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ABSTRACT 

This thesis is the result of a year spent at Macquarie Island 

(54°30'S, 158°57'E) on the 1983 Australian National Antarctic 

Research Expedition, collecting data pertaining to pulsating 

aurora and geomagnetic Pi(c) micropulsations. 

Data was collected with a 0.2s sampling period and stored by an 

LSI-11 microcomputer on floppy disks for the bulk of the year, then 

on RLO2 hard disk for the final months. 	Strong peak-to-peak 

correlations were observed between the optical pulsating aurora, 

measured at the 
4 4278X band head emission, and the micropulsations. 

Average time delays were determined to be 0.6s and 0.3s for the D and 

H Pi(c) micropulsations respectively, trailing the optical fluctuations. 

The H component Pi(c) micropulsations will be shown to be 

consistent with a precipitation induced Hall conductivity enhancement 

of the westward E-region auroral electrojet during the greater part of 

this activity. The sign, or phase, of the 4278A/H micropulsation 

correlation function was in close agreement with the large scale magnetogram 

H component perturbation. 

The D component Pi(c) have in the past been interpreted as either 

an E-region Pedersen conductivity induced variation, or a direct field 

aligned current effect. Their correlation sign, or phase, is shown 

to be not in accord with the large scale D component magnetograms 

which are known to be effected by other than E-region currents, namely 

the field aligned fluxes." The D micropulsations are more frequently 

correlated at an acceptable level with the optical emission, and 

their correlations are in general of greater magnitude than those of 

the H Pi(c). 
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Experimentally observed lack of a frequency doubling in the 

micropulsations with respect to the optical trace, occasional phase 

reversals of the correlations, and the delay sequence, wherein the 

optical pulses predominantly lead the H micropulsations, which in 

turn generally lead the D component, can all be reasonably explained 

in terms of the above theories. 

A model has been developed, involving rotations of the total 

ionospheric electric field, which makes basic predictions concerning 

the phases of the correlations, and the lead-lag relationship between 

the micropulsation components. These predictions are borne out by 

the data set, specifically during phase reversals, and strongly indicate 

that the H and D Pi(c) micropulsations result from precipitation 

induced conductivity fluctuations in E-region current systems. 
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Relative location of Macquarie Island with 

respect to the auroral zone (courtesy 

Bond, Antarctic Division, internal publication). 
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1. 

INTRODUCTION 

In essence, the Earth's intrinsic magnetic field configuration 

is that of an ordinary dipole, situated near its centre, and oriented 

slightly off-axis (by about 15 °). This field is generated 

predominantly by turbulent current flow within the Earth's molten iron 

core regions. 

Continuous expansion of the hot solar corona produces a steady 

flow of charged particles, the solar wind, past the Earth. 	It suffers 

deflection by the dipole field generating a current sheet which 

effectively cancels the geomagnetic field on the windward side, compresses 

and enhances it on the earthward side (Ratcliffe, 1972). Called the 

magnetopause, this current sheet, situated at a distance of approximately 

ten Earth radii (10Re), forms a boundary confining the Earth's field 

within a cometshaped cavity known as the magnetosphere. Due to the 

supersonic nature of the solar wind, a bow shock is formed approximately 

4Re sunward of the magnetopause, and the magnetosheath contained therein 

is a region of high magnetic turbulence (see Figure 1). 

On the nightside•the tangential force exerted by the solar wind 

streaming past, carries the Earth's magnetic field to distances in excess 

of 1000Re (Walker et al, 1975). 	Field lines above approximately 78 °  

geomagnetic latitude in the noon meridian, and 69°  in the midnight 

meridian, are swept away into the geomagnetic tail field (Fairfield, 1970). 

Oppositely directed lines of force from the two hemispheres are separated 

in the tail by the neutral, or current sheet, either side of which, a 

region of warm plasma, the plasma sheet, extends for several Re. 

On the sunward hemisphere, the region between where the geomagnetic 

field lines are closed, or drawn across the Earth and out into the tail, 

is known as the polar or magnetospheric cusp. It is here that the solar 

wind particles, having penetrated the shock front, may enter the 
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Figure 1 Schematic representations of the regions of the 
magnetosphere depicting some of the particle 
processes involved: 

(a) general flow of particles from the solar 
wind,and the magnetospheric regions 

(b) summary view of the magnetosphere and 
. geomagnetic tail as deduced from spacecraft 
measurements 

(c) three components of trapped particle motion. 
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magnetosphere, or be convected towards the nightside of the Earth 

through the plasma sheet. The charged particles can then be guided 

down magnetic field lines towards the ionosphere. 

Due to the low collision cross-sections existing at great heights 

on the field lines, the charged particles become easily trapped, and 

mirror back and forth between hemispheres with bounce periods of the 

order of seconds. This helical motion is accompanied by a magnetic 

field gradient drift which carries protons westward, electrons eastward, 

with circumnavigation times of the order of several hours, yielding an 

overall westward ring current (Ratcliffe, 1972). 

Collison frequencies increase in the low altitude regions near 

the mirror points, so particles with small enough pitch angles (defined 

as the angle between the particles velocity vector as it crosses the 

geomagnetic equator, and the direction of the magnetic field vector) 

can result in the deposition of energy into the polar regions. 

Incoming electrons with energies of 10 keV or more, penetrate to 

altitudes around 100 km, where they rapidly energize multitudes of 

atmospheric oxygen atoms and nitrogen molecule-ions. De-excitation 

of these, results in the emission of visible light, known as the optical 

aurora. This occurs predominantly in a band called the auroral zone 

surrounding the geomagnetic poles at approximately 67 0  invariant latitude, 

lying near the feet of the field lines that are closed, and those that 

stream deep into the tail (Johnstone, 1978). 

Such deposition of energy occurs with increasing probability 

during magnetically disturbed periods, accompanied by equatorward expansion 

of the auroral oval. These periods of disturbance are often produced 

by activity on the sun, such as solar flares, and prominence or filament 

eruption, whereby the solar wind flux is suddenly enhanced. The impact 
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of this increased solar wind on the magnetopause can typically 

compress it to within 6Re, resulting in an increased magnetic field 

at the Earth's surface by tens of gammas (1 gamma = 10
-9 tesla), 

constituting the "initial phase" of the storm (14cPherron, 1970). 

Within a few hours of this sudden commencement, the increased 

populations of protons and electrons enhance the normal ring current, 

causing depression of the field at the Earth's surface by hundreds 

of gammas. This "main phase" of the storm is followed by a "recovery 

phase" that may last one to two days, as the increased charged particle 

concentrations decay gradually. 

Superimposed on this main magnetic storm may also be found 

several polar substorms, and auroral substorms. Polar substorms are 

considered to be a result of an increase in the quiet time polar 

current system. 

Auroral substorms have similar development characteristics 

to the main magnetic storms, but with typical duration times of a 

few hours. Complexity is often introduced into the interpretation 

of their magnetic signature, by the superposition of several such 

substorms. The auroral substorm is a consequence of westward currents 

in the E-region ionosphere, flawing at heights near 100 km around the 

auroral oval (Rostoker, 1972). 

This thesis is concerned with two particular aspects of the 

auroral substorm and the close correlation that exists between them - 

the geomagnetic field effect known as micropulsations, and the optical 

auroral intensity variations resulting from associated electron 

• precipitation. An attempt is made to reconcile observations of these 

phenomena with the various mechanisms proposed for their generation. 
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CHAPTER 1 

REVIEW OF LITERATURE 

1.1 	INTRODUCTION  

This chapter reviews the vast body of literature that has sprung 

up concerning the relationship between simultaneous rapid variations in 

the geomagnetic field, and the auroral luminosity. The concurrent 

temporal and spatial incidence of these phenomena has led to various 

proposals concerning their origins and interdependence. 

Auroral intensity fluctuations have been found to exhibit an 

extremely close correspondence with a particular type of geomagnetic 

field fluctuation known as Pi(c) (see Section 1.2). 	The general 

characteristics of these phenomena will be described here, together 

with a discussion of the various proposed theories on the possible 

generation mechanisms. 

The remainder of this thesis, presents experimental evidence 

obtained from data gathered at Macquarie Island, from October 1982 

to early October 1983, and examines how it fits with the theories. 

1.2 	GEOMAGNETIC MICROPULSATIONS  

During an auroral substorm various large scale magnetic effects 

occur due to intensification of currents (known as the auroral electrojets) 

flawing in the E-region of the Earth's ionosphere. An equivalent current 

system responsible for these geomagnetic disturbance bays has been 

proposed by Sugiura and Heppner (1965), involving an eastward electrojet 

In the pre-Midnight sectOr, and a strong westward electrojet in morning 

hours (see Figure 1.1).. 

The formation and intensification of these current systems and 

their predicted ground effects has been described by Rostoker (1972). 
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Figure 1.1 
	

Equivalent current system for geomagnetic 
bays proposed by Sugiura and Heppner (1965) 
involving a strong eastward electroject in 
the pre-midnight sector. 
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Magnetic bays in the regime of hundreds of gamma intensity result, 

and take several hours to recover. 

Geomagnetic micropulsations, as the name suggests, are small 

scale fluctuations with amplitudes in the range 0.01 - 10 gamma 

(only 1 in 10,000 of the main field), with periods from 0.1 - 600 

seconds, often superimposed on the larger bay disturbances. They 

have been divided into two major classes (Jacobs et al.,  1964) 

according to their appearance. Pc are those exhibiting a continuous, 

regular, pattern, whilst Pi are so designated because of their irregular 

wave form character. 

It is the quasi-sinusoidal Pi oscillations, generally associated 

with auroral subs torm activity involving magnetic bays and optical 

pulsations (see Section 1.3), which will be of major concern to the 

present thesis (Reviews: Campbell, 1967, Saito, 1969; Rostoker, 1972; 

Heacock and Hunsucker, 1981). 

Pi activity has been observed to concur in time and space with 

active aurora, and not generally with the pre-breakup quiescent, 

homogeneous arcs (Troitskaya, 1961). Heacock and Hunsucker (1981) 

using hundreds of observations from their Alaskan site records, report 

that they '... have never observed an instance of a midnight-morning 

sector substorm onset where the level of Pi activity did not increase 

at the onset ...' 	Figure 1.2 readily depicts this particular 

relationship. 

More recent discoveries have indicated that Pi activity also 

occurs at the feet of the dayside cleft (or cusp) field lines, and 

in the dayside sector of the polar cap (Heacock and Hunsucker, 1977b; 

Heacock and Chao, 1980). A prestorm enhancement of Pi activity with 

an average lead-time of..11/2 hours has also been determined (Heacock and 

Chao, 1980). 
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Figure 1.2 Magnetograms (left) and micropulsation records 
(right) from a latitudinal array of stations 
in Canada. Good correlation is seen between 
Pi micropulsations and magnetic bay activity 
(from Kisabeth and Rostoker, 1971). 
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These observations suggest that a Pi micropulsation generation 

mechanism exists that doesn't depend upon a closed field line condition. 

However, the entire gamut of Pi activity is sufficiently diverse that it 

may not be due to a single discrete mechanism. Field line closure may 

in fact be a necessary requisite in some cases. 

Classification of Pi micropulsations has seen further subdivision 

into two spectral ranges, Pil with periods from 1-40 seconds, and Pi2 

with periods from 40-150 seconds (Jacobs et al.,  1964). Good 

correlation has been noted between Pil activity and negative bays in 

the H (north-south geomagnetic field direction) component of the magnetic 

field measured at College, Alaska, by Campbell and Matsushita (1962). 

Using a chain of auroral zone magnetometers, Olson and Rostoker (1975, 

1977) observed that maximum P12 activity occurs whenever the E-region 

electrojet is directly overhead a particular site. 

Thus, Pi activity appears to be strongly linked to E-region 

current systems, and Heacock and Hunsucker (1981) report from Alaskan 

site data that they '... have never observed a single case of large 

amplitude Pi activity occurring where there was no E-region...' 

present in the local ionosphere at that time. 

From a study of continuous magnetic tape and chart recordings 

made at College, Heacock (1967a) devised a more useful working 

classification of Pi micropulsations. He designated as Pi(b), 

those impulsive broadband bursts of short duration lasting for 1-20 

minutes, which have a sharply peaked occurrence distribution, centred 

around local geomagnetic midnight. These bursts were found to 

accompany the onset of auroral substorms (see Figure 1.3). 

Saito (1969) has shown that whenever a low latitude station witnesses 

a Pi(b) event, then a substorm has erupted somewhere in the auroral 

zone. This makes them a viable indicator of substorm onset times 

(Rostoker, 1972). 
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The other form of activity described by Heacock (1967a) 

displays a '... continuous, non-impulsive character...', and has been 

labelled Pi(c). 	These events have a longer duration, up to several 

hours, and are associated with the recovery phase of the geomagnetic 

bay (Saito, 1969; Kisabeth and Rostoker, 1971; Rostoker, 1972; 

Kan and Heacock, 1976). He also found a high correlation between the 

intensities of Pi(c) activity and the auroral electrojet responsible 

for the magnetic bay disturbance. 

The range of frequencies present in Pi(b) burst spectra usually 

contain both higher and lower components than in Pi(c) events (Heacock, 

1967a). 	In the auroral zone they exhibit Pil and Pi2, whilst at 

lower latitudes the higher frequencies are not recorded (Saito, 1969). 

Saito's report further highlights the close association of Pi2 with 

Pi(b) events, by noting that P12 occurs only during the substorm 

expansive phase, and upon its disappearance the bay commences recovery. 

The relationship is more firmly established by the fact that Pi(b) and 

P12 both have distinct midnight sector maxima (Heacock, 1967a). 

Sakurai and Saito (1976) have also found that low latitude P12 is 

simultaneous with the brightening of an arc at the onset of an auroral 

substorm. 	Haldoupis et al.,  (1982) have shown that Pi(b) activity is 

associated with a region of intense PAC (field aligned current) systems 

known to be a common feature of the Harang discontinuity (see Section 4.3), 

an evening-midnight phenomenon. 

From College riometer records Parthasarathy and Berkey (1965) 

showed that Pi(b) events are strongly associated temporally with 

downcoming bursts of charged particles, whilst the existence of P12 at 

low latitudes is considered as evidence that Pi(b) micropulsations can 

propagate at large angles to geomagnetic field lines (Tepley et al., 

1965). 
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As mentioned, Pi(b) events are strongly maximized around local 

geomagnetic midnight and according to Heacock (1967a) tend to be 

followed by Pi(c) micropulsations. These then persist for several 

hours until the associated magnetic bay has recovered. This 

relationship is immediately evident from Figure 1.3. 	It follows 

then, that Pi(c) exhibit a broad diurnal distribution with a morning 

hour peak, in the auroral oval (Heacock, 1967a; Heacock and Hunsucker, 

1981). This is coincident with the similarly broad diurnal morning 

hour peak of the pulsating aurora (Royrvik and Davis, 1977; see 

Section 1.3), and Pi(c) have been observed simultaneously with auroral 

luminosity oscillations (review: Campbell, 1978). 

Data gathered by Burns (1983) at Macquarie Island often displays 

peak-to-peak correspondenceof auroral fluctuations and micropulsations. 

His work, which had a faster resolution time, compliments the earlier 

work of Campbell (1970) who observed that the micropulsations were 

delayed of the order of 1.3 seconds on average, with respect to the 

optical variations. 	Burns found shorter delay times, 0.2 - 0.6 seconds, 

indicating a close correspondence between the two phenomena at low 

(ionospheric) altitudes, and this has been confirmed by Oguti et al., 

(1984). 

Subsequent work, which is the subject of this thesis,has gathered 

together a large volume of data supporting these observations. 

Excellent correlations (some with magnitude > 0.80) have been 

determined between the auroral optical emission fluctuations and 

irregular geomagnetic micropulsations, with periods predominantly 

in the range 6-20 seconds. Together with the broad morning hour peak 

in the distribution of these correlations, and their obvious association 

with geomagnetic bay recovery, the micropulsations involved exhibit the 

basic characteristics of Pi(c) as described by Heacock (1967a). 
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1.3 	PULSATING AURORA  

The introduction briefly described the auroral substorm 

phenomenon. Here it will be examined in closer detail with particular 

reference to the pulsating auroral forms that actually develop later 

in the course of the disturbance. 

Akasofu (1968) has given excellent discussion on auroral substorm 

morphology, and the changes that take place in the auroral oval itself. 

He defines two main phases of the storm. The expansive phase commences 

with the brightening, or sudden formation, of an auroral arc in the 

midnight sector of the oval. Rapid spatial motions ensue as the arc 

bulges poleward and expands longitudinally, with the development of a 

westward travelling surge in the evening sector. The overhead passage 

of the surge defines the reversal from a positive to a negative 

perturbation bay in the large scale H-component magnetic field (Bond, 

private discussion). This plethora of spectacular activity takes 

typically 30 minutes to evolve. 

Towards the morning sector the display disintegrates into 

patches superimposed on a law level background diffuse aurora. These 

pulsating patches manifest themselves over the next hour or so, as 

quiet arcs once more re-establish themselves in the midnight sector. 

This delineates the recovery stage of the substorm, and the entire 

process, as described by Akasofu, is depicted in Figure 1.4. 

Great difficulty can be incurred disentangling the stages of 

individual auroral substorms, as they tend to repeat, and often overlap 

during active periods (Akasofu; 1968, Ratcliffe, 1972). 

The International Auroral Atlas (1963) identifies a number of 

different auroral forms with time-dependent intensity fluctuations. 

Their period can range from fractions of a second to a few minutes, 
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and the considerations here will centre largely on the PI, pulsating 

aurora, category. PI is there defined as aurora exhibiting a uniform 

brightness variation throughout the form. 

The Macquarie Island instrumentation employs a wide angle 

photometer, 300  half-beam width (see Section 2.1), with which it is 

not possible to determine if the form actually brightens coherently. 

Hence, it was not possible to distinguish PI from another form defined 

as P2, called flaming aurora. 	In this case, surges of luminosity 

sweep upwards through the form, towards the zenith. 	This is not 

considered to be of any particular concern, since PI and P2 may well 

be the same phenomenon viewed at different angles (Burns, 1983). 

Two other forms, P3 which consists of very rapid flickering, 

and P. known as streaming, will also not be a major problem, as the 

very nature of the wide angle photometer makes them difficult to 

detect. 	They will not show up as appreciable fluctuations, as 

they might, on a narrow field of view photometer system. 

The wide angle nature of the photometer also ensures that 

physical drift motions of auroral forms will be less of a contaminant than 

for narrow angle systems. 	Such drifts are of the order 100-1000 ms
-1

, 

easterly in the morning, westerly in the evening sector (Royrvik and 

Davis, 1977; Oguti et al.,  1981). 

The general term, pulsating aurora, will be used in the above 

context, to cover the events to be examined in the remainder of this 

thesis. 

Observations have shown that pulsating aurora appear generally 

at the equatorward edge of the auroral oval (Heppner, 1954, 1958; 

Cresswell and Davis, 1966), largely in the morning hours (Kvifte and 

Petterson, 1969; Brekke, 1971), and are associated with the recovery 

phase of geomagnetic bays (Cresswell and Davis, 1966). The auroral 
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oval expands equatorwards with increasing geomagnetic activity and 

the pulsating aurora are then observed at lower latitudes (Brekke, 

1971). Pulsations can occur in all auroral forms, and it is found 

that arcs and arc segments dominate the activity during the evening, 

whilst patches are the major form in the morning hours (Royrvik and 

Davis, 1977). 

Pulsating aurora are characteristically a low intensity 

phenomenon, of brightness less than 10 kR, compared with quiescent 

arcs and brilliant break-up aurora which can approach 100 kR (Johnstone, 

1978). Evening sector pulsations are found to be of smaller 

amplitude in general than those in morning hours (Pemberton and 

Shepherd, 1975). 	They generally are superimposed on small intensity 

background diffuse aurora, with various values being quoted for the 

total amount of light that is fluctuating, from 10-30% Kvifte and 

Petterson (1969), 40% Campbell (1970), 70% on a 1 kR background 

Whalen et al.,  (1971), and even 100% by Miller and Zeitz (1971). 

The light intensity does not vary in a smooth sinusoidal 

fashion, but appears to alternate rapidly between on/off states with 

non-uniform delays between successive pulses (Scourfield and Parsons, 

1968; Oguti, 1971). 	Sometimes the switching appears to originate 

from a point within a patch and then spread out (Johnstone, 1978), 

and this was also the personal experience of the author, from 

Macquarie Island observations. 

The shapes too may also be extremely varied, and can tend to 

persist for many pulsations (Cresswell and Davis, 1966), with 

neighbouring patches often found to be pulsating independently of 

each other in phase and period (Oguti, 1976). 	These particular 

points have proven extremely difficult to incorporate into any 

physically viable mechanism for their generation. Johnstone (1978) 
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points out that even in the train of pulsations from a single patch 

the period may vary, concluding that the mean period is not related 

geometrically to the magnetosphere, although the bounce period of 

trapped electrons is comparable to the period of pulsations. 

Pulsating aurora are the result of excitation of atmospheric 

constituents by the electrons impinging on them. Very little 

contribution is considered to be due to protons or precipitating 

hydrogen atoms (Father, 1968; Miller and Zeitz, 1971), though some 

structured hydrogen atom fluxes have been detected (Smith et al., 1980). 

Occurrence of pulsating aurora on the equatorward edge of the 

auroral oval indicates that they are a closed field line phenomenon. 

Further evidence that a trapped flux is involved comes from the 

measurement of electron pitch angle distributions. These are found 

to contain a loss-cone at the minimum of the pulsation Whalen et al., 

1971; Bryant et al., 1971), and the distribution increases 

monotonically as the pitch-angle increases (Johnstone, 1978). 

Television image observations of simultaneous conjugate fluctuations 

in northern and southern hemispheres offer further conclusive testimony 

(Belon et al., 1968). 

A low altitude for pulsating auroral emissions is suggested from 

their close association with cosmic noise absorption (Reid, 1967), 

and X-ray (Scourfield et al., 1970) pulsations, both of which are 

indicators of high energy fluxes. Triangulation studies have indicated 

a lower border typically around 80-100 km (Brown et al., 1976) though 

a higher range 83-140 km with a median altitude of 98 km has been 

reported (Stenbaek-Nielsen and Hallinan, 1979). 

Stenbaek-Nielsen and Hallinan (1979) produced the extremely 

surprising result that the vertical extent is limited to around 2 km. 
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This is far shorter than that expected even from theoretical calculations 

of a monoenergetic uni-directional flux (Rees, 1963). Such a result, 

though disconcerting, may not be typical of all pulsing forms, as the 

measurements were carried out on irregular patches, or arc segments of 

only 10 km width, and a few seconds period. Rocket measurements of 

Yau et al., (1981) do not support the existence of such thin pulsating 

structures. 

Typical pulsation altitudes tend to be lower than that of the 

general diffuse background (median altitude near 150 km, Brown et al., 

1976), which suggests they are due to precipitation of higher energy 

electrons, rather than merely a flux increase (Davis, 1978). 	Not all 

measurements are in total agreement with this, as Stenbaek-Nielsen and 

Hallinan (1979) report no height change of emission for on/off states. 

An essentially Maxwellian distribution of energies for the 

precipitating electrons is reported by Bryant et al., (1975) 

N(E) = AE exp [-E 

with e-folding energy (most probable energy of the distribution) E0 , 

hardening by as much as 25% during optical peaks (similarly McEwen 

et al., 1981a). The distribution tends to diverge from Maxwellian 

behaviour at energies > 20 keV, the fluxes being somewhat higher than 

those expected from a Maxwellian (Johnstone, 1978). Doppler line-width 

measurements have indicated a temperature decrease at the peaks of the 

auroral pulsations (Hilliard and Shepherd, 1966). Reductions in peak 

height emission of the order of 15 km have been estimated, and spectral 

hardening of the precipitating electrons is inferred. Back-scatter 

radar measured Hall conductivity increases, indicating harder precipitation 

within the maxima, have been recorded by Senior et al., (1982). 
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Measured hardening of the spectrum indicates E0  values ranging 

from 2.2 to 4.0 keV (icEwen et al.,  1981a; Bryant et al., 1978), and 

even more intense from 5.6 to 9.0 keV (Sears and Vondrak, 1981). 	Note 

that an e-folding energy E0, has an average energy of 2E 0  for a 

Maxwellian distribution, which will be biased higher by the divergent 

behaviour above 20 keV. Thus there appears to be sufficient flux 

at energies around 20 keV, which penetrate to around 95-100 km for 

the pulsating aurora to occur. 

