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ABSTRACT

In the summer of 1569 a line of seven magnetic
stations vias established in western Canada between the
geomagnetic latitudes of 58.5° and 77.0% and within 2°
of 302°%c corrected geomagnetic longitude. This thesis
gives an analysis of the general, spectral characteristics
(including tne shree-dimensional polarizations and station-
to-station phases) of Pc & and Pc 5 geomagnetic micro-
pulsations recorded at these stations 1in 1969 and 1970.

A change in the horizontal sense of polariz-
ation of the micropulsations, occurring around 1100 to
1200 local geomacnetic time, indicates that Pc 4's and
Pc 5's are cenerated througn tne development of Kelvin-
Helmholtz instabilities at the magnetopause. The power
spectra and polarizations of the micropulsations exhibit
marked latitudinal changes, implying that much of the
micropulsation energy is distributed in resonant oscil-
lations of magnetic snells. The existence of distinct
Pc &4 and Pc 5 spectral bands may be the result of prefer-
ential coupling of energy into magnetic snells near the
auroral oval and near tne plasmepause, with Pc 5's
occurring primarily in the aurcral recions and Pc 4's

near the plasmapause.



ACKNOWLEDGEMENTS

I would like to thank Dr. J. A. Jacebs and Dr. G.
Rostoker for their encouragement and support throughout
this project. I would also like to thank J. K. Walker,
J. L. Kisabeth, ¥. Sherrard and D. Guptill for their help
in the computer work and the logistics in this experiment.
I am also grateful to Dr. J. V. Olson and J. L. Kisabeth
for their many interesting discussions on this project.
I wish to express my appreciation to Mrs. G.
Dinwoodie for her excellent work in arranging and typing
this thesis, and to my wife Elizabeth for the many tedious
hours she spent in drawing the diagrams for the the thesis.
The Department of Transport (Meteorlogical Branch)
and the University of Calgary aided this project by pro-
viding sites for the magnetometer stations. The Department
of Energy, Mines, and Resources (Earth Physics Branch) also
aided the project by supplying magnetometers for the stations.
The standard magnetograms used in this experiment were sup-
plied by the World Data Centre A, Rockville, Maryland.
Throughout this project I have received financial
assistance in the form of a postgraduate scholarship from

the National PResearch Council of Canada.



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION

1.1

1.2
1.3

1.4

Geomagnetic micropulsations, definition
and classification

Review of the observation results

Excitation mechanisms proposed for
continuous micropulsations

Normal modes of oscillation in the
magnetosphere

CHAPTER 2. EXPERIMENTAL DETAILS

2.1
2.2

2.3
2.4

CHAPTER 3

3.1
3.2
3.2.1
3.2.2

3.2.3
3.3

The magnetic stations

Cocelectric characteristics of the earth
in central Canada: Associated induction
effects

Method of data analysis

Selection of micropulsation events

OBSERVATIONS
Introduction

A statistical analysis of the
polarization parameters

Intensities
Ellipticities
Polarization angles

Some individual micropulsation events

Page

21

24

35

38
42
52

690
61
69
91
105

iv



CHAPTER 4. CONCLUSIONS
4.1 Discussion of the observations
4,2 Summary
REFERENCES
APPENDIX Al. ANALYSIS OF COMPLEX VECTOR TIME
SERIES
APPENDIX A2. ESTIMATION OF THE COMPONENTS OF THE
CROSS SPECTRAL MATRIX; THE POWER
SPECTRA AND CROSS SPECTRA
APPENDIX A3. VARIANCE OF THE SPECTRAL ESTIMATORS:
CONFIDENCE LIMITS
APPENDIX A4. PRACTICAL CONSIDERATIONS IN
ESTIMATING THE SPECTRAL PARAMETERS
APPENDIX AS. THE EFFECTS OF DIGITIZATION ON
THE SPECTRUM
APPENDIX A6 A BRIEF DESCRIPTION OF THE
INSTRUMENTATION
APPENDIX A7. EARTH INDUCTION EFFECTS

Page

143
175

179

Al

Al14

A21

A25

A32

A35

A45



Table

Al

LIST OF TABLES

Micropulsation Classifications
The Magnetic Stations

Micropulsation Events Selected for
Analysis

Kp Indices on the Days Selected for
Analysis

Magnetic Observatories used in the
Analysis of Data for Day 186

The Polarization Parameters
(1500-1600 UT, Day 186)

Relative Induction Effects

Page

38

54

55

121

126
A47

vi



Figure

10

1

12

LIST OF ILLUSTRATIONS

An example of low frequency, continuous
micropulsations

The transition of Pc 5 occurrence
frequencies from 2 single maximum at
high latitudes to 2 double maximum at
Jow latitudes

The latitudinal dependence of the periods
of Pc 4's and Pc 5's

Latitudinal and period dependence of Pc 4
and Pc 5 amplitudes

Average sonograns of geomagnetic
micropulsations recorded at Kakioka

Local time distribution of Pc 5's in
Alaska, showing the rotation sense of
the disturbance field vector in the
horizontal plane

Average senses of polarization in the
horizontal plane of micropulsations in
the spectral range 32-100 mHz

Orbits of Explorer 33 projected on the
ecliptic plane

An example of the transverse oscillations
observed at ATS 1

Motion of fluid elements in a free surface
wave

The senses of polarization of geomagnetic
micropulsations induced by a Kelvin-
Helmholtz instability at the magnetopause

The configuration of the eartn's
magnetosphere

10

12

14

16

19

20

25

27



Figure

13

14
15

16
17

18

19

20

21

22

23

24
25
26
27
28

Locations of the magnetic stations used
in this experiment

The magnetic coordinates

Geological and geoelectric regions of
central Canada

The polarization parameters
Contours of the intensity, log
and ellipticity in the H-D plahé of a
micropulsation event occurring on day 163,
1970 .

Histograms showing the number of data hours
in each hour of Universal Time

Contours of equal relative intensity of
micropulsations in the 1-3 mHz spectral
band

Intensity-latitude profiles of
micropulsations in seven spectral bands
Estimated latitudes of the intensity peaks
of micropulsations occurring between 0200
and 1600 UT

Estimated latitudes of the intensity peaks
of micropulsations occurring between 1600
and 0200 UT

A summary of the ellipticities in three
planes of micropulsations recorded at CALG

A summary of the ellipticities at LEDU
A summary of the ellipticities at MENK
A summary of the ellipticities at MCHU
A summary of the ellipticities at FTCH
A

summary of the ellipticities at SMIT

viii
Page

36
35

40
45

(intensity),

49

58

62

64

66

67

71
72
73
74
75
76



Figure
29
30

31

32

33

34

35

36

37

38

39

40

41

42

A summary of the ellipticities at CAMB

A summary of the ellipticities of
micropulsations in the 0-4 mHz band

Latitude profiles of ellipticities in
the H-D plane

Ellipticities in the H-D plane plotted
against frequency at 7 stations

Ellipticities in the H-D plane of
micropulsations recorded at SMIT in 1969

Estimated frequencies of the polarization
reversals at the stations

The ranges of the polarization angles in
the circular histograms

Polarization angles in the H-D plane of
micropulsations in the 0-4 mHz spectral
band

Polarization angles in the H-Z plane of
micropulsations in the 0-4 mHz spectral
band

Polarization angles in the D-Z plane of
micropulsations in the 0-4 mHz spectral
band

A summary of the polarization parameters
in the H-D plane of micropulsations in
the 0-4 mHz spectral band

Polarizaticn angles in the H-D plane of
micropulsations in the 10-15 mHz spectral
band

Magnetcgrams of the event occurring on
day 163

Magnetogranms of the event occurring on
day 167

ix
Page
77

82

85

88

90

92

93

98

99

100

102

104

109

110



Figure

43

44

45

46

47

48

49

50

51

52

53

54

Magnetograms of the event occurring on
day 186

Magnetograms of the event occurring on
day 195

Magnetograms of the event occurring on
day 262

Latitude-dependence of the spectral
parameters of the 12 mHz micropulsations
(day 163, 1600-1630)

Latitudinal plots of the spectral
parameters of the 1.0 mHz micropulsations
(day 163)

Latitudinal plots of the spectral
parameters of the 4.5 mHz micropulisations
(day 167)

The positions of the observatories used in
the analysis of the micropulsations
occurring on day 186

Magnetograms of the digitized magnetic
data from i3 observatories

Latitudinal plots of the spectral
parameters of the 2.1 mHz micropulsations
(day 186, 1500-1600 uT)

Power spectra of the 3 magnetic components
at our stations and at Baker Lake and
Churchill (day 262)

A summary of the latitudinal and
longitudinal H-D polarization
characteristics of the 2 mHz
micropulsations (day 186) plotted in
local geomagnetic time

Latitudinal plots of the spectral
parameters of the 20.3 mHz micropulsations
(day 195)

Page

111

112

113

115

116

118

122

123

127

128

132

135



Figure Page

55 Latitudinal plots of the spectral
parameters of the 12.7 mHz micropulsations

(day 195) 136
56 Power spectra of the 3 magnetic components

at the stations (day 262) 138
57 Latitudinal ranges of the dominant peaks

in the power spectra of the H components 140

58 Latitudinal plots of the spectral
parameters of the 1.3 mHz micropulsations

(day 262) 142
59 Polar plots of the auroral oval, the

intensity maxima of Pc 5's, and the

;plasmapause 145
60 An example power spectrum of a broad band

source of micropulsation energy 154
61 The latitudinal distribution of the energy

and freauency of the micrepulsations 154
62 The latitudinal and diurnal variations of

the H-D polarizations of 5 mHz Pc 5's 159

63 The frequency-dependent and time-dependent
changes of the H-D ellipticities of
. micropulsations recorded at FTCH and SMIT 163

64 The diurnal variation of the demarcation
frequency at SMIT and FTCH and at LEDU 165

65 Latitudinal plots of the power and phases
of the H and D components of a model
micropulsation event 172

66 The equivalent ionospheric currents of
the model micropulsation event - 172

67 The magnetic perturbations of the H and
Z components of equivalent currents
flowing to the west and to the east in
the ionosphere 173



e et

Figure

Al
A2

A3

A4

A5

A6

A7
A8
A9
A10

Al

A12
A13
A14

A15

A16

The data window B(t)

The spectral window

Q(f, a/b = 0.0,

S 6 estimates, m/N = 1.0)

A logarithmic plot of the spectral
window in Figure A2

The spectral window

Q(f, a/b = 0.0,

S° 10 estimates, m/N = 0.7)

Histogram of the values of R which were
calculated using the spectral window

Q(f, a/b = 0.2,

k=3, m/N=1.0)

Histogram of the values of Rp which were
calculated using the spectral window

Q(f, a/b = 0.2,

k=3, m/N=1.0)

Frequency response of the 1-20 mHz filter

Impulse response of the 2.5-100 mHz filter

Impulse response of the 1-20 miHz filter

The basic components of the recording

system

The components
magnetonmeter

The gain curve
Gain and phase

Gain and phase
filters (1969)

The components
system

The coordinate
earth model

of the fluxgate

of the magnetonmeter
response of the magnetometer

response of the aliasing

of the digital recording

system for the uniform

xii
Page

A18

A20

A20

A20

A24

A24
A28
A29
A29

A36

A37
A39
A40

A4l

A42

A46



Figure

Al7

Al18

A19

A20

A21

The coordinate system for the model
considered by Jones [1970]

The coordinate system for the model
considered by Rankin and Reddy [1971]

The relative amplitudes and phases of the
y component of the magnetic field (H )
in the model considered by Rankin andy
Reddy

The azimuth and ellipticity of the
observed micropulsation field near the
gecelectric structure, shown in Figure A19,
for a linearly polarized incident field

The azimuth and ellipticity of the
observed micropulsaticn field near the

'geoelectric structure, shown in Figure Al9,

for a circularly polarized incident field

A50

AS51

A51



1. INTRODUCTION

1.1 Geomagnetic micropulsations, definition and classi-

fication

Geomagnetic micropulsations are transient, ultra
low frequency oscillations of the earth's magnetic field.
Low frequency micropulsations (=10'3 Hz) often have
amplitudes of hundreds of gammas at the earth's surface
although high frequency micropulsations (*1 Hz) seldom
have amplitudes larger than a fraction of a gamma (y).
The structure of the pulsations may be very irregular and
ragged or almost sinusoidal (Figure 1). In some cases the
pulsations continue over many cycles, With some 10w Tregueniy
pulsation trains lasting for hours. At other times the
pulsations disappear after only one or two oscillations.
It is now commonly believed that continuous micropulsations
originate within the magnetosphere as hydromagnetic waves,
although there is considerable uncertainty about the energy
sources and modes sf¥ propagation of these waves.
Micropulsations are normally ctassified in three
characteristic ways, by their morphological properties
(frequency, wave form, etc.), by their correlative properties,

and by their genetica® properties [7ccobs,1970]. At present
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Fig. 1. An example of low frequency, continuous micro-
ulsations. This event was recorded in the interval

1430-1600 UT, 1970.



both the correlative and genetical properties form a poor
basis for classification in that correlative properties

have been observed in only a few cases and, as mentioned
above, the specific origins of many types of micropulsations
are uncertain. A classification system based on the
frequency of the oscillations and the wave form of the
pulsation train is now commonly accepted. In this system
regular, continuous pulsations are denoted by the term Pc
and irregular, impulsive pulsations by the term Pi. Both
the Pc and Pi classes are divided into frequency ranges
based on other physical and morphological properties [Jacobs

et al., 1964]. Table 1 gives a list of these classifications.

Hultqvist [1966] gives a more comprehensive description of

the different classification systems.

TABLE 1. Micropulsation Classifications
Notation Frequency Period Notation Frequency | Period
(mHZ) (Sec) (mH2z) (sec)
Pcl 200-5000 0.2-5
Pc3 22.2- 100 10-45
Pi2 6.7-25 40-150
Pcé 6.7-22.2 45-150
PchS 1.7-6.7 150-600




The experiment outlined in this thesis was designed
to study the morphological features of continuous micro-
pulsations in the spectral range 1-30 mHz (Pc4 and Pc5)
at a series of ground stations set at different latitudes
along a geomagnetic meridian. For comparative purposes the
analysis includes a number of nighttime P1i micropulsation
events. We have reduced the data by means of a generalized
spectral analysis of the micropulsation signals. In this
method of analysis the autospectra and cross spectra are
arranged in the form of 3x3 matrices, based on the three
spatial components, and from these matrices the intensities,
polarizations, and station-to-station phase characteristics
of the micropulsations are calculated. This type of
analysis allows a more objective and complete approach and
puts the results in a format which is more compatible with
the literature on the theory of micropuisations.

The analysis indicates that much of the energy of
dayside Pc 4's and Pc 5's, and perhaps some of the energy
of nightside Pc's,cemes from Kelvin-Helmholtz instabilities
at the dawn and dusk magnetopause. At least some of this
energy is coupled into resonant oscillations of magnetic
shells within the inner "dipole" region of the earth's

magnetic field. The formation of distinct Pc 4 and Pc 5



spectral bands may be the result of preferential coupling
of energy into magnetic shells near the auroral oval and
near the plasmapause, with Pc 5's gccurring primarily in

the auroral regions and Pc 4's near the plasmapause.

1.2 Review of the observational results

Since Stewart [1861] first reported micropulsations,
a great diversity of papers has appeared in the liter-
ature. The largest increase in the output of papers came
about in the late 1950's after the 1.6.Y. In the 1960°'s
satellite data first appeared but, as yet, the number ef
reports of micropulsations is 1imited. The purpose of this
review is to discuss very briefly the observations which
are most pertinent to the data presented in this thesis.
The first section deals with ground-based observations of
Pc 4's and Pc 5's and the second section with recent satel-
lite observations. Troitskaya [1967], Campbell [19671,
Saito [1969], Durngey and Southwood [1970], and Jacobs

{1970] have given more comprehensive reviews in these areas.

(A) Ground-Based Observations

— Both Pc 4's and Pc 5's have maximum amplitudes
and occurrence frequencies in the auroral zones (650-700
geomagnetic latitude) [vceods aré Sinno, 196035 Obertz ené

Raspopov, 1968; and ZFirasava, 12701 although Zato ernd Saito



[1962] have noticed a second Pc 4 peak at 50°. The ampli-
tudes of Pc 5's often reach hundreds of gammas in the auroral
region, decreasing to about 1/5 of this value at 80° and
50%. Pc 4 amplitudes, on the other hand, are seldom greater
than 10y. The longitudinal extent of both Pc 4's and Pc 5's
far exceeds the latitudinal extent and follows roughly an
east-west direction along the auroral zone [Eleman, 1966].
Obertz and Raspopov [1968] observed that the characteristic
longitudinal extent of Pc 5's is 60° with most activity
centred between 0600 and 0900 LMT.

