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Naturally occurring VLF radio signals received during the solar
eclipse of 7 March 1970 at St. John's, Newfoundland, Canada and
Norwich, Vermont, U.S.A. have been analysed.

A correlation between

solar obscuration and the low frequency cutoff of tweeks, energy
from lightning discharges, is found in the signals from St. John's
from which it is calculated that the phase height of reflection of
the ionospheric D-region increases by 7 ,+ 1 km at totality.

An

estimate of the position of the thunderstorm generating the tweeks
is made from meteorological records.

It is calculated that the maxi-

mum eclipse effect in the D-region occurs 4 + 3 min after eclipse
totality.

The absence of a similar effect at Norwich is explained

in terms of the differences in the propagation characteristics of
the paths from the thunderstorm to the two receiving stationa.

The

reception of discrete VLF emissions at both stations close to eclipse
totality is attributed to the eclipse induced modification to the
ionospheric electron density distribution, allowing the emissions
to propagate to the ground whereas under normal daytime conditions
they would have been absorbed in or reflected by the lower ionosphere.
Whistlers received at St. John's shortly after the eclipse are
accompanied by precursors, rising frequency emissions which precede
the whistler with which they are associated.

Previous work on the

whistler-precLursor is discussed..

The triggering time and frequency

of the precursors are found to be in reasonable agreement with the
theory of Dowden (1972).

Noting some apparent shortcomings of this

theory alternative mechanisms for the generation of precursors are
considered.

A mechanism in which the precursor is triggered by two

frequency components of the whistler having the same group delay
interacting to give energy at the difference of their frequencies
is found not to give agreement with the observed data.
The possibility of the precursor being triggered by unducted
energy from the same source as the precursed whistler is investigated
using a ray tracing computer program developed by Alexander (1971).
It is found that an unducted path in which energy from the lightning
discharge is first magnetospherically reflected and then refracted
from the inner edge of the plasmapause allows the energy to arrive
in the equatorial plane with the correct wave normal angle to be
able to trigger an emission by transverse resonance with energetic
electrons.

It is shown that the locus of precursor trigger points,

in the frequency-time plane, predicted by the unducted model is in
reasonably good agreement with the observed data.

A comparison is

made between this mechanism and the theory of Dowden (1972).
Some implications of the unducted model are considered.

It is

shown that energy from lightning discharges at latitudes too low
to generate whistlers may be directed preferentially to the
equatorial plane at an L value just inside the plasmapause arriving
with the correct wave normal angle to resonate with energetic electrons by transverse resonance.

It is suggested that such a mechanism

might be responsible for the appearance of apparently spontaneously
generated VLF discrete emissions and should result in an enhanced
precipitation of energetic electrons into the atmosphere at latitudes just inside the plasmapause.
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1.

Introduction
This thesis is concerned with a study of naturally occurring radio
signals in the very low frequency (VLP) $ kHz - )0 kEa and extremely low
frequency ( E L P ) H z - 3 kSz bands.

Analysis of these signals yields much

information about the regions, within 10 earth radii of the earth, through
which the radiation has propagated.

These regions fall under three main

headings; the magnetosphere, the ionosphere and the earth-ionosphere cavity.
By these means, using comparatively simple and relatively inezpenBive
apparatus a great deal may be learned of the earth's immediate environment,
which would otherwise require complex instrumentation aboard highly expensive space vehicles.
In this chapter the subject is discussed in broad outline, defining
the terms to be used in later chapters.

More detailed reviews of the

particularly relevant aspects are presented in chapters two, three and
four.

1.1

History
Reports of what are now known to be naturally occurring radio

signals date from as long ago as 1886 when British post office operators
heard descending tones (whistlers) on a 22 km telephone line without
amplification (Fuchs, 1938).

During the following years there were

several reports of similar phenomena (Preece, 1894; Barkhausen, I919,
I93O; Eckersley, I925, 1928, 1929; Burton, I93O; Burton and Broadman,
1933a, b).

Burton and Broadman (l933a) reported a positive correlation

between the lower cut off frequency of musical atmospherics (tweeks)
and solar obscuration during a solar eclipse.

Eckersley (1935) showed

that a suaden impulse would be dispersed such that its frequency f was
proportional to the reciprocal of the square of its propagation time t

through an impolarized mediiim such as the ionosphere, provided that the
Lorentz polarization term was omitted.

He demonstrated that his theore-

tical formulation was in good agreement with the observed characteristics
of whistlers.
The most important step in the study of VIF phenomena was the
application of the sound spectrograph to their analysis.

This device

produced a dynamic (frequency-time) spectrum of the VLF signal and for
the first time enabled precise measurements to be made.

Using such an

analyzer Storey (1953) provided the basis for current 71F studies by
proposing that whiBtlers were produced by energy from lightning diecharges echoing back and forth along the lines of force of the earth's
magnetic field.

Els theory required an unexpectedly high electron den-

sity in the outer ionosphere thus providing the first evidence for the
existence of the magnetosphere.

Storey (1957 a, b) confirmed Eckersley's
1

dispersion law, showing that the dispersion D, defined to be l/tfZ, was
proportional to the weighted electron density content of the tube of
force along which the whistler had propagated.
Eelliwell et al (1956) reported a new type of whistler, exhibiting
both rising and falling frequency characteristics, which they called the
nose whistler.

This was explained by removing the restriction, imposed

by Eckersley and Storey, that the wave frequency should be small compared with the electron gyro frequency.

It has been shown that the fre-

quency that suffers minimum delay (nose frequency, f ) is characteristic
of propagation along a particular field line and that the time delay of
the nose frequency t^ gives a measure of the electron density in the
equatorial plane in the region through which the whistler has propagated
(Angerami, I966).
In recent years many types of TIP signals have been reported.
These include discrete TIP emissions, having either or both rising and

falling frequency characteristics and hiss appearing as band limited
thermal noise.

Of these some have been satisfactorily explained; the

origins of others remain obscure.

These VLF emissions are discussed

in more detail in section I.3.2.

1.2

The Ionosphere
At altitudes greater than about 70 km the earth's atmosphere is

appreciably ionized by solar radiation giving rise to the region of
plasma known as the ionosphere.

Lyman a (ultra violet) radiation is

the ma,in ionizing agent at the lower altitudes around 80 km, while at
uv/
greater heights around $00 km it is solarradiation that is resportsible for the ionization.

The electron density in the daytime iono-

sphere varies from typically around lO^cm ^ at 70 km to about lO^cm"^
at 300 km.

While the density of neutral particles is orders of magni-

tude greater than such values at all ionospheric heights the electron
density is sufficient to affect the propagation of YliF

radio waves to a

large extent.
1.2.1 The earth-ionosphere cavity
The region between the earth's surface and the lower edge of the
ionosphere is known as the earth-ionosphere cavity or earth-ionosphere
waveguide.

Both the surface of the earth and the sharp electron density

gradient at the base of the ionosphere form sharply Tija^ded good conductors so that to a first order approximation the cavity may be considered
as a parallel plate waveguide with infinitely conducting walls.

When

the wavelength of the radiation is approximately equal to the circumference of the earth standing waves are set up in the cavity; these
earth-ionosphere cavity resonances have been observed at the fundamental
frequency around 8 Hz and also at harmonics around 14,20 and 26 Hz
(Schumann, 1952, Galejs, I965, Eycroft, I965).

1.2.2

Waveguide mode propagation
The mode of propagation whereby a wave is constrained to propagate

within certain boundaries is termed waveguide mode propagation.

Reducing

the earth-ionosphere waveguide to its simplest approximation one can consider a set of Cartesian coordinates (%, y, z) with infinitely conducting,
perfectly reflectiqgplanes at z = 0 and z = a (Fig. l.l).

Radiation

propagating within the waveguide may be considered as a sum

of two plane

waves, since waves initially propagating with their wave vectors (wave
normals,

in the xz plane making an angle ^ with the % axis will be

reflected off the conducting plane at z = 0 as wave s whose wave vectors make
an angle 0" with the minus x axis.

After a second reflection from the

plane z = a they again become waves of the first type.

There are two

possible polarizations for such waves; if E is parallel to the y axis
they are known as transverse electric (TE) waves, whereas if E is parallel
to the y axis they are called transverse magnetic waves (TM).
the

Of these

modes are the more relevant to the study of natural radiation since

the lightning discharge, which is the predominant source of energy, consists of a vertical current, which excites only the TM modes.

Considering

only TM modes the field components for the two plane waves described above
are, omitting the time factor exp(iwt),
i)

Zy = E^sin ^ exp Q- ik (x cos ^ - z sin jZf)
Eg = E cos 0 exp
Ey = -E^ exp

ii)

- ik (x cos ^ - z sin 0)

- ik (x cos

= Eg sin ^ exp
Eg = -Eg cos 0 exp
= Eg exp

- z sin

- ik (x cos ^ + z sin 0)
- ik (x cos

+ z sin

ik (x cos 0 + z sin 0 ^ ^ .

The components of the resultant wave are obtained by summing the components of the constituents.

By imposing the boundary condition that E^

^

Fig. l/l.
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6.
vanishes at 2 = 0 it is foiind t M t

= -E

= E say.

Eence the compo-

nents of the resultant wave are
= 2i E sin ^ sin (k z sin
Eg = 2 E

exp(- ikx cos 0^,

cos 0 cos (k z sin

exp(- ikx cos 0),

(1.2/1)

= -2E cos (k z sin pQ exp(- ikx cos 0^.
Since

does not vanish at z = 0 and there can be no time varying

within the conductor it follows that a surface current must flow in the
conductor parallel to the z axis.

E

must also vanish at z = a; hence,

for any integer n, k a sin ^ = nn

(1.2/^^

Since k = w/c this equation fixes the angle ^ for a given angular frequency w and corresponds to constructive interference between the component
plane waves.
The wavelength of the disturbance in the waveguide is
kg = k/co8 /
where A = 2n/k.

(1.2/3)

Thus, combining equations 1.2/2 and 1.2/3,
2

(1.2/4)
Hence if n X > 2 a then X

is imaginary and the wave is evanescent.

Therefore the frequency f

= n c/2a corresponds to a cut off frequency

below which radiation will not propagate in the waveguide; n is termed
the mode number.

For the

mode, the cut off frequency will be

f^ = c/2a.
1.2.3

(1.2/5)

Atmospherics
Atmospherics, or sferics, are energy from lightning discharges

which has propagated in the earth-ionosphere waveguide.
identified aurally as clicks.

They are

At night when the base of the ionosphere

is sharp and well defined at around 75 km the parallel plate waveguide
approximation is moderately good and the sferics are observed to exhibit
a cut off frequency at around 2 kHz in agreement with Eq. I.2/5.

They

7
d,rG also sllgncly dispersed in the frequency time plane at frequencies
just above the cut off frequency.

This type of sferic is called

onomatopaeically a tweek (Selliwell, 196$).

1.3

The Magnetosphere
Above the ionosphere there exists a region of plasma, whose

motion is constrained by the earth's magnetic field; this region is
known as the Magnetosphere.

The main constituents of the magnetospheric

plasma are protons and electrons, unlike the ionosphere which contains a
high percentage of heavy molecular and atomic ions (Oxygen and Nitric
Ozide).

On the daytime side of the earth the boundary of the magneto-

sphere IS at about 10 Rg (l Eg = one earth radius = 6370 km.) while on
the nighttime side the Magnetosphere extends to a much greater distance
(/\-100 Eg).

This asymmetry is caused by the solar wind, a flux of

plasma emanating from the sun, which compresses the earth's magnetic
field on the solar side, the day side.

The magnetosphere acts as a

barrier to the solar wind as the plasma flows around the magnetosphere
the geomagnetic field lines are drawn out into a long geomagnetic tail
on the nighttime side.
l'3'l

Whistler mode propagation
The whistler mode describes that mode of propagation wereby VLF

radiation travels through the magnetosphere and is guided along the
earth's geomagnetic field lines.

Most of the known properties of the

whistler mode can be explained with the aid of the magneto-ionic theory
(Raucliffe, I959).

Ih this theory the plasma, which is permeated by a

sbatic magnetic field, is assumed homogeneous, consisting of neutrals
and equal numbers of electrons and positive ions.

Because of their

large mass relative to that of electrons, the effect of ions is usually
negligible at whistler frequencies.

It is also assumed that the an^ie

8.
between the wave normal direction and the direction of the earth's
magnetic field 8 : ^ 0 ;

this is the quasi-longitudinal (QlJ approxima-

tion (Ratcliffe, 1959)-

It may be shown (Helliwell, I965) that at

whistler frequencies the Q& approximation is valid for values of f
up to 45° or more.

It is further assumed that collisions between

electrons and neutrals may be neglected.

This is a reasonable assumption

since the most important dispersive effects take place in regions of verylow collision frequency.
Saving made these approximations the expression for the square of
the refractive index becomes
2
" f(fg cosG - fj
e
where

f

is the plasma frequency,

fg

is the electron gyrofrequency, and
e
f is the wave frequency.
The dispersive characteristics of the whistler mode are found bv
evaluating the group velocity vV =
= u/pv,
c/^', wnere
where pj
p.' =
=
refractive index.

is the group

Hence

-1
f2(f
Tg = 2c
'

cosG - f)3/2

1.3/2

coeG
e
By imposing the condition that f « fg

cosQ, the Eckersley expression for
e

the group velocity is obtained;
Vg = 2c\/i f

oos9

1.5/3

e

The group delay for longitudinal propagation (# = O) is found by evaluating
the integral
t=

{
Tvvpath g

Using 1.3/2 this reduces to

1-3/4

9
1
1 ,
3/2
^ (l -/^)

2

sec,

l.;/5

or using 1.^/$
t A

where

^ sec,
2A^

1.3/6

= &
1 ,

e.
Equation 1.3/& is similar to the expression derived, by Eckersley (1955)
and is only valid in the low frequency limit.
a minimum value at/A= 0.25.

The expression I.3/5 has

This corresponds to the nose frequency as

observed by Eelliwell et al (l95&)'

The two expressions for group delay

are plotted in Fig. l/2.
1.3-2

Whistlers and TLF emissions
At mid latitudes (between 30° and 50° magnetic latitude), the most

common naturally occurring TLF signal propagating through the magnetosphere is the whistler.

Energy from a lightning flash penetrates the

ionosphere and propagates in the whistler mode, being dispersed as described in the preceding section.

Under certain circumstances the

whistler may propagate through the ionosphere at the other end of the
field line and be received at a ground station.

(The two ends of a geo-

magnetic field line are known as conjugate points.)
whistler is known as a one hop whistler.

This type of

Part of the whistler energy

may be reflected from the ionosphere and propagate back along the field
line to be received as a two hop whistler in the initial hemisphere,
exhibiting twice the dispersion of the one hop whistler.
4, 5 etc. hop whistlers may be produced (Fig. I/3).

Similarly 3,

Electron density

values for the path of propagation may be deduced from whistler data
because of the dependence of the refractive index upon the plasma frequency, f^, which is proportional to the square root of the electron
density.

This topic will be discussed in greater detail in Chapter Th^o.

10,

E-loyer

Tl (n e
EARTH

Time

Mcld-linc path followed by o (tucicci wliisilcr. Inset diuErams show idealized spectra
of whistler ccbo trains at conjiigntc points A and 13.
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11.
The term VLP emission covers aiiy naturally occurring
magnetospheric origin.

signal of

There are many types of emission, but broadly

speaking they fall into two main categories.

Firstly, there are those

signals that are apparently spontaneously generated, which include
(i)

Hiss: a broad band emission, appearing as band limited thermal

noise.

It can appear anywhere in a wide range of frequencies from $00 Hz

to frequencies higher than the upper limit of the 71F band.
(ii)

Discrete emissions: transient signals with a duration of up to a

few seconds.

They can be rising tones (risers), falling tones or any

combination of the two.

A falling tone followed by a rising tone is called

a hook; a rising tone followed by a falling tone is known as an inverted
hook.

More complicated combinations have also been observed as well as

quasi-sinusoidal tones, which can last for many seconds.
(iii)

Chorus: a series of overlapping rising tones, often accompanied by

or superimposed on a band of hiss.

At geomagnetic latitudes between

around 50° and 60°, it is generally confined to the frequency range
2 - 4 kEz and is known as dawn chorus.

At higher latitudes the range

0.5 - 2 kHz is more typical; here it is known as polar chorus.
(iv)

Periodic Emissions: a sequence of discrete emissions which repeats

at regular intervals.

This interval is usually the two hop whistler

delay but the emissions do not always exhibit the corresponding two hop
whistler dispersion.
The second category includes the so-called triggered emissions,
which appear,in the frequency-time domain, to branch out from other
events and can thus be said to have been triggered by them.

Whistlers,

discrete emissions and signals from VLF transmitters have been observed
to trigger emissions.

One particularly interesting emission which could

be a triggered emission is the precursor, which appears before the
whistler with which it is associated.

12.
VIF emissions are thought to be generated close to the equatorial
plane by an interaction between VLP radiation and streams of energetic
electrons in which energy is transferred, from the electron beam to the
YLF waves.

This mechanism will be discussed in detail in Chapter Tliree.

Fig. 1/4 shows examples of a number of whistlers and VLF emissions.

1.4

Outline of Research
The analysis of YLF signals can produce much information about the

ionosphere and magnetosphere.

However, by their very nature, experiments

on naturally occurring 71? signals are completely uncontrolled.

This

fact has important consequences, especially for short term projects;
being subject to the vagaries of nature these do not always follow their
planned course.

This tendency has been amply demonstrated during the

course of this research.
It was first planned to study VLF signals recorded simultaneously
at three stations spaced in latitude but on the same line of geomagnetic
longitude.

To this end, VLF receivers were set up in Central Iceland,

on South Hist in the Outer Hebrides, and in Southern England, at Chilbolton
near Winchester.

The time was chosen carefully, I969 being a year of

maximum solar activity and thus geomagnetic activity, but although many
interesting phenomena were recorded in Iceland there was nothing corresponding to them at the other stations (Case et al, 1970).
A solar eclipse presents a unique opportunity to study the structure
of the daytime ionosphere and magnetosphere under known conditions.

A

decrease in electron density in the lower ionosphere is expected during
the eclipse (Bowhill, 1$Y0).

From consideration of the diffusive equili-

brium model of the magnetosphere (Angerami and Thomas, I964), it has
been proposed that this decrease might be reflected in the electron
content of the magnetospheric tube of force whose foot existed in the
eclipsed ionosphere (Eycroft and Reeve, 1970)-

A study of whistler dis-

15.

V.'hist.er: Chilbolton, England

»

r02

J.T.

8

N'arch

'9''0

*

° - r

T
2

Triggered Emissions;

•5'«o tj-^nglohA

ao'l

oy.

Oota'*

S

H f tfJrch 19?0

I Tu/j 117j

Spontaneous Emission (Hook): South U i s t , Outer Hebndes
1912 UJ.

9 July 19%)

. 4 d « 4 . 2
Chorus r

Soulh Uist,O'-ter Hebrides

Fig. 1/4

\LF EmiS't

3

—-'•

0650 U.T. 10 Octroer 1969

S

persion during an eclipse should confirm this.

During the solar eclipse

of March 7, 1970, VIF observations were made at St. John's, Newfoundland,
close to the path of totality; at Norwich, Vermont, U.S.A. in the partiallyeclipsed region and at Halley Bay, Antarctica, which is close to the
magnetic conjugate of St. John's.

Again Nature did not cooperate to the

extent of providing whistlers at the correct time; however the period
Mbrch 6 - 10, I97O, was one of exceptional magnetic activity and many
interesting YLF emissiong were recorded.

These included a series of

risers lasting about three minutes very close to the time of totality
at St. John's, and a series of whistler precursors soon after the
eclipse had ended.

Also a study of the data showed that the eclipse

had had a very marked effect on some of the atmospherics received at
St. John's.
The first part of this research has been concerned with the
analysis of the risers and sferics recorded in Newfoundland, and
associated data from Norwich, and their interpretation in terms of the
effect of the eclipse upon the ionosphere.

The latter part of this

research has been concerned with the whistler precursor.

An attempt

is made to explain this phenomenon in terms of the accepted properties
of the magnetospheric plasma using ray tracing techniques.

A comparison

is made between the observed properties of the precursor ATifl the predictions of the theory.

15.
CS6PTER TWO

The Lower Ionosphere: Review

The first part of the research described in this thesis is concerned. with the deduction of ionospheric parameters from observations
of natural VLF signals made during a total solar eclipse.

Because of

its importance in the field of worldwide communications the ionosphere
has been the subject of much research in recent years.

In this chapter

previous work on the ionosphere is reviewed, discussing the more important techniques employed and the results obtained.
The natural VLF signals in question have propagated in the earthr
ionosphere waveguide; therefore it is the lower regions of the ionosphere that have the predominant effect upon them and hence the information obtained is mainly concerned with these lower regions.

2.1

The structure of the ionosphere as a whole
The ionisation of the earth's atmosphere which produces the iono-

sphere is caused by a variety of sources.

Of these the most important

is the sun, solar X rays and ultra violet radiation being responsible
for a large proportion of the ionisation processes in the ionosphere.
Other sources include cosmic rays, and energetic protons and electrons.
The rate of ionisation at any altitude depends upon the composition
of the atmosphere at that height as well as the characteristics of the
incident radiation.

As the solar radiation propagates down through the

neutral atmosphere at ionospheric heights the various components are
attenuated by different amounts.

At the same time the composition of

the atmosphere alters with altitude.

Consequently different ionisation

processes become predominant at the different heights.

Thus the iono^^tcu^L

16,
18 divided into four main layers which are designated the D, E, PI
and F2 layers, each layer being characteristic of a different set of
ionisation processes.

An electron density profile of the ionosphere

representative of daytime conditions is shown in fig. 2/1.

2.2

The D region
The D region is the lowest layer in the ionosphere, extending from

about 50 km to $0 km.

Sometimes the term 0 layer is used to describe

the region between 50 km and 70 km where cosmic rays are the main
ionising agents (Eishbeth and Garriott, 1969).

It is probably the most

complex and least understood region of the ionosphere.

Being the lowest

lying region it is produced by the most penetrating of the ionising
radiations incident on the earth.

It is characteristically a region of

very weakly ionised plasma, the neutral density exceeding the electron
and ion density by several orders of magnitude (Whitten and Popoff, I971).
2.2-1 The chemistry of the D reeion; production and loss mechanisms
The detailed chemistry of the D region is lengthy and complex.
It has been described by Keneshea (1968) in terms of 87 photochemical
reactions.

These reactions fall under the following headings;

(i) Photoionisation:
(ii)
(iii)

X + hv

X

+ e

Ion-ion recombination:

X* + f"-* X + Y

Electron-ion
recombination:

X

+ e + M

X + M

(three body)

X

+ e

X + hv

(radiative)

X

XY+ + e-* X*" + Y*
(iv)
(v)

Ion-atom interchange:

X+ + YZ-+ XY* + Z

Oollisional detachment:

x" + M

X + e + M

(Three body attachment in reverse direction)
(vi) Associative detachment:

x" + Y

XY + e

(Dissociative attachment in reverse)
(vii)

Photodetachment:

X^ + hv

(Radiative attachment in reverse)

+ e

(dissociative)
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Four main production sources may be considered, for the ionosphere
between 60 km and 100 km;
the ultraviolet
component is important above 95 km, X rays between 85 and 95 km, Lyman a
between 75 and 85 km and cosmic rays below 70 km (Sales, 196?).

The

importance of lyman a (l2l6 i) as an ionising agent in the D region is
due to the fact that an atmospheric (molecular oxygen) window exists
near 1216 2, allowing this radiation to penetrate more deeply into the
atmosphere than neighbouring wavelengths.

However the energy of a Lyman a

photon is only 10.14 eV, which is less than the ionisation potentials
of all the major atmospheric constituents.