1.4 	E-REGION CURRENTS  

Evidence has been presented that certain geomagnetic 

micropulsations Pi(c), and rapid auroral intensity variations are 

spatially and temporally related. Lag times less than one second 

as reported by Burns (1983), Oguti et al.,  (1984) and determined 

during this research (see Section 3.2), are indicative of an ionospheric 

origin for Pi(c) micropulsations, within auroral regions. 

As a lead-in to the various theoretical generation mechanism 

proposals, consider the current systems that exist in the auroral 

zone ionosphere during a substorm. On a global scale the elebtric 

current system of an auroral substorm is rather locally confined 

(Rostoker, 1972), see Figure 1.1. 	An important point to note is 

that an auroral substorm involves a marked intensification of only a 

restricted part of the westward electrojet near geomagnetic midnight. 

Typically this covers a latitudinal width of only about 5 ° , extending 

longitudinally from less than 100  up to approximately 90°  (Rostoker, 

1972). 	Consequently, a marked latitudinal difference in the recorded 

storm signatures is expected at various stations (see Figure 1.5). 

Difficulty may then be experienced in assigning substorm onset 

times at different latitudes, were it not for the fact that Pi(b) 

activity provides a singularly powerful tool at all locations (Saito, 

1961; Rostoker, 1972). 
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Figure 1.5 Magnetic perturbation pattern along a geomagnetic 
meridian recorded in Western Canada, 1970, during a 
polar magnetic substorm. Numbers at the top give 
the day, hour, minute and second for the time the 
profiles were calculated (from Kisabeth and Rostoker, 
1971). 
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For stations within the auroral zone near local magnetic 

midnight the substorm is characterized by a negative excursion in the 

H magnetic field component. This is to be expected on the basis of 

an intensification of westward current above the station, the details 

of which have been comprehensively described by Kisabeth and Rostoker 

(1971), using data from a closely spaced latitudinal chain of stations 

across Canada. 

Their study indicates that the current enhances first at the 

southern (equatorward) border of the electrojet, followed by 

quasi-periodic intensifications at the northern (poleward) border. 

It is the overall magnitude and stability of the equatorward portion 

of the electrojet which defines the nature of the substorm 

(Kisabeth and Rostoker, 1971). 

Using a spherical harmonic analysis of the magnetic disturbance 

field (Chapman and Bartels, 1940) it is always possible to derive a 

two-dimensional equivalent current system, flowing in a spherical 

shell at some distance above the surface of the Earth, that can 

produce the perturbation pattern (Bonnevier et al., 1979) witnessed 

at any particular station. 	Some workers have actually argued the 

reality of such systems (Vestine and Chapman, 1938; Silsbee and 

Vestine, 1942). 	It has been shown, however, that to cover the energy 

losses within the electrojet, unreasonably high neutral wind velocities 

and/or electron densities are required for purely ionospheric sources 

to be able to maintain these systems (BOstrom, 1964; Bonnevier et al., 

1970). 

The required energy source must therefore reside in the outer 

magnetosphere, and so the real circuit must be some three-dimensional 

current system. This idea of current flowing down from the 

22. 
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magnetosphere was first proposed by Birkeland (1908, 1913) as a system 

of vertical line currents linking the westward electrojet to the 

magnetosphere (c.f. BOstrom, 1968). 	BOstrom (1964, 1968) extended 

the work of Birkeland by proposing two possible current systems. 

The first of these involves currents flowing along the curved geomagnetic 

field lines as field-aligned currents (FAC's), very much as in Birkeland's 

original postulate (see Figure 1.6a), whilst the second system invokes 

field-aligned current sheets at the poleward and equatorward borders 

of the auroral electrojet (see Figure 1.6b). 

At auroral zone stations the proximity of currents that can 

vary in intensity, is responsible for appreciable magnetic perturbation 

effects. 	Transverse to the auroral zone, the integrated effect of these 

currents is seen to fall off quite sharply (BOstrom, 1968). 

The reality of direct observation of these FAC's has been 

possible since the advent of rockets and satellites as data gathering 

devices. 	Cummings and Dessler. (1967) were the first to show that 

FAC's had been unambiguously detected by Zmuda et al., (1966). 

Sounding rocket data (Whalen and McDiarmid, 1972) has shown that the 

field aligned fluxes are concentrated in the night-time hours in an 

oval shaped region in close relation to the visual auroral oval, and 

this has been further substantiated by satellite observations (Hoffman 

and Evans; 1968, Berko, 1973). 	This field has been reviewed by 

Arnoldy (1974). 

It is the B6strom-Birkeland current system postulates that have 

provided valuable clues as to the cause of the Pi(c) micropulsations 

which accompany the pulsating aurora. In the dual current-sheet model 

(Figure 1.6b) closure is effected in the ionosphere by an equatorward 

Pedersen current (Senior et al., 1982) while the westward auroral 



Figure 1.6 ) Similar current system to 
Birkeland's suggestion but 
with the magnetospheric 
currents actually flowing 
along the curved field lines. 

(b) Current system driven by 
plasma motions in the magnetosphere. 
Field aligned sheet currents at the 
poleward and equatorward edges of 
electrojet (Hall current) effect 
closure of the Pedersen current in 
the ionosphere. 

(from astrom, 1964). 
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electrojet enhancement is an induced Hall current flow. It will be 

seen later (Section 1.5) that the altitudes of the Hall and Pedersen 

conductivity maxima has significant consequences for the optical 

correlation with the H (north-south) and D (east-west) magnetic field 

micropulsations. 

1.5 	INCOHERENT BACKSCATTER RADAR  

For a more complete discussion of ionospheric current systems 

and their magnetic effects on the ground, an understanding is required 

of ionospheric electric fields, conductivities and neutral winds. 

It is possible to determine these quantities, together with the 

E-region currents themselves, using incoherent backscatter radar 

techniques (review: Banks and Doupnik, 1975). 

Various ionospheric parameters - electron densities, electron 

and ion temperatures, and line-of-sight components of plasma drift 

velocities - are measured simultaneously. These are collected by 

a systematic sequencing of azimuth, elevation, and range gate of the 

radar antenna. This enables electron concentration, current density, 

conductivity profiles, electric fields perpendicular to the magnetic 

field, and neutral winds, to be inferred (Banks and Doupnik, 1975). 

The altitude-dependent E-region current density is given by 

Brekke et al.,  (1974) as: 

= 	a  ' pEl 	crilE!.4 x  1. 1 

where: 

o 	= direct, or parallel conductivity 

G 	= Pedersen conductivity 

a
H  

= Hall conductivity 

E' 	= effective electric-field parallel to magnetic field 
-41 

E'
1 	

= effective electric-field perpendicular.to  magnetic field. 
-- 



that is: 
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1.2 

where 

E = electrostatic field 

p = neutral wind velocity. 

Radar measurements by Brekke et al., (1974) relate to current flow 

perpendicular to the magnetic field, and they present the altitude-

dependent Hall and Pedersen conductivities as: 

a 

= 

= 
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electron density 

electronic charge 

ion-neutral, electron-neutral collision 

ion, electron gyrofrequencies — 
M 
eB 	) 

i,e 

frequencies 

These expressions follow from the collision transfer momentum 

equations for ions and electrons, without regard for pressure gradients 

or gravitational forces. Typical profiles for the radar measured 

electron concentrations, and derived conductivities are shown in Figure 

1.7 from Brekke et al., (1974). 

Brekke et al., (1974) adopted an ion-neutral collision frequency 

-10 
of 7.5 X10 	N(n) s

-1
, where N(n) represents the neutral air density 

(Dalgarno, 1964; Rishbeth and Garriott, 1969), making use of Banks and 

Kockarts (1975) static atmosphere model for N(n). 
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For collisions between electrons and neutrals, the expression 

5.4 x 10
-10 
 N(n) T

e 
s
-1

, where Te 
is the electron gas temperature, 

was adopted from Nicolet (1953). 

As regards the gyrofrequencies, Q. is of the order of 1 x 10
2 s-1  , 

1 

e 
7 x 10 6  s-1 , with NO+ , 0 2+  being the dominant ionic species of the 

E-region (Jones and Rees, 1973). With increasing atmospheric density, 

the collision frequencies ve,vi 
increase to the effect that vee 

become equal at heights around 70 km, while this occurs around 140 km 

for v. The Pedersen conductivity peaks near 125 km, whereas the 

Hall conductivity peaks close to 105 km where: 

- so the following approximations have useful 

validity: 

n
e
e R. 	2 

•

, 1 	e 
[vi  ye ] 

aH 
n
e
e 

1.6 

Since v
e 

is dependent on electron temperature, Te
, its variation 

has been investigated for auroral precipitation conditions. Maximum 

energy deposition occurs near 112 km, with negligible temperature 

increases below 170 km (Rees and Jones, 1973), implying that Ve  suffers 

little temperature consequences of a precipitation burst. 	Since Vi3Oe , 

and i 
are even less variable, this means that the Hall and Pedersen 

conductivities are directly proportional to electron defisity changes in 

the region of their maxima (Burns, 1983). 

a 1.5 
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Burns points out that, if the theory connecting H-micropulsations 

to Hall conductivity fluctuations, and D-micropulsations to Pedersen 

conductivity effects (see Section 1.6) is valid, then the H-micropulsations 

are an indicator of electron density variations around 105 km, the 

D-component providing a yardstick near 125 km. 

Further to this, Figure 1.7 indicates that disturbed magnetic 

conditions cause the Hall and Pedersen conductivities to increase. 

The penetration depths of electrons into the Earth's atmosphere will 

be a function of their energy. Particles with 1-5 keV precipitate 

around 125-150 km, and those with energies greater than 5 keV reach 

regions below 125 km (Rees, 1963). 	So the ratio of Hall to Pedersen 

conductivities gives a crude measure of the energy of the precipitating 

electrons. 	The harder the electron energy spectrum the greater will 

be the Hall conductivity enhancement with respect to the Pedersen: 

Brekke et al., (1974) report observations to support this interpretation. 

Other measurements made with the Chatanika, Alaskan radar 

facility by Brekke et al., have indicated that the neutral wind induced 

electric field, p X  B, is of little significance compared to the 

electrostatic field during disturbed ionospheric conditions. 	They also 

show that the electrostatic field has a magnetic meridional plane aspect 

during these disturbances, and that the appearance of negative bays on 

H-magnetograms is related to a north-to-south electric field reversal 

with accompanying conductivity increases. This implies that the westward 

auroral electrojet is predominantly a Hall current. 

Fluctuations in the large-scale H-component magnetic field at the 

Earth's surface are often in close agreement with that expected from 

height-integrated E-region east-vest current densities. The association 

is usually poor for the D-component and north-south currents (Brekke 

et al., 1977, see Figure 1.8). 	Although the magnetometer integrates 
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ionospheric currents with a much broader field-of-view than the radar, 

and is sensitive to currents induced in the ground, one cannot always 

reconcile the D-component discrepancies without recourse to other 

currents that must be flawing, in particular, the FAC's. 

The E-region currents depend, not only on the Hall and Pedersen 

conductivities, but also on the electric fields present at any 

particular time. Most back-scatter radar measurements have suffered 

from an insufficiently rapid sampling rate to monitor the electric field 

variations effectively. 	For example, Brekke et al.,  (1974) has a 30s 

sampling interval compared to the most common Pi(c) periods of 6-20s. 

Haldoupis and Nielsen (1983) improved things slightly to a 20s 

sample rate, and showed the electric field strength actually decreases 

during Pi(c) enhancements. However, they also report rapid fluctuations 

of up to 15-20% of the average field strength, during these times. 

They found that long term electric field trends did not correlate all that 

well with large-scale variations in the magnetic field components, and 

hence the conductivity modifications were dominant in the observed 

magnetogram variations. 

Leoninen et al.,  (1983) report on electric field measurements with 

a time resolution of 0.5-1.0s. 	They showed that the electric field 

fluctuations were basically in phase with the Hall conductivity. 

1.6 	EXISTING THEORIES  

The complex variety of geomagnetic and auroral activity has led to 

anumber of proposals for their generation. One major difficulty rests 

with the question of whether the micropulsations are directly responsible 

for the auroral fluctuations or vice-versa, or if both are the result of 

some other mechanism. Pi(c) (or similarly Pil) micropulsations have been 

reported to have a close temporal and spatial relationship with auroral 
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optical pulsations (Campbell, 1970; Burns, 1983; Oguti et al., 1984). 

This particular section evaluates the major theories regarding these 

phenomena in the light of previous observational evidence. 

A useful idea is to classify the theories according to the 

proposed region of origin of the pulsations. The two major regimes 

being the equatorial plasma sheet (Nishida, 1964; Coroniti and Kennel, 

1970 a,b; Kan and Heacock, 1976; Davidson, 1979), and the local 

ionosphere (Cole,1961; Campbell and Matsushita, 1962; BOstrom, 1964; 

Maehlum and O'Brien, 1968; Reid, 1976; Wilhem et al., 1977; Heacock 

and Chao, 1980; Chao and Heacock, 1980; Heacock and Hunsucker, 1981). 

A further intermediate region has also been considered (Petelski et al., 

1978). 

Nishida (1964) models a system whereby a stream of high energy 

electrons passing through the magnetospheric plasma, injects energy into 

a growing hydromagnetic (BM) wave. The calculated wave frequency has 

a similar range to that of the observed irregular pulsations. Subsequent 

bombardment of the electron beam onto the ionosphere increases the local 

conductivity so that the downcoming HM waves are increasingly shielded. 

This could explain the observed association of Pi(b) with substorm 

onset (Saito, 1961), and the detection of Pi2 at low latitude stations 

(Tepley et al., 1965) may be due to Landau resonance of the electron beam 

with the HM waves, producing oblique propagation (Fejer and Kan, 1969). 

Kan and Heacock (1976) question the likelihood of the instability 

producing observable amplitudes at the Earth's surface, because of the 

long Alfvgn wavelength compared to magnetospheric dimensions. 

An auroral precipitation mechanism based on the electron cyclotron 

wave-particle interaction, leading to pitch-angle diffusion of trapped 

electrons into the loss cone (particles with a directional motion close 

enough to that of the field lines are more likely to be precipitated due 
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to their lower magnetic mirror points, so that those particles with 

small enough pitch angles are said to define a loss-cone) was 

investigated by Kennel and Petschek (1966). Wave-particle resonances 

will become significant near a given particle's gyrofrequency, so this 

immediately suggests high-frequency fluctuations in the whistler mode for 

electrons. The whistler mode noise can be generated by the anisotropy 

in the electron distribution created by the existence of a loss-cone 

(Johnstone, 1978). 

Coroniti and Kennel (1970a) extend the theory to embrace the 

associated micropulsations. They propose that the whistler mode noise 

(also known as auroral chorus or hiss) growth rate, is modulated by the 

magnetic field of HM waves, by an amount that depends exponentially on 

the HM wave amplitude. The HM waves themselves are, in turn, responsible 

for the micropulsations. 	They show that micropulsations as small as 

2% of the ambient field strength can produce significant modulation. 

Following up this approach, Coroniti and Kennel (1970b) argue 

that the HM waves themselves are generated as a drift instability of 

Alfvgn waves, driven by a sharp electron thermal gradient at the inner 

edge of the plasma sheet. These drift waves have a small wavelength 

(10-100 km) perpendicular to the magnetic field, comparable with the 

size of pulsating auroral patches (D'Angelo, 1969), and a wavelength 

parallel to the field of similar dimension to the length of the field 

lines. 

The predicted modulation region for this trapped electron 

distribution, which is responsible for the auroral pulsations, is 

determined. to be in the vicinity of the geomagnetic equator. This part 

of the theory agrees well with observations of simultaneous pulsations at 

conjugate points in the northern and southern hemispheres (Davis, 1969) 

and ground/rocket co-ordinated observations of modulated particle fluxes 

(Bryant et al., 1971). 
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Further considerations by Chance et al., (1973) include conditions 

where the plasma pressure is of significant amplitude in comparison 

with the magnetic pressure. A drift-wave growth time from 5-30 minutes 

is predicted. 

Assuming negligible rotation of the micropulsation polarization 

along the field lines from the geomagnetic equator to the top of the 

ionosphere, Coroniti and Kennel (1970b) predict a north-south linear 

polarization. 	Subsequent traversal of the ionosphere produces a 

rotation, of the order of 90 0  to a first approximation (Hughes, 1974). 

Predominantly east-west polarizations have been observed on the ground 

by Arthur et al., (1973) and Kan and Heacock (1976). The true extent of 

ionospheric rotation of HM wave polarization is still in doubt (review: 

Hasegawa and Lanzerotti, 1978). 

Kan and Heacock (1976) outline a theory wherein Pi(c) 

micropulsations result from electrons streaming along plasma sheet 

field lines. 	The observed streaming is attributed to enhanced 

magnetotail reconnection (Vasyliunas, 1975) producing an anisotropic 

plasma pressure, with a greater pressure parallel to the field lines 

than orthogonal to them. Alfv4n (MHD) waves are thus generated in the 

plasma sheet, at a distance of approximately 15Re, by the 'garden-hose- 

instability', and these then propagate towards the ionosphere. 	This 

theory predicts an east-west polarization above the ionosphere, and 

does not account for any rotation in passage to the ground. 

Finally, Davidson (1979) models a self-modulated pulsation process 

In the outer trapped electron belts without the co-operation of HM waves, 

based on the limits of stably trapped particle fluxes discussed by Kennel 

and Petschek (1966). Removal of trapped electrons results from VLF wave 

Interaction following an electron injection event. A cyclic wave growth 

and particle loss pattern can develop, analogous to a highly non-linear 
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relaxation oscillator. 	Davidson argues that the spatial extent of 

auroral pulsations is determined by wave ducting, since the observed 

drift velocities of pulsating aurora and cold plasma in the upper 

ionosphere are comparable, 100-1,000 ms
-1 (Johnstone, 1978). 

Most of these theories predict that the micropulsations observed 

to be associated with the pulsating aurora, also have a geomagnetic 

equatorial region of origin. This involves propagation of the MHD 

waves responsible for the micropulsations at the Alfvgn speed 

-1 i 
(approximately 5 10 5  ms 	n the outer magnetosphere), from the 

equatorial region of auroral zone field lines. 	Transit times are of 

the order of a few minutes, whereas the electrons that produce the 

auroral pulsations (typically > 10 keV) spend only a matter of seconds 

covering this distance. 

This predicted lag-time has proven to be the major obstacle in 

the acceptance of the micropulsation part of such theories. Many 

instances of temporally intimate micropulsations and pulsating aurora 

exist throughout the literature, and the peak-to-peak correspondence 

has become abundantly clear with measurements that involve more rapid 

sampling rates (Campbell, 1970; Burns; 1983, Oguti et al., 1984). 

Vestine (1943) originally noted the close correspondence between 

auroral luminosity pulsations and geomagnetic micropulsations. 

Campbell (1970) measured delays of only 1.2 sec. and this has been 

confirmed by Kazak et al., (1972) to within an accuracy of 3 sec. 

Fast response riometer cosmic noise absorptions, indicative of energetic 

downcaming electron bursts and hence, optical pulsations, have been shown 

to be coincident (approx. 1 sec. lag) with Pil (essentially Pi(c)) 

measured at Macquarie Island by Reid (1976). 	Standard riameter 

variations in the range 20-100 sec. were noted at zero lag (sample 

time 2 secs.) with micropulsations by Lanzerotti et al., (1978). 
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Heacock and Hunsucker (1977a) have observed simultaneity of micropulsations 

and electron precipitation pulsations. 

Despite all this, some doubt has remained as to the temporal 

relationship between auroral optical intensity fluctuations and Pi(c) 

micropulsations. 	Burns (1983) goes a long way to putting this issue 

beyond such doubt. His results and interpretations are supported by 

Oguti et al.,  (1984), and are strongly confirmed by this thesis which 

is an extension of Burns' research. 

A near-zero time lag, does not preclude the pitch angle diffusion 

modulation mechanism, at the geomagnetic equator, being responsible 

for the structuring of the electron precipitation that is responsible 

for the pulsating aurora. 	If the Coroniti and Kennel (1970a) 

micropulsations are involved in this modulation, then they are not the 

same ones detected as Pi(c) on the ground, which must originate 

somewhere in the local ionosphere (Burns, 1983). This is substantiated 

by the absence of Pi(c) at geostationary orbits, although Pi(b) were 

often present, as measured by Gendrin et al.,  (1978), McPherron (1980). 

Parks and Winckler (1969) have demonstrated the mutual existence 

of 5-15 sec energetic electron fluxes in the equatorial plane, and at 

the connecting conjugate points in both hemispheres. 	Further evidence 

has come from Tsurutani and Smith (1974), Ward et al.,  (1982), for the 

appearance of ELF hiss and auroral electron pulsations in the vicinity 

of the geomagnetic equator. 

The first major theory linking the origin of Pi(c) micropulsations 

with ionospheric E-region current sources, was devised by Campbell and 

Matsushita (1962). Their work, based upon observations of 5-30s period 

micropulsations measured at College, Alaska, indicated that conductivity 

changes in the auroral electrojet, caused by precipitating electrons, 

could generate Pi micropulsations observable on the ground. 
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Cole (1961) has postulated that the H-component micropulsations are 

due to a current increase in the westward electrojet, and the D-component 

to an increase in an equatorward current. A model for these current 

systems linking the outer magnetosphere to the ionosphere has been 

presented by BOstrom (1964). This mechanism has received much attention 

in a number of related papers (Reid, 1976; Wilhelm et al.,  1977; 

Heacock and Chao, 1980; Chao and Heacock 1980; Heacock, 1980). 

Reid (1976) found, from his Macquarie Island data, that Pil 

micropulsations were coincident with cosmic noise absorption pulsations. 

He proposed that the impulse in particle precipitation gives rise to a 

much larger number of secondary electrons. 	Ionospheric conductivity 

is thus enhanced, in turn increasing the electrojet current manifesting 

itself as a small magnetic bay intensification, that is, as a 

micropulsation. 	Reid indicates that the structured particle precipitation 

may achieve its modulation via the Coroniti and Kennel (1970a) pitch 

angle diffusion mechanism. 

Most models argue for a precipitating auroral source of electrons 

with temporal variations embedded in it. Maehlum and O'Brien, (1968) 

model an ionospheric feedback system, originally postulated by Cole 

(1962), that can introduce significant temporal structure into an 

initially time-invariant electron precipitation event. 

The first stage in this cycle involves ionization from the 

particle precipitation increasing the westward electrojet conductivity. 

The magnetic field above the electrojet is thus increased, and so the 

effective mirror point of bouncing, trapped electrons is raised. 

. Due now to a reduction in flux of particles at the electrojet altitude, 

the ionization, conductivity, and therefore current, all decrease, 

reducing the magnetic field strength above the electrojet altitude. 
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Electrons can once more penetrate to this depth. This feedback loop 

simply repeats, and Maehlum and O'Brien calculate that periodic variations 

in the range 50-200s will ensue. 

However, this entire process depends heavily on the presence 

of large magnetic disturbance fields, of nearly 1000y, and the 

requirement of a steep pitch angle distribution of electrons near the 

boundary of the loss-cone. Nearly isotropic pitch angle distributions 

in precipitating electron fluxes have been measured during peaks in 

pulsation activity (Whalen et al., 1971), and the most abundantly 

occurring auroral pulsations have periods of 6-20s, which this model 

has great difficulty in generating. 

