculated using the
method given by Fraser-Smith [1987] and the coefficients from the IGRF-2000
model.
In the eccentric dipole model the equation for the strength of the magnetic field is the same as for the geocentric dipole, (equation 2.2) but the
coordinate system is taken from the eccentric dipole location and can be
found using the transformations given in Appendix A.
In Figure 2.2 we can see the result of the transformation of the relative
positions of coastlines when viewed in the world map in eccentric geomagnetic
coordinates.
Another method used to describe the magnetic field is to refer to the
angle the field makes with the vertical (inclination, η)
−1

η = tan






Bφθ
−1 tan φecc − 2 tan(Φ − φecc )
= tan
Br
2 + tan φecc tan(Φ − φecc )

(2.3)

where Bφθ , Φ and φecc are the horizontal component of the magnetic field,
the angle from the dipole axis to the (local) vertical and polar angle in the
dipole coordinates respectively, and the angle between magnetic north and
geographic north (declination, ψ). The angular distance between the dip
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Figure 2.2: World map in Eccentric Geomagnetic Coordinates at 100 km
altitude.

pole and the point P (see Figure 2.3) is given by
ξ = cos−1 (cos φp cos φd + sin φp sin φd cos(θ − θd ))

(2.4)

and then the declination is given by
−1

ψ = cos

ψ = sin

−1



cos φd − cos φp cos ξ
sin φp sin ξ



− sin φd sin(θ − θd )
sin ξ



(2.5)



(2.6)

where φd , θd are the geographic polar and azimuthal angles of the eccentric
dip pole, φd = 7.44◦ , θd = −168.6◦ (these values are valid for 2000 from the
IGRF-2000 model). Equations 2.3–2.6 are from Fraser-Smith [1987].
For a complete model of the field one should use the International Geomagnetic Reference Field (IGRF-11) model [http://www.ngdc.noaa.gov/
IAGA/vmod/igrf.html]. The IGRF model represents the main (core) field
without external sources. However, in this case the benefit of an analytic
expression is lost unless one makes the large effort to consider all the Gauss
coefficients from which the IGRF is calculated. Clearly, the provision of a
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Figure 2.3: Angles in the declination calculation.

simple and accurate analytic expression is a strength of the eccentric dipole
model.

2.3

The Ionosphere

The ionosphere is the region of ionised plasma closest to the Earth’s surface.
Although there are significant numbers of free electrons and positive ions
in the upper parts of the ionosphere (the ionosphere may be thought of as
plasma embedded in a neutral gas), the medium as a whole is electrically
neutral. The first direct evidence for the existence of the ionosphere came
in mid-December 1901 when Guglielmo Marconi informed the world he had
received radio signals at Newfoundland, Canada, sent across the Atlantic
from a station he had built in Cornwall, England [Schunk and Nagy, 2000].
In 1902 Kennelly and Heaviside independently suggested that radio waves
might propagate in this manner by reflection from an electrified (although
at that stage conducting) layer located in the upper stratosphere [Ratcliffe,
1959]. The concept of what we now know as the ionosphere had thus been
realised, although the term the “ionosphere” itself, wasn’t coined until 1926
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and didn’t come into common use until about 1932 [Hargreaves, 1992].
The ionosphere tends to be defined as the part of the upper atmosphere
where ions and electrons are present in quantities sufficient to affect the
propagation of radio waves, and thus starting from ∼50 km. The ionosphere
is described in terms of a vertical structure being broken up into regions (often
“layers”) depending on the electron number density. The layers correspond
to the “peaks” in the electron density profile with altitude, and are termed
D, E, F1 and F2 (see Figure 2.4) to distinguish the various parts. The lower
region is sometimes said to contain the D layer in the electron density profile,
as well the ionisation produced by cosmic rays (C layer) which lies below this
[Davies, 1990]. The ionising mechanisms tend to be different for the different
layers and become increasingly complicated with decreasing altitudes [see
Hargreaves, 1992; Rishbeth and Garriott, 1969; Hargreaves, 1979].
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Figure 2.4: Ionospheric electron density profiles from the International Reference Ionosphere (IRI) for Corsica and Dunedin in late July.

The electron number density profile is an extremely important part
of the description of the ionosphere. The night-time D-region is the least
13

understood part of the ionosphere, and several approximations are used to
describe the electron density profiles within it. In the simplest model the
ionospheric electron density is described using a Wait ionosphere [Wait and
Spies, 1964] where the electron number density (i.e., electrons per m3 ), Ne ,
increases exponentially with altitude z,
′

′

Ne (z) = 1.4265 × 1013 e−0.15h e(β−0.15)(z−h )

(2.7)

where β is given per kilometre and reflects the sharpness of the profile, and
h′ is a reference height (in kilometres). Both β and h′ (but especially the
latter) vary depending on the time of day see Section 2.5.
The international reference ionosphere (IRI - 2007) [Bilitza and Reinisch,
2008] is an empirical standard model of the ionosphere, based upon data
from all available sources. Steadily improving models have been released
over the last 30-40 years. The IRI model gives information on electron density, percentages of positive ions and electron, neutral and ion temperatures,
from 60–2000 km in altitude for daytime and from around 75 km for nighttime. The IRI can be run over the web at http://omniweb.gsfc.nasa.gov/
vitmo/iri_vitmo.html.

2.4

Importance of Collisions

The rate of collisions between neutral (heavy) particles and free electrons is a
very important parameter in the physics of plasmas, and as such is important
to our examination of the ionosphere [e.g., Sen and Wyller, 1960]. A good
approximate expression for the effective collision frequency (νef f in collisions
per second i.e., s−1 ) as a function of altitude, z, is [Morfitt and Shellmann,
1976, as quoted by Thomson, 1993],
νef f = 1.82 × 1011 exp(−0.15z)

(2.8)

Clearly the electron-neutral collision frequency should be dependent
upon temperature, and is often approximated as having a square root de-
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pendence on temperature [e.g., Rishbeth and Garriott, 1969]. To investigate
the next level of accuracy, we will make use of tabulated values of the effective collision rate per cubic centimetre of atmospheric constituent gases
against temperature calculated from collision cross section data from both
theoretical and experimental sources [Itikawa, 1971, 1973]. Making use of
these tabulated values for electron temperatures, Te < 1000 K, the following
relations are approximately true [Rodger et al., 1998a; McCormick et al.,
2002], and describe collision rates for the main atmospheric species in the
altitude range 0-150 km.
N2 : νeff = 0.723 × 10
O2 : νeff
O : νeff

−14

[N2 ]



Te
300

0.95

0.81
Te
= 0.519 × 10 [O2 ]
300

0.83
Te
−14
= 0.196 × 10 [O]
300
−14



(2.9)
(2.10)
(2.11)

Having determined the effective collision frequencies for each species
the overall value of νeff is found by combining these values weighted by the
relative abundance for each constituent from the neutral atmosphere models
(as can be seen in Figure 2.5).

2.5

Changes to the Ionosphere

Variations in the ionospheric D-region conductivity lead to changes in the
propagation conditions for VLF waves propagating subionospherically, and
hence changes in the received amplitude and phase of VLF transmissions. So
it becomes important to understand the mechanisms changing the D-region.
As the simulation needs to deal with changes to the ionosphere we give a
brief rundown of the changes which can take place, reviewing well beyond
those needed for the primary goal of the thesis.
For daytime propagation conditions the D-region is particularly stable,
with reflection heights (h′ ) occurring at about 70–75 km altitude, the vari-
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Figure 2.5: Effective collision frequency comparison for Corsica and Dunedin,
based on atmospheric data from NRLMSISE-00.

ation being strongly dominated by the change in Lyman-α flux with solar
zenith angle [McRae and Thomson, 2000]. Because of this the amplitude and
phase of fixed-frequency VLF transmissions varies in a consistent way during
undisturbed conditions, as shown in Figure 2.6. In fact it has been shown
that by day the received phases are reproducible, in quiet conditions away
from dawn and dusk, to a very few microseconds or better than ∼ 10◦ [e.g.,

Watt, 1967; McRae and Thomson, 2000].
By comparing VLF measurements with propagation modelling empirical relationships have been determined between the solar zenith angle and the
Wait ionospheric parameters β (km−1 ) and h′ (km) [Thomson, 1993; McRae
and Thomson, 2000]. These expressions provide estimates of the daytime
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variation in electron densities, for solar zenith angles, X . 80◦ .
h′ = 70.55 + 0.045X + 1.270X 2 − 0.774X 3 + 3.115X 4 + 0.595X 5 −
−1.491X 6 − 0.122X 7 + 0.268X 8

(2.12)

β = 0.395 + 0.005X − 0.043X 2 + 0.0075X 3 − 0.0191X 4 − 0.0054X 5 (2.13)
where X needs to be in radians.
Night-time propagation at VLF frequencies is less stable and predictable
than for day-time paths, although sufficient for communications purposes.
The difference in stability reflects short-term variation in the night-time Dregion and the lack of a dominant energy source (c.f., the Sun in daytime).
In this case reflection occurs at about 80-90 km altitude. The variations in
phase and especially in amplitude can be clearly seen in the disturbed sections of Figure 2.6. Recently it has been shown that mid-latitude night time
propagation can be well modeled (using a β = 0.63 km−1 and h′ = 85 km)
but that trans-equatorial propagation is still not well understood [Thomson
et al., 2007; Thomson and McRae, 2009].

Figure 2.6: The amplitude and phase of fixed frequency VLF transmissions
from navigation beacons received at Dunedin, New Zealand [McRae, 2000].
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In general, the largest changes in VLF subionospheric propagation conditions are the diurnal variations. In daytime conditions few ionospheric
modifications can be significant relative to the “normal” energy inputs from
the Sun, and hence subionospheric VLF is a less sensitive tool for day-lit
transmitter-receiver paths. Nonetheless, variations can be observed in daytime conditions. For example, when a solar flare affects a sunlit transmitterreceiver path, the increase in X-ray flux creates additional ionospheric ionisation, lowering the effective VLF reflection height of the ionosphere and
advancing the phase at the receiver by an amount that depends on the intensity of the X-ray flux [e.g., Mitra, 1974]. An X5 flare lowers the effective
reflection height from ∼ 70 km (mid-day) to ∼ 58 km [McRae and Thomsom,
2004], while the largest flare recorded to date (an X45, known as “Thomson’s Great Flare”) lowered the VLF reflection height to ∼ 53 km [Thomson
et al., 2004]. The change in propagation conditions follows the X-ray flux,
increasing dramatically within a few minutes of the flare onset, and then
typically decays again over periods ranging from a few tens of minutes to
several hours.
Generally, however, the most common transient VLF perturbations are
observed for transmitter–receiver paths under nighttime conditions. In addition to those associated with more mundane events, described in the following
sections, nighttime VLF perturbations lasting ∼ 5 min have been observed
due to a gamma ray flare produced by a neutron star 23,000 light years away
[Inan et al., 1999]. The amplitude changes were on the same order as between daytime and nighttime conditions, with maximum changes of ∼ 24 dB
in amplitude and ∼ 65◦ in phase observed on the transmitter–receiver path

from the VLF transmitter NPM (Hawaii) to Palmer (Antarctica). At the
far extreme of future possibilities (one hopes), the 400 km altitude highatmospheric detonation of a 1.4-megaton thermonuclear weapon produced a
maximum change of ∼ 175◦ in phase [Zmuda, 1963].
Many of the changes mentioned so far primarily work by altering the
electron density of the ionosphere, but changes to the neutral atmosphere
(e.g., temperature changes at ionospheric altitudes such as may be being
caused by climate change) or the geomagnetic field (unlikely at this altitude)
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can also have effects on the conductivity and hence reflection of radio waves.
Much scientific attention has focused on short time-scale (∼ 100 s)
modifications of the D-region leading to VLF phase and amplitude perturbations, particularly those associated with thunderstorms [Rodger, 2003]. It
has become standard practice to describe such short perturbations on subionospheric transmissions in terms of a phasor diagram [Dowden and Adams,
1988], as shown in Figure 2.7. Phasor subtraction of the unperturbed signal
(immediately before onset), from the perturbed signal gives the phase and
amplitude of the scattered signal relative to the phase and amplitude of the
direct (unperturbed) VLF signal. Prior to the introduction of this phasor
approach it was common to discuss the changes observed in the perturbed
signal itself, which are rarely more than 1 dB in amplitude [Inan et al.,
1993]. The large changes mentioned above (from the effects of a gamma-ray
flare, thermonuclear explosion, and the diurnal variation) are the directly
observed changes, rather than the “scatter phase” and “scatter amplitude”
found through the phasor approach (also known as the “echo phase” and
“echo amplitude”).

