ANALYSIS OF WATURALLY OCCURRING RADIO SIGNALS RECEIVED

DURING A SOLAR ECLIPSE AND A NEW MECHANTSM T'OR

THE GENERATION OF WHISTLER PRECURSORS

by

C. D. REEVE, B.Sc.

A thesis submitted for the

degree of Doctor of Philosophy

Department of Physics
University of Southampton

September 1972



To  Anne and Suzye



ABSTRACT
FACULTY OF SCIRNCE
PHYSTCS

Doctor of Philosophy

ANATYSIS OF NATURALLY OCCURRING VLF RADIO SIGNALS
RECEIVED DURING A SOLAR ECLIPSE AND A NEW MECHANISM FOR THE
GENERATION OF WHISTLER PRECURSORS

by Christopher Deal Reeve

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
gsolar 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-
mun eclipse effect in the D~region occurs 4 + % min after eclipse
totality. The absence of a similar effect at Norwich is explained
in terms of the differences in the propagation oharacteiistics of
the paths from the thunderstorm to the two receiving stations. The
reception of discrete VLF emisgsions 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~precursor is discussed. The triggering time and frequency
of the precursors are found to be in reaconable agreement with the
theory of Dowden (1972). Ioting 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 ig 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
shovn thalt 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 elec
trons by transverse resonance. It is'suggested that such a mechanism
might be responsible for the appearance of apparently spontancously
generated VLI discrete emissions and should result in an enhanced
precipitation of energetic electrons into the atmosphere at lati~

tudes just inside the plasmapause.
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CHAPTER ONE 1.

e soRTToH

Introduction

This thesis is concerned with a study of naturally occurring radio
signals in the very low frequency (VLF) 3 kHz ~ 30 kHz and extremely low
frequency (ELF) % Hz - % kHz bands. Analysis of these signals yields much
information sbout 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 inexpensive
apparatus a great deal may be learned of the earth's immediate environment,
which would otherwise require complex instrumentation aboard highly exper
sive 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 1o 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 (Tuchs, 1938). During the following years there were
several reporis of similar phenomena (Preece, 1894 Barkhausen, 1919,
1950 Iickersley, 1925, 1928; 1929; Burton, 1930; Burton and Broadman,
19%%a, b). Burton and Broadman (1953&) reported a positive correlation
between the lower cut off frequency of musical atmospherics (tweeks)
and solar obscuration during a solar eclipse. Kckersley (1955) showed
that a sudden impulse would be dispersed such that its frequency f was

preportional to the reciprocal of the square of its rropagation time t



2.
through an unpolarized medium 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 VLF phenomena was the
application of the sound spectrograph to their analysis. This device
produced a dynamic (frequency-time) spectrum of the VILF signal and for
the first time enabled precise measurements to be made. Using such an
analyzer Storey (1953) provided the basis for current VLF studies by
proposing that wbistlérs were produced by energy from lightning dis
charges echoing back and forth slong the lines of force of the earth's
magnetic field. His 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 Eckersleyis
dispersion law, showing that the dispersion D, defined to be 1/%f%, was
proportional to the weighted electron density content of the tube of
force along which the whistler had propagated.

Helliwell 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, imposged
by Eckersley and Storey, that the wave frequency should be small com
pared with the electron gyro frequency. It has been shown that the fre-
quency that suffers minimum delay (nose frequency, fn) is characteristic
of propagation along a particular field line and that the time delay of
the nose frequency tn gives a measure of the electron density in the
equatorial plane in the region through which the whistler has propagated
(hngerami, 1966).

In recent years many types of VLF signals have been reported.

These include discrete VLF emissions, having either or both rising and






4.

1.2.2 Waveguide mode provagation

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 corr
sider a set of Cartesian coordinates (x, y, z) with infinitely conducting,
perfectly reflectingplanes at z = 0 and z = a (Fig. 1.1). Radiation
propagating wiﬁhin'the waveguide may be considered as a sum of two plane
waves, since waves initially propagating with their wave vectors (wave
normals, E) in the xz plane making an angle ﬂ with the x axis will be
reflected off the conducting plane at z = 0 as waves whose wave vectoré make
an angle ¢ 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 H is parallel
to the y axis they are called transverse magnetic waves (TM). Of these
the THM modes are the more relevant to the study of natural radiation since
the lightning discharge, which is the predominant source of energy, con
sists 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) B = Esin § exp [} ik (x cos ¢ = z sin ﬁ)] .
E, = Bcos § exp [} ik (x cos ¢ ~ z sin ﬂ)] ,

z
H& = ~E exp [} ik (x cos f -~ z sin ﬁ)] .

ii) E_ = B, sin @ exp [m ik (x cos ¢ + z sin ﬁ)] .
B, = ~E, cos exp[-m ik (x cos @ + z sin ﬁ)] ,

= B, exp [~ ik (x cos ¢ + 2z sin ﬁ)] .
The components of the resultant wave are obtained by summing the compo-

nents of the constituents. By imposing the boundary condition +that E&

8
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vanishes at z = 0 it is found that E2 = “El = K say. Hence the compo-

nents of the resultant wave are

E =21 Esinf sin (k 2 sin §) exp(- ik cos 7,
E, = 2% cos @ cos (k z sin @) exp(~ ikx cos ), (1.2/1)
H& = ~2F cos (k z sin @) exp(~ ikx cos ).

Since Hy does not vanish at z = 0 and there can be no time varying H&
within the conductor it follows that a surface current must flow in the
conductor parallel to the x axis. Ex mist also vanish at z = a; hence,
for any integer n, k a sin ¢ = nn (1.2/2)

Since k = w/% this equation fixes the angle ﬁ for a given angular fre-
quency w and corresponds to constructive interference between the component

plane waves.

The wavelength of the disturbance in the waveguide is

Mg = r/cos & (1.2/3)

where A = 2n/k. Thus, combining equations 1.2/2 and 1.2/3,
2
2 _ 2 n

1/>\g = 1/ (55) (1.2/4)
Hence if n A > 2a then hg is imaginary and the wave is evanescent.
Therefore the frequency fc =1 c/?a corresponds to a cut off frequency
below which radiation will not propagate in the waveguide; n is termed
the mode number. For the TMi mode, the cut off frequency will be

£, = c/2a. (1.2/5)

1.2.3 Abtmogspherics

Atmospherics, or sferics, are energy from lightning discharges
which has propagated in the earth-ionosphere waveguide. They are
identified avrally as clicks. 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 exhibii

a cut off frequency at around 2 klz in agreement with Ig. 1.2/5. They



are also slightly dispersed in the frequency time plane at frequencies
Just above the cut off frequency. This type of sferic is called

onomatopaeically a tweek (Helliwell, 1965).

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 containg a
high percentage of heavy molecular and atomic ions (Oxygen and Nitric
Oxide). On the daytime side of the earth the boundary of the magneto
sphere is at about 10 Ry (1 R, = one earth radius == 6370 km. ) vhile on
the nighttime side the magnetosphere extends to g mich greater distance
(~100 RE). This asymmetry is caused by the solsr 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 ag a
barrier to the solar wind as the plasms flows around the magnetosphere
the geomagnetic field lines are drawn out into a long geomagnetic tail
on the nighttime side.

1.3.1 VWhistler mode propacstion

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
vwhistler mode can be explained with the aid of the magneto-ionic theory
(Ratcliffe, 1959). In this theory the plasma, which is permeated by a
static magnetic field, is ascumed homogeneous, consisting of neutrals
and equal numbers of electrons snd positive ions. Because of their
large mass relative to that of electrong, the effect of ions is usually

negligible at whistler frequencies. Tt is also ausuned that the angle



between the wave normal direction and the direction of the earthls
magnetic field ©® ¥¥0; this is the quasi~longitudinal (QL) approxima-
tion (Ratcliffe, 1959). It may be shown (Helliwell, 1965) that at
whistler freguencies the QL approximabion is valid for values of ©
up to 450 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 teke place in regions of very
low collision frequency.

Having made these approximations the expression for the square of
the refractive index becomes

2

2 fN

b= f(fB cosd® - ) 1.3/1
e

where fN is the plasme frequency,

fB is the electron gyrofrequency, and
e

f is the wave frequency.

£
The dispersive characteristics of the whistler mode are found by
evaluating the group velocity vg = o/ﬂf, where pt = é%(uf) is the group

refractive index. Hence

1
"5 o e\3/2
v_=2c7 (fB cosd -~ f) 1.%/2
g e
fﬁ%eom@
By dimposing the condition that f « fB cos®, the Fckersley expression for
e
the group velocity is oblained;
v o= 20\/fmf cosd 1.3/%
g B,
fN

The group delay for longitudinal propagetion (€ = 0) is found by evaluating

the inbegral

ds
t o= ‘( g 1.3/4
Jpath g

Using 1.3/2 this reduces to



t = L
/2
2 2 (1-A) sec, 1.3/5
or using 1.5/3
t = —— gec, 1.3/6
2A°
where A %ﬂ*
B
e.

Equation 1.3/6 is similar to the expression derived by Eckersley (1935)
and is only valid in the low frequency 1limit. The expression 1.3/5 has
a minimum value at /A= 0.25. This corresponds to the nose fregquency as
observed by Helliwell et al (1956). The two expressions for group delay
are plotted in Fig. 1/2.

1.3.2 Vhistlers and VLF emissions

At mid latitudes (between 30° and 50° magnetic latitude), the most
common naturally occurring VIF signal propagating through the mugneto-
sphere is the whistler. Energy from a lightning flash penetrates the
ionosphere and prepagates in the whistler mode, being dispersed as des~
cribed 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 & ground station. (The two ends of a geo
magnetic field line are known as conjugate points.) This type of
whistler is known as a one hop whistler. 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. Similarly 3,
4, 5 etc. hop whistlers may be produced (Fig. 1/3). 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 fre-
guency, fo’ which ig proportional to the square root of the electron

Fouy
density. This ftopic will be discussed in greater detail in Chavter Three.



Freguency
N

g
// 5,
//:

? Time

Frequency

AN
\

Ficld-line path folfowed by a ducted whistler. Insct dingrams show idealized spectra
of whistler ccho trains at conjugate points A and I

10,



11.
The term VLY emisgion covers any naturally occurring VLF signal of
magnetospheric origin. There are many types of emission, but broadly
gpeaking they fall into two main categories. Firstly, there are those
signals that are apparently spontaneously generated, which include
(1) Hiss: a broad band emission, appearing as band limited thermal

noise. It can appear anywhere in a wide range of frequencies from 500 Hz

to frequencies higher than the upper limit of the VILF 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 ag well as
quasi~sinusoidal tones, which can last for many seconds.

(iii) Chorus: a series of overlapping rising tones, often accompanied by
or superiwposed on a band of hiss. At geomagnetic latitudes between
around 50O and 600, it is generally confined to the frequency range

2 = 4 kHz 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 Fmissions: 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.
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VIF emissions are thought to be generated close to the equatorial
plane by an interaction between VIF radiation and streams of energetic
electrons in which energy is transferred from the electron beam to the

o [93Ys

VLF waves. This mechanism will be discussed in detail in Chapter Taree:

Tig. 1/4 shows examples of & number of whistlers and VIF emissions.

1.4 Qutline of Regearch

The analysis of VLF signals can produce much information about the
ionosphere and magnetosphere. However, by their very nature, experiments
on naturally occurring VLF signals are completely uncontrolled. This
fact has important consequences, especially for short term projects;
being subject to the vagaries of Nature these do hot always follow theilr
planned course. This tendency has been amply demonstrated during the
course of thisg 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 Uist in the Outer Hebrides, and in Southern England, at Chilbolton
near Winchester. The time was chosen carefully, 1969 being a year of
wximim solar activity and thus geomagnetic activity, but although many
interesting phenomena were recorded in Iceland there was nothing corres-
ponding to them at the other stations (Case et al, 1970).

A solaxr 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 iomnosphere is expected during
the eclipse (Bowhill7 1970). From congsideration of the diffusive equili-
brium model of the magnetosphere (Angerﬁmi and Thomas, 1964), it has
been proposed that this decrease might be reflected in the electron
centent of the magnetospheric tube of force whose foot existed in the

eclipsed ionosphere (Rycroft and Reeve, 1970). A study of whistler dig-
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persion during an eclipse should confirm this. During the solar eclipge
of March 7, 1970, VLF obgservations were made at St. John's, Newfoundland,
close to the path of totality; at Norwich, Vermont, U.S.A. in the partially
eclipsed region and at Halley Bay, Antarchica, which is close to the
magnetic conjugate of St. Johnts. Again Nature did not cooperate to the
extent of providing whistlers at the correct time; however the period
Maxch 6 -~ 10, 1970, was one of exceptional megnetic activity and many
interesting VLF emissions were recorded. These included a series of
risers lasting about three minutes very close to the time of totality

at 8t. John's, and a series of whistler precursors sgoon 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. Johnts.

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 atteupt
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 and the pre-

dictions of the theory.



CHAPTER TWO

e TN AR

The Lower JToncsgphere: Review

The first part of the research described in this thesis is con
cerned with the deduction of ionospheric parameters from observations
of natural VILF 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 impor-
tant teéhniques employed and the results obtained.

The natural VLF signals in question have propagated in the earth-
ionosphere waveguide; therefore it is the lower regions of the iono-
sphere that have the predominant effect upon them and hence the informa-

tion 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 importent

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 rad;ation propagates down through the
neutral atwosphere 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

a e

processes become predominant at the different heights. Thus the ionospheve.
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is divided into four main layers which are designated the D, E, Fl
and ¥2 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 90 km. Sometimes the term C layer is used to describe
the region between.SO km and 70 km where cosmic rays are the main
ionising agents (Rishbeth 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, 1971).

2.2.1 The chemistry of the D region: production and loss mechanisms

The detailed chemistry of the D region is lengthy and complex.
It bas been described by Keneshea (1968) in terms of 87 photochemical

reactions. These reactions fall under the following headings:

(i) TPhotoionisations X+hv X +e
(ii) Torrion recombination: X4 ¥ =2 X+7
(iii) Electromion XNt e+ MaX+H (three body)
recombinations - %
X +e~>X-»X+ hv (radiative)
+ * 2
g X' + e X + Y (dissociative)

4~

(iv) Tormatom interchange: X" 4 Y2 XY+ 7

(v) Collisional detachment: X + M — X + e + M
(Three body attachment in reverse direction)

(vi) Associative detachment: X + 7 = XY + e
(Dissociative attachment in reverse)

(vii) Photodetachment: X +hverX + e

(Radiative attachment in reverse)
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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 o
between 75 and 85 km and cosmic rays below 70 km»(Sales, 1967 ). The
importance of Iyman « (1216 2) as an ionising agent in the D region is
due to the fact that an atmospheric (molecular oxygen) window exisbs
near 1216 ﬁ, allowing this radiation to penetrate more deeply into the
atmosphere than neighbouring wavelengths. However the energy of a Lyman o
photon is only 10.14 eV, vhich is less than the ionisation potentials
of all the major atmospheric constituents. Of the minor atmogpheric
species several are subject to ionisation by Lyman «, including nitric
oxide (NO), the methyl radical (CHB) and various metallic meteor atoms
(Swider, 1967). Nitric oxide is probably produced in the D region as

follows: (Wicolet, 1965)

N+O0+M->NO+NM )
) NO+ N- N, + 0

N+ 0,- NO + 0O ) 2

(M is a neutral particle)
The rates of both production and loss of NO are thus proportional to the
concentration of atomic nitrogen; consequently the equilibrium concen~
tration of NO is independent of the concentration of W. It is, however,
dependent on temperature because the rates of the two reactions are
temperature dependent, especially the latter (Bishbeth and Garriott,
1969). Results from a rocket-borne spectrometer experiment (Barth, 1966)
show that the NO concentration at 70 km is around lO3 greater than that
calculated from this model Sechrist (1967) suggests that this dis
crepancy may be explained by the temperature dependence of the NO con~
centration.

All the atmospheric congtituents mey be ionised by cosmic radia-
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— + oL
would thus expect primarily NO 02 and N2 ions

[

tion and X rays: on

as the positive ions constituents of the D region. However reactions

such ag:
o, o7
NZ + O2 ~» N0 + NO
and
o+ . +
O2 + hz - NO + N0

should lead to NO+ as the predominant positive ion (Aitkin, 1967).
Narcisi and Bailey (1965) have shown using a rocket-borne mass spectro-
meter experiment that NO+ comprises only 10% of the total iong, and
that the major positive ions have masses of 19 and 37 AMU and higher.
They attribute these ions to reactions involving water vapour, which
lead to the production of H3O+ (mass 19) and HSOZ (mass 37). Swider
(1967) has suggested that the presence of these ions might be related
to the ionisation of CHB by Lyman «.

The negative ion composition of the D region is not well under-
stood. Nitrogen does not form stable negative ions and the 0 and O;
iong can be destroyed by visible light; Reid (1961, 1964) has suggested
that the O; and Nd; ions may be dominant since they require ultra~
violet light for electron detachwent, most of which is absorbed in +the
B region.