Birkeland's (1908, 1913) pioneering work has led to a far greater 

understanding of auroral zone phenomena. Three-dimensional current 

systems (BOstrom, 1964, 1968; Bonnevier et al., 1970; see Section 1.4) 

based upon his work have led to investigations of field aligned currents 

(FAC's or Birkeland currents) as Pi micropulsation sources. Wilhelm et al., 

(1977) explain their observations by interpreting H-component 

micropulsations as the magnetic effect of fluctuations in the auroral 

electrojet, and the D-component as a consequence of variations within 

Birkeland current sheets (as in Figure 1.6b). Their work confirmed the 

suspicion that the auroral electrojets show internal microstructure 

(Kamide et al., 1969) and they found the sheet currents to be fluctuating 

independently of each other, and decoupled from the electrojet fluctuations. 

Most of these results relate specifically to the substorm expansive phase, 

but they are consistent with the pulsating aurora data of Burns (1983), 

gathered at Macquarie Island. 

Petelski et al., (1978) attributes micropulsation activity to 

Birkeland current chopping, stimulating HM waves, by an unstable 
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potential double layer, located at approximately 1Re altitude on 

auroral zone field lines. 	This double layer also accelerates the 

electrons whose flux variations are then due, either to inherent 

fluctuations of the double layer, or interaction with the micropulsations 

generated. 	Evidence for an electric field component parallel to the 

field lines has come from Evans (1975). This mechanism seems better 

related to 'inverted-V 7  events associated with auroral arcs, and so is 

not of great consequence in this study of pulsating auroral patches. 

These represent the major theoretical arguments used to tackle 

the problem of pulsating aurora and their associated geomagnetic 

micropulsations. The picture that has most consistently emerged is 

one of pitch-angle diffusion of trapped electrons into the loss cone 

within a diffusion region near the geomagnetic equator (Bryant, 1982). 

Evidence for this has come from the extrapolation of velocity dispersal 

measurements of electron fluxes pointing to an equatorial source 

(Bryant et al.,  1969, 1971, 1975; Yau et al.,  1981). 

The Kennel and Petschek (1966) mechanism for pitch angle diffusion 

by whistler mode turbulence has received further support, with the 

correlations observed between the occurrence of 40 keV electron 

precipitation and VLF chorus (Oliver and Gurnett, 1968). They argued 

that the anisotropic electron pitch angle distribution (due to the 

presence of a loss cone) can itself generate the whistler mode noise 

if the absolute flux of trapped particles exceeds some critical value. 

Sufficient turbulence is generated to make the electron loss rate (into 

the loss cone) equal to the injection rate of any sources acting. 

Some evidence exists for outer zone 40 keV electrons being held at 

or near limiting fluxes, which for L=5 is approximately 10 8  cm-2s-1  

(Roberts, 1969). 
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The H-component of the Pi(c) micropulsations that are concurrently 

witnessed with the auroral optical fluctuations, are believed to be due 

to induced ionospheric Hall conductivity changes (producing enhancements 

of the westward electrojet), resulting from the structured particle 

precipitation. D-component micropulsations are either due to similar 

variations in the equatorward Pedersen conductivity, or directly from 

the modulations within the FAC's themselves. 

Arnoldy et al.,  (1982) argues that the equatorward current 

responsible for the D-micropulsations is in fact a Cowling current. 

The auroral precipitation induced enhancement of ionization results 

in an eastward polarization electric field producing Cowling 

conductivity. 	This interpretation results from obstruction to the 

westward current flow perpendicular to the applied electric field. 

The presence of strong auroral electrojets seems to oppose this 

argument. 

In this thesis, data gathered at Macquarie Island is presented 

and examined to evaluate its consistency with the ideas put forward 

in this chapter. The predicted effects of the three-dimensional 

model current loops, proposed by BOstrom, (1964, see Figure 1.6), 

are critically compared with the observations in an effort to determine 

which of the above processes is responsible for the phenomena. 
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CHAPTER 2 

INSTRUMENTATION 

2.1 	THE WIDE ANGLE PHOTOMETER  

This research adopted the twin-channel wide angle photometer 

system developed for the use of Dr. Gary Burns during his studies of 

pulsating aurora, cosmic noise absorption, and geomagnetic 

micropulsations. 	Refer to his Ph.D. thesis (La Trobe University, 

Melbourne, 1983) for the practical considerations involved in the 

design of this instrument. It was determined that such a unit would 

be more compatible with the field of view of micropulsation coils 

(see Section 2.2), and less susceptible to auroral drifts and 

luminosity surges which could contaminate detection of the true 

pulsating aurora. 

The photometer unit is mounted, zenith oriented, in the roof 

of the UAP (Upper Atmospheric Physics) laboratory. A schematic of the 

photometer system taken from Burns (1983) is shown in Figure 2.1. 

It has a dual section optical system: a telescope in front of the 

filter, and a condenser behind it. The purpose of the telescope is to 

focus the wide angle field of view from 300  down to a maximum acceptable 

deviation of 2.75
0  (within the limits of 20-30) perpendicular incidence, 

upon the filter. Once filtered, the condenser then spreads the light 

uniformly on to the photocathode of a photomultiplier tube. These 

were 9658E tubes with a 27% quantum efficiency at 4278K, and response 

times less than 100ns. 

The 300  half-angle vertical incidence photometer system is used 

to detect both the 5577A 0('S) line, and the NI 1NG band. Only the 

N2 emission, with a band head at 4278A was retained by the computer 

system for subsequent analysis. Interference filters were used to 

separate the two light sources. 
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Figure 2.1 	Schematic of the wide angle photometer optics 

Stop 1 6.25 mm (diam.) Lens 1 40 mm 

Stop 2 58 mm Lens 2,3 90 mm 

Stop 3 19.25 mm Lens 4 600 mm 

Stop 5 46 mm Lens 5 150 mm 

(from Burns, 1983) 
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Use of the N 2  first negative emission in the cross-correlation 

analysis with the geomagnetic micropulsations (see Section 3.3), was 

selected because of the near instantaneous response to high energy 

electron precipitation at auroral heights 	(Rees, 1963; Rees and 

Jones, 1973), and its proportionality to total incident energy (see 

Omholt, 1971). 	NI emissions with band heads at 3914X, 4278X and 4709X, 

arise from excited state decay to the zero, first, and second, 

vibrational levels respectively, of the N 2  ground state (Chamberlain, 

1961). 

Arnoldy and Lewis (1977) have shown that these emissions can be 

explained by direct excitation, using measured electron profiles, and 

a direct impact excitation model. 	The 'Precede' artificial aurora 

experiment dramatically illustrates the instantaneous response of 

this emission to electron impact upon the upper atmosphere. 

O'Neil et al.,  (1979) using a pulsing rocket-borne electron accelerator, 

detected the ground-based response to the 39141 band system. The 

results, shown in Figure 2.2, indicate an immediate response by the 

3914X band, and a much slower O('S) 55771 reaction. 	The closely 

0 
related 4278A N 2  1NG emission, was adopted as the measure of auroral 

activity here, due to its clear spectral displacement from other 

emissions that may contaminate the signal. 

The incoming 4278X emission, having traversed the optics of the 

detection system, is then converted by a photomultiplier tube into 

electrical pulses, which are sent to a rapid response amplifier, and 

pulse height discriminator unit, located immediately below the 

photomultiplier tube. Accepted pulses are then fed, via 50 ohm shielded 

coaxial cable, to a Photometer Control Unit which also generates the 

1000V EHT for the photomultiplier, and the 12V for the discriminator 

circuitry. The EHT is applied continuously to the photamultiplier 
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•Figure 2.2 Measuredintensity variation in the 3914i band and 
the 5577A oxygen line resulting from a pulsed 
electron accelerator at 88km and 102km. 	The 'beam-on' 
time o is 2 seconds. Note the sharp response of the 
3914A intensity (from O'Niel et al., 1979). 
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to prevent any warm-up idiosyncrasies. Occasional tripping-out of 

this supply occurred due to voltage transients on the station mains. 

Such events were minimal, the EHT being reset within minutes of any 

mishaps. 

Electronic processing then presents the squared-up pulses, via 

a Buffer, to an Interface Unit, which effectively counts the pulses 

over a 0.2s interval. 	These results are fed as binary numbers to 

a Parallel Interface Card controlled by an LSI-11 computer. 	An 

integrator system, run in parallel, also presents a voltage proportional 

to the pulse rate, to a Rikadenki chart recorder for visual inspection 

of the signal. Photometer electronics (after Burns, 1983) is shown 

in block diagram in Figure 2.3. 

Photometer operation times were run slave to local nautical 

twilight to prevent saturation and subsequent damage to the 

photomultipliers. An automatic shutter system was controlled by a 

Venner Time Clock which was preset for on-off times every seven days. 

Calibrator units were attached to each of the photometer tubes. 

These resided in a winging arm mechanism, which brought the bulbs 

over the field of view of the photometers, for the first minute of 

every hour during operation. This uniform diffuse light source was 

not intended in any way as an absolute calibration of the system. 

Its function was to enable rapid regular checks of the stability of the 

electronics, and photomultiplier tubes every night. 

Early in the year it was noted, particularly in the 5577A 

channel, that the calibration occasionally failed to appear. 	This 

fault was found to be due to badly corroded and frayed wiring and was 

quickly remedied. These units then operated, with new equivalent 

bulbs, fault-free for the remainder of the year. 
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Figure 2.3 Schematic block diagram of the photometer 
electronics (from Burns, 1983). 
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Burns (1983) measured the wavelength response of the filters. 

The relevant one for this thesis, that of the NI 1NG 42781 band, is 

depicted in Figure 2.4. 	It has its peak at 4276X, with a full 

width at half maximum of 8.5X. Temperature sensitivity is not expected 

to have been a significant problem with the system housed in an 

air-conditioned laboratory at around 15°C. Occasional failure of the 

Ferroli furnace allowed this temperature to drop to around 5-10 °C, 

but this problem was kept to a minimum by the station tradesmen 

(Mr. Mark Haste, carpenter/plumber; Mr. Henry Weiss, electrician; 

and Mr. Ivan Porteus, senior diesel mechanic). 

In general, the photometers operated very successfully for 

practically the entire year, causing very few headaches, and 

requiring precious little maintenance. 

2.2 	THE MICROPULSATION COILS  

The three component geomagnetic coil system was provided by the 

University of Alaska. They receive data annually in the form of 

reel-to-reel FM magnetic tape records. Operation of the equipment 

is by the Antarctic Division UAP (Upper Atmospheric Physics) personnel, 

and data access is made available to their various recording units. 

A three coil system is maintained, in what was originally a true 

geomagnetic, H, D, Z arrangement. 	This orientation involves the 

H component increasing northward, D component increasing eastward, and 

Z component increasing downwards (thus forming a right-handed cartesian 

co-ordinate system). Having been installed and oriented in the 

summer of 1967-68, the coils now suffer a small but significant 

misalignment due to the slow eastward drift (approximately 9' of arc 

per year) of the magnetic pole. The 1984 resident physicist and 

electronics engineer expeditioners, Mr. Malcolm Lambert and Mx. David Rasch 



49. 

respectively, have measured the angular misalignment in orientation 

to be presently nearly 20  west of north, for the H component, and 

11/20  north of east for the D component coils. 

The last major overhaul to the micropulsation coils themselves 

was carried out by Mr. Dave Barrett (electronics engineer) and 

Dr. Gary Burns (physicist) during 1980. 	The coils are housed in 

perspex tubing and protected from the weather by inner and outer 

wooden boxes. 	In the case of the H and D coils (horizontal field), 

the outer boxes can be firmly bolted to horizontal concrete blocks for 

added stability. 	The vertical Z coil is much more difficult to 

stabilize and is thus susceptible to wind induced vibrations (not 

exactly a rarity at Macquarie Island). However, as it was not used 

in this analysis it is of little consequence for this thesis. 

All housings were found to be in excellent condition, and the coils 

were operated successfully throughout 1982-83. 

Some other minor sources of interference were also intrinsic 

to Macquarie Island. Elephant seal pups can occasionally infiltrate 

the "seal-proof" fences erected around the coils, removal is as "delicate" 

as possible. The larger bulls can engage in territorial disputes 

across that part of the isthmus where the coils are situated. These 

all result in vibrational disturbances, but proved to be extremely 

rare during hours of darkness, and so have little or no effect on 

important data for this research. The same may be said about the spikes 

to the H coil trace whenever "Nuggets", the resident Ferguson tractor, 

previously known by a less salubrious name, was taken on its regular 

• rubbish run. 

Frpm the coils, the signal is passed to an array of three Medistor 

amplifiers inside the UAP laboratory. Here is where the real troubles 
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began. These microvoltmeters were in desperate need of repair, and 

the back-up supply of replacement components, in an equally desperate 

need of replenishment. Initially only one of the three Medistors 

was operating to any degree of satisfaction on arrival in late October 

1982. Mr. Chris Eavis, the 1983 electronics engineer was soon able 

to have all three instruments in working order. One Medistor however 

continued to give persistent trouble, displaying significant drift 

in the weekly calibration. 	Consequently, this unit was used to 

amplify the Z coil signal, as this was not required in the current 

research. My personal thanks are extended to Chris for the many 

frustrating hours he spent overhauling the Medistors, and keeping 

them up and running for the entire year. 

The Medistor amplifiers are set up to give a ± 2.5V output for a 

full-scale input of ± 100 microvolts. Calibration checks were made 

weekly and a test signal is applied every twelve hours for rapid 

visual inspection, on a chart recorder. An annual absolute 

calibration is performed to determine the coil and microvoltmeter 

frequency and phase responses. 

Combined micropulsation coil and Mediator amplifier circuit 

frequency response, was obtained by applying a constant amplitude 

signal, at a range of frequencies, to the internal calibration windings 

of the coils. The corresponding output was then measured on the normal 

daily chart recorder, with appropriate adjustment of chart speed and 

gain, for easier more accurate determination. The frequency was 

•varied from 0.1-7Hz and the normalized system response for each 

component is listed in Table 2.1, the curves being plotted in Figure 2.5. 

The peak response for both the H and D component detection systems 

is close to 1.3Hz, and is roughly linear at frequencies below 1.0Hz. 



Frequency (Hz) 

0.1 11.3 	8.5 8.8 

0.2 22.9 	17.2 17.9 

0.3 32.3 	24.9 25.8 

0.4 43.5 	34.8 35.9 

0.5 54.6 	43.5 45.0 

0.6 65.2 	52.6 52.8 

0.7 74.8 	64.2 64.0 

0.8 80.3 	72.4 70.8 

0.9 88.8 	80.1 78.6 

1.0 95.0 	89.4 87.8 

1.2 100.0 	100.0 98.4 

1.4 97.5 	99.8 100.0 

1.6 85.0 	91.2 94.1 

1.8 69.6 	78.7 83.0 

2.0 56.1 	63.9 70.7 

2.25 40.2 	49.3 54.4 

2.5 29.4 	37.7 42.3 

2.75 23.5 	30.0 32.6 

3.0 17.9 	24.5 25.9 

3.5 11.3 	15.9 17.1 

4.0 6.9 	9.9 9.4 

5.0 3.3 	5.1 5.3 

6.0 1.9 	2.8 2.7 

7.0 Signal too distorted 

Table 2.1 Normalized frequency response of micro-

pulsation coils and their associated 

Medistor amplifier microvoltmeters 
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Figure 2.5 	Normalized frequency response curves for the H and D 

component detection systems. 

Period(s) Distance (cm). .yp-p Vp-P(U)  

6 632 6 0.58 0.58 

12 502 	' 12 0.60 0.61 

15 432 	' 15 0.60 0.59 

60 370 30 0.30 0.30 

Table 2.2 	Results of the "gamma-slinger" rotating magnet 

test for the H and D detection systems. 
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This will have important consequences for the cross-correlation 

analysis of the micropulsations with the optical auroral pulsations 

(see Section 3.4). 

Both the H and D coils were further subjected to an absolute 

calibration using a rotating bar magnet, affectionately dubbed the 

"gamma-slinger", placed at various distances from the coils. 

The value of the magnetic moment for this bar magnet has been determined 

to be 7595 ± 50 dyne cm oersted
-1 . Distances were measured from the 

centre of the micropulsation coil to the centre of the rotating 

magnet. 

Throughout this test the MediEtors were operated on the lmV 

range. 	Since normal operation involves the 100V range, then an 

amplification factor of 10 times must be taken into account for scaling 

these results. 	Table 2.2 lists the results obtained from this 

particular test. 

So with the Medistor amplifiers on their normal 10011V operating 

range, in the linear region of detector response (for frequencies 

less than 1.0Hz), a 1V output arises from a field change of approximately 

0.17 gamma per second, for both the H and D coils. 

Coil peak response can then be calculated using the results of 

the gamma slinger and frequency response calibrations. A one gamma 

amplitude field, fluctuating at the optimum response frequency 

(around 1.3Hz for both H and D systems) of the detectors, will produce 

an output of approximately 30011V. 

Next it remained to determine the phase response of the system. 

• This was done for the Medistors alone, and the combined coils and 

amplifier systems. Mr. Chris. Eavis again deserves the credit here 

for these measurements. 
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For the combined coil and amplifier circuit, a current is fed 

from a Feedback Function Generator, to the internal calibration 

windings of the coils. 	This signal is detected by the main coils 

and passed back, via the amplifiers, to an HP1742A cathode ray 

oscilloscope operated in X-Y mode, for comparison with the initial 

test signal. 	Results of the overall phase response at various 

frequencies are given in Table 2.3, and are in good general agreement 

with those measured by Burns (1983). 

The normal daily signal is recorded in a variety of forms. 

Initially as an FM audio signal on magnetic tape for the University 

of Alaska, then as paper chart trace, for visual inspection, on a 

three channel Rikadenki recorder, and finally the H and D responses 

were passed, via Analog-to-Digital channels, to the LSI-11 microcomputer 

system for disk storage. 

2.3 	DATA COLLECTION - THE LSI-11 MICROCOMPUTER  

For a more complete description of the LSI-11 microcomputer 

system and its installation at Macquarie Island in 1980, refer to Burns' 

Ph.D. thesis (1983). 	This section summarizes his report on the unit, 

and outlines the subsequent changes and improvements. 

Data was presented to the LSI-11 Microcomputer by means of a 

Parallel Interface board, for the photometer channels, and an 

Analog-to-Digital board, for the H and D micropulsations. A floppy 

disk storage system was used to collect the data directly in digital 

form. Together with the availability of an omnigraphic plotter, the 

microcomputer system made it possible to analyse all the data on site. 

All the initial plots of the 4278X auroral emission with the H and D 

micropulsations and the subsequent cross-correlation analyses were 

carried out directly at Macquarie Island. 



Phase Response (degrees)  

Frequency (Hz) 

55. 

85 ± 0.5 

79 ± 0.5 

63 ± 0.5 

39 ± 0.5 

0.1 

0.2 

0.5 

1.0 

84 ± 0.5 

80 ± 0.5 

66 ± 0.5 

43 ± 0.5 

0 °  shift at 	2.0 ± 0.05 Hz for H 

1.90 ± 0.05 Hz for D 

-90 °  shift at 	5.70 ± 0.05 Hz for H 

5.40 ± 0.05 Hz for D 

Table 2.3 	Combined coil and medister amplifier 
phase response measurements. 
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Limited storage capacity on the floppy disks was found to be the 

only disadvantage with this arrangement. As will be described later, 

this particular problem has been removed by the addition of an RLO2 

hard disk facility. 	Floppy disks present 26 storage sectors with a 

capacity of 128 bytes per sector per track on each side of the disk. 

With 72 tracks per sector this amounts to around 0.25 megabytes per 

single side. 	The RX01 disk drives used were single density units 

which can record on only one side of the disk. This means, with a 

5Hz sample frequency, the three data channels can be recorded 

simultaneously for a total of 130 minutes. 	At this point in time the 

Sampling Program terminates the writing of data to the disk, or the 

operator intervenes to halt the process. 

Photometric data is processed by an Interface Unit which presents 

the pulse counts as binary numbers to the Parallel Interface Board. 

This is then sampled by a data acquisition program run on the computer. 

Timing sequences are provided by the Interface Unit deriving 

its signal from a Systron Donner Chronometer. The Systron Donner is 

self-consistent to within 2ms over a period of a week, and accurate 

to within the 7-8ms propagation time of radio transmissions from 

VNG Lyndhurst, Victoria, to Macquarie Island. Such an accuracy is 

more than adequate for the 0.2s sampling rate adopted in this research. 

The Interface Unit takes of the order of nanoseconds to exchange 

the data presented to the output from 5577X data to 42781 data. 

The sampling program, labelled "EARS" takes approximately 5ms before 

the second photometer value is accessed, so that no timing problem 

arises there. 	Both optical channels were recorded in Burns (1983) 

research, and it proved more convenient to retain existing interfacing, 

0 
then simply ignore the 5577A data channel from the software side of affairs. 

Mr. Howard Burton, from the Antarctic Division, is the man responsible for 
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providing such excellent programming and invaluable assistance, in 

trouble-shooting the various problems that arose (see later). 

The photometric data number presented to the Parallel Interface 

board lies in the range 0-4095. Numbers in excess of this, within 

the sample time, are reduced by 4096 before being passed on. 	Data 

overflow figures are thus recoverable in the optical channel. 

This is not the case for the micropulsation coil data. Medistor 

outputs are input to the computer via Analog-to-Digital channels. 

This converter is voltage limited, so that overflow data is set at 

saturation and cannot be recovered. The board is sampled at the 

end of each 0.2s period, and the digitized value at this instant is 

presented for storage. 	In contrast, the photometer channel results 

from a count over an approximate 0.2s period, and thus is an estimate 

of the emission intensity for the middle of the sample period. This 

introduces a delay of nearly 0.1s between the photometer and 

micropulsation values, a figure which must be taken into account when 

examining lead-lag delay times between the optical and magnetic 

pulsations (see Section 3.4). 

Data collection is formatted into 5 minute segments stored 

sequentially on floppy disks. The initial entry for each file is the 

start time of the sample period, followed by the 1500 data points. 

Each file name has a letter designating the channel: B for 42781, 

C for H micropulsations, and D for D micropulsations (A is reserved 

for the 55771 data which was not retained). Next, a four number 

array indicates the UT day and month, followed by a three figure 

extension denoting the UT time as a number of 5 minute segments. 

As an example, the three files for 03-Nov-82 from 1510-1515Z would 

be labelled B0311.182, CO311.182, and D0311.182, for the optical, 

H and D files respectively. 
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The RT-11 operating system used on the LSI-11 microcomputer 

is too slow in its file handling procedures to take care of file 

labelling. The sampling program (EARS) overcomes this by writing 

directory information upon termination of the data collection. 

Due to the limited storage capacity of the floppy disks, a 

Fourier transform analysis is carried out on each photometer file 

before it is retained or discarded. This frees more space enabling 

the program to run for periods in excess of 130 minutes, by overwriting 

data that fails the Fourier examination. While the data for one five 

minute period is being collected, the sub-routine analyses the previous 

five minutes data. 

This particular arrangement is not entirely foolproof, however, 

since the active breakup aurora, can undergo sufficient variation to 

yield appropriate co-efficients in its Fourier spectrum, to be retained. 

Since this activity precedes the pulsating aurora, the disk can be 

filled early in the evening, and the operator must be present to 

effect a changeover of the disk. 	Burns (1983) noted this difficulty 

in producing the subroutine to discriminate between the two phenomena. 

Since the installation of an RLO2 hard disk system with its 

10-megabyte storage capacity, this is no longer of any consequence. 

No subroutine testing is required at all, for an entire night's data 

may be easily stored irrespective of the degree of auroral activity. 

Visual inspection of the chart records each morning indicate which 

periods need to be analysed for cross-correlations. 

This also enables complete sequences to be obtained, whereas 

previously if the pulsating aurora happened to diminish for a short 

period those files were overwritten, and so the continuity of arguments 

based upon the neighbouring data was lost. 
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Unfortunately the RLO2 installation was not finalized until 

after the arrival of the remaining software in the 25 August 1983 

airdrop. September did provide some magnificent pulsating aurora 

however, and this data features strongly in the arguments presented 

in chapters three and four. Hard-working efforts by Howard Burton, 

Stan Malachowski, and Gary Burns at Antarctic Division, Kingston, 

and Chris Eavis at Macquarie Island, were responsible for the system 

being available for any use at all. 