Of the minor atmospheric

species several are subject to ionisation by lyman a, including nitric
oxide (NO), the methyl radical (CB^) and various metallic meteor atoms
(Swider, 196?).
follows:

Nitric oxide is probably produced in the D region as

(nicolet, I965)
N + 0 + M->N0 + M
N + Og -4 NO + 0

)
)
)

NO + N ^ N

+ 0

(M is a neutral particle)
The rates oJ. both production and loss of NO are thus proportional to the
concentration of atomic nitrogen; consequently the equilibrium concentration of NO is independent of the concentration of N.

It is, however,

dependent on temperature because the rates of the two reactions are
temperature dependent, especially the latter (Eishbeth and Garriott,
1969)'

Results from a rocket-borne spectrometer experiment (Barth, I966)

show that the NO concentration at JO km is around 10^ greater than that
calculated irom this model

Sechrist (196?) suggests that this dis-

crepancy may be explained by the temperature dependence of the NO concentration.
All che aumospheric constituents may be ionised by cosmic radiar
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tion and. X rays; one would thus expect primarily #0*, 0* and
as the positive ions constituents of the D region.

ions

However reactions

such as:
+ Og —> HD* + NO
and

should lead to MO* as the predominant positive ion (Aitkin, 196?).
Barcisi and Bailey (l965j have shov.Ti using a rocket—"borne mass spectrometer experiment that HO* comprises only 10% of the total ions, and
that the nia,jor positive ions have masses of 19 and 37 AIW and higher.
They attribute these ions to reactions involving water vapour, which
lead to the production of E^O* (mass 1?) and 2^0+ (mass $?).

Swider

(1967) has suggested that the presence of these ions might be related
to the ionisation of CH^ by Lyma,n aThe negative ion composition of the I) region is not well understood.

Nitrogen does not form stable negative ions and the O" and 0^

ions can be destroyed by visible light;

Eeid (196I, 1964) has suggested

that the 0^ and NOg ions may be dominant since they require ultraviolet light for electron detaclment, most of which is absorbed in the
B region.
Production and loss processes for the whole ionosphere have been
summarised by Bishbeth and Garriott (1969).
imporbanu loss processes are:

In the D region the most

ion-ion recombination, three body and

dissociative electron-ion recombination, three body attachment,
collisional detachment and photodetachment.

For each reaction in the

D region bhere is a reaction rate, which can differ by up to 35 orders
of magnitude from one reaction to another (Keneshea, 1968).

Grain

(l9o7; discusses a "lumped parameter" approach in which individual
reactions are not considered explicitly but rates are attributed to
each uype of reaction.

Thu& the following equations are obtained:
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where P

^

= p - MI -

+ c(n'*' - f )

^

= p -

(N"^ - f )

is the electron production rate

N

±8 the electron density

-fM

is the positive ion density

N

is the negative ion density

A

is the electron attachment coefficient

B

is the electron-ion recombination coefficient

C

is the electron detachment coefficient

E

is the ion-ion recombination coefficient.

By using realistic values for the coefficients, derived from considera"*
tlon of the reactions which are believed to be most important, simple
models may oe evolved which give good agreement with observations.
Each of the parameters

ITIUST;

be altitude dependent and so these models

contain a large number of unknown and adjustable parameters.

It is

uherefore possible for different combinations of coefficients to give
similar resulGS for a given situation.

It is necessary to form models

that give good agreement with a wide range of situations.

Grain (I967)

gives bhe following values for the lumped parameters:
A - 10 Z
B = 10

+ 10 Z sec

Z is the density in atmospheres.

sec ^

C = 0.4 sec ^
E = 10 ^cm^ sec
The okher approach requires consideration of each individual reaction.
Because of the large number of reactions thought to be involved such
analysis is difficult.
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2.2.2 Diurnal variations in the D region
Since the sun is the major source of ionising radiation it is
reasonable to expect the electron density in the D region to change
gradually with solar zenith angle during the day and to show a sharp
change over the sunrise and sunset periods.
of ionisation is cosmic rays.

At night the major source

There is a small flux of scattered
2"*!

Lyman a, around 10

erg cm

sec

during the day (Aikin, 196?).

compared with around 4 erg cm sec

By observing the changes in the D region

over the sunrise and sunaet periods information may be obtained about
the processes which take place and their reaction rates.

Aikin (1967)

has calculated theoretical values for the diurnal variation in electron density at various heights (Fig. 2/2).

These calculations assume

-f.

NO

as the major positive ion and the dissociative recombination of NO

as the major loss process.

At 80 km the maximum ionisation occurs

45 mia after local noon in agreement with the observations of Rao et al.

(1962).
Several authors have discussed the changes in electron density
over the sunrise or sunset period (Deeks, 1966; Smith et al., I966;
Mechtly and Smith, I968).
Iieeks (1966).

Fig. 2/% shows the profiles derived by

Other observations confirm these profiles, the major

feature being that over the sunrise period a small peak in electron
density appears at around 65 km, with a minimum at around 70 km and
a sharp gradient between 70 and 75 km.

The nighttime profiles show

a sharp gradient between 80 and 90 km.

Pig. 2/4 (Bowhill et al., 1966)

shows in detail how the change takes place over the sunrise period.
2.2/) Solar eclipse effects on the D region
The value of observations of electron densities over sunrise
and sunset periods is somewhat limited because the change is, by its
nature, gradual.

The flux of solar radiation, and hence the ionisation

rate, decreases smoothly between local noon and sunset.

However, a
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solar eclipse, especially a total eclipse occurring close to local
noon, presents the opportunity to observe the D region while the
ionising flux of radiation changes from a maximum to a nighttime
value and. back to a maximum in a period of around two hours.

On the

other hand eclipses are very rare compared to sunsets and they do not
always occur at convenient times or places.

In recent years a number

of experiments have been carried out during solar eclipses, in
particular during the February 15th I96I eclipse over Europe, the
May 20th I966 eclipse over N. Africa and S. Europe, the November 12th
1966 eclipse over S. America and the March 7th I97O eclipse over
Mexico and

America.

Pig. 2/5 shows how electron density in the D region varies with
solar obscuration, as calculated by Deeks (1966), and Pig. 2/6 shows
measurements of D region electron density made using four rockets
during the I966 eclipse by Mechtly et al. (1969).

These results are

in generally good agreement with those made by other observers (Smith
et al., 190$; Mechtly et al., 1972; Kane, I969) and obtained
theoretically by Sales (1967).

The important features are the com-

plete decay of the lower D region and the smaller loss around GO km.
It may be possible to calculate the recombination coefficient B from
the ooserved time lag between maximum obscuration and minimum electron
density.

Por example Smith et al. (1965) deduce a recombination

coefficient of around 2 x 10
5 minutes at 90 km.

cm^sec

from an observed time lag of

Further discussion of eclipse results will be

presented in Chapters 6 and 7 with special reference to the March
7th 1970 eclipse.
2"2.4 Experimental techniques for D region studies
There are a number of techniques employed to study the D region.
A brief description 01 each is presented, as is a comparison between
the results obtained from them.

25,

00%-

10
Mr
olcctron conconfratiou (cm~')
. T h e height, distribution of electrons a t diiTcrent
of a solar cchpso d u r i n g
mid-day, March equinox, sunspofc niinimum ni iniddlo In'atwdos. Tlic figures on tho
ciirvcs represent tho perccntngo obscuration of i/io soior disK. 3.no dnsncd parts Oi tao
curvo arc inserted to cornplcto the calculations, but their precise form is nou •woil

determined.

_

,

Pig. 2/5

c 90
g 80

ELECTRON

DENSITY

(cm'l

Eockot-bornc moasuroaonts of Glectron dcncity during a
solar Gclipse. 1 cjid 2, partial oolipue; 5, total ecllpso;
4, full &un.(KGchtly et al, 19^^)

2/6

26,

(i) The lonoBonde
A radio wave of frequency f transmitted, vertically into the
ionosphere is reflected when:

2
?2

f

f

is plasma frequency

'
U n c ^ m

&0
B

provided that f )^f.

2

.
^
18 gyro frequency

eB
2mm

Therefore the height of reflection, and hence

the delay time between transmitted and received signal, depends on the
electron density.

The ionosonde consists of a transmitter which

sweeps in frequency between 1 and 2$ MEz, a receiver which measures
the time delay between transmission and echo reception and a means of
displaying delay time against frequency.

Because of the small electron

density the ionosonde is of limited value in D region studies.
(ii) The Riometer
The riometer (Relative Ionospheric Opacity meter) (little and
leinbach, 195$) is an instrument which records changes in the intensity
of cosmic noise, most of which are due to absorption in the D and Fg
regions.

Prom these records it is possible to deduce information

about the regions where the absorption takes place.
(ill) Cross Modulation
This technique, originated by Fejer (1955), consists of transmitting 'wanted' and 'disturbing' pulses and observing the interaction
between them by means of a suitable receiver.

Both signals are pulsed,

the repetition rate of the disturbing pulses being half that of the
wanted pulses.

Alternate wanted pulses encounter a disturbing pulse

in the B region at a known height that can be varied;

by comparing

the amplitudes of the disturbed and undisturbed pulses the electron
density, collision frequency and energy transfer coefficient of the D
region may be deduced.
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(iv) Partial Reflection
partial reflection method (Gardner and Pawsey, 1953) relies
on weak reflections from discontinuities of refractive index in the 3
region.

Short pulses at a wave frequency of around $ MHz are trans-

mitted vertically and the amplitude of the echds of the extraordinary
and ordinary waves measured as a function of delay time.

The electron

density may be deduced from the differential absorption of the two
modes.

The method is strongly dependent on the collision frequency

profile, which must be assumed in order to deduce electron densities.
By measuring the differential phase of the partial reflections of the
two components the collision frequency in the lower D region may be
deduced.

Simultaneous measurements of differential amplitude m-nd

phase provide a means of investigating the nature of the irregularities
causing the partial reflections (Belrose et al., 1972).
(v) Faraday Rotation
A wave propagating through the ionosphere may be considered as a
superposition of two circularly polarised components, one clockwise
the other anticlockwise.

Because the two components have different

phase velocities, the plane of polarisation of the resultant appears
to rotate.

By measuring the rate of rotation information may be

obtained about the electron content, weighted by the earth's magnetic
field, integrated along the path of propagation.

This experiment is

used extensively aboard ionospheric sounding rockets (e.g. Bauer and
Jackson, 1962).
(vi) Differential Dorpler Shift
In this method two harmonically related frequencies are transmitted from a rocket travelling nearly vertically.
4.3 MHz and its sixth harmonic.

Seddon (1953) used

In free space the phase path lengths

of the two frequencies would be in the harmonic ratio but the ionosphere lowers the phase path length of the lower frequency.

The two
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frequencies are received at the ground and the lower is multiplied, by
the harmonic ratio.

From the difference in the path lengths the

electron density profile may he obtained.
(vii) Differential Absorption
Because of the high density of neutral particles in the D region
the collisions between electrons and neutrals may not be neglected in
the treatment of wave propagating in the D region.

Their effect is to

make the D region an absorbing medium, the absorption being a frequency
dependent quantity.

By measuring the differential absorption of a pair

of radio waves of different frequency the electron density or collision
frequency in the D region may be deduced (Sen and Wyiler, 1960).

A

variation of this method measures the differential absorption of the
ordinary and extraordinary components of a single frequency close to
the gyro frequency.
(viii) The Pull Wave Approach
In this method D region parameters are deduced from observations
of reflections of VLF waves from the lower ionosphere.

The solutions

of the complete wave equations are employed (Gibbons and Mertney, 1952).
The full wave approach has been developed for computer use by Barron
and Budden (196O) and Pitteway (1965).

An iterative method is used;

model distributions are postulated, their reflecting properties are
computed and compared with the observed data.
a best fit solution may be obtained.

By adjusting the models

This method has been used ex-

tensively to compute B region electron density distributions (e.g.
Beeks, I966).
(ix) The Langmuir Probe
The Langmuir Probe (Langmuir and Mott-2mith, 1924) consist of a
small metal electrode which is inserted into the ionospheric plasma.
If the piobe is operaued at a few volts negative it repels all electrons
and attracts ions; the probe current then gives a measure of the ion
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number density

By making the probe potential a few volts positive

the electron number density may be determined.
(%) Thomson Scatter Radar
The Thomson Scatter Eadar Techniques utilizes the classical
Thomson scattering of high power radio waves by individual ionospheric
electrons (Gordon, 1958).

The power returned is directly proportional

to the electron concentration.

This method may also be used to deter-

mine electron and ion temperatures although the results obtained do
not agree with measurements made using rocket and satellite probes
under similar conditions (Whitten and Poppoff, I971).
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CEAPTER THREE

Waveguide mode propa#atian. in a realistic model
of the earth-ionosphere cavity

The simple theory presented in 1.2.2 considered the earthionosphere cavity as being bounded by a pair of flat, perfectly
reflecting parallel planes.

To obtain a more realistic model the

following amendments must be made:
(i)
(ii)
(iii)

The ionosphere must be considered as an imperfect reflector;
The curvature of the earth must be considered;
The effect of the earth's magnetic field must be included.

The mode theory of the earth-ionosphere waveguide has been described
in detail by Budden (1961) and. Wait (l$62).

It is not proposed to

present a detailed mathematical analysis hare; the simple theory will
be considered in a more general way and the effect of each amendment
will be discussed.
3.1.1 General formulation and waveguide mode theory
In Fig. 3/1 the earth is represented by the plane z = 0 and the
ionosphere by the plane z = h in a cylindrical coordinate system
(p,

z).

Both planes are assumed to be perfect reflectors.

vertical dipole source is located at the origin.

A

To an observer on

the ground the signal appears to come from the source and a series of
identical images, one located just below the ground and at + 2h, +
etc.

For a wavelength A the waves emanating from the ionosphere inter

fere constructively in a direction making an angle -8 with the vertical
such that
2hG = nA
where

C = cos #

and

n is an integer.

3.1/1

A

ray direction

z = h
/phase front

\
soiirce'

z = 0

arc cos

3/1.

Earth-ionocTjhcre waveguide ray goonotry for first Kode.
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Thus for a given value of n
nA
CL =
"n " 2h

%.l/2

The images from the ground interfere conatruotively at an angle m-f
with the vertical.

Therefore for a given value of n there are two

families of waves having the same horizontal component of velocity
opposing vertical components, where
S ^ = sin-8 and
2

8 = 1 - 0

3-1/^

?

n

The resultant wave may be considered as a single wave propagating in
the horlzoufca-l direction wibh phase velocity

= c/S

(s6e section ]. 2. 2).

Each value of n corresponds to a mode; hence it is termed the mode
number.

For the mode 0, # = %/2 and both families of waves are

directed iii a horizontal direction.

Tliis wave may be considsred to

originate in line source carrying current I .

If s is the length of

the source dipole and I is its current (Wait, I962), then

^a

h ^

3-1/%

since all the image dipoles are of equal strength (because of the
perfect reflectors).
The field produced by such a source is given by Wait (l$l60).
It is
5-1/5

(2 )
where

is the Eankel function of the second kind of
argument kp

aad

k = 2n/\.
Considering uhe ntn order mode (i.e. th^ mode produced by nth

pair of images) the line current of the source is now I sin # = ISn
because of the obliquity of the rays.

Also the olectric field at a

3$,
given point will be perpendicular to the ray direction so that to
obtain

the field must be multiplied by 8 .

Sence
Gsn =

s^-sg('-)(kp8^)

the factor 2 arising from the 2 sets of images.

5.1/6
The total field is

obtained by summing over all modes from 0 tocw giving:

+

]>L 2s2 E^(2)(kps^)

;.i/Y

re=l
For

A this reduces to

5.1/8
taking only the first terms of the asymptotic expansion of the Hahkel
function.
By considering X

as the wavelength in the z direction

A g = A/Sn

3.1/9

Combining 3.1/9 and 3.1/2 the cut off frequency for a given mode
(f^) may be obtained as in section 1.2.2
^n
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3.1/10

3.1.2 Modification for imperfect reflection
The reflection coefficient for a wave incident on the ground at
an angle wnose cosine is C is denoted by R (c); the corresponding
reflection coefficienb for the ionosphere is R.(c).
^
EL may be complex.

In general R

and
g

For constructive interference a wave must traverse

che waveguide being reflected off each boundary, suffering a net phase
change of 2n% radians.

This condition may be written as:

Bg.(G) B_(C) exp (-i2khC) = exp (-i2nn) = 1
where n is an integer.

3.I/I1
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To determine the resultant field, it is necessary to solve 3.1/^1 for
for each mode.

Hence 8^ is determined for substitution in expres-

sions such as 2.3/^.

is, in general, complex; therefore 8 may be

written as
^n =

+ i Im

3.1/12

The resultant wave field, which contains a term exp(-ikpS ), will
thus contain a term exp(kp Im 8^^ as well as the term ezp(-ikp Ee 8 )
This implies an attenuated travelling wave.

The imaginary part of

is called the absorption coefficient (K) and is usually given in
units of db/Mm.

Tne guide wavelength and phase velocity are given

by:
A

g

Re's
n

3" 1/13

0
"p - rkTsT

3.1/14

In general the solution of 3.1/^2 is complicated.

Some solutions have

been given by Wait (1957, 1962).
For example if the walls are highly conducting the reflection
coefficients may be approximated to
C - C
R_(C) =

2 C

c + c

-

W-O - C.

--ir^

assuming

|o |

»here

- c / ) 4 . (1 -

. ,.(l _ c/yJ

'

..' ( - 4 5 -

- . . •

|n | 2

3.1/15

2 C.

Ki(c) = ^TcrT-c:- ~
))

)

J-i/ie

)
\ )\ U
I. 1-2

W h e r e o is t h e c o n d u c t i v i t y a n d

3.1/17

r

& the

The resonance egaauion 3"1/^1 May then be simplified to

35.
k h 0 = nn + i A

3.1/18

where

3.1/19

A .
if g is assuiusd to b© a, SIDS-Ii Q^ua.n'ui'ty.
1 _ fZHi')

'n

where

3« I/I8 may be solved, giving

^ 2&

= 1, and

^

^ - (g)

= 2 for n = 1, 2,

3.1/20

This perturbation method is valid only if the magnitude of the second
term is small.

This restriction and the previous one may be satisfied

simultaneously if
k h I Al < < 1

3.1/21

and
k h

«

1

3.1/22

Since the walls are assumed highly conducting
Og»E^a.and

c.,

kence
L n j i

|A|

(M-A
+ (£!i>)i
0 /
^o./

yr
_

g

3.1/23

1

Therefore

ri

/n#x2
^kh/

{ S
e n

1
z / - ? k h

2 kh

/n#\2
kh

/Kn^2
^kh/

3.1/24

-I
1/25

j^l/24 ib may be seen that a non-infinite conductivity increases
the leal part of 8^ and hence decreases the phase velocity (see 3.1/^^^<
ihe aoove e^^ression^ are not valid however for a mode near cut
off because of 3.1/^!2.

This may be overcome by solving 3.I/I8 (valid

for I A I kh ^ i) as a quadratic in C.

This gives (Wait, I962);
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This approximate solution would appear to indicate that the attenuation
increases indefinitely as Wbs conductivity decreases.
conductivity the condition

However for low

| A| < < 1 becomes violated.

It may be

shown that for a given value of n the attenuation reaches a mazimum
value as
1962).

|A| is increased and then decreases to a broad minimum (Wait,

This may be illustrated by solving the resonance equation 3.1/II

under the condition that]

C | << 1, | H

C

assumption for the earth- ionosphere waveguide.
the solution is found to be:

E

e

8
n

At very low frequencies

(Wait, I962)

(=„)
2/5%(h/X)s^

1*3%

1 which is a reasonable

( \ f
(5/^)8%

( /L - -i=) +
/E

( / ! + -%)+

3.1/28

3.1/29

where

n

(o„)-

n

G

II
2 n

kh

2o^

ft may be seen that for a fixed value of h/x and^/G the Imaginary part
of 8^ has a broad minimum when L = 1; when L is less than 1 the
1
attenuation factor varies as
or as 0^2.
^ is greater than 1
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the attenuation factor varies as

o."^,
X

3'l.g Effect of the earth's curvature
The curvature of the earth tends to prevent the angle of incidence
of the ray from becoming grazing at the ionosphere while allowing it to
be grazing at the earth; both these effects tend to reduce the reflection coefficients of the earth and ionosphere.
earth is Rg, me

If the radius of the

height o,f the ionosphere h and the angles of incidence

at the ionosphere and earth are

and / respectively, then from Snell's

law
EgSin/ = (Eg + h) sin/'

3.1/30

Wait (196^ has calculated a modified resonance equation taking the
earth's curvature into consideration.

R^(c)R.(0')exp

It is
g2

2ik f

2

dz

exp(- 2i%n)

$-1/^1

6
where G = cos / and C' = cos /'
Numerical results by Wait and Spies (196O) show that the curvature of
the earth may increase the attenuation by a factor of three (see Fig.
3/2).
Ihe curvature of the earth also has the effect of reducing the
phase velocity to less than c in most cases on interest (Wait and
Spies, 1960).

The curvature has greatest effect on the lowest order

modes since these modes involve rays with angles of incidence which
are nearest grazing.
3'1«4 Effect of the earth's magnetic field
The effect of the earth's magnetic field is to make the ionosphere an a^asotropic medium.

The magneto-ionic theory (Batcliffe,

ly5>0 ahows chat the refractive index of the ionosphere, when permeated by a static magnetic field, becomes double valued.

Hence a

tiansverse magnetic wave incident on the ionosphere will give rise

5S<

5=0.10
n= I
CURVED EARTH
FLAT EARTH

'i'bc upper and right-hand ecalea arc spccIHcaliy for A=r70 km, which is a typical daytime height (^=XI,/A)
(After J. R. Wait and K. Splca, lOCO, Influcneo of earth curvature and terrestrial masnelic Geld on VLF
propagation, J. Geophys. Ilea. C5, 2325.)
Fig. 3/2 Effect of earth curvature on waveguide
mode attenuation.

Df//crcnccj Acfzirc/t

rc/oc/fzcs (fcff/i on J

/Ac M f c g f z c f A c

S'UOr I'O'I

Ixalios of oticnuatlon (ivith end ivuhout the magnetic field) as a funcUon of
azfmu/A.
(After J. K.
and /C. Spies, lOuO. InHucnce of earth curvature
and terrestrial magnetic Acid on Vi T propagMion, J. Gcvphya. Rem.
CS, 2325.)
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to two reflected waves (one TM and one TE) and two transmitted waves
(one TM and one TE).

In general there will be a coupling between

these TE and TM waves but this is usually negligibly small (Wait, I962).
This double refraction in the ionosphere is described mathematically
by two reflection coefficients
version coefficients

,/Ei

and

and

j,Ri

together with two c o ^

where the first subscript refers

to the polarization of the electric field of the incident wave relative
to the plane of incidence and the second subscript to that of the
reflected wave.

A detailed mathematical analysis of the effect is

given by Wait (1962).

The main result is that, when the magnetic

field is included the phase velocity and attenuation become dependent
upon the direction of propagation (Fig. 3/3).
$.1.5 Further refinements
80 far the ionosphere has been considered to be a sharply bounded
medium.

Experimental evidence tends to indicate that this is not so

and that ib should be considered a stratified medium, i.e. consisting
of layers of different conductivity,

it has also been assumed that

the direction of the earth's magnetic field is constant.

The effect

of the stratified ionosphere and a dipping magnetic field have been
discussed in a series of papers (Wait and Walters, I963, 1964; Wait, I963;
Galejs, 1964a,b, I965, I966, 1968a,b).

The results of these refine-

ments do not alter the results already described to a great extent.

40.
CEAPTER FOim

The Ma/metoemhere:

A Review

The second part of this thesis is concerned primarily with the
whistler precursor) a rising tone which precedes the whistler with
which it appears to be associated.
been found for this phenomenon.

No satisfactory explanation lias yet

It will be shown that the whistler

precursor may be explained in terms of the accepted properties of the
magnetosphere, and the transverse resonance instability (Selliwell, I967,
Rycroft, 1972) which is thought to be responsible for the generation of
both spontaneous and the more obviously triggered emissions.