Production and loss processes for the whole ionosphere have been
summarised by Rishbeth and Garriobt (1969). TIn the D reglon the most
important loss processes are: iomion recombination, three body and
dissociative electron-ion recombination, three body attachment,
collisional detachment and photodetachment. For each reaction in the
D region there is a reaction rate, which can differ by up to 35 orders
of magnitude from one reaction +to another (Keneshea, 1968). Crain
(1967) discusses a "lumped parameter" approach in which individual
reactions are not considered explicitly but rates are abtributed to

each type of reaction. Thus he following equations are obtsined:
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= P~ BN - EN (W - W)

electron production rate

electron density

positive
negative

electron

ion density
ion density

attachment coefficient

electron~ion recombination coefficient
electron detachment coefficient

ionion recombination coefficient.

By using realistic values for the coefficients, derived from considera-

tion of the reactions which are believed to be most important, simple

models may be evolved which give good agreement with observations.

Bach of the parameters must be altitude dependent and so these models

contain a large number of unknown and adjustable parameters.

It is

therefore possible for different combinations of coefficients to give

similar results for a given situation.
that give good sgreement with a wide range of situations.

gives the following values for the lumped parameters:

A = 10%2% 4 10%7 sec™?
B =10 Ton’ sec

C = 0.4 sec
E=Imwam7sm;;

The other approach requires
Because of

analysis ig difficult.

It is necessary to form models

Crain (1967)

Z is the density in atmospheres.

consideration of each individual reaction.

the large number of reachions thought to be involved such
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2.2. 2 Divrnal variations in the D region

Since the sun is the major source of ionising radiation it is
reasoh&ble 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. At night the major source
of ionisation is cosmic rays. There is a small flux of scattered
Lyman o, around 10ﬁgerg cm secml compared with around 4 erg cm sec
during the day (4ikin, 1967). By observing the changes in the D region
over the sunrise and sunset 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 elec-
tron density at various heights (Fig. 2/2). These calculations assume
NO+ as the major positive ion and the dissociative recombination of NOT
as the major loss process. At 80 km the maximum ionisation occurs
45 min 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 (Deecks, 1966; Smith et al., 1966;
Mechtly and Smith, 1968). TFig. 2/3 shows the profiles derived by
Deeks (1966). Other observations confirm these profiles, the wajor
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. Fig. 2/4 (Bowhill et al., 1966)
shows in detail how the change takes place over the sunrise period.

2.2.% Bolar 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 ionigation

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 obsgerve the D region while the
ioniging 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 1961 eclipse over Europe, the
May 20th 1966 eclipse over N. Africa and S. Europe, the November 12th
1966 eclipse over S. America and the March Tth 1970 eclipse over
Meiico and N. America.

Fig. 2/5 shows hoﬁ electron density in the D region varies with
solar obscuration, as calculated by Deeks (1966), and Fig. 2/6 shows
neasurements of D region electron density made using four rockets
during the 1966 eclipse by Mechtly et al. (1969). These results are
in generally good agreement with those made by other observers (Smith
et al., 1965; Mechtly et al., 1972; Kane, 1969) and obtained
theoretically by Sales (1967). The important features are the com
plete decay of the lower D region and the smaller loss around 80 km.
It may be possible to calculate the recombination coefficient B from
the observed time lag between maximum obscuration and minimum electron
density. Tor example Smith et al. (1965) deduce a recombination
coefficient of around 2 x 10”6cmasedml from an observed time lag of
5 mimutes at 90 km. Further discussion of eclipse results will be
presented in Chapters 6 and 7 with special reference to the March
Tth 1970 eclipse.

2.2.4 Frperimental techniques for D rwegion studies

There are a mumber of techniques employed to study the D region.
A brief description of each is presented, as is a comparigon between

the results obtained from them.
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(i) The Jonosonde

A radio wave of frequency f transmitted vertically into the

ionosphere iz reflected when:

Nezh_

f2 fB fo is plasma frequency = 5
o] An e m
S= i °
£
£ . . €eB
Be is gyro frequency = B

provided that fo>> f. 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 25 MHz, 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, 1959) is an instrument which records éhanges in the intensity
of cosmic noise, most of which are due to absorption in the D and F2
regions. Prom these records it is possible to deduce information
about the regions where the absorption takes place.

(iii) Cross Modulation

Thig technique, originated by Fejer (1955), consists of trans-
mitting 'wanted! and 'disturbing' pulses and observing the interaction
between them by means of a suitable receiver. Both gignals 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 D 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 encrgy transfer coefficient of +the D

region may be deduced.



(iv) Partial Reflection

The partial reflection method (Gardner and Pawsey, 1953%) relies
on weak reflections from discontinuities of refractive index in the D
region. Short pulses at a wave freguency of around 3 Mz are trans~
mitted vertically and the amplitude of the echﬁ?»of the extraordinary
and ordinary waves measured as a function of delsy time. The electron
density may be deduced from the differential absorption of the two
modesg. 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 freguency in the lower D region may be
deduced. Simultaneous measurements of differential amplitude and
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 &
superposition of two circularly polarised components, one clockwise
the other anticlockwise. Because the two components have different
phase velocities, the plane of polarisabtion 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
Tield, integrated along the path of propagation. This experiment ig
used extensively aboard ionospheric sounding vockets (e.g. Bauer and
Jackson, 1962).

(vi) Differential Doppler Shifs

In this method two harmonically related frequencies are trans—
mitted from a rocket travelling nearly vertically. Sedden (195%) used
4.5 MHz and its sixth harmonic. In free space the phase path lengths
of the two frequencies would be in the harmonic ratic bul the iono

sphere 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 be cbtained.

(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 wmeasuring 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 Wyller, 1960). A
varigtion of this method measures the differential absorption of the
ordinary and extraordinary componentsvof a gingle frequency clese to
thevgyro frequency.

(viii) The Full 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 Nertney, 1952).
The full wave approach has been developed for computer use by Barron
and Budden (1960) and Pitteway (1965). An iterative method is used;
model distributions are postulated, their reflecting properties are
computed and compared with the observed data. By adjusting the models
a best Fit solution moy be obtained. This method has been used ex-
tensively to compute D region electron density distributions (e.g.
Deeks, 1966).

(ix) The Langmuir Probe

The Langmuir Probe (Lengmuir and Mott-Smith, 1924) consis® of a
small metal electrode which is inserted into the ionogpheric plasma.
If the probe is operated at a few volts negative it repels all electrouns

and attracts ions; the probe current then gives a measgure of the ion

7
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number density By making the probe potential a few volts positive
the electron number density may be debermined.

() Thomson Scatter Radar

es the classical

N

The Thomsen Scatter Radar Techniques utili
Thomson scattering of high power radio waves by individual lonospheric
electrons (Gordon, 1958). The power reburned is directly proportional
to the electron concentration. This method may also be used to deter
mine electron and ion temperatures aithough the results obtained do
not agree with measgrements made using rocket and satellite probes

under similar conditions (Whitten and Poppoff, 1971).



CHAPTER THHEE

Wavecuide mode propagation in a realistic model

of the ezrth-ionosphere cavity

The simple theory presented in 1.2.2 considered the eartihr
ionosphere cavity as being bounded by a pair of flat, perfectly
veflecting parallel planes. To obtain a more realistic model the
following amendments must be made:

(i) The ionosphere must be considered as an imperfect reflector;
(ii) The curvature of the earth must be considered;
(iii) 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 (1962). It is not proposed to
present a detailed mathematical analysis here; 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 wavesuide mode theory

In Fig. 5/1 the earth is represented by the plane z = 0 and the
ionosphere by the plane z = h in a cylindrical coordinate system
(0, 4, 2). Both planes are assumed to be perfect reflectors. A
vertical dipole source is located at the origin. To an observer on
the ground fhe signal appears to come from the source and a series of
identical images, one located just below the ground and at + 2h, + 4h
etc. For a wavelength ) the waves emanating from the ionosphere inter-
fere constructively in a direction making an angle € with the vertical
such that

= N 3.1/1

N
jup
[

[
il

where cos ©

and n is an integer.
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Thus for a given value of n

N z
C'n~m 2h 3.1/2

The images from the ground interfere comstructively at an angle n—@
with the vertical. Therefore for a given value of n there are two
families of waves having the same horizontal component of velocity
c/Sn but opposing vertical components, where

s sin © and 3.1/3

§221-02
n

The resultant wave may be considered as a single wave propagating in

the hofizontal direction with phase velocity vb‘= C/Sn (see section 1.2.2).
Fach value of n corresponds to a mode; hence it is termed the mode

nﬁmber. For the mode 0, © = /2 and both families‘of waves are

directed in a horizontal direction. This wave may be considered to
origimate in line source carrying current Ia. If s is the length of

the source dipole and I is its current (Wait, 1962), then
I 3.1/4
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 (1960).

It is ‘
E, = %uow:[aﬁg@) (kp) = Z]-:’;,iomISHO(2>(k/O) 3.1/5
h
where Hb(2> is the Hankel fumnction of +the second kird of
argument kp
and ko= 21/).

Considering the nth order mode (i.e. the mode produced by nth
pair of images) the line current of the source is now I gin ® = ISn

because of the obliquity of the rays. - Also the clectric field at a
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given point will be perpendicular to the ray direction so that to
obtain EZ the field must be multiplied by‘Sn.

Hence

M owlg

2. (2),.
Ezn = 2”’“2%;1*” Sn ho< )<kpsn> 3'1/6

the factor 2 arising from the 2 sets of images. The total field is

obtained by summing over all modes from O +to oo giving:

LLO(J)IS (2) . 2 o (2>
B, = % H Y (xp) + EZSn 2V (kS ) 3.1/7

=1

For p > A this reduces to

Mo Is
B, = 2(z7) === exp(i n/4)  exp(-ikp) + S 5/
z € Z = 28

o h{ap) =1 n

exp(-ikopS )
is}
3.1/8
taking only the first terms of the asymptotic expansion of the Hankel

function.

By considering Ag as the wavelength in the z direction
= o L
M /8, 3.1/9
Combining 3.1/9 and 5‘1/? the cut off frequency for a given mode

(fn) may be obtained as in section 1.2.2

[y

£ =1 3.1/10
2h

5.1.2 Modification for imperfect reflection

The reflection coefficient for a wave incident on the ground &t
an angle whose cosine is € is denoted by Rg(c); the corresponding
reflection coefficient for the ionosphere is Ri(C)p Tn general Rg and
Ri may be complex. TFor constructive interference a wave must traverse
the waveguide being reflected off each boundary, suffering a net phase
change of 2nn radisns. This condition may be written as:

R_(C) Ri(C) exp (~i2khC) = exp (~i2mm) = 1 3.1/11
©

where n is an integer.
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To determine the resultant {ield, it is necessary to solve 3.1/11 for
Cn for each mode. Hence Sn is determined for substitution in expres
sions such as 2.5/8. Sn is, in general, complex; therefore Sn may be
written as

Sp=Re S +1ilIms, 3.1/12

The resultant wave field, which contains a term exp(wikpsn), will
thus contain a term exp(kp Im Sn) as well as the term exp(~ikp Re Sn>"
This implies an attenuated travelling wave. The imaginary part of

Sn is called the absorption coefficient (K) and is usually given in

units of db/Nm. The guide wavelength and phase velocity are given

by
A
Ag= e 3.1/13
n
C
Vo = T 3.1/14
n

In general the solution of 5.1/11 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
b, C-2C 2 C

R,(0) = B ® o 1 - B & (T2 5.1/15
g u C+ C oo b C
g 2 g
H,C - C, 20y -0
Ri(c> Tne+c, ;Lo I, “"~eXP<ETw6' 3-1/16
1 1 3 1
. 2 ~2 -2
assuming |C| v lugl b }“i;
where p (1 - ¢ 2)% = (1 - 02)’25 =, (1~ ¢ 2)"35 3.1/17
g i g i R Ji e /
g+ 1& '% O, +1e, u %
, - (B B s (ot -
and Hg g i€ w ) 4 p-i ( ie w )

where o is the corductivity and ¢ the qum\WlWFa‘

The resonsnce equation.}.l/il may then be simplified to
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khC= o+ =5 3.1/18
where A= (#£-+ 450 3.1/19
Mi Hg
if % is assumed to be a smwall quantity. 3.1/18 may be solved giving
% o

o s Trl’l - O - TIl’l

L)n P ( ) l 21{}3 A 1 (
where 50 =1, and gﬂ =2 forn=1, 2, ... 3.1/20

This perturbation method is valid only if the ma gnitude of the second
term 1s small. his restriction and the previous one may be satisfied

simultaneously if

k hial << | 3.1/21

and

Y 7N
Fh<< I (g ) 3.1/22
Since the walls are assumed highly conducting

) agm and <> . e, w‘

g
Hence
i
2 T = I (8'” + (GH)P 5:1/25
i
Therefore
—2; n t B ¥ -%—
an .
Resncﬁ 1- (Kn> o (Lh §‘1/24
) ‘ gfkh .
S8y 14
12 ° _ hn 3.1/25

2/ 2 kh kh

From.3.1/24 it may be seen that a mon;infinite conduotivity increases

the real part of 5, and hence decreases the phase velocity (see 3.1/14)
The above expressions are not valid however for a mode near cut

off because of 3.1/22. This may be overcome by solving 3.1/18 (valid

for éA kh £ 1) a5 a quadratic in C. This gives (Wait, 1962):



5, =1-%F =n=0 %.1/26
| , N
Con |F o
5 24 1 - (%% - i n=1, 2, 3, ... 3.1/27

This approximate solution would appear to indicate that the attenuation
increases indefinitely as the conductivity decreases. However for low
conduetivity the condition {Ai <<1 becomes violated. It may be

shown that for a given value of n the attenuation reaches a maximum
value as ]A[ is increased and then decreases to a broad minimum (Wait,
1962). This may be illustrated by solving the resonance equation.B.l/il
under the condition that | N, C | << 1, }Né C|>> 1 which is a reasonable
assumption for the earth- ionosphere waveguide. At very low freguencies

the solution is found to be: (Wait, 1962)

_ = 1 = \2 1 m} ‘
e S““La/é’n(h/wgn ) /EH/EJ e

I8 =Tt ((’é’nf (JT+2) \/ﬂ 5.1/29
‘< ]

nn, 2 (b/1)8, L

2 i
where “i = ] - 1
T = n{n-24) n-2
n kh ~ 2 h/h
g r. o2 15
[ - . ~
un Ll (Cn)
€ W
G = -2
T

It may be seen that for a fixed value of h/x and\/g the Imaginary part
of Sn hes a broad minimum when L = 1; when T is less than 1 the

e 1
attenuation factor varies as L © or as Uig; when L is greater than 1
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L
the attenuation factor varies ags 1° or as o, <.

5.1.3 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 rveduce the reflec-
tion coefficients of the earth and ionosphere. If the rading of the
earth is RE7 the height of the ionosphere h and the angles of incidence
at the ionosphere and earth are £' and # respectively, then from Snell's
law

REsinyf: (B + h) sing’ 3.1/%0
Wait (1960) has calculated a modified resonance equation taking the

earth's curvature into consideration. It is

Rg(C)Ri(C')eXp[m zikf[c + »2-?«2 s:; ] = exp(~ 2inn) 3.1/31

where C = cos g and C!' = cos ¢!

Numerical results by Wait and Spies (1960) show that the curvature of
the earth may increase the attenuation by a factor of three (see Fig.
3/2).

The curvature of the earth also has the effect of reducing the
phase velocity to less than ¢ 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.

5.1.4 EBffect of the earth's magnetic field

The effect of the earth's magnetic field is to meke the iono~

sphere an anisotropic medium. The magneto~ionic theory (Ratcliffe,
1959) shows that the refractive index of the icnosphere, when per—

meated by a static magnetic field, becomes double valued. Hence a

transverse megnetic wave incident on the ionosphere will give rise
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to two reflected waves (one Til 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, 1962).
This double refraction in the ionosphere is described mathematically
by two reflection coefficients yRy and R, together with two con-
version coefficients 4R, and R, 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 attermation become dependent
upon the direction of propagation (Fig. 5/3).