Only two major breakdowns occurred with the LSI-11 system during 

the year. The first of these was the failure of an RX01 disk 

drive unit, which was subsequently replaced. The diagnostic tests 

supplied by Howard Burton from Kingston ("action-at-a-distance" is 

alive and well!) enabled the problem to be rapidly diagnosed and treated. 

The second breakdown involved the failure of a power supply for 

the RX01 Controller unit. The 5V rail had died, and due to lack of 

suitable replacement components, this problem persisted for nearly a 

month until new transistors arrived on the August airdrop. 

Apart from these minor setbacks, the data collection and analysis 

proceeded very smoothly, and enabled all the data to have been examined 

before its return to Australia. This thesis examines the data which 

was collected from 29 October 1982 until 10 October 1983 at the ANARE 

(Australian National Antarctic Research Expedition) station on Macquarie 

Island. No data was collected during the final two weeks before 

departure on 25 October 1983 due to packing and preparations for return 

to the mainland, and handing over of the laboratory to the incoming 

researchers. 
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2.4 	SUBSIDIARY INSTRUMENTATION  

Various other scientific data collection is carried out at 

Macquarie Island, some of which is relevant to this particular research. 

These consist of a standard riometer aerial for the detection of cosmic 

noise absorption, an auroral all-sky camera, and a La Cour magnetometer 

(run by the Bureau of Mineral Resources, BMR) for detection of changes 

to the large-scale magnetic field of the Earth. 

The standard riometer experiment runs continuously, with a visual 

chart recorder output within the UAP laboratory. 	Effectively it gives 

a measure of the free electron concentration in the ionospheric D-region, 

by monitoring the strength (at about 30MHz) of the cosmic radio noise 

signal. The diurnal signal is quasi-sinusoidal due to the overhead 

passage of the galactic centre. 

Solar flare induced ionization increments appear during daylight 

hours causing increased noise absorption, whilst solar radio noise 

may appear as spikes or bursts superimposed upon the record. 	These 

can be of immense value as a guide to expected activity later that 

evening. 

Auroral substorm activity is nearly always associated with 

increased opacity to cosmic noise, thus affecting the riameter signal 

level. Whether or not the degree of such absorption can be quantitatively 

related to some aspects of the pulsating aurora/micropulsations 

cross-correlation analysis is discussed in Section 4.3. 

An all-sky camera (ASC) was operated throughout the year from an 

inset in the DAP laboratory roof. The mode of operation saw the 

shutter open for the initial lOs of every minute of observing time, 

whenever the sky was at least partially free of cloud, mist, or fog. 

Extremely rapid changes in weather, including sudden bursts of brief 

violent storms, make operation of such an instrument at Macquarie Island, 
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extremely wasteful of film. This necessary evil is magnified by the 

possibility of seemingly thick blankets of low level stratus cloud 

dispersing with great rapidity at times, revealing auroral activity. 

As a result the ASC was sometimes allowed to run, though the sky was 

cloud-bound. 	Tentative judgements were based on current auroral 

activity, and general meteorological conditions, as kindly supplied 

by the Bureau of Meteorology observers on the station. 

Couple this with the huge volume of sea-spray that continually 

blows across the isthmus, and it is obvious that the film image 

quality is often most disappointing. 	Despite all this, a number of 

very beautiful auroral arc sequences containing turbulent breakup 

aurora, were obtained with a considerable degree of clarity. 

Since the pulsating aurora is predominantly a low intensity 

phenomenon it is virtually impossible to use simple ASC photographs 

to detect it. 	Some hope was held that it may show up auroral 

contraction to the north of the station during 427811/D micropulsation 

positive cross-correlations (see Section 4.3). 	One particular evening, 

23 August 1983, displayed predominant arcs over North Head (north of 

the observation site) in the early evening pre-breakup phase. 

Unfortunately, this was during a period of computer failure, and it 

was not possible to determine if any positive correlations occurred 

later that night. 

As mentioned above, weather factors weigh heavily against ASC 

detection of aurora, and pulsating aurora even more decidedly so. 

With such a low level intensity, the presence of sea-spray, thin 

. mists or fogs, or strong moonlight on thin haze or broken cloud are 

large contaminants to ASC detection of this elusive phenomenon. 

The BMR la Cour magnetometer provides 24-hour continuous monitoring 

of the large-scale changes to the Earth's magnetic field. The resulting 
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magnetograms were used extensively to draw conclusions regarding 

the overhead current systems, which persistduring the various phases 

of an auroral substorm. 	That this has particular validity for the 

H component has been demonstrated by Brekke et al.,  (1974) and 

Doupnik et al.,  (1977). 

An annual check, and correction, is made on the orientation 

of the magnetometer system by the resident BMR geophysicist (Mr. Barry 

Page, summer 1982-83). 	This accounts for the slow drift of the 

geomagnetic pole, which is around 9' of arc, to the east, per year at 

Macquarie Island. 

With the kind assistance of the geophysicists (Barry Page, and 

Miss Peta Kelsey, winter) the BMR magnetograms were made readily 

available for inspection. Reference to these chart records has been 

made regularly throughout this research, in particular, with regard 

to the latter stages of negative magnetic H bay recovery (see Section 3.5). 

The provision of scaled mean hourly values (MHV's) is also very 

gratefully acknowledged. These have been used to check the author's 

estimate of the quiet daily curve (QDC) for each month. Such QDC's 

have been used to serve as a baseline for measuring the degree of 

disturbance on active days. The validity of this procedure is further 

discussed in Section 3.5. 
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CHAPTER 3 

PULSATING AURORA AND GEOMAGNETIC 

FIELD MICROPULSATIONS 

3.1 	INTRODUCTION  

The simultaneous pulsating aurora and geomagnetic field 

micropulsations data, gathered at Macquarie Island (invariant latitude 

64.5°S) from 29.10.1982 to 12.10.1983, is presented here. 	The cross- 

correlation analysis is discussed, together with the results arising 

from it. 	In all, a total of 553 acceptable cross-correlations, of 

magnitude greater than 0.33, were obtained for the D-micropulsations 

and auroral pulsations, and 298 for the H-component. 

The virtually instantaneous N 1NG band at 4278X was monitored 

using a zenith oriented, twin-channel, wide-angle photometer as the 

measure of auroral activity. A three component induction coil system 

recorded the micropulsations, the H and D channels being retained for 

the correlation analysis. Instrumentation has been discussed more 

fully in Chapter 2. 

Data output was available in a variety of forms. Rikadenki 

chart recorders gave a continuous visual readout of each of the channels. 

For detailed analysis the data was collected in digital form on floppy 

disks, and in the latter part of the year on an RLO2 hard disk storage 

system. H and D micropulsations, and the 4278X optical emission were 

collected simultaneously in 5-minute data blocks at a 5Hz sample rate. 

On site preliminary analysis of the data was performed, including 

the cross-correlations which are presented here. These have been 

examined statistically, to present a set of facts, with which to test 

the various theoretical mechanisms presented in Section 1.6. 
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3.2 	THE DATA SET  

As has been mentioned (Section 1.4), there is increasingly 

strong evidence that pulsating aurora and Pi(c) micropulsations are 

closely related both temporally and spatially (Campbell, 1970; 

Burns, 1983; Oguti et al., 1984). 	A brief examination of the 

excellent data profiles reproduced in Figures 3.1, will make it clear 

that the peak-to-peak matching of the optical and micropulsation 

fluctuations is a real phenomenon. 

Figure 3.1(a) 18-4pril-1983: 1305-1310Z  

This particular interval is typical of the bulk of the 4278X 

data, with optical peaks approxima:tely 100-150 units: This can be 

seen from the maximum and minimum values for the components in each 

5-minute data segment which appears on the right of the plots. As 

mentioned in Section 2.1 no absolute calibration of the photometers 

has been carried out. 

Here the D-micropulsations exhibit a larger disturbance than 

the H-component. This is a typical result, although it was not always 

found to be the case. Note that the deviation in the D-component 

is heavily weighted in the negative direction, a phenomenon apparent 

in the vast majority of files. The H-component also has a slightly 

more negative swing. 

Both magnetic field component files are in excellent agreement 

with the relative peak heights of the 4278X pulses. The D-micropulsations 

were, in general, found to be much better in this respect. This feature 

is evident in the group of four peaks between 13:08:30 and 13:0910. 

The third pulse at 13:08:55 is diminished in the 4278X and D-component 

files, but not so for the H. This phenomenon was also noted by 

Burns (1983) in his Macquarie Island research. 



8 -APR -83 1305-1310U.T. 

kni ,V 
1308 1309 1310 1305 	1306 	1307 

1\ 

Figure 3.1(a) 	Plots of the 5-minute data files. 	Captions to the right indicate the 
file, and the maximum and minimum values for each block. 
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Figure 3.1(b) 26-April-1983: 1625-1630Z  

Excellent peaks of approximately 10-second period follow each 

other, with little time delay between pulses, in this data block. 

Pulse correspondence between the files is striking, with the smallest 

4278X variations being echoed by either or both of the H- or D-components. 

The minute peak at 16:25:30 even has an associated minor perturbation 

in the growing negative H-component pulse near 16:25:35. 

This is in accord with Campbell (1970) who found from his 

Antarctic observations 'for every fluctuation of light in any part 

of the sky viewed by at least one of the photometers, there was a 

corresponding fluctuation of the magnetic field'. 	Oguti et al., 

(1984) argue that 'the failure of previous studies to conclusively 

show the relationship between auroral and magnetic pulsations is due 

to inadequate coverage of the sky by single or multiple photometers'. 

In this particular instance there are virtually no unmatched 

pulses in any of the three files. 	This indicates that the event was 

almost entirely confined to the local zenith (within the photometer 

field of view). 	The broader response zone of the coils, subjects 

them to variations outside the photometer region of observation, yet 

such extraneous fluctuations are absent here. 

Optical peak heights reach nearly 400 units, somewhat greater 

than normal, with approximately 33% of the total light intensity 

fluctuating. A huge range of values has been reported on various 

occasions for this figure, from 10-30% (Kvifte and Petterson, 1969), 

to nearly 100% (Miller and Zeitz, 1971). 

Figure 3.1(c),(d) 28-April-1983: 1350-1400Z  

The second segment of this 10-minute block of data, 1355-1400Z, 

yielded the highest overall correlation for the year, -0.87 for both 
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components. As would be expected from this, the most intricate 

detail in the 4278X emission is reflected in the micropulsation 

behaviour. Again, a strongly localized zenith event is postulated. 

Poor visibility and patchy cloud rendered the ASC photographs useless 

around this time. 

All three channels, 4278X, H- and D-micropulsations show a marked 

increase in activity from 13:52:00, with relative peak intensities and 

the asymmetry of pulse profiles being faithfully reproduced. Take for 

example the kinked peak at 13:53:00, and the split peak following 

immediately at 13:53:10, with further peak splitting at 13:56:10, 

13:57:15, and 13:57:30. 	Running a ruler across the page quickly 

demonstrates the correspondence between the three data sets. 	This 

provides further evidence that the temporal near simultaneity is real, 

and not the chance result of a translation of a few minutes or so 

between files. 

As discussed in Section 1.6, many researchers have reported this 

close temporal relationship between geomagnetic micropulsations and 

pulsating auroras (Vestine, 1943; Campbell 1970; Kazak, 1972; 

Reid, 1976; Lanzerotti et al., 1978; Heacock and Hunsucker, 1977a; 

Burns, 1983; Oguti et al., 1984). 	Despite this, the literature still 

occasionally contains arguments that this result can be used in support 

of the Coroniti and Kennel (1970a) theory (Scourfield et al., 1983). 

Coroniti and Kennel (1970a,b) postulated that geomagnetic micropulsations 

are indirectly responsible for the pitch angle diffusion of precipitating 

electrons at the geomagnetic equator. Detection of micropulsations 

on the ground cannot be used as such evidence. If equatorial 

micropulsations are responsible for structuring the electron fluxes, 

these must be different from those micropulsations measured in association 

with pulsating aurora in the auroral zone, which have been shown to be 



closely correlated, within seconds, to the auroral fluctuations. 

Equatorial reg ion micropulsations will require a travel time (at the 

Alfvgn speed) of the order of a few minutes, compared to the few 

seconds taken by the auroral electrons. 

Figure 3.1(e) 23-May -1983: 1640-1645Z  

The data set here is characterised by the discrete nature of 

the pulsations present. 	Sharp, irregular pulses present powerful 

evidence of the close temporal connection between the optical auroral 

fluctuations and Pi(c) micropulsations, with definitive peak matching 

at 16:41:05, 16:41:15, 16:42:05, 16:42:40, 16:43:15, 16:44:00, and 

16:44:30. Note also the magnitude of the variations, with 50% of 

the total light fluctuating, and the magnetic components nearing coil 

saturation. 

Another important feature shows up clearly as a result of the 

sharpness of the pulses, and their wide separation. Both the H and 

D pulses are followed by a smaller magnitude, broader pulse in the 

positive direction after their original negative excursion. This  

is particularly evident when no other pulses follow immediately after, 

the peak at 16:44:00, being a classic example. 

Figure 3.1(f) 07-September-1983: 1335-1340Z  

The final set in this series of strongly correlated data again 

features sharp, short-period (5-6s) pulses at irregular intervals. 

D-component variations follow the 4278X emission more closely than 

does the H-component. 	Apart from the initial major peak at 13:36:25, 

the relative peak height correspondence between the D-component and 

the optical trace, is extremely good. This early pulse receives a 

particularly strong echo in the H-micropulsation signal. 

73. 
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Figures 3.1(a-f) contain some of the best data obtained for 

the year. 	Both magnetic components provide definitive evidence for 

their association in time with auroral optical pulsations. However, 

almost twice as many closely correlated 4278X/D-micropulsation files as 

4278X/H-micropulsation files, were obtained. It is clear that the 

D-component is in general, far more likely to yield a correlation 

than the H-component. This is in agreement with the numerically 

limited data set gathered by Burns (1983). 

Examples where the D-component correlation is highly significant, 

whilst the H-micropulsat ions exhibit negligible correspondence with 

the optical trace, are shown in Figures 3.2(a,b). 	For the 

19-February-1983, 1350-1355Z interval, the D-micropulsations follow the 

optical variations quite rigorously. Although a number of the optical 

peaks are matched by H-component pulses (13:50:02, 13:51:00, 13:51:40 

and the major pulse at 13:52:08), the association is marred by many 

pulses that do not appear in either the D or 4278X channels. 

A similar situation exists in the data set for 31-March-1983, 

1430-1435Z. 	In this case the D-component is very strongly correlated 

after 14:32:00, but the H trace has many discrepancies. Unmatched 

H-micropulsations are present at 14:31:00, 14:31:40, 14:31:55, 14:32:20, 

14:33:25, and 14:33:40. 	Some H-micropulsations even appear to yield 

a positive correlation with respect to the optical fluctuations, for 

example at 14:30:05 and 14:34:10. 

Alternatively, a few files were recorded wherein the H-micropulsations 

yielded excellent peak-to-peak correspondence, whilst the D-component 

• displayed a much weaker association. 	Figures 3.3(a,b) illustrate 

this situation. 	Interestingly, the D-component diminished correlation 

does not generally arise from a presence of extra peaks in the fl-file, 
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Figure 3.2(a) Example of data files for which the D component matches the optical 
variations well, whilst the H component suffers many poorly matched 
fluctuations. 
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Figure 3.2(b) Again the H file exhibits many peaks with no echo in either the 
optical or D channels. 
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Figure 3.3(a) Weaker D correlation resulting from diminished response to optical 
peaks, rather than an over-abundance of unmatched pulses, 
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but rather from the absence of, or weaker response to, major optical 

peaks. 	18-February-1983: 1220-1225Z data block shows this quite 

clearly at 12:21:10, 12:22:45, 12:23:05, and 12:23:35. 	Occasionally 

a D-micropulsation is found to correlate positively with the optical 

emission, such as at 12:25:15, 12:26:40, and 12:29:30 in the second 

interval of this set. 

3.3 	MATHEMATICS OF THE CORRELATIONS  

Prior to the installation of the RLO2 hard-disk system, lack 

of data storage space necessitated the use of a Fourier analysis 

test program to determine if the 42781 optical channel had an 

appropriate spectral range to warrant retention. In all successful 

cases, micropulsation activity was found to be present in the H and D 

files. The larger storage volume of the RLO2 enabled all files to 

be saved for examination in the latter part of the year, 26-August-

1983 until 10-October- 1983. 

The geomagnetic Z-component was not collected by the computer 

system for use in the subsequent data analysis. It has been shown 

to be very closely related to the H-component. Burns (1983) found 

the magnitude of this correlation to be typically of the order of 0.90, 

with the Z-micropulsations having a nominal lag of 0.3s with respect 

to the H-component. Burns (1983) also points out that even the 

large-scale Macquarie Island magnetograms display a strong 

correspondence between the H and Z components. The latter was also 

found to be the case for the data presented here, see Figure 3.4. 

Initial data analysis consisted of plotting out the three files, 

4278X band emission, H and D micropulsations, in their 5-minute 

blocks for visual inspection. Immediately it was obvious that a 

large proportion of the files exhibit significant peak-to-peak 

79. 
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Figure 3.4(a) Portion of a BMR magnetogram depicting the close association 

between, the H and Z components as determined at Macquarie 
Island, 26-September-1983. 



Z- trace 
Z- baseline 

+ ve 
Time 

H - trace 

	 H -  baseline 

0900 	 1200 	 1500 	 1800 UT 

Figure 3.4(h) As for (a) measured during a less active period on 
18-April-1983. 
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correspondence between the Pi(c) micropulsations and optical pulses. 

This was found to be particularly so for the D component. 

Notice, in the files reproduced in Figures 3.1, 3.2, and 3.3, 

that the micropulsation values may be either positive or negative. 

Since the coils measure the time rate of change of the magnetic field, 

to a first approximation, then this is to be expected. A zero value 

corresponds to a stationary point of the field variations. 

Subsequently the data was fed into a cross-correlation program 

that evaluates the correspondence, point-for-point, at a series of 

different lead-lag times. 	Let {x(t)} represent a 1500 point, 

5-minute 42781 file (sampled every 0.2s), and . {.y(t)} be the associated 

1500 point, 5-minute micropulsation file. 	The cross-correlation 

function is then defined as: 

N-u 1 
v (u) = 1 x y • — • 	[x(t+u)-Tc][y(t+u)-3r- ] 

X Y 	 N-71.1 	
t=1 

for u 0 

1 1  
• 	 • 	1 	[x(t+u)-x][y(t+u)-] 

a
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y 	N-lul t=lul+1 
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18-APR-83  1305-1310U.T. 
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Figure 3.5(a) The optical-micropulsation cross-correlation 
functions plotted in two lead-lag ranges, ±30s, 
and in expanded form over *3s. A negative 
value implies that the optical pulse leads the 
micropulsation. These functions correspond to 
the data files produced in Figure 3.1. 
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Figure 3.5(b) 
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Figure 3.5(d) 
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Figure 3.5(f) 
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Figure 3.6(a) 	Correlation functions for the data 
files of Figure 3.2. 
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Figure 3.6(b) 
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Figure 3.7(a) 	Correlation functions for the data 
files of Figure 3.3. 
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Figure 3.7(h) 
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Figure 3.8(a) 
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Figure 3.8(b) Here the background drifts remain relatively constant with respect 

to each file. 
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Figure 3.9(a) 	Gradient superimposed on normal correlation 
function due to long term trend in 
Figure 3.8(a). 
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Figure 3.9(b) Vertical translation of correlation file 
due to coherent long term background drifts 
as shown in Figure 3.8(b). 
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This function was evaluated in increments of 5 units (i.e. 1s) 

for u =-150 to u = +150, corresponding to a lead-lag of ± 30 seconds, 

then in increments of 0.2s (equal to the sample rate) in expanded 

form for u = -15 to u = +15, corresponding to a lead-lag of ± 3 

seconds. 	Cross-correlations for the data plots in Figures 3.1, 

3.2, and 3.3 are shown in Figures 3.5, 3.6, and 3.7, respectively. 

The absolute maximum amplitude correlation value, together with 

its corresponding lead-lag time in seconds, is listed along with 

these plots. A negative value here implies that the optical emission 

leads the micropulsation. 

In reference to the point made in Section 3.2 concerning a small 

broader positive swing of the micropulsation trace following a 

negative pulse, note that most of the correlation functions show a 

larger first positive lobe on the lag side. This was found to be 

the case for the vast majority of files. 

Initially all files were saved that attained a cross-correlation 

co-efficient, for either micropulsation component with respect to 

the optical emission, of magnitude greater than or equal to 0.33. 

Some of the cross-correlation functions were found to slope with 

an overall positive or negative gradient, or be subject to an overall 

positive or negative vertical translation. Examples of such data 

files with computed cross-correlation co-efficients given, are depicted 

in Figures 3.8 and 3.9. 

On 04-May-1983, 1535-1540Z, the data block shows how a long 

period (few minutes) trend in the optical emission can go in and out of 

phase with any slow drifts present in the micropulsation files. 

This causes the cross-correlation function to have an overall slope 

superimposed upon it. 
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Figure 3.10(a) 	File for which the Validity of the D correlation is suspect due to 

the presence of strong peaks between 1655:00 and 1656:30 which 
translate neatly into the 1656-1657:30 period of the optical trace. 
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02-APR-83 
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Figure 3.10(b) 	Cross correlation function depicting 
the bad behaviour at +30s in the 
D component. 
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For the time interval, 24-September-1983, 1505-1510Z, the 

long slow rise in auroral luminosity correlates positively with both 

micropulsation files. 	This is reflected in the cross-correlations, 

with the functions suffering a bulk positive shift. 

Such data has been discarded from the final set retained for 

statistical analysis, because it invalidates any tests regarding 

the amplitude of the cross-correlations. The selection procedure 

adopted, was to omit all files for which an imposed gradient was 

present, and to eliminate those where the translated function did 

not cut the horizontal axis with its reverse side lobes. This 

effectively removes the problems caused by long period trends in 

the optical emission, which are not well detected by the coils, 

as was discussed in Section 2.2. 	This represented only a small 

amount of data removal, only 14 out of a total of 115 files in the 

D component, and 25 out of 90 for the H, the remainder falling 

victim to the contaminations described below. 

A further small percentage of files yielded cross-correlation 

functions that were not "well-behaved" at their end-points, ±30 seconds. 

Such an example is given in Figure 3.10 for the period 02-April-1983, 

1655-1700Z. 	The value of the cross-correlation co-efficient dips 

dramatically around a lead-time of 30s. The phenomenon, in this case, 

is almost certainly due to the fact that the D-component has a number 

of large pulsations in the first minute and a half, that match quite 

neatly the prolific optical variations between 16:56:00 and 16:57:30. 

Despite the fact that this particular correlation appears visually 

• honest, it was deleted from the final data set. This is because it 

falls midway between an unambiguous correlation, and extremes of the 

type, where a major spurious peak at a large displacement (within ±30s 



.11■1•11 

Fi
g
u
re

  3
.
11

(a
)  

•■•■■• 

Z 
00 

	

N h 	 CD 	 1---- CS? 
C CD 	 ) 

	

I 	1 	
CO 

I 	C\J r
--- 	r 

C=1 	 = 	 •si- 

101. 



+3.S -3S +3s 

+1 

I 	I 	I 

_ 

102. 

19-MAR-83  1625-1630U.T. 
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Figure 3.11(b) 
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of a major optical peak) contaminates the correlation by reducing 

faith in the lead-lag figure. 	The selection criteria chosen was to 

eliminate files of this type where the cross-correlation value was 

outside the limits ±0.15 at the end points, ±30s. 

However, some further files were retained which transgress the 

spirit of the data rejection criteria, but satisfy the objective 

selection standards. An example of this type appears in Figure 3.11 

for the interval 19-March-1983, 1625-1630Z. 	Longer periods of 

pulsation have caused the correlation function to exhibit a broader 

pattern, with the initial side-lobes only just being completed within 

the 30s lead-lag limits. 	Such cases represent only a small percentage 

of the total retained set of data blocks. 