In this

chapter, present knowledge of the magnetosphere is reviewed with
particular reference to those properties thought to be involved with
the generation of precursors.

4-1

General properties of the magnetosphere
The magnetosphere is a region of plasma above the ionosphere where

the motion of the charged particles is controlled primarily by the earth's
magnetic field.

The main constituents of the magnetospheric plasma are

electrons, protons and helium ions.

The density of neutrals is approxi-

mately equal to the density of ions at an altitude of
dominant neutral component being hydrogen.
the magnetosphere.

1000 km, the pre-

Fig. 4/I shows a diagram of

The areas marked 'stable trapping' are the Van Allen

radiation belts of energetic charged particles trapped by the geomagnetic
field, ivhich extend out to a few earth radii.

Electron energies range

between a fraction of an eV (thermal electrons) and several MeT while
proton energies extend from thermal values to several hundred MeV.

The

flux of the most energetic electrons has a maximum at equatorial radial
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distances of around 3 to 5
1.5 Eg,;

while energetic protons tend to pesjz around

the lower energy particles are spread throughout the magnetosphere

(Vette, 1970).

Beyond the stable trapping region there exist large transient

fluxes of pseudo-trapped particles.
The solar wind, a stream of plasma emanating from the sun, impinges
upon the earth's magnetic field at a speed of around 3OO- 500 km sec"^.
This is greater than the Alfven velocity, the magnetohydrodynamic equivalent of the speed of sound; therefore a standing shock wave or bow shock
is produced upstream of the Magnetosphere.

The earth's magnetic field

presents a barrier to the charged particles in the solar wind.

The

magnetopause marks the outer boundary of the magnetosphere beyond which
the solar wind cannot penetrate directly; in it currents flow in such a
way as to reinforce the magnetic field within the magnetosphere and to
reduce the field outside.

Between the bow shock and the magnetopause is

the magnetosheath, a region of turbulence.

The solar wind is made to

flow around the magnetosphere; as it does so the geomagnetic field
lines are drawn out into a long tail on the anti-solar side, a magnetic
neutral sheet being formed near to the equatorial plane.
In the magnetosphere a trapped particle performs three kinds of
motion:
(i) gyration about a magnetic field line;
(ii) motion along a magnetic field line, 'bouncing' back and forth
between mirror points;
(iii) a drift motion in a direction transverse to the magnetic field
lines.
Thus the motion of a charged particle in the magnetosphere is conveniently
described in terms of three adiabatic invariants of motion (Northrop and
Teller, I96O).

These are:

_

(i) the magnetic moment, p, -

^ , where p
' 0

is the component of the
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relativistic momentum perpendicular to the magnetic field of magnitude B
and. m

is the rest mass of the particle;

(ii) the longitudinal or integral invariant, J =

jpp^ dl , where p^

is

the component of relativistic momentum parallel to the magnetic field and
the integration is taken along the guiding centre of the particles motion
from one mirror point to the other and back;
(iii) the flirr invariant,

$

~

^ A ' AZ where A is the vector potential

of the magnetic field, I = ,J / 2p, and the integration is taken along a
closed curve lying on the surface defined by J = constant.

The particle

is thus constrained to drift around the earth on the shell defined by
= constant, ^ = constant.

An electron drifts eastwards, a proton west-

wards (Matsushita and Campbell, I967).

The shell is identified by its L

parameter, defined to be I^B, which is approximately equal to the radial
distance to the shell in the equatorial plane, measured in earth radii
(Mcllwain, I96I).

EA,ch L shell is formed by rotating a magnetic field

line about the earth.

Thus any field line and the points on the earth

at either end of it are labelled by the L parameter; it is often useful
to refer to the L value of a field line or of a point on the earth's
surface.
The electron density in the equatorial plane is found to decrease
gradually with distance from the earth up to about 4 Rg, when there is
an abrupt change from around 100 cmT^ to around 1 cmT^ within a distance
as small as O.15 Eg (Carpenter, I966, Mathur and Bycroft, 1972).

This

region of rapid change is known as the plasmapause; its position depends
on local time as well as the level of magnetic activity (Carpenter, 1966,
Bycroft and Thomas, 1970).
detail in a later section.

The plasmapause will be discussed in greater

Page 44 was not
included in the
bound thesis.
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is. a field aligned structure and that its position depends strongly on
the level of magnetic activity as well as exhibiting a marked diurnal
variation.

The diurnal variation follows the following pattern and is

found to be highly repeatable:
(i) a slow inward movement of the knee on the nightside, covering
1.5 Eg in around 10 hours,
(ii) a slight outward motion on the day side, covering around O.5 Rg,
(iii) a rapid outward shift in the late afternoon, around 1800 LT, covering
around 1 Eg in about 1 hour.
The pattern of the diurnal variation is shown in Fig. 4/$.
During periods of changing magnetic activity the position of the
knee changes with at most a few hours delay, moving inwards with increasing
magnetic activity.

A statistical study by Eycroft and Thomas (197O) shows

that during the local night the equatorial radial distance to the centre
of the plasmapause is given by the relation:
Ep = 5.64 - (0.78 + 0.12) K*
where K

4.2/4

is the three-hourly index of magnetic activity, which takes

values between zero, for extremely quiet conditions, and 9 for extremely
disturbed conditions.

During the intense magnetic storm of March 8th

1970 knee whistlers were observed at Chilbolton, Southern England (L = 2.4)
giving a plasmapause position of 1 = 3.I (Mathur and Eycroft, 1972).

At

extremely quiet times the plasmapause may move out as far as L = 8 or 9
(Eelliwell, I968).
The width of the plasmapause is found to be generally around 0.2 E^
in the equatorial plane although there is evidence to indicate that the
width decreases at times of high magnetic activity (ChappeE, Harris and
Sharp, 1970).
A steep electron density gradient such as the plasmapause acts as a
reflector for very low frequency radio signals.

Alexander (l97l), using
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ray tracing techniques to be describea in a later section, has shown
that whistler mode radiation impinging on the plasmapanse from within
is generally reflected, by it and thus remains inaide.
4"2.2 Ray tracing in the maRnetosphere
The magnetosphere, being a region of plasma permeated by a magnetic
field, is an anisotropic medium, since the refractivG index and hence the
phase velocity are functions of the direction of propagation (equation
Therefore waves of a given frequency propagating in slightly
different directions will have different phase velocities and hence
differenu wavelengths in the medium.
Pig. 4/4;

AA and EB are plane wavefronts having slightly different

directions to the magnetic field
two.

This is shown diagramatically in

EB is assumed the slower of the

After 1 sec the point of constructive interference has moved from

0 to P and the wavefronts are at AA' and EB'.

The locus of the points

of constructive interference defines the direction of energy flow and
is called the ray path.

From the geometry of the figure

tano; =
c/M,
y d@ = X

)

4.2/5

" = (=A) - ( j m i j )

where # is the angle between the wave normal and the earth's magnetic
field,
where ^ is the real part of the refractive index.
Hence the ray direction may be related to the anisotropy of the refractive
index thus;
tan a = ^

^ 2/6

If it is assumed that f<% f^ ^ then this relation reduces to the expression
obtained by Storey (1953):
tan a = & tan

49.

. Wave intcrfcrcncc in an
anisotropic medium. Point of maximum field intensity moves from 0 to
P in unit time.

, 4/4

Graphical solution of Sncll's law.

50.
This leads to the famous Storey limiting angle of 19°29', i.e. the ray
direction never departs from the geomagnetic field direction by more
than 19°29'.
The refractive index surface is a very useful concept in ray
tracing.

It is formed by plotting the refractive index as a function

of e and rotating the resulting curve about the direction of the ambient
magnetic field.

Poeverlein (1^48) has shown that the ray direction is

the normal to the refractive index surface for a given value of G.

When

calculating the time delay the expression 1.3/2 is not the correct one
to use.

It may be seen that, in Fig. 4/4, while the wavefronts have

moved a distance v

the point of constructive interference has moved a

distance v

This is the group ray velocity, v

sec a.

and is the

velocity at which the energy is propagated through the magnetosphere.
As a ray propagates through the magnetosphere the refractive index
changes consuantly, since the electron density, magnetic field strength
collision frequency, and ion composition, which all affect the refractive
index, are changing.

A ray may be traced through the magnetosphere by

dividing i u up into regions in which the refractive index is assumed
constant and using Snell's law at each boundary.

The refractive index

surface may be used to solve Snell's law graphically (Poeverlein, 1$48).
Snsll's law requires that the tangential component of the refractive
index vector oe the same on both sides of the boundary, which is equivalent to matching the tangential components of .E and ,H.

The graphical

solution of Snell*8 law is illustrated in Fig. 4/5; where the boundary
in question is between the atmosphere (medium l), where the refractive
index is unity, and the lower ionosphere (medium 2).

The solution is

obtained by extending a perpendicular from the boundary through the end
of uhe refractive index vector for medium 1 until it meets the refractive index surface of medium 2.

By drawing the refractive index vector

SI
from this point back to the origin the inatching condition is automatically
fulfilled;

the corresponding ray direction is obtained by drawing the

normal to the refractive index surface.
The graphical method of ray tracing applied to the magnetosphere is
obviously a very lengthy and tedious process.

Haselgrove

(1954) has

derived a set of differential equations which describe the behaviour of a
wave in an anisotropic medium

These equations are in a suitable form for

numerical integration using a computer.

By using a realistic model of

plasma distribution in the Magnetosphere and a suitable expression for
the refractive index, the ray paths may be calculated.

Alexander (1971)

has described a comprehensive ray tracing program, based on the Easelgrove
equations, which takes account of all the main features of the magnetosphere.

Two diffusive equilibrium models of plasma distribution are

included, one describing the conditions for a summer day, the other for
a winter night;

a model plasmapause may be included as well as model

ducts, (to be discussed in the following section).

The results obtained

using this program are in good agreement with the observed characteristics
of Vlf signals, which have propagated through the magnetosphere.
4.2.3 Ducts in the ma^netosphere
Magnetospheric ducts consist of field aligned enhancements in the
magnetospheric electron density

Their effect on TIF propagation is to

guide the ray along the magnetic field line keeping the angle between the
wave normal and the magnetic field small

This is a necessary condition

for the signal to be received on the ground; waves whose wave normal
angles are large may be totally internally reflected at the base of the
ionosphere, since the large refractive index of the ionosphere relative
to the atmosphere results in a small critical angle (Yabroff, I961).
The absorption of the ionosphere is also strongly dependent on this
angle (Smith et al., I960)

In order to un&erstand the need for ducts it is necessary to
examine the refractive index surface in the Magnetosphere taking into
account the presence of ions, mainly hydrogen, helium and oxygen.
Fig. 4/6 shows the refractive index surfaces for frequencies (a)
below 0.5 f
Jj

and (b) between O.5
©

and f_
Jd

©

Jb

; in both cases the
G

frequency is assumed to be greater than the lower hybrid resonance
frequency

^i^en by:

LBR

where m

and m
e

4 e
f2 + f2
°
Be

m

e

m

9

(og* + ^Ee+

4

* ^0+)

4'2/Y

16

are the masses of the electron and proton respectively
p
~j-.

and #0+ ,
0*.

#0+

-j-

the fractional concentrations of E , Ee

and

It may be seen that for both oases there is a limiting value for

the angle between the wave normal and the magnetic field, at which
the refractive index tends asymptotically to infinity.

This limiting

angle is given approximately by
e
If the wave normal angle exceeds this value the wave becomes rapidly
attenuated.

Below the lower hybrid resonance frequency, however, the

refractive index surface becomes closed as shown in Fig. 4 / 7 ,

so that

the wave normal may be in any direction, including perpendicular to
the magnetic field.

Unless the refractive index becomes very large

(when the frequency is almost equal to f^^^ and the wave normal angle
is close to 90°) the attenuation of the wave is not very great (Eimura,
1966).
f

The value of f-nn increases at low altitudes as the electron
JUHH

aenoity becomes greater.

As the ray propagates down into a region

where the wave frequency is less than the lower hybrid resonance frequency the wave normal approaches and passes through $0° to the field
line.

As it does so the ray refracts round, becoming transverse to
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the field line when the wave normal angle is $0°, and thereafter
propagates back upwards (storey and Cerisier, I968; Alexander, I97I).
This phenomenon is often referred to as magnetospheric reflection,
although refraction would be a more accurate term.

Generally, a TLF

ray launched into the magnetosphere at one end of a field line does
not propagate round to the conjugate point, but is magnetospherically
reflected one or more times until its energy is dissipated (Alexander,
1971) as shown in Pig. 4/8.

Signals of this type have been received

on satellites and are known as MR (magnetospherically reflected)
whistlers (Smith and Angerami, I968).
Fig. 4/9 shows the electron density profile across a duct; the
profile shown is that used by Alexander (1971) and is Gaussian in shape.
The corresponding refractive index surfaces are shown in Pig.
Using the Poeverlein construction it may be seen that, provided the
wave normal angle is initially not too large, the ray sig-zags along the
duct and is thus guided along the field line.

At the same time the angle

between the wave normal and the magnetic field varies by a small amount
either side of sero.

Since the magnitude of the wave normal angle

always remains small the ray may be guided through the lower hybrid
resonance region without being reflected and may thus be received in
the lower ionosphere and hence on the ground.

The refractive index

surfaces shown in Pig. 4/^0(b) are for the case when f < 0.5 f

.

If f > 0.5 fg 2 then the refractive index surfaces are as in Pig. 4/10
and the ray is not trapped in the duct.

It may be shown that in this

case a depression in electron density is required for trapping rather
than an enhancement (Alexander, 1971).

Rays that are trapped in a

duct at low altitudes where the gyrofrequency is large may escape from
the duct at higner altitudes when the wave frequency becomes greater
than or equal to half the gyrofrequency.

This is demonstrated in
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Fig. 4/11, which shows a series of multi path whistlers from the same
sferic exhibiting a sharp upper cut off at a frequency equal to half
the minimum gyrofrequency on their path of propagation.
Experimental evidence for ducts is scarce.

However simultaneous

observations of whistlers on satellites azid at the ground show that all
the frequencies forming the whistler travel along the same path, which
would not be the case for unducted propagation (Smith and Angerami, 1968),
Direct measurement of magnetospheric electron density profiles (Angerami,
1970) cends to suggest that the magnetosphere is striated with more or
leoS random troughs and enhancements and that the larger enhancements
rn^y act as ducts, a suggestion which is supported by the observation of
multipath whistlers as shown in Fig. 4/11.
4.2.4 Models of the magnetosphere
In order to brace rays through the magnetosphere it is necessary
to form a realistic model of the distribution of plasma in the magnetosphere.

It is also desirable that this model should be in a convenient

form for numerical computations.

Angerami and Carpenter (IQ66), using

whistler data, showed that inside the plasmapause (lu&4) a diffusive
equilibrium model is a good approximation;

outside the plasmapause where

the equatorial electron density is of the order of 100 times less it
was shown that an idealised collisionless model was a more realistic
estimate.

In this section these and some related models are discussed,

outlining their theory.
(i) The diffusive equilibrium model
In this model it is assumed that the ions and electrons are conr
strained to move only along the earth's magnetic field lines under the
influence of the earth's gravitational field of a charge separation
elecuric field and of the centrifugal force arising from the rotation
of the earth (Angerami and Thomas, I963).

It has been shown that the
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most crucial factors governing the form of the plasma distributions
are the temperature and ionic composition at the base level of the
model, assumed to be at 500 km (Angerami and Thomas, 1963) or 1000 km
(Angerami, I966).

The latuer value of the base level is more convenient

since electron density at 1000 km have been extensively studied using
the Alouette I topside sounder data.

Angerami ( 1 9 6 6 ) gives the following

formula for the electron density distribution under diffusive equilibrium
conditions:
4.2/E
Y

"i b
i

r^

=^(-#7)
^

2

with

z = r^i -

(z2 2og2

_ ^2 ^0^2

and

E.
1

where

d is the fractional concentration of each ionic species

m.

r is the radial distance from the centre of the earth
Q is the angular rotational speed of the earth
g is the acceleration due to gravity
G is the geomagnetic latitude
k is Boltzmann's constant
T is temperature
m is the mass
The subscript i refers to the ith ionic species, 0+, E+ and Ee+ being
the species usually considered;
level of the model,

the subscript b refers to the base

(it is assumed that'T = T^ = T. and that T is

independent of altitude ) Angerami (1966) has shown that the centrifugal force term only becomes important for
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(ii) The collisionless model
In this model the plasma is assumed to consist of electrons and
protons only; the forces acting on the particles are assumed to be the
same as for the diffusive equilibrium model but the effect of collisions
between the particles is not considered (Angerami, I966).

The electron

concentration is given by:

N =

j exp(-

- (1 - g-.)2 exp
b

2H(1 -

4.2/9

where B is the magnetic field strength and z and E are as for the diffusive.equilibrium model (eq. 4.2/^).
Angerami (1966) has shown that this model approximates very closely
to the r

model, the latter having the advantage of being much simpler

to work with;
n

the electron density is given by:
-4

%b ^b

4.2/10

(iii) The hybrid model
The hybrid model described by Park (1972) combines the diffusive
equilibrium rnoael with the c o l l i s l o n l e s s m o d e l .

A diffusive equilibrium

model is a p p l i e d from 1 0 0 0 km altitude up to 3 0 ^ dipole latitude and a
collisionless model from 30° to the equator.

The model attempts to

recognize the fact t h a t when the magnetospheric concentrations are low
t h e plasma majy no L. be in diffusive equilibrium whereas i t i s unrealistic
to assume no collisions down to 1000 km as in the purely collisionless
moael.

This model is, therefore, mainly applicable to the magnetosphere

beyond the plasmapause.
(iv) The summer day (S^and winter night (WN) models
These two models are essentially diffusive equilibrium models
where the value of the various parameters at the base level (9OO km in
this case) have been put into a form suitable for digital computing
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(Bycroft and. Alexander, I969; Alexander, 1971).
Alouette I and

Using data from the

satellites it has been shown that the electron

density, hydrogen ion concentration and temperature at $00 km altitude
may be represented by polynomials of the form:
P = Po + Pi Cf + pg G* +

gS

-

^2/11

where G is the geomagnetic latitude.
The oxygen ion concentration is given by an exponential of the form:
Q = expfq^ G -

4.2/l2

to which is added a portion of a sine curve below 1$° latitude to
form an equatorial peak in the concentration.
q2(sin(q^(0-15)/57.2957795))2

This is of the form:
4.2/13

The helium ion concentration is obtained from the difference between
unity ana the sum of the oxygen and hydrogen ion concentrations.
The difference between the SD and WN models, which are taken to be the
extremes for normal magnetospheric conditions, is in the value of the
coefficients p^ and q^^ which are listed by Alexander (197I).

Pig. 4/I2

shows how the electron density in the magnetosphere varies according to
the various models.
4.2.5 Model ducts and plasmapause
Included in the ray tracing program described by Alexander (1971),
which has been used extensively in the course of this research are models
of the plasmapause and magnetospheric ducts.

The duct is represented by

a field aligned enhancement of electron density, the cross section of
which is a gaussian curve superimposed upon the normal electron density.
The equation of the gaussian is given by:
I = E exp(-

4.2/14

where E is bhe fracbional enhancement of the duct at its centre
1 is the iracuional increase in electron density at any other
point on the duct
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Winter Night rlodol
Contours of

^io (electron density), plasnapaaze included,
Pij. 4/12 (d)

65.

SuEEer Day Hodel
Contours of loc-Q (electron density), placaapauce included
rig. 4/12 (e)

66*

and.

is given by
distance from duct centre
duct width

The distance from the duct centre and the duct width are given in terms
of latitude at the reference altitude.

This ensures that the duct is

field aligned and that the duct width varies as the distance between
the field lines varies.

As defined the duct width is the standard

deviation of the gaussian shaped enhancement; a duct width of 30 km
at the reference altitude ("^"180 km in the equatorial plane (as
observed by Angerami (l$66)) has been used throughout this research.
The model plasmapause is formed by smoothly decreasing the E+
and He'f' concentrations at the base level by two orders of magnitude
over an L value range of 0 3 in the region of the trough in the electron
density; the position of this trough is related to the position of the
plasmapause (Sycroft and Thomas, 1$Y0).

This results in a plasmapause

in which the electron density falls by a factor of ten in the equatorial
plane, while remaining the same at the base level

This model of the

plasmapause produces a more realistic result than would be obtained by
reducing the electron density by a factor of ten at the base level
since the latter does not allow for the gradual formation of the plasmapause as the altitude increases.

The width of the model plasmapause in

the equatorial plane is O.3 Rg, which is a reasonable value at times
when the plasmapause is a c an L value of around 4*

However there is

reason to believe that the width of the plasmapause is less than this
at disturbed times when the L value of the plasmapause decreases (Chappell,
Harris and Sharp, 1970).
A more realistic model of the plasmapause has also been used in
Vhich the electron density in the equatorial plane decreases by a
factor of 100 within a distance of 0.$

in better agreement with

experimental observauions (Carpenter, l$i66).

This is achieved by

67.
squaring the smoothly varying function by which the

and. He* concen-

trations are multiplied at the base level resulting in a decrease in
these parameters of four orders of magnitude.

4.5

Generation of VLP Emissions
Various mechanisms for the generation of 7LF emissiona have been

postulated by a number of authors.

A detailed review of the current

theories has been presented by Bycroft (I972).

In this section the

fundamental concepts of these mechanisms are described; some of the
refinements that have been suggested are also discussed.
All of the theories are based on a resonant interaction between
71? waves and fluxes of energetic charged particles in which energy is
transferred from the particles to the waves.

Following Brice (1964)

the change in energy of a charged particle of charge q, moving a
distance As at velocity v in time At in an electric field .8 and magnetic
field .B is given by:
AW = jP . As
= q(E + V A
=

. A^

4.3/^

+ .VA jB) . _v At

= g. E . V At

4,3/2

Thus, provided that^B and_v are in phase, there will be a net energy
exchange between the particles and waves.

The helical motion of a

charged particle in a magnetic field may be described by two velocities,
one parallel and one perpendicular to the magnetic field.
pitch angle of the helix then

= v cos a and v^

If a is the

= v sin a.

Thus

there are two possible resonant conditions:
(i) ,S;/
(li)

" .Zji/ - constant
" constant

(longitudinal resonance)
(transverse resonance)
4.3/3
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The above formulation is completely general and may apply to any charged
particle rnider the influence of electric and magnetic fields.

The

remainder of this section will be concerned with the transvese
resonance condition applied to electrons.
4'3"1 Transverse resonance
For transverse resonance the doppler shifted wave frequency seen
by the electron should be equal in magnitude to the electron gyrofrequency
and both should rotate about the geomagnetic field in the same sense.
Since waves may only propagate in the whistler mode at frequencies
less than the electron gyrofrequency, the waves and electrons must be
travelling in opposite directions for this condition to be satisfied.
In this case equation 4*3/% becomes:
e " ^
V

=

= - y v„

cos 3

4. V 4

where

y = (l - v^ /c^) ^

and

a is the angle between the wave normal and the magnetic

field.
It is normally assumed that the electrons are non-relativistic (i.e.
y = l).
(i.e.

Thus writing v

= w/k and assuming longitudinal propagation

= O)
e "

k v,

4.3/5

As a coherent collective effect this condition leads to the transverse
resonance plasma instability.

Fig. 4/l3 shows the electron energies

required for resonance along the L = 4 field line assuming a wave
frequency of 5 kHz and longitudinal propagation (Brice, 1964).

It may

be seen that the energy required for resonance in the equatorial plane
is around 10 keV, some two orders of magnitude less than that required
at the foot of the field line.

Since energetic electrons are generally

more plenuiful the lower their energy it is considered that resonance

is most likely to occur in the region of the equatorial plane
(Eelliwell, I965).
Brice (1964) postulates a mechanism involving feedback between whistlers
mode waves and electrons travelling in opposite directions.

Doppler

shifted cyclotron radiation from electrons travels back along the
electron stream, phase bunching the incoming electrons and sustaining
a coherent oscillation.