The diurnal variation of the occurrence frequency
of auroral zone Pc 5's differs from that of midlatitude
Pc 5's (40°-55°). 1In the auroral zones the activity peak is
sharply defined and centred near 0400-1000 LMT, with a
small second peak in the afternoon [Saito, 1964; Hirasava,
1970] (see Figure 2). In sub auroral regions the occurrence
frequency is double peaked with a second peak in the after-
noon [01' 1963; Saito, 1964]. In midlatitude regions Pc 5°'s
occur with equal probability over most of the day.

The amount of Pc 4 activity usually has a broad
maximum in the daytime at midlatitudes [Saizo, 1964] whereas
the maximum is at 0300-0600 LMT in the auroral zones [Scito,

1964; Stuart and Usher, 1966; Annezstad and Wilson, 1968].
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In general both Pc 4's and Pc 5's are most sinusoidal in
the morning and early afternoon, the greater part of the
evening and nighttime activity having only a few damped
cycles in the wave train [Jacobs and Wright, 1965].
Statistical studies by Obayasai and Jacobs [1958],
Oguti [1963] and o1’ [1963] show that the periods of Pc 4's
and Pc 5's increase with increasing latitude (Figure 3).
Ol'vconcluded that the average period T is given by the

equation

; T = C-sec2¢

where ¢ is geomagnetic latitude and C 1is a constant
depending on diurnal and solar cycle effects. Normally,
however, a given micropulsation event has the same frequency
at all latitudes [Ei1lis, 1960; Obertz and Raspopov, 1968].
The 1latitude-dependent Pc's noted by vVoelker [1968] are
exceptions to this rule. These micropulsations exhibit a
systematic increase in the dominant period of the H component
with increasing latitude. This particular type of event will
be discussed in more detail in the analysis of data in this
thesis.

Saito [1969] postulated that although the frequency

of a specific micropulsation event is the same at all latitudes

(see profiles a and b in Figure 4), the statistically
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determined frequencies can decrease with increasing lat-
jtude. He suggested that if the intensity peak of a Pc 4
or Pc 5 micropulsation train moves southward, due to
increasing magnetic activity, then the frequencies of the
pulsations increase (i.e. the peaks .A and B move along
lJine ¢ in Figure 4). The analysis of Obertz and Ras-
popov [1968] supports Saito's model.

In general both Pc 4's and Pc 5's have higher
frequencies during the day than at night. At midlatitude
stations the Pc 4 frequency reaches a broad maximum centred
near 1200 LMT [Christoffel and Linford, 1966; Saito, 19647].
The maximum frequency, occurring during the day, is 30-50
mHz and the minimum frequency, occurring at night, is 10-15
mHz. ZHirasawa and Nagata [1966] and Fagata and Fukunishi
[1968] found that the midlatitude Pc 4's actually occupy
two distinct spectral bands, one centred at 15 mHz and the
other at 30 mHz. The 30 mHz band is most evident during
the day. Both bands show pronounced diurnal variations in
frequency (Figure 5). During periods of low magnetic activity
(Kp 0~1) the highest frequencies occur around 1500 LMT and
during periods of high activity (KD 5+7) around 0700 LMT.
In the auroral zones, Pc 3's have iheir highest frequencies

around 0600 LMT [Saito, 1964; Zirasawa, 1970] but in sub
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auroral and midlatitude regions they have their highest
frequencies around 1200 LMT [zitamura, 1963; Xato and
Saito, 1962]. |

Both Pc 4's and Pc 5's show polarization char-
acteristics which change with latitude and time. Normally
the vertical component is the smallest but it does reach
appreciable amplitudes in the auroral regions [Eleman, 1966].
A complete analysis of the polarization characteristics of
micropulsations requires the determination of the projec-
tions of the polarization ellipse on three planes. Unfor-
tunately, this has only been done for a few events [Paulson
et al., 1965; Wilson, 1966; Annexstad and Wilson, 1968].

To date most analyses have dealt only with the horizontal
projections of the pclarization ellipses.

In northern high latitude regions (> 60%), the
horizontal components of Pc 5's are polarized in a CC
(counterclockwise)sense in the morning (Tooking down on
the earth), with 8-10 hours of predominantly CW (clockwise)
polarization during the afternoon and evening. The transition
between the morning and afternocon sectors typically occurs
around 1100 local geomagnetic time [Zato and Uteumi, 1964;
see Figure 6]. The morning section of CC polarization is
the clearest and the afternoon section most confused, having

an appreciable amount of both CH and CC polarization. These
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diurnal polarization characteristics are reversed in the
southern auroral regions [Saito, 1969]. 1In middle latitudes,
the diurnal polarization characteristics of Pc 5's are more
complex, with four sectors alternating from C{ to CC [Saito,
1964].

The diurnal polarization pattern of high latitude
Pc 4's matches the Pc 5 pattern (see Figure 7). One strik-
ing feature of Figure 7 is that the sense of polarization
of Pc 2, 3's (30-100 mHz) is always opposite to that of
Pc 4, 5's. Pc 2's and Pc 3's have CW polarization in the
morning with a pronounced change to CC polarization in the
afternoon. In northern midlatitudes Mather et al. [1964]
found CW polarization for daytime Pc 4's and CC polarization
for nighttime Pc 4's. This observation agrees with the
southern, midlatitude Pc 4 polarizations determined by
Christoffel and Linford [1966] (i.e. CC during the day and
CW during the night, looking down at the earth).

In addition to diurnal changes in polarization,
Pc 4, 5's exhibit pronounced Jatitudinal changes in their
sense of polarization. Zaneda et al. [1964] and Obertz
and Raspopov [1968] reported that Pc 5's at Barrow (68.6°)
often had C4 polarizations in the horizontal plane when

the polarizations at Sitka (60.0°) and College (64.7°)
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were CC. An appreciable latitudinal phase shift in the H
component accompanied the polarization reversal. 1In
addition, the opposite sense of polarization appeared only
when the centre of activity was between College and Barrow.
Eleman [1966] found similar latitudinal changes in the senses
of polarization of Pc 3, 4's, and Sakurai [1970] found
similar characteristics for Pi 2's.

Conjugate observations of pulsation waveforms and
polarizations are important since they directly relate
micropulsations to the magnetosphere. Studies by Nagata
et al. [1963] and Jacobs and Wright [1965] showed similar
Pc 5 pulsations occurring simultaneously at conjugate points.
They found, in addition, that the senses of polarization
were conserved along the geomagnetic lines of force. Annez-
stad and Wilsor [1968] observed the same characteristics

for higher frequency (10-15"'mHz) Pc 4's.

(8) Satellite Observations in the Magnetosphere

To date few observations of micropulsations have
been made by satellites and even fewer observations have been
related to ground-based data. Pioneers I and V and Explorer
6 recorded some of the earlier observations of pulsations
in the magnetosphere [Coleman et al., 1960; Sonett et al.,

1962; Judge crni Coleman, 1962]. Pcgtel cnd Carill [1964]
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and Patel [1965] reported irregular 5.5-8.3 mHz (120-

180 sec period) transverse oscillations recorded simul-
taneously both in the magnetosphere by Explorer 12 and

at the ground on the same magnetic field line at College,
Alaska. The waves needed 1 1/2 min to travel from the
satellite to the ground. Patel and Cahill also found

that the polarizations, frequencies, and amplitudes of

the pulsations at College ag' eed with those at the satel-
Jite. In addition Patel founu a local-time-dependence for
the polarization at the satellite which was substantially
in agreement with ground-based Pc 5 observations (i.e. CC
before 1100 local geomagnetic time, CW after). Dungey and
Southwood [1970], in an analysis of magnetic field data
from Explorer 33, determined the same diurnal polarization
rule for fluctuations inside the magnetosphere near the
magnetopause (Figure 8).

One of the first reports on observations of con-
tinuous pulsations in the magnetosphere was made by Cummings
et al. [1969] using records from the geostationary satellite
ATS 1. These pulsations occurred during magnetically quiet
periods, mostly in the interval 0400-1600 LMT. The oscil-
lations were very sinusoidal and many continued for 10-400

@min before disappearing (Figure 9). The observed frequencies
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occupied two broad bands, one centred at 10 mHz (102 sec
period) and the other at 5.3 mHz (209 sec period). Most
of the pulsations were elliptically polarized in a plane
transverse to the main magnetic field. More recently
Barfield et al. [1971] have reported an observation of
compressional Pc 4 micropulsations at ATS 1. Both the

magnetic field intensity and energetic electron fluxes

21

exhibited sinusoidal modulations at 9.4 mHz. These oscil-

lations lasted for nearly seven hours. The largest

pulsations reach 8y (peak to peak) in the direction of

the main magnetic field, with almost no magnetic variations

transverse to the main field.

1.3 Excitation mechanisms proposed for continuous micro-

pulsations

Continuous micropulsations are now thought to

originate as hydromagnetic (hm) waves in the magnetosphere

‘but there is still considerable uncertainty concerning the

sources of energy which excite these waves. Some of the

current theories are those based on

(a) gradients in particle and ionization
densities [Swifst, 1967].
(b) non neutral plasma distributions [#isrida,

1964; Zimura and Matsumolo, 1968].
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(¢) resonant interactions of particles and
waves [Parker, 19613 Dungey, 1965; South-
wood et al., 1969; Dungey and Southwood,
1970]

(d) surface wave motions at the boundaries
between two regions of different plasma
concentrations [Dungey, 1954; Sen, 1965;
Atkinson and Watanabe, 1966; Southwood,

1968].

These mechanisms are discussed in some detail in the follow-
ing sections.

The energy in a gradient jnstability is derived
from the free energy of the inhomogeneous plasma [swift,
1967]. The instability results in the generation of electro-
static waves in the magnetosphere which couple to electro-
magnetic waves in the jonosphere. The electrostatic waves
have CW polarization (1ooking in the direction of the
magnetic field) in a region of enhanced plasma density and
CC polarization in a depleted region.

Instabilities due to non neutral plasma distrib-
utions are excited by an electron or jon beam (such as
precipitating auroral particles) passing through some part
of the magnetosphere [Zimurc and Xatsumoto, 1967]. The

frequency of this instability depends only on the magni tude
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of the excess charge and can be as low as the Pc 5 spectral
band. A negative excess charge causes an instability in
the A1fvén mode whereas a positive excess causes an instab-
jlity in the modified Alfvén mode.

The most natural wave-particle instability for
Pc 4's and Pc 5's is one involving bounce resonance {Dungey
and Southwood, 1970]1. Southwood et al. [1969] have shown
that this resonance can occur in the magnetosphere under
certain, very specific conditions. They found that quasi-
transverse hm modes of large m can be excited by the
exchange of energy with energetic particles. (The azimuthal
variations of the wave are taken as eim¢ where ¢ 1is the
azimuthal angle and m 1is an integer.) The change in the
energy of a particle is directly proportional to the mag-
netic shell coordinate (L) of the particle and is independent
of the particle's energy or pitch angle. The dominant para-
meter in energy exchange is the tilting of field lines and
under certain conditions the growth rate of the waves can
be very large.

The surface wave or Kelvin-Helmholtz instability at
the magnetospheric boundary has long been a popular mechanism
for the excitation of low frequency micropulsations [Dungey,
1954]. The surface waves are generated near the sun side

of the equatorial magnetopause by the'tangential flow of
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the solar wind around the magnetosphere, flowing to the west
on the morning side of 1100 local geomagnetic time and to
the east on the evening side [Atkinson and Watanabe, 1966].
This tangential flow of the wind forces fluid elements in
the magnetosphere to rotate ijn the manner shown in Figure 10.
Since the magnetospheric plasma in this region is a good
conductor the magnetic field 1is sfrozen" into the plasma

and is forced to roégte with it. Thus we expect the polar-
jzation configuration of Figure 11, with CC polarization
before 1100 1ocal geomagnetic time and CW polarization after
1100. These polarizations agree with both satellite and
ground-based observations [Dungey and Southwood, 1970].
Southwood [1968] deduced that in fact the magnetospheric
boundary can be unstable. He showed that in equatorial
regions, away from the subsolar point, the first growing

hm modes propagate perpendicular to the geomagnetic field
and are circularly polarized in a plane perpendicular to

the main magnetic field.

1.4 Normal modes of oscillation in the magnetosphere

The theoretical treatment of hm modes in the
earth's magnetosphere is extremely difficult. The problem
is obscured by mathematical difficulties, by the complexity

of the resonant cavities within the magnetosphere, and by
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Fig. 10. Motion of fluid elements in _a free surface
wave (after Atkinson and Watanabe [1966]).

MORNING AFTERNOON <

Fig. 11. The senses of polarization of geomagnetic
micropulsations induced by a Kelvin-Hielmnoltz instab-
ility at the magnetcpause.
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uncertainties in the correct boundary conditions. Up to
the present, most theoretical treatments have considered
the resonant modes of an axially symmetric magnetosphere
[Dungey, 1954; Jacobs and Westphal, 1964]. If we further
assume that the disturbance field is axisymmetric, then

two simple hm modes exist. The toroidal mode has the
perturbation magnetic field polarized in an azimuthatl
(east-west) direction and corresponds to a torsional oscil-
lation of a magnetic shell. The second mode, the poloidal
mode, corresponds to a compressional oscillation of the
whole magnetosphere. Normally, however, these modes are
net good appreoximaticns to actual corditions since most
observations show that the longitudinal (azimuthal) extent
of Pc 4, 5's is limited. Dungey [1954, 1967] and Radoski
[1967] have discussed very briefly some of the characteristics
of highly asymmetric perturbations.

The basic configuration of the magnetosphere and
its resonant cavities is depicted in Figure 12. The earth-
ionosphere boundary is usually considered a perfect reflector
for low frequency hm waves because of the high apparent
conductivity of the earth at these frequencies.Jungey [1970]
has indicated, howéven that this assumption is open to some

doubt.
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" A problem related to the reflection of hm and
electromagnetic waveswithin the earth and ionosphere is
the determination of ground level magnetic fields which
result when hm waves interact with the ionosphere. This
problem is particularly important if we wish to relate
ground-based observations to magnetospheric phenomena.
Consequently the traqsmission and reflection of hm waves
in the ionosphere has been considered in detail in a
number of theoretical discussions, including those by
Prince and Bostick [1964], Pield and Greifinger [19651],
Greifinger and Greifinger [1965] and Inoue and Schaeffer
[1970].

The plasmapause (Figure 12) is a field-aligned

density discontinuity which separates the plasmasphere, 2
region of relatively high plasma density (~ 100 electrons/cm3),
from the plasma trough (density ~ 1 e]ectron/cm3). In the
plasma trough the number density of electrons decreases as
r'4 whereas inside the plasmasphere the density is determjned
by diffusive equilibrium [4ngerami and Carpenter, 19661].
During periods of mocerate magnetic activity (Kp x 2-4),
the geocentric distance to the dayside plasmapause is about

3.5 Rg (earth radii) whereas the distance to the nightside

plasmapause is as great at 5.5 Rg. Carpenzer [1970] and
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Chappell et al. [1970] have given detailed descriptions
of the dynamic behavior of the plasmasphere and plasma-
pause.

Near the magnetic poles the geomagnetic field
loses its approximate dipole shape and the field lines are
swept back into the magnetotail configuration. This region
also includes part of the plasma sheet and the electron
densities are higher than those in the plasma trough
(0.3-30 el/cm3[VasyZiunas, 1968a]). The outer limits of
the geomagnetic field are marked by the magnetopause. In
the solar direction the geocentric distance to the magneto-
pause is typically 10 RE although distances ranging from
13 RE to 8 Rg have been observed.

Most theoretical treatments of magnetospheric
oscillations use hm equations to describe the perturbation
magnetic and electric fields. For simplicity and convenience
we will follow this precedent and use these equations in
this discussion, even though it is not always clear tnat
the assumptions applicable to hm (or magneto-hydrodynamic)
equations are justified within the magnetosphere. ZFultgvist
[1966], Solt and Faskell [1965], and 20ssi and Olbert [1270]
have given comprehensive accounts of the conditions necessary

for the application of tne hm equations.
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The linearized, hm wave equation for a plasma with

infinite conductivity is

>
32 = VA x VA x ¥V xVxE (1)

(gaussian units)

where E is the perturbation electric field,

VA = §°(4wpf-% and §° js the unperturbed magnetic field.
The component equations are best analysed by first expressing
them in orthogonal curvilinear coordinates (x], X9 s x3) Wwith
the unit vector 21 in the direction of §o. Displacements

along the three coordinates are given by the relation

dS, = hidxi (2)

where the scale factors hi are in qeneral functions of

Xys Xz and X3- In the analysis presented here we assume
that the system is axisymmetric with respect to Xxs. (In
the earth's field, x3 is geomagnetic longitude). If we
int

further assume a time-dependence of the form e , then

the component equations for an axisymmetric system are

1 3 1 _3 1 5
h']{a’s; hy(r; 35;(MaEa) - &y 555 (af2))]
B (R el
3 3 1 2 cSl 272 —5— EZ (3)
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h 2
-1 3 2 3 (h,t =
h, 35y [ﬁ; E'ST( 3 3)]} -k (4)

Equations (3) and (4) are coupled and consequently are

very difficult to solve except in a few simple cases.
Since the system is axisymmetric with respect

to X3» Ei can be represented by a summation of modes.