2.5.1

Electron Precipitation

The Earth’s Van Allen radiation belts consists of large populations of electrons trapped on the Earth’s magnetic field [Hess, 1968]. Under the influence
of the geomagnetic field, the trapped charged particles gyrate in a helical motion around the field lines, bounce between hemispheres, and drift around the
Earth. The trapping of particles arises from the increase of geomagnetic field
strength with decreasing distance from the Earth. This effect is known as the
“magnetic mirror”, and the height above the Earth at which the motion of
the particle reverses itself along a magnetic field line as the “mirror point”.
As the field lines converge at both poles, the trapped particles bounce from
hemisphere to hemisphere, and mirror at different altitudes (depending on
their energy and pitch angle). At middle latitudes the electron bounce period
is of the order of 0.1-1 s. When the mirror point is below ∼100 km radiation
belt particles are likely to undergo collisions with the atmosphere, causing
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Figure 2.7: Phasor diagram for a phase perturbation of θ and amplitude
perturbation of △A relative to the unperturbed wave (signal immediately
before the perturbation). From these the amplitude (M) and phase (φ) of
the scattered wave is obtained from phasor subtraction.

them to be lost into the atmosphere and deposit their energy. The loss of
electrons in this manner is termed “electron precipitation”, a process which
can cause increased ionisation at high altitudes (e.g., a 10 keV electron will
precipitate down to about 100 km with higher energies getting progressively
deeper into the atmosphere [Rees, 1989]).
One mechanism that causes this electron precipitation is wave particle interactions where VLF waves interact with cyclotron resonant radiation
belt electrons in the equatorial zone [e.g., Tsurutani and Lakhina, 1997],
scattering them to pitch angles at which they mirror at lower altitudes and
are precipitated out. Examples of this include electromagnetic ion cyclotron
(EMIC) waves [Rodger et al., 2008] and whistler-induced electron precipitation (WEP) [Rodger, 2003].
WEP arises from lightning produced whistlers [Storey, 1953], where
VLF radiation from a lightning discharge (see Section 2.6.1) propagates
through the ionosphere and along the magnetic field lines, interacting with
radiation belt electrons. A schematic diagram of this situation is shown in
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Figure 2.8. The precipitation from this causes what is known as a “Classic Trimpi” perturbation by increasing the electron number density in the
night-time D-region and hence altering the properties of the Earth-ionosphere
waveguide [Helliwell et al., 1973; Rycroft, 1973; Strangeways, 1996] and thus
subionospheric VLF propagation.
The beginning of the VLF perturbation occurs ∼0.6 s after the associated sferic [Armstrong, 1983], depending on the geomagnetic latitude; this
delay is consistent with the time required for a whistler to propagate through
the ionosphere and magnetosphere to the geomagnetic equator, interact with
energetic electrons in the radiation belts, and for these electrons to arrive
at the D-region as WEP. Such perturbations are known as Trimpi as they
were first recognized by M. L. Trimpi during his time as a field scientist
in Antarctica. Due to their production by WEP, classic Trimpi are also
sometimes referred to as “WEP Trimpi”. An example of a classic Trimpi
perturbation is shown in Figure 2.9.

Whistler

Dispersed
ELF/VLF Wave
Equatorial
Interaction
Region

Lightning
Discharge

Sferic
Electrons with
lowered mirroring
height

Figure 2.8: Schematic by which VLF perturbations are produced by whistler
induced electron precipitation (WEP). Trimpi perturbations in VLF transmissions are caused by WEP altering the properties of the Earth-ionosphere
waveguide.

Classic Trimpi are caused by “patches” of modified ionosphere which
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Figure 2.9: Example of a classic Trimpi perturbation observed on transmissions from the US Navy transmitter NPM (Hawaii; then 23.4 kHz) at Faraday
(Antarctic Peninsula) on 23 April 1994. In this case the amplitude (sold line)
decreases, while the phase (dotted line) increases [Dowden et al., 2001a].

are large, i.e., at least 600 km × 1500 km, with the longest axis orientated
east-west [Clilverd et al., 2002], located on the great circle path between the
transmitter and receiver. In contrast to their large horizontal dimensions,
these patches are reasonably thin in altitude [Lev-Tov et al., 1995; Dowden
et al., 2001a].
Other examples of electron precipitation are from relativistic electrons
(> 1 MeV). Some events, termed microbursts, appear as small and hard
(large amounts of ionisation deep into the atmosphere) “raindrops” [Rodger
et al., 2007]. In this case many drops fall over a large area (up to 6 hours
MLT [Dietrich et al., 2010]), although to affect the VLF radio signals they
need to be close to the receiver [Rodger et al., 2007]. Other relativistic
electron precipitation events are caused by EMIC waves, again causing large
amounts of additional ionisation deep into the ionosphere. A 500 electrons
cm−2 s−1 str−1 keV−1 flux of 2 MeV electrons was shown to reproduce observed
changes in VLF propagation [Rodger et al., 2008]. EMIC-driven relativistic
electron precipitation appears to last much longer in time (15-40 minutes)
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[Rodger et al., 2008], than those from the microburst “raindrops”.

2.5.2

Thunderstorms and Lightning

Since lightning can move significant amounts of charge from within a thunderstorm (sometimes up to 400 C [Volland, 1982]) then these storm clouds
can have potentially large effects on the conductivity of the region around
them. Although much of the lightning occurs between clouds or between the
clouds and the ground [Uman, 1987] ionisation changes at these altitudes can
be ignored as they are very short lived due to the high density of the neutral
atmosphere (and hence high collision frequencies). Thus we will only look
at the effects that thunderstorms and lightning can have in the atmosphere
above the storm. The main effects that have been seen in the data are produced by quasi-electrostatic (QE) fields and cloud to ionosphere discharges
(lightning) such as “Sprites” and “Elves”.
Perturbations from QE Thunderstorms
Early Trimpi, where there is a rapid onset (< 20 ms between causative sferic
and the beginning of the perturbation) and tending to last longer than 10 s
[e.g., Inan et al., 1996a], are believed to be caused by (QE) fields with large intensities that exist at high altitudes above thunderstorms, leading to conductivity changes over large areas through the heating of ionospheric electrons
(and in some cases the production of additional ionisation). For particularly
intense discharges the QE fields appear to be intense enough to cause breakdown and produce the highly structured ionisation observed as red sprites
[Pasko et al., 2000].
VLF Sprite Perturbations
The changes in atmospheric electrical conductivity associated with luminous
red sprites have also been shown to produce Trimpi perturbations on VLF
transmissions. The VLF perturbations associated with red sprites have been
termed “VLF sprites” [Inan et al., 1995; Dowden et al., 1996], or “CID
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Trimpi” [Dowden et al., 2001b], where CID refers to “Cloud-Ionosphere Discharges” of lightning, one of the early terms used to describe red sprites [e.g.,
Winckler, 1995] before the term “sprite” had been introduced. VLF sprites
are almost certainly one of a subset of perturbations that were termed “early”
Trimpi [Inan et al., 1988] as they may occur before one would expect the onset
of a classic Trimpi, i.e., <0.1 s after the associated lightning discharge.
However, VLF sprites do not share many important properties with
early Trimpi, for example the time delay between the lightning discharge
and the beginning of the VLF perturbation is generally greater than 20 ms
[Dowden et al., 2001b]. This is to be expected, as the cooling time for the
hot electrons in red sprites is of this order [Green et al., 1996], such that
the sprite-associated conductivity change will be transparent to VLF signals
until significant cooling has taken place.
The scattering pattern due to red sprite associated conductivity changes
has allowed a greater understanding of the upper atmosphere electrical changes
caused by red sprites. While the largest VLF sprite perturbations are observed for red sprites which occur on the transmitter-receiver great circle path
[Hardman et al., 1998], detectable perturbations are also observed for spriteevents located well off the transmitter-receiver path, associated with sprites
located within ∼ 500 − 1000 km from the receiver [Rodger et al., 1999]. This
finding implies that red sprite associated ionospheric conductivity changes
are relatively small and “dense”.

Due to the time over which the changes last, the conductivity changes
are almost certainly determined by significant ionisation present in red sprite
events. The observed VLF sprite perturbations are best explained by red
sprite conductivity changes that involve high ionisation changes (4-6 orders
of magnitude at some heights) in comparison with the ambient night-time
ionosphere [Dowden et al., 2001c].
Lightning EMP Perturbations
When Elves were first reported, their name included the observation of simultaneous VLF perturbations, e.g., Emissions of Light and VLF perturba-
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tions due to Electromagnetic Pulse Sources (Elves) [Fukunishi et al., 1996].
The strong lightning-produced EMP which creates Elves does so through
the heating of high-altitude electrons. Such a heating effect would last only
a few ms. Theoretical modelling indicates that sufficiently strong lightning
EMP also leads to changes in ionisation [Cho and Rycroft, 1998], which at
Elve-altitudes (up to 105 km) will be relatively long lasting [Rodger et al.,
2001].
Although lightning EMP and Elve production appears to be fairly well
understood, the secondary issue of modifications to long-wave propagation
inside the Earth-ionosphere waveguide has received little attention. Lightning EMP produces a large (∼ 500 km), relatively smoothly varying ionospheric disturbance at high altitudes (∼ 85 km), near the nighttime VLF
reflection height. Subionospheric VLF perturbations associated with these
disturbances would display narrow forward-scattering along the transmitterreceiver path [Wait, 1964].
For the case of ionisation increases below the VLF reflection height, the
relaxation of such perturbations to pre-event levels would be expected to be
extremely slow due to the long lifetimes of electrons at Elve-altitudes. Such
perturbations would appear as sudden step-like perturbations in amplitude
and phase without a clear relaxation, this being masked by other variations
in the subionospheric signal occurring over hundreds of seconds.

2.6

Sources of VLF Electromagnetic (EM)
waves

Extremely low frequency (ELF, 3-3000 Hz) and VLF transient signals and
noise are generated by various natural and manmade processes. Those of
natural origin include “sferics” from thunderstorm lightning discharges but
dust storms, tornadoes and even volcanic eruptions can produce transient
VLF radiation. At mid to high latitudes, ground based VLF observations
may include strong emissions from processes occurring in space generated
by charged particles, examples being chorus and hiss. In polar observations
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at ELF frequencies such emissions occasionally dominate all of the lightning
generated noise. On a global basis by far the most significant source of
natural noise at ELF and VLF is that radiated by lightning discharges into
the Earth-ionosphere waveguide. A 10 s VLF spectrum is shown in Figure
2.10 taken from data received by a north-south aligned magnetic loop antenna
located near Dunedin, New Zealand. VLF communication and navigation
transmitter are visible as the horizontal signals above 10 kHz, while local
electrical noise is present below about 5 kHz. Strong sferics are common
throughout the record, present in the spectra as vertical pulses.

Figure 2.10: VLF spectrum showing data received by a north-south aligned
magnetic loop antenna located near Dunedin, New Zealand during the local
nighttime. Strong VLF transmitters and lightning signals are present, with
the strongest manmade transmitter being NWC at 19.8 kHz. A weak and
“swishy” whistler is also present at ∼30 s.