By considering the energy transfer involved in

the transverse resonance Brice (1964) has shown that the pitch angle
of the electrons decreases.

This decrease may be sufficient for the

particles to be precipitated into the atmosphere and hence lost from
the radiation belt.

Thus the average longitudinal energy of the electrons

remaining trapped becomes less than their average transverse energy,
resulting in a pitch angle anisotropy.
One of the more complete theories of wave particle interaction
i n t h e magnecosphere i s that due t o Kennel and Petschek ( 1 9 6 6 ) , in which.
wave particle Interactions are investigated, using the Maxwell-Vlasov
equations for a plasma.

It is shown that, since particles entering

the loss cone are precipitated into the atmosphere, the steady state
distribution of pitch angles must be anisotropic, and that since i t i s
predominantly l o n g i t u d i n a l energy that is lost, the anisotropy is of
the appropriate sign for the transverse resonance instability.

The

subsequent growth rate of whistler mode waves i s dependent upon the
degree of anisotropy and the number of resonant particles.

The

generation of whistler mode radiation leads to pitch angle diffusion
resulting in precipitation of particles into the atmosphere.

For the

pitch angle diffusion to be self sustaining the waves and particles
that escape from the system must be replaced.

Quasi-steady state

conditions of continuous particle precipitation ("drizzle") may be
established if the growth rate of the whistler mode energy is equal
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to the rate at which the wave energy is lost by propagation away from
the interaction region.

Since this growth rate is proportional to

the number of resonant electrons this requirement places an upper limit
on the trapped electron flux; a large particle density gives rapid
wave growth leading to rapid pitch angle diffusion and a subsequent
loss of particles.

Trapped particle fluxes predicted by this theory

are found to be generally in agreement with satellite observations.
Another mechanism based on the transverse resonance instability
is that due to Eelliwell (1967).

In his "consistent wave theory" the

spatial variations of the electron gyrofrequency and doppler shifted
wave frequency are required to be matched, enabling the wave to remain
in resonance with the electron for a longer time.

Unlike Brice's

(1964) hypothesis, which considered a fixed interaction region,
Helliwell's theory considers the movement of the interaction region.
It is shown that the geomagnetic field gradient, and the feedback delay
due to the finite wave and electron velocities, cause a characteristic
rate of change of frequency, which depends on the initial frequency of
instability and the position of the interaction region.

Thus the

spectral shapes of discrete VLF emissions may be explained in terms
of the movement of the interaction region as shown in Fig. 4/14"

It

is found that the wave magnetic field is self-limiting, and that the
limiting value

is independent of the particle flux.

B

is, however,

found to be dependent on the energy spectrum of the electrons through a
factor cot a, where a is the pitch angle of the electron; thus the
limiting value of the wave magnetic field is dependent upon the anisotropy of the pitch angle distribution.
It has been shown (Kennel and Petschek, 1$66; Eycroft, 1972) that
for a given pitch angle anisotropy the electron energy, parallel to the
earth's magnetic field, required for resonance,

is proportional

72.

2
to the magnetic energy per particle,

.

Fig. 4/15 shows how

varies with L value in the equatorial plane for (l) normal ana
('^) s-hnonnal c o n d i t i o u s with B decreased or IT increased, or b o t h .

Poi"

curve 1) gyroresonance with high energy (/^-lOO keV) electrons is
p o s s i b l e and likely to take place at
plasmapause.

2 k H z on or j'ust o u t s i d e the

For curve 2) resonance with low energy (/^lO keT)

electrons is possible and likely to occur at
plasmasphe^e o r a t 3
pause (Bycroft, 1972).

kHz just within the

k H z a t m o r e than 1 earth radius beyond the plasmaIt may be seen that in both cases the energy

r e q u i r e d for resonance has a minimum just inside the plasmapause.
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CEAPTBR I'lVE

Experimental Work

The majority of the work reported in this thesis is based on
observations of natural VEF signals made during or shortly after the
total solar eclipse of March 7th 1970 at a site close to St. John's,
Newfoundland, Canada.

The author has also made similar observations

in Central Iceland during the period July - September I969 as part of
an investigation of the variation of TLP signals with latitude, to
which reference has been made in section I.4, and been involved in the
running of the Southampton Radio Physics group's permanent station at
Chilbolton, near Winchester.
were the same.

In all three cases the techniques used

In this chapter the techniques employed to receive,

record and analyse the VLP signals are described.

5.1
5.1.1

The VEF Receiving Equipment
The aerial
The VIE aerial, designed and built by Develco Inc. (Model 10023),

consists of a single turn loop of copper tubing forming a square of
side 3 m.

A single loop of insulated wire inserted in the copper tubing

serves to calibrate the system.

A known current flowing in this loop

inauces a signal in the aerial, enabling the entire receiving system to
be calibrated, assuming a one to one coupling between the aerial and the
calibration loop.

A matching network and low-pass filter with cut off

frequency 30 kHz are built onto the aerial and a preamplifier, contained
in a separate sealed bo% is mounted on the structure of the aerial to
minimise pickup in the low level signal.

The circuit diagram of the

aerial and preamplifier system is shown in Eig. 5/1.

The signal from

the preamplilier is fed to the receiver by a nonrmicrophonic twin co-
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76.
axial cable, which also carrjes the d.c. power supply to the preamplifier.
The aerial is normally oriented so that its plane is in the magnetic East-West direction.

Thus radiation propagating in the earth-

ionosphere waveguide in the magnetic East-West direction is received
preferentially.
flux,

The e.m.f., s, induced in a single loop by a magnetic

, linking the loop is given by;
d $
" - - -at"

5.1/1

Since the wavelength of the radiation is large compared to the dimension
of the loop the magnetic field of the wave may be considered uniform in
the plane of the aerial.

Thus

= A B cos 3

5.1/2

where A is the area of the loop, B is the magnetic flux density of the
wave and # is the angle between B and the normal to the plane of the
loop.

If the wave is considered to be travelling in free space then

the magnetic flux density B is given by:
B =

5.1/3

where E is the wave's magnetic field strength.
The wave's electric field strength is given by:
|J.
E = (^)

^
E

5.1/4

0

and hence E and B are related by the expression

*
E =

B

= cB

5.1/^

where c is the velocity of light in free space.
Eence
5.1.2

e = ^ A cos G 4 ^ = ^
o
dt

c

dt

5.1/%
^ /

The receiver
The V&F receiver, built to the design of Develco Inc., Model 2005,
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is shown diagramatically in Fig. 5/2.

The signal from the preamplifier

is first amplified further by the differential input, broad, band amplifier, which has a gain of 60 dB.

The signal to be tape recorded is taken

from the output of this amplifier.

The frequency response of the aerial,

preamplifier and main amplifier is shown in Fig. 5/3The receiver also incorporates two selective channels, by which the
background signal level at two frequencies, 2.$ kHz and
monitored continuously using a paper chart recorder.

kHz, may be

Each channel com-

prises of a step attenuator, by which the signal may be reduced in steps
of 10 dB up to a maximum of 70 dB, followed by a narrow pass band filter
tuned to the appropriate frequency.

The output from each filter is then

amplified and passed through a dual time constant detector, whose function is to minimise the output due to impulsive signals from atmospherics.
The d.c. output from the detector, which represents the background signal
level at the channel frequency goes to a chart recorder.

The frequency

responses of the filters and amplifiers for the two channels is shown
in Fig. 5/4.
5.1.3

Filters
Before the signal from the broad band output of the receiver may be

tape recorded it is usually necessary to filter out unwanted, man-made
signals.

This is done using an D-C low pass filter, tuned to around

18 kEz in conjunction with a series of twin-T narrow band reject filters.
The frequency to which these filters need to be tuned depends on the location of the receiving site.

In Britain four twin-T filters are usually

needed, tuned to 50 Ez and I50 Ez (to remove interference from a.c. maina),
16 kEz for the GBR transmissions from Rugby, and 200 kHz for the BBC radio
2 transmissions.

The Omega transmissions at 10.2, 11.3, 12-5, 12.6 and

13.6 kEz are not filtered and may provide useful absolute timing information.

The circuit diagram of the filter network used in Britain is shown
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in Fig. 5/5-

The frequency response of the network is shown in Fig. 5/6.

Mhen receiving at the site near St. John's, it was found necessary
to include some extra filters as well as retuning the mains filters to
60 and 180 Sz.

The additional filters' were tuned to I7.8 kHz for the

powerful NAA tranamissiong from Cutler, Maine, 100"kHz for Loran, and
112.6 kHz for a local navigational aid station, situated some 200 m from
the aerial; even with this filter the equipment recorded a 2.8 kHz tone
lasting O.^s every 20s, which provided useful timing information.

Since

each filter also tends to attenuate all frequencies slightly it was found
necessary to include an extra broad band amplifier after the filter network.

A Levell, ^ype TA605, amplifier was used for this purpose.
In Central Iceland, a supremely quiet site some 100 km from the

nearest habitation, the only filters found to be necessary were the low
pass, GBR and sometimes the BBC radio 2 filters.
5.1.4

Recording
The broadband signal from the receiver is passed through the

filter network described in the previous section and recorded on magnetic
tape at a tape speed of 7.5 ips.
model 417, four track recorder.

The tape recorder used was a Lockheed
In Britain the recordings were usually

made using an Akai Model XV, at a tape speed of $.75 ips.
The d.c. output from the two selective channels was recorded, using
a three channel galvanometer-type paper chart recorder (Evershed and
Tignoles, Model QT8OI), the paper chart being driven by a clockwork motor,
usually at 2.5 cm h

although at times the faster speed of 2.5 cm min ^

was used.
The operation of the dual-time constant detector has been investigated
in detail by Adjepong (I972)'

Tha circuit is similar in design to the

minimum reading circuit designed by Ellis (1959)-

It has a charging time

constant of around 20 s and a discharge time constant of around 5 ms.

Thus
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it may provide a oontiimoiis monitoring of the background VLF signal
level while remaining insensitive to impulsive signals such as atmospherics, which have a duration of a few milliseconds.

It was found

that the insensitivity of the detector to impulsive signals depends
on their duration and rate of occurrence.

If the "impulsive signal is

repeated very rapidly it tends to resemble white noise and may be integrated by the detector.

It was found that the detector was insensitive

for repetition rates below aroun.d 20 sec

however Malan (I963) has

shown that the repetition rate of atmospherics can be as high as
200 sec"^.
The values of 2.$ and 5-36 kHz were chosen for the selective
channels because the former is close to the centre of the chorus band
at middle latitudes and the latter is within the hiss band at middle
latitudes.

Since both of these types of signals are non transient and

may last for periods of an hour or more they are detected preferentially
by the circuit and are displayed on the chart as a marked deviation
from the normal diurnal trend.
^.1.5

"The system as a whole

A block diagram of the entire ?I^ recording and receiving system is
shown in Pig. 5/7-

A single, integrated circuit amplifier and loudspeaker

are included as shown for monitoring puo^poses.

The system is designed to

be operated at sites remote from the a.c. mains supply to minimise interference.

The receiver, filters and audio amplifier are powered by 12 volt

lead-acid accumulators and the tape recorders have their own rechargeable
nickel-cadmium batteries.

5.2

Data Analysis
The methods of analysis of the transient TliP signals that are the

subject of this thesis may be divided into two main categories.
are;

These
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(i)

Analysis of the signal waveform.
This may be done in several ways.

The waveform may be reproduced,

using a cathode ray oscilloscope, either with storage facilities or
using a triggered camera; similarly the waveform may be reproduced using
an ultra-violet light oscillograph.

The waveform may also be transformed

into digital form, using an analogue to digital converter, sampling at
twice the maximum frequency of interest.

The information may then be

stored on punched paper tape or on magnetic disc or tape for analysis
on a digital computer.

All but the last of these techniques have been

used to some extent in the course of this work.
(ii)

The dynamic spectrum.
The dynamic spectrum is a frequency-time plane representation of

the VtF signal.

There are a number of machines that will produce

dynamic speotruma but possibly the best known is the Kay Elemetrics
Sonagraph.

The dynamic spectrum produced by the sonagraph is known

as a sonagram.

The particular model that has been used extensively

during this work is the 7030A 'Vibralyser', which is capable of producing spectra in the range 1 Ez - 16 kHz.

Since this pi&ce of equip-

ment has been so extensively used there follows a short description of
its operation.
First the frequency range of interest must be specified.

There

are eight ranges available from 1 Ez - 100 Ez to I60 Ez - I6 kEz.

The

machine also has the capability of expanding any portion of any range
to cover the sonagram, if required.

The frequency range chosen fixes

the length of signal that may be analysed at one time.

The frequency

range is inversely proportional to the signal length such that using
the usual 80 Ez to 8 kEz range the signal length is 2.4s.

The signal

to be analysed is recorded on a magnetic loop within the sonagraph.
It is then reproduced continuously at a speed of 3OO rpm, which is 12

87.
times faster than the recording speed for the 8 kHz range.

The signal

is then passed through a low pass filter with a cut off frequency of
96 kHz (12 X 8).

The output from this filter is mixed, in a balanced

modulator, with a signal whose frequency varies between 200 kHz and
296 kHz as the stylus which traces out the sonagram moves from the
bottom of its travel to the top.

The output of the modulator, which

consists of sums and differences of the oscillator frequency and
heterodyned signal frequencies is then passed through a narrow pass
band filter with a centre frequency of 200 kHz.

The 200 kEz output

of this filter, is amplified to a high voltage and fed to the stylus.
This marks the sonagram paper, which revolves on a drum at the same
speed as the magnetic loop, by passing a current through it to the
metal drum.

The sonagram paper is current sensitive; thus a three

dimensional frequency-time-amplitude representation may be obtained.
The fundamental dynamic range of the sonagram is 10 dB; however
using the AGO circuit this may be improved to 40 dB if required.
Another machine somewhat similar to the Sonagraph is the
This analyses in real time unlike the sonagraph, and produces the
spectrum as recorded by a bank of four hundred filters on 35 mm film.
The Bayspan is useful for studying long sections of data but lacks
the resolution necessary for the detailed frequency-time plane analysis
required in this research.

5.3

Observations in Central Iceland
As stated in section I.4 the work carried out in Central Iceland

during the summer of I969 formed part of an experiment to study the
variation with latitude of VLF emissions.

Accounts of these experiments

have been given by Case et al (1970) and Reeve and Rycroft (1971).

The

equipment used was the VL? system as described in the previous sections

together with two flux gate magnetometers recording fluctuations in the
vertical and horizontal (N-S) components of the earth's magnetic field
on two channels of a chart recorder.
A recording schedule was established such that on certain prearranged days simultaneous recordings would be made in Iceland and at
the other two stations, on South Hist in the Outer Hebrides and at
Ohilbolton near Winchester.

Although many VL? emissions were recorded

in Iceland during August and September none at all were received at the
other two stations.

In view of this and the many interesting observa-

tions made during and after the total solar eclipse of March 7th 1970,
analysis of the data recorded in Iceland has been somewhat neglected
to date.

Some preliminary analysis has been made however.

This will

be discussed in the following paragraphs.
The geographic and geomagnetic coordinates of the three stations
are shown in table
the plasmapause

Chilbolton (L = 2.39) will be situated inside
under all but extremely disturbed conditions;

South Hist (L = 3'38) will usually be inside but may sometimes be outside depending on magnetic activity and local time, while Jokulldalur
(L = 6.17) will almost always be outside the plasmapause (Carpenter,
1966; Eycroft and Thomas, 1970)-

1% view of the barrier-like nature of

the plasmapause to VIP waves (Alexander, 1971) it is not altogether
surprising that there should be a lack of correlation between the
signals received at Jokulldalur and at the other two stations.
5.2 shows the three-hourly K
1969'
5th.

Table

indices for July, August and September

Observations were started on July 30th and ended on September
It may be seen that during this period magnetic activity was

relatively low (max. K

= 6) and although magnetic activity generally

shows a 27 day period the activity towards the end of August did not
compare with that on July 26 - 27 and September 28 - 30.

Station

Geographic
Lat.
long.

Chilbolton

L value

1.42°W

2.39

South Hist

57.35°%

7.27°W

3.38

Jokulldalar

64.72°%

18.07°W

6.17

Table 5*1

Coordinates of the three stations.
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GEOMAGNETIC

ACTIVITY

INDICES

JULA" 1969
DAY

D
3

0

4

QQ
OQ

5

8
9

10
11
13
14
15

D

17

Q
Q

D

26
27
28
29
30
31

24
10
6+
4+
4—

GO
QQ

Q
Q

D
D

QQ

9-

1.0
0*2
0=1

0.1
0*1

0.3
0.3

10
14
14-

1 + 31- 1
1 + 2— 1 + 3 - 4
2+
3+ 2
4
2
3
2 2
2+ 2—
2
2
2- 1 + 1 + 1- 1

11
19 +
22+
20 +
11-

0*3
0*7
0*8
0*8
0*3

2—
3
2- 3
1+ 3
2- 3
1 1 1
1
1
1+ 1+ 1
1+ 2
1 - 1- 0 ^ '
0
0+ 1
0 +
1 + 0 + 0 + 0+ 0 + 0 +
1 - 0+
1
1— 1 - 1— 1+ 1

18+
8
6+
4
6+

0.1
0 »1
0*0
0.2

3
2+

1—
2+
3"!'
1-i-

1
3

1 + 0+ 1 2 - 2- 2+
1
1- 0+
1 + 1- 1 +
1 — 2- 1

0+

2— 2 — 2
2 + 2 — 3—
1+ 0 + 2
3- 2
1
1
1
0+ 1
1+
1- 1- 1 — 1
1

1
2-

2

3+
2+
7
1—
2
1+ 1
1 — 0 + 0 + 0-i2- 1- 1 - 1 +

6—

6+ 6

3

3 - 1+ 1 +

1 -

12 —

9

15
10+
8—
8-

2- 5—
1+

2331

1 ™ 1 T
0+
0+
0+
0+
3
1+ 4
5*"

417+

2- 1 + 1+ 2-

12

3
1 +
1™

8

A,

C;

2
2- 1
2+ 1 + 2 2
1+ 2
2- 1 + 22+
1+ 1

1 +

21

22
23
24
25

3 + 2+ 4
2
2-i- 5
Q-v- 0-1- 1
1
+
133
0
+
1
1
1- 1 +
1 1—
0+
0
+ 1
0+
111- 0 +
1
0+
0
0 + l" 0 +
0 +
24-

2
3

12

19
20

SUM

0 + 1 — 1 — '21
2- 1 — 1 + 21
1- 1
1
1
1
22
3— 2
2"- 2 + 1- 2- 3 -

6
7

18

Kp
THF FF — HOUR R ANGE INDI CE5
S
7
5
6
4
1
2 •3

Ow9
0^3

JL /

6

0.1

3

0a0

3

0.0

2

0.1

4

6

0.1

0.2
0.2

0*4
0.5

0.3
0.3

7

0*3
0»4
0#3

0,1

0.1

0.2
0*7
0.8

7

12
14

0.7

0.2
0.6

10

0.1

4
3

0.1

0.0
0.1

2
3

0.2
0.4

0.2

0.1
0.1

1.0

i«j
1.3
0*2
0.1

0.1
0.0

0*8

0*7

0.3

OeS

MEAN 0.39

5

1.5

4

20
45
A

l.j,*

A preliminary storm sudden conmencemenC occurred on July 26 at 1153 UT.
Table 5/2 (a)
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GEOAIAGNETIC

ACTIVITY

INDICES

AUGUST 1969
i

P

ilh

OQ
Q
D

Q
7

8
10
11
12

OQ
D

13

14
15

Q

16

Q

17

18
19
20

D

Cp

1

0+ 1— 1
1— 1 - 1—
0+ 0+ 2
2+ 2+
2
2- 3" 3- 3
4 4"
3 — 2^- 3 + 1 + 32
2
2+ 1+ 1
1^
2—

61022—
21 +
14

0*1
0.3
0.9
0.8
0.4

0. 1
0.2
0.8
0,7

14
13

0 e4

7

2+ 1+ 1
1 — 1 - 1- 1 —
2~~ 2 + 2
1
3 — 3
2
3+ 3 — 2 2- 3
1+ 1— 2
3 . 3 + 2 + '2- 3 + 2 + 2
2
3
2 2+ 2
2- 2- 0 + 0

10
16
1720

0*2
0.6
0.5
0.6
0.2

0.2
0,4
0.5
0.6
0.3

0.2
1.2
0.4
0.3
0.3

0.1
1.1
0. 3

4-

0
2
3 +

2

3

2

5

6

7

8

3 -

2"

9

Cj

3

10+

4

SUM'

2

11

2
O

REE -HOUR RAN GE IKD ICES

1
1
1 - 0+ 1
3+ 3 + 4 4 4
2- 2- ^ «— 3- 0 + 1
1 + 1 + 3 — 2+ 1+ 2 0+ 0
2 - 0 + 1+ 2~
0

0
42+
3 2

1 + 23+ 2+
1

2

1+ 0
1 + 2+

1 — 1
1 — 3—
0+ 1— 1+ 1 —
3 + 3- 1 - 1
1 - 1
1
2 + 2 + 3- 2 + 3
4 3
2
2 + 3 - 1-f 1 + 1
1
0
2

1 -

1+

2 -

1

13"
7

28
13
12

3
5

5
8
9

11
6
4

21
7

0 03

6

0.2

4
4

1.0
0.4

0.1
0.3
0.4
0.7
0.3

6

0.2
0.3
0.7
0.4
0.1

0.2
0*2
0,6
0.3
0.1

9

7+
11 +
13
22
14-

0.3
0.4
0 »4

6
7

13
7

21
22
23
24
25

QQ

26

D

1- ,1"^ 2— 5

D

4.
6 3+ 3+ 2
2
2 - 2
3 — 2
1
1— 2
1
2- 11+ 2— 1 - U+
1
1 — 1- 1
0
2
1- 1 4- 11 — 2- 1

19+
24+
127+
8

0.9
1.3
0.4
0.2
0.2

0.8
1.1
0,3
0,1
0,1

15
21

1+

10—

1 0.2

0,2

5

0,39

8

QQ
OQ
0

1+ 2+
1 + 0+
3+
3
2
23— 1+

1

0+

0+
0+
2+
1-i0+

2

2- 2 — 2
21 + 1+ 2 - g— 1+
3— 2+ 2
2+ 2 •
2+ 2
1
22
0+ 0 + 0+ 0
1—
1 -

2 -

/.y

1

2- 2 — 4-

1

1 +

1210+
20
14

MEAN 0*46

Table

5/2 (b)

6
5

11
6
4

6
4

4
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GEOMAGNETIC

ACTIVITY

INDICES

SEPTEMBER 1969
Kp
TF IREE -HOUR RANGE INDICES

! D AY

1

2
2-

1~

0 +
0 +

0+

1"
0 +

2-

1-

1

-1
1

1

2 -

4

QQ

1 +

2

QQ

0+

3

Q

1 -

4

Q

1

0+ 0+

5
6

9
10

3 +

12

Q

13

QQ

14

20

2+
2+
1—
1+

15

1
5— 4

16

3 -

17
18

1 — 0
3 3

D

19

3

20

2
Q

22
23
24
25

QQ

26

QQ

6

0+ 0 +
0+ 0+

7
0 4-

0404-

3

54-

3 -

2-

1
1

9 -

5-

4 -

5-

204-

1.1
0.9
0.9
0.7
0.5

. 1.0
0.7
1.0
0.5
0.4

0.5
0.1
0*0
0.7
1.2

0.5
0.2
0.0
0«6
1.0

0.3
0o s
1.0
0.4
0.4

0.4
0.7
1.0
0.5
0.5

0.1
0. 1
0*6
0.2
0.6

0.2
0.1
0 04

5
3
7

0.3
0,5

10

0.1
0.5
1.7
1.8
1.8

0.1
0.3
1.5
: 1.8
1.8

8

1 +

3

3

4—

1
1
2 +

1 —
2 4-

3 -

262222418
144-

1

2 +

1Q-!-

1-

1
0

16494-

0 +

0

4 -

4 -

22—

13

2-

1-f 1

0+

3+

3

3 -

3

3

1- 1 —
4-

3 -f

4-

3

5-

4 — 3 —
4+ 3

2
2

1
3+

1
2-

1 -

164-

2+

2

3+

1 +

1-

1 +

D
D

3

D

8

7

6-f

2—

0+ 0+

7 -

4

6

04-

17426417

1 -r

0
• 1
7
6 +
6 + 6

4

24-

1 + 141
1 — 1 +
1 T- 1 — 0 + 0 + 0 + 040 + 1- 3
2 • 24- 341 + 3 1- 1 - 1 - 143
2
3- 14- 2

0+ 0+
4— 3
4 + 6—

0.1
0.0
0.2
0.1
1.0

P

1-

154254-

3 -

Cn
P

1

4

2

C;

0.1
0.1
0.2
0.2
1.1

0

3 — 4

2
4- 2
2- 3 — 2 +

2 — 21
1

5UM

8

2+ 2+ 2 1+ 2
1 1- 1 -f 0 +
0+ 1 1

0
3 -

27

28
29
30

3+

0 + 0+.
Q

1

5

4

8

11

4

4" 54 '2
3 2 + 2 ~ 3 - 4- 2 + 2 +
3 + 5- 5
4
2
22- 2 + 3- 3 — 2 + 3
2 + 0+ 0+ 1 - f 1-f

D

7

21

' 3

1
445

10 —
54-

12411

187

8436-

1

14-

4+

4 -

6

6 — 7

44

5 +

46

3 -

MEAN

1

0.58

a 6 2

3
2
4
4

18
20
13
19

10
8
8
4
2
11

19
7

12
19
9
8

6

4
6
47
71

90
15

'relim:
y sudden commencements ( s s c ) o c c u r r e d i n September 1969 a t 05/1334UT.
14/1518UT, 27/2125UT and 29/0453UT

Table 5/2 (c)
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The main type of VIZF emission recorded at Jokulldalur was that
known as polar chorus or polar hiss (Selliwell, I965).
are confined to the frequency band of $00 Ez - 2 kEz.