More precisely,

_§ m imx
Ei = Ni e 3 (5)
m=0

In solving for the mode in which m = 0 (the mode in which
the perturbation fields are also axisymmetric), two

decoupled equations result.

h 2
1 ) 3 o 0 _ - 0
By 35 [ﬁ; _—’as](“z "2)] =—3 N (6)
YA

-2 O (7)
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Equation (6) describes the toroidal mode of oscillation
and equation (7) the poloidal mode. The toroidal mode
appears to be a "guided" mode since there are derivatives
only along a field line. Equation (6) can be solved by
using the W.K.B. approximation where applicable [Radoskz,
1966]. By using the W.K.B. approximation and assuming
that the earth is a perfect reflector, we find that the

resonant frequencies of this mode are given by the relation

2 ds,
m//, y— - n= 1, 2, 3... (8)
&

a
1

where %4 and ¢, are the points where the field line
intercepts the earth. From this equation it appears that
w is a function of position and this violates the assumptions
used to obtain equations (3) and (4). (i.e. we assumed
that =— (w) = weo— .) Hrufka [1968] and Zahalas [1969]

axi Bx_i
have shown that this dilemma can be resolved by a closer
jnspection of the physical parameters in the problem. Since
the integral in equation (8) normally increases with in-
creasing geomagnetic latitude, tne expected frequency of

the toroidal mode must decrease with increasing latitude

[Dungey, 1954; Jacobs and Westpral, 1964].
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The perturbation magnetic field B 1is found

using Faraday's Law

B
82 (9)

_
vxE=-¢3

More explicitly

(B'l ’BZ ,33)=
(10)

. yv=1 1 ?
c(iw) 2 (hIN.) s =2—(h.) (hoN.)
[?2h3 axz 33 “]h3 ax] 3 3 h] iy ax] 2°2

‘Equation (10) shows that the magnetic field of the toroidal
mode is poiarized in the X3 direction {east-west) and
that the poloidal mode has components along the field and
in the X, direction. The poloidal mode will not be
discussed in any more detail here since this mode has very
complex analytic solutions. Xato and Akasofu [1955],
Jacobs and Westpnal [1964], and Caroviliano et al. [1966]
have given comprehensive discussions of this mode.

Another simple but interesting case occurs when
the disturbance has an extreme longitudinal asymmetry (modes
of large m). The magnetic disturbance then becomes trans-
versely polarized in the x, direction and obeys an equation
very similar to the toroidal wave equation. Radoski [1967]

called this mode a guided poloidal mode.
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Unfortunately the picture presented above is
drastically simplified. The magnetosphere is clearly
not symmetric and the approximations used to obtain the
hm equations and equation (1) are open to considerable
debate. A more realistic approach to the problem would
be to consider the effects of finite conductivity and
finite Hall currents in the Ohm's law relation and
possible viscous effects in the equation of motion.
Inclusion of any of these terms couples the wave equations.
Even in the simple axisymmetric case, the toroidal and
poloidal modes are coupled. Magnetospheric oscillations
with mode coupling have been considered briefly by Hruska
{1968, 1969] and Xakhalas [1969] and in more detail by
MeClay [1970].
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2. EXPERIMENTAL DETAILS

2.1 The magnetic stations

In the summer of 1969 a line of 7 magnetic
stations was established in Alberta and the Northwest
Territories of Canada (see Figure 13) to record polar
substorms and low frequency (1-20 mHz) micropulsation
activity. In 1970 the station at Penhold was moved to
Leduc and an additional station was established at Fort
Reliance to give a total of eight stations. The stations
lay within 20 of 362° corrected geomagnetic longitude
(Eakura, 1965]; the southernmost station was at Calgary
(58.5%H) and the northernmost at Cambridge Bay (77°1)
(see Table 2). Each station used three-component fluxgate

magnetometers oriented in (H, D, Z) coordinates (Figure 14).

H (MAGNETIC NORTH)

= D (MAGNETIC EAST)

Z (DOWN)
Fig. 14. The magnetic coordinates
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Data were recorded digitally on 7-track, magnetic tapes
at a rate of 1 sample/component/sec 1in 1969, and at a
rate of 1 sample/component/2 sec in 1970, To time the
records, each system recorded WHWVB directiy on tape every
16 hr 23 min in 1969 and every 7 hr 38 min in 1970.
Appendix A6 gives a more complete description of the
instrumentation.

The most common source of lost data originated
from failures in the digital systems. Any large transients
in line power caused lost data blocks with subsequent data
gaps and inaccurate timing. This problem was especially
severe in 1969 since the digital system had to be restarted
manually after every power failure. An automatic restart
mechanism was incorporated intc the system in 1970. At RELI,
nearby radio transmitters caused large amounts of digital
and magnetometer noise. The number of transients in the
magnetic data from RELI is so great that no data from this
station are included in the spectral anmalysis. Other
difficulties occurring in the magnetometers resulted in
lost data at SMIT, MCMU, and MENK. At MENK a malfunction
in the D component amplifier during most of the summer of

1970 caused sporadic changes in the gain of the channel.



TABLE 2 The Magnetic Stations
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Code Corrected Time Interval
Station Name Geomagnetic in Operation
Coordinates .
1969 1970
Calgary CALG 58.7°% 302.0%€ | Aug-Nov  May-Nov
Penhold PENH 59.5 301.4 Aug-Nov ---
Leduc LEDU 61.2 301.5 --- June-HNov
Meanook MENK 62.5 301.2 Sep-Nov  May-Nov
Fort McMurray MCMU 65.0 304.0 Aug-Nov May-Nov
Fort Chipewyan FTCH 67.0 303.0 Aug-Nov May-Nav
Fort Smith SHMIT 68.5 302.0 Aug-Kov  May-Nov
Fort Reliance RELI 71.4 300.0 --- July-0Oct
Cambridge Bay CAMB 77.0 301.0 Aug-Nov June-0ct

2.2 Geoelectric characteristics of the earth in central Canada:

Associated induction effects

The geoelectric properties of the earth in central

Canada are summarized in Figure 15.

The electrical properties

of the substrata in southern Alberta and southern British

Columbia are well known since many magnetotelluric and geo-

magnetic depth sounding surveys have been made in these regions
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Figure 15. Geological and geoelectric regions
of central Canada

The numbers in parenthesis on the map are the surface

resistivities of the regions in units of ohm meters.

Legend

1. The Cordilleran Region, Paleozoic sediments, Tertiary
volcanics, Mesozoic and Cenozoic intrusives.

*Surface resistivity 100-1000 @ M.

2. Lower and Upper Cretaceous marine and non marine sedi-
mentary rocks.

*pesistivity 5-400 @ M.

3. Proterozoic intrusions, acidic rocks, granodiorite,
granite, quartz diorite.

*pesistivity 5000-20000 @ M.

4. Devonian sedimentary and volcanic rocks.

*presistivity 100-2000 Q@ M.

5. Ordovician and Silurian sedimentary rocks

*resistivity 50-200 Q M.

* The resistivities in regions 1 and 2 were obtained from
Rankin and Reddy [1969], Peeples [1969] and Cochran and
Hyndman [1970]. The resistivities for the rocks in other

regions were obtained from zeller and Frischknecnt[19661].
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[Caner et al., 1969; Rankin and Reddy, 1969; Peeples,
1969; Cochrar and Hyndman, 1970]. In the mountains of
southern British Columbia (region 1 on Figure 15) a thin
(10-20 km) layer of resistive rocks overlies a thick
(20-40 km) region of rocks with very low resistivities
(5-15 QM). Conversely over most of southern Alberta (region
2) a thin {1-2 km) layer of conducting sediments (5-10 aM)
overlies layers of more resistive (200-400 QM) Cretaceous
sedimentary rocks [Rankin and Reddy, 1969; Peeples, 1969].
There is no doubt that in the mouﬁtain regions induced
earth currents strongly affect the magnetic fields of Pc 4

and Pc 5 micronulsations. These effects might extend

-
]

(1]

far east as Calgary. Inducticon should also be noticeable in
the Pc4 micropulsation band at all the stations in southern
Alberta (see Appendix A7). Highly resistive intrusive rocks
occupy most of the Canadian Shield (region 3) and, depend-
ing on the thickness of these rocks, the induction effects
at FTCH, SMIT, and RELI should be negligible. Ocean waters
should produce the most substantial induction at CAMB. There
is also evidence for a shallow,conducting anomaly to the far
north on Ellesmere Island [Praus et al., 1971] but the

exact extent of this anomaly is not yet known. In summary
we expect induction to be noticeable at all our stations

except the three on the Canadian Shield.
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2.3 Method of data analysis

Many researchers in the field of micropulsations
estimate wave characteristics such as mean periods, mean
amplitudes, and polarization hodographs directly from
amplitude-time recordings. These methods are often cumber-
some and the results misleading. (See for example Pope
[1964], Egeland [1965].}In addition, the necessity for
clean monochromatic events drastically limits the selection
of data. Finally, the results of such analyses are often
difficult to compare with the theoretical literature since
most theories are developed in terms of the spectral com-
ponents of the wave forms (i.e. the time dependence is of
the form ei”t). Clearly an alternative presentation of
the data is needed.

Correlation and cross spectral matrices offer
useful, alternate formulations for micropulsation data (see
Appendix Al). Data pertaining to quasi-monochromatic waves
are easier to interpret by considering the spectra of the
waves and the geometric figures traced out by the waves'
disturbance vector. In the simple case of a monochromatic
signal the endpoint of the disturbance vector traces out
an ellipse. The parameters of the polarization eilipses

can be computed directly from the cross spectral matrix

Jij(?],?],f) (see Appendix Al for an explanation of the
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symbols) and the relative phases of the vector components
at different stations can be calculated directly from
Jij(?],?z,f). Considerable care must be exercised in
using these methods, however, since many hazards are
jnvolved in estimating the spectral parameters from real
data (see Appendices A2, A3 and A4).

In the analysis of the data presented in this

thesis the following parameters were calculated.

(A) Polarization Parameters

(a) R] js the ratio of the apparent plane polarized
signal intensity to the total signal intensity
(see equation (A17)). The definition of plane
polarization used here is not the same as that
used in optics. By plane polarization we mean that

at one point in space the vector is restricted

to motion on a given plane. For example, suppose
that we have sinusoidal pulsations with powers a,

b, and ¢ in the H, D, and Z directions respectively
and that a totally random signal, with power d

jn each direction is then superimposed on the
pulsations. Since the motion of the disturbance
vector of three-dimensional, sinusoidal oscillations
describes an ellipse in a given plane, the intensity

of the plane polarized signal is (a+b+c) and
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A R GhENCE) an

(b) R2 ijs the ratio of the completely coherent signal
ijntensity to the plane polarized signal intensity
(see equation (A20)) R2 is equivalent to the
polarization ratio defined by Born and Wolf [1954]
and Fowler et al. [19671].

(¢) The jntensity 1 is the total power of the coherent
signal (equation (A22)). In the above example

1 = atb+c.

The projection of the polarization ellipse (equation(A21))
was determined for each of three planes (-0, H-Z, D-2)

by using the rotation matrix R (equation (Ai4) and the
cross spectra Pij (equation (A18)).

(d) 1In each plane, the ellipticity is the ratio of the
minor to the major axis of the polarization ellipse.
Looking at the plane from 2 direction in which the
coordinates form 2 left handed system (downward on
the horizontal H-D plane), the ellipticity is
considered positive if the polarization is counter-
clockwise (Figure 16). Zero ellipticity (E=0)
represents linear polarization while unity represents

circular polarization.
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(e) The polarization angle 8 is the angle, measured
clockwise, between the major axis of the ellipse
and the H direction in the H-D plane, the major
axis and the H direction in the H-Z plane, and

the major axis and the D direction in the D-Z plane.

(B) Station to Station Correlations: Coherency and Phase

(a) The coherency Kij(r],rz) js a measure of the cor-
relation of component i at station T, with
component J ét station 1, (see equation (A27)).
This might be, for example, a correlation of the
H component at SMIT with the Z component at MCMU.

(b) The phase estimator Fij(r],rz) is a measure of the
phase difference between component i at station
ry and component j at station rs- If Fij is

positive then component i leads component J.

To prevent needless repetition in the calculations of the
phases and coherencies only six component-to-component
comparisons were made for each pair of stations. These were
H(r])-H(rz), H(r])-D(rz), D(r])-D(rZ), D(r])-Z(rz), and
Z(r])-Z(rz). For the sake of brevity, not all these
estimates are given in this thesis. In most cases one
station was used as a base and the coherency and phase
parameters of all other stations calculated with respect

to that station.
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In the actual analysis, two data windows were
used. One was one hr long and was used in the analysis
of low freguency Pc 5 micropulsations. The other was
1/2 hr long and was used in the analysis of Pc 4 micro-
pulsations. A more complete description of these data
windows and the associated spectral windows is given in
Appendices A2, A3 and A4.3.

The lengths of the data windows were dictated
by the scale size of the temporal variations of the
micropulsation spectral parameters. Normally Pc 4's and
Pc 5's have stationary spectral characteristics over periods
of 1/2 hour to hours, with perhaps some fluctuations in
amplitude over periods of 10-20 min [Saito, 1967]. There
is generally no consistent and proncunced dispersion in
the spectra and no consistent short term changes in the
sense of polarization. The long term stability of these
parameters is illustrated in Figure 17. Apparently the
ellipticity and central frequency of this event remained
stationary for over an hour. This feature was generally
the case in almost all the events analysed in this fashion.
It appears then, that the spectral changes are based on a
time scale greater than 1-2 hr, perhaps a time scale of

diurnal length. With these considerations in mind, 2 window
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Fig. 17. Contours of the intensity, 10910
(intensity), and ellipticity in the H-D plane
of a micropulsation event occurring on day 163,

1970 and recorded at LEDU. Intensities are in

units of Y% -



ELLIPTICITY

WS R

?

g‘,‘f@ﬂmfﬁ A ﬂ

49



50

length of 1/2 - 1 hr apparently gives the best compromise
between temporal resolution and the amounts of data
analysed.

Computer programs were vwritten to determine the
elements of the cross spectral matrix (equations (A12),
(A25)) and from these, the polarization, phase and coher-
ency estimates were computed. Appendix A4 outlines the
practical considerations in the evaluation of these para-
meters. To facilitate analysis, the computer programs
were also designed to pick quasi-monochromatic spectral
peaks (corresponding to quasi-sinusoidal micropulsation
events). The quasi-monochromatic restriction specifies
that the micropulsations have 2 spectral peak of mean
f}equency v with a peak width A&v (measured between
half power points) such that é%« 1. In practice,
peaks with 4&v/v > 0.5 were rejected. The best resolution
used in separating peaks is given by the relation AuS/v > 0.1
where Avs is the separation of the two spectral peaks and
v their mean fregquency. For example, peaks at 100 and 110
mHz would be analysed separately whereas peaks at 100 and
105 mHz would be averaged to give an estimate at ~ 103 mHz.
In the selection of the polarization parameters by the compu-
ter, events with Rl or R2 < 0.75 were rejected (see Appendix

A3). In the selection of station - to - station phase
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estimates, events with all coherencies less than 0.45 were
rejected. In other words if Kij(r],rz,fo) < 0.45, then
the phase estimates in the comparison of station ) vith
station r at frequency fo were rejected. This selection
rule gives an approximate 95 per cent confidence interval
jn the rejection of unwanted random signals. The selected
polarization parameters were stored on data cards and later
used in a statistical analysis of the polarization para-
meters.

The selection of spectral peaks by the computer did
not, however, completely alleviate the tedious task of visu-
ally checking the computer outputs. O0ften the spectral peaks
and polarization ratios (R], Rz) of an event differed con-
siderably from station to station. In extreme cases 2
spectral peak at one station might be nonexistent at
another station. To find the polarization parameters of
a given event at all stations, it was then necessary to
make direct comparisons of the spectra and the amplitude-
time plots of the micropulsations.