5.1.5 Further refinements

So far the ionosphere has been considered to be a gharply bounded
medium. Experimental evidence tends to indicate that this is not so
and that it should be considered a stratified medium, i.e. consisting
of layers of different conductivity. Tt 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, 1963, 1964; Wait, 1963;

Galejs, 1964a,b, 1965, 1966, 1968a,b). The results of these refine-

ments do not alter the results already described to a grealt extent.
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CHAPTER FOUR

The Magnetosphere: 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. No satisfactory explanation has yet
been found for this phenomenon. 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 (Helliwell, 1967,
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 plasms 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 ~ 1000 km, the pre-
dominant neutral component being hydrogen. Pig. 4/1 shows a diagram of
the magnetosphere. The areas marked 'stable trappingt are the Van Allen
radiation belts of energetic charged par#icleg trapped by the geomagnetic
field; vhich extend out to a few earth radii. Flectron energies range
between a fraction of an eV (thermal electrons) and several MeV while
proton energies extend from thermal values to several hundred MeV. The

flux of the most energetic electrons has a maxinum at equatorial radial
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distances of around % to 5 RE while energetic protons tend to pesk around

1.5 RE; the lower energy particles are usproad 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 300 - 500 km secal
This is greater than the Alfven velocity, the magnetohydrodynamic equivar
lent of the speed of sound; therefore a standing shock wave or bow shock
is produced upstrean of the magnetosphere. The earth's magnetic field
presgnts 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 magnetopzsuse is
the magnetosheath, a region of turbulence. The solar wind is made to
flow around the magnetosphere: as it does go 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.
Thug the motion of a charged particle in the magnetosphere is conveniently
described in terms of three adiabatic invariants of motion (Northrop and
Teller, 1960). These are:

(i) the magnetic moment, y = g yhere P, 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 invaviant, J = g;p” dl , where Py is
the component of relativistic momentum parallel to the magnetic field and
thebintegration ig taken along the guiding centre of the particles motion
from one mirror point to the other and back;

(1ii) the flux invariant, §§ = §7§;. 4l 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 constraincd to drift around the earth on the shell defined by

J = constant, p = constant. An electron drifts eastwards, a proton west
wards (Matsushita and Campbell, 1967). The shell is identified by its L
parameter, defined to be IBB, which is approximately equal to the radisl
distance to the shell in the equatorial plane, measured in earth radii
(McIlwain, 1961). Tach L shell is formed by rotating a magnetic field
line about the earth. Thus any field linec and the pointg 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 RE, when there is
an abrupt change from around 100 CETB to around 1 cﬁuB within a distance
as small as 0.15 RE (Carpenter, 1966, Mathur and Rycroft, 1972). This
region of rapid change is known ag the plasmapause; its position depends
on local time as well as the level of magnetic activity (Carpenter, 1966,
Rycroft and Thomas, 1970). The plasmapause will be discussed in greater

detalil in a later section.
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is a field aligned structure and that its position depends strongly on
the level of magnetic activity as weil as exhibiting a marked diurnal
variation. The diurnsl 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 RE in around 10 hours,

(ii) a slight outward motion on the day side, covering around 0.5 Ry
(iii) a rapid outward shift in the late afternoon, around 1800 LT, covering
around 1 RE in about lvhour.

The pattern of the diurnal variation is shown in Fig. 4/3.

During periods of changing magnetic activity the position of the
knee changes with at most a few hours delay, moving inwards with increasing
magnebtic activity. A statistical study by Rycroft and Thomas (1970) shows
that during the local night the equatorial radial distance to the centre

of the plasmapause is given by the relation:

R, = 5.64 = (0.78 + 0.12) K% 4.2/4

where Kb is the three-hourly index of magnetic activity, which tekes
values between zero, for extremely quiet conditions, and 9 for extrenely
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 L = 3.1 (Mathur and Rycroft, 1972). At
extremely quiet times the plasmapause may move out as far as L = 8 or 9
(Helliwell, 1968).

The width of the plasmapause is found to be generally around 0.2 Ry

in the equatorial plane although there is evidence to indicate that the
width decreases ét times of high magnetic activity (Chappell, Harris and
Sharp, 1970).

A steep electron density gradient such as the plasmapsuse acts as a

reflector for very low frequency radio signale. Alexander (1971)? using
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ray tracing techniques to be described in a later section, has shown
that whistler mode radiation impinging on the plasmapause from within
is generally reflected by it and thus remains inside.

4.2.2 Ray tracing in the magnetosphere

The magnetosphere, being a region of plasma permeated by a magnetic
field, is an anisotropic medium, since the refractive index and hence the
phase velocity are functions of the direction of propagation (equation
1.3/1). Therefore waves of a given frequency propagating in slightly
different directions will have different phase velocities and hence
different wavelengths in the medium. This is shown diagramatically in
Fig..4/%; AA and BB are plane wavefronts having slightly different
directions to the magnetic field Eo' BB is assumed the slower of the
two. After 1 sec the point of constructive interference has moved from
0 to P and the wavefronts are at AA' and BB!'. 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
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where © ig the angle between the wave normal and the earthls magnetic
field,

where p is the real part of the refractive index.

Hence the ray direction may be related to the anisotropy of the refractive
index thus:

tan o = pﬁl %% 4.2/6

If it is assumed that £« ﬁB o then this relation reduces to the expression
obtained by Storey (1953):

tan o = % tan 0.



. Wave interference in an
anisotropic medium. Point of maxi-
mum ficld intensity moves from 0 to
P in unit time,

Bi

/

Graphical solution of Snell's law,

Pige 4/5

49



50,

This leads to the famous Storey limiting angle of 19029', i.e. the ray
direction never departs from the geomagnetic field direction by more
than 19°291.

The refractive index surface is a very useful concept in ray
tracing. It is formed by plotting the refractive index as a function
of ® and rotating the resulting curve about the direction of the ambient
magnetic field. Poeverlein (1948) has shown that the ray direction is
the normal to the refractive index surface for a given value of 8. When
calculating the time delay the expression.l.}/? is not the correct one
to use. It may be seen that, in Fig. 4/4, while the wavefronts have
moved a distance vg the point of constructive interference has moved a
digtance Vg sec «. This is the group ray velocity, Vgr and is the
velocity at which the energy is propagated through the magnetosphere.

As a ray propagates through the magnetosphere the refractive index
changes constantly, since the electron density, magnetic field strength
collision freguency, and ion composition, which all affect the refractive
index, are changing. A ray may be traced through the magnetosphere by
dividing it up into regions in which the refractive index is assuned
constant and using Snell's law at each boundary. The refractive index
surface may be used to solve Snell's law graphically (Poeverlein, 1948).
Snell's law requires that the tangential component of the refractive
index vector be the same on both sides of the boundary, which is equiva—
lent to matching the tangential components of B and H. The graphical
solution of Snell's law is illustrated in PFig. 4/3, where the boundary
in question is between the atmosphere (medivm 1), where the refractive
index is unity, and the lower ionosphere (medium 2). The solution is
obtained by extending a perpendiculsr from the boundary through the end
of the refractive index vector for medium 1 until it meets the refrac-

tive index surface of medium 2. By drawing the refractive index vector
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from this point back to the origin the matching condition is avtomatically
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
wvave in an anisotropic medium  These equations are in a suitable form for
mumerical 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 Haselgrove
equations, which takes account of all the main features of the magneto-
sphere. Two diffusive equilibrium models of plasma distribution are
included, one describing the conditions for a suﬁmer 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 VuF signals, which have propagated through the magnetosphere.

4.2.% Ducts in the mapnetosphere

Magnetospheric ducts consist of field aligned enhancements in the
magnetospheric electron density  Their effect on VILF 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 resulis in a small critical angle (Yabreff, 1961).

The absorption of the ionosphere is also strongly dependent on this

angle (Smith et al., 1960)
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In order to understsnd the need for ducts it is necessary to
examine the refractive index surface in the magnetosphere taking into
account the presence of iong, mainly hydrogen, helium and oxygen.
Fig. 4/6 shows the refractive index surfaces for frequencies (a)
below 0.5 f and (b) between 0.5 f and £ 3 in both cases the

Be" Be Be

frequency is assumed to be greater than the lower hybrid resonance

frequency fLBR given by:

2 .2
2 0 fB e me
fir = | T | (ot tooger *oor) 427
£+ f D =7
o B e 4 16

where m and mp are the masses of the electron and proton respectively
and Opph 5 Ozt and Uy BTE the fractional concentrations of H%, He+ and
o It méy be seen that for both cases there isg a limiting value for

the angle between the wave normal and the magnetic field, at which

the refractive indew tends asymptotically to infinity. This limiting

angle is given approximately by

Cos\fﬂmax - f/TB e

If the wave normal angle exceeds this value the wave becomes rapidly
attenuated. Below the lower hybrid resonance freguency, 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. TUnless the refractive index becomes very large
(when the frequency is almost equal to fLHR and the wave normal angle
ig close to 900) the attenuation of the wave is not very great (Kimura,
1966). The value of fLHR increases at low altitudes as the electron
v ‘{Qe}"*ehcuj :
zgﬁﬁééyAbeoomes greater. As the ray propagates down into a region
where the wave frequency is lesg than the lower hybrid resonance fre-
quency the wave normal approaches and passes through 900 to the field

line. As it does so the ray refracts round, becoming transverse to






the field line when the wave normsl angle is 900, and thereafter
propagates back upwards (Storey and Cerisier, 1968; Alexander, 1971).
This phenomenon is often referred to as magnetospheric reflection,
although refraction would be a more accurate term. Generally, a VLF
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 Fig. 4/8. Signals of this type have been received
on satellites and are known as MR (magnetospherically reflected)
whistlers (Smith and Aﬁgerami, 1968).

| Fig. 4/9 ghows the electron density profile across a duct; the
profile shown is that used by Alexander (1971) and is Geussian in shape.
The corresponding refractive index surfaces are shown in Fig. 4/<(b).
Using the Poeverlein construction i+t may be seen that, provided the
wave normal angle is initially not too large, the ray zig-zags along the
duct and is thus guided along the field line. At the same +ime the angle
between the wave normal and the magnetic field varies by a small amount
either side of zero. Since the magnitude of the wave normal angle
always remains small the ray may be guided through the lower hybrid
Tesonance region without being reflected and may thus be received in
the lower ionosphere and hence on the ground. The refractive index
surfaces shown in Fig. 4/10(b) are for the case when £ < 0.5 fB o
Ir £ > 0.5 fB c then the refractive index surfaces are as in Fig. 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 higher 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 and 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) tends to suggesﬁ that the magnetosphere is striated with more or
less random troughs and enhancements and that the larger enhancements
may 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 trace rays through the magnetosphere it is necessary
to form a realistic model of the distribution of plasma in the magneto
sphere. It is also desirable that this model should be in a convenient
form for mumerical computations. Angerami and Carpenter (1966), ueing
whistler data, showed that inside the plasmapause (L& 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 ideslised collisionless model was a more rezlistic
estimate. In this section these and some related models are discussed,
outlining their theory.

(1) The diffusive equilibrium model

In this model it is assumed that the ions and electrons are con-
strained to move only along the earth's magnetic field lines under the
influence of the earth's gravitational field of a charge separation
electric field and of the centrifugal force arising from the rotation

of the earth (Angeremi and Thomas, 196%). Tt has been shown that the
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most crucial factors governing the form of the plasms distributions

are the temperature and ionic composition at the base level of the

model, assumed o be at 500 km (ingerami and Thomas, 1963%) or 1000 km
(Angerami, 1966). The latter 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 (1966) gives the following
formila for the electron density distribution under diffusive equilibrium

conditions;:

L
- _E 7 ® 5
N=1% | z oy exp( Hi) 4.2/8
: i
2
T 2
. _ b @ 2 L2
with Z =1 - 2, (r° cos” & T, cos gb)
and Hﬁ = kT
i &p
where « is the fractional concentration of each ionic gpecies

r is the radial distance from the centre of the earth

©2 is the angular rotational speed of the earth

g is the acceleration due to gravity

G is Tthe geomagnetic latitude

k is Boltzmann's constant

T is temperature

m is the mass
The subscript i refers to the ith ionic gpecies, O+, H% and He® being
the species usually considered; the subscript b refers to the base
level of the wodel. (It is assumed that T = Te = Ti and that T is
independent of altitude ) Angerami (1966) has shown that the centri-

fugal force term only becomes important for L 2 6.
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(ii) The colligionless model

In this model the plasma is assumed to consist of electrons and
protons only; the forces acbing 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, 1966). The electron

concentration is given by:

N=n 3 el %) - (1- 297 e ["’ - ’}}42/9
=y *PAT o B/ P 2H(T - B/E,) | :

where B is the magnetic field strength and z and H are as for the diffu-
sive equilibrium model (eg. 4.2/8).

Angerami (1966) has shown that this model approximates very closely
to the f"4 model, the latter having the advantage of being much simpler

to work with; the electron density is given by:

n=n rb4 4 4.2/10

(iii) The hybrid model

The hybrid model described by Park (1972) combines the diffusive
equilibrium model with the collisionless model. A diffusive equilibrium
model is applied from 1000 km altitude up to 500 dipole latitude and a
collisionless model from 500 to the equator. The model attempts to
recognize the fact that when the magnetospheric concentrations are low
the plasma may not be in diffusive equilibrium whereas it is unrealistic
to assume no collisions down to 1000 km as in the purely collisionless
model. This model is, therefore, mainly applicable to the magnetosphere
beyond the plasmapause.

(iv) The summer day (SD) end winter night (W) models

These two models are essentially diffusive equilibrium models
where the value of the various parameters at the base level (900 xm in

this case) have been put into a form suitable for digital computing
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(Rycroft and Alexander, 1969; Alexander, 1971). Using data from the
Alouette I and InjunlIII satellites it has been shown that the electron
density, hydrogen ion concentration and temperature at 900 km altitude

may be represented by polynomials of the formg

P=op +p ¢ + D, ot o+ o, 6 ' 4.2/11

where G is the geomagnetic latitude.

The oxygen ion concentration is given by an exponential of the form:

Q= exp(q, G- q) 4.2/12
to which is added a portion of a sine curve below 150 latitude to

form an equatorial peak in the concentration. This is of the form:

a5 (sin(q, (6-15)/57.2957795))° 4.2/13
The helium ion concentration is obtained from the difference between
unityand the sum of the oxygen and hydrogen ion concentrations.
The difference between the SD and WN models, which are taken to be the
extremés for normal magnetospheric conditions, ig in the value of the
coefficients p, and g, which are listed by Alexander (1971). Fig. 4/12
shows how the electron density in the magnetosphere varies according to
the various models.

4.2.5 Model duets 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 vpon the normal electron density.

The equation of the gaussian is given by:
. ~ 2N :
I=Eexp(~ 0.52X°) 4.2/14
where E is the fractional enhancement of the duct at its centre

I is the fractional increase in electron density at any other
point on the duct









and X 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 varics 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 kmn
at the reference altitude (<~ 180 km in the equatorial plane (as
observed by Angerami (1966)) has been used throughout this research.

The model plasmapause is formed by smoothly decreasing the EF
and Het concentrations at the base level by two orders of magnitude
over an L value range of 0. % in the region of the trough in the electron
density; the position of this trough is related to the position of the
plasmapause (Rycroft and Thomas, 1970). 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
plasmapavse produces a more realistic result than would be obtained by
reducing the eleotron density by a factor of ten at the base level
since the latter does not allow for the gradual formation of the plasme-
pause as the altitude increases. The width of the model plasmapause in
the equatorial plane is 0.3 RE’ which is a reasonable value at times
vhen the plasmapause is at an L value of around 4. FHowever there is
reason to believe that the width of the plasmapause is less than this
at disturbed times when the I value of the plasmapause decreases (Chappell,
Harris and Sharp, 1970).

A more realistic model of the plasmapause has also been used in
which the electron density in the equatorial plane decreases by a
factor of 100 within a distance of 0.3 Rﬁ’ in better agreement with

experimental observations (Carpenter, 1966)., This is achicved by
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squaring the smoothly varying function by which the H and He concen
trations are multiplied at the base level resulting in a decrease in

these parameters of four orders of magnitude.

4.3 Generation of VLIV Fmissions

Various mechanisms for the generation of VLF emisgions have been
postulated by a mumber of authors. A detailed review of the current
theories has been presented by Rycroft (1972). In this section the
fundamental concepts of these mechanisms are described; come of the
refinements that have been suggested are also discussed.

All of the theories are based on a resonant interaction between
VLF waves and fluxes of energetic charged particles in which energy is
transferred from the particles to the waves. Followihg Brice (1964)
the change in energy of a charged particle of charge q, moving a
distance Ag at velocity v in time At in an electric field B and magnetic
field B is given by:

LW = F . As

a(E+vAB) . 1s 4.3/1

il

il

oB+3yAB). vt

=qE. v At 4.3/2

Thus, provided that L and v are in phase, there will be & 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. If d is the
pitch angle of the helix then V., = vecosaand v, =vsina. Thus

there are two possible resonant conditions:

(1) 2, . Y = constant (longitudinal resonance)

il

(i1) B, -3 constant (transverse resonance)

4.3/3
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The above formulation is completely gemneral and may apply to any charged
particle under the influence of electric and magnetic fields. The
remainder of this section will be concerned with the transvese

resonance condition applied to electrons.

4.%.1 Trangverse resonance

Por 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 geomasnetic 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 4.3/3 becomes:

fB e f
v, = = ==y v, cos® 4.3/4
. 2 , 2%
where y = (1= v} /%)
and © is the angle between the wave normal and the magretic

field.

It is norwally assumed that the electrons are nomr-relativistic (i.e.
y = 1). Thus writing vp = w/k and assuming longitudinal propagation
(i.e. @ = 0)

mBe""o.):"kv“ 43/5

As a coherent collective effect this condition leads 4o the trangverse
resonance plasma instability. TFig. 4/1% 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 plentiful the lower their energy it is considered that resonance
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is most likely to occur in the region of the equatorial plane
(Helliwell, 1965).

Brice (1964) postulates a mechanism involving feedback between whistlers
mode waves and electrons travelling in opposite dirvections. 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
remainirng trapped becomes less than their average transverse energy,
resulting in a pitch angle anisotropy.