These emissions
Fig. 5/8 (a) and

(b) show dynamic spectra of polar chorus and hiss, the main difference
being that the chorus is structured, consisting of rising tones, while
the hiss is unstructured appearing as band limited thermal noise.

The

emissions showed no correlation with magnetic activity at the time of
the recording, polar chorus being received on the most disturbed day,
August 27th, as well as on September 1st, one of the quietest days.
The emissions also appeared at all times during the day between O7OO LT
and 2100 LT, with a possible peak of occurrence around local noon.
Since all these emissions were below 2 kHz no deflection was
observed on either of the selective channels.

However on a few occasions

emissions in the dawn chorus range, 2 - 4 kHz (Eelliwell, I965), were
received.

Fig. $/$ shows the chart record for August 1? - 18 showing

the appearance of a burst of noise on the 2.$ kHz chart coinciding
with the recording of dawn chorus.
TIF signal during this period.

Fig. 5/IO shows a sonagram of the

It may be seen that although there is

some energy in the band 2 - 4 kHz the strongest signal is in the polar
chorus band.

Fig. 5/II shows sonagrams of chorus recorded at

Jokulldalur, South Hist and Chilbolton at different times.

It may be

seen that although each sonagram has a different time and frequency
scale there is a good deal of similarity between them suggesting that
similar mechanisms produce the emissions at different latitudes.

Since,

according to the transverse resonance instability theory of emission
generation (Brice, I964) the triggering frequency of the emissions must
be equal to the doppler shifted equatorial electron gyrofrequency, a
lower frequency emission would be expected at higher latitudes where
the equatorial electron gyrofrequency is less than at lower latitudes.
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a) P o l a r Chorus.
J o k u l l d a l u r , icolcnc:. 18 August

1969. '215 U-T.

2 —

kHz

1

3) P o l a r Hiss,
Jokul I d c l u r , iceia-icj. 20 August "969. '8*5

Fig, 5/8

---fi
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FTACSCIEUNO <CNAL RRWNCTH
rr - It AucusT i*ct

Fig Sp

Background VLF signal s t r e n g t h a t 2 - 9 k H z a n d

5-3kHz

recorded at J o k u l l d a l u r , Iceland,17-18 August 1969.

0-05

Fig ^10

S o n a g r o m of VLF w a v e f o r m at 1215 U.T. 18 August 1969
recorded a t J o k u l I d a l u r j c e l a n d .

96-

kHz 6

ChitboUon, Hampshire,England (1-2"^) 0330 U.T. 22 April 1970.

kHz 2 —

1

2

3

South Ulst .Outer Hebricies,Scotland (L-3'4) 0650U.T. 10 October 1969.

2 —

kHz 1 —

r
2

4

JokuHclalur.Icewnj (L-6-2) 121bU.T. 18ALQUS; 1969.
Fig y i l

VLF

CHORUS RECORDED

AT VARIOUS LATITUDES.
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This is in agreement with observed characteristics of the chorus
emissions.

In Pig. 5/l2 sonagrams of some of the other emissions

recorded at Jokulldalur are shown.

It is hoped that further analysis

of these data will be possible in the future.

98.
Unstructured C h o r u s , 0 9 4 5

27 Aug^e: 1969.

-

$ # «

Hiss and risers ,1900'-iT.
20 August 196?.

^

Chorus a i d eTi ss:ons,l'45

-. J"

2'} August 1969.

'I

Hiss and r i s e r s , 1 9 3 0
20 August 1969,

Hiss and e r n i s s i o i , 113C ,
27 AuQus; 196;.

• #

< : #
t r . - * * . * ! . Jl . « *

Fig. ^ 2

VLF emissions recieved ct Jokul'.dalur, Iceland.
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CEAI-'TER SIX

The Ionospheric D region during a solar eclipse
as observed by natural YLF signals

6,1

Experimental Observations
Recordings of natural VLF signals in the band O.5 kHz - 10 kHz

were made by the author during the solar eclipse of March 7 1970 and
on the preceding and following days at a site close to the 8TADAN
station near St. John's, Newfoundland, Canada (geographic latitude
47°44.9tN, longitude 52°43'4'W, L = 3'46).

The system used was that

described in the previous chapter together with one flux-gate magnetometer recording fluctuationa in the horizontal (N-S) component of the
earth's magnetic field on the third channel of the chart recorder.
Similar observations were also

made by courtesy of Prof. M.G. Morgan,

Dartmouth College, at Forwich, Vermont, U.S.A. (geographic coordinates
4J°45.0'N, 72°17.7'W, L = 3.08) and by courtesy of Prof. T.R. Kaiser
and Dr. E. Bullough, University of Sheffield, at Salley Bay, Antarctica,
which is close to the magnetic conjugate of St. John's.

The positions

of the three stations and the path of totality of the eclipse at various
altitudes are shown in Fig. 6/I.

Near Newfoundland the path of the

eclipse was approximately magnetic West-East.

Since the aerial was

mounted in the magnetic East-West plane it did not respond to signals
propagating in the magnetic North-South direction.

Therefore whistler

mode signals propagating down field lines with their 'feet' in the
eclipsed ionosphere were received preferentially since they would have
to propagate in the magnetic East-West or West-East direction to the
aerial.
Eig. 6/2 shows the chart record for the period I5OO UT March 7
to 0100 UT March 8 1970.

The featuresof this record that are par-

100*

/.I r. [i3.:'3

?

fit. J o h n '

:CL;/SE POSITlUr

DKM OGKr;i ion; r.

i645\

MAENniC CONjUGATE

EclipSg circwn
Ealloy Ccy

7 Harchx970.

35°

120
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ticularly relevant to this chapter are the slight increases on both
of the selective channels, with their maxima close to the time of
eclipse maximum at the site.

Some of the other features appearing

on the record will he discussed in later chapters.

A preliminary

report of all TLF phenomena indicated on Fig. 6/2 has been presented
by Bycroft and Reeve (1970).

During the eclipse, which lasted from

1756:30 until 2009:08 FT at 80 km altitude above St. John's, with a
maximum obscuration of 99.1% occurring at 1905:01 UT, two separate
VLF phenomena were observed while aurally monitoring the signals.
The first was that, throughout the eclipse, tweeks - that is sferics
with sharp low frequency cut offs (Eelliwell, I965) - were occasionally
audible.

The second was a series of eighteen discrete risers (Eelliwell,

1965), occurring within two minutes just before eclipse maximum at 80 km
altitude.

It is the tweeks that are the subject of this chapter; the

risers will be discussed in the following chapter.

6.2

Analysis

6.2.1 Chart Records
Before proceeding to a detailed analysis of the tweeks the
significance of the increase in the levels of the two selective channels
will be discussed.

The tweeks themselves could not be entirely res-

ponsible for these increases, although they may have contributed to
them.

Tweeks are essentially transient signals lasting a few milli-

seconds.

Because of the effect of the dual time constant detector

transient signals with a repetition rate less than 20 sec
be detected (Adjepong, 1972).

would not

In this particular case the occurrence

of the tweeks was sporadic with periods of up to ^0 seconds between
events.

It is clear, however, that very large transients produce

spikes on the chart record as may be seen in Fig. 6/2 (upper trace)
after 2200 UT.

It is thus likely that the tweeks are responsible
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for the fine structure in the

kHz record around I9OO U.T.

Fig. 6/y shows a typical chart record taken at South Hist at
a similar 1 value to St. John's.

It may be seen that, in the absence

of TLP emissions there is a definite diurnal variation in the intensity
at the two selected frequencies, the levels being around 10 db greater
at night than during the day.

This is in agreement with the results

shown in Fig. 6/4, taken from Chapman et al. (1966).

Ibe reason for

this difference is indicated in Fig. 6/5 (Deeks, 1966).

At night the

ionosphere is bounded by a sharp electron density gradient between 80
and $0 km, whereas during the day the boundary is less well defined.
Hence at night the earth-ionosphere waveguide is closely approximated
by a parallel side waveguide with perfectly reflecting boundaries,
for which the absorption coefficient is low.

During the dgy this

approximation is not valid re&ulting in the higher attenuation coefficient.
The increase in the levels of the two selective channels may thus
be interpreted in terms of the effect of th^ eclipse on the ionosphere.
At quiet times the background VI? signal propagating in the waveguide
mode is that due to remote lightning discharges which have a typical
repetition rate (integrated around the world) of around 100 sec
which is well above the threshold of the detector.

Normally by day

the attentuation for this type of signal is high (see Fig. 6/4)"

Under

the effect of the total and partial eclipse the ionospheric D region
electron density was modified so as to give less attenuation for these
signals.

Fig. 6/6 shows how the lower ionosphere is affected by a solar

eclipse (Deeks, I966).

It may be seen that even at 80% obscuration the

peak at around 62 km remains.

It is only at 100% obscuration that it

disappears leaving the sharp gradient at around 70 km.
The signals recorded at Norwich Vt. were replayed through the
two selective channels to search for a similar effect.

The maximum

obscuration at 80 km above Norwich was 90.?% compared with 99.1% at

o
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ATTENUATIO

FREQUENCY C/S

Variation of (ittenualion with frrqiicncy.

S.from Schu

oZ/jrrwZfOfu; 7% rfzj/ur (fni/
IPig,

6/4.

clcctron concentration (cm-')

Z'ig. 6/5
^6

?i\'

6/6

^/5
T h e local-timo v e n a t i o n of clcctron c o n c e n t r a t i o n a t ? J a r c h e q u i n o x , s u n s p o t minim u m , a t m i d d l e l a t i t u d e s . T h e d a s h e d p a r e s of t h e c u r v e a r o i n s e r t e d t o c o m p l c t o t h e
c a l c u l a t i o n s , b u t t h e i r p r e c i s e f o r m is n o : w e l l d e t e r m i n e d .

X'IG- D / 6
TIio h e i g h t d i s t r i b u t i o n of e l e c t r o n s a t d i f f e r e n t s t a g e s o f a s o l a r e c l i p s e DURING
m i d - d a y , Zllarch e q u i n o x , s u n s p o t m i n i m u m a t m i d d l e l a t i t u d e s . T l i o n f m r c s o n t h o
cur^^cs r e p r e s e n t t h e p e r c e n t a g e o b s c u r a t i o n of t h e s o l a r d i s k . T h e d a s h e d ° p a i - t s o f t h e
cm-ve a r e i n s e r t e d t o c o m p l e t e t h e c a l c u l a t i o n s , b u t t h e i r p r e c i s e f o r m is n o t w e l l
determined.

106.
St. John's.

Unfortunately due to interference on the tape it was

impossible to determine whether the effect occurred or not.

At the

same time it was noted that no tweeks were audible on the Norwich
records, over the period 1800 FT to 2000 UT.
6.2.2 Analysis of tweeks
Sonagrams have been made of all tweeks occurring between 1800
and 2000 UT on March 6 and 7-

Sonagrams have also been made of some

of the tweeks occurring between 2000 UT and 24OO UT on the two dates.
Recordings were also made on MarchS but because of the exceptional
magnetic activity - a major magnetic storm occurred on March 8 with
its sudden commencement at I414 UT - these data have been excluded
from this analysis.

Fig. 6/Y shows spectrograms of tweeks typical of

(a) the eclipsed period on March 7, (b) the corresponding period on
March 6, (c) the post-suaset period on both days.

It may be seen

that the pre-sunset tweeks on March 6 were very weak compared with
those on March 7 and that their cutoff frequency was much less well
defined.

The main differences between the eclipse time tweeks and

post-sunaet tweeks are:

(i) the eclipse time tweeks are much less

dispersed in the region of 3 kHz and (ii) the eclipse time tweeks
retain some energy below their cutoff frequency.

The significance

of these differences will be considered later.
The lower cutoff frequency (f ) of each tweek sonagrammed has
been measured, provided that it was well enough defined for accurate
measurement.

To increase the accuracy of measurement the frequency

scale of the sonagraph was chosen to be 40 Hz - 4 kHz and the scale
expanding facility was employed so that only the range 1 - 3 kHz was
displayed.

The error in measurement is essentially equal to the band-

width of the filter, in this case 22.5 Hz.

Fig. 6/8 shows a sonagram

of an eclipse time tweek using this scale.

Systematic errors due to

differences in the speed of the tape recorders when recording and
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replaying were eliminated by observing the time between the 2.8 kH%
tones mentioned in section $.1.).
at intervals of exactly 20 s.

Hence the systematic error, if any,

was determined and corrections to
show how f

These were known to have occurred

were made.

Fig. 6/9 (a) and (b)

varied with time betwee 1800 and 2400 UT on March-? and b

respectively.

In Fig. 6/10 (a) the variation of f

with Universal

Time is shown for the period 1800 - 2000 UT, data from 16 March being
shown as crosses, data from 7 March as dots.

Fig. 6/lO (b) shows how

solar obscuration at 80 km above St. John's varied with time.

It may

be seen that on 6 March only five tweeks were received in this period;
all of these occurred after I915 DT and were very weak compared with
those on 7 March; their cutoff frequencies are apparently random.

On

March 7, however, around 60 tweeks were received during the eclipse
period, many of which were exceptionally intense; their cutoff frequencies show a strong correlation with solar obscuration.
Least squares regression lines have been computed for the variation of f

with time over the periods 1820 - 1$00 and I91O - I95O when

the variation of solar obscuration with time is approximately linear.
These are shown as the solid lines in Fig. 6/lo(a).

For the sixteen

points within the interval 1820 - I900 UT the correlation coefficient
(r) between the variables is -0.79, and the standard error in the
gradient (Am) is only,+ 21% of m; for the 26 points in the interval
1910 - 1950 nr r = +0 68 and Am/m = + 22%.

Since the probability of

such a large magnitude of correlation coefficient arising by chance
is less than 0.1% it is concluded that f

may be considered to vary

linearly with time over these two periods.
The time at which f^ reaches a minimum value has been investigated,
One way of doing this is to extrapolate the lines shown in Fig

6/lo(a)

until they intersect at 1906:2$ UT with a standard error of + 4 Mi^ 00 sei
Another way is to compute best fit straight lines for all the points
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between 1820 and 190$ DT and. between 190$ and 1950 UT.
are found to cross at 1906:10 UT + 2 min 4O sec.

These lines

The results of both

these methods are prejudiced, by the choice of 1905 FT as the time at
which the data should be divided.

Consequently best fit lines have

been computed splitting the data at one minute intervals between I9OO
and 1910 UT confirming a best estimate for the time at which f

is

minimum of 1906:10 UT + 2 mins 4O oec.
6.2.3 Sferics observed at Norwich
It was mentioned in section 6.2.1 that no tweeks were audible
on the recordings taken during the solar eclipse at Norwich, Vermont
where the maximum obscuration at 80 km was 90*7% &t 1846:39 UT-

To

confirm this sonagrams were made of the VIP waveform as recorded at
Norwich at times corresponding to the reception of tweeks at St. John's.
A number of these 'simultaneous sonagrams' are shown in Fig. 6/II.

It

is clear that in general the sferics are well correlated between the
two stations but except for the 1900:50 DT sonagram there is no
evidence of any tweeks occurring at Norwich Vt., in spite of the
relatively high degree of solar obscuration.

Indeed it seems that

the sferics which appear as very intense tweeks at St. John's are in
general very weak when received at Norwich, Vermont, I6OO km distant.
The difference between the appearance of the sferics at the two sites
will be discussed further in a later section.

6.3

Determination of the position of the storm centre responsible
for the tweeks
Before any meaningful deductions could be made from the observa-

tions of tweeks during the eclipse it was necessary to determine the
location of the thunderstorm responsible for generating them.

Several

factors indicated that the storm centre must be quite close, within
less than 2000 km of St. John's.

These were:
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(i) For the eolipse to have a%y affect on the tweeks they must have
been generated, within the partially eclipsed region; for reference
Fig. 6/12 shows the contours of obscuration at various times (Quiro%
and Henry, I972).

If they had propagated any appreciable distance

(=7 a few hundred km) under a daytime ionosphere most of the energy
below around 5 kHz would have been absorbed.
(ii) The intensity of the sferics as recorded at St. John's was very
much greater than that at Norwich; it is therefore likely that the
storm centre was considerably closer to St. John's than to Norwich,
(iii) The fact that the maximum levels on the two selective channels
and the minimum value of f

occurred close to eclipse maximum at St.

John's suggests that the storm centre was close to St. John's.
(iv) The exceptional strength of the tweeks at St. John's relative
to all the other signals received suggests that the sferics were
generated close to St. John's.
(v) The low dispersion of the tweeks at frequencies just above the
cut off frequency indicates a short propagation path (Eelliwell, I965).
Bearing these points in mind an attempt was made to locate the
thunderstorm.

The range of the lightning location equipment operated

by the British Meteorological Office does not extend further than the
mid Atlantic and neither the American nor the Canadian weather servK^s
were operating their equipment at the time.

A search of weather charts

revealed no reports of thunderstorms over North America and the North
Atlantic on either 6 or 7 March.

However a study of meteorolocial

charts and cloud photographs of the region taken by satellites has,
with the assistance of members, especially Messrs. Smith, Grey and
Eirk, of the Meteorological Office, Bracknell, enabled an estimate to
be made of likely positions of thunderstorms.
?ig. 6/13 shows the surface chart for the North Atlantic region
for 1800 or, 7 March 1970 and Fig. 6/14 the 1749:13 UT photograph taken
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by the ES8A 9 weather satellite of the area including Newfotrndland and.
the east coast of North America.

The two most likely positions of

thunderstorms are (E.J. Smith, private communication)
(i) around 44°N,

where the cloud shows signs of instability

typical of thunderstorm conditions, and
(ii) along the trough between

58°W and 40°N, 60°W, where

instability in the cloud structure is also likely.
Further support is lent to these estimates by the fact that a
sharp decrease in tweek cut off frequency occurred on March 7 at St.
John's at around 222$ FT (see Fig. 6/^(b)), midway between sunset at
the storm centres (22p5 DT) and sunset at St. John's (2210 UT).

The

fact that both centres are located over the ocean explains why no
reports of thunderstorms were found on the charts.

Since the centre

of the depression was found to move only 0.4°N, 0.5°W between 1800 UT
and 2100 UT the storm centres will be considered stationary throughout
the eclipse period.

The storms centres will henceforth be referred to

as numbers 1 and 2 as above and a mean position of 40*5°^,

will

be used for centre number 2.
Storm centre number 1 is 600 km from St. John's and 11^0 km from
Eorwich; centre number 2 is 950 km from St. John's and II50 km from
Eorwich.

Thus centre number 1 would appear the more likely since it

is in agreement with (ii) above that the storm centre should be conr
siderably closer to St. John's than to Norwich.

However centre number

2 may not be disregarded since other factors may have contributed to the
difference in the observed intensity at the two stations.

Radiation

propagating in the waveguide mode over the sea tends to be less
attenuated than over land since the sea is a better conductor.

The

paths from both centres to St. John's are exclusively over the sea
while the paths to Norwich lie partly over land.

This fact might con-

tribute to an explanation of the difference between the spectrograms
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of the same atmospherics as received at the two stations.

6.4

Interpretation of Results

6.4'1 Deduction of the height of the ionospheric reflecting surface
Considering the simplest model of the earth-ionosphere waveguide
discussed in Chapter two, where the waveguide is assumed to consist of
two perfectly conducting, flat parallel planes separated by a distance
h, the cutoff frequency of the first order TM mode is given by equation
3.I/IO:
f

c

= c/2h
' ,

where c is the velocity of light in free space.
Thus if f^ is measured in kilohertz the apparent height of the
ionospheric reflecting surface is given by the relation:
150
h = ^ km.

6.4/^

c
Hence Pigs. 6/^^b) aad 6/lO(a) also show how the apparent height of
the ionospheric reflecting surface (h) varies during the eclipse,
h is seen to increase from about 69 km soon after first contact to a
maximum at around 76 km, returning to 69 km at the end of the eclipse,
h again increases after sunset.

The sharp increase in h at 2220 UT

on March 7 corresponds to sunset close to the estimated storm centres,
providing a further indication that the estimated position is reasonably accurate.
The suitability of this model of the earth-ionosphere waveguide,
in view of the possibility that the height of the reflecting surface
may change over the propagation path due to changes in solar obscuration,
may be illustrated by studying the map in Fig. 6/l2, which shows contours
of obscuration as well as the positions of the storm centres and the two
receiving sites.

The difference in obscuration between the storm centres

and St. John's at any given time is only of the order of 10 - 15% and
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the difference in their respective times of eclipse maximum is around
5 - 10 mins.

Thus the assumption that the height of the ionospheric

reflecting surface does not change by a significant amount over the
propagation path may be seen to be reasonable.

One possible method

of taking into account the change in the height of the reflecting
surface would be to assume that the cutoff frequency was characteristic
of the height of the reflector at a point halfway between the lightning flash and the receiver.

In this case f

would be dependent upon

the distance of the lightning flash from the receiver.

The relatively

large spread of points in Pig. 6/lO(a) could be explained on this
theory if it is realised that lightning flashes may occur anywhere
within one or two hundred kilometres of the estimated storm centres.
The averaging of this effect by fitting straight lines to the points
should then give a measure of the height of the ionospheric reflector
at a point halfway between the centre of the thunderstorm area and
the receiver.

Eclipse maximum at 80 km above centre no. 1 occurs at

1859 UT; for centre no. 2 the corresponding time is 185? UT.

Since

eclipse maximum at 80 km above the receiver was at 1905:01 the time
of maximum halfway between the centres and the receiver may be taken
to be 1902:30 FT + 1 min.

The best estimate for the time of minimum f
0

was found, in section 6.2.2, to be 1906:10 ;+ 2 min 40 sec:

Combining

these random errors, it is therefore concluded that the response time
of the D region is 1906:10 - 1902:$0 = 3 mi% 40 sec + 2 m-in 50 sec.
The waveguide mode conditions (equation 3.I/II) requires that
the total phase change of the wave after reflection from both boundaries
is 2na.

Thus the apparent height of reflection derived from f

is the

phase height of reflection, h(f), (Budden, I961), which is the height
at which a perfect reflector would have to be placed to give the same
phase change in the reflected wave.