Only the two horizontal components (H and D) of
the 1969 data were analysed. Samson et cl. [1971] have
summarized the results from this data. A more generalized
analysis was carried out with the 1970 data in that the

three-dimensional polarization, coherency, and phase para-
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meters were calculated. We must remember, though, that
jnduced earth currents substantially affect the polariz-
ation characteristics in the H-Z and D-Z planes and that
horizontal changes in geoelectric properties substantially
affect the station-to-station phase spectra. These con-

siderationswill be discussed in more detail in the analysis

of the data.

2.4 Selection of micropulsation events

Micropulsation events were selected from periods
with low to moderate activity (Kp < 4) and with evident
Pc 4 or Pc 5 micropulsation activity lasting for an hour
or more. The Meanook standard magnetograms were used in
the initial determination of these intervals since the
sensitivites of the component magnetograms (H = 10.3 y/mm,
D = 1.6'/mm, Z= 9.4y/mm) allow the detection of most large
amplitude Pc 4 and Pc 5 micropulsations. Digital plots of
the data from our stations were then made in the selected
time intervals. Those micropulsation events whicn satis-
fied the following simple criteria were selected for
analysis.

(a) There must be at least four stations with no
data gaps and with timing accurate to within

A~ 5§ sec in the interval of interest.
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(b) There must be apparent micropulsation activity
at three or more of these stations and this
activity must last for more than an hour. No
restrictions were placed on the shape of the
pulsation waveforms although some events were
selected specifically because of their sinu-
soidal appearance. We placed no restrictions
on the local time of occurrance of the events.
(c) The micropulsations must have amplitudes of at
least 2y (peak to peak on one component) at
three or more stations. Lowver amplitudes lead
to sizeable quantizing errors in the spectral
estimates (see Appendix A5). Due to the natural
falloff of power in the geomagnetic spectrum this
restriction limited the highest selected frequencies
to ~ 30 mHz.
Table 3 lists the events selected for analysis, and Table
4 gives 2 summary of the Kp jndices during the selected days.
Indices corresponding to the time jntervals analysed are

underlined.
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TABLE 4. Kp Indices on the Days Selected for Analysis
Year Day Kp
1 2 3 4 5 6 7 8
1969 219 2- 2 2- 2+ 2 1 3- 3=
1969 262 3 4- 2 2 2 1 1 2+
1969 263 2 2-  3-  z¢ 2 3+ 2- 1-
1969 270 0 o+ 0+ O 1 1 1+ 4+
1970 157 1 1 1+ 2- 0+ 0+ 0+ 0
1970 158 0 1- 1= 1- 1 3- 3+ 4+
1970 163 2- 1+ 1+ 1 1- 1 2-  1x
1970 164 1- 1 3- 3 3+ 3- 2- 2
1970 167 2+ 3 2 1+ 2+ 2 1+ 3-
1970 68 | 1+ o+ 3- 3- & 3% 3 3
1970 169 3+ 2+ 4+ 4+ 5+ 4 3 4
1970 186 3. 4+ 4 2- 3+ 3 2+ 3-
1970 187 4- 3+ 4- 4- 4 1 - 1-
1970 191 7- 2 2- 1+ 4 5 5 4
1970 193 3+ 3+ 2+ 3- 2+ 2* 4- 34
1970 194 3 3 2 i+ 1+ 3- 3- 2+
1970 195 3. 2+ 3- 2- W 2 3- 3=
1970 262 1 5- 4 3+ 2+ 3 3+ 3
1970 263 2 4- 4- &- 2+ 3- 2% 3+
1970 269 1- 3- 2- 2 1+ 1+ 2= 2
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3. OBSERVATIONS

3.1 Introduction

The data presented here occupy two distinct
sections. The first section contains a statistical
analysis of the three-dimensional polarization parameters
of the selected micropulsation events (see Table 3). The
second section contains a complete, detailed discussion
of a number of individual micropulsation events. The
statistical results are presented first ijn order to develop
a good perspective for the analysis of the complicated
characteristics of ijndividual events.

The statistical anaiysis summarizes the average
characteristics of the intensities, ellipticities and
polarization angles . (see Section 2.3) of quasi-monochromatic
pc 4's and Pc 5's. The variation of these parameters with
time, latitude, and frequency is considered.Since the number
of parameters is very large we will not attempt to discuss
all the data but will present only those results which are
representative and illuminating. The selection of polar-
jzation parameters is discussed in detail in Sections 2.3
and A4 and will not be repeated here. Unless otherwise
jndicated all the statistical results pertain to the 1970
data.
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Figure 18 summarizes the total number of data
hours in each hour of Universal Time. Histograms (1) and
(2) pertain to data which were subjected to polarization
analysis using the 1/2 hour and 1 hour data window res-
pectively. Histograms (3) and (4) pertain to data which
were subjected to station-to-station phase comparisons
using the 1/2 hour and 1 hour window respectively. Most
of the data are found during the daytime hours reflecting
the local-time-dependence of the occurrance frequency of
the micropulsations. Normally data.from the morning events
are the clearest and the easiest to analyse, showing very
predictable ellipticities and polarization angles at all
the stations. Because of the relatively small amounts of
data from the nighttime, inferences from data during this
time should be considered very cautiously. There is also
the problem that some of tne nighttime events are composed
of short-iived impulsive trains much like Pi's. These
events may have characteristics that are fundamentally
different from Pc 4 or Pc 5 characteristics.

Data from MENK are included in the analysis even
though the gain of the D component at this station changed
sporadically. To correct this varying gain we compared

our D component data with standard magnetograms from ieanook.
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After calculating an average value for the gain of the

D component we corrected the MENK data by multiplying

by this average gain. On an event to event basis this
leads to rather variable characteristics. The statis-
tical averaging of the events should, however, give mean-
ingful results. In fact we find that the sense of polar-
jzation at this station is consistent with the results at
the other stations although there are some variations in
intensities, ellipticities, and polarization angles
calculated at this station.

A complete discussion of the polarization and
station-to-station phase characteristics of five represent-
ative events is given after the statistical analysis. The
frequencies of the micropulsations in these events range
from 1.3 mHz to 20.3 mHz and thus cover the whole spectrum
of interest here.‘ The events all occurred during the day-
time, the earliest between 1400-1700 UT and the latest
between 2300-2400 UT. The event on day 186 is the most
intriguing, having very sinusoidal oscillations with peak
to peak amplitudes of nearly 180 y in the H component at
SMIT. These large amplitudes permit the use of this event
in a worldwide analysis of the spectral characteristics.
The longitudinal dimension inherent in 2 woridwide analysis

is especially heipful in evaluating the statistical, diurnal
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characteristics obtained from the data at our line of
stations. We accordingly digitized magnetograms from
13 other magnetic observatories in the northern hemisphere
and used this data to determine the polarization cnaracter-
istics of the event at those observatories. Since standard
magnetograms normally have poor temporal resolution, these
polarization characteristics must be considered with care
In the presentation of the data that follows
corrected geomagnetic coordinates are used throughout. All
latitudes in the text and all latitudes in the figures are
corrected geomagnetic latitudes. Hakura (1965) gives a
complete description of the computation of these coordinates
‘on a worldwide basis. For simplicity we have plotted all
temporal variations in tniversal Time. Unless otherwise
indicated, Universal Time is used throughout the text. An
approximate conversion to local geomagnetic time (LGT) at
our stations can be made by substracting 8 1/2 hours from

the given Universal Times.

3.2 A statistical analysis of the polarization parameters

In the analysis of the data it soon became apparent
that almost all Pc 4's and Pc 5's have frequencies which are
latitude-independent. No gradual latitudinal changes in

frequency are evident, though two or more micropulsation
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trains of different frequencies often occur at the same
time. This feature is evident from a visual inspection

of the magnetograms, from power spectra calculated for

the stations, and from the spectral peaks selected through
use of the computer programs (see Section 2.3). This
evidence supports the observations of Ellis [1960] and
Obertz and Raspopov [1968] who also found no latitudinal
changes in frequency. Exceptions to the above ruie do
occur, however, and an example of an event with latitude-

dependent frequencies 1is given in Section 3;3;

3.2.1 Intensities The iso-intensity contours in Figure

19 summarize the daily variations in the relative intesn-
sities of 1-3 miz micropulsations occurring in our 1970
data. We have used only those events with distinct
spectral peaks (selected by the computer) at three or
more stations. The intensities at the other stations wvere
determined by visually inspecting the computer outputs

of the spectral parameters (see Section 2.3). The
intensities at each station were then summed in hourly
intervals and the average intensities, Ii’ in these
intervals calculated. If Im js the largest of the
intensities at all the stations in a given interval, then

the relative intensity at station 1 1is defined by Ii/Im‘
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The intensity is clearly localized in latitude and moves
northward during the day. The maximum intensity is at
65°-68°N during the early morning , moving to ~ 75°N
between 0830 and 1530 LGT (1700-2400 UT). These diurnal
variations closely resemble those of the auroral oval.
The resolution in the northern regions is poor since CAMB
and SMIT are 9° apart and consequently the position of
the maximum is uncertain ijn the interval 1700-2400.
Equivalent diurnal trends also appear 1in the intensity
maxima of 3-8 mHz Pc 5's but the maxima are south of
those in Figure 19. Pc 4 micropulsations, on the other
hand, have rather complex iso-intensity ccntours.

Latitude plots of the relative intensities of
micropulsations in given spectral bands indicate that
low frequency Pc 5's nave most of their energy concentrated
north of 70°k, whereas Pc 4's have their largest intensities
and most energy south of 60-62°N. Figure 20 presents
latitude plots of relative intensities in 7 spectral bands
ranging from 0-2 mHz to 15-20 mHz. To obtain these plots
we calculated the relative jntensities for each individual
event occurring in 1970, sorted the events into the 7
spectral bands, and then averaged the relative intensities

at each station. He have not included MENK data in this
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plot because of the ancmalcus D component at this station.
The shaded areas in Figure 20 outline the regions where
we estimate the peak intensities occur. In the 0-2 mHz
spectral band the shaded region is a southern 1limit and
in the three Pc 4 spectral bands the shaded regions are
northern limits. Clearly the latitude of the intensity
peaks depends on the frequencies of the micropulsations,
the peaks for the highest frequencies occurring at the
southernmost latitudes. One difficulty in interpreting
the data in these plots arises from the fact that the
averages are taken from events occurring at any time
during the day. Diurnal effects such as those noted in
Figure 19 definitely broaden the latitude ranges of the
intensity peaks and make the peaks more difficult to
resolve.

An alternative method of depicting the intensity
data is to construct scatter plots showing the estimated
latitudes of the intensity peaks of micropulsations of all
frequencies. Figures 21 and 22 show the results of such an
anaiysis. In making these scatter plots the day was
divided into two sectors, based on the diurnal variations
noted in Figure 19.The first sector extends from 0200 <o
1600 and the second from 1600 to 0200. We determined

the latitudes of the intensity peaks by noting the station
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with an obvious maximum in intensity for a given micro-
pulsation event. If the intensity showed peaks near two
different stations then the latitudes of both these peaks
were plotted, even though one peak might be larger than
the other . If there were more than two peaks or if there
were no clear peaks, we rejected the event. Since the
two northern stations are separated by 9® the latitudes
of peaks occurring between these stations were determined
by extrapolation, the peak being proportionally closer

to the station with the greatest intensity. In some
jnstances the intensity increases monotonically across
the array of stations. These events, which clearly have
maxima beyond the Tatitude of the array,have their peaks
plotted at 58% or 77°N depending on the direction of
increasing intensity.

The most obvious feature in each plot is a strong
latitude-frequency correlation in the grouping of the
estimates below 72°. 1In Fiqure 21 (0200-160C) the peaks
are centred near 10 mHz at 60°N, decreasing continuously
to about 2 mHz at 71%. In Figure 22 (1600-0200) the
peaks are centred near 15 mHz at 60°N, decreasing contin-
uously to 2 mHz at 70-75%1. A cluster of intensity peaks
which covers all frequencies and is localized in northern

latitudes (72°-77°) is also apparent in Figure 22. This
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region corresponds to the approximate position of the auroral
cval during this time interval (see Section 4.1). The high
Jatitude cluster does not appear in Figure 21 but this might

be expected since the nightside segment of the auroral oval

is usually at latitudes south of 70°M. The absence of any high
latitude cluster in Figure 21 also indicates that nightside
micropulsations might haJe different energy sources than those

causing dayside micropulsations.

3.2.2 Ellipticities Figures 23 to 29 summarize the diurnal

characteristics of Pc 4 and Pc 5 ellipticities. Most of the
data are from 1970 although scme of the H-D plane data are

from 1960, The estimates used in this zanalysis and in the
analysis of the pclarization angles were all selected by com-
puter, subject to the constraints listed in Section 2.3. These
plots are based on averages over four-hour intervals anc are
calculated for all 3 planes (H-D, H-Z, D-Z). The circles in
the plots are at the centres of the four-hour intervals.

The ellipticities at MENK in the H-D and H-Z planes
appear scrmewhat more linear than thcse at LEDU and CALG. This
feature is probably due tc the malfunctioning of the D compo-
nent at MENK. The diurnal trends in the ellipticities a2t MERK
do, however, agree with those at CALG. and LEDU.

In the 4-D plane, the low frequency Pc 5 microoul-
saticns (0-6 mEz) show the simplest anc most consistent po-

larization patterns. At all stations from SMIT southward
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Fig. 23. A summary of the ellipticities in the
three planes of micropulsations recorded at CALG.

The data points are based on averages in 4-hr

intervals.
Fig. 24. A summary of the ellipticities at LEDU.
Fig. 25. A summary of the ellipticities at MENK.
Fig. 26. A summary of the ellipticities at MCMU.
Fig. 27. A summary of the ellipticities at FTCH.
Fig. 28. A summary of the ellipticities at SMIT.
Fig. 29. A summary of the ellipticities at CAMB.
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the sense of polarization is cC (counterc]ockwise) over
most of the day with a period of CW (clockwise) polar-
jzation occurring between 2000-0400 (1130-1930 LGT).
The period of CHW polarization is most evident at FTCHZ
where the ellipticity decreases to -0.5. This polar-
jzation pattern corresponds remarkably well to those
computed by Kato and Utsumi [1964] and Rankin and Kurtz
[1970]. The micropulsations at CAMB are the exception
to this diurnal polarization rule, having CW polarization
from 1200-2000 and CC polarization outside this time
jnterval. These diurnal polarization characteristics
will be discussed in greater detail later.

Pc 4 micropulsations, on the other hand, appear
to have rather complex polarizations in the H-D plane. It
should be noted that the data used to construct the Pc &
plots are rather limited, especially during the nighttime
hours (0200-1400). Morning Pc & micropulsations appear to
have some predictable polarization characteristics and these
will also be discussed in detail later.

The low frequency Pc¢ 5t's show relatively simple
polarization changes in the H-Z plane. Micropulsations
at most o% the stations have CW polarization over the whole

day, with short periods of CC polarization occurring in
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the interval 0800-1200 at CAMB, SMIT, and FTCH. The
patterns at MCMU, MENK, and LEDU are the simplest having
almost constant CY polarization throughout the day. With
the exception of a short period of CC polarization in the
6-8 mHz band from 0400-1200, Pc 5's at CALG also have

CW polarization throughout the day. The polarization
patterns at CAMB are somewhat more complex than those at
the other stations but distinct similarities between CAMB,
SMIT, and FTCH do exist, especially in the 0-4 mHz band.

In the H-Z plane changes in the ellipticities
of Pc 4's have more complicated characteristics than do
those of Pc 5's. The Pc 4 patterns are also confused by
sketchy data in this spectral band, especially at the
northern stations. Generally speaking, polarizations
at the southern stations are very linear, with little
apparent structure. This characteristic may be 2 mani-
festation of earth induction effects in the southern
prairie regions.