One of the more complete theories of wave particle interaction
in the mzgnetosphere is that due to Kennel and Petschek (1966), 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 it is
predominantly longitudinal energy that is lost, the anisotropy is of
the appropriate sign for the transverse resonance instability. The
subsequent growth rate of whistler mode waves is 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. Tor 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 continucus particle precipitation ("drizzle") may be

established if the growth rate of the whistler mode energy is egual
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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 agreenent with satellite observations.
Another mechanism based on the transverse resonance instability
is that due to Helliwell (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. TUnlike 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 freguency, 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 Bw is independent of the particle flux. Bw is, however,
found to be dependent on the energy spectrum of the electrons through a
factor cot d, where o is the pitch angle of the electron: thus the
limiting value of the wave magnetic field is dependent upon the aniso-
tropy of the piteh angle distribution.
It has been shown (Kennel and Petschek, 1966; Rycroft, 1972) that
for a given pitch angle anisotropy the electron energy, parallel to the

earth's magnetic field, reguired for resonance, w” ig proportional

res’
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2
) . B .
to the magnetic energy per particle, CE R Fig. 4/15 shows how
2 t O.\

§E“ﬁ varies with L value in the equatorial plane for (l) normal and

(2) abnormal conditions with B decreased or I increased, or both. For
curve 1) gyroresomance with high energy (-~ 100 keV) electrons is
posgible and likely to take place at 2 klz on or just outside the
plasmapause. For curve 2) rescnance with low energy (-~ 10 keV)
electrons is possible and likely to occur at ~T7 kHz just within the
plasmasphere or at ~ 3 kHz at more than 1 earth radius beyond the plasma-
pause (Rycroft, 1972).» It may be seen that in both cases the energy

required for resonance has a minimum just inside the plasmapause.



| ANIVA-
L oy

12 {
’

*SUOT]TPUOD TUTWIOUGE PUR TBUWIOU IOT

~ _
/// enrdA T URTA uoxtoeTe xod A2xsus oTjeufewm JOo UOTRRTIZA *GT/V *STd
.// .
(UMED 1V ) o
CJ3SYREONI N 4O
- (Wewm bury) N

03S73A 8 YIHLT N

HLIM SNOILIONOD TvWdONaY 2 /_«

Fs

N T
A \ZHA e~ CZH L~
A OL~A9Y3NT MOT 20 ] 4\, SR,

‘SNOYIOTT HLIM SONWNOSR | ~

SNOILIGNOD “TVAON :1

AE100L~ASHANG HOH 40 1 o\
SNOHIDFTR HLM 3ONVNOS i

..AIA
|

ATRHTNSY

(e
JIWYILIEDO) )

aNVYd
VROLVNO3
NI

N

£ e
—d

N

—
s



The
CHAPTER FIVE

Iperimental Work

The majority of the work reported in this thesis is based on
observations of natural VLF signals made during or shortly after the
total solar eclipse of March Tth 1970 at a site close to St. John's,
Newfoundland, Canada. The author has also made similar observations
in Central Tceland during the period July -~ September 1969 as part of
an investigation of the variation of VIF signals with latitude, to
which reference has been made in section 1.4, and been involved in the
running of the Southampton Radio Physics group's permanent station at
Chilbolton, near Winchester. In all three cases the techniques used
were the seme. In this chapter the techniques employed to receive,

record and analyse the VLF signals are described.

5.1 The VIF Receivine Fouipment

5.1.1 Zhe acrial

The VLI aerial, designed and built by Develco Inc. (Model 10028),
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 Jloop
induces a signal in the aerial, enabling the entire receiving system to
be calibrated, assuming a one to one coupling between the serial and the
calibration loop. A matching network and low-pass filter with cut off
frequency 50 kHz are built onto the aerial and a preamplifier, contained
in a separate sealed box is mounted on the structure of +the aerial to
minimise pickup in the low level signal. The circuit diogranm of the
aerial and preamplifiecr system is shown in Fig. 5/1. The gignal from

the preamplifier is fed to the receiver by a normicrophonic twin co-
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axial cable, which alsc carries the d.c. power supply to the pre-
anplifier.

The aerial is normally oriented so that its plane is in the mag-
netic Fast-West direction. Thue radiation pfopagating in the earth
ionosphere waveguide in the megnetic FPast~West direction is received
preferentially. The e.m.f., =, induced in a single loop by a magnetic

e

flux,,é , linking the loop is given by;
8‘—:—“’“;’""5“ 5.1/1

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

§.= A B cos ® , 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 ﬁhe
loop. If the wave is considered to be travelling in free space then
the magnetic flux density B is given by:

B=p X 5.1/3

where I is the wave's magnetic field strength.

The wave's electric field strength is given by:

)

By
E= (%) B focme T mede. 5.1/4
0o

and hence E and B are related by the expression
1

i
E (p.os.,o) B

it

1
1

= CB 5.1/5

where ¢ is the velocity of light in free space.

Hence e = p b cos 9 g%;: £L£%§ii2 ~§% 5.1/6

5.1.2 "The receiver

The VIF receiver, built to the design of Develco Inc., Model 2005,

&
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is shown diagramatically in Pig. 5/2. The signal from the preamplitfier
ig firest anplified further by the differential input, broad band ampli-
fier, which has a gain of 60 dB. The signal to be tape recorded is
from the ocutput of this amplifier. The frequency response of the aerial,
preamplifier and main amplifier iz shown in Fig. 5/5.

The receiver also incorporabtes two selective channels, by which the
background signal level at two frequencies, 2.9 kHz and 5.%6 kHz, may be
monitored continuously using a paper chart recorder. Hach channel com-
prises of a step attermator, by which the signal may be reduced in steps
of ;O 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 func-
tion 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
regsponses of the filters and amplifiers for the two channels is shown
in Fig. 5/4.

5.1.3 Iilters

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 I~C low pass filter, tuned to around
18 kHz in conjunction with a series of twinT narrow band reject filters.
The frequency to which these filters need to be tuned depends on the loca-
tion of the receiving site. In Britain four twinT filters are usually
needed, tuned to 50 Hz and 150 Hz (to remove interference from a.c. mains),
16 kHz for the GBR transmissions from Rugby, and 200 kHz for the BEC radio

2 transmissions. The Omega transmissions at 10.2, 11.3%, 12.5, 12.6 and

1%.6 kHz arve not filtered and mey provide useful absolute timing inforsw

4 o~

tion. 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.

When receiving at the site near St. John's, it was found necessary
to include some extra filters as well as retuning the maing filters to
60 and 180 Hz. The additional filters were tuned to 17.8 kHz for the
powerful NAA transmissions 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
lagting 0.5s every 20g, which provided useful timing information. Since
each filter slso tends to attenuate all frequencies slightly it was found
necessary to include an extra broad band amplifier after the filter net
work. A Levell, Type 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
vass, 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. The tape recorder used was a Lockheed
model 417, four track recorder. In Britain the recordings were usually
made using an Akai Model XV, at a tape speed of 3.75 ips.

The d.c. output from the two selective channels was recorded, using
a three chammel galvanometer-type paper chart recorder (Evershed and
Vignoles, Model QTBOl), the paper chart being driven by a clockwork motox,
usually at 2.5 cm Hﬁl, although at times the faster speed of 2.5 cm miﬁﬁl
was used.

The operation of the dual-time constant detector has been investigated
in detail by Adjepong (1972). The circuit is similar in design to the
minimum reading circuit designed by Ellis (195%9). It has a charging time

constant of around 20 = and a discharge time constant of asround 5 ms. Thus
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it may provide a contirmous monitoring of the background VLF signal
level while remaining insensitive to impulsive signals such as atmos
phericsg, which have a duration of a few milliscconds. It was found
that the insengitivity of the detector to impulsive signals depends

on their duration and rate of occurrvence. If the dmpulsive signal is
repeated very rapidly it tends to resemble white noise and may be integ
rated by the detector. It was found that the detector was insensitive
for repetition rates below around 20 secﬂl; however Malan (1963) has
shown that the repet;tion rate of atmwosphericg can be ag high as

200 sedﬂl.

The values of 2.9 and 5.3%6 klz 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 gignals are non transient and
may last for periods of an hour or more they are detected preferentislly
by the circuit and are displayed on the chart as a marked deviation
from the normal diurnsl trend.

5.1.5 The system ag a whole

A block diagram of the entire VLF recording and receiving system is
shown in Fig. 5/7, A single, integrated circuit amplifier and loudspesker
are included ags shown for monitoring purposes. The system is designed %o
be operated at sites remote from the a.c. maing supply to minimise inter—
ference. The receiver, filters and audic amplifier are powered by 12 volt
lead—acid accumulators and the tape recorders have their own rechargeable

nickel~cadmium batteries.

5.2 Data Analvsis

The methods of analysis of the transient VILF signals that are the
subject of this thesis may be divided into two main categories. These

are:
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(i) Anmalysis 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 maxirum 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 fregquency-time plane representation of
the VIF signal. There are a mumber of machines that will produce
dynamic spectrums 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 pro-
ducing spectra in the range 1 Hz ~ 16 kHz. Since this piece 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 Hz - 100 Hz to 160 Hz -~ 16 kHz. The
machine also has the capability of expanding any portion of any range
to cover the sonagram, if required. The freguency 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 Hz to 8 kiHz 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 continucusly at a speed of %00 rpm, which ig 12
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times Taster than the recording speed for the 8 kHz range. The signal
igs then passed through a low pass filter with a cut off frequency of
96 ¥Hz (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 sonagrem moves from the
bottom of its travel to the top. The oubput of the modulator, which
consists of sums and differences of the oscillator frequency and
hetercdyned signal frequencies is then passed through a narrow pass
band filter with a centre frequency of 200 kHz. The 200 kHz 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 1s 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 AGC circuit this may be improved to 40 4B if required.

Another machine somewhat similar to the Sonagraph is the Seac%wan.
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 Rayspan 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 Cenbral Tceland

As stated in section 1.4 the work carried out in Central Tceland
during the summer of 1969 formed part of an experiment to atudy the
variation with latitude of VLF emissions. Accounts of these experiments
have been given by Case et a2l (1970) and Reeve and Rycroft (1971). The

equipment used was the VLF system as described in the previous sections
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together with two flux gate magnetometers recording fluctuations in the
vertical and horizontal (I+S) components of the earth's magnetic field
on two channels of a chart recorder.

A recording schedule was established such that on certain pre-
arranged days simultencous recordings would be made in Iceland and at
the other two stations, on South Uist in the Outer Hebrides and at
Chilbolton near Winchester. Although mény VLF emissions were recorded
in Iceland during August and Septewber 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 Tth 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 5.1. Chilbolton (L = 2.%9) will be situated ingide
the plasmapause (L ~4) under all but extremely disburbed conditions;
South Uist (L = 3.58) will usually be inside but may somebtimes be out-
side depending on magnetic activity and local time, while Jokulldalur
(L = 6.17) will almost always be outside the plasmapause (Carpenter,
1966; Rycroft and Thomas, 1970). In view of the barrier-like nature of
the plasmapsuse to VLE waves (Alexamder, 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 statioms. Table
5.2 shows the three-hourly KP indices for July, August and September
1969. Observations were started on July 30th and ended on September
5th. It may be seen that during this period megnetic activity was
relatively low (max. KP = 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.



Geographic .
Station Tat. Long. L value
. 0 0
Chilbolton 51.15"N 1.427W 2.39
. 0 -0
South Uist 57.35 1 T.277W 3.38
Jokulldalur 64.72°w 18.07°% 6.17

Table 5.1

Coordinates of the three stations.

89,



- GEOMAGNETIC

JULY 1969

ACTIVITY INDI

RS

(VRN AVEN

SV K

DA P
THREF~HOUR RANGE INDICES | SUM C; Cp Ap

102 32 4 %5 6 7 8
1 Dpl2e 2e 5 2 B+ 2+ 4 3- |24 | 1.0 || 069 || 17
2 3 3= 1+ 1- 1— O+ 0+ 1 10 el 03 5
5 Q! 1~ I~ 0+ 3 I- 1 1= 1+ &+ 0ol Col 3
4 QQ | 1= 0+ 0+ 1= I~ 0+ O+ 1 b Ol 0«0 3
5 GQ |l 0+ 1~ 0+ 1= 0+ 0+ O 1 G Osd 00 2
& 1 Q0+ 1= 1—- 2~ 2~ 1 2 g~ Ge3 Oul 4
7 1 2 1~ 1% 2~ 24 14 2~ 12~ 03 062 &
& i1 1 1-1 1+ 2 2 10 Cul 0s2 5
9 3= 2 2 1 2= 2= 1+ Z- 14 Oak 0e3 7
10 2 24 1= 2= 3~ 1+ 1 2% 14—~ Os5 0s3 7
13 2 1-1 1= 1 1+ 3= 2~ 11 Ge3 062 &
1z 3 2+ 3 it 2= 1+ 3~ 4 19+ e 07 12
13 D 3~ 3+ 3 3+ 2 2 4= 2+ 22+ Oe8 068 1%
14 Dil 24 5= 2+ 2~ 34+ 2 2 2 20+ (od 07 i3
i5 14+ 14 2=~ 1+ 1+ 1= 1 2 11= Dol Ce2 5
15 1+ 3 2=~ 3 2- 3 3 2- 18+ 0eb Oeb 10
17 Qlli+ 1+ 1 1I-1 1 1 1~ 8 0ol Ool 4
18 Qilo o+ 1 1+ 2 1- 1~ O+ &+ Gol Oel 3
19 QQ | 0+ 1~ 1+ O+ O+ O+ 0+ O+ 4 0«0 00 2
20 G| 1~ I~ 1- 1+ 1 1 1~ O+ 6+ Gol Oel 3
21 1+ g+ 1- 0+ 1 2- 2~ 2 9 Gel 0as2 4
22 2o 2 24 1 2= 24 2— 3= 15 0o Oct 7
23 1 1~ O+ 1+ O+ 2 3~ 2 10+ Ge3 02 5
24 el i+ 1~ 1+ 0+ 1 1 1 1 & Cel Os1 &
25 Qllim 2= 1 1= 1= 1~ 1 1+ o Del Oel 4
26 D2~ 2 1~ 3+ &6~ 3 2=~ 5= 23 13 1e0 20
27 D7 6+ 6 2+ 3 1+ 4= 1w 31 13 1a5 45
28 1+ 1 2 1= 0+ 1= 1= 1+ 8 Oed Oo i &
29 QQ 4 1~ 0+ 0+ O+ O+ O+ 1L O+ oo Gol 0.0 2
30 2= i 3= 14 14+ 4 5~ 3 17+ Gel Ca7 i3
31 e 14 3 1= 2= 14 14 Z- 12 e 063 )
.MEAN 0639 Oe% 8
A preliminary storm sudden commencement occurred on July 26 at 1153 UT.
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GEOMAGNETIC ACTIVITY INDICES
AUGUST 1969

DAY | ’ KD
THREE~HOUR RANGE INDICES | SUM Ci ¢, Ap
i 2 3 4 5 6 8
1 eQ |li- 1 o0+ 1- 1 1= 1~ 1- G~ Ool Col 3
2 Q llo+ o 0+ 0+ 2 2 2+ 2+ 10~ Oe3 De?2 5
3 D (|2 2 2= 3= 3- 3 4 4~ 22~ 069 008 14
4 4= 34 2 3= 24 3+ 1+ 3~ 21+ 08 0a7 13
5 2 3 2- 2 2+ 1+ 1 1- 14 Ook Osk 7
6 Q |3~ 2+ 1+ 1 1- 1- i~ 1- 10 0e2 0e2 5
7 2 2 2= 2+ 2 1 3= 3= 16 Oeb Octs 8
e 1+ 1= 2 3% 3= 2 2~ 3 17~ 0e5 O0e5 9
g 3. 34 24 2= 3+ 2+ 2 2 20 0eb Oab 11
10 2= 2+ 2 3 2= 2= 0+ O 13~ Oe?2 063 6
11 G0 o 1-0+ 1 1 1 1+ 2~ 7 Ne?2 Oel 4
12 O |4~ 3+ 3+ 4 4 4 3+ 2+ 28 1e2 Tel 21
13 2~ 2= 3= 3= 0+ 1 1 2 13 Oo 063 7
14 1+ 1+ 3~- 2+ 1+ 2= 1+ O 12 03 03 6
15 Q O+ O 2= 0+ 1+ 2"" 1+ 2 i Q9 0@3 Oez &
16 Q o+ 0 1- 1+ 1= 1 1~ 3=- T+ Oe3 0ol 4
17 4 2 2= 1 O+ 1- 1+ 1- 11+ Oek 0s3 6
18 2+ 1+ 1=~ 1 34 3~ 1~ 1 13 Got Doty 7
19 D [[3~ 2+ 2+ 3= 2+ 3 3 4= 22 160 Oa7 13
20 2 2% 3~ 1+ 1+ 1 1 2 14~ Geb 0e¢3 7
21 1+ 2+ Q0% 1= 2= 2=~ 2 2~ . |12~ Dl 0e¢2 6
22 14+ 0+ 0+ 1+ 1+ 2~ 3~ 1+ 10+ De3 Oe2 5
23 3 3% 2% 3= 2+ 2 2+ 2 - |20 Do 066 11
24 2 2~ 1+ 2+ 2 1 2z 2- 14 Dol 063 6
25 QQ I3~ i+ 0+ 0+ 0+ 0+ O 1~ 6 Oel Dol 4
z26 O jj1- 1+ 2= 5 4= 2= 2- 4= 19+ 0e9 0e8 15
27 D4 & 3+ 3+ 2 2 2= 2 24+ 13 lel 21
28 3- 2 1 1- 2 1 2~ 1~ 12~ Cod 063 6
29 @ 1 1= 1- 1 i+ 2~ 1~ 0O+ 7+ Dol Oel &
30 QQ {10 1- 2= 1 2 1- 14 1- 8 Oe? Ool 4
21 Q il o+ 2 2~ 1 1 1+ 1+ 10~ Oe? 02 5
MEAN 0046 || 039 8