These considerations serve to restrict the statistical arguments 

to a cleaner, uniform data set from which more reliable conclusions 

can be inferred. 

3.4 	CORRELATION ANALYSIS  

All in all, a total of 553 cross-correlations between the 

geomagnetic D-micropulsations and optical auroral fluctuations, and 

298 for the H-component with respect to 4278X emission, satisfying the 

selection criteria, were obtained. Burns (1983) found a similar bias 

towards the D-component from his smaller data set. 

A simple study of the times of occurrence of these events was 

conducted, the results being plotted in the histograms of Figure 3.12. 

The format consisted of grouping all the correlations into 15-minute 

intervals (i.e. three blocks per group). Note that the interval at 

the commencement of every hour (e.g. 0800-0815, 0900-0915, ...) has 

only two files, since the photometers applied a one minute calibration-

bulb signal at the beginning of every hour. This removes the file 
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from any analysis, reducing these intervals by one third. 	Such an 

effect has been compensated for in the histograms to increase the 

visual acceptability. 

Both figures clearly exhibit a broad morning hour maximum frequency 

of occurrence, in accordance with other observations of pulsating 

aurora (Kvifte and Petterson, 1969; Brekke, 1971). 	Very few events 

were detected more than an hour in advance of local midnight (1324Z 

at Macquarie Island), magnetic midnight occurring at approximately 

1210Z. Most of the data was collected between 1300 and 1700Z. 

Part of the reason for the data trailing off so rapidly after 1700Z is 

due to the photometers being slave to local nautical twilight, 

Macquarie Island being geographically only 54 °30'S. 

Next, the analysis moved to examine the values of the time delays 

of the micropulsation components with respect to the optical pulsations. 

Histograms for the lead-lag data appear in Figure 3.13, where 

statistical calculations reveal that, on average, the H-micropulsations 

trail the optical variations by 0.3s, with a standard deviation of 0.35s. 

For the D-micropulsations these figures are -0.6s (negative implies that 

the optical trace leads) average lag, with 0.28s standard deviation. 

These compare favourably with the values -0.2s, standard deviation 0.34s, 

for H-micropulsations and optical, and -0.6s, standard deviation 0.25s 

for the D-component from Burns (1983) data set, which was sampled at 

twice the present rate (i.e. 0.1s). 	The D-micropulsation lags are 

thus seen to be greater than those of the H-component with less variance 

in their magnitude. 

Recall from Section 2.3 that the data collection process, via the 

microcomputer system, itself introduces approximately a 0.1s delay of 

the micropulsations with respect to the optical fluctuations. 
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Figure 3.13(a) Histogram of the lead-lag delay 
relationship in all 4278A/H 
micropulsation negative cross- 
correlation events. Note that a 
negative value implies the optical 
leads the micropulsation. 
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With Burns (1983) faster sample rate this figure is only 0.05s for 

the results presented in his thesis. This however does not adversely 

affect the following discussion, though it must be kept in mind. 

As a further measure of the consistency of these results, the 

lead-lag differences between consecutive saved files were examined, 

and the outcome appears in Table 3.1(a). 

Since this is only for the data that passed the selection 

criteria, both components yield good results, with relatively few 

instances of erratic lead-lag jumps from one file to the next: 

When the differences analysis is carried out for all pairs, where 

either of the magnetic field component correlations satisfies the 

selection criteria, it becomes obvious that the D-component gives a 

smoother variation. 	See Table 3.1(b). 

The data was then analysed, in terms of the lag times, when both 

components had acceptable cross-correlation functions, in order 

to examine how often the H-micropulsations led the D, and vice versa. 

From 231 instances, the D-micropulsations were found to lead the H 

on only 37 occasions, there being 33 times when (on average) the 

fluctuations were simultaneous over the 5-minute periods. 	Figure 

3.14 displays the histogram obtained from this study. 

So, in general, the 42781 auroral optical emission leads the 

H-micropulsations, which in turn, lead the D-micropulsations. This is 

patently obvious from the lead-lag analysis just presented. 	The 

D-micropulsations have also been shown to correlate with the optical 

pulsations more frequently, and exhibit a greater coherency over longer • 

. periods of time. 

The next logical extension is to break down the observations into 

various subdivisions, according to the magnitude of the correlations. 
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At(s) 

1 

0.0 0.2 0.4 0.6 0.8 1.0 >1.0 

0 
4278A/H 38 42 13 8 3 1 - 

0 
4278A/D 103 128 38 6 2 1 - 

Table 3.1(a) 	Difference in lead-lag delay for consecutive 

pairs of well correlated data. 

At(s) 0.0 0.2 0.4 0.6 0.8 1.0 >1.0 N.0 

0 
4278A/H 73 102 43 24 12 5 24 26 

0 
4278A/D 106 143 39 

Table 3.1(b) 
	

Difference in lead-lag delay for all consecutive 

pairs where either the H or D component is well 

correlated. The D data is subject to considerably 

less random variations. 
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Figure 3.14 Histogram depicting the lead-lag relationship 
between the H and D micropulsation components. 
The H component leads the D on 161 occasions 
out of 231, trailing during only 37 of these 
5-minute data blocks. 
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To facilitate a more complete analysis, this has been done on the 

basis of the lead-lag times of the micropulsations with respect to the 

4278X auroral fluctuations. A comprehensive documentation of these 

results appear in Tables 3.2. Not only does the D-component clearly 

yield a far greater number of events, as seen already, but the overall 

degree of correlation is considerably higher. 

Examination of the last row in each of the tables reveals that 

the D-component has a correlation magnitude greater than 0.50 nearly 47% 

of the time. 	This figure drops to 40% in the case of the less 

abundant H micropulsations. This is in agreement with the concept of 

the D-micropulsations being more frequently correlated. If the 

correlation for the D component is larger in general, then it is to be 

expected that it will yield more correlations above a chosen magnitude. 

On a relatively small number of occasions, the situation arose 

where the cross-correlation analysis lead to an in-phase arrangement, 

between the 42781 optical pulsations and the geomagnetic micropulsations. 

That is, the correlation co-efficient returned a positive sign. 

An example of such an event is given in Figure 3.15 along with the 

correlation functions themselves. Note the excellent peak matching 

in both micropulsation channels, the low intensity diffuse auroral 

background, and the larger positive swing in the micropulsation data. 

Table 3.3 enumerates the results of a complete consideration 

of all files which survived the selection processes previously described. 

The D component is seen to yield 14 well correlated positive files, 

whilst the H component provides 26 such events. However, a number of 

other files, which failed to pass the stringent selection criteria, 

display quite obvious visual in-phase correspondence. Since the 

total number of positively correlated files is small, and the 

correlations generally weaker than the more more abundant negatively 
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Correlation 
gnitude 

Delay 
(Secs) , 

0.33 
to 

0.40 

0.41 
to 

0.50 

0.51 
to 

0.60 

0.61 
to 

0.70 

0.71 
to 
0.80 

>0.81 Totals 

1.0 1 1 

0.8 1 1 1 3 

0.6 1 2 1 4 

0.4 	
1 

1 1 2 

0.2 3 2 2 1 8 

0.0 11 8 7 6 1 33 

-0.2 28 20 18 12 6 1 85 

-0.4 20 30 16 19 6 2 83 

-0.6 	1 9 11 6 6 2 1 35 

-0.8 2 5 1 8 

-1.0 1. 1 1 3 

<-1.0 2. 1 3 

Totals 79 	1 83 55 35 16 4 272 

% Total 29.0 30.5 20.2 12.9 5.9 1.5 

Table 3.2(a) 	Complete diagnostics for correlation 
0 

magnitude versus lead-lag time for 4278A/H 

micropulsation data. 
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) 
Correlation 
Magnitude 

Delay 
(Sec) 

0.33 
to 

0.40 

0.41 
to 

0.50 

0.51 
to 

0.60 

0.61 
to 

0.70 

0.71 
to 

0.80 

>0.81 Totals 

>1.0 

1.0 

0.8 

0.6 3 

0.4 

0.2 4 

0.0 16 

-0.2 19 16 12 7 59 

-0.4 18 H  40 46 20 130 

-0.6 30 64 39 28 9 	1 1 171 

-0.8 20 31 26 17 100 

-1.0 12 11 11 3 38 

<-1.0 18 

Totals H 108 	1 179 145 1 77 1 27 539 

% Total 1 20.0 1  33.1 26.9 14.3 H  5.0 0.7 

0 
Table 3.2(b) Details of 4278A/D micropulsation cross-correlations. 

Very few data files were obtained where the D 

component actually led the optical pulsations. 
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Figure 3.15(a) 	Example of strong positive correlation between the optical emission and 
micropulsations. Note the greater positive swing in the micropulsation 
channels (i.e. maximum value greater in magnitude than minimum value). 
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Figure 3.15(b) 	Cross-correlation functions for the 
in-phase arrangement of the pulsations. 



4278A/H MicropulSations 

Negative Positive Not 
Correlated 

Totals 

Negative 222 310 	f  539 

Positive 0 • 9 14 

Not 
Correlated 

50 15 

Totals 272 26 

Table 3.3 Statistics of all data files that survived 

the correlation criteria described in the 

text. Both components show a strong 

predominance towards negative correlations, 

and the D component produced nearly double 

the number of good files as H. 
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0 
4278A/H Micropulsations 

.. . 	. 

Negative Positive Not 
Correlated 

Negative 23 

Positive 3 20 10 

Not 
Correlated 11 

E = 54 

118. 

E = 33 

Table 3.4 Results of a more subjective study 

which counts all files that exhibit 

a pronounced positive correlation 

tendency, with the strict selection 

criteria waived. 
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correlated events, all files that appear to exhibit a phase reversal, 

were examined. Table 3.4 gives the results of this more subjective 

study. 

Although this is still a relatively small sample set, it seems to 

indicate that the H-component is more likely to suffer a phase reversal 

than the D. A further conclusion is that the two micropulsation 

files do not necessarily undergo a phase reversal at the same time. 

One or other, or both components may yield a positive correlation - 

cases exist for all three possibilities. 

Macquarie Island data displayed two main periods where these 

phase reversals were most likely to occur. 	Firstly, early in the 

evening, or alternatively in the later morning hours, often following 

a good sequence of negatively correlated files. Observation times 

of these events are depicted in the histograms of Figure 3.16. 

Interestingly, these times of occurrence may contribute to the 

excessive bias of the data toward negatively correlated events. 

As previously mentioned the photometers were made slave to local 

nautical twilight and were only operative at times earlier than 1000Z, 

and later than 1700Z from March until September 1983. Slightly in 

excess of 70% of the data was obtained during this period, however, 

so that there must still be a strong, real leaning toward negative 

correlations. 

3.5 	COMPARISON WITH MAGNETIC BAYS  

The positive correlations were usually observed at times when 

a negative geomagnetic H component bay was in its late recovery stages. 

This condition was sometimes disguised by the overlapping commencement 

of a new negative bay. However, in this situation, the files near 

the local maximum of the trace yielded a positive result, then returned 
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Figure 3.16 Time of occurrence of positively correlated 
files 42781/H (a), and 4278A/D (b). 
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to negative correlations as the next bay gained control. Note that 

practically all negatively correlated files occurred whilst the 

H component magnetic bay was still significantly negative. 

Examples of the large-scale magnetic field configuration during 

positively correlated files are given in Figure 3.17. 

Clearly the D component magnetograms are subject to less 

systematic changes, and there appears to be very little connection 

between these and the sign of the micropulsation correlations. 	In fact, 

the D micropulsations tend to suffer their correlation phase reversals 

in the late recovery stages of negative H-bays as well. So it is 

essentially the H magnetogram which can be used as an indicator to 

possible phase reversed correlations. 

A more detailed study was carried out on the large-scale 

magnetograms, to determine clearly the association of the various 

correlation phases with the overall magnetic field activity. To effect 

this, a QDC (quiet day curve) was determined for each month by taking 

hourly averages of the five or six magnetically quietest days for that 

month. This empirical curve could be used to estimate the deviation 

of the magnetic field, in magnitude and direction, at any other time 

during the given month. 

Burns (private discussion) points out that the large-scale H 

component magnetograms may not be a totally reliable quantitative 

indicator of the overhead current system during substorms, particularly 

in the late decay phase. This is because an enhanced ring current 

system may cause the 'quiescent' level of the curve to be depressed 

with respect to the normal QDC, as measured on near neighbouring days 

of low magnetic activity. So the overhead E-region current system may 

actually have a minor easterly component (resulting in positive 4278X/H 

micropulsation correlations) despite the fact that the actual 

magnetogram trace still lies marginally below the QDC value. 
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Figure 3.17(a) Macquarie Island BMR magnetogram for the very active day 
23-MAy-1983. Pulsating aurora accompanied a number of 
magnetic bays, with positive correlations being returned 
in the latter stages of bay recovery. 
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Figure 3.17(b) 	Magneiogram data for 02-October-1983. 	Note 
again that positively correlated files tend to 
occur near maxima in the large-scale H component 
at or around complete bay recovery. 
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Such use of an 'iron-curve' method has been severely criticised 

by Mayaud (1967) for similar reasons to those stated above, and he 

points out that the more magnetically active the period in question, 

the less reliable this method will be. What is important here, is 

that all the positive phase correlations occur in the late recovery 

stage of the bays, at or near positions of local maxima in the 

H component. Taking into account the above considerations, this 

may well be indicative of a significant degree of current reversal 

in the local overhead E-region system. 

September 1983 was selected as an appropriate month to calculate 

QDC's for both the H and D field components. This was a most suitable 

period since the RLO2 hard disk facility was then in operation saving 

all files for correlation analysis. 	Scaling of the magnetograms was 

performed in accordance with the method prescribed by the Bureau of 

Mineral Resources, as outlined below. 

For this month the magnetically quietest days were found to be 

the 02, 03, 04, 05, 06 and 30th of September. This seems to represent 

an unfortunate bias toward the initial part of the month. However, 

such an unavoidable selection did not prove undesirable, as the final 

day of the month reflected the earlier trends extremely well. 

The general format of the magnetograms is depicted in Figure 3.18, 

and this layout is referred to in the following discussion. 

Shrinkage of the record during photochemical processing is 

determined first. 	Three sets of circled crosses, at 100mm spacing, 

are imprinted on the magnetogram before attaching the sheet to the 

• La Cour magnetometer drum. Typically three readings are taken (as 

shown by the vertical lines on the diagram) and averaged, yielding shrinkage 

factors of the order 0.8 - 1%. 
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Figure 3.18 Format of the BMR Macquarie Island magnetograms depicting 
the three traces, a.temperature ordinate, individual 
5-minute timing marks for each trace, and the shrinkage 
markers. 
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For the H component, the .H-ordinateAs read as a difference 

in millimetres between the H-baseline and the H-trace, which then has 

the shrinkage correction factor applied. ' The H-baseline value is 

itself temperature dependent, and the temperature is determined from 

its awn particular trace, thus: 

• B
t 
+ (S

t 
x T) 

where: 

• ambient temperature 

B t 
= temperature baseline = -83.5 °C at Macquarie 

S t = temperature scale value = -1.50 °C/mm at Macquarie 

temperature ordinate corrected for shrinkage 

so in determining the value of the H component: 

H = BHs  + QH  (t - ts) + (SH  + h) 

where 

• H component magnetic field value 

BHs  = H-baseline value at standard temperature t s  = 12492 nT 

QH = temperature co-efficient = 2.0 nT/ °C 

ts 	
standard temperature = 5.0°C at Macquarie 

S
H 

= H scale value = 19.33 nT/mm 

h = H-ordinate corrected for shrinkage 

Values for the D component are easier to extract from the magnetogram 

since the baseline value does not depend on the temperature: 

BD + (SD x d) 

where: 

B
D 

= 

SD = 

d = 

D component magnetic field value 

D-baseline value = 2658.2' 

D scale value = 2.37 min/tom at Macquarie 

D-ordinate corrected for shrinkage 
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These figures are determined every hour for each of the six days, 

the values averaged, and a QDC is thus established. 

Matsushita and Campbell (1965) have published the expected QDC's, 

from an analysis of Sq magnetic variations, from a 'global' network 

of stations. 	Their curves are given as a function of dip latitude, 

where: 

dip latitude = arctan 
tan (dip angle)  

2 

with magnetic dip angle measured positive below the local horizontal 

plane. Macquarie Island has a dip latitude of approximately -67 ° , 

somewhat outside the scope of the published figures. 

Mr. Pelham Williams (Davis physicist, Antarctic Division, 1984) 

kindly extrapolated the data to obtain typical variations for 

Macquarie Island. 	September fits in as an E-month (equinoctal) 

in Matsushita and Campbell's analysis, and the extrapolation of 

their data is plotted against the empirically determined QDC's from 

Macquarie Island magnetograms in Figure 3.19. 

For both the H and D component QDC's the maxima and minima occur 

slightly later than suggested by Matsushita and Campbell, and display 

a smaller range of variation. The general shapes, on this reduced 

scale, are in rather good agreement. 	It should be pointed out that 

the E-month curves are an average over 4 months, so that any minor 

fluctuations will be smoothed out. A similar analysis of Macquarie 

Island QDC's, conducted by Mr. Pelham Williams, for November, December 

1982, and January 1983, again yielded considerable individual variation 

from the corresponding Matsushita and Campbell D-month curves. 

The average over these three months was, however, in much closer accord 

with their figures. 
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Figure 3.19(a) Large-scale H component Macquarie Island quiet day curve for 
September 1983 versus the extrapolated predictions of Matsushita 
and Campbell. 



M
IN

U
TE

S
 OF

 AR
C 

—x 	Matsushita and Campbell 

--0— Macquarie Island magnetometer 

X ..•••••• 

0 I 	3 4 5 t t ë 6 10 ii 12 13 4 i l IT 	i k:$ 21 2 23 k UT  

Figure 3.19(b)* Similar plot for the D component. 



••%. 

AN 

rig. quiet day horizontal field 
Hq 	 Ha • active horizontal field 

a 

4D 	4 (Da- Dq) 

4Da 

Geographic North 

Geographic East 

Define: 
A H 	positive along the direction of riq 

A D 	positive 90° east of direction of Frq 

then: A H • MI cos (Da-Dq) - I ITql 

A D 	I ital sin (Da- Dq) 

Figure 3.20 Schematic representation of the 
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magnetogram, via the 'iron-curve' 
QDC method. 
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Having determined a QDC for each of the H and D magnetic field 

components, the data was analysed to determine the departure of each 

of the components from their quiet day value during correlated 

pulsation files. A minor complication, involving a parallax error 

between the magnetic traces and their associated timing marks (see 

Figure 3.18), had to be accounted for here. 	For the H field component 

this amounted to a difference of only 20 seconds, whilst for the 

D component, the relevant timing dots occurred approximately 

1.8 minutes ahead of the corresponding point on the D trace. 	This 

error was accounted for in reading the average ordinate over each 

5-minute correlation file. 

The La Cour magnetometer effectively measures the total 

horizontal magnetic intensity with the H trace, defining its direction 

by virtue of the D curve. It becomes a simple matter to calculate 

the change in the field components required to shift the horizontal 

vector from its quiet day position to that which it occupies on an 

active day (refer to Figure 3.20). 	AH is defined as the increase in 

magnetic field component along the direction of the quiet day vector 

at any particular time. Correspondingly, AD is defined as the 

increase in the direction perpendicular to this, positive variations 

toward the east. 

A complete analysis of the September data yielded the histograms 

of Figure 3.21. 	These show quite clearly that the sense of the 

42781/H micropulsation correlations agrees rather well with the idea 

of a dominant overhead east-west current. Positive correlations were 

. found chiefly when the overall magnetic H component tended positive 

(recall the ring current effect) as expected from an E-region ionospheric 

eastward current. On the other hand the D component field changes were 

somewhat smaller and do not indicate as decisively the expected 

correlation phase. 
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Figure 3.21(a) Histograms depicting the change in total H component versus 
the number of files that produced positive (i), or negative (ii), 
correlations of the H micropulsations with the optical emission. 
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For the H component, a QDC was determined for each month of 

data collection, from November 1982 until September 1983 inclusive. 

Since the 42781/D component correlation phases did not fit well 

with the erratic variations of the large-scale D component magnetic 

field, they too were compared with the variations of the total 

H component. 	Figure 3.22 reproduces histograms of the two micropulsation 

components, with positive and negative optical correlation phases, 

versus the change in total H component magnetic field. These figures 

demonstrate a definite tendency for both the 42781/H, and the 

42781/D micropulsation correlation phases, to become positive at 

times when the overall H magnetic field component is near or in 

excess of its QDC value. In the case of the H micropulsations this 

reflects the existence of a considerable local easterly E-region 

current distribution. 

In conclusion then, this study of the large-scale magnetic 

field configuration during times of micropulsation occurrence yields 

the following results: 

(i) H component micropulsations and H magnetograms are affected 

by similar current systems. The bays in the H magnetograms 

are accepted as westward E-region auroral electrojet effects, 

and this implies a similar source for the H micropulsations. 

(ii) D component micropulsations and D magnetograms are affected 

by different current systems. 	Brekke et al., (1974) have 

shown that FAC's influence the D magnetogram, so this gives 

evidence that the D micropulsations may be unrelated to these 

FAC's. 

(iii) D micropulsations are associated with general trends in the 

H magnetograns. It is therefore likely that they are an 

ionospheric current system phenomenon. 
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3.6 	SUMMARY OF RESULTS  

Any realistic model or theory concerning the Pi(c) micropulsations 

must be able to explain the findings which have been presented in the 

preceding sections of this chapter. Many of the observations have 

been noted in part before (Burns, 1983; Oguti et al., 1984) but they 

are here based upon nearly a complete year's data collection. 

The following summarised points are the major findings, and 

against them the theoretical predictions will be compared in chapter 

four: 

(i) The 4278X optical auroral 11 42-  1NG band emission generally leads 

the Pi(c) micropulsations by less than one second. 

(ii) The H-component micropulsations tend to lead the D-component 

by approximately 0.3s on average. 

(iii) The D-component micropulsations are more coherent over extended 

time periods, and are more likely to yield an acceptable 

correlation, than the H-component. 

(iv) The D-component micropulsations tend to yield higher magnitude 

cross-correlation co-efficients with the optical pulsations, 

than do the H-micropulsations. 

(v) The great majority of cross-correlations yield negative values, 

though phase reversals (not necessarily of both components 

together) do occur. 

(vi) The two major periods of occurrence of phase reversed files 

were early evening and late morning. 

(vii) The phase of the H-micropulsation cross-correlations is in 

basic accordance with the large-scale H-component magnetic 

bay signature. 
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(yin) The D-micropulsations bear little phase resemblance with the 

more erratic D-component magnetograms, and in fact, follow 

more closely the large-scale H-component. 

(ix) The H-micropulsations are (marginally) more likely to yield a 

phase reversal correlation than the D-component. 

(x) During negatively correlated files, the negative swing of the 

micropulsation channels is usually far greater than the return 

positive pulse. 	The opposite is true for phase reversals. 
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CHAPTER 4 

EXPERIMENTAL OBSERVATIONS AND THE Pi(c) 

MICROPULSATION THEORIES 

4.1 	INTRODUCTION  

Observational evidence regarding the close association in time 

of the auroral optical pulsations and the Pi(c) micropulsations points 

strongly towards local ionospheric production of the Pi(c). 	In this 

chapter the two major mechanisms for generation of Pi(c) micropulsations 

will be examined, in terms of the experimental observations summarized 

in Section 3.6. 

The H component magnetic field will be affected by fluctuations 

in an east-west current system. Measurements indicate that this is 

predominantly a Hall current, and it is known as the auroral electrojet. 

The measured Hall conductivity maximizes at an altitude of 105km 

(Brekke et al., 1974) in the ionospheric E-region. 	The theory, to be 

critically examined here, proposes that it is the variations in this 

Hall conductivity which is responsible for the H micropulsations. 