The phase change of a wave of

frequency f on returning to the ground after reflection from the iono-
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sphere is given by the phase Integral (Budden, I961):
z
o
4n:
^ dz = 2k h(f)
X

6.4/2

0

where z

is the height at which the refractiveizKle^^ becomes zero.

Fig. 6/15 shows the electron density profiles obtained during the
eclipse by Belrose et al. (1972) at Ebst Q^oddy, Nova Scotia.
AAP 45 profile, obtained 6 minutes after totality,

The

in the range

of height 60 km < h < $ 0 km, has been approximated by
log^^N
where N

e

= (h- 60)/l0 (shown as a dotted line)

is in units of cm

and a collision frequency profile
4 p
S) = 7 X icr

8

-1

where log^^ p = (92.5 - h)/l2.5
and p is measured in millibars.
The true height of reflection, z , taken as the height at which
the real and imaginary parts of the refractive index become equal, was
found to be 75-3 km for a 2 kEz wave at normal incidence, at which
height the electron density was around 50 cm"^

Hence the phase height

of reflection was found to be 7^.2 km.
It is clear that, for the AAP 44 profile obtained at totality,
where the electron density varies between 10 cmT^ and 100 cmT^ between
77 and 80 km, that the phase height and true height of reflection will
be essentially the same, that is around 78 km.

The latter profile shows

the maximum eclipse effect in the D region; thus the agreement with the
phase height deduced from f^ (76,+ 1 km at eclipse maximum) may be
seen to be reasonably good,.
To summarize, observations of the lower cut off frequency of
tweeks during the eclipse yield the result that the phase height of
reflection in the D region increases by 7 + 1 km with a time lag of
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4 + 3 minutes.

This is in agreement with the observations of Sales

(1967) who find a phase height change of 6 km with a time lag of six
minutes using a VLF reflection experiment.

Direct measurement of the

electron density using rocket-borne experiments (e.g. Belrose, 1972)
however, shows a time lag of only a few seconds.
Fig. 6 / 1 6 shows the electron density profiles obtained during
the eclipse by Mechtly et al

(1972) at Wallops Island, Virginia, U.S.A.

It may be seen that the electron density gradients are steeper than
those found by Belrose et al

(1972).

This is possibly due to there

being extra sources of D region ionisation at the higher latitudes
such as the precipitation of energetic charged particles, or to the
use of different experimental techniques.

The former is especially

likely in view of the disturbed magnetic conditions.
The ionisation of nitric oxide by solar lyman a (1216 &) radlar
tion is believed to be the predominant production mechanism in the D
region producing a layer around 80 km.

Smith (l972) has measured the

flux of Lyman a at four times during the eclipse.

It was found that

at totality the Lyman a flux fell to 0.15% of that from the full sun.
It was also found that at totality the background lyman a flux fell from
1.37% of that from the full sun to 0.4% of it.

The flux of 2 - 8 2

X-rays has also been measured during the eclipse by Accardo et al.
(1972).

Their calculations show that even at totality the ion produc-

tion rate due to lyman a was still fou^ tiams greater than that due to
2 - 8 & X-rays.

Smith (1972) has shown that 60% (80 - 20%) of the

lyman a radiation is absorbed between 7$ km and 86 km.

Since during

the eclipse this radiation almost entirely disappears, the electron
density in this region decreases giving rise to the observed steep
electron density gradients between 70 &nd 80 km.

Comparison with

results given by Hechtiy and Smith ( 1 9 6 8 ) shows that around 80 km
eclipsed conditions are very similar to nighttime conditions.
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6.4.2 Discussion of different effects at St. John's and Norwich
It is described in section 6.2.3 and illustrated in Fig. 6/ll
that the sferics which appear as intense tweeks at St. John's are in
general very weak, compared, with other atmospherics and interfering
signal^ observed at Norwich, Vermont, with no sign of a tweek cutoff
frequency except perhaps at 1900:^0 HT.

Several factors may have

contributed to this effect;
(i) Both the estimated storm centres are further from Norwich than
St. John's, centre no. 1 being about twice as far and no. 2 about 20%
further.

Assuming that the attenuation at around 2 kHz is 30 db/lOOO km

(chapman et al., 1$66) the relevant attenuations are: from centre no. 1
to St. John's 18 dB; from centre no. 1 to Norwich 35 dB; from centre
no. 2 to St. John's 29 dB; from centre no. 2 to Norwich 35 dB.

Thus

a difference in intensity of between 6 and 17 dB would be expected.
(ii) The propagation paths from both centres to St. John's are in the
magnetic SW-NE direction, while those to Norwich are in the B-W direction.

Since the geomagnetic field causes the earth-ionosphere wave-

guide to be anisotropic, there is an extra attenuation of around
4 dB/lOOO km for the propagation path to Norwich (Galejs, 1968).

Thus

the total difference in intensity between the two stations should be
between 10 and 20 dB.
(iii) Since the sea is a better approximation to a flat perfect conr
ductor than land the attenuation between the storm centres and St.
John's, where the path lies totally over the sea, should again be
less than that to Norwich where the path is partially over land.
(iv) The paths between the storm centres and St. John's are nearly
parallel to the path of totality, whereas the paths to Norwich are
transverse to it.

This may affect the attenuation between the paths

although the reason is not clear.

It may also explain why the sferics

observed at Norwich show no cutoff frequency in general.

The one
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sferic that shows some sign of a cutoff at Norwich occurs at 1900:50 U
which could, be interpreted as the time of eclipse maximum (plus a possible response time of around 6^^ mins) at the point halfway between
the centre of the storm region and Norwich.
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VLF emiBBions received close to eclipse totality

During the total solar eclipse of 7 March 1970 a number of VtF
emissions known as risers (Selliwell, I965) were received at 3t. John's,
Newfoundland, and Norwich, Vermont, U.S.A.

No emissions at all were

recorded at Bailey Bay, Antarctica, close to the magnetic conjugate of
St. John's.

It is suggested that these risers were typical of the pre-

vailing magnetic conditions (K

= 6-) but that under normal daytime

P

ionospheric conditions they would have been reflected by or absorbed
in the ionosphere, and hence not received at the ground.

The modifica-

tion of the ionospheric electron density distribution caused by the
eclipse may have allowed the risers to penetrate the ionosphere and be
received at the ground.

7.1

Observations
There are two main sequences of emissions that will be discussed

in this chapter, although risers were recieved at other times during the
eclipse.

The earlier sequence, which will be referred to as sequence

no. 1, was of risers received at both stations, simultaneously.

Sequence

no. 1 consists of one riser occurring at 1827:02 UT, three at around
1830:18, and five more between 1845:30 and 1848:06 HT.

The second

sequence, which will be called sequence no. 2, was received only at
St. John's and consisted of eighteen intense risers occurring between
1901:29 and 1903:40 HT.
Apart from these two sequences around 30 risers were reo&iyed at
Norwich between 1800 and I93O UT most of which were weak compared with
those comprising the two sequences.

At St. John's onlv three or four
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other risers were received, between 1800 and 1930 UT, all of which were
very much weaker than those in the two sequences, so weak in fact as to
be barely audible and not to show up on a sonagram.

The distribution in

time of all the risers received at the two stations is shown in Fig. 7/l .

7.2

Analysis of Risers
Sonagrams of risers typical of the two sequences are shown in

Figs. 7/2 and 7/3°

It may be seen that risers from the two sequences

exhibit the same general characteristics with the exception of those
received at 1847:51 &%d 52 DT, which show a more complex structure in
the frequency-time plane than the others.

The most striking difference

between the two sequences is the much greater intensity of the risers of
sequence no. 2.
The upper and lower frequency limits of the risers are shown in
Fig. 7/4"

It may be seen that the lower limit is generally less than

the waveguide mode cut off frequency, indicating that the emissions did
not propagate in the waveguide mode for a significant distance.

Comparison

with the magnetometer record at the St. John's site of the horizontal
(North-South) component of the earth's magnetic field ( s ) shows that, with
one exception, the risers in sequences 1 and 2, were received at times
when H was rapidly decreasing.
which is proportional to

The electron energy required for resonance,

^ (Eycroft, 1972) is therefore also decreasing,
o

increasing the probability of resonance since electrons are generally more
plentiful at lower energies.
The duration of the risers is generally small, the majority lasting
less than 200 ms, many less than 100 ms.

The initial slope (df/^t) of

the risers is observed to be generally non-zero.

This indicates that

they were generated off the equatorial plane in the opposite hemisphere
to the receiver (Helliwell, I968).
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7.3

Interpretation of Results
The interpretation of the above characteristics mast necessarily be

of a qualitative nature; however it is thought that some useful conclusions
may be drawn.

It is likely that the risers were generated close to the

equatorial plane by a transverse resonance plasma instability (Eelliwell,
1968; Burtis, 1969), in which a whistler mode signal grows in intensity
under conditions of enhanced magnetic activity.
1800 - 2100 UT, 7 March 1970-

K

was 6- for the period

The possibility of their being triggered

by unducted energy from lightning discharges will be discussed in Chapter
Eleven.

Prom the equatorial plane the risers must have propagated within

field aligned ducts of enhanced electron density; otherwise they would
have been magnetospherically reflected when the wave frequency became
equal to the lower hybrid resonance frequency (Eelliwell, 19&5;
Alexander, 1971)-

Upon emerging from the duct into the ionosphere the

risers must have propagated to the receiver without spending a significant time in the waveguide mode, since they are observed to possess
energy below the waveguide mode cut off frequency.
There are two possible explanations for the observation of emissions
during the eclipse.

Both require that the eclipse did not cause the

generation of the emissions but merely modified the propagation
characteristics in the ionosphere so as to allow the risers to be
observed at the ground.

Before discussing these mechanisms the effect

of the eclipse on the ionosphere as a whole will be briefly reviewed.
The effect of the eclipse on the B region has been discussed in
the previous chapter.

It is found that at totality the electron density

below around 75 km becomes very small (Kechtly et al, 1972; Belrose et al,
1972) falling by as much as three orders of magnitude (lO^cm ^ to 1 cm ^
at around 70 km).

The phase height of reflection is found to increase by

6 km at totality (see Chapter Six or Sales, I96V)) with a delay of

135.
+ ) minutes between, maximum obscuration, and. maximm phase height.
However, direct observation of electron density using rocket borne
experiments show much smaller response times, of the order of a few
seconds (Mechtly et al, 1972; Belrose et al, 1972).

Tho D region is

the main absorbing layer for radio waves because of the high neutral
density and. hence high electron-neutral collision frequency.

Ionospheric

absorption measured using 3*5 MEz radio waves, was found to decrease
during the eclipse by 1$ dB (Kennedy and Scauble, 1970).

This decrease

is mainly attributable to the decrease in electron density in the D
region.
The fractional decrease in electron density in the E region is
found to be less than that in the D region, falling from lO^cm"^ to
$ X 10'cm ^ at 110 km (Belrose et al, 1972).

However in this region

the electron density was found to be still decreasing 6 mins after
third contact.

Observations of electron density in the F region show

that the electron density decreases by around 2$ - ^0% during the
eclipse, with minimum electron density occurring up to 40 minutes after
maximum obscuration (Flaherty et al, 1970; Thomas and Bycroft, 197O;
Arendt et al, 1971).
The overall picture of the ionosphere during an eclipse is thus
a large decrease in electron density with low response time in the D
region below 80 km, the fractional decrease becoming smaller and the
response time longer, with increasing altitude.
The first explanation for the observation of the risers during
the eclipse concerns the decrease in absorption of the D region, due to
the decreased electron density during the eclipse.

Sequence no. 1,

especially the latter part of this sequence, occurred close to eclipse
maximum at 80 km above Borwich (l846:$9 UT).

However in view of the

fact that these emissions were rec&rved with approximately equal in-

136.

tensity at both stations it may be concluded that their exit point from
the magnetosphere was closer to St. John's than Norwich.

Sequence no. 2

was observed at St. John's only, around 3 mins before eclipse maximum at
80 km above that station, the risers being much more intense than those
of sequence no. 1.

Thus it is possible that the exit point from the

magnotosphere was the same in both cases, the different effects being
caused by the change in the eclipse circumstances.

It is difficult to

draw any conclusions from the observation of the risers not included in
these two sequences, the majority of which were observed at Norwich (see
Pig. 6/l).
The second explanation concerns the effect upon the propagation
of VLF waves in the ionosphere caused by eclipse-induced horizontal
gradients in electron density.

When propagating through the magnetosphere

in a field-aligned duct of enhanced electron density the wave normal and
ray directions of the VLF wave are constrained to be close to the direction of the magnetic field, as described in section 4.2.3.

On emerging

from the duct, probably in the topside ionosphere below 1000 km, into a
normal daytime ionosphere, the wave normal angle may become large and
since the wave frequency of the risers was much less than the lower
hybrid resonance frequency in the ionosphere the wave could be refracted
in a similar way to a magnetospheric "reflection" (Alexander, I971).
Even if the wave were not reflected the combination of large wave
normal angle and wave frequency much less than the lower hybrid
resonance frequency would lead to a large value of the refractive index
and hence great attenuation of the wave (Eimura, I966).

It is suggested

that the eclipse-induced horizontal gradients in electron density in the
E a n d F regions may act in a way somewhat analogous to a duct, preventing
the risers from being either attenuated or reflected from the lower edge
of the ionosphere by refracting the wave in such a way as to keep the

1)7.
wave normal and ray directions close to the direction of the earth's
magnetic field.

It would therefore be expected that the ray would be

deflected towards the region of greater electron density, that is away
from the region of maximum eclipse effect.
Because of the large number of unknown quantities, e.g. the point
of entry of the emission into the F region, the response time of the ?
region etc., it is impossible to say whether the observations of risers
agree with the predictions of this theory.

In all probability the

observed effects are a combination of the effects of the two mechanisms
discussed, as well as of the effect of the magnetic activity upon the
generation of the emissions.

7.4

Further Work
Because of the unusual combination of circumstances leading to

these observations it is unlikely that they will ever be repeated.
However the use of a VLF goniometer, which mixes the signals induced
in two orthogonal, vertical loop aerials in such a way as to be able
to determine the direction of propagation, in the earth-ionosphere
waveguide, of the signal received, would have greatly assisted the
interpretation of these observations.

It is proposed to make observa-

tions using goniometers at four spaced stations, during the total solar
eclipse of 10 July 1972, in Eastern Canada.
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CHAPTER EIGHT

Precursors to whistlers:
revious work and experimental observations

One of the more intriguing VLF phenomena is the whistler precursor,
a discrete TtF emission, usually a riser, which is observed before the
whistler with which it appears to be associated.
precursors were published by Dinger (1957).

The first sonagraosc^

More recently precursors

have been discussed by Eelliwell (1965), Laaspere and Wang (l$68) and
Dowden (1972).

Since frequency reference will be made to these three

publications they will be abbreviated to E, LW, and D respectively.
Soon after the total solar eclipse of 7 March 1970 a series of
around 40 whistler precursor pairs was received at St. John's,
Newfoundland.

This has led the author to consider the mechanism by

which precursors are produced.

In this chapter previous work on the

subject of precursors is reviewed.

8.1

Observed Characteristics of Precursors
In the following discussion of the precursor it will be necessary

to refer to a number of the more important observed properties of the
precursor.

In this section these properties are listed; for ease of

reference they will be numbered and henceforth referred to by these
numbers.
(1)

Precursors have never been observed with a one hop whistler (E

and LW).
(2)

Echoing precursors show the same delay as their associated

whistler, implying similar propagation paths (S and LW).
(3)

The precursor appears to be spontaneously generated; no triggering

signal is visible (E and LW).

Ip9.

(4)

With reference to the Gchematic diagram in Fig. 8/I the time

delay between the causative sferic and the precursor at any frequency
is always greater than the delay between the precursor and associated
whistler at the same frequency (LW).

More specifically, the time delay

between the sferic and trigger point of the precursor (the point

in

the frequency-time domain at which the precursor begins) is greater
than the delay between the trigger point and whistler at the same
frequency (triggering frequency);

this difference generally decreases

with increasing triggering frequency (D).
(5)

Simultaneous observations at spaced stations in the same hemisphere

show differences in the relative intensities of the precursors and their
associated whistlers, suggesting, contrary to property 2, different
propagation paths (LW).
(6)

The relative intensity of precursors and their associated whistler

varies widely from event to event but in the majority of cases the
intensity of the precursor is higher than that of the whistler in the
same bandwidth.

Sometimes the whistler is barely detectable and

occasionally a sferic is followed by a riser Vhich has all the earmarks of a precursor' but is accompanied by no whistler at all (iw).
(7)

Most precursors occur under moderately disturbed conditiona, E

index around 3 (LW).
(8)

Hiss bands are often present when precursors are observed (LV).

(9)

The time delay between precursor and whistler tends to increase

with increasing whistler dispersion (LW).
(10)

A precursor often appears on a sonagram as a forward leaning

letter S (see Fig. 8/1) but many variations are observed (LWj.

The

initial slope of most precursors is small, indicating that they were
generated close to the equatorial plane (Helliwell, I967).

(11)

The nose frequency (f^) and minimum group delay (t^) of around
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30 precursed whistlers have been measured (Dowden, 1972).

Calculation

of the 'scale* frequency (Dowden, 1962), obtained by dividing the
square of the minimum plasma frequency (obtained from f^ and t ) by the
minimum electron gyrofrequency (from f ) along the propagation path,
indicates that the whistlers and precursors propagate within the
plasmasphere, though perhaps just inside the plasmapause.

8.2

Theories of precursor generation
In section 1.3.2 two categories of YL? discrete emission were

mentioned, the spontaneous and the triggered emission.

Spontaneous

emissions include risers, similar to those discussed in the previous
chapter, hooks and falling tones (Eelliwell, I965).
spontaneous emissions have been shown in Fig. I/4.
are those which emanate from other YLF signals.

Sonagrama of
Triggered emissions

Emissions may be

triggered by whistlers or other emissions (Helliwell, 1963; Brice,
1965), and also by man-made 7LF signals such as morse-code transmissions (Helliwell et al., I964).

Sonagrams of triggered emissions

are shown in Fig. I/4.
Strictly speaking precursors belong to neither of these categories.
Whereas no triggering signal is visible (property 3), they cannot be
thought of as truly spontaneous emissions in view of their close
association with a whistler.

It is possible that an understanding of

the process by which precursors are generated will provide a "missing
link" between the two types of emission leading to a better overall
understanding of the magnetospheric phenomena which case VLF emissions
in general.
The generation mechanisms for both spontaneous and triggered
emissions are thought to be similar, both relying on a wave-particle
interaction involving the transverse resonance instability (Brice, 1964;
Eelliwell, I967).

This mechanism has been discussed in section 4.3.1-
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In the case of a triggered emission it is the triggering signal which
interacts with the resonant electrons to produce the emissions.

In

the case of spontaneous emissions there must be some stray VLF radiation to start the interaction off, possibly electron cyclotron radiation.

Thereafter the mechanism is self-sustaining.

The various

theories of precursor generation attempt to explain how TtF energy
from the same source as the precursed whistler could trigger an
emission, which is observed before the associated two-hop whistler.
The most complete theory of precursor generation to date has
been presented by Dowden (1972)whistler (Eelliwell, I965).

This mechanism involves the hybrid

A hybrid whistler is one whose dispersion

is characteristic of a one hop whistler but which is observed in the
same hemisphere as its causative sferic.

Energy from the sferic is

thought to propagate under the ionosphere into the opposite hemisphere and then in the whistler mode back to the original hemisphere,
being received as a one hop whistler with an extra time delay of
around $0 ms due to its propagation under the ionosphere.

Thus a

one-hop whistler from the same sferic may be observed at two conjugate points.

The hybrid whistler is illustrated in Fig. 8/2.

It

may be seen that if the hybrid whistler in some way triggers an
emission close to the equatorial plane that emission will appear as
a precursor to the ordinary two-hop whistler.

Laaspere and Wang (1968)

reported an apparent objection to this theory in that among the several
hundred precursor events they had studied not a single case of a onehop hybrid whistler preceding the precursor had been detected (property
3).

It was also noted that the precursors tended to occur too late

to be accounted for by the hybrid whistler theory.

It would also be

expected that the trigger point of the precursor should be approximately
half way in time between the sferic and two-hop whistler, slightly
offset towards the whistler to allow for the propagation time %nder

14).

the ionosphere (in partial agreement with observed property 4)*
Dowden (1972) has reported one apparent exception to property 3,
a one-hop hybrid whistler extending down to within $00 Ez of the precursor trigger frequency.

He postulates a mechanism based on the hybrid

whistler overcoming the objections of Laaspere and Wang (1968) as
follows:
(i)

The nonobservance of the one-hop hybrid is attributed to the

weakness of the hybrid signal.
(ii)

According to Eelliwell's (1967) theory of VLP discrete emissions

a weak triggering signal leads to a triggering delay At, which depends
on the initial stability of the plasma.

For a plasma on the brink of

instability the delay could be very short; the maximum is taken as the
time required for the electrons to go through the complete unbunched,
fully phase-bunched, fully debunched cycle.

The halfway point, the

resonance time, when the electrons are fully phase-bunched is taken
as a likely intermediate value.

It is shown that the delay time

normalised with respect to the minimum one hop group delay, the nose
time delay, is given by

(1 + 2A)(l

8.2/1

n
where /\ is the normalised frequency f/f*
/ B e mrn,

has a maximum
1

value of 0.02 corresponding to the interaction time and an intermediate
value of 0.01 corresponding to the resonance time.
A frequency offset Af is also predicted by Eelliwell's consistent
wave theory, whereby the initial frequency of the triggered signal
differs from the frequency of triggering signal by an amount Af.
Dowden (1972) shows that this may vary between zero and a maximum value
of

p
Af =

^
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where L is the li 'Vdlus of tl'iia pr&prg^tion path and
distance to the field line at the equatorial plane.
value is taken to be one quarter of this.

is the geocentric
An intermediate

In terms of normalised

frequency this is represented by the relation:
AvA = Egfl -/\)/\"

8.2/5

where Eg has a maximum value of O.OI4 and an intermediate value of
0.0055.

The trigger locus carves for the combined effects of trigger

delay and frequency offset are shown, in Fig. 8/3, curve A representing
the zero effect, that is the unaffected hybrid whistler trace, D the
maximum effect, and E the intermediate effect.

It may be seen that

there is good agreement between the observed trigger points (shown
as circles) and the predicted curves.
However there are still a number of reasons to doubt the validity
of the hybrid whistler theory of precursor generation.
concerned with the hybrid whistler itself.

The first is

The above theory assumes

that the hybrid first propagates under the ionosphere entering

the

magnetosphere in the opposite hemisphere to the causative sferic.

It

would appear just as likely, if not more so, that the hybrid enters
the roagnetosphere in the same hemisphere as the sferic and, after
propagating through the magnetosphere, travels back to the initial
hemisphere under the ionosphere.

In the latter case the hybrid would

show the same dispersion and delay as in the former.

However the

latter case could not explain the precursor.
The second objection is concerned with statistical studies of
precursors.

Out of the many hundreds•of precursor events examined

by various authors, mainly Laaspere and Wang (1968), who report
that precursors are 'fairly common' at the Whistlers East network
of stations, only one observation of an associated l%rbrid whistler
has been reported (Dowden, 1972).

If the hybrid is, in fact, res-
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possible for triggering the precursor it would, he reasonable to expect
a greater rate of coincidence than this.
Thirdly, the hybrid theory depends to a large extent on the time
delay and frequency shift as predicted by the
Eelliwell (1967).

wave theory of

The detailed mechanism of the wave-particle interac-

tion is by no means well understood and so the quantitative results
of this theory are open to doubt.

In addition, observations of

emissions definitely known to be triggered by signals show that while
emissions triggered by Morse code dashes show a time delay of'^/140 ms
and frequency shift ofv%/$00

(Eelliwell et al., I964; Eelliwell, I965)

those triggered by whistlers appear to branch off the whistler with
neither time delay nor frequency shift (Belliwell, 1963)-

It is

possible that these different effects might be caused by the difference
in the triggering signals, the one being at a constant frequency, the
other consisting of a changing frequency.