Table 5/2 (b)
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GEOMAGNETIC ACTIVITY INDICES

SEPTEMBER 1969

DAY KD

THREE~HCOUR RANGE INDICES | SUM C; Ch Ap
T 2 '3 4 5 6 7 8

L1 0@ [|1+4 2~ 1~ 0+ 0+ O+ O+ O« 5+ || gl |10l 3
2 QQ 0+ 1~ 1= 0+ 0+ 0+ 0O O+ 3 Oel 040 2
3 Q le- 0+ 04+ 1 -1 1 3—- 1 8 Oe? 0s2 4
4 Q {11 2~ 1-1 1 1- 2= 1 9~ 0e2 Oel 4
5 O+ 0+ 1 2= & 5= 4= 5~ 20+ 1ol 1.0 18
6 D |4+ 5 4= 4 2 3= 14+ 3 26— lel 1.0 20
7 24 2= 3= 4= 24 24 3 4— 22 0.9 07 13
8 34 5~ 5 4 2 2= 1 1~ 22+ 09 || 140 19
9 2~ 24 3= 3= 2+ 3 1 2+ 18 0e7 0e5 10
10 Le 2+ O+ O+ 1+ 1+ 24 3- 14+ 0«5 Oet 8
11 34+ 24 2+ 2+ 2~ 1 2+ 1 16+ D5 0e5 8
Q {12- 2+ 1+ 2 1- 1- 1- 0 9+ Oal O0e2 4
13 QQ 1o 1= 1= 1+ 0+ 0+ O+ 0O+ 4 0«0 0.0 2
14 1 1+ 0+ 1 1 3- 4 &4 15+ 0o7 0e6 11
15 5= 4 4= 2 3= 4= 3  2- 265+ 1e2 1.0 19
16 3~ 3+ 2= 1+ 1 1~ 1= 2~ 13 03 Oets 7
17 1= 0 O+ 3+ 3+ 3+ 4— 3- 17+ 0.8 Oe7 12
18 D I3~ 3 3 3= 3 5- 4+ 3 26+ 160 1.0 19
19 3 4~ 2 2 2 1 1 2+ 17 0ol 0s5 9
20 2 2~ 33— 24 2 34+ 2= 1~ 16+ Qo4 0«5 8
21 Q [|2= 2= 1+ 1+ 1- 1 1- 1+ 10~ 0ol 062 5
22 Q|1 1 1+ 1- 0+ 0+ 0+ O+ 5+ 0ol 0ol 3
3 O+ 0+ 0+ 1= 3 2 2+ .3+ 12+ Oeb Oets 7
24 Q |1+ 2+ 1+ 3= 1~ 1= 1~ 1+ 11 Oe?2 0e3 6
25 2 3+ 3 14 2 3- 1+ 2 18- 0eb 0¢5 10
26 QQ L1+ 1= 1+ 2= 0+ 0+ 0+ 1 7 0.1 0«1l 4
27 o o+ 0+ 0 -1 1 1+ &4+ 8+ Oe® 0e¢3 6
28 D I3~ 4~ 3 7 6+ 44+ 4- 5 36- 1.7 1¢5 47
29 D I3 4+ &~ 6+ 6 6 6-~ 7 4t 1.8 1¢8 71
30 D8 T &+ 7- 6 4 54 3 46 168 1.8 90
MEAN 0.62 | 0.58 ] 15

commencements (ssc) occurred in September 1969 at 05/1334UT,
5UT and 29/0453U7T.

Table 5/2 (c)



N2
S AN
o

The main type of VIF emigsion recorded at Jokulldalur was that
known as polar chorus or polar hiss (Helliwell, 1965). These emissions
are confined to the frequency band of 500 Hz - 2 kHz. Tig. 5/8 (a) and
(v) 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 sppearing as band limited thermal noise. The
emissions showed no correlation with magretic activity at the time of
the recording, polar chorus being received on the most disturbed day,
huguet 27th, as well as on September lst, one of the quietest days.

The emissions also appeared at all times during the day between 0700 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 (Helliwell, 1965), were
received. Fig. 5/9 shows the chart record for August 17 - 18 showing
the appearance of a burst of noise on the 2.9 kHz chart coinciding
with the recording of dawn chorus. TFig. 5/10 shows a sonagranm of the
VIF signal during this period. 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. 5/11 shows sonagrams of chorus recorded at
Jokulldalur, South Uist 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
simiiar mechanisms produce the emisgions at different latitudes. Since,
according to the transverse resonance instability theory of emission
generation (Brice, 1964) the triggering frequency of the emissions must
be equal to the doppler shifted equatorial electron gyrofrequency, e
lower frequency emission would be expected at higher latitudes where

the equatorial electron gyrofreguency is less than at lower latitudes.












This is in agreement with observed characteristics of the chorus
emissions. In Fig. 5/12 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.






CHAPTER STX

The Tonospheric D region during a solar eclipse

as obgserved by natural VT signalg

6.1 Experimental Observations

Recordings of natural VIF signals in the band 0.5 kHz -~ 10 kiz
were made by the author during the solar eclipse of March 7 1970 and
on the preceding and following days at a zite close to the STADAN
station near St. John's, Wewfoundland, Canada (geographic latitude
47044.9fN, longitude 52045.4¥w, L = 3.46). The system used was that
described in the previous chapter together with one flux-gate magneto
meter recording fluctuations in the horizontal (I§) component of the
earth's magnetic field on the third channel of the chart recorder.
Similar observationg were also made by courtesy of Prof. M.G. Morgan,
Dartmouth College, at Norwich, Vermont, U.S.A. (geographic coordinates
43045.O‘H5 72017.77W; L = 5.08) and by courtesy of Prof. T.R. Kaiger
and Dr. K. Bullough, University of Sheffield, at Halley Bay, Antarctica,
which is cleose to the magnetic conjugate of St. John's. The positions
of the three gtations and the path of totality of the eclipse at various
altitudes are shown in Fig. 6/1. Near Newfoundland the path of the
eclipse was approximately magnetic West~Bast. Since the serial was
mounted in the magnetic Fast-West plane it did not respond to signals
propagating in the magnetic Noxrth-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 Kast-West or West-East direction to the
aerial.

Fig. 6/2 cshows the chart record for the period 1500 UT Maxrch 7

to 0100 UT March 8 1970. The featuresof this record that are par-
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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 be discussed in later chapters. A preliminary

report of all VLF phenomens indicated on Fig. 6/2 has been presented

by Rycroft and Reeve (1970). During the eclipse, which lasted from
1756:30 until 2009:08 UT at 80 km altitude above St. John's, with a
maximm obscuration of 99.1% occurring at 1905:01 UT, two separate

VILF phenonmena were observed while aurally monitoring the signals.

The first was that, throughout the eclipse, tweeks ~ that is sferics
with sharp low frequency cut offs (Helliwell, 1965) - were occagionally
sudible. The second was a series of eighteen discrete risers (Helliwell,
1965), occurring within two minutes just before eclipse maximum at 80 km

B

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-
geconds. Becauvse of the effect of the dual time constant detector
transient signals with a repetition rate less than 20 sedﬁl would not
be détected (Adjepong, 1972). In this particular case the occurrence
of the tweeks was sporadic with periocds of vp to 30 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






for the fine struciure in the 5.%6 kHz rccord around 1900 U.T.

Fig. 6/5 shows a typical chart record taken at South Uist at
a similar L value to 8t. Johm's. It may be seen that, in the absence
of VLF emissions there is a definite diurnal variation in the intensity
at the two selected frequenciesg, 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). The reason for
this difference is indicated in Fig. 6/5 (Decks, 1966). At night the
ionosphere is bounded by a sharp electron density gradient between 80
and 90 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. Durihg the dgy this
approximation is not valid resulting 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 the eclipse on the ionosphere.
At quiet times the background VILF 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 sedﬂl,
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 attenuvation for these
signals. TFig. 6/6 shows how the lower ionosphere is affected by a solar
eclipse (Decks, 1966). It may be seen that even at 80% obscuration the
peak at around 62 km remains. It is énly at 100% obscuration that it
disappears leaving the sharp gradient at around 70 km.

The signals recorded at Worwich Vt. were replayed through the
two seleclive channels to search for a similar effect. The maximum

obscuration at 80 km above Norwich was 90.7% compared with 99.1% at



104.

10,

‘UOTABTIEA TeuIntp TeOTdAy JSurmoys QoET ALnf ¥ - ¢ 4STH UINOS WOLTF PIoosx

00

| ¥4

0 1O
m ! |

T o,
e s, L e

../\\»,\ .J\,u(} S g 9 i
K

S g

¥







106,

St. Johnfs. TUnfortunately 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 tweecks were audible on the Worwich

records, over the period 1800 UT to 2000 UT.

6.2.2 Analysis of tweecks

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 betwesn 2000 UT and 2400 UT on the two dates.
Recordings were also made on lMarch8 but because of the exceptional
magnetic activity - a major magnetic storm occurred on March 8 with
its sudden commencement at 1414 UT ~ these data‘have been excluded
from this analysis. Fig. 6/7 shows spectrograms of tweeks typical of
(a) the eclipsed period on March 7, (b) the corresponding period on
March 6, (c) the post-sunset period on both days. I+t may be geen
that the pre-sunset tweeks on March 6 were very weak compared with
those on March 7 and that their cutoff frequency was mmuch less well
defined. The main differences between the eclipse time tweeks and

st-sunset tweeks ave: (i) the eclipse time twecks are mich less
dispersed in the region of 3 kiz 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 (fc) of each tweek sonagrammed has
been measured, provided that it was well enough defined for accurate
neasurement. 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 employved so thét only the range 1 -~ 3 kHz was
displayed. The error in measurement is escentially equal to the band-

- - = . /,
width of the filtexr, in this case 22.5 Hz. Tig. 6/8 shows a sonagram

<O

£

of an eclipse time tweek using this scale. Systematic errors due to

differences in the speed of the tape recorders when rec ording and









replaying were eliminated by observing the time between the 2.8 kHz
tones mentioned in section 5.1.%. These were known to have occurred
at intervals of exactly 20 s. Hence the gystematic errvor, if any,
was determined and corrections to f_ were made. Fig. 6/9 (a) and (b)
show how fc varied with time betwee 1800 and 2400 UT on March=z and b
respectively. In Fig. 6/10 (a) the variation of £, with Universal
Time is shown for the period 1800 ~ 2000 UT, data from 16 March being
shown as crosses, data from 7 Msrch as dots. Fig. 6/10 (b) shows how
solar obscuration aﬁ 80 km above 5t. 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 1915 UT 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
pericd, many of which were exceptionally intense:; their cutoff fre-
quencies show a strong correlation with solar obscuration.

Least squares regression lines have been computed for the vario-
tion of fc with time over the periods 1820 — 1900 and 1910 - 1950 when
the variation of solar obscuration with time is approximately linear.
These are shown as the solid lines in Fig., 6/10(a). For the sixteen
points within the inberval 1820 - 1900 UT the correlation coefficient
(r) between the variables is —~0.79, and the standard error in the

gradient (Am) is only + 219% of m; for the 26 points in the interval
191C = 1950 UT = = +0 68 and Am/m = i'22V. Since the probability of
such a large magnitude of correlation ccoefficient arising by chance
is less than 0.1% it is concluded that fC may be considered to vary
linearly with time over these two pericds.

The time at which fc reaches a minimum value hag been investigated.
One way of doing this is to extrapolate the lines sghown in Fig G/EO(a)
until they intersect at 1906:25 UT with a standard error of + 4 min 00 sec.

Another way is to compute best £it straight lines for all the peints
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between 1820 and 1905 UT and bebtween 1905 and 1950 UT These lineg
are found to cross at 1906:10 UT + 2 min 40 sec. The results of both
these methods are prejudiced by the cheice of 1905 UT as the time at
which the data shovld be divided. Conseguently best £it lines have
been computed splitting the data at one minute intervalg between 1900

and 1910 UT confirming a best estimate for the time at which fc is

minimum of 1906:10 UT + 2 mins 40 sec.

Norwich

Tt wag mentioped 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 abt 80 km was 90.76 at 1846:39 UT. To
confirm this sonagrams were made of the VLF waveform as recorded at
Worwich sl times corresponding to the reception of tweeks at St. John's.
A nomber of these 'simultaneous sonsgrams! are shown in Fig. 6/11. It
is clear that in general the sferics are well correlated between the
two stations but except for the 1900:50 UT sonagram there is no
evidence of any tweeks occurring at Norwich Vb., in spite of the
relatively high degree of solax 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, 1600 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 twecks

Before any meaningful deductions could be made from the observar
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 cloge, within

legs than 2000 km of St. Johnts. These were:
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(i) Tor the eclipse to have any affect on the tweeks they must have
been generated within the partially eciipsed region; for reference
Fig. 6/12 shows the contours of obscuration at various times (Quiroz
and Henry, 1972). If they had propagated any apprecisble distence
(= a few hundred km) under a daytime ionosphere most of the energy
below around 5 kHz would have been abszsorbed.

(ii) The intensity of the sferics as recorded at St. John's was very
much greater than that at Norwich; it ie therefore likely that the
storm centre was congiderably closer to St. Johm's than to Norwich.
(iii) The fact that the maximum levels on the two selective chanmels
and the minimum value of f_ occurred close to eclipse maximum at St.
John's suggests that the storm centre was close to St. Johnts.

(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 $t. John's.

(v) The low dispersion of the tweeks at frequencies just above the
cut off frequency indicates a short propsgation path (Helliwell, 1965).

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 services
were operating their eguipment at the time. A search of weather charis
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 assistence of members, especially Messrs. Smith, Grey and
Kirk, of the Meteowrological Office, Bracknell, enabled an estimate to
be made of likely positions of thunderstorms.

Fig. 6/15 cshows the surface chart for the Worth Atlantic regiom

for 1800 UT, 7 March 1970 and Fig. 6/14 the 1749:1% UT photograph taken
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by the LESS5A 9 weather satellite of the area including Newfoundland and
the east coast of Worth Americs. The two most likely positions of
thunderstorms are (E.J. Smith, private commnication)
(i) around 44ON; 580W; where the clcud shows signs of instability
typical of thunderstorm conditions, and
(ii) along the trough between 41°W, 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 2225 UT (see Fig. 6/9(b)), midway between sunset at
the storm centres (2235 UT) 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 O.4ON, O.BOW 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 numberé 1 and 2 ag above and a mean position of 40.50N, 59OW‘wi11
be used for centre number 2.

Storm centre number 1 is 600 km from St. John's and 1150 km from
Norwich; centre number 2 is 950 km from St. John's and 1150 km from
Norwich. Thus centre number 1 would appear the more likely since it
is in agreement with (ii) above that the storm centre should be con
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 cemtres 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



of the same atmospberics as received at the two stations.

6.4  Interpretation of Results

6.4.1 Deduction of the heicht of the ionospheric reflecting surface

Considering the simplest model of the earthionosphere 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
3.1/10: »

£, = o/éh
where ¢ is the velocity of light in free sﬁaoe.
Thus if fc is measured in kilohertz the apparent height of the

ionospheric reflecting surface is given by the relation:

h = 122 . 6.4/1
¢}

Hence Figs. 6/9(b) and 6/10(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 +o a
meximum 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 T corresponds to sunset close to the estimated storm centres,
providing a further indication that the estimated position is reason-
ably 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 cver the propagation path due to changes in solar obscuration,
may be illustrated by studying the map in Fig. 6/129 which shows contours
of obscuration as well as the positiong of the storm centres and the two

receiving sites. The difference in obscuration between the storm centres

2

4

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 light-
ning flash and the receiver. In this case fc would be dependent upon
the distance of tbe.lightning flash from the receiver. The relatively
large spread of points in Fig. 6/10{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. Eelipse maximum at 80 km above centre no. 1 occurs at
1859 UT; for centre no. 2 the corresponding time is 1857 UT. Since
eclipse maximum at 80 km above the receiver was at 1905:01 the tinme
of maximum halfway between the centres and the receiver may be taken
to be 1902:30 UT + 1 min. The best estimate for the tinme of minimmum fc
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 = 1902:30 = 3 min 40 sec + 2 min 50 sec.