Similarly, north-south directed currents will influence the 

D component of the magnetic field. With a large-scale north-south 

electric field, these will essentially be due to the Pedersen conductivity, 

which peaks around 125km altitude (Brekke et al., 1974). One theory 

proposes the D component micropulsations to be under the control of these 

Pedersen conductivity fluctuations. An alternate argument considers the 

D micropulsations to originate directly from variations in the downcoming 

field aligned currents (FACs), which carry the structured electron 

precipitation responsible for the pulsating aurora. 
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With respect to the E-region conductivity argument being 

responsible for each of the Pi(c) components, it has been conjectured 

that the D micropulsations are in fact due to Cowling, and not 

Pedersen, conductivity changes (Arnoldy et al.,  1982). Cowling 

conductivity is, in effect, an algebraic sum of Hall and Pedersen 

conductivities, which controls the current flow in the direction of 

the electric field, whenever flow perpendicular to the field is 

inhibited. With north-south electric fields being predominant 

(Brekke et al.,  1974; Doupnik et al.,  1977) this implies restricted 

flow in the east-west direction. 	Strong westward auroral electrojets 

decry this argument. 	An E-region conductivity cause of the D 

component Pi(c) will be considered here to be a Pedersen effect. 

4.2 	E-REGION CONDUCTIVITY THEORIES  

This section examines the data in terms of both the H and D 

micropulsations being related to E-region conductivity variations caused 

by the precipitating electron flux. 

Auroral substorms have previously been described as specific 

enhancement of the westward auroral zone electrojet (Rostoker, 1972). 

Since the magnetic field H component is defined as positive northward, 

a westerly overhead current enhancement will result in a negative 

displacement of the north-south field with respect to the normal quiet 

day curve. 	This turns out to be the case, as determined by the 

Macquarie Island Bureau of Mineral Resources (BMR) magnetograms. 

If the postulate that the H micropulsations are indeed a consequence 

of increased westerly E-region currents (Reid, 1976; Wilhelm et al., 

1977; Burns, 1983; Oguti et al.,  1984), then it is expected that 

the micropulsations will be negatively correlated with respect to the 

optical pulsations, at these times. 	This has been shown to be the case, 
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with negative optical/H micropulsations occurring always in 

association with a negative geomagnetic H bay. 

The fact that, at these times, the dominant electric field is 

directed equatorward (Brekke et al.,  1974; Banks and Doupnik, 1975) 

implies that the westward electrojet is a Hall current. Increased 

Pedersen conductivity, with an equatorwards electric field, results 

in enhanced equatorward current flow. This will produce an increased 

westward magnetic effect measured on the ground. 	Since the 

D component is defined as increasing eastward, a negative optical/D 

micropulsation cross-correlation will arise. 

Due to the westward auroral electrojet and its associated 

equatorward leakage. current dominating the morning hours (Rostoker, 

1972), it is expected that the correlations of both Pi(c) components 

will usually be negative throughout this period. This is in agreement 

with the data presented in Section 3.4. 

During evening hours, however, it is known that the auroral 

electrojet is largely directed toward the east (Rostoker, 1972). 

Brekke et al.,  (1974) have shown, from backscatter radar measurements 

in the northern hemisphere, that the electric field is then directed 

toward the pole. Hall and Pedersen conductivity enhancements, for 

this orientation, both result in increased H and D magnetic fields. 

So the pre-midnight correlations can be expected to yield positive 

inphase values for both components. This was found to be the case 

for the D component, whilst some of the rejected data contained 

examples of poorly correlated, but weakly positive, H component 

correlations during early evening hours. 

Banks and Doupnik (1975) state that the transition, which is 

often abrupt, from poleward to equatorward near magnetic midnight, 
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is the most striking feature of the diurnal electric field pattern. 

Positive correlations, as expected, can be found before this time 

when the overall electric field vector is directed toward the pole. 

For the H component to yield a positive correlation, it seems 

that a reversal of the E-region electric field is required, resulting 

in an eastward electrojet current. With the Pedersen current -  being 

in the direction of the electric field, this means the D component 

micropulsations will also switch to a positive correlation at effectively 

the same time. 	An example of this situation is depicted in Table 4.1, 

from 02-October-1983, where both components undergo a gradual ascendancy 

of positively correlated files after a period of confused not well 

correlated activity. The opposite change is seen to occur from about 

1640Z, though slightly later for H, as both files revert to a negative 

response. 	A gradual, rather than sudden, electric field reversal 

appears to be responsible for the turnabout. 

The more gradual transition, which appears to be a characteristic 

of the correlation phase reversal events in the late morning hours, 

has significant consequences for the E-region conductivity micropulsation 

mechanism. A closer look will be taken at this in Section 4.4, where 

a model is presented to account for phase reversals which do not necessarily 

occur simultaneously in both components. 

Brekke et al.,  (1974) and Doupnik et al.,  (1977), could quite 

faithfully reproduce the H component magnetograms from their measurement 

of E-region currents and electric fields. At the same time they found 

that the D component magnetogram suffered many fluctuations which could 

not be explained in terms of their measurement. They attributed these 

to field aligned current effects, which tend to fluctuate incoherently 

even over small distances, say 100km (Wilhelm et al.,  1977; Sato and 



02 OCTOBER 1983  

TIME (UT) 
0 

4278A/H MICROPULSATION 
0 

4278A/D MICROPULSATION 

Lead/Lag 	X-Correlation Lead/lag 	X-Correlation 

1545-1550 N.C. -0.4 	-0.33 

1550-1555 N.C. -0.4 	-0.61 

1555-1600 N.C. 	= -0.6 	-0.34 

1600-1605 (calibration) (calibration) 

1605-1610 0.0 	+0.20 -0.6 	+0.08 

1610-1615 -0.2 	+0.57 -0.8 	+0.40 

1615-1620 -0.4 	+0.12 -0.8 	+0.33 

1620-1625 -0.8 	+0.48 -0.2 	+0.27 

1625-1630 -0.8 	+0.56 -0.8 	+0.49 

1630-1635 -0.2 	+0.43 -0.4 	+0.49 

1635-1640 -0.4 	+0.64 -0.8 	+0.48 

1640-1645 -0.6 	+0.52 -1.4 	+0.17 

1645-1650 -0.4 	+0.35 very weak negative 

1650-1655 -0.4 	+0.45 	= weak negative 

1655-1700 -0.4 	+0.42 -0.4 	-0.17 

1700-1705 (calibration) (calibration) 

1705-1710 -4.0 	-0.25 -0.2 	-0.36 

1710-1715 +1.2 	-0.29 -0.2 	-0.52 

1715-1720 -0.4 	-0.17 	= -0.2 	-0.50 

Table 4.1 
	

Cross-correlation phase reversals occurring 

simultaneously in both micropulsation components. 

The D component appears to revert back to negative 

correlations slightly before the H. 

143. 
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Iijima, 1979). 	The fact that the D micropulsation positive correlations 

also tend to occur when the large-scale H magnetogram is at or near a 

local maximum, may be taken as evidence that it is the E-region current 

effects that are the controlling influence on their generation. 

The east-west extent of the E-region current system has been 

shown to be continuous in the range 100-900  of longitude (Rostoker, 

1972). 	This is limited to a much smaller length, of the order of 5 ° , 

in the north-south latitudinal direction. Since the detection coils 

have a larger reception area than the photometer field of view, then 

the micropulsation files will be expected to record signals from regions 

unavailable to the photometer. Such a far greater longitudinal extent 

of the current systems will mean that the H coil should detect more 

unwanted fluctuations than the D. As a result, the D micropulsation 

files will be less contaminated, and as observed, are expected to 

yield more frequent and/or better cross-correlations with respect to 

the optical channel. 

A greater coherency of the optical/D micropulsation cross-

correlations over longer periods of time may also be incorporated 

within this explanation. Enhancements travelling along the electrojet, 

depending on the time of the observation, can contaminate the H component 

files both before and after they appear overhead of the station. 

Correlations of the H component, either side of the zenith observations, 

can be ruined by these far field effects. 

It is time now to examine how the observed lead-lag time delays 

between the three phenomena fits with an E-region conductivity 

• explanation. 	The data in Section 3.4 revealed that the optical 

pulsations tend to lead the H micropulsations by an average of 0.2s 

(taking into account the 0.1s delay introduced by the data collection 
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process,. see Section 2.3), with the D component fluctuations 

following a further 0.3s behind. 

Consider firstly the delay of the D micropulsations with respect 

to their north-south H component counterparts. With a geomagnetic 

equatorial region of origin for the electron bursts (Nishida, 1964; 

Coroniti and Kennel 1970a,b; Kan and Heacock 1976) responsible for 

the conductivity enhancements, velocity dispersal will mean that the 

more energetic electrons will arrive first in the local ionosphere 

(Bryant et al., 1975; Yau et al., 1981). 	Delay times between 

the various effects will depend upon the altitude of excitation 

of the individual phenomena, the time rate of change of the free 

electron concentrations responsible for the conductivity variations, 

and the conditions which exist along the ensuing path to the detection 

system. The last point of these has more particular relevance to 

a FAC mechanism (see Section 4.3). 

Figure 1.7 (refer Section 1.5) from Brekke et al., (1974) 

showed that the Hall conductivity peaks at an altitude of approximately 

105km, which is below the Pedersen conductivity peak at 125km. 

It was demonstrated in Section 1.5 that both conductivities are 

directly proportional to the free electron concentration in the 

vicinity of their maxima (Burns, 1983). 	It is the Hall conductivity, 

which dictates changes in the auroral electroject (at near constant 

electric field strength), that is considered to be responsible for 

the H micropulsations. If the D micropulsations are a result of 

changes to the equatorward current arising from variations in the 

• Pedersen conductivity, then it is expected that the H micropulsations 

will lead the D. This is because the more energetic electrons, 

which arrive first, are able to penetrate to greater depths in the 

ionosphere, so the Hall conductivity will be enhanced before the 

Pedersen. 
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Theoretical height-ionization rate profiles for monoenergetic 

unidirectional electron fluxes, assuming collisional thermalization 

processes, are reproduced in Figure 4.1, from Stenbaek-Nielsen and 

Hallinan (1979). 

It can be seen that the electrons responsible for the Pedersen 

conductivity enhancements, around 125km, have energies of the order of 

3keV. Those that penetrate to the peak Hall depth at 105km have 

higher energies close to 10keV. 	From the simplistic stance of 

monoenergetic fluxes the travel times have been computed for a 

geomagnetic equatorial origin some 50,000km distant. 	These figures 

appear in Table 4.2. 	They show that the H micropulsations can be 

activated approximately 0.7s in advance of the associated D component. 

Though this figure is around twice the mean value obtained 

experimentally, it is of the desired order of magnitude required to fit 

with observation. 	Obviously some degree of activation of the 

D component occurs from the higher energy portion of the flux which 

is typically Maxwellian below 20keV (Bryant et al.,  1975; Johnstone, 

1978). 	So the expected delay of the D micropulsations with respect 

to the H, will on average, be somewhat less than monoenergetic, 

monodirectional flux calculation. The E-region conductivity mechanism 

therefore offers a feasible explanation for why the H micropulsations 

predominantly lead the D. 

It is not valid to simply continue this argument to embrace the 

auroral optical pulsations, because the free electron concentration 

build-up (and hence the conductivity enhancement) is not expected 

to be an instantaneous process, which the N2  optical emission is 

generally considered to be (Omholt, 1971; Rees and Jones, 1973). 
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Auroral optical emission has been determined to be generated at 

heights between 80-100km (Rees, 1963; Brown et al.,  1976) and more 

recently with average lower borders between 83-140km at a median altitude 

of 98km (Stenbaek, Nielsen and Hallinan, 1979). 	In Section 2.1 it was 

shown in the experiment by O'Niel et al., (1979) that this auroral 

emission was coincident with the arrival of the precipitating electrons, 

the N2 1NG band being virtually instantaneous. The optical pulse 

detected on the ground is therefore an excellent reproduction of the 

primary electron flux incident on the ionosphere around 90-100km. 

Consider a pulse of electrons arriving at the auroral altitude 

with a duration of approximately 6s, and for ease of calculation let 

it be a sinusoidal shape. 	Suppose also that the change in magnetic 

field closely follows this pulse, that is, the change in conductivity 

has the same immediate response. Table 4.2 indicates that the optical 

pulse, as a result of say 20keV electrons, will lead the change in the 

H magnetic component by nearly 0.25s, the D slightly further delayed. 

The micropulsation measured by the coils is, to a first approximation, 

the time rate of change of this magnetic variation, and is thus reflected 

in the differentiated conductivity pulse. Figure 4.2 shows that this 

implies the H micropulsation should lead the auroral optical peak by 

the order of approximately 1.25s, and by nearly a second for the D component. 

The magnitude of the lead by the micropulsation over the optical 

pulse will be accentuated or alleviated by the shape of the pulse. 

Positioning of the micropulsation peak depends on the maximum rate of 

change of the conductivity pulse. The particular point emphasised 

here is that this situation predicts that the micropulsation will lead 

the optical pulsation. 
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E (keV) 	Time(s) 	Altitude (km 

3 	1.54 

5 	1.19 

10 	0.84 

15 	0.69 

20 	0.59 

25 	0.53 

30 	0.49 

125 (Pedersen peak) 

105 (Hall peak) 

100 (optical aurora) 

Table 4.2 
	

Calculated travel times for monoenergetic 

unidirectional electron fluxes from a 

geomagnetic equatorial source 50,000 km 

distant. 



Nominal intensity 	(i) 	 Optical 
A 	 (H) ••■•■ 1■11. tl■ Conductivity and magnetic 

(iii) ___• 	.__ Differentiated conductivity 
and micropulsation 

3 • 	45 	6. 	' t (sec) 

• 
.0/  

• 

1:5 

025 s 	1•75s 

1-• 
Figure 4.2 Schematic of a sinusoidal optical pulse, and assumed 	 Ln 

instantaneous conductivity pulse. The micropulsation, 	 • 
being proportional to the time rate of change of 
conductivity, should lead the optical and display an equal 
and opposite return pulse. 
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What salvages the conductivity theory from this predicament, is 

the fact that the production of free electrons, in the auroral 

ionosphere, is not likely to be such an instanteous process. 	Jones 

and Rees (1973) have studied the temporal build-up of the free electron 

density, and their conclusions are summarized in the plots of Figure 4.3. 

These indicate that the free electron concentration maximum is 

delayed of the order of 5-6s, at the heights of the Hall and Pedersen 

conductivity peaks, with respect to the peak flux of the ionizing 

precipitation. Recall from Section 1.5 that the Hall and Pedersen 

conductivities are directly proportional to the free electron density 

in the region of their maxima (Burns, 1983). The magnetic micropulsations 

depend on the time rate of change of this build-up, and so are not 

necessarily subject to delays of 5-6s magnitude. For the optical pulse 

to lead the micropulsations, as is generally observed, it is essential 

that the optical peak intensity is achieved before the maximum rate of 

change of conductivity occurs. 

Note that these considerations are based on the assumption that 

the H and D micropulsations are overwhelmingly due to conductivity 

variations in the auroral ionosphere, and that any ionospheric electric 

field changes which occur, are dominated by them. 

Figure 4.3(a) from Jones and Rees (1973), adopts a lOs period 

ionization function to produce theoretical plots of the ensuing 

variations in electron density. The most rapid time rate of change 

of these variations, is seen to be delayed of the order of a second 

with respect to the ionization function peak. An incident flux, 

typical of auroral precipitation, with maximum energy deposition 

at 112km, was adopted. 	The free electron density modulation came 
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out to be maximized in the vicinity of the Hall and Pedersen conductivity 

peaks, corresponding to the region of micropulsation production according 

to the theory under consideration. 

Jones and Rees (1973) also showed that the higher the free electron 

concentration already present, the more rapidly does the increased 

electron density follow the incident energy. Burns and Cole (1984, 

private communication) point out, that since the Hall conductivity peaks 

in a region of higher electron density, this effect may contribute to 

the delay of the D with respect to the H,micropulsations. 

Therefore, according to an ionospheric conductivity controlled 

mechanism for micropulsation generation, the delay in the rate of 

electron density build-up with respect to the nearly instantaneous 

optical response to the precipitating flux, is responsible for the 

optical fluctuations leading the micropulsations. A velocity 

dispersal altitude effect causes the H micropulsations to marginally 

lead the D component. 

Differentiation of the conductivity pulse showed that, for a 

symmetrical pulse, the micropulsation should respond with two equal 

and opposite peaks. 	Figure 4.2 displays a positive pulse followed 

by a negative echo, for convenience of comparison only. It has been 

shown that the vast majority of micropulsations correlate negatively 

with the optical peaks. 

Observations made at Macquarie Island indicate that the initial 

pulse is of far greater magnitude than the subsequent opposite excursion. 

This situation can be explained quite neatly within the confines of a 

conductivity mechanism. 

The N 2 
1NG band emission has been shown to be strongly related to 

the primary electron flux in a nearly instantaneous fashion (Rees, 1983; 
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Omholt, 1971; Rees and Jones, 1973). 	Only 18.7eV is required to 

excite the N 2 ion to the 1NG band emission level. Electrons with 

energies of several keV can produce these excited ions at a rate of 

3 ion pairs/100eV of initial energy (Dalgarno, 1961). 	Omholt (1971) 

has argued, that since the N2  emission is directly proportional to the 

ionization rate of N 2 , then it is also directly related to the energy 

of the incident auroral electrons,. The optical peak follows closely 

the precipitating flux in very rapid fashion. 

Employing a typical auroral ionization function with a 

differential number flux: 

n(e) dE = 3.3 X  10 8  E exp (E/2.3) dE cm-2s-ikeV-1  

where the energy E is expressed in keV, e-folding energy E 0  is 2.3keV 

(somewhat smaller than that measured for pulsating aurora, see Section 

1.3), Jones and Rees (1973) considered an auroral event with a 

maximum energy deposition at 112km. They calculated the corresponding 

build-up of electron density at four different altitudes, and its 

subsequent decay profile. These results are displayed in Figure 4.4. 

They show, that for an ionization function maximum achieved 

after 3s from onset, the peak rate of change of free electrons follows 

nearly 4s from onset, in agreement with the optical leading the 

micropulsations. 	The time for the free electron concentration to 

reach its maximum, is approximately lOs around 100-120km altitude, 

whilst the decay is considerably slower. 	So the ionization pulse 	is 

an asymmetric phenomenon with a much more rapid rise time, than decay 

time. 	This situation is also obvious from the altitude profiles of 

. build-up and decay shown earlier in Figure 4.3(b). Here the decay 

time turns out to be of the order of three times the build-up period. 
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A similar asymmetry has been observed in the shape of cosmic noise 

absorption (CNA) pulsations (Reid, 1971; Burns, 1983) which are also 

believed to be related directly to the free electron density. 

Since the Hall and Pedersen conductivities are proportional 

to the free electron concentration in the vicinity of their maxima, 

the associated conductivity waveforms will be similarly asymmetric. 

Differentiation of this waveform will therefore yield a strong initial 

deflection, followed by a weaker return pulse. The diminution of the 

following reverse peak will be further accentuated by the reduced coil 

response to the slower decay of the pulse. 

Thus, the free electron density considerations, clearly 

demonstrate, that an E-region conductivity controlled micropulsation 

mechanism can adequately explain lead-lag delays, and the lack of a 

pronounced frequency doubling effect in the micropulsation response. 

Large-scale magnetogram considerations have shown that predominant 

E-region currents can account for the sign of the 42781/micropulsation 

cross-correlations, and their association in time with phase reversals. 

The different extent of the auroral currents in east-west and north-south 

directions, provides some explanation for the predominance of better, 

more frequently correlated, D micropulsations with the optical 

fluctuations. 

An E-region conductivity explanation for the H component tending 

to suffer more phase reversals than the D, will be presented in the 

light of the current model examined in Section 4.4. 

Thus it seems that the observations can be comfortably accounted 

• for in terms of the H micropulsations being a Hall conductivity effect, 

and the D micropulsations responding to Pedersen conductivity variations. 

Note again that no particular recourse to E-region electric fields 

has been required in these arguments. 	Leoninen et al., (1983) have 
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presented electric field data (resolution time 0.5-1.0s) showing that 

it fluctuates essentially in phase with the Hall conductivity. 	The 

implication that can be drawn from the success of these conductivity 

arguments is that this finding is expected to be the case. 	Either 

the electric field fluctuations are largely in phase with the 

conductivity variations, or else they are not the dominant influence 

on the E-region current oscillations during pulsating aurora. 

4.3 	FIELD' ALIGNED CURRENT THEORIES  

Here the results listed in Section 3.6 will be examined in order 

to test their consistency with a field aligned current (FAC) generation 

mechanism for the D component micropulsations. In the previous 

section it was demonstrated that E-region current effects could satisfy 

the experimental observations, and that the H micropulsations in 

particular, are now more generally accepted as being due to Hall 

current electrojet fluctuations (Burns, 1983; Oguti et al., 1984). 

However, very reasonable proposals can be submitted for the D micropulsations 

being produced by structured field aligned currents (Wilhelm et al., 

1977), so these must be critically scrutinized here in terms of the 

current data. 

Since the H component is still being considered as an E-region 

current phenomenon, then the majority of its cross-correlations with 

the optical emission will be negative. A whole new situation now 

exists for the D component however. 

Burns (1983) has offered an explanation for the dependence of 

the correlation sign on the relative location of the FAC's with respect 

to Macquarie Island. The vertical photometer field of view will be 

a circle of 116km diameter at 100km altitude, taken as an approximate 

height of the auroral emission (Brawn et al., 1976; Stenbaek-Nielsen 
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and Hallinan, 1979). Magnetic field lines incident at Macquarie 

Island form an angle of 12 °  with the vertical. Electrons impinging 

on the atmosphere, at 100km altitude, more than 21km north (100 tan 

120) of the island, will result in a magnetic disturbance in an 

easterly direction, as measured on the ground (see Figure 4.5(a)). 

These will contribute towards a positive valued 42781/D micropulsation 

cross-correlation. 

On this basis, approximately 72% of the field of view of the 

photometer system is biased towards negative correlations. As a result 

a greater abundance of negatively correlated files should be obtained 

in any data set collected. 

Macquarie Island, invariant latitude 64.5 °S, is situated 

marginally north of the equatorward edge of the southern auroral zone 

(Bond, Antarctic Division, internal publication). The observed region 

of pulsating aurora is a broad area extending over magnetic latitudes 

600-750 , usually on the equatorwards side of active auroral displays 

(Johnstone, 1978). 	It is generally spatially and temporally 

coincident with the diffuse aurora which typically stretches a few 

hundred kilometres wide (Swift, 1981). 	Consequently the photometer 

cone of reception should be quite symmetrically situated with respect 

to the pulsating aurora, and good positive correlations should be 

rather rare, as is observed. 

A possible connection should therefore be expected between 

positive D micropulsation correlations and the K index, as a measure of 

geomagnetic activity. The more magnetically active the Earth's field, 

• the greater the equatorward expansion of the auroral zone (Rostoker, 

1972). This could in effect push the bulk of the pulsating aurora 

north of the station causing the D to correlate positively with the 

4278A emission. Such a connection is too tenuous from the limited 

suitable data collected in , this research. 
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(b) 

Figure 4.5 Field aligned current sheets showing the 
dependence on location with respect to 
Macquarie Island for the sign of the 
D component ground variation (a), and the 
pulsating aurora on equatorward edge of the 
auroral oval (b). 
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Other side effects should be noticeable as a result of this 

symmetry with respect to the observation site. D micropulsation files 

should be obtained which contain both in-phase and anti-phase responses 

to auroral pulses. Pulsating patches are typically 10-50km in width 

(Johnstone, 1978), so that some may appear to the north, the south, 

or may even overlap the reversal line. The overlapping situation 

can produce peaks that do not match the relative optical peak height 

ratios. An example of this possibility was depicted in Figure 3.3 

for 18 February 1983, which also contains a mixture of positively 

and negatively correlated peaks. 