26

2.6.1

Thunderstorms and Lightning

A lightning discharge is an electrical breakdown in which currents flow from
the thundercloud to the ground, termed a cloud-to-ground or CG discharge,
or more commonly within the thundercloud itself, termed an intra-cloud or
IC discharge. The bulk of the power spectral density of lightning radiation is
found in the VLF and ELF bands [Malan, 1963; Pierce, 1977]. Propagation
of the ELF/VLF radiation radiated by lightning into the waveguide formed
by the ground and the lower boundary of the ionosphere disperses the initial
sharp pulse into a wave train (termed a “sferic” or “atmospheric”) of typically
1 to 10 ms duration.
The sferic VLF radiation that propagates efficiently inside the Earthionosphere waveguide is dominated by the vertical component of the lightning
return stroke current [Lee, 1989], such that most observed sferics are thought
to be produced by cloud to ground lightning flashes.
The vertical electric field for a strong lightning discharge can reach
values as large as 1 V m−1 even at ranges of over 1000 km from the discharge [Taylor, 1960], and sferics can be detected from many thousands of
kilometres away. The primary sources of global lightning are Central Africa,
South America, and the ”maritime continent (South East Asia and Northern
Australia).

2.6.2

Manmade VLF radiation

A number of nations currently operate large VLF transmitters, primarily for
communication with military submarines. While such transmitters originally
served some commercial and governmental purpose, particularly for those nations involved in the building and maintenance of far-flung colonial empires
[Byron, 1996], permanent operation is now usually only undertaken for military communications. To radiate electromagnetic waves efficiently one needs
an antenna whose dimensions are of the order of the wavelength of the radiation. VLF waves, with frequencies from 3 to 30 kHz, have wavelengths from
100 to 10 km and this suggests that VLF antennas must be extremely large
to be efficient. Ground based vertical electric monopole antenna can operate
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with reasonable efficiency at VLF, especially at frequencies > 10 kHz, and
were the mainstay of VLF communications systems for most of the 20th century. Such antennas are very large, typically many hundreds of metres long
and are usually strung between high towers. However, VLF antennas often
make use of natural geographic features, and have been strung across Fjords
in Norway and over extinct volcanoes in Hawaii. The problem of scale in
VLF antenna design has been a challenge to radio engineers.
However, military users continue to value the huge areas which can
be covered from a single transmitter (> 10 Mm in radius), as well as the
skin depth implications offered by VLF frequencies (extremely important in
the age of ballistic missile submarines). These benefits overcome the prime
limitations of such transmitters: small usable bandwidths (∼ 20 − 150 Hz),

and low transmitter radiation efficiencies (∼ 10 − 20%; Watt [1967]). A
selection of communications transmitters is given in Table 2.2. In addition to
communication stations, there have also been networks of navigation beacons
operating in the VLF band. Examples are the world-wide Omega network
broadcasting between 10.2 and 13.6 kHz (which ceased operation at 0300 UT,
30 September 1997) and the Russian “Alpha” network operating from 11.9
to 14.9 kHz.
In some parts of the world the VLF band is strongly dominated by manmade radiation. Harmonics of the electrical network transmission frequencies (typically 50 Hz or 60 Hz) can be significant in much of the ELF/VLF
band. From a scientific viewpoint such radiation is simply a source of noise,
although some have suggested it may influence the magnetosphere [e.g., Bullough, 1995] although this has been disputed [Rodger et al., 2000, and references therein].

2.6.3

VLF Emissions from near-Earth Space

In addition to VLF signals which are generated near the Earth (i.e., manmade
transmissions, lightning), ground based recordings may also include VLF
events which are either generated above the ionosphere and propagate to
Earth, or are generated near the Earth but are strongly influenced by the
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Table 2.2: List of some operational VLF transmitters. The transmitters
are generally referred to by their call-sign (e.g., NWC for the very powerful
transmitter in western Australian).
Station
DHO
HWU
GBR
NAA
NML4
NPM
NWC

Location

Latitude

Ramsloh, Germany
53◦ 05′ N
Le Blanc, Fance
46◦ 42.5′ N
Rugby, UK
52◦ 22′ N
Cutler, Maine
44◦ 35′ 50′′ N
La Moure,
46◦ 21′ 57.4′′ N
North Dakota
Lualualei, Oahu,
21◦ 25′ 30′′ N
Hawaii
North West Cape,
21◦ 49′01′′ S
Australia

Longitude
7◦ 37′ E
1◦ 14.5′ E
1◦ 11′ W
67◦ 16′ 54′′ W
98◦ 20′ 8.22′′ W

Freq
(khz)
23.4
18.3
16.03
24.0
25.2

Power
(kW)
∼ 300
200
80
1000
500

158◦09′ 20′′ W

21.4

600

114◦09′ 50′′ E

19.8

1000

environment in near-Earth space by propagating through this region. Due to
the scope of this work we will not concentrate on VLF radiation generated
in near-Earth space processes.
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Chapter 3
VLF Propagation Simulation
The simulation of the propagation and scattering of very low frequency (VLF)
radio signals within the Earth-ionosphere waveguide (herein after referred
to as the waveguide) can be attempted using a number of different methods. The simplest method is to treat the waves as rays and use geometric
optics (ray-tracing) [Tkalevic, 1983]. Utilizing the properties of a waveguide and treating the waves as waveguide modes is the most commonly used
method [e.g., Wait, 1970, 1995; Poulsen et al., 1990, 1993a,b; Nunn, 1997].
Other methods break the waveguide into discrete sections and utilize various
approximations about the variables; these methods include finite-difference
time-domain (FDTD) [e.g., Cummer, 1997, 2000; Poussard and Corcuff, 2000]
and finite element methods (FEM) [e.g., Baba and Hayakawa, 1995, 1996,
1997]. The most complex and comprehensive propagation simulation method
is the full wave method [e.g., Nagano et al., 1975; Yagitani et al., 1994] however in general these simulations have needed to be limited to comparatively
simple situations to make the computations easier. In the rest of this chapter the pros and cons of the different approaches as at the beginning of this
project (2003) are discussed especially with reference to the goals of this
project as this allows the choice of which of these methods will be used in
our simulation.

30

3.1

Ray Tracing

Ray tracing models the VLF signals as rays reflected off the surfaces of the
waveguide. There are an infinite number of paths available from one point
to another and these paths are ordered by the number of reflections the ray
must undertake. However at the ionospheric boundary of the waveguide the
ray (wave) may be transmitted or even absorbed, thus the more reflections
the greater the attenuation of the ray (wave) and only the lower order rays
need be considered. The ray tracing method is better for short path lengths
than for long as with longer paths the number of low attenuation rays can
be greater and computational complexity increased. This method also has
no ability to account for scattering off ionospheric and atmospheric (subionospheric) perturbations (herein after referred to as perturbations).

3.2

Waveguide Mode Theory

Since the Earth and the ionosphere form conducting boundaries to the lower
atmosphere, we have a curved waveguide, however for simplification this is
often approximated to a flat waveguide. It is thus relatively simple to treat
the VLF signals propagating within this waveguide as a 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, 1990]. As with the ray
tracing method, higher order modes are highly attenuated, but with mode
theory moving further from the transmitter does not increase the number of
modes available for transmission, hence at longer distances only a few low
attenuation modes need be considered. The parameters of the waveguide
and the frequency of the signal also affect the number of modes which must
be included.
With waveguide theory the solution needs to be computed only once
for each waveguide and frequency combination as the solution contains information throughout the entire waveguide, not just at the receiver as in ray
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tracing. With a ray tracing approach moving the receiver or point of interest requires a completely new calculation. This is the major benefit of the
waveguide mode method. It is also relatively simple to alter the waveguide
parameters to deal with large, weak perturbations and changes in ground
conductivity. Even though modal theory allows for scattering off perturbations, in general the scattering process is considered separately from the
propagation [e.g., Yeo, 1998]. To simplify matters, the approximation that
conditions are only changing slowly is often applied to both the propagation
and scattering processes. For propagation this leads to the Wentzel, Kramer
and Brillouin (WKB) [Ballentine, 1998] approximation and due to this the
conversion of energy from one waveguide mode to another at boundaries is
neglected. Because this approximation can limit the range of physical situations considered, more recent studies have not used this approximation
[e.g., Poulsen et al., 1993a,b; Nunn, 1997; Clilverd et al., 1999]. The first order Born approximation is commonly applied to scattering, thus limiting the
magnitude of the perturbation. The Trimpis resulting from perturbations
near the Born limit are only of average size and thus large trimpis must be
caused by non-Born perturbations [Nunn et al., 1997].
The waveguide mode method for wave propagation is both the oldest
and most commonly used method [e.g., Wait, 1970], and there are several simulation codes already available for use, for example Long Wave Propagation
Capability (LWPC) [based on Pappert and Snyder, 1972] and MODEFNDR
[Morfitt and Shellmann, 1976] both developed by the United StatesNaval
Ocean Systems Center (NOSC). These NOSC codes have been the basis for
most of the later studies into scattering [e.g., Tolstoy and Rosenberg, 1985;
Poulsen et al., 1990; Cotton et al., 1992; Nunn, 1997]. Pappert and Snyder
[1972] examined mode conversion due to the (day-night) terminator. This
dealt with infinite-width perturbations on the Great Circle Path (GCP) and
was modelled by a change in the reflection height of the ionosphere. Tolstoy
and Rosenberg [1985] extended this approach to off GCP finite-width perturbations. Cotton et al. [1992] found that the ground conductivity conditions
in Antarctica caused differing attenuation and mode conversion patterns.
Poulsen et al. developed a 3-dimensional (3D) scattering simulation
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using electron density profiles rather than effective reflection height changes.
This approach was used in a series of papers to first look at single mode,
WKB propagation [1990] and then expand to multiple mode propagation
and scattering [1993a; 1993b]. In the 3D case the perturbations are finite
sized localized ionisation enhancements (LIEs) and the shifts in phase and
amplitude can be used to determine the distance off the GCP [Poulsen et
al., 1990]. This scattering however, neglects mode conversion within the
scattering region, and hence is only valid for large, weak LIEs.
Nunn’s [1997] simulation allowed for this mode conversion and found
that it is substantial. This paper uses MODEFNDR and all allowable modes
throughout, viewing the LIE as a 3D assembly of point scatterers and integrating to determine the scattered field. However, the code in that study
allowed only for vertical dipole transmission, scattering and reception, by
only using the zz-compontent of the conductivity tensor. Clilverd et al.
[1999] determined that LWPC and MODEFNDR above the D-region (75 85 km at night) gave results that are too high due to a failure to account for
the attenuation of the height gain factor. The authors compensated for this
by multiplying the height gain function by an attenuation function to correct
the results. This attenuation function is itself only a quick fix approach and
does not really resolve this error.

3.3

Finite Element Method (FEM)

The FEM discretizes the domain using variable size and shape finite cells
and assumes a continuous distribution of the dependant variable. At the
time the project commenced, FEM was limited to 2-dimensional (2D) models, not allowing for finite-width perturbations [Baba and Hayakawa, 1995,
1996, 1997]. In these papers the model assumed an isotropic waveguide
outside of the perturbation and neglects the Earth’s curvature; it however,
does allow for very strong perturbations, and hence can overcome the Born
approximation. Comparisons of the FEM simulations with Nunn’s 1997 3D
modal simulations produced good agreement with the approximations of both
methods [Nunn et al., 1997; Baba et al., 1995]. These papers gave a limit of
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the Born approximation at electron density changes of ∼ 6 cm−3 for a radius
(r) of 100 km and ∼ 20 cm−3 for r = 20 km (Born approximation gives 20%
overestimate).

3.4

Finite-Difference Time-Domain (FDTD)
Method

FDTD methods solves Maxwell’s equations by approximating derivatives as
finite differences [Yee and Chen, 1997]. Unlike FEM it can account for the
curvature of the Earth and allows for realistic ground and ionospheric conductivity changes [Poussard and Corcuff, 2000].
The method for calculating the propagation requires a moving computational domain where the calculation is performed only around the wavefront;
this is done to reduce computational time [Bérenger, 1994]. Bérenger [1994]
showed that for propagation only that the FDTD method agrees quite well
with the waveguide and ray tracing methods, while in the case of scattering Poussard and Corcuff [2000] showed good agreement with the waveguide
method, though the FDTD method was found to give better accuracy at
altitudes near the reflection height (see Section 3.2 above). Poussard and
Corcuff [2000] neglect the influence of the geomagnetic field. However, it can
be factored in to the simulation [Thèvenot et al., 1999]. One advantage of
the FDTD method is that the non-radiative fields close to the source are included automatically as part of the formulation, as opposed to mode theory
where these fields are not completely accounted for [Cummer, 2000].