Polarizationsin the D-Z plane show the least
predictable characteristics. At CALG and LEDU polarizations
in the Pc 5 band chenge slowly over the day. At these two
stations the greater part of the day has CC polarization,
with the exception of 2 short period of CH polarization

at LEDU in the interval 0400-1200. Polarizations are
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most elliptical around 2000-2400 at which time the
ellipticity is +0.3 at CALG and LEDU. The period of
CW polarization becomes more pronounced at IMENK and
extends from 0800-2000. At SMIT and FTCH, Pc 5 polar-
jzation patterns are very complex, changing rapidly
with time and frequency. The pattern in the 0-4 mHz band
at SMIT resembles that in the H-D plane. More precisely
polarizations are CC throughout most of the day with
a short section of CH polarization from 2000-0400. Pc 5
micropulsations at CAMB show predominantly CW polarization
with a short section of CC polarization occurring between
1600 and 2000. Once again micropulsations in the Pc 4
band show predominantly 1inear polarizations at the
southern stations. The linear polarizations are almost
always due'to the small Z components at these stat%ons.
Figure 30 illustrates the temporal polarization
features of the very low frequency Pc 5 micropulsations
(0-4 mHz). The samples are based on averages over two-
hour intervals and the circles in the plot are at the
centres of these intervals. This figure shows that these
micropulsations obey rather simple polarization rules in
all three planes. In the H-D plane the ellipticities

follow an inverted U-shaped diurnal variation (based on



Fig. 30. A summary of the ellipticities of
micropulsations in the 0-4 mHz band (Pc 5). The

data are from 7 stations and are based on averages

in 2-hr intervals.
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a universal day) at all stations except CAMB. Polarizations
are most elliptical in the period 1000-1800 having ellip-
ticities as large as +0.5 at SMIT and FTCH. At all stations
from SMIT southward micropulsations are polarized in 2 cC
sense during the evening and morning hours with a 7 to 8~
hour period of linear and CW polarization occurring between
2000 and 0400 (1130-1930 L6T). This corresponds to the
period of CW polarization noted by Xato and Utsua; [1964]
for Pc 5's at high latitude stationms. During the daytime,
micropulsations at CAMB have a reversed sense of polariz-
ation as compared to the other stations. This implies that
during the daytime there exists a given latitude across
which the sense of polarization reverses. We shall refer
to this latitude as the demarcation line. The existence
of a demarcation line in this frequency band suggests
that we plot tatitude profiles of ellipticities 1in other
frequency bands to determine whether this reversal exists
for all frequencies. This problem will be dealt with in
detail later.

Polarizations in the H-Z plane arve predominantly
CW throughout the day. pulsations at statioms from MCMU
southward always remain C{ whereas pulsations at FTCH, SHAIT

and CAMB show periods of pronounced CC polarizations at
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0600-1000, 0600-0800 and 1000-1400 respectively. There
is no evidence for a consistent latitudinal reversal in
the sense of polarization as there is on the H-D plane.

Ellipticities in the D-Z plane are somewhat
more complex than those in the other two planes but some
predictable patterns are evident. At CALG, LEDU, MENK
and MCMU the ellipticities show 2 U-shaped diurnal
variation, being mostly CC from 2200-0200 and CH from
0600-1400. At FTCH, SMIT and CAMB the polarizations are
more confused. Micropulsatons at FTCH are linearly
polarized fer most of the day, whereas at SMIT they show
a diurnal variaticn very similar tc that in the H-D plane.
In fact, Pc 5's at both SMIT and CAiMB have diurnal vari-
ations which are the reverse of those at the southern
stations. More precisely they have CC polarization in
the morning hours (0600-2000) with a tendency toward
cH polarization in the afternoon and evening.

Figure 31 shows plots of ellipticity versus
latitude in the H-D plane for the morning hours 1200-1600
and 1600-2000. Data from MENK are not included since the
ellipticities at that station are jnaccurate. Pc 5 micro-
pulsations show an evident reversal in the sense of
polarization occurring somewhere between 70% and 75%N.

unfortunately +he station spacing in this region is very
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poor (CAMB and SMIT are q° apart) and consequently we
cannot determine from these plots if there is any latitude-
frequency dependence of the demarcation line. Obertz and
Raspopov [1968] noted that the demarcation line apparently
moves southward as the frequency of the micropulsations
jncreases. Samson et al. [1971] have also shown that for
selected, individual events there appears to be a latitude-
frequency dependence of the demarcation line. In the Pc 4
band the latitudinal characteristics of the ellipticities
appear more complex. There are, however, indications
that these micropulsations have a demarcation line between
60? and 65°. This feature is most evident in the interval
1200-1600.

We can obtain additional, useful information
by plotting ellipticity as a function of frequency for
the seven stations. Figure 32 indicates that a frequency-
dependent change in the sense of polarization in the H-D
plane is evident at SMIT, FTCH, and MCHMU. At SMIT micro-
pulsations with frequencies less than 7 mHz have CC
polarization while those with frequencies greater than 7
mHz have CU polarization. At FTCH and MCMU the change occurs
at v~ 9 mHz. CAMB does not show any distinct changes in

polarization and micropulsations at most frequencies



Fig. 32. Ellipticities in the H-D plane plotted
against frequency at 7 stations. A1l the data are
"from the interval 1200-1600 UT. The solid lines
have been fitted to the data by taking averages

over 2 mHz bandwidths at intervals of 1 mHz.
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are nearly linearly polarized. There is, however, some
indication of a change at 2-3 mHz. The average ellipt-
jcities at the three southern stations (MENK, LEDU, and
CALG) do not show any change in sign. If a change does
occur at these stations it must be only at frequencies
_greater than 15 mkz. In fact, Bankin and Kurtz [1970]
found that at Leduc a change in the sense of polarization
occurs near 20-40 mHz. Some caution should be used in
interpreting the Calgary data, however, since there are

a considerable number of events above 9 mHz which have

CH polarization. Ellipticity plots from data recorded
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in sense is seen at higher frequencies at this time (see
Figure 33). This trend might be expected from the diurnal
variation of the intensity maxima shown in Figure 19.

The plots in Figure 32 allow us to estimate
the latitude of the polarization demarcation 1ine as a
function of frequency. The frequency at which the sense
of polarization changes (e.g. 7 mHz at SMIT) corresponds
to the frequency of micropulsations that have a demarcation
line at that station. These estimates eliminate the poor
latitude resolution inherent in ellipticity-latitude

profiles computed from data from widely separated stations.

The weakness of this cethod is that it demands large
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amounts of micropulsation activity at one time or station-
ary geomagnetic conditions over long intervals. Neither
condition prevails very often and consequently the data

are scattered and frequency resolution is lost. Figure

34 shows the estimated frequencies of the_po]arization
reversals plotted against latitude. The solid line gives
the approximate trend of the intensity peaks plotted in
Figures 21 and 22. Evidently there is 2 correlation between

the dlipticity reversals and the intensity peaks.

3.2.3 Polarization angles A simple plot of average

polarization angles is not possible because of the cyclical
nature of these parameters. The distributicns of thc angles
are conveniently presented in the form of circu1aé bar
histograms. The lengths of the bars give the expectation
of finding the polarization angle in the given intervals.
For the data presented here we have used the six intervals
shown in Figure 35. A bar of Jength 1.0 indicates that
all measured angles were in the given interval. For clarity
in the following histograms bars with lengths of less than
0.1 are not plotted.

Not all the data will be presented here since
. this would require the construction of over 1200 histograms,

based on intervals of 4 hr x 2 mHz. In general the polar-
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was determined from the data given by 2ankin end Zurtz
[1970]. The solid line shows the approximate trend of

the intensity peaks plotted in Figure 22.
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the circular histograms.
0-300 range.

The ranges of the polarization angles in
In this example we have
assumed that all the polarization angles are

in the
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ization angles of the low frequency Pc 5's are the most
predictable; the angles in the Pc 4 band show considerable
scatter. In the H-D plane the polarization angles of Pc 5's
indicate that the magnetic fields at CALG are strongly
affected by induced earth currents, the most probable
cause being a deep conducting anomaly in the Cordillera
region. The following histograms give summaries of the
H-D, H-Z, and D-Z polarization angles of 0-4 mHz pul-
sations and a summary of the H-D polarization angles of
micropulsations in the 10-15 mHz band. We have omitted
the Pc 4 data in the H-Z and D-Z planes because of the
small amplitudes of the Z component in this band and
because of induction effects on the Z components.

In the 0-4 band, the polarization angles in
the H-D plane (Figure 36) show simple diurnal variations
at all stations except CALG. The H direction predominates
over most of the day with tendencies for polarization in
the D direction at CAMB, SMIT, and FTCH between the hours
of 0800 to 2000. This interval marks the time during
which pulsations at these stations have the most elliptical
polarization in the H-D plane (Figure 30). The tendency
for polarization in the D direction is most pronounced in

the interval 0800-1200 at CAMB changing to 1200-2000 at
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SMIT and FTCH. The major axes at MCMU and LEDU are
clustered around the H direction throughout the day and
show only slight diurnal variations in direction. From
0400 to 1200 the angles favor the 0°-30° interval and
for the rest of the day they favor the 150°-180° interval.

The polarization angles at CALG differ sub-
stantially from those at the other stations. The major
axes are grouped in the 1200-1500 region and there is
little variation over the entire day. In fact, the major
axes are parallel to the strike dividing the plains from
the mountains. The direction of the strike is ~ 30° west
of geographic north or 53° west of magnetic north (cor-
responding to a polarization angle of 1430). This type
of polarization would be expected if CALG were on the
resistive side of a vertical geoelectric discontinuity
(see Appendix A7, Figure A21). This supposition is
supported by magnetotelluric and geomagnetic depth sounding
data in southern Alberta (see Section 2.3).

The polarization angles in the H-Z plane (Figure
37) have very simple diurnal characteristics. At all
stations the preference is for the H direction although
there is some change of angle with latitude. At FTCH,

MCMU, LEDU and CALG most angles lie in the 0°-30° interval
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whereas at SMIT the angles are in the 150°-180° interval.
These histograms and the ellipticity plots show that the
pulsation magnetic fields are definitely not polarized
transverse to the main geomagnetic field. For example,
transversely polarized waves at LEDU would have polgriz-
ation angles grouped around 167° whereas the actua]Aangles
are grouped around 15%. Pc 5's at CAMB show more confused
characteristics than those at the other stations. Even so
the major axes of the polarization ellipses generally point
jn the H direction.

The characteristics of the polarization angles
in the D-Z plane (Figure 38) show pronounced diurnal
variations at every station except CALG. Conditions in
the interval from 1200 to 1600 are the clearest with the
major axes at most stations favoring the D direction.
Micropulsations occurring during this time interval must
have large D components since they are also polarized in
the D direction in the H-D plane. At other times of the
day, the polarization in the D-Z plane is more confused,
especially at FTCH and MCMU. During these times the D
and Z components are probably of comparable magnitude.

The intervals of confused polarization are most pronounced

between 0000-0800 at FTCH, MCMU, and LEDU. The polar-
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Fig. 36. Polarization angles in the H-D plane
of micropitlsations in the 0-4 mHz spectral band.
The sample intervals are 4 hr long. The horizontal

bar at the top of the diagram js 1 unit long.

Fig. 37. Polarization angles in the H-Z plane of

micropulsations in the 0-4 mHz spectral band.

Fig. 38. Polarization angles in the D-Z plane of

micropulsations in the 0-4 mHz spectral band.
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jzation angles of Pc 5's at FTCH also favor the Z
direction in this time interval. On the other hand,
the angles of Pc 5's at CAMB favor the Z direction
in the interval 2000-2400.

Figure 39 summarizes the diurnal polarization
characteristics in the H-D plane of low frequency (0-4
mHz) Pc 5 micropulsations. Data from CALG are not
included in this plot because of their anomalous behavior.
The dotted line on the plot gives an estimate of the
position of the intensity maximum as a function of time
(see Figure 19). The polarization patterns show some
strikingly simple features, especially wher they are
correlated with the diurnal variation of the intensity
maxima. The major axes of all the ellipses tend to
line up perpendicular to this line. This is most evident
for those stations closest to the intensity maxima (CAMB,
SMIT, and FTCH) a]though the trend does show at MCMU
and LEDU as well. Generally speaking, polarizations become
most elliptical when a given station is near the line of
maximum intensity, although there js also a tendency for
more elliptical polarizations at the southern stations in

the morning hours (0800-2000). In addition, if the line
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Fig. 39. A summary of the polarization parameters
in the H-D plane of micropulsations in the 0-4 mHz
spectral band. £11ipses with solid lines depict CC
polarization and ellipses with dotted lines depict
CW polarization. The dotted curve shows the position
of the intensity maximum. The sizes of the ellipses
are not scaled to the average ijntensities and all tne
major axes have the same length. The centres of the
ellipses are at the Jatitudes of the stations fronm
whic? the data were obtainec (CAMB, SMIT, FTCH, MCMU,
LEDU).
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of maximum intensity is midway between CAMB and SMIT,

both SMIT and FTCH have a sense of polarization opposite

to that at CAMB. In the early morning hours, when the
activity centre is near SUIT (0400—1200),a11 stations
jncluding CAMB have the same sense Of polarization. Some
caution should be exercised in correlating the polarization
angles of Figure 39 with the line of maximum intensity
since the polarization angles in the figure are spatial
orientations whereas the intensity line is a plot of
temporal variation.

We conclude this study of poIarization angles
with a short discussion of the polarizations of Pc 4's in
the H-D plane (see Figure 40). The characteristics of
these micropulsations are rather complex and our data
sketchy so that we will mention only a few of the more
evident trends. The most noticeable feature in Figure 40
is the consistent po1arizations in the D direction at CALG.
This feature may once again be a manifestation of induced
earth currents, although the angles do not align with the
strike of the Rocky Mountains. LEDU also shows 3 predom-
inance of angles in the D direction so it may be that these
polarizatons are truly @ reflection of the source config-
urations. All the other stations have very complex

polarization characteristics, which differ from station to
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station and from time to time. The polarization angles

do, however, favor the H direction during the interval
0000-1200 and the D direction during the interval 1200-2400.
Pc 4's at FTCH show this feature most clearly whereas at
MCMU the angles tend to align with the H direction through-
out the day.

3.3 Some individual microoulsation events

This section contains the analysis of five events
which were individually selected for their clear sinusoidal
micropulsations. The following pages outline the general
spectral characteristics of these micropulsations, includ-
ing the power spectra, station-to-station phase spectra,
and polarization parameters.

To reduce the amount of data presented in this
section the only phases we have plotted are those given
by Fii(?],?z,f) (see Section 2.3). CAMB is used as the
reference station and all phases are calculated with respect
to this station. The estimates F]]’ FZ2 and F33 compare
the phases of the H, D and Z components respectively at
all stations. For example, if the H components at FTCH
and SMIT lead the H component at CAMB by 20° and 40°
respectively, then F,q, at FTCH is -20°, and Fqyq at SMIT
is -40°. 1In plotting the phases, we have subtracted the
corresponding median value from each estimate of F]], F22’

and F33 in order to centre the data on the grids. Thus
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the estimates of Fii at CAMB often do not have the value
0°.

1t must alsc be remembered that the phases of
the magnetic fields can be severly affected by horizcntq]
changes in the gecelectric properties of the earth (see
Appendix A7). Large latitudinal phase shifts in the data
may not be due to the source configuration of the micro-
pulsaticns but may perhaps be due to a vertical contact
separating two regions with very different conductivities.
However, we did not note any pronounced and consistent
phase changes in our data at any given latitude. The
latitudes of the most apparent phase changes varied from
event to event, and protably reflected the source fields
of the micropulsations.

The events selected for analysis here are from
five separate days in 1970 (days 1€3, 167, 186, 195 and
262). HA11 the events occurred during the daytime, the
earliest event occurring a2t 1400 (0630 LGT) and the latest
at 2300 (1430 LGT).

As already mentioned, the freauency of a given
micropulsation train is usually indepencent of latitucde. With
the excepticn of the event occurring on day 262, this is the
case for all the events discussed here. Analysis of the event
from day 262 shovs that the dominent freguency in the H

component apparently decreases with increasing latitude.
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The event on day 186 merits special attention
because of its sinusoidal appearance and large amplitudes.
The magnetograms from 13 standard observatories were
digitized and these data are included in the discussion
of this event. It is interesting to compare the spatial
features of this event with the average polarization
characteristics of the 1969 and 1970 data (Figure 39).

The events are discussed in chronological order
and the magnetograms are reproduced in the following

pages (Figures 41 to 45).

(a) Day 163, 1600-1700 UT

This interval shows distinct 12 mHz,Pc 4 micro-
pulsations and distinct 1.0 mHz,Pc 5 micropulsations.
The Pc 5 activity is most evident at CAMB where it attains
peak to peak amplitudes of ~ 30y in the D and Z components.
Note that the D component at MENK may be too small because
of the malfunctioning of the magnetcmeter. The Pc 4 activity
has a distinct latitude-dependence in the powers in the
three components (Figure 46R), especially in the D component.
The D components at LEDU and CALG are far larger than those
at any other of the stations. Conversely the Pc 5 event
has its greatest power at CAMB (Figure 47A), with very
1ittle power at the southern stations. The H-D ellipticities
of both micropulsation trains show marked latitude reversals

(Figures 46C, 47C). The change in the sense of poiarization



108

Fig. 41. Magnetograms of the event occurring on
day 163. The records have been detrended with a
1-20 mHz digital filter (see Section A4.3). The

time scale is marked in hours of Universal Time.

Fig. 42. Magnetograms of the event occurring on
day 167. The records have been detrended with a

1-20 mHz filter.