The existence of occasional positively correlated pulses (patches 

greater than 21km north of the island) in the D component amid prolific 

negatively correlated peaks, can degrade the overall maximum correlation 

co-efficient. 	Figure 4.6, from 15 May 1983, 1325-1330Z, displays a 

file for which the 4278A/D micropulsation correlation yielded the value 

-0.46. Neighbouring data blocks either side had the higher values 

-0.69, and -0.70 respectively. 	Minor peaks at 13:25:03, 13:25:20, 

13:25:40, 13:27:20, 13:27;30 and 13:29:05, all appear to match in-phase 

with the corresponding optical pulses, causing the total correlation to 

diminish in amplitude. 

However, it would seem to be expected that these phenomena should 

manifest themselves much more frequently than is the general observation. 

The relative peak-to-peak ratio in the D component is normally 

particularly good, much better than that for H. It would also seem 

doubtful that the D micropulsations should be so consistently better 

• correlated than the H component under these circumstances. 

A symmetrical disposition of pulsating aurora about Macquarie Island, 

should yield many more cases where patches more than 21km north of 

the station degrade the negative correlations of those south of this 

location. If, on the othr hand, the FAC mechanism is dominating 
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Figure 4.6 Possible degradation of 42781/D component correlation 
due to minor positive matching of some of the peaks. 
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production of the D micropulsations, then the parts of the electrojet 

outside the photometer window must exert a powerful influence on the 

H-coil, for its correlations to fall so consistently short of those 

for the D component. 

FAC theory provides plausible arguments for the fact that both 

micropulsation channels do not necessarily switch in correlation phase 

at about the same time. The situation is easily envisaged where 

patches north of the station begin to dominate the event. This would 

result in the D component returning positive correlations with the 

optical fluctuations, the H component remaining negative. 

Alternatively, reversal of the E-region auroral electrojet, 

via an electric field reversal, does not necessarily imply a change in 

location of the associated FAC as well. In this case it will be the 

H component alone that undergoes a change of sign to positive 

correlations. 

In fact, it would appear highly fortuitous that both these 

phenomena should ever occur together to cause a synchronous reversal 

for both components. That such occasions do in fact arise, tends to 

arouse serious doubts about the validity of FAC's exerting a dominant 

influence on the D micropulsations. 

Sato and Iijima (1979) used magnetometers carried on board polar 

orbiting satellites to determine the configuration of the Birkeland or 

FAC systems (see Figure 4.7). The FAC's are seen to flow away from the 

Ionosphere (electron flux down) on the equatorward edge of the auroral 

oval in the morning sector, consistent with the observation of pulsating 

aurora at these times. These basic flow patterns are maintained during 

magnetically active periods, though the system broadens and shifts 

to lower latitudes. 
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Currents into Ionosphere 1= Currents Away from Ionosphere 

Figure 4.7 The normal position of the FAC system. 
Currents away from the ionosphere (electron 

4 	 precipitation) become more equatorward from 
0000-0600 hours (after Saito and Iijima, 1979). 
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High variability and complex features appear whenever the 

westward auroral electrojet intrudes deeply into the evening sector. 

The late evening sector, 2000-2400 local time, contains a region of 

turbulent reverse FAC's known as the Harang discontinuity (Sato and 

Iijima, 1979). 	From the data it has been noted that positively 

correlated D micropulsations may occur during this pre-midnight 

activity. 	Since pulsating aurora are due to modulated deposition 

of electrons (current out of the ionosphere), then for a FAC 

explanation, the system must have expanded equatorward slightly, 

to push the upgoing FAC region to a position biased north of the 

station. This is because in the Harang discontinuity the electron 

precipitating FAC region is normally more poleward than in the later 

morning hours (see Figure 4.7). 

On 23 May 1983, the D component yielded positive correlations in 

the pre-midnight period, H being rather poorly correlated but quite 

definitely negative apart from one dubious file. A deep westward 

electrojet intrusion caused a negative magnetic bay, 0740-0850Z, which 

upon recovery revealed positive optical/D micropulsation correlations. 

The figures for this event appear in Table 4.3. 

ASC film of the event is unable to show conclusively the dominant 

position of the pulsating aurora with respect to the station. This is 

due to the problems intrinsic to Macquarie Island and low intensity 

pulsating aurora (see Section 2.4), and a near full moon shining on 

patchy cloud during the period concerned. The general appearance of 

the quiet arcs in the earlier evening were predominantly southward 

. of the station however, a situation not favourable for a FAC mechanism. 
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TIME (UT) 
0 

4278A/H MICROPULSATION 
0 

4278A/D MICROPULSATION 

Lead/Lag 	X-Correlation Lead/Lag 	X-Correlation 

0850-0855 N.C. -0.6 	+0.33 

0855-0900 N.C. -0.6 	Weak positive 

0900-0905 (calibration) (calibration) 

0905-0910 -1.2 	-0.26 -0.4 	+0.43 

0910-0915 -1.0 	-0.58 -0.4 	+0.37 

0915-0920 Very weak, 	.ositive (?) -0.4 	+0.05 

0920-0925 Very weak, negative -0.4 	+0.21 

0945-0950 -0.8 	-0.29 -0.4 	+0.75 

Table 4.3 
	

Data for the event in the early evening of 

23 May 1983 with a deep intrusion of the 

westward electrojet into the premidnight 

sector. 
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It may, however, prove possible to test the FAC mechanism by 

examining the magnitude of the auroral emission at these times. 

When the D component correlation turns positive, then a contraction. 

or translation of the pulsating region has occurred, and it might be 

expected that the magnitude of the auroral light emission should 

decrease. 	Burns (1983) found, for his one possible reverse phase 

file, that the total auroral luminosity had diminished by almost 

50% on its earlier value during negative correlations. (Note that 

all components suffered the reversal to normal phasing for his 

event). 

Conversely, no significant intensity level change is expected 

when the H component turns to positive correlations, the D component 

remaining negative, as this is effectively an electrojet reversal 

(local, at least). 

What is required, essentially, are data sequences containing 

phase switches, measured on the recovery portion of a single magnetic 

bay. This ensures that no contamination creeps in from pulsating 

auroral regions associated with another bay. Such a requirement 

may in fact be unreasonable in view of the lifetimes of individual 

patches (Cresswell and Davis, 1966), but should be satisfied in terms 

of the same family of pulsating patches retaining a similar average 

intensity pattern. 	Oguti et al., (1984) have demonstrated the 

stability of the linear co-efficients relating luminosity variations 

to magnetic fluctuations, for periods in excess of 30 minutes. Note 

that the general level of magnitude of the individual pulses in the 

5-minute files should gradually decrease. This is because a spatially 

drifting patch (towards the equator) will gradually depart the 
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photometer field of view. 	It is extremely difficult, without 

television imaging to tie individual peaks to particular patches, 

and arguments in this area suffer from the variety of parameters 

involved. 

Two particular sequences, containing a D component phase reversal, 

were recorded which were candidates for the analysis outlined above. 

Tables 4.4 give the intensity changes associated with these events, 

and also estimates of the average pulse height throughout each 

5-minute interval (measured in the same units as the overall intensity). 

Unfortunately the results are rather inconclusive. 	For the 

05-March-1983 event the individual mean pulse height appears to 

slowly diminish, with little change to the background intensity. 

On the 02-October-1983 the background intensity falls dramatically 

right through the observations. The average height of optical 

peaks decays too, but continues this process even as the D component 

files return to negatively phased correlations. 

All these considerations here rest on rather shaky ground, 

due to the dependence upon the accompanying background diffuse aurora. 

If it is not anchored specifically to the pulsating patches, then 

it may or may not suffer a contraction or translation at the same 

time. On the limited amount of data available, considering the 

number of variable factors involved, no confident conclusions can 

be drawn either way on this subject. 

The major period of occurrence of the positively correlated 

events turned out to be in the later morning hours. Again this, if 

anything, goes against a FAC system precipitating electrons into the 

ionosphere equatorward of the station. Later stages of pulsating 

aurora are associated with the gradual re-establishment of a quiet 



OPTICAL LEVELS 

TIME (UT) 
0 

4278A/H-MP 
-0 

4278A/D-MpP MIN. MAX. AVERAGE PEAE 
HEIGHT 

05 MARCH 1983 

1640-1645 +1.8 	-0.42 _ -0.4 	-0.44 408 677 100 

1645-1650 +1.0 	-0.39 -0.6 	-0.55 458 648 100 

1650-1655 +0.8 	-0.63 -1.0 	-0.69 430 594 75-100 

1655-1700 0.0 	-0.59 -4.0 	-0.49 398 566 50-75 

1705-1710 +1.8 	-0.24 0.0 	+0.16 423 618 75-100 

1710-1715 +3.0 	-0.26 -0.4 	+0.41 401 602 50-75 

1715-1720 +0.6 	+0.52 -0.6 	+0.16 367 470 50 

02 OCT. 1983 

1530-1535 +0.6 	-0.19 -0.2 	-0.50 1353 1694 200-250 

1535-1540 N.C. -0.2 	-0.43 1461 1875 200-250 

1540-1545 N.C. 	S -0.4 	-0.35 1318 1738 200 

1545-1550 N.C. -0.4 	-0.33 1231 1630 200 

1550-1555 N.C. -0.4 	-0.61 1170 1514 200-250 

1555-1600 N.C. -0.6 	-0.34 1086 1603 200 

1605-1610 0.0 	+0.20 -0.6 	+0.08 799 1226 200 

1610-1615 -0.2 	+0.57 -0.8 	+0.40 712 1093 200 

1615-1620 -0.4 	+0.12 -0.8 	+0.33 655 1060 150-200 

1620-1625 -0.8 	+0.48 -0.2 	+0.27 572 899 150-200 

1625-1630 -0.8 	+0.56 -0.8 	+0.49 546 976 200 

1630-1635 -0.2 	+0.43 -0.4 	+0.49 472 1056 200-250 

1635-1640 -0.4 	+0.64 -0.8 	+0.48 412 949 250 

1640-1645 -0.6 	+0.52 -1.4 	+0.17 324 860 250 

1645-1650 -0.4 	+0.35 -0.6 	-0.13 272 653 150-200 

1650-1655 -0.4 	+0.45 -0.4 	-0.13 

1655-1700 -0.4 	+0.42 -0.4 	-0.33 303 530 150 

1705-1710 -4.0 	-0.25 -0.4 	-0.36 246 408 100 

1710-1715 +1.2 	-0.29 -0.2 	-0.52 240 391 100 

1715-1720 -0.4 	-0.17 -0.2 	-0.50 223 325 50-75 

Table 4.4 	Auroral luminosity and peak height data. 

169. 
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arc system, as the region once again contracts toward the pole 

(Rostoker, 1972), and hence, southward of Macquarie Island. 

How can a FAC effect account for the observed lead-lag 

relationship that exists between the three phenomena? The H micro-

pulsations ate still proposed as an E-region current effect, so that 

the argument predicting their small delay with respect to the optical 

is valid here. 

Variations within a FAC will produce ULF electromagnetic 

waves, which must then travel down through the ionosphere with 

propagation near the Alfvgn speed. In Figure 4.8 the basic geometry 

of the situation is outlined. 

Production of the wave occurs continuously along the FAC, 

and a ground observer will receive the integrated effect of this 

emission, after it has traversed the ionosphere. Broadening of 

the D component pulses would be an expected consequence of this 

extended emission path length. Inspection of the data files 

reproduced in Chapter 3 would tend to indicate that this is not 

the case. Note however that some broadening is also expected in 

the H component pulses due to increased noise from its extended 

area of reception. The example of very rapid optical oscillations 

sharply echoed by the D component in particular, in Figure 4.9, is 

evidence against this extended path length from FAC emission. 

The delay of the D component micropulsation over its optical 

and H component counterparts will now be due to the propagation time 

of the wave, as it traverses the auroral ionosphere. This will 

• depend critically on the electron concentration - total electron 

content of the wavepath. 	Increased ionization should again provide 

an added D component delay. 
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Figure 4.8 Schematic of ULF wave production along the extended path of 
the FAC and its propagation path through the auroral 
ionosphere. 
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Figure 4.9(b) Note the multiplicity of lobes in the 
D component cross-correlation function. 
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Francis and Karplus (1960) computed the time for an ULF wave 

to traverse the ionosphere, arriving at an answer of 1.4-1.6s, and 

rather insensitive to frequency. 	Field and Greifinger (1967) 

calculated delays of the order of 2s from studies of nuclear explosions. 

These delays increased with increasing ionization. Such delay times 

are necessary to meet the observed requirements that the optical 

emission leads the micropulsation. 	It appears that a FAC induced 

D component micropulsation mechanism could account for their observed 

lag with respect to optical aurora and the H component. 

Maximum electron density in the ionosphere is at an altitude of 

250km (Ratcliffe, 1972), and a measure of this is given by the 

parameter f
0
F
2 

(the penetration frequency for the ordinary-mode wave 

in the ionosphere). A possible method of discrimination, between a 

Pedersen conductivity, or FAC effect, for generation of the 

D micropulsations, has arisen from discussion with Dr. Gary Burns 

(OIC, Antarctic Division, UAP Section) of an idea proposed by 

Professor K.D. Cole (Head of Physics Department, LaTrobe University). 

The suggestion is to examine the correlation between 4278X/H 

micropulsation delays and f0F2 , then repeat the study for 4278X/D 

micropulsation delays for f0F2 . The former is expected to simply 

yield noise, though a minor correlation may arise from an increased 

D-region ionization at times of increased f0F2  (see below). 	For 

the D component delays, however, a strong correlation is expected 

if it is a FAC effect since the propagation time delay depends largely 

on the F-region ionization, and thus f0F2 . 

Unfortunately, it appears as if the D-region data available from 

the Macquarie Island standard riometer, cannot be used with any real 

confidence as a genuine f0F2  indicator of any FAC mechanism. 
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Ranta and Ranta (1978) found the correlation between f
0
F
2 
and standard 

riometer absorptions to be poor at high latitudes. Any association 

between the two arises only from a similarity between ionizing factors 

in the F- and D-layers, and not from a close dependence of electron 

densities. 	The D-region absorption occurs, despite low electron 

concentrations, because of the high local electron-neutral collision 

frequency. An ionosonde was erected at Macquarie Island during the 

1983-84 station changeover so that local measurement of f
0
F
2 

is now 

possible. Part of the 1985 UAP (Upper Atmospheric Physics) research 

program will be to make an f
0
F
2 

(and probably fE
s
) micropulsation 

delay time study. 

Campbell (1970) claims that the delay time of the micropulsations 

should increase with the total light emission of the aurora. This 

will be in response to the production of free electrons at auroral 

heights, and hence, along the micropulsation wavepaths. Both 

components should be similarly effected, but an added contribution 

is expected for the FAC generated D-component due to increased F-region 

ionization. Data collected at Macquarie Island was not generally 

supportive of Campbell's hypothesis. Wide spread of delays occurred 

more or less randomly over a large intensity range. Examples were 

shown in Table 4.4. 

The final major consideration in this section is to determine 

whether or not a FAC mechanism can support the lack of a micropulsation 

frequency doubling phenomenon. 

An electron burst will suffer a velocity dispersal as it traverses 

• the distance, from its modulation source region at the geomagnetic 

equator, to the auroral ionosphere. Since the magnetic field variation 

depends upon the current flowing along the field line, the D component 

variation will be proportional to the number of electrons artiving at a 

particular time, multiplied by the velocity of the electrons (Burns, 1983): 
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Since the velocity distribution is essentially Maxwellian, 

particular velow 20keV, then the number of electrons within a small 

velocity range dv E  is given by: 
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This quantity has been calculated for various values of the electron 

energy, and the results appear in Table 4.5. The time of travel-

velocity dispersal effects, result in the product of an asymmetric 

magnetic pulse, with a more rapid rise time than decay (see Figure 4.10). 

Differentiation of this pulse will again lead to a much larger 

amplitude initial peak followed by a weaker return pulse. The coil 

' frequency response will further amplify this effect, and so the 

prediction here agrees well with observation. 
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E (keV) 1 2 3 5 10 20 

• 

Nrems -1 ) 1.74 x 107  2.46 x 107  325x107  3-89 x107  596x107  8.38 x107  

at(s) 

[

Traversal timl 
over 51c 107m 

2.87 2.03 1.54 1-19 0•84 0.59 

N (ti) .1fi 3.95A 8.38A I2-59A 14•00A 7.27A 0.75A 

Table 4.5 Velocity dispersal of a Maxwellian distribution. 
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Figure 4.10 Profile of the asymmetric magnetic pulse in the 
ionosphere, due to the velocity dispersal of a 
clump of electrons commencing at the geomagnetic 
equator with a Maxwellian velocity distribution 
for an e-folding energy 3keV. 
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FAC's have been shown to be able to account for the more ostensible 

observations of the D micropulsations: predominance of negative phase 

correlations, lagging both the optical and H component, phase reversals 

of each component on their own, and the lack of a significant frequency 

doubling, are all basically encompassed by such an origin. 

However more subtle effects, which are not so comfortably embraced, 

tend to generate a pervading feeling that the FAC's are not the major 

factor in D micropulsation production: late morning occurrence of 

positive correlations when the auroral zone is receding poleward, 

synchronous phase reversals with the H component, greater coherency 

of data strings with uniform relative peak amplitude echoes, consistently 

greater correlation values than for the H micropulsations, and the absence 

of pulse broadening, all contribute to the growing doubt regarding a 

FAC generation mechanism. 

4.4 	CURRENT MODELS FOR PHASE REVERSALS  

The occurrence of phase reversed correlations, almost exclusively 

during the late recovery stages of negative geomagnetic H bays, seems 

to indicate that the overhead current system suffers a reversal at 

these times. This may in fact be an electrojet microstructure effect 

(Kamide et - al.,  1969; Heacock, 1967a), and not indicative of the 

entire current system, since some bay recoveries were not accompanied 

by positive* correlation events. At some of these times, of course, 

the commencement of a new bay over-rode any such possibility. The fact 

that the large-scale magnetogram sometimes remained weakly depressed 

on the occasion of positive correlations, presents no real problems, as 

the effects of an increased ring current have been discussed in 

Section 3.5. 
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The impetus for the simple current model about to be discussed, 

arose from collaboration with Dr. Gary Burns on the possible 

misalignment of the Macquarie Island micropulsation coils. 	Some degree 

of misalignment must inevitably creep into a fixed system due to the 

slow wandering of the Earth's magnetic poles. 	That such an error is 

very minor for the coils used in this research has been pointed out 

in Section 2.2. 

It should be possible, by modelling the reversals in the overhead 

current system, to make basic predictions regarding the magnitude and 

relative phasing of the H and D micropulsations with respect to the 

N2 1NG emission. 	The model to be presented will consider firstly, 

the implications of small angular rotations in the direction of the 

auroral electrojet: 

Encouragement to pursue this line of thought came from Banks and 

Doupnik (1975) report, which indicated that the midnight electric 

field poleward to equatorward reversal, may sometimes take place 

gradually. Figure 4.11, taken from that paper, shows a diminution 

of the north-south electric field component, and an enhanced east-west 

component asthetransition proceeds. Effectively this means that the 

electric field rotates around from northward (poleward) to southward 

(equatorward), rather than jumping from one state directly to the other. 

Banks and Doupnik (1975) also state that the electric field 

tended to have an eastward component whenever the point of observation 

was located equatorward of the auroral zone. This configuration can 

drive the H component into positive correlations, D remaining negative, 

if the eastward component of the electric field has sufficient magnitude. 

This may be expected to happen in the later morning hours, when the 

auroral oval is receding poleward, and quiet arcs are re-establishing 

themselves. This is in agreement with the data. 
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Figure 4.11 Experimental electric fields on18-January-1974 
for five different L-shells. Geomagnetic north 
is upward in the figure, east is to the right, 
gaps in the data are due to low signal strength 
(from Banks and Doupnik, 1975). 
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Consider initially, small angular variations in the electrojet 

system about the orientation of the detection coils, and also the result 

of a reversal of this electrojet current (see Figure 4.12). 	The electrojet 

has been shown to be predominantly south of west in the northern hemisphere 

(Senior et al., 1982), corresponding to somewhat north of west at 

Macquarie Island. 	Therefore configuration I, is expected to be the 

major current system whose effects were observed in this research. 

It will produce negative correlations of the micropulsations with respect 

to the corresponding optical fluctuations, in both magnetic components. 

Conversely, situation 4 dominates the evening sector, when the 

auroral electrojet is an easterly current. Both micropulsation 

components yield positive correlations for this configuration. 

Orthogonality of the Hall and Pedersen currents dictates the 

overall magnetic effects of these configurations. The impact that 

the two vector currents will have on the cross-correlation figure, 

in phase and relative magnitude, is depicted in Table 4.6. Also 

given is a qualitative estimate of the combined effect of these Hall 

and Pedersen currents. 

Immediately, a prediction borne out by the observations is made 

for situation 1, the most common configuration. 	The D component 

correlations are expected to be more strongly negative than the H. 

Coupled with the fact that the H component suffers more strongly from 

effects outside the photometer reception region, it is easier to see 

why the Macquarie Island data is biased so heavily toward D mincropulsation 

correlations (to the tune of nearly two to one). 

The prediction is also quite specific for the opposite extreme 

where the auroral electrojet has reversed from north of west, to south 

of east, situation 4. This time the D component correlations should 
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3. 

Figure 4.12 The ionospheric current effects of small 
angular rotations of the total electric 
field from its most common direction 
(slightly east of "coil" north, Figure 1), 
and the usual field reversal position 
(Figure 4). 
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Field inin 
4278A/H Micropulsation 

0 
4278A/D Micropulsation 

Figure 4.12 I Hall Pederson Total Hall Pederson Total 

1 
Strong 

_ 

Weak 

+ 

Medium• 

_ 

Weak 

_ 

Strong 

_ 

Strong 

_ 

2 
Strong 

_ 

Weak 

_ 

Strong 

_ 

Weak 

+• 

Strong Medium 

_ 

3 
Strong 

+ 

Weak 

+ 

Strong 

+ 

Weak 

_ 

Strong Medium 

+ 

4 
Strong 

+ 

Weak 

_ 

Medium 

+ 

Weak 

+ 

Strong 

+ 

Strong 

+ 

Table 4.6 
	

Qualitative estimates of the Hall and Pedersen 

contributions to the sign of the H and D micro-

pulsations/optical correlations, for the con-

figurations depicted in Figure 4.12. 

Time (UT) 
0 

4278A/H 
0 

4278A/D 
4 

Lag 	Correlation Lag 	Correlation 

1725-1730 N.C. N.C. 

1730-1735 v. weak positive weak positive 

1735-1740 -0.4 	+0.48 -0.8 	+0.52 

1740-1745 -0.2 	+0.26 -0.6 	+0.66 

1745-1750 -0.2 	+0.33 -0.6 	+0.37 

1750-1755 -1.0 	+0.25 -0.6 	+0.40 

1755-1800 -0.8 	+0.30 -0.6 	+0.56 

Table 4.7 
	

19 Apr. '83 event depicting a better correlated 

positive D component, as predicted for situation 

4 from Figure 4.12. 
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turn out more strongly positive than the H, and this appears to 

be so in the data for 19-April-1983 shown in Table 4.7. 

Referring back to Table 4.4 it is Obvious that this circumstance 

is not always the case. However, with so few nights of positively 

correlated data no true statistical estimates can reasonably be made. 

It is also quite possible, with the occurrence of these type of events 

later in the morning hours, that the overhead current system may 

sometimes be more like situation 3. 	This is because the observation 

site has rotated to a point that may be approaching the limits of the 

electrojet current. 	Referring back to Figure 1.1 indicates that near 

0600 hours, local time, a reversed electrojet could have a considerable 

equatorward component. Obviously, the degree of magnetic activity 

and extent of the electrojet system itself, will have profound effects 

on the currents operating at these times. A current reversal sees 

the electrojet pointing north of eastward, since Macquarie Island 

should .be equatorward of the receding auroral zone. The H component 

can thus be more positively correlated than the D in this case. 

Note that none of the current systems examined so far actually 

yield instances where the correlations are oppositely phased. These 

were, in fact, determined experimentally to be the most common occurrence. 