In this case the precursor

triggered by the hybrid would be expected to show no delay or frequency shift.
Several other mechanisms have been suggested for the generation
of precursors, all of which are subject lb serious objections,
(i) Longitudinal Resonance
It was suggested by Eelliwell (1965) that an electron stream,
modified by longitudinal resonance by the one-hop whistler might become
unstable to transverse resonance and radiate an emission back along the
path.

This mechanism has been considered by Dowden (1972), who con-

cludes that it is not clear how longitudinal phase bunching can induce
a transverse Instability, which requries helical phase bunching.

It

is also shown that the electron energy required for transverse resonance
at a typical frequency is at least two orders of magnitude greater than
that required for longitudinal resonance.

147.
(ii) Electron Bounce
Cornwall and Schulz (1970) have shown that two particles having
the same three adiabatic invariants recover their initial gyrophase
relationship after each bounce period, and hence a reversed relationship after a half period.

Dowden (1972) considers a mechanism in

which electrons are phase bunched by transverse resonance with the onehop whistler, but for some reason do not radiate.

These electrons will

become phase bunched again, in the reverse direction after half a
bounce period, and could conceivably radiate an emission back along the
path, which would be observed with an apparent trigger delay corresponding to half the electron bounce period.

The predicted locus of

trigger points is shown as curve B in Fig.

which clearly does not

fit the observations.
(lii) Magnetospherically Befleoted Whistler
Dowden (1972) also considers a mechanism in which unducted energy
from the same sferic which.produces the precursed two-hop whistler is
magnetospherically reflected somewhat beyond the equator and triggers
an emission on the way back.
curve C in Fig.

The predicted trigger locus is shown as

However it will be shown in the following chapter

that this mechanism, with a number of important refinements, can
explain the observed properties of precursors.
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Experimental Observations of Whistler-Precursors Pairs

9.1
During the period 20$0 -2200 DT on March 7 I97O a series of around
120 two-hop whistlers was received at the station near St. John's,
Newfoundland.

Of these 40 were accompanied by precursors.

In the

same period a number of risers were also received; these were of a similar spectral shape to the precursors and have since been identified as
precursors to unobserved two hop whistlers.

No whistlers or emissions

were received at Norwich, Vermont, H.S.A., or Bailey Bay, Antarctica,
during this period.
The precursors recorded in the sequence fell mainly under the
following four headings:
(a)

Single component precursors (Pig. 9/l(a));

(b)

precursors containing a small

4) number of discrete components

(Pig. 9/l(b));
(c)

multicomponent precursors (Pig. %/l(c));

(d)

diffuse precursors (Pig. 9/l(d)).

Apart from the diffuse precursors, which appeared at the end of the
sequence, there was no apparent order in the appearance of the various
types.

The spectral shapes of most of the precursors was the forward

leaning letter 8 shape with near zero initial slope, reported to be
the most common by Laaspere and Wang (l$68).

However some showed a

definitely non-zero initial slope (Pig. 9/l(a)).

Fig" 9/2 shows sonagrams of some apparently spontaneously triggered
risers received in the same period as the precursors.

It has been
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possible to identify
whistlers.

these as precursors to unobserved two hop

The causative sferic in each case is labelled by an arrow.

Precursors have also been received at the station on South nist,
Outer Hebrides.

Fig. 9/3 shows sonagrams of two whistler-precursor

pairs received on I6 and 1? January 1972.
Sonagrams of unprecursed whistlers received in the same period
as the precursors at St. John's are shown in Fig. 9/4.

The differencec

between these and the precursed whistlers will be discussed in a later
section.

9.2

Analysis of Whistler-Precursor Pairs

9.2.1 Determination of causative sferic
In order to calculate the L value of the duct along which a
whistler has propagated it is necessary to determine its nose frequency,
that is the frequency showing the minimum group delay.

Since the upper

cut off frequency of all the observed precursed whistlers was well
below the nose frequency, a method for determining the nose frequency
of a non-nose whistler, based on that discussed by Dowden and Allcock
(1971) has been used.

This method requires the time of the causative

sferic to be known accurately.
The first method used to determine the time of the causative
sferic was the Eckersley (1935) method.

Using an artitary time origin

a best fit straight line is computed of t against f ^ for the leading
edge of the whistler, measured from the sonagram.

The slope of this

line gives the dispersion, D, of the whistler, and the intercept on
the y-axis the time of the causative sferic since, with reference to
Fig. 9/5,
t f t

=

D f 2

in the low frequency limit.

(see section I.3.I)

The values of dispersion computed by
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this method were typical of two-hop whistlers, in agreement with
property 1.

The causative sferic must therefore have occurred in

the same hemisphere as the receiver, and probably not more than a
few hundred kilometers from it.

It should therefore show up as a

strong vertical line on the sonagram.

However the sferic times

obtained by the Eckersley method did not generally correspond to a
strong sferic on the sonagram, although there was always a strong
sferic around 0.2 s earlier than this time.

It is known that the

Eckersley law applies only in the low frequency limit and that the
deviation from this law is such as to predict a sferic time that is
too late (e.g. Helliwell, I968).
Fig. 9/6.

This deviation is illustrated in

All the precursed whistlers had a low frequency cut off

above 2 kHz; this suggests that the low frequency cut off is too
high for accurate Eckersley analysis and that the strong sferics
mentioned above are those responsible for the whistler-precursor
pairs.
The second method used was that devised by Eycroft and Mathur
(1972).

Dowden and Allcock (1971) have shown that for a whistler
Q(f) =

= (t f2^"^ a f

where t is measured from the causative sferio.

9.2/1
When Q is plotted

against f it has been shown that the intercept on the frequency axis,
f , is equal to ($-09 _+ 0.04)f^y

The minimum group delay, t^^ may

then be calculated from the relationship
t^.-(2,09f f / V '

9.2/2

This method obviously does not apply in the low frequency limit, where
the Eckersley law applies and D is constant, contradicting equation 9-2/1.
If the time of the causative sferic is known the nose frequency may
be calculated by plotting Q against f and extrapolating to find the
intercept (Dowden-Allcock method).

In the Rycroft-Mathur method, Q
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is calculated, using many different ti%e origins.

In each case a

straight line is computed for Q, against f using the method of leasb
squares.

For the case in which the chosen time origin corresponds

to the time of the causative sferic the points should fit a straight
line with minimum error.

However when this method was applied to the

precursed whistlers no minimum in the error was found.

The error

decreased as the time origin was moved to an earlier time.

The

reason for this failure is that the upper cut off frequency of the
whistlers was never greater than 5 kHz, well below the nose frequency.
Thus the data available for analysis was in the band 2 - 5 kHz.
Although it has been shown that at the higher ena oi this range the
data deviate from the Eckersley law, the Bycroft-Mathur method also
fails because data are available only over a small range of frequencies.
The problem of determining the causative sferic has been resolved
in the following way.

la a number of cases the results of the Eckersley

analysis indicated that, the sferic occurred 0.1 - 0.2 s after a
particularly energetic sferic, which was the only one of its kind
within around + 0.5 8 (e.g. Fig. 9/7)-

1%^ &11 these cases, the group

delay at a frequency of 3*5 kHz was measured and found to lie in the
range 2.97 + 0.04 8.

An investigation of each of the cases where the

result of the Bckersley analysis had left some ambiguity it was found
that there was a strong sferic within the above range.
oases there was more than one sferic in the range.

a few

6)

However, since

it is unlikely that any method would be able to resolve these they
were left as ambiguous cases.
9.2.2 Determination of whistler propagation path
Having established the time of the causative sferic it is
possible to compute the nose frequency using the standard DowdenAllcock method described in the previous section.

Assuming propagation

along a dipole field aligned duct the L value of the duct may be calcu-
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.tecl using the relationship
L =

9.2/3

f
n

where f is measured in kHz.
n
In order to reduce error in extrapolation of the Q, vs f relationship it is necessary to include data over as wide a range of frequencies
as possible.

For this reason the whistlers chosen for this analysis

were those extending to the highest frequencies.

Best fit straight

lines of Q against f were computed using the method of least squares
and extrapolated to find f

and hence f^.

The calculated nose frequenciei

and corresponding L values for the whistlers analysed are shown in
table 9/1.

Also included in table 9/l are the results of a similar

analysis of one of the precursed whistlers received at South Hist.
It may be seen that the calculated L values for the whistlers
received at 8t. John's are very nearly the same.

Because of this

result and the other similarities observed in the dispersion and
group delay of all the whistlers in this sequence, it is concluded
that the propagation path is in each case the same.

The discrepancies

in the calculated values of f and hence L are attribuated to the
n
errors incurred in the Dowden-Allcock analysis due to the Darge extrapolation necessitated by the narrow range of frequencies available
for analysis.

It is concluded that the nose frequency of the precursed

whistlers received at St. John's was 11.4 ^ O.4 kHz and the L value of
the propagation path was 5«06 + O.O4.

The precursed whistler received

at South Uist extended up to a frequency which was much closer to the
nose frequency; hence thore was a much smaller error in the computed
nose frequency.
9.2.3 Identification of thunderstorm generating whistler-precursor pairs
The sferics identified as being responsible for generating the
whistler precursor pairs at St. John's show many characteristics in
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Date

Station

8t. John's
n It

Time(FT)

7 March 1970

f^(kEz)

L value

2043:13

10.51

5.14

n

!l

H

2052:22

11.28

5.07

If

If

!*

i;

IT

2056:05

11.45

5.05

M

n

11

Tf

;i

2100:02

11.87

5.01

n

ir

It

ft

ff

2106:09

11.76

5.02

I!

u

ff

ts

II

2116:25

10.96

3.10

U

M

i;

!!

!*

2118:05

11.74

3.02

H

W

11

It

11

2119:55

11.52

3.07

0015:18

7.55

3.59

South Hist

Table g.l

17 Jan. 1972

Results of Dowden-Allcock analysis to determine
the nose frequency of the preoursed. whistlers.

159,
common with the tweeks received during the eclipse some two hours
earlier (see Chapter $).

All are observed as tweeks with a cut off

frequency around 1.8 - 1.$ kHz.

In all cases some energy is retained

below this cut off frequency and all show less dispersion in the range
2 - 3 kEz than do other tweeks received in the same period (see Pig.
9/^).

It is therefore concluded that these sferics were generated at

the same storm centre as those received during the eclipse (see section
5.3).

The probable positions of the storm centres at 2100 UT are:

centre number 1;

57'5°M corresponding to an L value of

at an altitude of 300 km;

centre number 2:

20

between 41-4°^ 57-5°V

and 40.4°^ 59'5^^ corresponding to an L value of 2.84 " 2.77

300 km.

9.2.4 Differences between precursed and unDrecursed whistlers
A number of the unprecursed whistlers received at St. John's at
the same time as those with precursors have been analysed in the same
way.

No systematic differences were found in their dispersion, group

delay or nose frequency; their causative sferics appeared to come from
the same source.

Two differences were apparent, however.

The un-

precursed whistlers tended to be less intense and to have their upper
cut off frequency at a lower value.

It is therefore suggested that

the wave-particle interaction responsible for generating the precursor
close to the equatorial plane also acts to amplify the whistler, which
passes through the.interaction region shortly after the resonant
interaction has taken place.

It is also observed that the frequency

band to which the precursors and precursed whistlers are confined is
the same as that for the band of VLF hiss (see Fig. 9 / 9 ) received at
St. John's between 2230 and 2330 FT, shortly after the precursors and
whistlers ceased.

This suggests that electrons with energies suitable

for resonant amplification of whistler mode energy in this band only
were available at this L value at this bime.

This subject will be dis-

cussed at greater length in the following chapter.

IbO.
9.2.5 Precursor

points

The precursor trigger pointy, as defined, by Dowden (l$72), is the
point in the frequency-time plane at which the precursor has its origin.
The trigger point coordinates of each of the observed precursors have
been measured, except in those cases where the trigger point was not
well enough defined for accurate measurement.

In cases of multicomponent

precursors each well defined trigger point has been included.

Fig. 9/l0

shows trigger frequency, f^, normalised to the minimum gyrofrequency of
the whistler propagation path, f^
normalised to t .
n

min* Plotted against trigger time, t^,

The minimum gyrofrequency is related to the whistler

nose frequency by:
= 0.37 fg 2 aia

(Angerami, I966)

9.2/4

The solid lines shown in the figure are the extreme limits predicted
by Dowden's (1972) theory of precursor generation (curves A and D in
Fig. 8/6).
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ClIATTER T m

New theoretical moa.els of creonrgor generation

The reception of the series of precursors discussed in the previouc
chapter has led the author to consider the mechanism by which precursors
are generated.

Although the theory of Oowden (1972) leads to good

agreement with the experimental data it is open to some objections
which have been discussed in Chapter Eight.

An attempt is made here

to formulate a new mechanism involving only well established properties
of the magnetosphere.

10.1

Transverse Resonance
It is assumed that the precursor is generated by a wave particle

interaction involving the transverse resonance instability (Srice, 1964;
Eelliwell, 196?), which has been discussed in Chapter Three.

Since the

(9 f
initial slope

of the precursor in the frequency-time plane is

observed to be typically close to zero it is concluded that the interaction region is close to the equatorial plane.

Before proceeding to

consider the new models of precursor generation some factors affecting
the possibility of transverse resonance will be discussed.

Fig. lO/l

illustrates the general case of a circularly polarised wave crossing
the equatorial plane, where the angle between the wave vector k and
the earth's magnetic field jB i s # .

The electric voctor E may be

resolved into a linearly polarised component parallel to the magnetic
field.and an elliptically polarised component perpendicular to it.
The ray direction of the wave makes an angle p with the geomagnetic
field.

An electron spiralling along the field line has a velocity v^

parallel to the field and a velocity

perpendicular to it.

There

are three factors affecting the transverse resonant instability which

Ray direction
3

4
V

//

VX

rig lO/l

Waves and r^rticlea crossing equatorial

hori uniGTlor

itri&jcz goint
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are dependent on-8 and p.
i)

These are:

The electron energy required to satisfy the transverse re8onanc(

condition which is given by

lO.l/l
res ^
I

where v

COE

is the wave phase velocity, for non-relativistic electrons.

Thus the electron energy required for resonance increases with

Since

there are progressively less electrons available at higher energies the
probability of resonance decreases as f increases, especially for
ii)

n/$.

The condition for tranaverse resonance is given by
E ,
— j,

.

V , = constant
— J.

lO.l/S

Since _v^^ describes a circle about the magnetic field this condition
may only be truly satisfied if

is circularly polarised.

When-8 ^ 0,

E ^ is elliptically polarised, and may be resolved into a circularly
polarised component of magnitude E cos Q and a linearly polarised
component which varies as E(l - cos Q) sin 2%ft in a direction mutually
perpendicular tojk and jB;

Although the linearly polarised component

may contribute to the resonant interaction it does not satisfy equation
10.1/^ since the scalar product varies between 0 and a maximum value.
Thus a s G increases the magnitude of the component of E that is effective in the interaction decreases, reducing the probability of occurrence
of the interaction.
iii)

The exchange in energy between electrons and waves in the interac-

tion is given by
AW = q :E.;vAt

10.1/3 (4.3/2)

Hence the longer the particles aad waves are in resonance the greater
will be the energy interchange.

Since the interaction involves the

collective effect of waves upon a stream of electrons this time may

165.
be maximised if the waves and particles are travelling parallel to one
another (although in opposite directions), that is if p == 0 and hence
G = 0.

Otherwise the waves and particles will only be in resonance

for as long as it takes for the waves to traverse a few gyro radii,
say three r^ , of the electrons.

This time, t, is given by

t = ^ ^Be

10.1/4

v sinG
P
For an electron energy of 100 keV in the equatorial plane at an L
value of around 3 this places an upper limit on t of 1 ms for p = n/6,
corresponding to 3 cycles of a 3 kHz wave.

This is much smaller than

the bunching time, of the order of 0.1 s, predicted by Eelliwell (l$67)
for the occurrence of a particle-wave interaction.
These three factors combine to wake resonance between electrons
and waves whose wave vectors are field aligned much more probable
than with waves whose wave vectors are at a large angle to the earth's
magnetic field.
The basic problem to be solved in formulating a model for the
generation of precursors is how energy at the correct frequency, and
from the same lightning discharge as that which causes the two hop
whistler, can propagate to the equatorial plane arriving at the
correct time and with the correct characteristics to trigger the
observed precursor.

:UX2

First model;

'beating'

One way of ensuring that the ray direction and wave vector of
the triggering signal make small angles with the earth's magnetic
field is for the triggering signal to be ducted (see section 4-2/)).
The first new model considered, which involves ducted energy, is
illustrated in Fig. 10/2 which shows a 1^ hop whistler as viewed in
the equatorial piano.

It is suggested that two frequencies f^ and f^,

which have the same group delay, interact to give a beat frequency
f

- f

= f , which triggers the observed precursor.

The trigger

time predicted, by this mechaniom is thus

10.2/1

t, = 0.75 t(f\) + 0.25 t(f,)

where t(f) is the observed two hop group delay of the precursed
whistler.

Since the precursed whistlers do not generally show a

nose frequency it is necessary to compute f^, fg, and t(f^^ using
the Dowden-Allcock law.

f^ and fp are found by solving the simul-

taneous equations
^1 " ^2 " ^t

10.2/2

tff^) = tffg)
where t(f) is obtained from the Dowden-Allcock law:

Q(f) = (t f2) ^ = j f + k, where j and. k are conatante
•1

giving t(f)

10.%/

(jf + k)(f«)

fg is thus given by the solution of the quadratic
a fg + b fg + c

0

where a

2
5 j ft

b = 3
c =

f2 + 4 j k
2

3
2
?
f^l + 2 j k f^ + k-f^

Hence t^fg) may be calculated using 10.2/3^
Using data from precursed whistlers from 8t. John's and South
Hist values of j and k have been found by computing least squares
regression lines of Q(f) against f in each case.
were found using equations 10.2/) and 10.2/%.

Hence fg and t(f2)

The trigger frequency

f, and the two hop delay at the trigger frequency t(f\) were measured
directly from the sonagrams and hence the predicted value of t^ was
calculated using 10.2/1.

It was found that in each case the trigger

\10.2/4

L67.
times predictecl by this model are significantly later (by around 0.2 c)
than the observed values.

Further investigations into the feasability

of 'beating' between the two frequency components of the same whistler
have not, therefore, been pursued.

10. $

Second model:

trig^^erinfr by unducted energy

In the absence of a convincing model involving triggering by
ducted energy it was decided to investigate the possibility of precursors being triggered by unducted energy from the same causative
sferic as the precursed two hop whistler.

This investigation has

been carried out using the TLF ray tracing computer programe d e v e l o p e d
f~0Ol^

by Alexander (1971), which has been discussed briefly in C h a p t e r 3hree.
The magnetospheric models used were the summer days ( S D ) a n d winter
night ( w ) diffusive equilibrium models described i n s e c t i o n 4.2.4.
It has been shown in section 10.1 that it is unlikely that
energy arriving at the equatorial plane with angles between the wave
vector and magnetic field and ray direction and magnetic field that
are not small will be able to trigger a precursor by transverse
resonance.

Therefore an unducted path must be found where the wave

arrives at the equatorial plane with these angles close to zero.

To

search for such paths by starting rays in the ionosphere is obviously
a very lengthy process because of the large number of combinations of
possible starting parameters.

The method employed has been to launch

rays in the equatorial plane at various L values, with wave normal
angles equal to (n + required wave normal angles).

The ray paths are

traced in reverse to find under what circumstances the rays return to
the ionosphere in the correct hemisphere.

This method has been

successfully used by Alexander (1971) to find the possible unducted
paths to a satellite

Alexander (1971) also showed that the path

16C.

obtained by tracing in reverse does not differ significantly from that
obtained when the ray is started off at $00 km altitude, the lowest
altitude for which the ray tracing program is valid.

In all figures

of ray paths presented here the ray direction shoi-m will be the forward
direction regardless of whether the ray was traced in the reverse or
forward direction.
Fig. 10/5 shows a typical ray path for a wave started off in the
equatorial plane with -6 = n (and hence (3 = n) and where no model
plasmapause nor duct has been included (see section 4-2.5)-

It is

found that in all cases the ray undergoes at least two magnetospheric
reflections.

However, to arrive at the equatorial plane travelling

in the correct direction to trigger a precursor to the two hop whistler
the number of magnetospheric reflections must be odd.

The time delay

involved in undergoing three magnetospheric reflections is obviously
too long to be able to account for the observed trigger time.

It is

therefore concluded that an unducted path that could be responsible
for triggering a precursor must contain only one magnetospheric reflection.

The simple model illustrated in Fig. 10/3 cannot therefore

explain the appearance of the precursor.
Ray tracing results presented by Alexander (1971) show that rays
impinging upon the model plasmapause from within are refracted back
into the plasmasphere.

It is possible, therefore, that if a ray

started off in the ionosphere encounters the plasmapause at some stage
along its path after its first magnetospheric reflection the path
might be modified so as to allow the ray to propagate to the equatorial
plane, arriving with its wave vector field aligned.

A set of rays has

been traced in reverse starting from the equatorial plane with -Q - n,
with the centre of the plasmapause, rather than being set at a
particular L value, talcing on a number of different L values.

It is

10/3. Ray

i l l u o t r c - t i n j u n d u ^ t o d nociel

w i t h n o •oli-Sinapi'.u3o i n c l u d e d .
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found that certain plasmapause positions give rise to ray paths of
the type shown in Fig. IO/4 where a ray launched from the ionosphere
is, after one magnetospheric reflection, refracted, by the plasmapause
and arrives at the equatorial plane with-8 = 0.

This model appears to

fulfil all the general conditions required for the generation of precursors.

The model has, therefore, been investigated in detail, by means

of the ray tracing program, the results being presented in the following
section.
10.4

Ray Tracing Results

10.4.1

Winter night model

Using the method of reverse ray tracing throughout, paths of the
type shown in Fig. I0/4 have been found for rays with frequencies between
1 and 4 kE2 arriving with @ = 0 in the equatorial plane at L values
between ^ and

9"

The L value at which the ray arrives in the equatorial

plane is the L value of the duct (L^) i#. which the precursor is
triggered.

It is assumed that

is the same as or very close to the L

value of the duct in which the precursed two hop whistler propagates.
Fig. 10/5 shows how 1 , the position of the centre of the plasmapause
required for such ray paths varies with L
seen that at the lower values of

for 3 kEz rays.

It may be

a suitable path is available for

a relatively wide range of plasmapause positions, this range becoming
progressively narrower with increasing
at other frequencies.

Similar results are obtained

The plasmapause region covers the range I, + 0.3 5.
^

Therefore all points on Fig. IO/5 which lie below the line L

p —

=

+ 0.I5

(shown as a dotted line) correspond to a predicted overlap between the
duct and plasmapause regions.

However in the model plasmapause the

electron density falls by only a factor of 10 in an L value range of
0,^, wnicn is considerably less steep than is often observed (Carpenter,
1966).

When a more realistic model of the plasmapause is used in which

the electron density falls by a factor of 100 in an L value range of O.3
the predicted values of

are as shown in Fig. IO/6.

It may be seen

/.
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FiG.

4-1

10/5

-f

•:.Q

-P

3-3

I'la

V a r i a t i o n v/ith d u c t L v a l u e o f t h e p l a s m a p . u s e p o s i t i o n
r e q u i r e d f o r t h e iinduCted nodel o f p r o c u r c o r t r i j g a r i n g
using the Winter Night model. Pig. 10/5 - using
A1G3^c-jid-Oi'' ^3(1^'/I) pl.'..3!rjfxp,'iusc' riicdol.

10/6 — using*

s t e e p e r pl:i;.rn, .p,.-usje m o d e l .
( Dotted line represents the innar edge of the plasnc.p use)
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that here no overlap between plasmapause and duct is predicted, except
at the highest latitudes, where precursors are seldom observed.