Fig. 43. Magnetograms of the event occurring on
day 186. The records have been detrended with a

1-20 mHz filter.

Fig. 44. Magnetograms of the event occurring on
day 195. The records have been detrended with a

2.5-100 mHz filter.

Fig. 45. tlagnetograms of the event occurring on
day 262. The records have been detrended with a

1-20 mHz filter.
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Fig. 46. Latitude-dependence of the spectral parameters
of the 12 mHz micropulsations (day 163, 1600-1630). The
phases of the Z components are not plotted because of
the low amplitudes of this component at the southern
stations.

(A) Power plotted as a function of latitude

—- H.
-0— D.
‘-A_ Z .

(B) Relative phases of each component

¢ = F]] (H component phases).
0 = Fyy (D component phases).
A = Faq (Z component phases).

The estimates F]], FZZ’ and F33 compare the
phases of the H, D, and Z components respectively. 1In
plotting these estimates we have subtracted the cor-
responding median value from each estimate of Fii in

order to centre the data on the grid.
(c) Ellipticities.

(D) Polarization angles.
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of the Pc 4 event occurs at 63-65°N whereas the change

in the sense of the Pc 5 event occurs between SMIT and
CAMB (68-77°N). Inspection of Figure 468B indicates

that the polarization reversal of the Pc 4 event is caused
by a rapid change in the phase of the H component, occur-
ring between MCMU and LEDU. A more abrupt phase change
occurs between SMIT and CAMB but both the H and D phases

. change by the same amount. Consequently the sense of
polarization is conserved. On the other hand, the phases
of the H and D components of the Pc 5 event remain constant
at the southern stations (Figure 478). Between SMIT and
CAMB there are sudden changes in the phases of both
components but the changes are opposite in sign and con-
sequently the sense of polarization at CAMB differs from

that at the other stations.

(b) Day 167, 2300-2400 UT

This is a very.simple event, consisting of only
4 or 5 sinusoidal pulsations with a mean frequency of
4.5 mHz. The pulsations are most evident in the H and Z
components. A plot of power Versus Jatitude (Figure 48A)
shows that the centre of activity is sharply defined with
jts maximum at FTCH in both the H and Z components. At

all the stations except CAMB and CALG the power in the D
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component is much jess than that in either the H or Z
components. This observation is consistent with the
statistical results for the polarization parameters in
that we expect micropulsations occurring in this time
jnterval to be nearly linearly polarized in the H
direction on the H-D plane. The pulsations at the south-
ern stations have CC polarization (Figure 48C) even
though we might expect CU polarization from the statistical
results. In reality, though, the afternoon sector is
complicated, showing a large number of events with either
sense of polarization. Yhen many events are averaged,
however, a slight tendency for CW polarization is evident
(see Figure 30). This event has a change in the sense

of polarization in the H-D plane, occurring near FTCH

or SMIT. The H-Z and D-Z planes also show changes in the
sense of polarization, with pulsations at CAMB having
polarizations opposite to those at the southern stations.
Figure 48B shows that both the H and D components have
substantial changes in phase between SMIT and FTCH but

in this case it is the D component which has the largest

change.
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(¢) Day 186 1400-1700 UT

This event has an unusual series of sinusoidal
oscillations with peak to peak amplitudes of 180y in the
H component at SMIT. The large amplitudes and low frequency
of this event (= 2 mHz) allow thg_gsg-of standard magneto-
grams in the evaluation of the morpho{ogical features of
the pulsations. Consequently we decided to analyse this
event on a worldwide basis and obtained standard magneto-
grams from 16 stations around the world. At 13 of these
stations, the temporal resolution was accurate enough,

and the pulsations large enough to allow fairly precise

(]

spectral analysis of the data. These staticns ar Tisted
in Table 5 and their positions mapped 1in Figure 49. HWe
subsequently digitized the magnetograms at 1 min intervals
and used the digitized data in an analysis of the polar-
jzation parameters of the micropulsations. Magnetograms
plotted from the digitized data are shown in Figure 50.

No attempt has been made to ascertain the true accuracy

of the relative timing of the components at these obser-
vatories so that the data must be evaluated with caution.
It is interesting, nevertheless, to compare the longi-

tudinal characteristics of this event with the diurnal

averages of the polarization parameters (Figure 39).
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TABLE 5. Magnetic Observatories used in the Analysis
of Data for Day 186
Corrected
Observatory Code Name Geomagnetic Coordinates
Latitude Longitude

College COLL 64.6 256.3
Sitka SITK 59.8 276.6
Victoria VICT 53.9 292.6
Newport NEWP - 55.3 299.5
Resolute RESO 84.3 306.0
Baker Lake BAKE 73.8 314.8
Churchill CHUR 70.0 326.0
Great Whale WHAL 68.2 353.8

River
Ottawa OTTA 58.9 355.7
St. John JOHN 57.7 29.8
Leirvogur LEIR 66.2 72.3
Lovo LOYO 55.9 97.9
Kiruna KIRU 65.2 116.0
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Fig. 49. The positions of the observatories used in the
analysis of the micropulsations occurring on day 186. The
circular grid lines show the corrected geomagnetic lati-
tudes. The code names of thne observatories are given in
Table 5. Tnis map is based on the nomograph drawn by

whalern [1970].
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Fig. 50. Magnetograms of the digitized magnetic

data from 13 observatories. The records have been

detrended with a 1-5 mHz filter.



Z COMPONENT

DAY 186,1970

1
™

coLL

5
1
1
)
1
1

SITK
VICT
RESC

BRKE

WHAL

CHUR [

NEWP

OTTR

JOHN
LEIR

KIRU

Lovo

g--&-—-r--_._

|

p_lr..

U R
-F-}-

U (U

k

coLL
SITK
VICT

RESO

D COMPONENT

H COMPONENT

i

i

BAKE
WHAL _
CHUR |»7

o

NEWP

i

)

i_J_J

L. = -

0TTR

-

IR T e

bbb

JOHN

LEIR

KIRU

__-__{-._

-d-4-

1

{
ar-t-ter

L3vo

153¢ 1600

-

17%0

goLL

SITK

,n-, Al r\

"

t
r--—ﬂ."'

ViCi

i RESO

i Ao

l :‘b‘\j-—n .—.\‘W

TRV

a—-}(r

\ﬂ...mwuw A,y ~'\,-.—-¢u\-—£ WHEL

—ﬁwv"~—'~hv——¥b 2R 137

1
~r

o e

: NCWP
Z11R

ﬁ

_Jﬁrnan————vnv——uay-

T

JCHN

Pt LS
ﬂ |L-.ﬁ

3

K;—nb

5% -]

H = <3

X

124



125

Table 6 summarizes the polarization character-
jstics of the event at our stations and at the observ-
atories in the interval 1500-1600. The pulsations are
clearly localized in latitude, having intensities of
4160y2and 7870Y2at SMIT and Churchill respectively.
(Intensity is defined in Section 2.3.) This localization
is illustrated in Figure 51. The powers in all three
components show sharp peaks at SMIT dropping to half their
peak values only 2-3° to the north or south. At Baker
Lake (Figure 50) the pulsations have already lost their
sinusoidal appearance and at Resolute they are barely
perceptible. Similarly, in the south at MCMU (Figure 43)
the pulsations look irregular and at LEDU show clearly
for only two or three cycles.

Figure 52 shows the power spectra for our stations
and the two observatories, Baker Lake and Churchill, which
are nearest to the centre of activity of the micropulsation
event. With the exceptions of CAMB and Baker Lake, all
the H and D component power spectra show distinct peaks
at 2.1-2.2 mHz. Normally the power in the Z component is
the smallest but it does reach appreciable values at
Churchill. Micropulsations recorded at this observatory

may be influenced by coastal induction since the observatory
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spectra were calculated from data recorded in the interval
1500-1600 UT (day 186). The records were detrended with

a 1-20 mHz filter. Tne power is in units of v? sec.
(continued on page 129)



129

2%0.00
100,00

FTCH MCMU

200,00

$0.00

6.0 8.00 10.00 %.20 2.00 6.00 8.0 10.00

4.00
FREQ ™12}

W

LEDU

32.00

‘.P.%lfﬂ .00

0.00

S0



130

js situated near Hudson Bay. An indication of a second
larée spectral peak is evident near 3.0 mHz at Churchill,
SMIT, and FTCH. At CAMB and Baker lLake at least three
spectral peaks are evident. These peaks are at n 1.5 mHz,
2.1 mHz, and 3.0 mHz with the low frequency peak most
dominant at both CAMB and Baker Lake. Micropulsations

at CAMB have the most complex spectra and the least power,
with two distinct peaks in the D component and one broad
low frequency peak in the H component. Based on the
spectra from our stations and these two observatories,
there appears to be a dividing line separating a southern
region with sinusoidal pulsation trains from a northern
region with complex wave forms and spectra. This line
must be somewhere near 72°% with Baker Lake directly to
the north of the line and SHIT and Churchill directly to
the south. As we will see later, this line coincides with
the demarcation line.

The latitude-dependent characteristics of the
powers ,phases, and polarization parameters, asscciated with
the 2 mHz Pc 5's are summarized in Ficure 51. Data from
the observatories at Newport and Baker Lake have been
jncluded in the plots since these observatories are situated

near 302° geomagnetic longitude. The powers in all three
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components reach a sharp peak at SMIT (Figure 51A),

both the H and D'components having comparable powers

at this station. To the north and south of SMIT the

D component power decreases the most rapidly of the

three. The ellipticities (Figure 51C) also show very

distinct latitudinal characteristics. The senses of

polarization in all three planes show distinct reversals

occurring between SMIT and Baker Lake. From SMIT south-

ward the micropulsations are polarized in a CC sense in

the H-D plane, agreeing with the statistical results

presented in Section 3.2. MHost of the staticns have

CW polarization in the H-Z plane. In the D-Z plane,

the polarizations are the same as those in the H-D

plane with stations from SMIT southward having CC polar-

ization and Baker Lake and CAMB having CU polarization.

The changes in the senses of polarization in the H-D

and H-Z planes are apparently caused by an abrupt 160°

phase change in the H component,occurring between CAMB

and SMIT (Fiqure 51B). This phase change is also evident

in the magnetograms of the micropulsations (Figure 43).
The worldwide distributions of the polarizations

in the H-D plane are summarized in Figure 53. Note that

in this figure the sizes of the polarization ellipses
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Fig. 53. A summary of the latitudinal and longitudinal
H-D polarization characteristics of the 2 mHz micropul-
sations (day 186) plotted in local geomagnetic time. The
times were determined by using the nomograph drawn by
Whalen [1970]. The centre of each ellipse is at the
position of the corresponding observatory or station.
Ellipses with dotted lines indicate C¥ polarization and
ellipses with solid lines indicate CC polarization.
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are not scaled to the intensity of the pulsations at the
stations. Comparison of Figure 39 with Figure 53 shows

that the spatial distribution of the polarization parameters
of this event agrees remarkably well with the statistical,
diurnal variations obtained at our line of stations. The
polarizations at the observatories on coastlines must be
considered carefully, however, because of possible ocean
jnduction effects (Appendix A7). There is certainly
complete agreement between the statistical diurnal variations
in the senses of polarization (Figure 39) and the data

shown here (Figure 53). A1l the stations and observatories
south of 72°N and west of 1300 LGT have CC polarization.

Both Baker Lake and CAMB have CH polarization as expected

and Leirvogur, which is east of 1300 LGT, has rather
elongated but CW polarization. The polarization angles

at all stations and observatories, with the exceptions of

the coastal observatories at Sitka, Victoria, and St. John,
are also consistent with those expected from the statistical,

diurnal variations at our stationms.

(d) Day 195 2200-2230 UT

This interval shows a preponderance of very high
frequency Pc 4 micropulsations. Two spectral peaks are

evident at most of the stations, one at 12.7 mHz, the other
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at 20.3 mHz. The 2C.3 mHz micropulsations have intensities less
than -2Y2 at CAMB, SMIT, FTCH, and MCMU and consequently the
polarization parameters for these staticns may be in consider-
able error. Figures 54A and 55A indicate that the H component-
powers of both the 12.7 and 20.3 mHz micropd]sations have sharp
peaks at MENK. The 12.7 mHz pulsations also have a marked in-
crease in power in the D component at CALG and in the power in
the Z component at CAMB. The latitudinal characteristics of

the ellipticities of these two micropulsation trains are com-
plicated and do not show ary cbvious latitudinal reversals in
sense. The micropulsations exhibit CY polarization iﬂ the H-D
plane at the southern stations MCMU, MEMNK, LEDU, and CALG. Each
micropulsation event has two abrupt latitudinal phase changes

in the H component (Figure 54B, 55B). These changes occur at

= 65%K and at 70-75°1. The phase changes between SMIT and

CAMB may not be meaningful since both events have low amplituces

and complex spectra at these latitudes.

(e) Day 262 1900-2000 UT

This interval is a complicated but interesting one.
The activity here differs from most other micropulsation
events in that the dominant frequency in the H component
decreases with increasing latitude. There are at least four
distinct frequency peaks in the H components, and each frequency
js dominant in a narrcw latitudinal range. This feature is evi-

dent even from a quick, visual inspection of the megnetograms
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(Figure 45). This marked latitude-dependence of the H compo-
nent frequency makes latitudinal plots of polarization para-
meters based on a spectral peak at one frequency rather meaning-
less. Consequently we will show no plots of the Tatitudinral
polarization parameters, with the exception of those for a
1.0-- 1.3 mHz micropulsation train which is evident at all the
stations. The power spectira from the 7 stations shows that
there are 4 distinct spectral peaks in the H components
(Figure 56). A 1.3 mhz peak predominates at CAMB (this peak
does not show in the figures since the data were detrended
using the 2.5-100 mHz filter), a 4.1 mHz peak predominates
at SMIT and FTCH, a 6.6 mHz peak predominates at MCMU, and
a 14.7 mHz peak predominates at MENK and LECU. CALG does
not have any distinct spectral peaks in the H component. These
spectral peaks and the latitudinal ranges in which they are
most dominant are plctted in Figure 57. There is obviously
a distinct correlation in the latitude-dependence of these
peaks and the statistical results derived from the intensity
peaks (Figure 22). This observation ié discussed in more
detail in Section 4.1.

The Z compcnents at MCKU, FTCH, SMIT, and CAMB
have many of the characteristics of the E ccmponents,
showing the same pronounced peaks ar¢ the same latitude-

frequency dependence. In fact, at FTCH the 4.7 mHz power
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Power spectra of the 3 magnetic components
The data are from the interval 1930-

2000 UT (day 262) and the records were detrended with 2

2.5 =100 mHz filter.
(continued on page 139).

The power is in units of y? sec.
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Fig. 57. Latitudinal ranges of the dominant peaks in
the power spectra of the H components (Figure 56). The
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peaks plotted in Figure 22.
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in the Z component far exceeds that in the H component.
At MENK, LEDU and CALG however, the powers in the Z
components are negligible. The  power spectra of the D
components differ completely from the other spectra. A
single distinct peak shows at 9.6 mHz at CALG, LEDU,

and MCMU. The behavior of the powers in the D components
at the northern stations is somewhat more complex and

no dominant spectral peaks show at FTCH and SMIT.

As already mentioned the 1.3 mHz spectral peak
occurs at all stations. Latitudinal plots of the powers
of the three components and the polarization parameters
associated with this peak are shown in Figure 58. The
powers in all three components increase monotonically
with latitude to a maximum at CAMB (Figure 58A). The
sense of polarization in the H-D plane (Figure 58C) is
CW at CAM3 and CC at all other stations. In the H-Z and
H-D planes the senses of polarization are CW at all
stations including CAMB. The apparent change 1in the
sense of polarization in the H-D plane is caused by a
gradual jatitudinal change in the phase of the D component.
The phase of the H component changes very 1ittle with

latitude.
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4. CONCLUSIONS

4.1 Discussion of the observations

The number and complexity of the parameters affect-
ing geomagnetic micropulsations make it almost impossible
to deduce a simple model which explains all the observed
features of Pc 4's and Pc 5's. We can only hope to elim-
ijnate those theories which obviously conflict with the
experimental data and perhaps select a few which show good
qualitative agreement. The most prohising source of energy
for both Pc 4's and Pc 5's appears to be Kelvin-Helmholtz

instabilities at the dawn and dusk sections of the magneto-

pause. Evidence exists ©o show that some of this energy
is coupled into resonant oscillations of magnetic shells,
although the simple toroidal mode discussed in Section 1.3
does not explain the apparent polarizations of the micro-
pulsations. The existence of discrete Pc 4 and Pc 5 peaks
in the geomagnetic spectrum is probably due to the prefer-
ential coupling of micropulsation energy into magnetic
shells near the auroral oval and near the plasmapause. At
present the spatial characteristics of the micropulsation

fields are too poorly understood to explain with any accuracy

the observed polarizations in the H-Z and D-Z planes.
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In the discussien of micropulsation intensities in
Section 3.2.1 we noted that the intensity maxima of Pc 5's fol-
low the auroral oval (Figure 19). This observation is clarified
in Figure 59 which shows a polar plot of the positions of the
intensity maxima, tegether with the auroral oval and the aver-
age position of the plasmapause [Ccarpenter, 1966]. Except
around local noon, the auroral oval and the zone of maximum in-
tensity overlap. At 1ocal noon, however, the centre of activity
has cbviously moved north of 70° and unfortunately we have no
stations between 62°N and 77°. Consequently the mismatch in
the positions of the auroral oval and the activity centre may
not be real. Another interesting feature is the proximity of
the plasmapause to the auroral cval in the interval 2000-2200 LGT.
This bulge in the plasmapause could consideratly affect the pro-
pagation of the daysice micropulsation energy to the nightside
of the earth. The bulge would certainly complicate any latitude-
dependent characteristics of micropulsations occurring on the
duskside of the earth.