The waveguide mode conditions (equation 3.1/11) requires that
the total phase change of the wave after reflection from both boundaries
is 2np.  Thug the apparent height of reflection derived from fC is the
phase height of reflection, h(f), (Budden, 1961), which is the height
at which a perfect reflector would have to be placed to give the same
phage 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, 1961):

7,
¢

%% i dz = 2k h(r) 6.4/2
6]

where Z is the height at which the refractive index u becomes zero.
Fig. 6/15 shows the electron density profiles obtained during the
eclipge by Belrose et al. (1972) at East Quoddy, Nova Scotia. The
AAT 45 profile, obtained 6 minutes after totality, in the range
of height 60 km < h < 90 km, has been approximated by

1ogloNg = (h - 60)/10 (shown as a dotted line)
where Ne is in units of cmﬁ3
and a collision frequency profile

Y o= 7x 104 D é‘l

where log,, p = (92.5 - h)/12.5

and p is measured in millibars.

The true height of reflection, 2 taken as the height at which
the real and imaginary parts of the refractive index become equal, was
found to be 75.% km for a 2 kHz wave at normal incidence, at which
height the electron density was around 50 cmm5 Hence the phase height
of reflection was found to be 73.2 km,.

It is clear that, for the AAF 44 profile obtained at totality,

wn 2 —Z
where the electron density varies between 10 cm ~ and 100 cm - 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 agreenent with the
phase height deduced from £, (76 + 1 km at eclipse mazimum) may be
seen to be reasonably good.

To summarize, observations of the lower cut off frequency of
tweeks during the eclipsze yield the rvesult that the phase height of

reflection in the D region increases by 7 + 1 km with a tinme lag of
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4 + 3 mimutes. 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
mirubes using a VLF reflection experiment. Direct measurement of the
electron dencity using rocket-borne experiments (e,g. Belrosge, 1972)
however, shows a time lag of only a few seconds.

Pig. 6/16 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 ﬁarticles, cr 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 d (1216 ﬁ} radia-
tion is believed to be the predominant production mechanism in the D
region producing a layer arcund 80 km. Smith (1972) has messured the
flux of Lyman o« at four times during the eclipse. It was found that
at totality the Lyman o flux fell +to 0. 15% of that from the full sun.
It was also found that at totality the background Lyman o flux fell fronm
1.37% of that from the full sun to 0.4% of it. The flux of 2 - 8 %
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 Iyman o was still four times greater than that due to
2~ 8 % ¥rays. Smith (1972) has shown that 60% (80 - 20%) of the
Lyman o 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 rige to the observed steep
electron density gradients between 70 and 80 km. Comparison with
results given by Mechtly and Smith (1968) shows that around 80 km

eclipsed conditions are very similar to nighttime conditions.
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6.4.2 Discusgion of different effects at St. Johnts and Norwich

It is described in section 6.2.% and illustrated in Fig. 6/11
that the sferics which appear as intense tweeks at §t. John's are in
general very weak, compared with other atmospherics and interfering
signalg, observed at Norwich, Vermont, with no sign of a tweek cutoff
frequency except perhaps at 1900:50 UT. Several factors may have
contributed to this effect:

(i) Both the estimated storm centres are further from Norwich than
St. John'es, centre no. 1 being about twice as far and no. 2 about 20%
further. Assuming that the atbtenuation at around 2 kHz is 30 db/1000 km
(Chapman et al., 1966) the relevant attemuations are: from cenbre no. 1
to St. John's 18 dB; from centre no. 1 to Norwich 35 dB; from cenlre
no. 2 to 5t. 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 difection, while those to Norwich are in the W direc-
tion. Since the geomagnetic field causes the earth-ion sphere wave-
guide to be anisotropic, there is an extra attermation of around
4 dB/1000 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 4B.

(iii) Since the sea ig a better approximation to a flat perfect con
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 belween 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 cuteff at Norwich occurs at 1900:50 U7,
which could be interpreted as the time of eclipse maximum (plus a pos-
sible response time of around 6% mins) at the point halfway between

the centre of the storm region and Norwich.



CHAPTER SHVEN

VLI emigsions received cloge to eclipse totality

During the total solar eclipse of 7 March 1970 & number of VLI
emissions known as risers (Helliwell, 1965) were received at St. Johnts,

Newfoundland, and Norwich, Vermont, U.S.A. No emissicns at all were

recorded at Halley DBay, Antarctica, closge to the magnetic conjugate of
S5t. Johnfs., It is suggested that these risers were typical of the pre~

vailing magnetic conditions (Kp = 6~) but that under normal daftime
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 iohospherio electron density distribution caused by the
eclipse may have allowed the risers to penetrate the ionosphere and be

received at the ground.

7.1 Observatbions

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 seguence, which will be veferred to as sequence
no. 1, was of risers received at both stations, simultaneously. Ssguence
no. 1 consists of one riser occurring at 1827:02 UT, three at around
18%0:18, and five more between 1845:30 and 1848:06 UT. 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 UT.

Apart from these two sequences around %0 risers were received atb
Noxrwich between 1800 and 1930 UT most of which were weak compared with

those comprising the two segquences. At St. Johm's only three or four
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other risers were received, between 1800 and 1930 UT, all of which were
very mich wesker than thosge in the two sequences, so weak in fact ag to
be barely sudidble and not to show up on a gonagram. The distribution in

time of all the risers received at the two stations is shown in Fig. 7/1 .

7.2 Analysis of Risers

Sonagrams of risers typical of the two sequences are shown in
Figs. 7/2 and 7/3. It way be seen that risers from the two sequences
exhibit the sane geners al characteristics with the exception of those
received at 1847:51 and 52 UT, which show a more complex structure in
the fregquency-itime plane than the others. The most striking difference
between the two sequences iz 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 lesg than
the waveguide mode cut off frequency, indicating that the emissions did
not propagate in the waveguide mode for a significant distance. Comparison
7ith the megnetometer record at the St. Jehnfs site of the horizontal
(Worth-South) component of the earth's magnetic field (H) shows that, with
one exception, the rigers in sequences 1 and 2, were received at times
when H was rapidly decreasing. The electron energy required for resonance,

s B2 .

which is proportional 1o == T W (Rycroft, 1972) is therefore also decreasing,
increasing the probability of resonance since electrons are generally more
plentiful at lower energies

The duration of the risers is generally swmall, the majority lasting
less than 200 ns, many lesgs than 100 ma. The initial slope (df/dt) of
the rigers is observed to be generslly norzero. This indicates that
they were generated off the equatorial plane in the opposite hemisphere

to the receiver (Helliwell, 1968).
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ion of Results

7.3  Interpre

The interpretation of the above characteristics must necessarily be
of a qualitative nature; however it is thought thalt some useful conclusions
may be drawn. It ig likely that the risers were generated close to the
equatorial plane by a transverse rescnance plasma instability (Helliwell,
1968; Burtis, 1969), in which a whistler mode signal grows in intensity
under conditions of enhanced magnetic activity. Kp was 6~ for the period
1800 - 2100 UT, 7 March 197C. The possibility of their being triggered
by unducted energy frqm lightning discharges will be discussed in Chaptler
Eleven. From the eguatorial plane the risers must have propagated within
field aligned ducts of enhanced electron density; otherwise they would
have been magnetospherically reflected when the wave fregquency became
equal to the lower hybrid resonance freguency (Helliwell, 1965;

Alexander, 1971). Upon emerging from the duct into the ionosphere the
risers must have propagated to the receiver without spending a signifi-
cant time in the waveguide mode, since they are observed to possess
energy below the waveguide mode cut off frequency.

There are two possible explanatiocns for the obeservation of emissions
during the eclipse. Both require that the eclipse did not cause the
generation of the emigsiong but merely modified the propagation
characteristics in the ionosphere so ag to allow the risers to be
obgerved at the ground. Before discussing these mechanismg the effect
of the eclipse on the ionosphere as a whole will be briefly reviewed.

The effect of the eclipse on the D region has been discussed in
the previous chapter. It is found that at totality the electron density
below arcund 75 km becomes very small (Meohtly et al, 1972; Belrosge et al,
1972) falling by as much as three orders of magnitude (lO em 2 to 1 om "3
at around 70 km). The phase height of reflection is found to increase by

6 km at totality (see Chapter Six or Sales, 1967), with a delay of
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44 5 minutes bebtween maximum cbscuration and maximum phase height.
However, direct observation of electron density using rocket horne
experiments show much smaller regponse bimes, of the order of a few
seconds (Mechtly et al, 1972; Belrose et al, 1972). The D region is
the main absorbing layer for radio waves because of the high neutral
density and hence high electrom-neutral colligion frequency. Jonospheric
absorption measured using 3.5 MHz radic waves, was found to decrease
during the eclipse by 15 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

. . i E N 5. -3

found to be less than that in the D region, falling from 107em ~ to
3 % lOA"cmm5 at 110 kn (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 25 ~ %0% during the
eclipse, with minimum electron density occurring up to 40 minutes after
maximim obscuration (Flaherty et al, 1970; Thomas and Rycroft, 1970;
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 %o
the decreased electron density during the eclipse. Sequence no. 1,
especially the latter part of this sequence, occurred close to eclipse
maximom at 80 km above Norwich (1846:39 TT). However in view of the

fact that these emissions were received with approximalely equal in-



th gtations it may be concluoded that their exit point from

vt b

to St. Johnts than Horwich. Sequence no. 2

was observed at St. John's only, around % mine before eclipse wmaximum ait
80 lan above that station, the risers being much more intense than those
of seguence no. 1. Thus it is possiblie that the exit point from the
magnetosphere was the same in both canes, the different effects being

cauged by the chunge in the eclipse circumstances. It ig difficult to
drav any conclusions from the observation of the risers not included in
thesge two sequences, the majority of which were cbserved at Norwich (see
Fig. 6/1).

The second explanation concernsg the effect upon the propagatbion

of VLI waves in the lonosphere caused by eclipse-induced horizontel

gradients in electron density. When propagating through the magnetosphere

in a field-aligned duct of enhanced clectron density the wave normal and
ray directions of the VLI wave are congtrained to be close to the direc-
tion 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 icnosphere, the wave normal angle may become large and
since the wave frequency of the risers was much less than the lower
hybrid resonance freguency in the ionosphere the wave could be refracted
in a similar way to a magnetospheric "reflection" (Alexander, 1971).

Bven if the wave were not reflected the coubination 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 (Kimura, 1966). It is suggested
that the eclipse-induced horizontal gradients in electron density in the
E-and I regions may act in a way somewhob analogous to a duct, preventir
the rigers from being either attemiated ox reflected from the lower edge

of the ionosphere by refrocting the wave in such a way as to keep the



wave normal and ray directions cloge to the direction of the earth!
magnetic field. It would therefcore 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.
Becauge of the Jarge number of unknown guantities, e.g. the point

of entry of the emissgion into the i region, the regponge time of the T
region etec., it is impossible to say whether the observations of risers
agree with the predictions of this theory. In all probability the
observed effecutg are a conmbination of the effects of the two mechanisms
digcussed, as well as of the effect of the magnetic activity upon the

generation of the emisgions.

7.4 Further Work

Becauge of the unusuzal 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 Lo 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.



CHAPTER LIGHT

5

Precursors to whistlers:

-

previous work and evperimental observations

Cne of the more intriguing VLF phenomena is the whistler precursor,
a discrete VLF emission, usually a riger, which ig observed before the
whigtler with which it appears to be associated. The first sonagrams of
precursors were published by Dinger (1957)0 More recently precursors
have been discussed by Helliwell (1965), Laaspere and Wang (1968) and
Dowden (1972). Since frequency reference will be made to these three
publications they will be abbreviated to H, LW, and D respectively.

Soon afﬁer the total solar eclipse of 7 March 1970 a series of
around 40 whistler precursor pairs was received at St. John's,
Newfoundland. Thig has led the author to consider the mechanism by

which precursors are produced. In this chapter previcus work on the

subject of precursors is reviewed.

8.1 Obgerved Charscteristics 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 becn observed with a one hop whistler (H
and V).

(2) Echioing precursors show the same delay as thelr associated
whigtler, implying similar propsgation paths (H and IW).

(3) The precursor appears to be spontancously generated; no triggering

signal is visible (H and IW).
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(4) With reference to the schematic disgram in Fig. 8/1 the time
delay between the causative sferic and the precursor at any frequency
is always greater than the delay between the precursor and assoclated
whistler at the same frequency (IM). More specifically, the time delay
between the sferic and trigger point of the precursor (tne 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 freguency); this difference generally decreases
with increasing triggering frequency (D).
(5) Simaltancous observations at spaced stations in the same hemisphere
show differences in the relative intensities of the precursors and thelr
associated whistlers, suggesting, contrary to property 2, different
propagation paths (ILW).
(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 ig higher than that of the whistler in the
same bandwidth. Scmetimes the whistler is barely detectable and
occasionally a sferic is followed by a riger Which has all the ear-
marks of a precursor' but is accompanied by no whistler at all (IW).
(7) Most precursors occur under moderstely disturbed conditions, Kp
index around 3 (IW).
(8) Hiss bands are often present when precursors are observed (IW).
(9) The time delsy 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 (IW). The

3

initial slope of most precursors is small, indicating that they were

generated close to the egquatorial plane (Helliwell, 1967).

-~

(11) 9he nose frequency (f,) and minimm grouvp delay (t,) of around
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30 precursed whistlers have been measured (Dowden, 1972). Calculation
of the tscale! frequency (Dowdern, 1962), obtained by dividing the
square of the minimun plasma frequency (obtained from,fn and tn) by the
minimm electron gyrofrequency (from fn) along the propagation path,
indicates that the whistlers and precursors propagate within the

plasmaaphere, though perhaps Just inside the plasmapause.

8.2 Theories of precursor gereration

In section 1.7%.2 two catlegories of VLF discrete emission were
mentioned, the spontaneous and the triggered emissgion. Spontaneous
emissions include risers, similar to those discussed in the previous
chapter, hocks and falling tones (Helliwell, 1965). Sonagrams of
spontaneous emissions have been shown in Fig. 1/4, Triggered emissions
are those which emanate from other VIF signals. Emissions may be
triggered by whistlers or othgr emissions (Helliwell, 1963%; Brice,
1965), and also by mam-made VLT gigrnals such ag morse-code trang-
missions (Helliwell et al., 1964). Sonagrams of triggered emissions
are shown in Fig. 1/4.

Strictly spesking precursors belong to neither of these categories.
Whereas no triggering signal is visidle (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
undergtgndimg of the magnetospheric phenomens which case VLF emissions
in general.

The generation mechanisms for both spontanecous and triggered
emissions are thought to be similar, both relying on a wave-particle
interaction involving the transverse resonance instability (Brice, 1964;

Helliwell, 1967). This mechanism has been discussed in section 4.%.1.
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In the case of & itriggered emission it is the triggering signsl which
interacts with the resonant electrons to produce the emissions, In
the case of spontaneous emissions there wmust be some stray VILF raudis-
tion to start the interaction off, posaeibly electron cyclotron radia—
tion. Thereafter the mechanism is self~pustaining. The various
theories of precursor generation attempt to explain how VLF energy
from the same scurce as the precursed whistler could trigger an
emigsion, which is obgerved before the associated two~hop whistler.

The most complete theory of precursor generation to date has
beeq presented by Dowden (3972) Thig mechanism involves the hybrid
whistler (Helliwell, 1965). 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. Fnergy from the sferic is
thought to propagate under the ionosphere into the opposite hemi~
sphere 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 30 ms due to its propagation under the ionosphere. Thus
one~hop whistler from the same sferic may be observed at two comnr
Jugate points. The hybrid whistler is illustrated in Fig. 8/2. It
may be wmeen 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 one-
hop hybrid whistler preceding the precursor had been detected (prope@ty
%). It was also noted that the precursors bended to occur too late
to be accounted for by the hybrid whistler theory. It would also be
evpected that the trigger point of the precursor should be approximately
halfl way in time between the sferic and two-hop whistler, slightly

offset towards the whistler to allow for the propagation time under



the ionosphere (in partial agreement with observed property 4).

£

Dowden (L972) has reported one apparent exception to property 3,
] 1Y berty

& one-hop hybrid whistler extending down to within 500 Hz of the pre-

curgor trigger frequency. He

histler overcoming the objections

follows:

(i) The nonobservance of the one-hop hybrid is attributed to the

weakness of the hybrid signal.

(ii) According to Helliwell's (1967

a weak triggering signal leads

on the initial stability of the plasma. TFor a plasma on the brink
instability the delay could be very chort: the maximum ig taken as
time required for the electrons to

fully phase-bunched, fully debunched cycle.

postulates a mechanism based on the hybrid

of Taaspere and Wang (1968) as

) theory of VIF discrete emissions

a triggering delay At, which depends

go through the complete unbunched,

The halfway point, the

regonance time, when the electrons are fully phase-bunched is

as a likely intermediste value.

normalised with respect to the minimum one hop group delay, the nosge

time delay, is given by

£t =1 (14 2A)@-AYAT 2/3 8.2/1

where /\ is the normalised frequency f/f

B e min,

It is shown that the delsay time
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and Kl has a maximum

value of 0.02 corrésponding to the interaction time and an intermediate

value of 0.0l corresponding to the resonance time.