The final correlation outcome results from a balance between the Hall 

and Pedersen contributions. For only one of the files to alter phase, 

requires a major enhancement of just one or other of the currents, for the 

configurations in Figure 4.12. 	The very nature of the conductivity 

production virtually precludes this, though a specific spectral hardening, 

. at 10-15keV for example, could cause greater dominance of the Hall 

current. 	Evidence does not appear in the literature to support such 

a requirement. 
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Assume for the moment that such a precise spectral hardening 

may somehow arise. 	In situations 2 and 3, this would mean that the 

Hall contribution to the D component correlation could dominate the 

Pedersen, enforcing a phase reversal for this component. It could 

only be expected to attain rather weak correlations however, whilst 

the H component would produce very powerful oppositely correlated files. 

This does not appear to be supported by the observational evidence. 

Configurations 1-4 are the result of a very dominant north-south 

electric field, which is observationally determined to be the usual 

case (Brekke et al.,  1974; Doupnik et al.,  1977). 	Suppose however, 

that the transitions between equatorward and poleward fields (and 

subsequent electrojet reversal) involve an increase in east-west 

electric field (Banks and Doupnik, 1975). 	Effectively, this means 

that the electric field completes its reversal by rotating through 

a more complex variety of orientations. 

Two fundamental changes (and their reverse) may occur, and these 

will be considered here. 	For each possibility the initial starting 

position will be taken as situation 1, the normal strong westward 

auroral electrojet, governed by its equatorward electric field. 

The first case examines the effect of the westward electric 

field increasing, as the equatorward field diminishes, before switching 

to a poleward one. This is equivalent to an anticlockwise rotation 

of the electric field. 	The second case involves a clockwise rotation, 

or easterly electric field increase. 	The predictions which arise 

from this multiplicity of configurations are displayed in Table 4.8. 

Notice now that case I, westerly increasing electric field, 

yields examples where the D component produces positive correlations, 

the H remaining negatively so. This happens in configurations C and D, 
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CASE I
Anticlockwise(westward) 

rotating floW 
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Table 4.8(a) Westerly increasing electric field and the 

relative contributions of the Hall and Pedersen 

currents to the H and D component correlations 

with the pulsating aurora. 
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CASE II 
Clockwise (eastward) 

rotating field 
427131/H MICROPULSATION 427131/D 

Pedersen 
MICROPULSATION 

Total Hall PedersP.n Total Hall 
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Table 4.8 (b) Easterly increasing field, note that the Hall 

current dominates the D component in positions 

F, G, and the Pedersen current more powerfully 

controls the H at these times. 
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where the westward component of the electric field has become the 

dominant factor. 	Similarly, for case II, the easterly directed field 

attains superiority in configurations F and G. Here then, the H 

component turns to positive correlations while D maintains its 

negatively correlated character. 

The important point to arise from this discussion, is that the 

east-west electric field must dominate the north-south contribution, 

for just one of the micropulsation components to yield a phase reversal. 

Many factors can spoil the chance of observing a clean smooth 

transition through the stages of cases I and II. Not the least of 

these is the prospect of a new negative bay commencement, as has already 

been pointed out. Other disruptive influences include, the relative 

positioning of the observer to the auroral activity, the actual 

dimensions of the region of reversal, and the intrinsic nature of the 

changes to the electric field. 	It may, therefore, be a little too 

much to expect, in the rather limited volume of phase reversal data 

collected, to be able to clearly identify the predicted effects from 

a uniform evolvement through each of the stages A-E, via either path. 

However, one particular facet of the activity lends itself as 

an unambiguous clear indicator of these phase reversals. Configurations 

C and D for case I, and F and G for case II, involve a switch in 

emphasis of the Hall and Pedersen currents. Here it is the 

D micropulsations which are more heavily influenced by the Hall 

current, whilst the Pedersen current becomes the major contributor to 

the H component. 	It is then expected, under these conditions, that the 

• D micropulsations should now lead the H, due to the velocity dispersal 

altitude dependency effects discussed in Section 4.2. 	This is a precise 

and definite prediction which can very easily be checked. 
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Table 4.9 is a compilation of the cross-correlation figures for 

files which exhibit H and D components of opposite phase. 	Clearly, 

the D micropulsations are, in general, leading the H component. 

Of equal importance is the fact that the H micropulsations once again 

lead when both components have the same phase with respect to the 

optical fluctuations. 	For example, earlier in the evening of the 

20-September-1983, both files were negatively correlated with the 

H micropulsations leading the D, as predicted. 	Similarly, on 

02-October-1983 (refer to Table 4.1), the H and D micropulsations both 

returned positive correlations with respect to the optical auroral 

pulsations, with the H component leading the D. 

Some of the lead-lag delay times of the micropulsations with 

respect to the optical, tend to jump somewhat erratically during periods 

of phase reversed activity. This is indicative of the very turbulent 

nature of the ionospheric activity at these times. 

Note also that the case I and II qualifications of strong or medium 

correlation amplitude, are based on the total vector electric field 

rotating with constant magnitude. This is not expected to be true in 

reality, and was introduced merely for convenience and simplicity, so 

as not to disguise the basic arguments of interest. The fact that, 

despite any such complications, the temporal disposition of one 

micropulsation component to the other agrees so well with the predictions, 

is very strong evidence for the E-region current generation mechanism. 

Further observational evidence that these events tend to occur 

in the later morning hours, and it is the H component which is seen to 

• be more likely to go positive, is in agreement with the eastward electric 

field assuming control, i.e. case II. 	This is in line with Banks and 

Doupnik (1975) for stations equatorward of the pulsating aurora. 
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DAY TIME (UT) 
0 

4278A/H-MpP 
0 

4278A/D-MpP 

30 OCT. 82 1520-1525 -1.0 +0.31 -0.6 -0.57 

01 APR. 83 1705-1710 -0.6 +0.32 N.C. 

1710-1715 -0.4 +0.48 -0.2 -0.07 

18 APR. 83 1630-1635 -0.4 +0.44 -0.4 -0.48 

1635-1640 -0.6 +0.39 -0.4 -0.32 

1640-1645 -0.4 +0.41 -0.6 -0.26 

1645-1650 -0.6 +0.14 -0.6 -0.14 

14 MAY 83 1845-1850 -0.6 +0.45 -0.2 -0.37 

23 MAY 83 0905-0910 -1.2 -0.26 -0.4 +0.43 

0910-0915 -1.0 -0.58 -0.4 +0.37 

0945-0950 -0.8 -0.29 S -0.4 +0.75 

• 1950-1955 -0.6 +0.16 -0.2 -0.17 

16 SEPT. 83 1420-1425 -1.2 +0.39 -0.4 -0.78 

1425-1430 -1.4 +0.22 -0.6 -0.38 

1430-1435 -1.4 +0.11 -0.4 -0.29 

1435-1440 S -1.2 +0.34 -0.6 -0.57 

• 1440-1445 -1.2 +0.28 -0.6 -0.54 

1445-1450 -0.8 +0.29 -0.4 -0.52 

1450-1455 -0.6 +0.42 -0.6 -0.50 

1455-1500 -0.8 +0.44 -0.6 -0.55 

19 SEPT. 83 1705-1710 -2.2 +0.28 +0.08 -0.43 

1710-1715 +0.2 +0.40 +0.6 -0.73 

20 SEPT. 83 1655-1700 -0.4 +0.27 -0.4 -0.35 

1715-1720 -0.4 +0.10 -0.4 -0.21 

1720-1725 -0.4 +0.29 -0.2 -0.32 

1725-1730 -0.4 • +0.41 -0.2 -0.30 

1730-1735 -0.8 +0.13 -0.4 -0.47 

1745-1750 -0.6 +0.17 -0.2 -0.48 

Table 4.9 	Oppositely phased correlations. Note that the D 

micrppulsations tend strongly the lead to H component now. 
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Only one observation period is at large variance with the 

predictions as outlined above. 	This was for the 17-September-1983, 

between 1605-1645Z, and the cross-correlation analysis results appear 

in Table 4.10 for this event. 

Between 1605-1630Z, the H micropulsation delay figures are 

quite randomly variable between consecutive files. This may be 

indicative of a complex microstructure in the auroral electrojet at 

this particular point in time. The two files covering the 10-minute 

sequence from 1610-1620Z, are reproduced in Figure 4.13, their 

corresponding cross-correlation functions appearing in Figure 4.14. 

Firstly, during the 1610-1615Z file the overall average 

micropulsation lag with respect to the optical peaks is -0.6s for 

both components. Most of the positively correlated peaks in the 

H component data are either nearly synchronous with, or fractionally 

trail, the negatively correlated D micropulsations. However, the 

four labelled A, B, C and D in the H component, all serve to advance 

its final lag time to coincide with that of the D micropulsations. 

There exists the possibility that these are spurious peaks that form 

a chance correlation from outside the photometer field of view. 

For the following data block, 1615-1620Z, the problem of assigning 

peaks is even more variable. 	Optical peaks at 16:15:55, 16:16:40, 

16:16:50, 16:17:22, and 16:18:42 appear to lead the corresponding 

positively correlated H micropulsations. The converse is true for 

optical pulses at 16:15:18, 16:16:10, 16:18:20, 16:19:02, 16:19:15, 

and 16:19:45. These pulses tend to enhance the large negative swing 

of the cross-correlation function at a lag time near 5s. 

These arguments apply to the entire data string for 17-September-

1983, and are indicative of an unusual, highly variable period of 

activity. This is further highlighted by the condition of the 
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TIME 
0 

4278A/H.MICROPULSATION 
0 

4278A/D:MICROPULSATION 

Lead-Lag XCortelation Lead-Lag XCOrrelation 

1605-1610 -0.2 +0.08 -0.6 -0.59 

1610-1615 -0.6 +0.28 -0.6 -0.68 

1615-1620 +1.2 +0.31 -1.0 -0.70 

1620-1625 -0.2 +0.34 -1.0 -0.58 

1625-1630 +1.4 +0.28 -0.8 -0.34 

1630-1635 N.C. -1.0 -0.22 

1635-1640 -0.6 +0.43 -0.8 -0.17 

1640-1645 -0.6 +0.25 -0.6 -0.23 

Table 4.10 Cross-correlation and lead-lag times for 

the unusual H-component phase-reversal 

event of 17 September 1983. 
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Figure 4.13 Data for unusual event for 17-September-1983. 
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Figure 4.14 Cross-correlation for same event. 



196. 

17-SEP-83 
	

1615-1620U.T. 

(b) 
	4278A/H-MUP 
	

4278A/D-MUP 
X-CORR=+0.31 
 

X-CORR=-0.70 

LEAD=+1 .2SEC 
 

LEAD=-1.0SEC 



197. 

large-scale magnetic field at this time (see Figure 4.15). 	In 

contrast to all other observation periods when a phase reversal 

occurred in either or both micropulsation channels, the H magnetogram 

does not display the late stages of a bay recovery for this event. 

In fact, the activity has taken place whilst a small bay is still 

growing in magnitude. This may indicate that the phase reversal 

was a very small scale local occurrence, and the lead-lag delays 

may have been largely governed by chance correlations from out of 

range of the photometer. The unusual nature of this event, in the 

light of the points just noted, denies it the right of invalidating 

the support obtained earlier for the simple E-region current model. 

As was shown earlier (refer to Figure 3.14) the H micropulsations 

generally lead the D, with only a very limited number of true exceptions. 

For the majority of these occasions the explanation may lie within 

the framework of the model currents presented here, for they are 

coincident with the occurrence of one or other of the components 

undergoing a phase reversal. The remaining situations, where D leads 

H, involve small values around the sampling rate (0.2s) which are 

easily forced by simple asymmetry of one or two major pulses, or the 

chance correlation of a few spurious peaks. 

Histograms of the lead-lag times for the micropulsation components, 

against one another, are produced in Figure 4.16. Three categories 

are given: H and D of opposite phase, both positive, and both negative. 

These histograms clearly show that the D component genuinely leads the 

H when the two files are out of phase. 

It appears then, that the small number of reverse correlation 

events provide an effective means of nailing down the nature of the 

micropulsation process. The excellent agreement with the predictions 

of the model presented here, seem to point conclusively, to the H and 

D micropulsations being generated predominantly by the E-region currents. 
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Figure 4.15 Portion al the BMR Macquarie Island magnetogram for the unusual event 
of 17-September-1983. The H micropulsations produce positive 
cross-correlations with the optical emission even though the large-
scale magnetic field is on the decline. 
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In the vast majority of all correlations, the H component is due to 

an enhancement of Hall conductivity, and hence an electrojet effect, 

whilst the D micropulsations can be related to equatorward current 

increases, which are generally slave to Pedersen conductivity 

variations. 

4.5 	CURRENT MODELS AND OTHER OBSERVATIONS  

The present study has indicated that the electric field seems 

to adopt orientations other than basically north-south, in the evening 

and late morning sectors. Precious little of the abundant 

literature in the field of auroral and geomagnetic phenomena has 

focussed attention on these observations. However, those articles 

that do, have their suggestions and ideas borne out completely by 

the arguments arising from the electric field - current model proposed 

in Section 4.4. 

Heppner (1954) noted that a positive H component disturbance 

sometimes appeared in the morning hours after the disappearance of 

the negative H magnetic perturbation, at the auroral site of College, 

Alaska. He pointed out that this may well be indicative of an 

eastward current flow above the site in the dawn sector ionosphere. 

Rostoker and Hron (1975) appear to be the first to conclusively 

demonstrate the existence of eastward electrojet flow in the late 

morning hours, at a latitude normally occupied by the westward 

convection electrojet. 	Further to this, they indicated that the 

eastward current was in fact a Pedersen flux driven by an eastward 

electric field. Such eastward electric fields have been shown to 

exist in the dawn sector at auroral latitudes (Mozer and Lucht, 1974). 

In conclusion, Rostoker and Hron (1975) add that any field-aligned 

currents which flow, will be closed in the ionosphere by equatorward 

200. 
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Hall currents. Such a system of ionospheric currents would produce 

positively phased optical/H component micropulsation correlations 

which lag fractionally, the concurrent negatively phased (in the southern 

hemisphere) D component, due to the velocity dispersal - altitude 

dependency effect. 	Case II of the proposed current models, which 

seems to be prevalent in the late morning hours, is in perfect accord 

with these observations. 	The data obtained in this research, for 

which the models were formulated, supports the evidence of Rostoker 

and Hron (1975) totally. 

The subtle, but beautiful observation, of a switching of the 

temporal relationship of the micropulsation components whenever their 

correlations are oppositely phased, provides a useful tool for 

monitoring the direction of the ionospheric electric field. 	This 

results from a reversal in the emphasis of the Hall and Pedersen 

conductivities for the two components. Kamide and Brekke (1977) 

determined the average altitude of the maximum current density, at 

the peak time of the eastward electrojet, as 119.1 km, and that for 

the westward electrojet to be 101.6 km. This places the eastward 

electrojet in the region of peak Pedersen conductivity enhancements, 

and the westward current in the corresponding Hall conductivity regime. 

Thus, the micropulsation time-lag analysis provides an alternative 

method to the incoherent scatter radar measurements adopted by Kamide 

and Brekke (1977), for determination of the direction of the overhead 

electric field. 

The ionospheric current system may normally consist of eastward 

electrojet flow equatorward of the omnipresent westward auroral 

electrojet, near the dawn meridian (Rostoker and Hron, 1975). 	That 

its effect is not always detected, may be due to the masking effect 
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of the strong westward current during periods of moderate to intense 

magnetospheric activity. At such times, not only may the influence 

of the westward current overpower the weaker eastward electrojet, 

but the auroral oval will itself be expanded equatorward, thrusting 

the eastward current to latitudes lower than that of the particular 

observation site. 	It then may be expected that the Case II current 

system should only be observable at moderate to low substorm activity 

at such stations. 	This seems to be confirmed by the occurrence of 

suitable events exclusively in the late recovery stages of negative 

magnetic H bays. 	The conflicting forces of the two electrojets are 

schematically reproduced in Figure 4.17 (after Rostoker and Hron, 1975). 

The high latitude ionosphere exhibits two principal zones of 

energetic electron precipitation, as shown in Figure 4.18 (after 

Hartz and Brice, 1967). 	Wave particle interactions, associated with 

the hard particle precipitation, produce magnetic variations in the 

Pil, Pi2 frequency ranges (Coroniti and Kennel, 1970). These occur 

predominantly on the equatorward side of the auroral oval. 

Figure 4.19 displays Pi(c) activity on magnetograms across the latitudinal 

extent of the eastward electrojet, in the dawn sector. From the 

'present research, and in particular that of Burns (1983), Oguti et al., 

(1984), it is expected that pulsating aurora would also have been 

present there at these times. 

Further support for the current models presented in Section 4.4 

comes from direct observation of complex rotations of the electric 

field vector. This activity was hinted at by Banks and Doupnik (1975) 

• from their incoherent scatter radar data, and subsequently expanded 

upon by them in collaboration with Horwitz (1978). They describe 

counterclockwise rotations from northward, through westward, to southward, 
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Hartz and Brice, 1967). 
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associated with the Harang discontinuity in the evening sector. 

Macquarie Island data strongly favours the Case I current model in 

evening hours, involving such a counterclockwise rotation of the 

electric field. The rotations commence later in the evening, 

and are more gradual (approximately 30 minutes as against 3 hours), 

in the equatorward portions of the oval (Horwitz et al., 1978). 

This is typical of the relative location of Macquarie Island with 

respect to the auroral oval, and the pulsating aurora - 

micropulsation observations thus obtained, support their view. 

Horwitz et al., (1978) also indicate the existence of small eastward 

electric field components in the dawn hours, and present evidence 

for the electric field rotations to occur principally during the recovery 

phase of a substorm. These conditions applied almost without exception 

in the Macquarie Island data. 

Substorm electric fields and currents have been modelled by 

Kamide and Matsushita (1979). 	They adopt field-aligned currents based 

on recent satellite observations (such as Armstrong and Zmuda, 1970) 

and conductivity models akin to Chatanika radar observations (such as 

Brekke et al., 1974). 	Eastward currents are seen to be produced in 

the evening sector, and near the equatorward edge of the auroral belt 

in the morning sector (see Figure 4.20). 	Kamide and Matsushita (1979) 

indicate that this morning eastward electrojet . is produced by an 

eastward electric field and Pedersen conductivity as a natural consequence 

of the calculated morning sector potential peak. 

Thus it seems that the existence of an eastward auroral electrojet, 

in the late morning hours, equatorward of the more prominent westward 

electrojet current is now well established observationally, and becoming 

so theoretically. The correlation of pulsating optical aurora with the 
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associated Pi(c) micropulsations of the magnetic field, have led to 

confirmation that the micropulsations are ionospheric conductivity 

controlled phenomena. 	Changes in the phase of these correlations, 

and simultaneous alterations to their temporal relationship, allow 

efficient determination of the ionospheric electric field orientation 

at any given time. 

4.6 CONCLUSIONS AND FURTHER RESEARCH  

The present study concludes that the small scale magnetic Pi(c) 

pulsations result from precipitation induced conductivity fluctuations 

within the E-region. These are responsible for variations in the 

ionospheric currents, giving rise to magnetic perturbations detectable 

at ground level. 

Detailed monitoring of the pulsating aurora and the associated 

Pi(c) makes it possible to determine the orientation of the overall 

local ionospheric electric field. The lead-lag relationship between 

the phenomena, and the phase of the cross-correlations, strongly reflect 

any changes in the direction of the electric field vector. This is a 

simple but effective method for such determinations, as an alternative 

to the backscatter radar techniques generally adopted. 

In the main, the pulsating aurora have been found to occur 

throughout the recovery phase of negative geomagnetic bays. At these 

times, the H and D component magnetic pulsations result principally from 

electron precipitation induced conductivity fluctuations in predominantly 

westward Hall current, and equatorward Pedersen current, respectively. 

These variations have been shown to be maximized at different altitudes. 

In combination with fast response riometer measurements of cosmic noise 

absorption (CNA) pulsations (detected in the lower E-region, 90-100km), 

this provides a means for studying the recombination rates of electrons 
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at three altitudes during auroral events. 	Such research is at present 

under preparation, to be conducted at Macquarie Island during 1985. 

The actual state of the ionosphere itself will be able to be 

determined at such times as well, as the Ionospheric Prediction Service 

(IPS) have provided an ionosonde which has been recently installed at 

Macquarie Island. Such a tool will provide valuable added information 

about ionization levels within the auroral ionosphere during pulsation 

activity. Parameters such as f 0F2  and FEs  will be examined, to 

determine if they exert any influence on the lead-lag times between the 

optical and magnetic pulsation components. 

It may also be possible to carry out a calibration of the 

photometers themselves, allowing absolute measurements of light levels to 

be determined. The efficiency of the 4278X band in converting incoming 

electron energy into photons is believed to be reasonably well established 

(Omholt, 1971). 	Hence it would be possible to determine the total 

energy flux dumped into the atmosphere by precipitating electrons during 

pulsations. Practical problems arise with a wide angle photometer 

since ground optical measurements necessarily integrate along the line 

of sight. Strict comparisons are valid for measurements only in the 

direction along the field lines themselves, but it may be possible to 

make due allowance for this discrepancy. 

A further possibility exists, if absolute measurements do not 

become available, in the ratio of 5577X to 4278X emission. These may 

result at slightly different altitudes, and so reflect different electron 

energies. 	The relaxation delay time of 0.7s associated with the 5577X 

emission will be an extra factor to be considered here. 

It has been both exciting and interesting to study a phenomenon 

as visually spectacular as the aurora. To all the many people, 

especially those close to me, who have provided this stimulating opportunity, 

my everlasting thanks and deepest appreciation. 
• 
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APPENDIX  

As discussed in Section 3.5, quiet day curves for the H component 

were determined for each complete month of data collection. This 

comprised the period from November 1982 to September 1983 inclusive. 

The QDC's were calculated from the Macquarie Island BMR 

magnetograms, and were produced in situ at the station for data 

analysis. Since the BMR geophysicist does a complete mean hourly 

value (ME1V) calculation for the entire year, upon return to Australia, 

it was felt desirable to check those figures with our calculated 

QDC's. 	Agreement, as expected, was generally extremely good, though 

a few discrepancies did arise. 	For instance, the curves reproduced 

in Figure 3.19 (see Section 3.5), for September 1983, are those 

calculated at Macquarie Island. The official BMR mean QDC for the 

month included the 23 September 1983, as one of the quiet days for 

the determination, in preference to the 02nd, 03rd. However, on this 

day, two distinct minor negative magnetic bays appeared in the 

H magnetogram between 1030-1700Z. These significantly lowered the 

value during that period by up to 50 nT, and hence biased the QDC 

by 20% of this, that is 10 nT. 	Such an effect is certainly not 

disastrous but it was decided to retain our own QDC figures for use 

in the research, and consult with BMR MHV's as secondary check. 

The results were, in the main, very consistent. 

Matsushita and Campbell (1965) in their discussion of QDC's, 

group the annual variation into three sets of equivalent months. 

They denote November, December, January and February as D months, 

• May, June, July and August as J months, and March, April, September 

and October as E months. The approximate range of the magnetic 

daily variation in the H component is of the order of 80 nT for 

D months, falling through 40 nT f6r E months, down to only 25 nT 

during J months. 
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Figure Al reproduces the calculated QDC's for November 1982, 

December, January and February 1983 as determined from Macquarie Island 

magnetograms. The average of these four traces is plotted with the 

Matsushita and Campbell D month curve for comparison in Figure A2. 

The minimum and maximum of the measured average QDC appear to both be 

slightly delayed with respect to the D month variation. The Macquarie 

Island curve also has a depression between 0900-1600 UT that does not 

appear on the extrapolated D month trace. 

For the smaller J, and E month fluctuations, Figures A3 and A4 show 

the comparison between the measured four month averages and the 

Matsushita and Campbell extrapolations. 

The overall agreement is quite satisfactory, recalling the fact 

that the D, J, and E month curves of Matsushita and Campbell refer to 

solar minimum (IQSY - International Quiet Sun Year). Measured 

Macquarie Island curves are for one year only, with the 1982-83 

Austral Summer being situated just beyond the 1979-80 maximum of the 

present solar cycle. 
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Figure Al. Measured QDC's during the 1982-83 Austral summer for the H component at Macquarie Island 
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