Fairfield [1968] has shown that the dayside segment
of the auroral oval meps along geomagnetic field lines to the
magnetopause. In addition, Tperk [1971] has shown that field
lines at these high latituces 1ie very close to the dayside
polar cusp. Both these features indiceate that the energy

of low frequency Pc 5's might te derived from
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Fig. 59. Polar plots of the auroral oval (between
dotted lines), the intensity maxima of Pc 5's (between
solid lines), and the plasmapause (dashed line). The
auroral oval corresponds to the oval deduced by Peldstein
[1967] for periods with moderate activity (Q = 3). The
circular grid lines show the corrected geomagnetic
coordinates. The time scale is marked in hours of correc-
ted geomagnetic local time.
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an interaction of the solar wind with the earth's magneto-
sphere. We will show later that our polarization studies
suggest that this interaction sets up a Kelvin-Helmholtz
jnstability near the magnetopause, and that this energy

is guided along field lines to the earth's surface. If

the energy does indeed come from the solar wind, we still
have the problem of explaining why the centre of activity
follows the auroral oval on the evening side of the earth.
One possible explanation is that the micropulsation energy
is coupled into the “inner dipole" region of the geomagnetic
field and that this whole region oscillates in response to
the energy input on the dayside. Since the auroral oval
lies near the region of the transition from open to closed
field lines and the beginning of the plasma sheet [Vasyliunas,
1968], any micropulsation energy north of the auroral oval
on the nightside would not be expected. This is especially
true since the plasma sheet effectively absorbs micropul-
sation energy [Barnes, 19663 Tamao,.]968].

An alternative explanation for the micropulsation
energy in the nightside auroral oval is that the energy
originates in the magnetotail and reaches the earth by
propagating along field lines [Rostoker, 1967]. Tamao [1968]
and Saito and Sakurai L197C] suggested that this energy
might be derived from hm jnstabilities near the inner

boundary of the plasma sheet.
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In the plots of intensity versus tatitude (Figure 20)
we noted that Pc 4's have proportionally greater intensities
at low latitudes than Pc 5's. The lowest frequency Pc 5's
(0-2 mHz) have maximum intensities near 75°N whereas Pc 4's
(10-20 mHz) have maxima near 60°N. This frequency-dependent
transfer of energy to lower latitudes suggests that at least
some of the energy of the micropulsations is distributed in
resonant oscillations of magnetic shells similar to the
toroidal mode discussed in Section 1.3. Micropulsations
at CAMB have considerable energy in all spectral bands,
indicating once again that the field lines in this region
are near the source of micropulsation energy.

The latitude-frequency dependence of the intensity
peaks is shown better in the scatter plots of Figures 21
and 22. Both these figures show distinct iatitude-frequency
trends in the groupings of the intensity peaks. Figure 22
also shows a substantial cluster of peaks covering all
frequencies from 1-20 mHz at latitudes above 75%. This
high latitude cluster indicates once again that stations
at these latitudes 1lie near the source of dayside micro-
pulsation energy. This feature does not appear on the
nightside plot (Figure 21) and most of the intensity peaks
are south of 72°. The four Pc 4 peaks at cAMB (77°H) may
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simply indicate energy input from the tail region and may
not have any connection with micropulsations at lower
latitudes.

The second feature evident on both plots is the
latitude-frequency correlation of the intensity peaks
south of 75°. This feature certainly indicates that
micropulsation energy is distributed in resonant oscil-
Jations of magnetic shells. The frequency estimates in
Figures 21 and 22 are higher than the fundamental toroidal

eigenfrequencies Calcu1étéd“6ymDungey [1952] for a normal
dipole field in a constant density plasma ( p = 10'229 cm'3),
but agree better with the eigenfrequencies of a compressed
‘dipole field in a cavity of radius 8 Rg with a plasma
density of 6.5 x 10722 g cn™> [Westphal and Jacobs, 1962].

‘At this point we might ask which component, if
any, shows the most distinct and predictable latitudinal
dependence in its intensity peaks. Actually the particular
component seems to depend both on local time and the frequency
of the given micropulsations. Both the H and D components
of Pc 5's show strong latitudinal peaks in the morning,
but normally the H component shows the most distinct
latitudinal peaks in the afternoon (see for example
Figures 48 and 51). Pc 4's on the other hand often show
strong latitudinal peaks in the D component in the morning

(see for example Figure 46).
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These features certainly do not describe a
simple toroidal oscillation. In addition, the limited
longitudinal extent of most pulsations precludes the use
of the toroidal equation for a description of the modes
of oscillation. The asymmetric,guided poloidal mode is
also not a good approximation since it predicts linear
polarization in the H direction, and both Pc 4's and
Pc 5's normally have elliptical polarizations in the
H-D plane.

We might intuitively expect that since the
symmetric toroidal mode is polarized in the D direction
and the highly asymmetric poloidal mode is polarized in
the H direction (at the earth's surface), more generalized
modes of resonant oscillations of magnetic shells would
be elliptically polarized in a plane perpendicular to the
main field. Cummings et al. [1969] have reported micro-
pulsations with this type of polarization in magnetic data
from the satellite ATS 1. This satellite is in an equator-
ial orbit at 6.6 Re situated on field lines which intercept
the earth's surface at ~ 67°N. The micropulsations detected
by the satellite occupied two frequency ranges, one centred
at 5.3 mHz and the other at 9.8 mHz. The frequencies of
these spectral bands agree qualitatively with the frequen-

cies of the micropulsations we find with intensity peaks

at 67°N.
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Since the micropulsations observed at ATS 1
were transversly polarized we should perhaps consider

the hm wave equations with the additional constraint

b, =0

1
where bl is the perturbation magnetic field in the direc-
tion of the main field. Cummings et al. [1969] and
Namgaladze and Brunelli [1970] have considered in some
detail the resulting simplifications in the wave equation
resulting from this constraint. The constrain bl =0
(using the coordinate system introduced in Section 1.4)

and Faraday's Law

1 38
vxE= g
indicate that
2 (h.E,) - ==(h,E,) = 0 (11)
3xX 373 9X 2°2
2 3
Consequently equations (3) and (4) become ——
" 2
T 5" 3 (h.E,)| = 2 (12)
h., 95 39S 22 2 2
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1 3 h2 s -mz
= 55 |5e 357 (h3E3)| = —z B3 (13)
2 354 1 vy

w




151

Equation (12) is equivalent to the equation for the
toroidal mode: equation (13) describes the highly asym-
metric or guided poloidal mode. Both these equations
describe the resonant oscillations of magnetic shells
and there are derivatives only along the field lines

3 ).

(i.e. is-]-

once again apply the boundary condition E = 0 at the

To solve these wave equations we must

earth's surface. We then find that the modes can exist
only for certain discrete frequencies, and that in both
cases the fundamental frequency decreases with increasing
latitude. Cumming et al. determined, however, that the
fundamental frequencies of E2 and E3 are different.
Thus equation (11) can never be satisfied for the funda-
mental mode. This they construed as meaning that the
fundamental mode cannot exist. They found, however, that
all the higher harmonics of E2 and E3 have almost
equal frequencies. In other words, if the harmonics of

E 2 3

2 and E3 are “wg and w; respectively then

Ws A i#1

1f the plasma density in the plasma trough varies
as r'4 and if the equatorial niumber densities are in the

range 1-5 e1/cm3, then according to the calculations of
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Cummings et al. the expected frequencies of the second har-
monics occurring at 67° are in the range 17-38 mHz. These
frequencies are much higher than we would expect from our
data. For the frequencies to match those in our data the
equatorial densities of electrons would have to be 10 - 30
e1/cm3. These densities are clearly much too high. In
fact, the calculated frequencies of the fundamental modes
compare best with our data.

Up to the present there has been considerable
confusion regarding the possibility of a latitudinal de-
pendence in the frequencies of micropulsations. Our analysis
shows that with few exceptions a micropulsation train has the
same frequency at all latitudes, although the latitude of
the peak intensity tends to decrease with increasing fre-
quency. The earlier work of Ellis [126G] and Obertz and Ras-
popov [1968] confirm these observations. Conversely, many
researchers have found, through statistical analysis, that the
average frequency of micropulsations decreases with increasing
latitude. (Compare Figure 3 with our data in Fiqure 22.)
These statistical results do not necessarily contradict our
observations since those events which have a frequency equi-
valent to the resonant frequency of a given magnetic shell

would typically have thier greatest amplitudes at the latitude
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of that shell. Averaged over many events the larger
amplitudes at this resonant frequency would tend to give
more weight to events with this freqhency. Since the
resonant frequencies of the magnetic shells decrease with
increasing latitude, a latitude-dependence in the average
frequencies of the micropulsations would be evident.

In special cases, when considerable broad band
energy is introduced into the magnetosphere (e.g. a sudden
impulse), there might be a pronounced latitudinal depen-
dence in the frequency of a given micropulsation event.

For example, suppose the input energy has spectral peaks

at 3 distinct frequencies fy, f,, and fg (Figure 60). This
_energy is coupled into resonant oscillations of magnetic
shells with energy of frequency f3 at the lowest latitude
and f] at the highest. Consequently micropulsations in
region ¢ (Figure 61) have an apparent frequency fi, in
region b they have an apparent frequency fz, and in

region a

an apparent frequency f3. Thus there is an
evident decrease in frequency with increasing latitude.
In reality the situation is more complex since
the spectral peaks of the input energy are controlled not
only by the source mechanism, tut also by the size and
shape of the magnetosphere. The boundary at the outside

of the magnetosphere forces the whole magnetosphere to
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Fig. 60. An example power spectrum of a broad band
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Fig. 61. The latitudinal distribution of the energy
and frequency of the micropulsations.
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oscillate at preferred frequencies. In an axisymmetric
magnetosphere the modes of oscillation would be very
similar to the simple poloidal mode [kato and Akasofu,
1955; Jaeobs and Westphal, 1964; Carovillano et al.,
1966]. This poloidal energy is coupled into resonant
magnetic shell oscillations with the lowest frequencies
near the auroral oval.

The event occurring on day 262 shows a distinct
latitudinal dependence in the frequency of the H com-
ponent and may, according to the above discussion, be
caused by a broad band energy source. This event is
similar to the micropulsations for which Voelker [1968]
found latitude-dependent frequencies in the H components.
In fact the latitude-frequency dependence found by Voeiker
compares remarkably well with our data (Figure 57). Since
these events have a pronounced latitude-frequency depen-
dence only in the H component, they couid be manifestations
of the guided poloidal mode. Equation (13) describes the
perturbation electric field for this mode. Cummings et al.,
in determining the resonant frequencies of this mode, have
shown that the harmonics nave the same frequercies as the
harmonics of the toroidal mode. Even the fundamental
frequency of the guided poloidal mode is not too different

from that of the toroidal mode (e.g. 17 and 12 mHz respec-
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tively at 67% for a r'4 distribution of the density of
electrons). Consequently we would expect the guided
poloidal mode to show essentially the same latitude-
frequency dependence as the toroidal mode.

Siebert [1964] proposed another explanation for
the latitude-dependent frequencies in the H components
of some micropulsations. He postulated that latitudinal
changes in frequencies are a result of field-aligned hm
oscillations in the magnetosphere. For these oscilla-
tions to occur, the magnetospheric plasma density must
have a lamellar structure, with the density changing
continuously along geomagnetic field lines and changing
abruptly in directions perpendicular to the field lines.

In any case, the energy for the latitude-dependent
oscillations probably comes from a sudden compression of
the dayside magnetosphere by the solar wind. Voelker has
shown that SSC's and Si's associatéd with pulsations with
jatitude-dependent frequencies occur near local noon (as
does our event), thus giving additional support to the
compressional model.

1f the energy of Pc 4 and Pc 5 micropulsations
originates on field lines in the auroral oval and is coupled
into resonant magnetic shell oscillations at lower latitudes,

it is difficult to see why tnere should be distinct Pc 4
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and Pc 5 classifications. Saito [1964] and Campbell [1967]
have shown, however, that there ijs a natural division of
the average geomagnetic spectrum into Pc 4 and Pc 5 bands.
Both these authors have computed spectra which show sub-
stantial peaks in both the Pc 4 and Pc 5 bands. In addition,
inspection of F1gure 22 shows that in our data there is an
obvious concentration of micropulsations in the Pc 4 band,
most of the intensity peaks being south of 65°.

The division of the geomagnetic spectrum into
Pc 4's and Pc 5's possibly indicates that these micropul-
sations have different sources of energy. Pc 4's, for
example, might derive their energy from a bounce resonance
jnteraction of particles and waves (Section 1.3), whereas
most Pc 5's derive their energy from instabilities at the
magnetopause. The sinusoidal appearance and long wave
trains of many Pc 4&'s make the bounce resonance theory
particularly appealing [Dungey and Southwood, 1970]. On
the other hand Pc 4's and Pc 5's ofien obey the same diurnal
polarization rules (see for example Figure 24 and Rankin
and Rurtz [1970])suggesting that they have the same energy
sources.

The formation of distinct Pc 4 and Pc 5 spectral
peaks might also result from tne preferential coupling of

energy into given magnetic shells, say at the plasmapause
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and near the auroral oval. EHirasava and Nagata [1966]
proposed that Pc 4's are caused by a strong coupling of
energy into resonant oscillations of magnetic shells near
the plasmapause. Tamao [1968, 1969] suggested that a
trough in the spatial distribution of the Alfvén velocity
serves as a trapping region for hm waves. Such a trough
exists just inside the plasmapause [Dungey, 1967] and we
might expect 2 large number of micropulsations with
frequencies equivalent to the resonant magnetic shell
frequencies in this region (v 10-20 mHz) .

Figure 62 summarizes the diurnal polarization
characteristics of Pc 5's in the H-D plane and should be
compared with Figure 39. Figure 62 shows the polarization
characteristics of micropulsations with mean frequencies
near 5 mHz. The features of the diagram must be moved
to the south for micropulsations with higher frequencies
and to the north for lower frequencies. Actually the
diagram is probably a good indicator of the characteristics
of polarizations of Pc 4's as well. The vertical line at
2000-2100 (~ 1130-1230 LGT) marks the temporal reversal
noted simultaneously at all our stations [Samson et al.,
1971]. This reversal also shows in the data of XKato and
vtsumi [1964]. A second reversal at approximately 0300-
0400 (1830-1930 LGT) is at the edge of the diagram.
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The short period (7-8 hr) of CU polarization occur-
ring at the scuthern stations in the afternoon suggests that
the day be divided into 3 sectors: late morning (0700-1200 LGT),
afternoon (1200-1QOd LGT) and night (1900-0700 LGT). The night-
side and morning sectors have the same polarization configura-
tions but different energy outputs. Impulsive Pi micropulsa-
tions dominate much of the activity in the nightside whereas
continuous Pc micropulsations dominate most of the activity 1in
the morning.

A plausible explanation of the polarization reversal
at 1130-1230 LGT is that the energy of daytime micropulsations
originates from a Kelvin-Helmholtz instability at the magneto-
pause [4tkinson and Watanabe, 19663 see also Section 1.3]. The
sense of polarization of Pc 5's occurring at stations south of
CAMB is CC in the morning and CHW in the afternoon in agreement
with the sense predicted by this theory. The large input of
energy at all frequencies on the dayside auroral oval (see Fig-
ure 22) gives further support to this thecry. Unfortunately
this model does not explain the Jatitudinal change in the sense
of polarization.