It

is found that the inclusion of the sharper plasmapause model does not
significantly alter either the ray path or the propagation time to the
equatorial plane; its only effect is to increase the predicted value
of 1, by around 0.2.
P
The predicted starting values of geomagnetic latitude or L value
(L^) and wave normal angle with respect to the vertical (V^), (that is
the values of these parameters with which the ray traced in reverse
arrives at 300 km), are plotted against

in Pig. lO/Y (a) and (b) for

a 3 kHz wave arriving in the equatorial plane at

Energy

starting from a predicted initial L value (L^) that differs greatly
from the duct L value (L^) is unlikely to produce a whistler precursor
pair since part of the energy must become ducted to produce the whistler.
This energy may however trigger a precursor which may be received without
its two hop whistler as an apparently spontaneously generated emission.
This possibility is discussed further in the following chapter.
The predicted initial wave normal angles with the vertical (V^)
may be seen to vary between around 15° to values greater than 60°.

It

may be shown (e.g. Eelliwell, 1965) that for waves propagating upwards
through a horizontally stratified ionosphere the wave normal angle with
respect to the vertical decreases as long as the refractive index
increases since, by Snell's law,
sin

and if

= ^2 sin Vg

then Vg < V^.

ionosphere waveguide, and

If

IO.4/I

is taken as 1, for the earth-

as 10, a typical value for the ionosphere,

then eq. 10.4/^ gives a maximum value for Vg of around 6°.

However the

electron density in the ionosphere increases only as far as the peak
in the F2 region which is typically around 3OO km.

If the peak were
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lower than this, say around 2^0 km, then, wave normal angles with the
vertical up to around 15° might be expected at $00 km.

Horizontal

gradients in ionospheric electron density will also cause changes in
the wave normal angle (Helliwell, I965).

Significant horizontal

gradients may be found at sunrise and sunset times, and also during
solar eclipses.

Similar gradients may be found at other times,

especially at middle latitudes (Eelliwell, 1965).

It is concluded

that if horizontal gradients or some other type of discontinuity exist
in the ionosphere and/or the F2 region peak lies below 3OO km then wave
normal angles in excess of 15° with the vertical are not unlikely at
300 km altitude.

It is difficult to put an upper limit on possible

values of 7^ but a value of around 40° is suggested.

This argument

is supported by the fact that the precursors received at St. John's
occurred between 30 and $0 minutes after the solar eclipse had ended,
when it would be reasonable to expect that horizontal gradients still
persisted in the F region, the response time of which is of the order
of one hour.
The trigger time (t^) of the precursor predicted by this mechanism
is given by
10.4/1
where t^ is the unducted propagation time to the equatorial plane and
ti is the half-hop'ducted propagation time from the equatorial plane
back to ground level,

t^ has been computed using the model duct given

by Alexander (1971) 1% which the duct is represented by a gaussian
shaped enhancement superimposed on the background electron density
profile (see section 4.2.5).

t% is a function of the duct enhancement,

a greater duct enhancement giving a long ducted propagation time.
Values of t^ have been computed using duct enhancements of 10^ and 40%,
these values being taken to represent the extremes of likely duct

enhancements (Angerami, 1970)«

/

\

Following Dowden (1972)

and.

have been normalised to the minimum electron gyrofreguenoy of the
ducted propagation, path,
^ ^ ^
^

. (L,). and the minimum group delay, t ,
# e min/ a''
n

respectively as in Fig. 8 / 3 .

This has the advantage of allowing data

from all whistler precursor pairs regardless of the 1 value of their
propagation path, to be presented on one graph.

A graph normalised

trigger frequency vs normalised trigger time is referred to as the
trigger locus.

The nose frequency, f

f^^ = 0.37 fgg
where f^^ %!%(&) =

is given by

(Angerami, I966)

kHz

10.4/2

(Eelliwell, I965)

L
In each case t^ has been normalised to a value of t
same duct enhancement.

computed using the

The travel time between ^00 km and 100 km has

been estimated in each case by assuming that it was equal to twice the
travel time between $00 km and 4OO km, a reasonable assumption in view
of the approximate symmetry of the electron density profile about $00 km.
Since it is found that the ratio -r- is not significantly (i.e. 4
t
n
altered by its inclusion, this correction factor has been omitted
throughout the results presented here.
The predicted loci of trigger points for the two duct enhancements
are shown in Fig. 10/8(a) and (b).

The experimental points shown in

Fig.s 8/$ and 9/1O are shown as dots.

It may be seen that there is

reasonably good agreement between the predicted curves and the experimental data and that slightly better agreement is obtained with the
higher duct enhancement.

The trigger locus may be thought of as being

made up of a family of curves, one for each value of the triggering frequency, f^.

Similarly it may be thought of as being made up of a family

of curves for each value of

Figs. 10/$(a) and (b) show these two

families of curves within the trigger locus shown in Fig. 10/^^a).

The

wedge shape of the curves in Fig. 10/^(a) arises from the same reason
as the wedge shape
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in Fig. 10/5, that is that at the lower values of

a wider range of

^ values gives a suitable path than at the higner values, giving a
'P
wider range of unducted travel times to the equatorial plane.
10.4.2

Summer day model

The ray tracing computations described in the previous section
have also been carried out using the summer day model of the magnetosphere.

The steeper plasmapause model has been used throughout.

was found that for a given duct 1 value,

It

the range of plasmapause

positions that resulted in a suitable unducted ray path was much
smaller for this model.

Fig. lO/lO shows how L

varies with

for a

3 kHz wave traced through the summer day model (cf. Fig. 10/^).
Fig. 10/11 (a) and (b) show the predicted starting parameters
and V. plotted against L for a 3 kEz wave arriving at the equatorial
j.
P
plane at an L value of 3.I (cf. Fig. 10/Y).
although the predicted ranges of

and

It may be seen that
are similar to those for

the winter night model the detailed shapes of the curves are different.
It is felt that no great significance should be placed on these
differences, especially in view of the fact that if the northern
hemisphere section of the path is in summer then the southern
hemisphere will be in winter.
Fig. 10/12 (a) and (b) show the loci of trigger points predicted
by ray tracing through the summer day model for duct enhancements of
10% and 40% respectively (cf. Fig. lO/S).

The individual curves for

each value of trigger frequency are shown in Fig. IO/13 (a) and (b).
It may be seen that again the agreement with experiment is reasonably
good and that better agreement is obtained using the higher duct
enhancement.

From Fig. IO/13 (b) it may be seen that using the summer

day model with a 40% duct enhancement the agreement between theory
and experiment is excellent at trigger frequencies below $ kHz.
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10.5

Discussion of Bay Tracing' Results

The most important results to emerge from the ray tracings
carried out to test the unducted model of precursor triggering are
those which are independent of the magnetospheric model used.

It

would be unreasonable to believe that either model described the
typical magnetospheric plasma distribution since they were intended
to represent the extremes of possible conditiona.

The model-

independent results are as follows:
i)

For all duct.L values between 3.0 and 3-9, which was the whole

range tested, and for all trigger frequencies between 1 and 4 kHz
there is a range of plasmapause positions for which a ray, traced in
reverse from the equatorial plane at L value

with

= n, arrives

at 500 km altitude after first refracting off the inner edge of the
plasmapause and undergoing one magnetospheric reflection.

The favour-

able plasmapause positions are such that the duct is situated just
inside the plasmapause.
ii)

The predicted initial L value (lu) and wave normal angle with

respect to the vertical (V.) both increase with L .
2.

P

ranges from a value less than 2 up to
generally between 10° and 80°.

L. typically
1

while the range of V

is

It has been shown that under certain

ionospheric conditions, such as the presence of horizontal electron
density gradients, wave normal angles of up to around 40° with the
vertical might reasonably be expected.
deviation of

In all cases the predicted

from the vertical is towards the earth's magnetic

field which, over the range of interest is at an angle of between
16° and 24° to the vertical at ^00 km altitude.

Thus the horizontal

gradients that would give the appropriate wave normal angles for the
unducted path to the equatorial plane would also increase the
probability of part of the energy being ducted since waves with field
aligned wave normals are most likely to become trapped in a field
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aligned duct (Alexander, l$7l)'

horizontal electron density

gradients reported by Eelllwell (I965) to occur at middle latitudes
are directed towards the equator and therefore tend to deviate the
wave normal towards the earth's magnetic field.
iii)

The agreement between the predicted loci of precursor trigger

points and the experimentally observed data is generally good.
In order to obtain the maximum probability of generating a
whistler precursor pair lu should be as close to
should have as small a value as possible.

as possible and

However it may be seen

that both these conditions may not be fulfilled simultaneously (see
Figs. 10/7, 10/11 and ii) above);
to each other.

they must be optimised with respect

This will generally require an initial wave normal

angle of around 25° with the vertical at 3OO km, necessitating some
special ionospheric conditions such as those discussed earlier in
this chapter.

This condition places a restriction on the probability

of precursor generation.

Other conditions restricting the probability

of precursor generation are as follows:
i) A duct must exist just inside the plasmapause.
ii)

Energetic electrons of the correct energy must be present within

this duct.

Kennel and Petschek (1966), Eycroft (1972) aad Thorax (1972)

have shown that the factor B

which is proportional to the critical

electron energy required for resonance for a given critical pitch angle
anisotropy, has a minimum just inside the plasmapause (see Fig. 10/^4)It may be seen that electrons with the correct energy for resonance
at this minimum may also resonate some distance beyond the plasmapause;
thus it would be expected that electrons with this energy convecting
inward from the magnetospheric tail would resonate beyond the plasmapause and be precipitated into the atmosphere in the vicinity of the
auroral zone.

For electrons of this energy to be present just inside
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the plasmapause they must be accelerated in the region where the
critical energy graph has its maximum and convect inward.

It may

be seen that the probability of resonance with these newly accelerated
electrons is greatest just inside the plasmapause since the energy
required for resonance is a minimum.

The probability of resonance

is further increased if the plasmapause should move to a slightly
higher L value.

Electrons whose energy was previously too low for

gyroresonance now become able to resonate, increasing the probability
of resonance.
iii)

A thunderstorm must be suitably located so that part of the

energy from the lightning discharges may propagate in a ducted mode
and part in an appropriate inducted mode.

This condition will

generally require the storm centre to be located at a slightly lower
L value than
iv)

The special ionospheric conditiona mentioned previously to

allow wave normal angles of around 25° with the vertical at 300 km
altitude should exist.
These four conditions, which must be satisfied simultaneously,
undoubtedly place a severe restriction upon the probability of
receiving a whistler precursor pair.

However since precursors are

observed to be very much rarer than whistlers this should not detract
from the plausibility of the model.

On the contrary a model thatc&d

not predict a low probability of precursor generation would be less
plausible since precursors would then be expected to be as common
as whistlers.
Fig. 10/15 shows the ray path of a ray started off at $00 km
with the computed initial parameters
placed at

and the plasmapause at

and V^; a duct has been
The duct enhancement is 10%

and the duct half width at $00 km altitude is $0 km corresponding to
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Fig. 10/15
RAY T R A C I N G . T H R O U G H SD M O D E L .
ILLUSTRATING PRECURSOR TRIGGERING
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INTERACTION
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a half width in the equatorial plare of'^^l^O km.
shown the parameters are f = $ kHz, lu = 2.^2,
L

= 3-27;

For the ray path
= $0°,

= $.10,

the magnetospheric model used, was the summer day model.

An almost identical path at the same frequency is obtained using
the winter night model with

= 2.32,

= 20°,

= $.10, L

= 3-27-

The ray enters the duct at a latitude of -$.5^ and leaves it at +4.5°,
spending 0.27 8 in the duct during which time its ray direction is
very closely field aligned (<>" 5°) and its wavenormal is everywhere
within 25° of the magnetic field direction.

It is possible to compute

ray paths for which the ray remains in a narrower duct for a longer
time than this.

However 0.27 s is well in excess of the bunching

time of 0.1 s calculated by Eelliwell (1967)It is possible that a number of similar ray paths starting off
with slightly different

or

contribute to the interaction

allowing resonance to occur over a wider region.

Similarly in the

case of triggering by ducted waves there is probably not one unique
ray path through the duct at a given frequency but a number of
similar paths.
Fig. 10/16 shows the effect of varying the initial latitude of
the ray leaving all other parameters unchanged.
shown the range of initial latitudes is 2°.

In the set of rays

It may be seen that in

each case the ray is directed into the duct close to the equatorial
plane giving a concentration of energy preferentially in that region.
Thus energy from one lightning discharge entering the ionosphere over
a range of latitudes may contribute to the triggering of a precursor.
A similar result is obtained when the initial wave normal angle is
varied over a range of 4° (See Fig. 10/17)'

An appropriate com-

bination of these two effects could give an increased concentration
of energy in the equatorial plane resulting in a sort of focussing
effect.

4
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Plasmaoause

DUCT

10/16. A set of 5 Idiz r/ays with equn,l ini oial w-.vo aori.i.il
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range over 4° showing energy directed
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L value L .
a

196,
10.6

Comparison with Dowdon's Hybria Whistler Model
Dowden's (1972) hybrid, whistler model of precursor generation

has been discussed in Chapter Eight, where some objections to it have
been noted.

In this section Dowden's model is compared with the un-

ducted model with reference to some of the observed properties of
precursors listed in section 8.1.
Both models predict the most important property, that is that
precursors to one hop whistlers are not observed (property l); both
models predict trigger loci that agree well with the observations;
both models allow that the precursor need not be triggered in the
same duct as that in which the two hop whistler is propagating, thus
allowing agreement with both apparently contradictory properties 2
and
There are some properties that may be explained by the unducted
model but not by the hybrid model.

Of these the most obvious is the

observation that precursors have propagated just inside the plasmar
pause (property ll), which is a basic property of the unducted model.
The appearance of multiple component precursors such as that shown
in Fig. 10/18, in which two trigger points at different frequencies
appear at approximately the same time, withy^5 #8, may te explained
by the unducted model in the following way.

With reference to Fig.

10/19 the lightning flash radiates a wide range of frequencies over
a wide distance range.

Because of the high refractive index of the

ionosphere the wave normal angle in the ionosphere will be virtually
independent of its value in the earth-ionosphere waveguide.

A ray

path such as path 1 will lead to the wave being trapped in the duct,
giving rise to the two hop whistler.

Since the unducted paths are

frequency dependent any given entry point into the ionosphere will
in generall allow only one frequency to arrive in the equatorial
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plane with Its wave normal field aligned.

If paths 2 and $ are the

correct paths for frequencies f^ and f^ where

then their

propagation times to the equatorial plane may be equal since the
longer propagation path at f^ may be cancelled out by the greater
group velocity at the higher frequency

This effect could not be

explained by the hybrid model since in general only one trigger
point would be expected.
The observation that precursors occur under moderately disturbed magnetic conditions (property 2) may be explained by the
unducted model in terms of the inward motion of the plasmapause
with increasing magnetic activity (Carpenter 1966).

Tha average

plasmapause position at times of low magnetic activity is around
4 0 corresponding to a duct L value of around 3.85.
At such high latitudes the whistler rate is low resulting in a very
low probability of precursor generation.

At more distrubed times

the plasmapause may move to L values of 3.5 or lower corresponding
to a duct L value of around 5 3

Here the whistler rate is con-

siderably greater; thus a higher probability of precursor generation
would be expected.

A study of precursed whistler L values and plasmar

pause positions should show a positive correlation.

However, because

of the uncertainties in estimating the plasmapause position the data
available to the author are not sufficient for an accurate statistical
analysis.

In the events studied, however, there was no instance of

the predicted plasmapause position (Bycroft and Thomas, 1970) being
unreasonable for the magnetic conditions and local time.

For the

precursors received at St. John's the 1 value of the whistler duct
was found to be around ^-l-

For the prevailing magnetic conditions

(Kp = 6-) and.local time I7OO-I83O the predicted plasmapause position
of around $.25 is not unreasonable.

For the precursor received at

200,
South Hist the predicted plasmapauae position is around L = 3.8, a not
unreasonable value at 001$ LT and K

= 4^.

For the two precursors

presented by baaspere and. Wang (1968) (their Fig. l) the predicted
plasmapause L values are around 3-45 and 3-65; again, not unreasonable
for local times around noon and E

indices of 4- and 3o respectively.
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CEAPTER ELEVEN

Discussion and conclusions

11.1

Extensions and Implications of the unducted model
It has been shown in the previous chapter how the unducted model

may explain the appearance of precursors to whistlers.

However since

a number of special conditions must be fulfilled in order to obtain a
reasonable probability of receiving a whistler-precursor pair (see
section 10.5) this mechanism may be thought of as a special case of a
more general process in which unducted radiation from lightning discharges may resonate with energetic electrons just inside the plasmapause.

It may be seen from Figs. lO/? and lO/ll that the initial

wave normal angle with the vertical required by the unducted model
decreases with decreasing initial latitude.

For example, a 2 kBa

wave starting at $00 km from as low an L value as I.5, and with the
plasmapause at L = $.2?, requires an initial wave normal angle of
only 6° with the vertical in order to arrive in the equatorial plane
at I, = 3.1 with its wave normal field aligned.

There is no reason

to believe that this is a special case; in general it is found that
there are unducted paths with initial L values between 1 and 2 and
initial wave normal angles with the vertical less than 10° that
satisfy the conditions that 3 = 0 in the equatorial plane at any L
value in the range tested provided that it is just inside the plasmapause.

Because of the low initial wave normal angles these paths do

not require any special ionospheric conditiona; hence there appears
to be no reason why they should not occur commonly.

Such paths would

be unlikely to produce whistler precursor pairs since even if there
ppened to be a duct in the correct place it is improbable that
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energy from ore lightning discharge would, become ducted at an L value
greater than ^ as well as propagating along an unducted path with an
initial L value around 1.5-

However since the thunderstorm rate is

higher at low latitudes it is probable that energy from these lightning
discharges will
field aligned.

arrive in the equatorial plane with their wave normals
It was shown in section 10.$ that there is a relatively

high probability of electrons unstable to transverse resonance being
present just inside the plasmapause.

Thus the probability of a resonant

interaction taking place in this region appears to be high.

If a

suitably placed duct should exist then ducted radiation may be
triggered.

Such radiation, if received at the ground would appear as

apparently spontaneously generated emissions.

Such emissions are fre-

quently observed especially at disturbed times (Helliwell, I965).
In this context the unducted path shown in Fig. ll/l should be
mentioned, which also results in energy arriving in the equatorial
plane with its wave normal field aligned; in this case, however, the
energy originates in the opposite hemisphere to the observer and is
not magnetospherically reflected before refracting off the plasmapause.

The plasmapause L value required for such a path is marginally

smaller than that required for the magnetospherically reflected path
to the same equatorial L value.

For this type of path however the

initial wave normal angle with the vertical increases with decreasing
initial L value.

Hence in the presence of a suitably placed duct VLF

emissions may be triggered by unducted energy from the opposite hemisphere to that in which they are observed.
The risers received close to eclipse totality at St. John's
(see Chapter 7) have been studied to search for evidence that they
were triggered by unducted energy from lightning discharges.

Their

trigger frequency was around I.5 kHz giving a predicted trigger time
of around 3 s assuming that they had propagated along the same duct
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as the precursor.

Since the risers occurred only $0 minutes before

the precursors this is not an unreasonable assumption.

In some cases

(5 out of 18) an energetic sferic was found at approximately the
right time, within around 0.2 s (see Fig. 7/$) but in general there
was none.

If the risers had been triggered by energy from sferics

in the opposite hemisphere none would be expected because of the
high attenuation of the earth-ionosphere waveguide at very low
frequencies.
Even in the absence of a suitably placed duct the resonant
interaction may take place; any energy so triggered would propagate
in an unducted mode and should not therefore be received at the
ground.

Whether a duct exists or not the effect of the wave particle

interaction upon the electrons is to reduce their pitch angle so
that some are precipitated into the atmosphere.

Since it has been

shown that there is high probability of resonance occurring just
inside the plasmapause an enhanced precipitation of energetic
electrons should be observed at an L value just inside the plasmapause.

11.2. Suggestions for further work
There are a number of points raised by the unducted model which
require further investigation.

A statistical study of the L value of

the precursed whistler duct against plasmapause should be carried out
to investigate whether the relationship between them agrees with the
predictions of the model.

Also observations of precursors may pro-

vide another method of determining the position of the plasmapause
since if the L value of the whistler duct may be found (from its nose
frequency) then the plasmapause position is fixed within limits of
around 0.01 in L value, according to the unducted model.

205.
Farther experiments to test whether enhanced precipitation of
energetic electrons occurs at an L value just inside the plasmapause
would help to verify the model as would evidence from satellite data
of an increase in the intensity of unducted VLF radiation at
just within the plasmasphere.^
Experiments to test whether apparently spontaneous emissions
were in fact triggered by unducted energy from lightning discharges
would be difficult to carry out since the L value of the duct along
which they had propagated would need to be determined before any conclusions could be drawn.

For emissions, unlike whistlers there is no

easy method of doing this.

The VLF goniometer receiver, which gives

information about the direction from which the received signal has
propagated could be usefully employed in this context.

Analysis of

signals from two or more spaced stations should allow the point of
exit of the signals from the ionosphere to be determined by triangulation and hence the L value of the duct could be deduced.

Having done

this the plasmapause position could be estimated, from the K

index

and local time, if it were not known either from direct observation
by satellite or by ground based observation of 'knee' whistlers.
Thunderstorm data would show whether there was activity at a suitable
latitude and hence the model could be tested.

A statistical study of

the latitude of reception of spontaneous emissions and plasmapause
position would also serve to investigate whether such emissions were
received preferentially at 1 values just inside the plasmapause.

Conclusions
A correlation is found between the cutoff frequency of tweeks
and solar obscuration during a solar eclipse.

The phase height of

reflection in the D region is found to increase by 7 ± 1 km at totality
with a time lag

of 4 + 3 min.

These results are in agreement with
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previous results obtained by observation of man-made VLF signals
reflected from the D region.

The reception of VIF emissions close

to eclipse totality is attributed to the eclipse induced modification
to the ionospheric electron density distribution allowing the emission^i
to propagate to the ground whereas under normal daytime conditions they
would have been reflected by or absorbed in the lower ionosphere.
Analysis of whistler-precursor pairs received soon after the
solar eclipse shows that the L value of their propagation path was
3.06 + 0.04 and that the minimum group delay was I.05 + 0.02 s.

The

locus of precursor trigger points obtained from these precursors and
others received at South Hist is found to be in reasonable agreement
with the theory of Dowden (1972).

However because of some doubts as

to the validity of this theory some alternative mechanisms of precursor triggering have been considered.

It is found that an unducted

path in which energy from a lightning discharge is first magnetospherically reflected and then refracted from the inner edge of the
plasmapause results in the energy arriving in the equatorial plane
with the correct wave normal angle to be able to trigger a precursor.
It is found that the trigger loci predicted by this mechanism agree
reasonably well with the observed data.

Because of the relatively

large initial wave normal angles predicted by this mechanism it is
concluded that some special ionospheric conditions such as horizontal
electron density gradients must exist in order to give reasonable
probability of precursor generation.

It is found that the unducted

model may explain most of the observed properties of the precursor.
In particular it explains the observation of multiple component precursors having trigger points with different trigger frequencies but
approximately equal trigger times and also the observation that
precursed whistlers have propagated just inside the plasmapause,
neither of which are explained by Dowden's theory.

207,

It is also found that paths similar to those thought to be
responsible for precursor triggering exist starting from L values
too low to be able to give rise to a whistler-precursor pair.
Energy propagating along these paths does not require any special
ionospheric conditions in order to be able to take part in a transverse resonance interaction in the equatorial plane.

Furthermore,

it is found that rays starting with a range of initial latitudes and
wave normal angles are directed preferentially to the equatorial
plane giving a sort of focussing effect.

It is concluded that such

paths may trigger apparently spontaneous emissions and may give rise
to an enhanced precipitation of energetic electrons at L values just
inside the plasmapause.
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