3.5

Full Wave Method

The “full wave” method of simulating wave propagation, as one might expect,
makes use of no approximations to the wave characteristics. Consequently
this method is rather computationally heavy, but gives a greater accuracy
to the calculations and more capability to any simulations. To reduce the
complexity of the calculations approximations to the ionosphere are used,
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such as horizontal stratification [Nagano et al., 1975] and a uniform cold
plasma environment [Yagitani et al., 1994]. Consequently this approach had
not been applied to wave scattering off perturbations since that situation
would violate the above assumptions. However, relatively recently Shklyar
and Nagano [1998] have produced using a slightly different approach a 2D
full wave scattering simulation, based on a vertically traveling wave in a
cold magnetized plasma. It assumes linear wave scattering and a vertical
geomagnetic field, but is not limited by approximations about the density of
the perturbation.

3.6

Summary

My project goal, to make the most general simulation model of VLF propagation and scattering, required that an approach was found that did not suffer
from the deficiencies discussed above. Of the methods that were considered,
ray tracing is not suited to scattering, and the deficiencies at altitude of the
LWPC and MODEFNDR codes mean that they are not sufficient as a starting point. The FEM and FDTD methods have promise, but any attempt to
use these would have had to overcome the 2D nature of the simulations.
While Nunn et al. [1997] recommend the development of 3D FEM simulation, it would seem that perhaps the best way forward was to base a propagation and scattering code upon the work of Shklyar and Nagano [1998].
This would require it to be altered to allow propagation within the waveguide as opposed to the vertical propagation and scattering. However, after
much consideration and effort I was unable to easily adapt this method to
propagation in the Earth-ionosphere Waveguide.
The full wave approach is the one that gives the most comprehensive
account of the wave propagation, but since the Shklyar and Nagano [1998] is
unsuited to our goals, the question is can we adapt the more traditional full
wave approach of Nagano et al. [1975] to allow for changing conditions and
scattering.
We concluded that the requirement in the original Nagano et al. [1975]
approach for an ionosphere which only varies in the z-direction, can be
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avoided through a similar method as to how the z-direction variation is dealt
in the original study. This simply involves breaking the vertical variation
down into discrete layers with constant conditions. By similarly breaking
the propagation path down into blocks of constant conditions (each with
its own horizonal layering as can be seen in Figure 3.1) then we can allow
for changing conditions along the path and hence bring in the possibility of
native scattering. This is the method through which I have developed my
simulation code.

Figure 3.1: Schematic showing the method for extending the Nagano et al.
[1975] method to deal with variation along the path.
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Chapter 4
Derivation of the simulation
Obviously any formulation dealing with electromagnetic radiation of one form
or another must start with Maxwell’s equations, in particular the two vector
curl equations which define the wave nature of electromagnetism.
~
~ = −µ0 ∂ H
∇×E
∂t
~ =ε
∇×H

~
∂E
∂t

(4.1)

(4.2)

Using a standard harmonic time dependance eiωt and defining
~ =
H

r

µ0 ~
~
H = η0 H
ε0

(4.3)

This then gives us
~ = −ik H
~
∇×E

(4.4)

~ = ikεr E
~
∇×H

(4.5)

where εr is the relative permittivity tensor as is defined in Appendix B.
We take our coordinate system to be a cylindrical system such that
z is altitude (zero at the ground), x is the distance over the surface of the
Earth in the direction of propagation measured from the antenna and y is the
azimuthal distance over the surface of the Earth perpendicular to the prop-
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agation path. This gives a two dimensional calculation for the wave along a
path which is at a particular azimuth (angle relative to the geographic north).
We retain a 3D capability by being able to calculate the fields throughout a
range of azimuths.
Assuming a form of e−ik(pz+qx) , where q is the cosine of the angle the
wave makes with the horizontal, equations 4.4 and 4.5 can be combined (as
can be seen in Appendix C) to give what Budden [1961] calls the “elegant
form” of Maxwell’s Equations
∂~
χ
~
= −ikT χ
∂z
where





−qεrzx
εrzz

Ex

(4.6)





−Ey 


χ
~ =

H
 x
Hy

qεrzy
εrzz

0 1−



0
0
1
T =
−ε + εryz εrzx ε − q 2 − εryz εrzy 0
ryy
 ryx
εrzz
εrzz
εrzy
εrxz εrzx
−εrxy + εrxz
0
εrxx − εrzz
εrzz

q2
εrzz

0

qεryz
εrzz
rxz
− qεεrzz








and εrij is given in Equation B.17.
If the medium is divided into a number of homogenous slabs then the
matrix T will be constant in each slab [Nagano et al., 1975] and hence we
get the eigen-equation
(T − pI)~
χ=0
(4.7)
which has a non trivial solution only if the determinant is zero.
|T − pI| = 0

(4.8)

Equation 4.8 is a quartic equation for p and is equivalent to the Booker
quartic [Booker, 1939], and these eigen-values (p) of equation 4.7 determine
the magnetoionic characteristic modes which represent the left and right
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(circularly) polarized cases of both the up- and down-going waves. The eigenvectors (~
χ) of equation 4.7 corresponding to each p value give the relationship
between the components of the wave field.
Of the four eigen-value solutions, the two that have negative imaginary
parts are upwards traveling and those with the positive imaginary parts are
downwards traveling. In each of the slabs of the ionosphere (and the free
space between the ionosphere and the Earth) we have these four solutions,
except in the layer above the ionosphere where we have only upwards solutions (as there is nothing for them to reflect off).

Figure 4.1: The homogenous layered ionosphere, showing the up and down
going waves. Adapted from Nagano et al. [2003] in which he uses ẽ where we
use χ
~.

Taking the upgoing solutions above the ionosphere we compute down
through the layers with succesive iterations of
χ
~ j−1 = B ∆ B −1 χ
~j
j
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j

j

(4.9)

where




∆ =

j


eikp1j (zj −zj−1 )

0

0

0

eikp2j (zj −zj−1 )
0
0
eikp3j (zj −zj−1 )

0
0
0

0

0

0
0
eikp4j (zj −zj−1 )








and B is the matrix of the eigen-vectors of equation 4.7 in the j th layer,
j

until we get to the bottom layer of the ionosphere, using Gram-Schmidt
orthogonalisation process in each layer to prevent numerical instability or
swamping [Nagano et al., 1975].
Below the ionosphere it is usual to consider the waveguide to be free
space (although this is not a requirement of the theoretical approach) and
this will be assumed in this thesis. So in the waveguide we generally have two
polarisations: parallel and perpendicular to the plane of propagation. This
gives us the following boundary conditions at the base of the ionosphere to
calculate the reflection and transmission coefficients (R and T respectively):
+ kTR χ
~R = χ
~ ki + kRk χ
~ kr + kR⊥ χ
~ ⊥r

(4.10)

+ ⊥TR χ
~R = χ
~ ⊥i + ⊥Rk χ
~ kr + ⊥R⊥ χ
~ ⊥r

(4.11)

~L
kTL χ
~L
⊥TL χ

where the superscipts on the χ
~ represent the incident (i) and reflected (r)
waves. Obviously if the lowest region is not free space, or at least not
isotropic, then the polarizations in that region will be left- and right-circular
as opposed to parallel and perpendicular.
The height at which the reflection takes place (zref ) is governed by
the altitude at the bottom of the ionosphere (ziono ) and how the phase of
the reflection coefficients, calculated at that height, relates to the maximum
angle at which a path can meet the ionosphere (θiono )
zref = ziono +
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π − arg kRk
2k sin θiono

(4.12)

where
θiono =

π
RE
− asin
2
RE + ziono

Equation 4.12 is taken from the WaveHop wave simulation program [Berry
and Herman, 1971] and is similar to the expressions given in Budden [1985]
and Wait and Walters [1963]. This altitude (zref ) is also know as the phase
height of reflection or the phase reference height.
So now we have our waveform e−ik(pz+qx), where we are propagating
outwards from the transmitter (in the positive x-direction) over a range of
angles (usually −90◦ –90◦ to the horizontal) corresponding to values of q from
q = 0 to q = 1, for each q value we get two p values, one for up and one for
down (actually as mentioned above there are 4 p values, but in the isotropic
region below the ionosphere the two up-going p are identical as are the two
down-going ones) and a reflection coefficient for the ionosphere. We also
calculate a reflection coefficient for the ground by a similar method where
the permittivity is instead given by:
εrzz = εrxx = εryy = εg −

iσ
ωε0

(4.13)

where εg and σ is the relative permittivity and the conductivity of the ground
respectively.
Our field strength is dependant on the nature of the antenna, however
for most of the manmade VLF transmitters we would be modelling as sources
are effectively vertical dipoles (of height hef f ), with vertical electric fields
given by:
E = E0
where
E0 =

e−ik(pz+qx)
d

(4.14)

−iωIhef f
4πc2 ε0

and d and I are the path distance from the transmitter and the current
flowing in the antenna respectively.
Since the planet is a sphere, the path that a wave takes as it propagates
around the Earth does not follow a line of constant altitude, as it would be
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if the Earth was being modeled as flat. So a path that starts out at the
surface of the Earth and is horizontal (i.e., a tangent to the sphere) increases
in altitude as it propagates along as can be seen in Figure 4.2. The altitude
of the path and the distance along the path can be calculated respectively
according to:
(RE + z0 )q
z=
− RE
(4.15)
cos(θ + RxE )
d=

x
RE + z
sin
q
RE

(4.16)

where RE , z0 and θ are the radius of the Earth (6378.137 km), the initial
altitude and the angle the path makes with the horizontal (cos θ = q) respectively.

Figure 4.2: The geometry involved in calculating height vs distance over a
curved Earth.
The other issue that arises in having a curved Earth is that you must
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have a mechanism for allowing diffraction, and in this we have diverged from
a full wave approach, for example that of Nagano. This was handled using
expressions for the diffraction of waves around the surface of the Earth given
by Wait [1967, 1980]:
Ez = E0 e−ikx

r

πξ
i

e−ξts w(ts − ψa ) w(ts − ψ)
t − κ2 w(ts )
w(ts )
s=1,2,3... s
X

(4.17)

where
w(t) =

√

π[Bi(t) − i Ai(t)]
r
3 kRE x
ξ=
2 RE
r
2
ψa = 3
kza
kRE
r
2
ψ= 3
kz
kRE
r
η
3 kRE
κ = −i
2 120π

and Ai(t) and Bi(t) are Airy functions in the usual notation, η is the surface
p
impedance ( µε ) and ts are the roots of:
w ′ (t) − κw(t) = 0

Equation 4.17 allows us to not only deal with the ground wave (where z and
za are zero) but also for cases where the wave is partially diffracted and then
“escapes” up to the ionosphere as can be seen in Figure 4.3. This equation
also allows cases where the wave starts at altitude and then is diffracted
round the surface of the Earth as it gets to the ground, which of course is
just the inverse of Figure 4.3.
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Figure 4.3: The ground wave and the partially diffracted wave compared to
the non-diffracted wave.
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Chapter 5
Testing the simulation
Before we can successfully implement our simulation we have to show that
it compares favourably to other simulations, which have themselves been
proven to work (under certain situations). Once we have achieved this then
can we begin to use our simulation especially in areas where other simulations
have not proven very successful.