A freqguency offset AL 1s also predicted by Helliwell's consistent

wave theory, whereby the initi

o
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Dowden (1972) shows that this
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ponsible for triggering the precursor it would be 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 consvstenry yave theory of
Helliwell (1967)» The detailed mechanism of the wave-particle interac—
tion ig by no means well understood and so the quantitative resulls
of this theory are open to doubt. In addition, observations of
enissions definitely known to be triggered by signals show thot while
emissions trlggercd by Morse code dashes chow a time delay of ~ 140 ms
and frequency shift of ~~ 300 Iz (Helliwell et al., 1964; Helliwell, 1965)
those triggered by whistlers appear to branch off the whistler with
neither time delay nor freguency shift (Helliwell, 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 fregquency. In this case the precursor
triggered by the hybrid would be expected to show no delay or fre-
quency shift.

Several other mechanisms have been suggested for the generation
of precursors, all of which are subject  serious objections.

(i) Longitudinal Resonance

It was suggested by Helliwell (1965) that an electron streanm,
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 comr
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 regquired for longitudinal resonance



(ii) Electron Bounce

Corrmwall and Schulz {1970) have shown that two parbicles having
the same three adiabatic invariants recover their initial gyrophase
relationship after each bounce period, and hence a reversed relation-
ship after a half period. Dowden (1972) considers a mechanism in
which electrons are phase bunched by transverse resonance with the one-
hop whistler, but for some reason do not radiate. These elechrons will
become phase bunched again, in the reverse direction after half a
bounce period, and could conceivably radiste an emission back along the
path, which would be observed with an apparent trigger delay corres-
ponding to half the electron bounce period. The predicted locus of
trigger points is shown as curve B in Fig. 8/55 which cleasrly does not
fit the obgervations.

(iii) Magnetospherically Reflected 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 emisgion on the way back. The predicted trigger locus is shown as
curve C in Fig. 8/5. 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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CHAPTER NINT

Exnerimental Observations of Whistler~Precursors Pairs

9.1

During the period 2030 ~2200 UT on March 7 1970 a serieg of around
120 two-hop whistlers was received at the station near St. John's,

he

i

Newfoundland. Of these 40 were sccompanied by precursors In
gsame period a mumber of risers were also received: these were of a simi-
lar spectral shape to the precursors and have since been identified as
precursors to unobserved two hop whistlers. No whistlers or emigsions
were received at Norwich, Vermont, U.S.4., or Halley Bay, Antarctica,
during this periocd.
The precursors recorded in the sequence fell mainly undexr the
tollowing four headings:
(a) Single component precursors (Fig. 9/1(&));
(b)  precursors containing a small (< 4) number of discrete components
(Fig. 9/1(b));
(¢) multicomponent precursors (Fig. 9/1(c));
(d) diffuse precursors (Fig. 9/1(d)).
bLpart from the diffuse precursors, which appeared at the end of the
sequence, there waé no apparent order in the appearance of the various
types. The spectral shapes of most of the precursors was the forward
leaning letter § shape with near zero initial slope, reported to be
the most common by Laaspere and Wang (1968). However some ghowed a

0 . - 5 3 * I
definitely non-zero initial slope (Fig. 9/1(a)).

Fig. 9/2 shows sonagrams of some apparently spontanecously triggered

risers received in the same period as the precursors. It has been









possible to identify these as precursors to unobsgerved two hop
whistlers. The causative sferic in cach case is labelled by an arrow.
Precursors have also been received at the stabtion on South TUist,
Outer Hebrides. Fig. 9/5 shows gonagrams of two whigtler-precursor
pairs received on 16 and 17 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 differences
between these and the precursed whistlers will be discussed in a later

section.

.2 Analysis of Whistler-Precursor Pairs
N

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 fregquency 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 & nomrnose 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 causzative
sferic was the FIckersley (1935) method. Using an artitary time origin
a best £it straight line is computed of + against fm%‘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 sfevic since, with reference to
Fig. 9/5,

t+ b, = D B (see section 1.3.1)

in the low frequency limit. 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

4

sferic around 0.2 s earlier than this time. It is known that the
Bekersley law applies only in the low frequency 1limit and that the
deviation from this law is such as to predict a sferic time that is
too late (e.g. Helliwell, 1968). This deviatioﬁ‘is illustrated in
Fig. 9/6‘ A11 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 sirong sferics
mentioned above are those responsible for the whistler-precursor
pairs.

The second method used was that devised by Rycroft and Mathur

(1972). Dowden and Allcock (1971) have shown that for a whistler
-1 eyl .
QIf) =D " = (Lt £7) T« f 9.2/1

where t is measured from the causative sferic. When Q is plotted
against £ it has been shown that the intercept on the frequency axis,
f,» is equal to (3.09 i'0.04)fn. The minimim group delay, b, may

then be calculated from the relationship

5/2
_ ao . 52 4
b= (@095, )

9.2/2

This method obviously does not apply in the low frequency limit, where

the Eckersley law applies and D is constant, conbradicting @quation.9‘2/l.
If the time of the causative sferic is known the nose frequency way

be calculated by plotting Q against £ and extrapolating to find the

intercept (Dowden-Allcock method). In the Rycrofit-Mathur method, Q
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is calculated using many different time origins. In each case a
straight line is computed for Q against £ using the method of least
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 minimwm in the error was found. The erroxr
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 end of this range the
data deviate from the Eckersley law, the Rycroft-lMathur method also
fails becaunse data are available only over a small range of frequencies.
The problem of determining the causative sferic has been resolved
in the following way. In a mumber of cases the results of the Bckersley
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 s (e.g. Fig. 9/7). In all these cases, the group
delay at a freguency of 3.5 klz was measured and found to lie in the
range 2.97 + 0.04 s. An investigation of each of the cases where the
vesult of the Fckersley analysis had left some ambigulty it was found

that there was a strong sferic within the above range. In a few (~ 6)

o

cases there was more than one sferic in the range. However, since
it is unlikely that any method would be able to resolve these they
were left as asmbiguous casges.

9.2.2 Determination of whistler propagation path

Having establisghed the time of the causative sferic it is
possible to compute the mose frequency using the standard Dowden-

Allcock method described in the previous section. gewming propagation

aleong a dipole field aligned duct the L value of the duct may be calouw






lated using

9.2/3

where £ is measured in k)¥z.

In order to reduce ervor in exbrapolation of the @ ve f relation
ship it is necessary to include data over as wide a range of frequencies
as possible. For this reason the whistlers chosen for this analysis
P

were those exbending to the highest freguencies. Best fit straight

lines of ,gAinst £ were computed using the method of least squares

and extrapola I £ and hence fn' The calculated nose freguenciesg
and corresponding L values for the whistlers anslysed are shown in

table 9/1. Also included in table 9/1 are the results of a similar
analysis of one of the precursed whistlers received at South Uist.

It may be seen that the calculated T values for the whistlexrs
received at St. John's are very nearly the same. Because of this
result and the other similarities obgerved in the dispersion and
group delay of all the whistlers in this sequence, it is concluded
that the provagetion path is in each case the same. The discrepancies
in the calculated values of fn and hence 1 are sttribuated to the

rrors incurred in the Dowdern~Allcock analysis due to the large extra-
polation necesgitated by the narrow range of freguencies availsble
for apalysis. It is concluded that the noge fregquency of the precursed
whigtlers received at St. John's was 11.4 + 0.4 kHz and the L value of
the propagation path was %.06 + 0.04. The precursed whistler received
at South Ulst extended up to a frequency which was nuch cloger to the

noge frequency: hence there was a much smaller error in the computed
nose frequency.

9.2.% Identification of thunderstorm generating whistler-precursor pairs

the

N

2d as being responsible for genersting

The gferics identif

whigtler precursor palrs at St. John's show many characheristics in



Station Date Time(UT) r (kHz) | L value
St. John's 7 March 1970 | 2043:13 10.51 3.14
— " foon 2052522 11.28 5.07
"o v oo 2056:05 11.45 5.05
noow " woow 2100:02 11.87 5.01
v " v 2106:09 11.76 5.02
noom " noow 2116125 10.96 5-10
v " noon 2118:05 11.74 3.02
noom " o 2119:55 11.32 3.07
South Uist 17 Jan. 1972 | 0015:18 7.55 3-59

Table 9.1

Results of Dowden-Allcock analysis to determine

the nose frequency of the precursed whistlers.
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common with the tweeks received during the eclipse some two hours
earlier (sec Chapter 5). All are observed as tweeks with a cut off
frequency arcund 1.8 - 1.9 kHz. In all cases some energy is retained
below this cut off freguency and all show less dispersion in the range
2 ~ % kHz than do other tweeks received in the same period (see Fig.
9/8). 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: 44.4ON, 57.BOW‘corresponding to an L value of 3.20
at an altitude of 360 kms centre nunber 2: bebtween 41,4ON 57,50W

and 4OG4ON 59.SOW‘oorrespon&ing to an L value of 2.84 — 2.77 at 300 km.

9.2.4 Differences bhetween vprecursed and unprecursed 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 urn
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 whigtler, which
passes through the. interaction region shortly after the resconant
interaction has taken place. It is also obgerved that the fregquency
band to which the precursors and precursed whistlers are confined is
the same as that for the band of VIF hiss (see Fig. 9/9) received at
St. Jolmts between 2250 and 2330 UT, éhortly after the precursors and
whictlers ceased. This suggests that electrons with energies suitable
for regonant smplification of whistler mode energy in this band only
vere avallable at this T value at this time. This subject will be dis~

cuesed at greater length in the following chapter.

el
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9.2.5 Precursor tri points

The precursor trigger pointg, as defined by Dowden (1972 ig the
i olal Ry &~ s
point in the frequency-time plane at which the precursor has its origin.
The trigger point coordinates of each of the observed precursors have
(D2 £
been meagured, except in those cases where the trigger point wag not
? - i
well enough defined for accurate measurement. In cases of multicomponent
. . . - . . /-
precursors each well defined trigger point has been included. Fig. 9/10
shows trigger freguency, ftj normaliged to the minimum gyrofrequency of

the whistler propagation path, plotted against trigger time, tt’

£ .
B e min’
normalised to tn. The minimum gyrofreguency is related to the whistlexr

nose freguency by:

f = 0.37 f (Angerami, 1966) 9.2/4

n B e min
The solid lines shown in the figure are the exbtreme limits predicted

by Dowden's (1972) theory of precursor generation (curves A and D in

Fig. 8/6).
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CHAPTER TEN

e TSR

P

New theoretical models of precursor generation

The reception of the series of precursors discussed in the previous
chapber has led the author to consider the mechanism by which precursors
are generated. Although the theory of Dowden (1972) leads to good
agreement with the experimental data it is open to some objections
which have been discussed in Chapter Hight. An attempt is made here
to formilate a new mechsnism involving only well established properties

of the magnetosphere.

10.1 Trensverse Resonance

Tt is assumed that the precursor is generated by a wave particle
interaction involving the transverse resonance instability (Brice, 1964;
Helliwell, 1967), which has been discussed in Chapter Three. Since the
initial slope -%%) of the precursor in the frequency-time plane is
observed to be typically close to gero it is concluded that the interac-
tion region is close to the equatorial plane. Before proceeding to
consider the new models of precursor generation some factors aflfecting
the possibility of transverse resonance will be discussed. Fig. 10/1
illustrates the geﬁoral case of a circularly polarised wave crossing
the equatorial plane, where the angle between the wave vector k and
the earth's magnetic field B iz ©. The electric vector I 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  with the geomagnetic

field. ILn electron spiralling along the field line has a velccilty v
arallel to the Tield and a velocity v, perpendicular to it. There
- gV PeET

are three factors affecting the transverse resonant insgtability which
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are dependent on © and 3. These are:
i) The clectron energy required to satisfy the transverse resonance

condition which is given by

2 /o 5
= v {(f - £ 10.1/1
wﬁ reg & Yy P&mmmwmumm /

where vp ig the wave phase velociby, for non-relativistic electrons.

Time the electron energy required for resonance increases with ©. Since
there are progressively less electrons available at higher energies the

probability of resoﬁance decresses as € increases, especially for € > n/%.
ii) The condition for transverse wresonance is given by

I . ¥, = counstant 10.1/2

Since v, describes a circle about the magnetic field this condition
may only be truly satisfied if E; is circularly polarised. When 9 + 0,
L, is elliptically polarised, and may be resolved into a circularly
polarigsed component of maegnitude ¥ cos © and a linearly polarised
component vhich varies as E(1 -~ cos @) sin 2nft in a direction mutually
perpendicular to k and B. Although the linearly polarised component
may contribute to the rescnant interaction it does mnot satisfy equation
10.1/2 since the scalar product varies between 0 and a maximum value.
Thus as © increases the magnitude of the component of E that is effec
tive in the interaction decreases, reducing the probability of occurrence
of the interaction.
iii) The exchange in energy belween electrons and waves in the interac-
tion is given by

MW= q E.viAt 10.1/% (4.3/2)
Hence the longer the particles and waves are in resonance the greater
will be the enevgy interchange. Since the interaction involves the

collective effect of waves upon a stream of electrons this time may



1o5e

be maximised if the waves and particles are travelling parallel tec cone

9]

another (although in opposite directions), that is if § = 0 and henc
€ = 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,

of the electrons. This time, t, is given by

say three The
7
t =~ "Be 10.1/4
v_sing
b

For an electron energy of 100 keV in the equatorial plane at an L
value of arocund % this places an upper limit on t of 1 ms for f§ = n/%,
correspoending to 3 cycles of a % kHz wave. This is much smaller than
the bunching time, of the order of 0.1 s, predicted by Helliwell (1967)
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 earthis
magnetic field.

The bhasic problem to be solved in formalating a mo&él for the
generation of precursors is how energy atl the correct frequency, and
from the same lightning discharge as that which causes the two hop
whistler, can propegate to the equatorial plane arriving at the

correct time and with the correct characteristics to trigger the

obgerved precursor.

10.2 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 ltriggering signal to be ducted (see scctiion 4,2/5)@

The first new model considered, which involves ducted energy, is

N

illu

[95]

roted in Pig. 10/2 which shows a L} hop whistler as viewed in

the equatorial plane. It is suggested that two frequencies fl and f??



which have the same group delay, interact to give a beat frequency

fl - f2 = ft’ which triggers the observed precursor. The trigger

time predicbed by this mechanism is thus
t, = 0.75 t(fl) + 0.25 £{f,) 10.2/1

where t(f) is the observed two hop group delay of the precursed

E>

whistler. Since the precursed whistlers do not generally show a
nose frequency it is necessary bo compute f., f2, and t(fl) using
the Dowden-Allcock law. fl and f? are found by solving the simul-

taneous equations

£ - f2 = £

1 t

t(fl) = t(fg) _ 10.2/2

where t(f) is obtained from the Dowden-Allcock law:

it

&

L -1
Q(f) = (¢ £7) ~ = j £ + k, where J and k are constants,

-1
e
giving () = [(jf L)) | 10.2/3
f2 is thus given by the solution of the guadratic
) f2 + b f,+c=0 wherea= 3 % 7 B
a' 5 5 = where a = 3 j £,
b=3%32£2 443k ¢ 10.2//
=33 1, J £ :> L2/4

o= i +25x 24 1°r,

Hence t(fz) may be calculated using 10.2/3.

Using data from precursed whistlers from St. John's and South
Uist values of J and k have been found by computing least squares
regression lines of Q(f) against f in each case. Hence f, and t(fg)
vere found using eguations lO‘Z/B and lO:Z/%, The trigger freguency
ft and the two hop delay at the trigger frequency t(fﬁ) were measured

directly from the soncgrams and hence the predicted value of tt wae

calculated vaing 10,2/1. It was found that in each case the triggex



times predicted by this model are significantly later (by arcund 0.2 )
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.

10.3 Second model: triggering by unducted energy

In the absence of a convincing model involving triggering by
ducted emergy it was decided to investigate the possibility of pre
cursors being triggered by unducted energy from the same causative
sferic as the precursed two hop whistler. This investigation has
been carried out using the VLF ray tracing computer programe developed
by Alexander (1971), which has been discussed briefly in Chapter 53225.
The magnetospheric models used were the summer days (SD) and winter
night (WN) diffusive equilibrium models desér%bed in section 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

4
i
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obtained by tracing in reverse doesg not differ significantly from that
obtained when the ray is started off al 300 km altitude, the lowest
altitude for which the ray tracing program is valid. In all figures

of ray paths presented here the ray direction shown will be the forward
direction regardless of whether the ray was traced in the reverse or
forward direction.

Fig. lQ/B shows a typical ray path for a wave started off in the
equatorial plane with © = n (and hence 8 = 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, tb‘arrive at the equatorial plane travelling
in the correct direction to frigger 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 reflec-
tion. The simple model illustrated in Fig. 10/3 cannot therefore
explgin the appearance of the precursor.