5.1

Simple Propagation

The first test is to ensure that simple situations such as a flat Earth, and
simple ionospheres can be handled. These tests are useful since these simple
situations can be directly represented by analytical expressions against which
our simulation can be tested.
Here my simulation is compared against a simple set up. Multiple
reflections are created by using a series of virtual image sources located where
it appears that the reflected wave would be coming from, represented by
Figure 5.1, where the waveguide is the region between z = 0 and h0 . We are
able to test with both a metal plate representation of the ionosphere with a
reflection coefficient of 1, and also situations with more realistic ionospheric
conductivities which are still isotropic (no magnetic field).
The expressions we used for this multiple source method are as follows:
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Figure 5.1: The method of using multiple sources to simulate reflections,
where P is the point at which the field is calculated.

for the electric field
Ez =

X −iµ0 ω 1
2π

m

where
Rm =

2

Ihef f sin2 θm Rm


m−1


(R R ) 2 Ri

 i g

(Ri Rg )



(R R ) −m−1
2
R
g

(5.1)

m = 1, 3, 5, ...

|m
|
2

i

exp −ikdm
dm

g

m = ..., −4, −2, 0, 2, 4, ...
m = −1, −3, −5, ...

and for the reflection coefficients for the ionosphere and ground respectively
Ri =

ni (cos2 θ − cos2 θi ) + (n2i − 1) cos θi ) cos θ
ni (cos2 θ + cos2 θi ) + (n2i + 1) cos θi cos θ

(5.2)

q

(5.3)

Rg =

n2g

cos θ −

n2g cos θ +

q

n2g − sin2 θ

n2g − sin2 θ

where n is the refractive index, θ is the angle of the wave path with the vertical (note that this definition in the testing code is different from the working
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definition that is used in the simulation where θ was the angle from the horizontal), and the subscripts i and g refers to the values in the ionosphere and
the ground respectively.
We tried this approach with one source (m = 0) and then added further sources (m = ±1, ±2, ...) by applying limits to the number of reflections

that would be included in our simulations field summation. Figure 5.2, for
a metal ionosphere, and Figure 5.3, for an isotropic ionosphere, show examples of these fields and their agreement, with the appropriate analytical
expression for a wave frequency of 20 kHz. The simulation is giving results
that are almost indistinguishable from that of the multiple sources method.
The conditions used in the creation of Figure 5.3 is a single slab dielectric
ionosphere with a collision frequency of 5 × 106 s−1 and an electron density
of 2.63 × 105 m−3 and a sea water ground surface (εg = 81, σ = 4 Sm−1 ).
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Figure 5.2: The vertical electric field magnitude comparison between the multiple sources model and my simulation for a metal ground and no ionosphere
(2 sources) at 100 km from the transmitter.

These figures demonstrate that our simulation can handle simple prop47
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Figure 5.3: The vertical electric field magnitude comparison between the
multiple sources model and my simulation for a real ground and isotropic
ionosphere using 6 sources at 1000km from the transmitter. See text for
ionosphere and ground conditions.

agation and isotropic reflections (i.e., absence of magnetic field).

5.2

Testing the Reflections

It was shown above how isotropic reflections were easily accommodated.
However, the reality of the matter is that the planet we live on has a magnetic
field (for which we would not survive without most likely) and this needs to be
taken into account. The simulation’s calculation of the anisotropic reflection
coefficients is tested in a number of ways: firstly, using expressions similar
to the reflection coefficient in the isotropic case, and secondly comparing my
values of reflection coefficients to others in the published literature.
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5.2.1

Comparing to Anisotropic Expressions

My reflection coefficients (Figure 5.5) are compared to those displayed in
Rodger [1997] (Figure 5.4) which were themselves compared to Wait and
Perry [1957]. The x-axis in these two Figures is a measure of normalised
wave fequency and Ωr is taken to be a measure of the frequency at which
height the reflection occurs [Rodger, 1997]. The reflection coefficients as
shown in Figure 5.4 were calculated using the following expressions
(na + nb )(cos2 θ − cos θa cos θb ) + (na nb − 1)(cos θa + cos θb ) cos θ
(na + nb )(cos2 θ + cos θa cos θb ) + (na nb + 1)(cos θa + cos θb ) cos θ
(5.4)
2i cos θ(na cos θa − nb cos θb )
kR⊥ =
(na + nb )(cos2 θ + cos θa cos θb ) + (na nb + 1)(cos θa + cos θb ) cos θ
(5.5)
2i cos θ(na cos θb − nb cos θa )
⊥Rk =
2
(na + nb )(cos θ + cos θa cos θb ) + (na nb + 1)(cos θa + cos θb ) cos θ
(5.6)
(na + nb )(cos2 θ − cos θa cos θb ) − (na nb − 1)(cos θa + cos θb ) cos θ
⊥R⊥ =
(na + nb )(cos2 θ + cos θa cos θb ) + (na nb + 1)(cos θa + cos θb ) cos θ
(5.7)
where θ is as defined in the previous section and now the subscripts a and
b refer to the two different upgoing solutions in the anisotropic ionosphere
kRk =

(calculated using n2 = p2 + q 2 where p and q are the same as in Chapter 4).

5.2.2

Comparing to Nagano et al. [1975] and Walsh
[1967]

In Nagano et al. [1975] their reflection coefficients are compared to others who
had calculated them in a similar way. Much of this comparison was done
using various simulations calculated in Walsh [1967] using the ionospheric
profile of the collision frequency and electron density that were scaled from
Figure 11 in Walsh [1967] and are presented in Figure 5.6, in combination
with a gyrofrequency of 1.28 MHz.
As you can see from Table 5.1 the reflection coefficients agree fairly well
with those of other methods. The agreement between my values and those
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Figure 5.4: The reflection coefficients as shown in Rodger [1997]. Each line
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Figure 5.6: Ionospheric parameters used to compare reflection coefficient
calculations. The collision frequency ν and electron density N were scaled
from Figure 11 of Walsh [1967].

given in the Nagano and Walsh papers is better than that calculated by a
differing method (that from Rodger [1997] in the previous Section), though
there are errors here too. The difference between the Nagano/Walsh values
and mine is probably due to our inability to accurately scale the ionospheric
parameters (collision frequency and electron density as can be seen in Figure
5.6) from the graph in the Walsh paper.
An idea of the size of the errors in scaling from the graph in Walsh [1967]
can be found by looking at the difference between the reflection coefficients
calculated with the values we scaled and the coefficients calculated with those
scaled values adjusted by ±10% as is shown in Table 5.2, where we also give
the percentage difference that the ±10% cause. From this it can be concluded

that if the errors in the scaling are around 10% or so then the values for kRk
and ⊥R⊥ are almost identical (but then those values were in agreement with
the other values in Table 5.1 despite any errors). The error values for kR⊥
and ⊥Rk for the ±10% change in the ionospheric parameters are much larger
(∼ 5%) than the < 1% for the other components although these values are
still not in agreement to those given in Nagano et al. [1975] and Walsh [1967].
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Table 5.1: Comparison of reflection coefficients using the ionosphere in Figure 5.6, the first 3 sets of values were
from Walsh [1967]. The reflection coefficients are specified as magnitude/phase angle in degrees.
Method
kRk
kR⊥
⊥Rk
⊥R⊥
Inoue and Horowitz 0.87514/158.26 0.02402/163.18 0.01874/104.78 0.85982/155.80
Pitteway
0.87636/158.11 0.02428/163.06 0.01884/104.98 0.86190/155.71
Walsh
0.87656/158.12 0.02413/163.07 0.01861/104.95 0.86198/155.78
Nagano et al. [1975] 0.87697/158.34 0.02386/162.47 0.01854/104.89 0.86301/155.97
McCormick
0.87860/161.80 0.03344/187.40 0.02811/43.39 0.87373/158.71

But since those components are small to begin with the cumulative effect may
well not be of consequence.

5.3

Testing the Full Model

As we have shown that that simulation has compared well with other methods in simple situations and that the reflection coefficients are of reasonable
agreement, the next step is to put all this together in a real world situation.
Several other simulations have in the past been shown to simulate propagation in relatively simple situations, some of which are available inside our
research group. WaveHop was chosen as a simulation that worked in the
most similar way to mine, as the other codes available to us made use of
the waveguide mode method (MODEFNDR and LWPC), though still give
similar results under the same conditions.
My simulation was tested against WaveHop in two differing approaches.
Firstly a simple single propagation path was arbitrarily chosen. Secondly my
simulation was compared to WaveHop for a range of short propagation paths
surrounding the VLF transmitter NWC.

5.3.1

Single Path Comparison

Here the simulated vertical electric field magnitude is compared along a single path at the ground. As can be seen in Figure 5.7 there is pretty good
agreement between these two simulations for this situation. The conditions
taken were an all sea path (εg = 81, σ = 4 Sm−1 ) in the direction of magnetic
south (declination of 0◦ ) with an angle to the horizontal (inclination) of 65◦ ,
a frequency of 20 kHz radiated at 1 MW, and a Wait ionosphere given by
β = 0.5 km−1 and h′ = 84 km. This path is an arbitrary set up that allows
us to explore the parameter space, rather than being a true transmitter to
receiver path.
In Figures 5.8, 5.9, 5.10, 5.11 and 5.12 we explore this paramter space by
altering the frequency (down to 15 kHz), the ionosphere (to a day-like value
of β = 0.45 km−1 and h′ = 70 km, and an alternate night β = 0.43 km−1
53
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Table 5.2: Estimate of sensitivity to
Profile
kRk
Walsh
0.87860/161.80
Walsh + 10% 0.88128/162.59
0.30%/0.48%
Walsh − 10% 0.87590/160.92
-0.31%/-0.54%

errors in scaling of the Walsh [1967] ionospheric profile.
kR⊥
⊥Rk
⊥R⊥
0.03344/187.40 0.02811/43.39 0.87373/158.71
0.03172/188.10 0.02608/41.08 0.87662/159.93
-5.14%/0.37% -7.22%/-5.32% 0.33%/0.77%
0.03524/185.68 0.02999/46.07 0.87286/157.33
5.38%/-0.92%
6.69%/6.18% -0.10%/-0.87%
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Figure 5.7: Single path comparison of vertical electric field magnitude between WaveHop and McCormick simulations for a 20 kHz wave. See text for
path conditions.

and h′ = 87 km), the ground surface (to a typical good conducting ground
of εg = 15, σ = 0.01 Sm−1 ) and the angle of the magnetic field (to inclination of 90◦ i.e. vertical) respectively. As can be seen from these Figures,
my simulation is very good at reproducing the wave fields, as calculated by
WaveHop at the ground, at short distances. It is reliable (to within a dB or 2)
out to about 3000–3500 km in all these cases, and even when the agreement
is not so good it mostly reproduces the approximate “modal pattern” (the
shape of the peaks and troughs) if not the depth of the minima (troughs).
The differences between the two simulations out to ∼ 3500 km are within
the commonly accepted errors (0.5 dB–2dB) of WaveHop in comparison to
field values measured at the ground [Neil Thomson, personal communication,
2009].
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Figure 5.8: Single path comparison of vertical electric field magnitude between WaveHop and McCormick simulations with a frequency of 15 kHz, all
other conditions are the same as for Figure 5.7.
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Figure 5.9: Single path comparison of vertical electric field magnitude between WaveHop and McCormick simulations with a daytime ionosphere
(β = 0.45 km−1 and h′ = 70 km), all other conditions are the same as
for Figure 5.7.
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Figure 5.10: Single path comparison of vertical electric field magnitude
between WaveHop and McCormick simulations with β = 0.43 km−1 and
h′ = 87 km, all other conditions are the same as for Figure 5.7.
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Figure 5.11: Single path comparison of vertical electric field magnitude between WaveHop and McCormick simulations with a typical good conducting
ground of εg = 15, σ = 0.01 Sm−1 , all other conditions are the same as for
Figure 5.7.
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Figure 5.12: Single path comparison of vertical electric field magnitude between WaveHop and McCormick simulations with a vertical magnetic field
(an inclination of 90◦ ), all other conditions are the same as for Figure 5.7.

5.3.2

Azimuthal Comparisons

Here the simulation was compared to WaveHop at the ground for a range of
short propagation paths surrounding the VLF transmitter NWC (see Table
2.2 for information about this and other transmitters). This enabled us to
get an idea of how accurate our simulations are for a range of azimuths.
Figures 5.13 and 5.14 show the magnitude of the vertical electric field in dB
above 1 µV at azimuths from 0◦ –360◦ in steps of 15◦ ranging in distance
from 500–3500 km away from the transmitter at NWC. Figure 5.15 gives
the difference between Figures 5.13 and 5.14. This Figure shows that mostly
the differences are small, especially to the east of the transmitter. Many of
the differences are in the range of ∼ 2 dB which is in the vicinity of the

error of WaveHop relative to actual field measurements as was mentioned in
the previous section, though there are some locations where the difference
is bigger. Some of these points where the difference is much bigger are due
to deep modal minima that my simulation has not been able to exactly
reproduce, c.f. 4500–5000 km in Figure 5.7. To the west of the transmitter
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Figure 5.13: Vertical Electric Field magnitude in dB above 1µV due to NWC
transmitter calculated using the WaveHop program for a range of azimuths,
over an all sea ground.
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Figure 5.14: Vertical Electric Field magnitude in dB above 1µV due to NWC
transmitter calculated using my simulation for a range of azimuths, over an
all sea ground.
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the agreement is clearly not as good as the agreement to the east of the
transmitter.
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Figure 5.15: Difference in dB between my simulation and WaveHop for a
range of azimuths around NWC, over an all sea ground.
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Chapter 6
Does climate change effect the
ionosphere?
While the effect of climate change has been well studied using sea surface
temperatures and air temperatures at the ground [IPCC, 2007], very little
understanding has been achieved of how the upper regions of the atmosphere
will be affected (see Karl et al. [2006] for discussion on temperature in the
troposphere and stratosphere). We have come up with a test that could allow
us to see how the atmospheric temperature at the altitudes of 70–90 km has
been varying.
With the advent of the space age in 1960s, we have the opportunity to
study the propagation characteristics of large terrestrial transmitters (such
as NWC see Section 2.6.2) using satellite recordings. This gives a 40+ year
period over which we can compare these recordings. In this period (1956–
2006) the average temperature at the ground has increased by 0.13◦C per
decade [IPCC, 2007] which is a significant proportion of the total temperature
increase due to climate change (0.74◦C total in the 1906-2006 period [IPCC,
2007]).
As we mentioned in Section 2.4, temperature will effect the electronneutral collision frequencies. This in turn will effect the conductivity of the
ionosphere and hence the reflection coefficients. What this means is that
with differing reflection coefficients we should expect to get differing modal
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patterns appearing in the waveforms as detected by satellites passing over a
transmitter. By using patterns that vary in spatial dimensions we are able
to more accurately assess changes in the conditions, i.e., if you were to look
at a single point and how it varies in response to changing conditions there
could be multiple sets of conditions that correspond to similar values at that
single point, though it is very doubtful that multiple conditions give rise to
similar spatial wave field patterns.
This comparison between historic and modern wave field analysis could
be done by looking at ground based measurements, but in this instance the
satellites have a distinct advantage. Not only are there few recorded ground
measurements dating back this far, but ground stations are by their very
nature fixed at a single location, and the only signal variation we would be
able to study is temporal. Having to rely on signals that are recorded over a
period of time there is a greater likelihood of confounding factors influencing
the results. A satellite measurement as it passes near a transmitter on the
other hand records the field as varying along the satellite’s path during a
very short period of time.
Many of the transmitters that have been operating over this long time
period have changed the frequency at which they broadcast and this makes
it likely that a direct comparison cannot be made between satellite measurements from such different time periods. This inability to make direct
comparisons means that to understand any effects of changes to the ionosphere each of the satellite measurements will need to be compared to a
simulation of what the wave fields are expected to look like. Calculating
the wave field at altitude has been a problem with some of the simulation
methods (see Section 3.2) and since the simulation derived in this thesis is
designed to overcome this problem it is the natural tool with which to use in
a comparison of Satellite recorded wave fields.
The field at the satellite could be calculated directly with knowledge
of the conditions all the way up to orbital altitude. However, Snell’s Law
(n1 sin θ1 = n2 sin θ2 ) says that the wave field incident on the bottom of the
ionosphere will be refracted on transmission through the ionosphere such that
it travels almost vertically (usually it is assumed that it is approximately
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guided along the Earth’s geomagnetic field line). This means that if we
can determine the point at which the geomagnetic field line on which the
satellite is at any moment we can assume that the measured field at that
point originates from the location where that field line meets the bottom of
the ionosphere (or at least the top of the D-region).

6.1

DEMETER

Our modern data comes from the DEMETER (Detection of Electro-Magnetic
Emissions Transmitted from Earthquake Regions) microsatellite. DEMETER is the first of the Myriade series of microsatellites, and was placed in a
circular Sun-synchronous polar orbit at an altitude of 710 km at the end of
June 2004. Data are available at invariant latitudes < 65◦ , providing observations around two local times (∼ 1030 LT and 2230 LT). I used data from
the Instrument Capteur Electrique (ICE), which provides continuous measurements of the power spectrum of one electric field component in the VLF
band [Berthelier et al., 2006]. I made use of the electric field spectra recorded
up to 20 kHz, with a frequency channel resolution of 19.25 Hz, in particular
focussing on the channel in which the NWC frequency sits (19.7852 kHz–
19.8047 kHz).
Figure 6.1 is the average night time electric field at the satellite around
the NWC transmitter during 2005. In this Figure the modal “rings” of peaks
and troughs surrounding the transmitter can clearly be seen and also that
there are differences in the propagation to the east and to the west. Mostly
this east/west difference is due to the interaction with the magnetic field,
but also there are some effects (mostly acting to lessen the difference) of the
ground surface being highly conducting (and hence reflective) sea water to
the west and the not so conducting sandy desert to the east.
From this data set several individual orbits (11 in total) were taken
to give an idea of the variability of the conditions for a single overpass by
the satellite. These orbits are chosen randomly from a group of orbits that
overlay each other, passing arbitrarily near to the transmitter (within 1◦ )
all while the transmitter is in operation. The coordinates of the satellite
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Figure 6.1: The average night time electric field pattern observed by the
DEMETER satellite due to NWC during 2005.

passes which will be looked at are shown in Figure 6.2, where the latitude
and longitude are that at which the geomagnetic field line passing through
the satellite is mapped down to 110 km. These coordinates are used as the
wave field measured at the satellite maps down to the wave field below the
ionosphere at these points.
These selected passes are not identical in the wave field that they measure. By taking the maximum, minimum, mean and median of these passes,
as shown in Figure 6.3 we get an idea of how much variation we can expect about the average. This essentially gives a set of error bars for the
measured fields on the satellites and the simulation calculations. The field
pattern matches very well for all of the lines in Figure 6.3. The maximum
value line is only ∼ 1 dB above the mean line and the minimum value line
is ∼ 1–2 dB below, although the variation between the lines is not constant
and nearest the transmitter (where the field is the strongest) the agreement
is much better.
These statistics from the passes can be compared to the 2005 average
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Figure 6.2: The trajectories of the 11 individual satellite passes within 1◦ of
NWC. The transmitter is at the location denoted by the diamond.

5

4

max
mean
min
median

2

10

log (µV2/m2/Hz)

3

1

0

−1

−60

−55

−50

−45

−40

−35
latitude

−30

−25

−20

−15

−10
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selected individual passes of DEMETER near the NWC transmitter.
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Figure 6.4: Comparison of the mean of the selected passes to the same locations from the average DEMETER measured field.

slice taken from Figure 6.1 along the coordinates shown in Figure 6.2. This
is shown in Figure 6.4, which indicates that the averaged field agrees very
well with the selected passes. This means that the selected passes are representative of the average field and that the statistics which we have derived
from them will be useful in comparing the measured field to the simulated
field.

6.2

Ariel

The VLF experiment aboard the Ariel III satellite was designed to make
a synoptic study of the worldwide distribution and occurence of the VLF
electromagnetic wave fields above the ionosphere, including the man made
transmissions from the GBR (16 kHz at Rugby, UK) and NWC transmitters
[Bullough et al., 1969]. The satellite orbited at an altitude of 500–600 km and
an inclination of 80◦ , with an orbital precession such that every local time was
covered in a 3 month period. Ariel III was launched on 5 May 1967, orbiting
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Figure 6.5: The wave field from the Ariel III satellite pass 17 June 1967
1850–2016 UT [Bullough et al., 1969], see the text for more details.

for two years with operations continuing after a satellite power failure in
December 1968 limited operation to only daylight hours. The satellite was
turned off in September 1969 and the orbit decayed on 14 December 1970.
The VLF equipment was a 3m2 magnetic loop antenna, recording at
3.2, 9.6 and 16 kHz, with a 1 kHz bandwdth at all three frequencies and a
100 Hz narrow bandwidth at 16 kHz. VLF recordings were made every ∼ 28s
which is approximately every 2◦ along the orbit. The field is measured in γ,
where 1γ = (400π)−1 A m−1 and hence 1γ 2 = 3 × 10−3 /(4πn) Wm−2 where

n is the wave refractive index [Bullough et al., 1969].
Figure 6.5 shows the recorded field during the pass of the Ariel III
satellite, between 1850–2016 UT on 17 June 1967, on a north-south trajectory
to the west of NWC. The y-axis is dB above 1 µγ, and on the x-axis min
is minutes after 1850 UT, Λ is invariant latitude, λ is geographic latitude, φ

is geographic longitude, LT is local time, MLT is magnetic local time, and
sza is solar zenith angle. The lower line on the plot is the 16 kHz narrow
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band channel and the upper line the 16 kHz wide band channel. These
coordinates listed on the x-axis correspond approximately to the trajectory
shown in Figure 6.6.
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Figure 6.6: The trajectory of the Ariel III satellite pass near NWC on 17
June 1967 as scaled from the x-axis of Figure 6.5. The transmitter is at the
location denoted by the diamond.

The NWC transmitter now radiates at a frequency of 19.8 kHz, but at
the time of the Ariel III satellite measurement the transmitter operated at
15.5 kHz [Bullough et al., 1969]. This means that there is no way we can
directly compare the satellite observations from then and now as the patterns
will be different due to the different broadcast frequencies (as can be seen in
Figure 6.7). In addition to the frequency changing, the different instruments
on the differing satellites and different orbital altitudes prevent us from being
able to directly compare the amplitudes as measured at the satellite.
The consequence of this is that modelling of the transmitter patterns
is needed to be able to compare the two satellite recordings of NWC at these
very separated time periods.
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Figure 6.7: The pattern of the wave field from the Ariel measurement compared to the pattern from the DEMETER measurement along the orbital
track shown in Figure 6.6.

6.3

Changing the Temperature

To model the Ariel measurement we need to understand how the change in
the temperature corresponds to changes in the ionospheric reflections. Beig
et al. [2003] summarizes that there appears to be a cooling trend in the
lower part of the mesosphere (50–79 km altitude) of ∼ 2 K per decade, but
above this (80–100 km altitude) there appears to be no statistically significant
trend. This appears to agree with modelling reported recently by Fomichev
et al. [2007], who concluded that under the conditions of a doubling of CO2
atmospheric temperatures will drop in the lower mesosphere, and the decline
will be less as you increase in altitude.
The ionospheric temperature at the time of the Ariel measurements
would then have been about 8 K warmer than now in the altitude range of
50–80 km, but with essentially no change above 80 km. The effective collision
frequency for the two periods is as shown in Figure 6.8 calculated using the
above change in temperature, the NRLMSISE-00 atmospheric model (see
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Section 2.1) and equations 2.9 to 2.11 from Section 2.4. This is then used to
calculate the relative permittivity for the simulation as defined in Appendix
B.
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Figure 6.8: The collision frequency from NRLMSISE-00 and the modified
values based on the average temperature changes at ionospheric altitudes.

As can clearly be seen in Figure 6.8 there is almost no change in the
collision frequency, and this also leads to very small changes in the relative
permittivity (on the order of 1–2 × 10−4 at 79 km and no change below
65 km). As such we expect that there will have been no significant change
in the modal pattern of the NWC wave field below the ionosphere.

6.4

Modelling the Wave Fields

In order to make the comparison between the datasets we must first check
the accuracy of the simulation to reproduce the wave field patterns as seen by
DEMETER. My simulation of the wave field incident on the ionosphere from
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below due to NWC, Figure 6.9, does not appear to agree with the averaged
DEMETER measurements as in Figure 6.1. Since this is the average output
from NWC it would be expected that it would match the simulation using the
average ionospheric conditions (see Section 2.5) used in the data in Figure
6.9, but this does not seem to be the case. As a further check the output of
the simulation, Figure 6.10, is plotted along the same path as in Figure 6.2,
as is done with the average DEMETER recordings in Figure 6.4.
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Figure 6.9: The simulated average wave field from NWC at the bottom of
the ionosphere to be compared to Figure 6.1.