Ray tracing results presented by Alexander (1971) show that rays
impinging wupon 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
alohg its path after its first magnetospheric reflection the path
might be modified so as to alloﬁ 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 € = x,
with the centre of the plasmapause, rather than being set at a

particular L value, taking on a number of different L values. It is
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found that certain plasmapause positions give rise to ray paths of
the type chown in Fig. 10/& where a rsy launched from the ionosphere
is, alter one magnetospheric reflection, refracted by the plasmapause

and arrives at the eguatorial plane with © = 0. This model appears to
fulfil all the general conditions required for the generation of pre-
cursors. 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. 10/4 have been found for rays with frequencies between
1 and 4 kHyz arriving with © = 0 in the equatorial plane at L values
between 3 and %.9. The L value at which the ray arrives in the equatorial
plene is the L value of the duct (Ld) in which the precursor is
triggered. It is assumed that Ld 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 showg how Lp, the position of the centre of the plasmspause
required for such ray paths varies with Ld for 3 kHz rays. It may be
seen that at the lower values of Ld a suitable path is available for
a relatively wide range of plasmapause positions, this range becoming
progressively narrower with increasing Ld' Similar results are obtained
at other frequencies. The plasmapause region covers the range Lp 4 0.15.
Therefore all points on Fig. 10/5 which lie below the line Lp = Ld + 0.15
(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 factdr of 10 in an I value range of
0.3, which is considerably less steep than is often observed (Carpenter,
1966). When a more realistic model of the plasmapsuce is used in which
the electron density falls by a factor of 100 in an T value range of 0.%

the predicted values of I? are as shown in Pig. 10/6° It may be seen
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that here no overlap between plasmapeuse and duct is predicted except

at the highest latitudes, where precursors are seldom observed. It
ig 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 I, by around 0.2.

Y

The predicted starting values of geomagnetic latitude or L value
(Li) and wave normsl angle with respect Lo the vertical (Vi)’ (that is
the values of these'parameters with which the ray traced in reverse
arrives at 300 km), are plotied against Lp in Fig. 10/7 (a) and (b) for
a 3 klz wave arriving in the eguatorial plane a£ Ld = 3.1. Energy
starting from a predicted initial L value (Li) that differs greatly
from the duct L value (Ld) isiunlikely to produce a whistler precursor
pair since part of the energy must become ducted to produce the whistier.
This energy may however trigger a precursor which may be received without
its two hop whistler as an apparently spontanecusly generated emission.
This possibility is discussed further in the following chapter.

The predicted initial wave normal angles with the vertical (Vi)
may be seen to vary between around 150 to values greater than 60°. Tt
may be shown (e.g. Helliwell, 1965) that for waves propagating upwards
through a horizontslly stratified ionosphere the wave normal angle with
regpect to the vertical decreases as long as the refractive index
increases since, by Snell's law,

Wy sin V= p, sin 7, 10.4/1

and if p2,> By o then Vé £ Via If By is taken as 1, for the earthr

ionosphere waveguide, and p, as 10, a typical value for the ionosphere,

2

. . o o}
then eq. 10.4/1 gives a maximum value for V2 of around 6 . However the
electron density in the icnocsphere incrveases only as far as the peak

in the T2 region which is typically around 300 km. If the peak were






175

lower than this, sgay around 250 km, then wave normal angles with the
vertical up to around 150 might be expected at 300 km. Horizontal
gradients in ionospheric electron density will also cause changes in
the wave normal angle (Helliwell, 1965). Significant horizontal
gradients may be found at sunrise and sunset times, and alsgo during
solar eclipses. Similar gradients may be found at other times,
especially at middle latitudes (Helliwell, 1965). It is concluded
that if horizontal gradients or some other type of discontinuity exist
in the ionosphere and/or the P2 region peak lies below 300 km then wave
normal angles in excess of 150 with the vertical are not unlikely at
300 km altitude. It ig difficult to put an uppér limit on possible
values of Vi but a value of around 400 is suggested. This argument
is supported by the fact that the precursors received at St. John's
occurred between 30 and 90 minutes after the solar eclipse had ended,
wheh it would be reasonable to expect that horizontal gradients still
persisted in the ¥ region, the response time of which is of the order
of one hour.

The trigger time (tt) of the precursor predicted by this mechanism
is given by

tt(ft) = tu(ft) + t%(ft) 10.4/1

where tu is the unducted propagation time to the equatorial plane and
t% 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) in which the duct is represented by a gaussian
shaped enhancement superimposed on thg background electron density
profile (see section 4.2.5). t% is a function of the duct enhancement,
a greater duct erhancement giving a long ducted propagation time.
Values of tt have been computed using duct enhancements of 10% and 40%,

these values being taken to represent the extremes of likely duct
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enhancements (Angerami, 1970). ¥ollowing Dowden (1972) £, and b,
have been normalised to the minimum electron gyrotfrequency of the

<Ed)? and the minimum group delay, t_,

ducted propagation path, .
v P bagat ba H B e nin
respechively as in Fig. 8/3. This has the advantage of allowing data
from all whistler precursor pairs regardless of the L value of their
propagation path, to be presented on one graph. A graph normalised

trigger freguency vs normalised trigger time is referred to as the

trigger locus. The nose frequency, fn is given by

f = g \ngerami, 19¢ .
£,=0.37 £ . (Angerami, 1966) 10.4/2
where T (1) = 880 vm, (Helliwell, 1965)
’ Be min LB i ’

In each case tt has been normalised to a value of tn computed using the
same duct enhancement. The travel fime between 300 km and 100 km has
been estimated in each casge by assuming that it was equal to twice the
travel time bebtween 300 km and 400 km, a reasonable assumption in view
of the approximate symmetry of the electron density profile about 300 km.

t

Since it is found that the ratio ¥£ is not significantly (i.e. £ 1%)
n

altered by its inclusion, this corfection 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 8/3 and 9/10 are shown as dots. It may be seen that there is
reagonably good agreement between the predicted curves and the experi-
mental data and that slightly bvetter 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 fre-
gquency, ft' Similarly it may be thought of as being made up of a family
of curves for each value of Ly. Figs. 10/9(a) and (b) show these two
families of curves within the trigger locus shown in Fig. lO/G(a). The
wedge shape of the curves in Fig. 10/9{(a) arises from the same reason

as the wedge shape
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in Fig. 10/59 that is that at the lower values of Ld a wider range of
L values gives a suitable path than at the higher values, giving &
wider range of unducted travel times to the ecguatorial 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 magneto
sphere. The steeper plasmapause model has been used throughout. It
wag found that for a given duct L value, Ld’ the range of plasmapause
positions that resulted in a suitable vnducted ray path was mch
smaller for this model. Fig. 10/10 shows how Lp varies with Ld for a
% kHz wave traced through the summer day model (cf. Fig. 10/5).

Fig. 10/11 (a) and (b) show the predicted starting parameters L
and Vi plotted against Lp for a % kHz wave arriving at the equatorial
plane at an I value of 3.1 (cf. Fig. 10/7). It may be seen that
although the predicted ranges of Li and Vi are gimilar 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. 10/8). The individual curves for
each value of trigger frequency arve shown in Fig. 10/13 (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. 10/13 (b) it may be seen that using the swmser
day model with a 40% duct enhancement the agreement between theory

and experiment is excellent at trigger frequencies below 3 kHz.
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(b)

l { i
3276 3278 L 3260
10/11  Veriation with plosmapuse position of
a) initiel L volve end b) initizl wave normel
angle predicted by the unducted model of

precursor trigsering using the Sunmer Doy model,
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10.5 Discussion of Ray Tracing Results

The most imporbant reéults to emerge from the ray tracings
carried out to test the unducted model of precursor iriggering 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 conditions. The model~
independent results are as follows:

i) Tor a1l duct I 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 Ld with © = n, arrives
at 300 km altitude after first refracting off the inner edge of the
plasmapavse and undergoing one magnetospheric reflection. The favour-
ablelplasmapause positions are such that the duct is situated just
ingide the plasmapause.

ii) The predicted initial L value (Li) and wave normal angle with
respect to the vertical (Vi) both increase with Lp. L, typically
ranges from a value less than 2 up to Ld’ while the range of Vi is
generally between 10° and 80°. It has been shown that under certain
ionospheric conditions, such ag the presence of horizontal electron
density gradients, wave normal angles of up to around 400 with the
vertical might reasonably be expected. In all cases the predicted
deviation of Vi from the vertical is towards the earth's magnetic
field which, over the range of interest is at an angle of between
16° and 240 to the vertical at %00 km altitude. Thus the howizontal
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



aligned duct (Alexander, 1971).  The horizontal electron density
gradients reported by Helliwell (1965) to occur at middle latitudes
are directed towards the equator and therefore tend to deviate the
wave normal towards the earth's megnetic field.
iii) The agreement between the predicted loci of precursor trigger
points and the experimentally observed data is generally good.

Tn order to obtain the maximum probability of generating a
whistler precursor pair Li should be as close to Ld as posgible and
Vi should have as small a value as possible. However it may be seen
that both these conditions may not be fulfilled simultaneously (see
Figs. 10/7, 10/11 and ii) above); they must be optimised with respect
to each other. This will generally reguire an initial wave normal
angle of around 250 with the vertical at 300 km, necessitating some
special ionospheric conditions such as those discussed earlier in
thig 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 duet must exist just inside the plasmapause.

ii) PEnergetic electrons of the correct energy mst be present within
this duct. Kenmnel and Petschek (1966), Rycroft (1972) and Thorne (1972)
have shown that the factor B2/ZQON, 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. 10/14).
It mey 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 plasma-
pause and be precipitated into the atmwosphere in the vicinity of the

auroral zone. Tor 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 Jjust 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. Ilectrons 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 unducted mode. This condition will
generally require the storm centre to be located at a slightly lower
I value than Ld.

iv) The special ionospheric conditions mentioned previously to
allow wave normal angles of around 250 with the vertical at 300 km
altitude should exist.

These four conditionsg, which must be satisfied simultaneously,
undoubtedly place a severe regtriction 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 that did
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 Li and Vi; a duct has been

placed at L, and the plasmapause at Lp. The duct enhancement is 10%

d

and the duct bhalf width at 300 km altitude is 30 km coxrresponding to
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a half width in the equatorial plane of ™~ 190 km. For the ray path

shown the parameters are £ = 3 kliz, L, = 2.32, V, = 30, L, = 310,

Lp = %.27; the magnetospheric model used was the summer day model.

An almost identical path at the same fregquency is obtained using

.27,

N

the winter night model with Li = 2.3%2, Vi = 200, Ld = %.10, Lp =
The ray entérg the duct at a latitude of ~5_5O and leaves it at +4.57,
spending 0.27 g in the duct during which time its ray direction is
very closely field aligned (2 5°) and its wavenormal is everywhere
within 250 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 & is well in excess of the bunching

time of 0.1 s calculated by Helliwell (1967).

It is possible that a number of similar ray paths starting off
with slightly different Li or Vi 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
ginmilar paths.

Fig. 10/16 shows the effect of varying the initial latitude of
the ray leaving all other parameters unchanged. In the set of rays
shown the range of initial latitudes is 2% 1% may be seen that in
each casge the ray is directed into the duct close to the equatorial
plane giving a concentration of energy preferentially in that region.
Trug energy from one lightning discharge entering the ionosphere over
a range of latitudes may contribute to the triggering of a precufsor.
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.
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10.6  Comparison with Dowden's Hybrid Whistler Model

Dowdents (1972) hybrid whistler model of precursor generation
has been digcussed in Chapter Bight, where some objections to it have
been noted. In this section Dowden's model is compared with the un~
ducted model with referen¢e to some of the obgerved properties of
precursors listed in section 8.1.

Both models predict the most important property, that is that
precursors 1o one hop whistlers are not observed (property 1); 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 5.

There are some properties that may be explained by the unducted
model but not by the hybrid model. Of these the mosgt cbvious is the
observation that precursors have propagated just inside the plasma-
pause (property 11), which is a basic property of the unducted model.
The appearance of multiple component precursors such as that shown
in Pig. 10/18, in which two trigger points at different frequencies
appear at approximately the same time, with$~/5 ms, may be 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 fregquency to arrive in the equatorial









plane with its wave normal field aligned. If paths 2 and 3 are the
covrect paths for frequencies fl and f2 where fl > f2 then their
pronagation times to the eguatorial plane may be equal since the
longer propagation path at fl may be cancelled out by the gréater
group velocity at the higher frequency  This effect could not be
erplained by the hybrid model since in general only one trigger
point would be expected.

The observation that precursors occur under moderstely dis~
turbed magnetic conditions (property 2) may be explained by the
unducted model in terms of the inward nmotion of the plasmapause
with increasing magnetic activity (Carpenter 1966). The 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 probzbility of precursor generation. At more distrubed times

the plasmapause may move to L values of 3.5 or lower corresponding

to a duct I value of around 3%.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 plasma-
pauge positiong 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 (Rycroft and Thomas, 1970) being
unreasonable for the magnetic conditions and local time. TFor the
precorsors recelved at St. John's the L value of the whistler duct

wag found to be around %.1. TFor the prevailing magnetic conditions
(Kb = 6~) and local time 1700-18%0 +the predicted plasmapause position

of around 3.25 is not unreasonable. Tor the precursor received at
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South Uist the predicted plasmapause position is around L = 3.8, a not

unreasonable value at 0015 LT and Kp = 4. For the two precursors

presented Ly Laaspere and Wang (1968) (their Fig. 1) the predicted

N

plasmapause I values are around 3.45 and 3.65; again not unreasonable

for local times around noon and KP indices of 4~ and %o regpectively.
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CHAPTER ELEVEN

Digcusesion and conclusions

11.1 Ixtensions 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 cbtain a
reagonable probability of receiving a whistler-precursor pair (see
section 1005) thisg mechanism may be thought of as a special case of a
nmore general process in which unducted radiation from lightning dis-
charges may resonate with energetic electrons Jjust inside the plasma-
pause. It may be seen from Figs. 10/7 and 10/11 that the initial
wave normal angle with the vertical required by the unducted model
decreases with decreasing initial latitude. For example, a 2 kHz
wave starting at 300 km from as low an L value as 1.5, and with the
plasmapause at L = 3.27, requires an initial wave normal angle of
only 6° with the vertical in order to arrive in the equatorial plane
at L = 3.1 with its wave normal field aligned. There is no reason
to believe that this is a special case; in géneral 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
satiefy the conditions that ® = 0 in the equatorial plane at any L
value in the range tested provided that it is just inside the plasma-
pause. Because of the low initial wave normal angles these paths do
not require any special iomospheric conditions; 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

happened to be a duct in the correct place it is improbable that
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energy from one lightning discharge would become ducted at an L value
greater than 3 as well as propagating slong an unducted path with an
initial L value around 1.5. However since the thunderstorm rate ig
higher at low latitudes it is probable that energy from these lightning
discharges will arrive in the equatorial plane with their wave normals
field aligned. It was shown in section 10.5 that there is a relatively
high probability of electrons unstable to transverse resonance being
present Jjust ingide the plasmapause. Thus the probability of a resonant
interaction taking place in this region appears to be high. If a
suitebly 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, 1965).

In this context the unducted path shown in Fig. 11/1 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 plasma-
pause. 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 hemi-
sphere 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 1.5 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 90 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. 7/3) but in general there
wag 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
fregquencies.

Bven 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 plasma-

pause.

11.2 . Puggestions 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
siﬁoe if the L value of the whistler duct may be found (from its nose
frequency) then the plasmspause position is Tixed within limits of

around 0.01 in L value, according to the unducted model.
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Further 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 W values
just within the plasmasphere, rn the equatorcl ploane.

Bxperiments to test whether apparently spontancous 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 propsgated would need to be determined before any con-
clusions could be drawn. For emissionsz, unlike whistlers there is no
eésy method of doing this. The VLT 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 gignals from the ionosphere to be determined by triangula-
tion and hence the L value of the duct could be deduced. Having done
this the plasmapause pogition could be estimated, from the Kp index
and local time, if it were not known either from direct observation
by satellite or by ground based observation of tknee'! whistlers.
Thunderstorm data would show whether there was activity at a suitable
latitude and hence the model cculd be tested. A statistical study of
the latitude of reception of spontaneous emissions and plasmapause
position would also serve to investigate whether such ewmiscions were

received preferentially at L 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 + % min. These results are in agreement with

o
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previous resulbs obtained by observation of man-made VLF signals
reflected from the D region. The reception of VIF emissions cloge
to eclipse totality ig attributed to the eclipme induced modification
to the ionospheric electron density distribution allowing the emissions
to prepagate to the ground whereas under normal daytime conditions they
would have been reflected by or absorbed in the lower ionogphere.

Analysis of whistler-precursor pairs received goon 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 1.05 + 0.02 &. The
locus of precursor trigger points obtained from these precursors and
cthers received at South Ulst 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 meéhanisms of pre-
cursor triggering have been considered. It ig found that an unducted
path in which energy from a lightning discharge is first magneto-
spherically 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 ‘o trigger a precursor.
It is found that the trigger loci predicted by this mechanism agree
reagonably well with the observed data. Because of the relatively
large initial wave normal angles predicted by this mechanism it ig
concluded that some special ionospheric conditionsg 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 explaing the observation of multiple component pre-
cursors having trigger points with different trigger frequencies but
approvimately equal trigger times and also the observation that
precursed whistlers have propagated jusl inside the plasmapause,

neither of which are explained by Dowden's theory.
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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.

Fnergy propagating along these paths does not require any sgpecial
ionospheric conditions in order to be able to take part in a trans-
verse resonance interaction in the egquatorial plane. PFurthermore,
it ig found that rays starting with a range of initial latitudes and
wave normal angles are directed preferentially to the equatorial
plane giving ; 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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