Figure 6.10 shows that although the pattern looks like a reasonable
match in the peak region (around −20◦ ), the minima between −45◦ and
−40◦ in the simulated field (the dashed line) is clearly too displaced from
that seen in the satellite data. This agrees with the above conclusion that
the simulation fields at the base of the ionosphere are not correct.
Figure 6.11 shows the simulated wave field at 15.5 kHz from NWC

during the Ariel III observations. This is the field strength incident on the
bottom of the ionosphere using the same ionosphere as used for the DEMETER comparison in Figure 6.9, since in Section 6.3 it was shown that there
was essentially no change to the ionosphere as a result of the cooling that
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Figure 6.10: Comparison of the mean of the selected DEMETER passes
to the same locations from the simulated field. Note that the graph is to
compare the pattern and the two axes have different scales.

had occurred between the two satellite observations. Taking the trajectory of
Ariel III over the transmitter in Figure 6.6 the simulated wave field along this
path is shown in Figure 6.12, compared to the Ariel measurements. Figure
6.12 clearly shows that the pattern along that path is very different from the
one given by the simulation, this however is not a good test to understand
what the situation is since the simulation does not appear to the effective at
giving the fields at the bottom of the ionosphere.
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Figure 6.11: The simulated average wave field at the bottom of the ionosphere
due to the 15.5 kHz frequency that NWC was transmitting on during the
Ariel observations.
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Chapter 7
Summary
7.1

The Simulation

As can be see in Section 5.1 the simulation accurately represents simple
propagation, but the comparison of the reflection coefficients in Section 5.2
shows that while the simulation is reasonably good at reproducing the values
found in differing manners, it is clearly not perfect. This is the most likely
reason behind the steady decrease in agreement with the WaveHop program
out beyond 3000 km as shown in Section 5.3.1. The steady accumulation
of errors at every reflection fits with the way the simulation and WaveHop
diverge, especially with the inability of the the simulation to reproduce many
of the deep minima, which require much of the wave field to “cancel out”.
Figure 5.15 illustrates what is most likely wrong with the reflection
coefficient calculations. The figure shows that although the agreement is
within about 2 dB for most azimuthal directions around the transmitter it
is significantly worse in the directions to the west of the transmitter. This
suggests that something about the magnetic field in the dielectric tensor
(derived in Appendix B) is not quite correct. Unfortunately try as I might
this problem has repeatedly avoided discovery.
It is also worth noting that all of the testing situations were done with
transmitters and receivers at the ground level (i.e. altitude of 0 km), except
those simplified situations in Section 5.1. Agreement at the ground in the
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majority of cases, since most receiver locations are on the ground, is sufficient
for understanding and simulating the wave propagation. However, as was
seen in Section 6.4 it does not appear the level of agreement that is seen on the
ground corresponds to an agreement between average satellite measurements
and the simulated wave fields.
There is a possibility that the discrepancy between Figures 6.1 and 6.9
is due to the ionospheric conditions not being the average night time values
that are mentioned in Section 2.5, and hence were used in the creation of
Figure 6.9. As discussed in Thomson et al. [2007] and Thomson and McRae
[2009] (and mentioned earlier in Section 2.5), the night time ionosphere in
the equatorial region is not very well understood and this transmitter is at a
rather tropical latitude (∼ 21◦ S). The discrepancy between Figures 6.1 and
6.9 could also be due to a similar effect as seen with LWPC and similar modal
simulation codes in Section 3.2, or something that has not been taken into
account with the propagation over the curvature of the Earth.

7.2

The Modelling

It can perhaps be concluded from Section 6.3 that any climate change in
the ionosphere is having a much larger effect than merely the decreasing
temperature altering the effective electron-neutral collision frequency. The
decreasing temperature of the atmosphere at ionospheric altitudes will also be
affecting the atmospheric density via thermal contraction [Laštovička et al.,
2008], which will also change the collision frequency and may have a similar
effect on the electron density. There is also the possibility that the changing
temperature will alter the rate of chemical reactions in the ionosphere, which
would need to be addressed using something like the Sodanklyä Ion and
Neutral Chemistry (SIC) model [Turunen et al., 1996].
However, since the simulation does not seem to be representing the field
at the bottom of the ionosphere then it is hard to say anything with confidence about the difference between the measurements of the two satellites
many decades apart. The change in the frequency of the transmitter between
the two periods of study means that modelling is needed to determine if there
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is a significant change, and perhaps a different simulation program may have
more success in determining the effects of the temperature change.

7.3

Our Intentions

Obviously the capabilities of the simulation have not reached the full aims
set out at the beginning of this thesis, as were mentioned in Chapter 1. The
simulation is not as general as was intended, being restricted to around 3000
to 4000 km from the transmitter.
Also it appears that the simulated field at altitude is not corresponding
to reality, although the simulation has not been compared to any altitude
profiles for real world situations so the altitude range for which the simulation
is correct is unknown.
Also the scattering component was not fully developed or tested. The
plan for what the scattering component was to entail is given in Appendix
D. With the reflection coefficients not being as accurate as had been hoped
there was no point of even attempting to follow the plan outlined for the
scattering.

7.4
7.4.1

Recommendations
The Simulation

Clearly the first task that needs to be done to the simulation is to sort out
the errors that seem to be occurring in the reflection coefficient calculations,
which are, as pointed out above, most likely due to the representation of
the magnetic field in the dielectric tensor. This may require a lot of further
testing in special situations to try and locate the exact issue, and the cause
and solution.
Some time would also need to be spent to see how the altitude profiles
agree with what is expected from other simulation methods and any data
that exists in the literature, such as rocket-based measurements.
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Once these problems have been fixed then the simulation could be used
to study the question considered in Chapter 6, or other similar questions that
involve only propagation (such as comparing the patterns due to different
frequencies or bulk changes to the ionosphere like day vs night). The question
posed in Chapter 6 could possibly be answered without further work on
the reflection coefficients provided that the reflection coefficients are not the
cause of the apparent disagreement seen at ionospheric altitudes between
the simulation and the DEMETER wave field. Once agreement at altitude
is achieved then the comparison between DEMETER and Ariel wave field
measurements could be undertaken without fixing the reflection coefficients
further since all of the satellite passes that we looked at were well within the
∼ 3000 km region where agreement was good in the testing situations.

The final task necessary to get the simulation to the planned goal of
this project would be to test and implement modelling of the scattering.
Whether it works as is described in Appendix D or not, it still should be
fairly easy to get the scattering component of the simulation implemented
once the rest of the simulation is working correctly.

7.4.2

The Modelling

To undertake the question that we asked in Chapter 6 the first requirement
would be to have a simulation that works at ionospheric altitudes. This
would allow us to repeat the attempt made in Section 6.4 comparing the two
satellite data sets to the simulation with the same ionosphere.
If the result is that the simulation with the same ionosphere does not
reproduce the satellite measured fields at the two different frequencies, then
the conclusion can be drawn that the changes in the ionosphere are more
complex than the simple temperature changes that were looked at in Section
6.3. The two starting points for understanding the ionospheric changes would
be to look at how the atmospheric- (and possibly electron-) density changes
with the temperature, and how the chemistry of the atmosphere is altered
by temperature changes.
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7.5

Summary

Despite the shortcomings that have been mentioned above considerable progress
has been made towards the stated goals. Useful modelling can be achieved
using the simulation, particularly comparing short range (< 3000 to 4000 km)
transmitter to receiver paths under mostly homogenous conditions. The simulation as it stands is a useful tool and with a little more work it could be
even more so.
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Appendix A
Eccentric Dipole Coordinate
Transformations
These expressions are from Fraser-Smith [1987].
Φ = cos−1 [cos φn cos φp + sin φn sin φp cos(θ − θn )]


cos φp − cos φn cos Φ
Θ = cos
−
sin φn sin Φ


−1 sin φp sin(θ − θn )
Θ = sin
sin Φ
−1



Recc = [R2 + δ 2 − 2R(sin Φ(△Xgm cos Θ + △Ygm sin Θ) + △Zgm cos Φ)]


−1 R cos Φ − △Zgm
φecc = cos
Recc


−1 R sin Φ cos Θ − △Xgm
θecc = cos
Recc sin φecc


−1 R sin Φ sin Θ − △Ygm
θecc = sin
Recc sin φecc

(A.1)
(A.2)
(A.3)
(A.4)
(A.5)
(A.6)
(A.7)

where,
Φ, Θ = geocentric magnetic polar and azimuthal angles respectively
φn , θn = geographical polar angle and azimuthal angle of the geocentric
magnetic north pole respectively, φn = 10.46◦ , θn = −71.57◦
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φp = geographic polar angle of coordinate (90− latitude)
Recc , φecc , θecc = spherical polar coordinates centred on the eccentric dipole
△Xgm , △Ygm , △Zgm = displacement of the eccentric dipole in geocentric
magnetic based cartesian coordinates which are calculated from the
geographic cartesian coordinates of the dipole △X = −401.86 km,
△Y = 300.28 km, △Z = 200.61 km
p
p
2 + △Y 2 + △Z 2
δ = △X 2 + △Y 2 + △Z 2 = △Xgm
gm
gm

Note that there are two equations specified for each of the longitudinal calculations due to the range over which they are valid (−180◦ to 180◦ ) whereas
the latitude calculations are only valid for 0◦ to 180◦ (where this angle is
measured from the pole). Each of the equations A.2, A.3 and A.6, A.7 will
provide two solutions for longitude in the range −180◦ to 180◦ . In order to

decide which of the longitude solutions to accept, select the the one solution of A.2, A.3 and A.6, A.7 which refer to the same longitudinal location
(mod 360◦ ).
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Appendix B
Derivation of the Dielectric
Tensor
Here εr is derived, as is used in Chapters 4 and 6.
εr = δij + χ

(B.1)

where χ is the susceptibility matrix and δij is the Kroneker delta (a diagonal
matrix of ones). The full expression for εr is a complicated expression in
which a tensor is integrated over an infinite time period [Akhiezer, 1975b].
However Fourier analysis of this enables us to write these terms as simple
algebraic expressions [Stix, 1962; Akhiezer, 1975a].
~ = εE
~ = ε0 E
~ + i J~
D
ω

(B.2)

J~ = −Ne~v

(B.3)

Here,

where N is the electron density, e is the charge on the electron and the
electron velocity ~v is determined from the Lorentz equation.
m

d~v
~ + ~v × B)
~ − mν~v
= −e(E
dt
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(B.4)

and ν is collision frequency as previously defined.
However, since we are assuming harmonic time dependence, i.e. ~v ∝ eiωt

then

~ + ~v × B)
~ − mν~v
iωm~v = −e(E

(B.5)

which for cartesian coordinates becomes
−iωmvx − mνvx = e(Ex + vy Bz − vz By )
−iωmvy − mνvy = e(Ey + vz Bx − vx Bz )

(B.6)

−iωmvz − mνvz = e(Ez + vx By − vy Bx )
This can be simplified to
m
(iω + ν)vx − Bz vy + By vz = Ex
e
m
Bz vx − (iω + ν)vy − Bx vz = Ey
e
m
−By vx + Bx vy − (iω + ν)vz = Ez
e

−

where



−i(ω − iν)
−ωBz
ωBy
m

~ = Λ~v
ωBz
−i(ω − iν)
−ωBx  ~v = E

e
−ωBy
ωBx
−i(ω − iν)

(B.7)

(B.8)

eBx
m
is the electron gyro-frequency in the x direction while ωBy and ωBz are simωBx =

ilarly defined, these three quatities are linked by
2
2
2
ωB2 = ωBx
+ ωBy
+ ωBz

Equation B.8 allows a solution through matrix inversion to determine Λ−1
~v =

e −1 ~
Λ E
m

82

(B.9)

and then combining with equation B.3
2

Ne −1 ~
J~ = −
Λ E
m

(B.10)

Undertaking the inversion of Λ we get

Λ−1 =

a(ωB2

i
− a2 )




2
ωBx
− a2
ωBx ωBy − iaωBz ωBx ωBz + iaωBy


2
ωBy
− a2
ωBy ωBz − iaωBx 
ωBx ωBy + iaωBz
ωBx ωBz − iaωBy ωBy ωBz + iaωBx

2
ωBz
− a2

(B.11)

where a = ω − iν.
Substituting equation B.10 into equation B.2 we get
2
~ = ε0 E
~ − iNe Λ−1 E
~ = ε0 εr E
~
D
mω

and
εr = δij −

iωp2 −1
Λ
ω

(B.12)

(B.13)

where ωp is the electron plasma frequency given by
ωp =

s

Ne2
mε0

(B.14)

Substituting equation B.11 into equation B.13 we get the final expression for the relative permittivity due to the electrons.

εr =

ωp2
δij +
ωa(ωB2 −




2
ωBx
− a2
ωBx ωBy − iaωBz ωBx ωBz + iaωBy


2
ωBy
− a2
ωBy ωBz − iaωBx 
ωBx ωBy + iaωBz
a2 )
2
ωBx ωBz − iaωBy ωBy ωBz + iaωBx
ωBz
− a2
(B.15)

As was just mentioned this only takes into account the electrons, the
effects of the ions must also included if we are to be more accurate. However
since mions > 1840melectron we can safely ignore the ion cyclotron frequency
provided f ≫ 60 Hz, which is approximately the Nitrogen (N+ ) cyclotron
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frequency (at ground level). This is likely valid as we expect that in most
situations we will have little of our wave fields in the altitude region where
H+ becomes a dominant ion (10% at 700 km). So
J~T otal = J~e + J~ions

(B.16)

and equation B.15 becomes
εr

= εr +
T otal

e

Ω2p
δij
ωaions

(B.17)

where aions = ω−iνions and Ωp is the ion plasma frequency similar to equation
B.14.
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Appendix C
Deriving Equation 4.6
Starting with Maxwell’s vector curl equations as stated in equations 4.4 and
4.5 we can expand these in terms of their x, y and z components.
∂Ez ∂Ey
−
= −ikHx
∂y
∂z
∂Ex ∂Ez
−
= −ikHy
∂z
∂x
∂Ey ∂Ex
−
= −ikHz
∂x
∂y
∂Hz ∂Hy
−
= −ik(εrxx Ex + εrxy Ey + εrxz Ez )
∂y
∂z
∂Hx ∂Hz
−
= −ik(εryx Ex + εryy Ey + εryz Ez )
∂z
∂x
∂Hy ∂Hx
−
= −ik(εrzx Ex + εrzy Ey + εrzz Ez )
∂x
∂y

(C.1)
(C.2)
(C.3)
(C.4)
(C.5)
(C.6)

However since the y-direction is azimuthal there is no variation of the
∂
= 0. This means that the equations now become
field in that direction and ∂y
∂Ey
= −ikHx
∂z
∂Ex ∂Ez
−
= −ikHy
∂z
∂x
∂Ey
= −ikHz
∂x
−
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(C.7)
(C.8)
(C.9)

∂Hy
= ik(εrxx Ex + εrxy Ey + εrxz Ez )
∂z
∂Hx ∂Hz
−
= ik(εryx Ex + εryy Ey + εryz Ez )
∂z
∂x
∂Hy
= ik(εrzx Ex + εrzy Ey + εrzz Ez )
∂x
−

(C.10)
(C.11)
(C.12)

Since our wave will have the form of e−ik(pz+qx), where q is the cosine
of the angle the wave makes with the horizontal, then the above equations
become
−

∂Ey
= −ikHx
∂z

∂Ex
+ ikqEz = −ikHy
∂z
−ikqEy = −ikHz

−

∂Hy
= ik(εrxx Ex + εrxy Ey + εrxz Ez )
∂z

∂Hx
+ ikqHz = ik(εryx Ex + εryy Ey + εryz Ez )
∂z
−ikqHy = ik(εrzx Ex + εrzy Ey + εrzz Ez )

(C.13)
(C.14)
(C.15)
(C.16)
(C.17)
(C.18)

So equations C.15 and C.18 give us the following expressions for Hz
and Ez
Hz = qEy
qHy + εrzx Ex + εrzy Ey
Ez = −
εrzz

(C.19)
(C.20)

which can then be substituted into the above equations to get the below four
equations in four variables, which are equivalent to Equation 4.6.
∂Ex
qεrzx
qεrzy
q2
= −ik(−
Ex −
Ey + (1 −
)Hy )
∂z
εrzz
εrzz
εrzz
∂Ey
−
= −ikHx
∂z
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(C.21)
(C.22)

εryz εrzx
εryz εrzy
qεryz
∂Hx
= −ik((
− εryx )Ex − (εryy − q 2 −
)Ey +
Hy )
∂z
εrzz
εrzz
εrzz
(C.23)
∂Hy
εrxz εrzx
εrxz εrzy
qεrxz
= −ik((εrxx −
)Ex − (
− εrxy )Ey −
Hy ) (C.24)
∂z
εrzz
εrzz
εrzz
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Appendix D
How we Envisaged the
Scattering Working
By segmenting the path we can deal with changing the ground conditions
and solar zenith angle/night time ionospheric conditions.
The same features allow us to include large changes in the ionosphere
itself, such as the changes in reflection height that accompanies large scale
particle precipitation (such as WEP) and solar flares, or smaller impediments
in the waveguide such as sprites and short pulses of relativistic electron precipitation (REP).
When the waves are incident on these boundaries of these conductivity
changes then we would have the waves interact with it much like the waves
interact with the ionosphere. We would calculate transmission and reflection coefficients and use those to alter the propagation of the wave. Some
of the wave would propagate past or around the impediment, some of the
wave would be reflected back the way it came or off at an angle, and some
of the wave would propagate through the impediment. Depending on the
conductivity changes in the waveguide and the location and orientation of
these changes some or all of those parts of the wave field will be important
in determining the scattering effects.
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Bérenger, J P, Finite-difference computation of VLF-LF propagation in the
Earth-ionosphere waveguide. In EUROEM Symposium, Bordeaux, France,
1994.
Berry, L H, and J E Herman, A Wave Hop Propagation Program for an
Anisotropic Ionosphere, OT/ITS Research Report 11, Institute for Telocommunication Sciences, Boulder, Colorado, 1971.
Berthelier, J-J, M Godefroy, F Leblanc, M Malingre, M Menvielle, D
Lagoutte, J Y Brochot, F Colin, F Elie, C Legendre, P Zamora, D Benoist,
Y Chapuis, and J Artru, ICE: The electric field experiment on DEMETER,
Planet. Space Sci., 54 (5), 456-471, doi:10.1016/ j.pss.2005.10.016, 2006.
Bilitza, D and B Reinisch, International Reference Ionosphere 2007: Improvements and new parameters, J. Adv. Space Res., 42, 4, 599–609,
doi:10.1016/j.asr.2007.07.048, 2008.
Booker, H G, The propagation of wave packets incident obliquely on a stratified doubly refracting ionosphere, Phil. Trans. A., 237, 411–451, 1939.
Budden, K G, Radio Waves in the Ionosphere, Cambridge University Press,
London, 1961.
Budden, K G, The Propagation of Radio Waves, Cambridge University Press,
Cambridge, 1985.
90

Bullough, K, Power line harmonic radiation: Sources and environmental effects, In: H Volland (Ed.), Handbook of Atmospheric Electrodynamics, vol.
2, 2nd ed., pp. 291-332, CRC Press, Boca Raton, Florida, 1995.
Bullough, K, A R W Hughes and T R Kaiser, V.l.f. Observations on Ariel
III, Proc. R. Soc. Lond. A, 311, 563–590, 1969.
Byron, W J, The monster antennas, Communications Quarterly 6 (2), 5–24,
1996.
Chapman, S, The Earth’s magnetism (Methuen’s monographs on physical
subjects), 2nd edition, John Wiley and Sons, New York, 1951.
Cho, M, and M J Rycroft, Computer simulation of the electric field structure
and optical emission from cloud-top to the ionosphere, J. Atmos. Terr.
Phys., 60, 871–888, 1998.
Clilverd, M A, R F Yeo, D Nunn, and A J Smith, Latitudinally dependant
Trimpi effects: Modelling and observations, J. Geophys. Res., 104, 19881–
19887, 1999.
Clilverd, M A, D Nunn, S J Lev-Tov, U S Inan, R L Dowden, C J Rodger, and
A J Smith, Determining the size of lightning-induced electron precipitation
patches, J. Geophys. Res., 107 (A8), 10.1029/2001JA000301, 2002.
Corcuff, Y, VLF signatures of ionospheric perturbations caused by lightning
discharges in an underlying and moving thunderstorm. Geophys. Res. Let.
25 (13), 2385–2388, 1998.
Cotton, P D, A J Smith, T G Wolf, W L Poulsen, and D L Carpenter, The
propagation of mixed polarization VLF (f = 5 kHz) radio waves in the
Antarctic Earth-ionosphere waveguide, Radio Sci., 27, 5, 593–610, 1992.
Crombie, D D, Periodic fading of VLF signals received over long paths during
sunrise and sunset, Journal of Research National Bureau of Standards,
Radio Science, 68D, 27–34, 1964.
Cummer, S A, An analysis of new and existing FDTD methods for isotropic
cold plasma and a method for improving their accuracy, IEEE Trans. Ant.
Prop., 45, 3, 392–400, 1997.
Cummer, S A, Modelling electromagnetic propagation in the Earth-ionospher
waveguide, IEEE Trans. Ant. Prop., 48, 9, 1420–1429, 2000.
Davies, K, Ionospheric Radio, Peter Peregrinus, London, 1990.
91

Dietrich, S, C J Rodger, M A Clilverd, J Bortnik, and T Raita, Microburst
storm characteristics: combined satellite and ground-based observations.
in preparation, 2010.
Dowden, R L, Comment on ”VLF signatures of ionospheric disturbances
associated with sprites” by Inan et al., Geophys. Res. Let., 22 (23), 3421,
1996.
Dowden, R L, and C D D Adams, Phase and amplitude perturbations on
sub-ionospheric signals explained as echoes from lightning induced electron
precipitation ionisation patches, J. Geophys. Res., 93, 11543–11550, 1988.
Dowden, R L, and C J Rodger, Decay of a vertical plasma column: A model
to explain VLF sprites, Geophys. Res. Let. 24, 2765–2768, 1997.
Dowden, R, J Brundell, W Lyons, and T Nelson, Detection and location of
red sprites by VLF scattering of subionospheric transmissions. Geophys.
Res. Let. 23, 1737–1740, 1996.
Dowden, R L, C J Rodger, and J B Brundell, Temporal evolution of very
strong Trimpis observed at Darwin, Australia. Geophys. Res. Let. 24, 2419–
2422, 1997.
Dowden, R L, C J Rodger, J Brundell, and M Clilverd, Decay of whistlerinduced electron precipitation and cloud-ionosphere electrical discharge
Trimpis: Observations and analysis, Radio Science 36, 151–169, 2001a.
Dowden, R, C Rodger, J Brundell, and M Clilverd, Decay of whistler-induced
electron precipitation and cloud-ionosphere electrical discharge Trimpis:
Observations and analysis. Radio Sci. 36, 151–169, 2001b.
Dowden, R L, C J Rodger, and D Nunn, Minimum sprite plasma density
as determined by VLF scattering, IEEE Antennas and Propagation Magazine, 43 (2), 12–24, 2001c.
Gilbert, W, On the Magnet (De Magnete), Peter Short, London 1600; translation by Silvanus Thompson, 1900 commemorative issue reproduced in
facsimile by Basic Books, Inc., NY 1956 translation by Paul Fleury Mottelay (1893), reprinted by Dover Books, 1958.
Fomichev, I, A I Jonsson, S R Beagley, K Semeniuk, J de Grandpré, C
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