The demarcation line lies in +he curved region above
the line of maximqm intensity. (The derarcation line has been

labeled demarcation region in Figure 62 because of the inaccur-

acy in determining the position of this line with respect to the
latitude of the maximum jntensity.) The second line (dotted

curve) at high latitudes js necessary since certain
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times exist during the evening when Pc 5's at all our
stations, including CAMB, have the same sense of polar-
jzation in the H-D plane. Unfortunately the two northern-
most stations are g° apart and the region of reversed
polarization (directly above the demarcation line) is
sometimes not evident in the evening data.

At first we may be tempted to associate the
polarization demarcation line with the position of the
auroral oval, especially since most low frequency Pc 5's
have their maximum intensities and their demarcation lines
in this region. This feature does not always appear to
be the case, though, since there is a close correlation
between the frequency of a micropulsation train and the
latitude of its demarcation line (Figure 34). Many Pc 4's
have demarcation lines well south of the auroral oval
(see for example Figure 46), although in general Pc 4's
have rather complex Jatitudinal polarization characteristics.
Clearly more stations are needed in the region between 68°H
and 77°4 in order to compare the latitudes of the demarcation
lines of Pc 5's with their intensity centres and the auroral
oval.

The station-to-station pﬁase comparisons indicate
that abrupt, latitudinal phase changes 1in either the H or
D component may be more useful than polarization reversals

in determining the position of the demarcation line. In
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some cases the relative latitudinal phase changes in these
components are very large but not large enough to cause a
change in the sense of polarization.

As mentioned in Section 3.2.2 there is a strong
diurnal variation in the frequencies of micropulsations
with demarcation lines at a given station (see for example
Figure 33). Figure 63 is a composite of diurnal polar-
jzation data from SMIT and FTCH and shows the sense of
polarization as a function of time and frequency. The
dotted line indicates the frequencies of micropulsations
with demarcation lines near these stations (we shall call
this the demarcation frequency). This frequency is as low
as 4 ﬁHz in the interval 1000-1200 rising to a maximum of
14 mHz from 1800 to 0400. Evidently the diurnal variation
in the demarcation frequency js closely associated with
the latitudinal motion of the auroral oval. At our stations
the oval is furthest south between 0800-1200 (2330-0330 LGT)
and moves quickly northward at approximately 1500-1700 (0630-
0830 LGT) (see Figure 59). Although not evident in our data
a diurnal trend in the demarcation frequency is apparent in
micropulsations recorded at LEDU [Xurtz, 1969]. (The
frequency-dependent reversal is not noticeable in our data

since our system cannot detect many micropulsations with



163

FREQUENCY (MILLIHZ)

o 4 8 12 [ 20 24

TIME (HOURS UT)

Fig. 63. The frequency-dependent and time-dependent
changes of the H-D ellipticities of micropulsations
recorded at FTCH and SMIT. In the dotted regions, the
ellipticities are less than -0.1 and in the lined regions,
the ellipticities are greater than +0.1. The demarcation
frequency is indicated by the dotted line. Spaces with
an N have no data.
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frequencies greater than 20 mHz). Figure 64 shows a
comparison of the diurnal variations of the demarcation
frequencies at LEDU and at SMIT, FTCH. Evidently the
demarcation frequency at LEDU is much higher than that
at SMIT and FTCH. The difference in the demarcation
frequencies would be expected if the Tatitudes of the
demarcation line were associated with the intensity péaks.
Since many Pc 4's have intensity peaks near and south of
LEDU, we could expect that LEDU would show ellipticity
reversals in the Pc 4 spectral band whereas SMIT and FTCH
would show reversals in the Pc 5 band. The diurnal varia-
tion of the demarcation frequency at LEDU also does not
have the same shape as that at SMIT and FTCH. This might
be a result of the close proximity of LEDU to field lines
following the plasmapause (from 1800-0100 LGT, LEDU is
actually south of the expected position of the plasmapause).
The dotted line in Figure 64 shows the high
frequency limit of the two spectral bands noted by Zirasawa
and Nagata [1966] and Fagata and Fukunishi [1968] in their
analysis of micropulsation data from Kakioka (36°N) (see
Section 1.2). They attributed the spectral band centred
at 15 mHz to eigenoscillations of magnetic shells near the
plasmapause since the diurnal variation in the mean frequency

of the band followed the diurnal variation in the latitude
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Fig. 64. The diurnal variation of the demarcation
frequency at SMIT and FTCH (upper solid curve) and at
LEDU (lower solid curve). The dashed line shows the
high frequency 1imit of the two spectral bands noted
by HNagata and Fukunishi [1968] during periods of low
magnetic activity (Kp 0-1) and the dotted line shows
the upper limit during periods of moderate activity
(Kp A 2-3).
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of the plasmapause. On the other hand, they attributed
the 30 mHz band to hm modes trapped between the plasma-
pause and the ionosphere. An obvious correlation exists
between the demarcation frequency at LEDU and the two
spectral bands noted by the above authors. It appears,
then, that the ellipticity reversal at LEDU i§ related to
the Pc 4 resonance near the plasmapause whereas the ellip-
ticity reversal at SMIT and FTCH is related to the Pc 5
resonance in magnetic shells near the auroral oval.

The polarization demarcation line and the assoc-
jated frequency-dependent senses of polarization now appear
to be fundamental characteristics of magnetospheric modes
of oscillation of Pc 4's and Pc 5's. MeClay [1970], in
solving the problem of coupled toroidal and poloidal modes
of oscillation in a hm wedge, found that resonances appear
on given magnetic shells and that the sense of polarization
of the perturbations changes across the resonance region.
The whole cavity oscillates at a given frequency and both
toroidal and poloidal modes are evident throughout the
cavity. The toroidal modes, however, have spatial resonances
on given magnetic shells. The positions of these shells
are determined by the eigenfrequencies appropriate to the
shells. The polarizations derived from this model agree
at least qualitatively with the latitude-dependent senses

of polarization found in our data.
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The diurnal variations of the polarization
angles in the H-D plane, shown in Figures 36 and 39,
indicate that the ellipses of Pc 5 micropulsations are
oriented in the H direction throughout most of the day.
It might be conjectured that this is an ionospheric
effect, perhaps due to the latitudinal localization of
the micropulsation field [Inoue and Schaeffer, 1970].
Satellite data indicate, however, that polarizations in
the H direction are characteristic of the magnetospheric
modes of propagation. Cummings et al. noted that sinu-
soidal micropulsations recorded at ATS-1 normally had much
larger radial than azimuthal field components (see Figure
9). In their data the average orientation of the major
axis was 30° east of the radial (outward) diréction. Patel
[1965] also noted a preference for greater amplitudes in
the radial direction near local noon. He found, however,
that the azimuthal component of the pulsations increased
toward the dawn side of the magnetosphere. His observations
agree with our data since we find elliptical polarization
in the early morning with a preference for polarization
jn the D direction at SMIT and FTCH in the interval 1600-
2000 (0730-1130 L6T). (See also Samson et al. [19711.)
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In addition to being the time of the most circular
polarizations, the early morning also has the greatest occur-
rence frequency of Pc 5 micropulsations (see Section 3.2.2).
Field lines which intersect the earth's surface in the early
morning sector are swept back from the sun and meet the
magnetopause at a position where the solar wind flows tan-
gentially [Fairfield, 1968]. Since the magnetopause is
most susceptible to a Kelvin-Helmholtz instability in this
region [Southwood, 1968], we would expect most of the
micropulsation energy and most circular polarizations in
this region.

1f the energy for daytime Pc 4 and Pc 5 micropul-
sations originates from a Kelvin-Helmholtz instability at
the magnetopause, it is difficult to explain the apparent
difference between micropulsation activity occurring in
the morning and in the evening. The morning sector usually
has the greatest number of sinusoidal pulsations and has
consistent, sometimes almost circular, cc polarization;

The afternoon sector, on the other hand, usually shows very
few sinusoidal pulsation trains, a mixture of polarization
senses, and a predominance of almost linear polarization
in the H direction. Intuitively we would expect that a
Kelvin-Helmholtz instability would be equally probable in

the morning and afternoon sectors of the magnetopause and
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that this instability would produce mi cropulsations with
equally elliptic polarizations but with opposite senses

in these two regions (see Figure 11). The actual asymmetry
in micropulsation activity might be caused by the attenu-
ation of the CC or right handed mode in the ionosphere or
magnetosphere [Field and Greifinger, 1965; Inoue and Schaeffer,
1970]. Cummings et al. found, however, that most of their
events occurred before 1200 LMT, in agreement with ground-
based observations of the occurrence frequency. Further
comparisons of satellite and ground-based data should
clarify this point.

One other possible cause of the asymmetry in
micropulsation characteristics is the dawn-dusk asymmetry
in the plasma sheet [Vasyliunas, 1968b]. The plasma sheet
ijs well defined near the dusk magnetopause whereas in the
morning sector plasma densities cnange continuously from
the plasmatrough to the magnetopause. A sharp discontinuity
in the density of the plasma might result in considerable
absorption of micropulsation energy in the evening sector.

The Z components of mi cropulsations observed on
the ground are undoubtedly due to spatial gradients in the
currents induced in the ionospnere by hm waves. It is
i1luminating to consider current systems compatible with

the H and D components recorded on the ground and to compare




170

the predicted Z variations and polarizations with those
we have observed experimentally. Wilson [1966] used a
rotating line current as a model for the current systems
induced in the ionosphere by hm waves. In most cases this
model does not explain our observations, especially the
variation in the sense of polarization in the H-D plane
with latitude. This model also does not predict a large

Z component at the latitude of the maximum in the intensity
of the horizontal components, which we often find to be
the case in our data (see for example Figures 47, 50, 53).
Eleman [1966] also noted this discrepancy between Hilson's
model and the intensities of the Z component.

The large latitudinal phase shift occurring in
the two horizontal components ijs indicative of a rather
strong shear flow in ionospheric currents. Since the phase
shift is usually most noticeable in the H component [Kaneda
et al. 1964; Obertz and Raspopov, 1968], especially during
morning Pc 5 activity (see for example Figure 51), the shear
must occur during that part of the pulsation cycle with
strong east-west currents. This shear is evident in the
equivalent current system for Pc 5's given by Jacobs and
Sinno [1960]. Normally, however, the current patterns must
change during the pulsation cycle in order to produce the

elliptical polarizations observed at the earth's surface.




171

Consider now a micropulsation event with nearly
circular polarization in the H-D plane. The Tatitudinal
dependence of the phases and powers are shown in Figure
65. (Compare Figure 65 with Figures 51B, 55B.) Since
there is a very rapid latitudinal phase change 1in the H
component we would expect anm equivalent current system
similar to that shown in Figures 66 and 67. The moving
current vortices proposed by Obertz and Raspopov could
possibly cause the changes in direction of the current
flow shown in Figure 66. However, it is not easy to see
how their current vortices could produce sinusoidal oscil-
lations. We will call the region of shear flow the
demarcation line because of its association with the polar-
jzation reversal. Directly to the south of the demarcation
line the Z component is 180° out of phase with the H com-
ponent (Figure 67) and directly to the north of the demarcation
line the Z component is in phase with the H component. The
maximum amplitude of the Z component occurs very close to
the demarcation line. Thus we expect linear polarization in
the H-Z plane with the value of the polarization angle depend-
jng on whether the station is to the north or south of the

demarcation line.
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Further south of the demarcation line, the Z
component is again in phase with the H component (region
a Figure 67). 1In this region the polarizations in the
D-Z plane should be opposite to those 1in the H-D plane.
This is evident in Figure 30. A1l the stations which are
far south of the centre of activity for Pc 5's (MCMU, MENK,
LEDU, and CALG) have polarizations in the D-Z plane which
are essentially opposite to those in the H-D plane. This
observation is particularly evident if we consider the
diurnal trends in the ellipticities. The el]ipticit{es
in the H-D plane have a U-shaped diurnal variation, whereas
in the D-Z plane they have an jnverted U-shaped variation.

The above model is of course an over simplification.
In general the polarizations will be nighly elliptical and
the actual demarcation line will run at an angle to the D
direction. We also have not considered three-dimensional
current models such as those proposed for polar magnetic
substorms [Bonnevier et al. 1970]. Our model does suffice,
however, to explain some of the more evident latitude -
dependent characteristics of Pc 5's and, to some degree,
those of Pc 4's. In order to establish this current model
for Pc 5's we need more magnetic stations between 68°N and

77°N.
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The analysis of the model of ionosphere currents is
considerably simplified by computing instantaneous, Tati-
tudinal profiles of the amplitudes of the three components.
These can be calculated directly from the cross spectral
estimates Fij(r],rz,f). e have computed amplitude profiles
for a few of the events in this thesis but there are usually
too few stations north of the demarcation line of Pc 5 eventis
to clearly establish the latitudinal dependence of the com-
ponents. The Jatitudinal profiles of Pc 4's are generally
very complex pessibly because the Z components are strongly

affected by induction.

4.2 Summary

From the analysis of the data in our experiment,
several features of Pc 4's and Pc 5's have been determined.
First, most micropulsation trains have freguencies which are
independent of latitude. However, micropulsation trains with
apparent latitude-dependent frequencies in the H component do
occur. The guided poloidal moce appears to satisfactorily
describe these latitude-dependent nicropulsations.

At least some of the energcy of Pc 4 and Pc 5 micro-
pulsatiens is distributed in resonant oscillations of mag-
netic shells. However, the simple toroidal mode does not

adequately describe the spatial features of the micro-
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pulsations. The latitude-dependent frequencies of resonant

oscillations of magnetic shells are evident in two ways.

(a) The latitudes of the intensity maxima of
spectral components of micropulsations decrease
with increasing frequency.

(b) The sense of polarization of micropulsations
changes across the demarcation line. The
latitude of the demarcation 1ine decreases as
the frequency of the micropulsations increases.
Actually an abrupt latitudinal phase shift in
either the H or D component is probably more
useful than the polarization change for deter-

mining the latitude of the demarcation line.

The existence of distinct Pc 4 and Pc 5 peaks in

the average geomagnetic spectrum 1is probably due to the

preferential coupling of energy into magnetic shells near

the auroral oval and near the plasmapause. Pc 5's occur

predominantly 1in the auroral zones whereas Pc 4's occur

predominantly near the plasmapause.

occurs be

evidence

The reversal in the sense of polarization which
tween 1130-1230 LGT in the H-D plane gives strong

in support of a Kelvin-Helmnholtz instability as

the source of energy for daytime Pc 4's and Pc 5's. The
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large influx of power at all frequencies in the daytime
auroral oval further supports this theory. Unfortunately,
the theory does not explain the apﬁarent differences
between the morning and afternoon micropulsation activity.
It is also difficult to see how any hm instability could
produce the very sinusoidal Pc 4's which often occur in
our data.

The Z components and the related polarizations
in the H-Z and D-Z planes of micropulsations observed at
the ground are undoubtedly caused by spatial gradients‘
in the ionospheric currents associated with the micropul-
sations. During part of the pulsation cycle, strong shear
currents flow to the east and the west in the icnosphere.
Unfortunately, the wide spacing of our stations in the
northern regions and the complexities in the diurnal
variations of the polarization parameters have limited
our interpretation to a very simple ionospheric current
model. An accurate current model would'be very useful
jn relating ground-based observations to the hm modes in
the magnetosphere.

There are a number of obvious ways to supplement
the data collected in this experiment. In the region
between 68%°N and 77°% a closer spacing of stations vould

help in comparing the relative positions of the intensity
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maxima and the demarcation lines of Pc 5's. A closer
spacing would also help to develop a more accurate model

of the ionospheric current systems of Pc 5's, Since our
fiuxgate magnetometers are inherently limited to micro-
pulsation frequencies below 20-30 mHz, it would be helpful
to complement our fluxgate records with data obtained from
other instruments such as induction coils. Finally,
stations positioned along an east-west line are necessary
in order to compare the phases of the H, Dyand Z components
at different longitudes, and to compare longitudinal polar-
jzation characteristics with the diurnal characteristics,
found in this experiment. These stations must be established
in regions with uniform geoelectric characteristics, other-
wise earth induction effects could mask the true source
configuration of the micropulsations. Knowledge of longi-
tudinal phase changes would allow the development of a more

accurate model of jonospheric currents.
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APPENDIX A1 ANALYSIS OF COMPLEX VECTOR TIME SERIES

A1.1 The general correlation matrix

A time dependent vector field is completely
specified by the set of time series xl(?,t), xz(?,t),
x3(?,t) where X1, X9, Xg are components of the vector
field measured in 3-space, F the spatial position of the
measurement extending over the whole vector field, and
t the time covering the duration of the event. 1In general
these series are difficult to interpret and we find it
useful to introduce a different representation of the data
in the form of a correlation matrix. In three dimensions

the matrix is written as

- > * * *
<x](r],t),x1(r2,t-r)> <XpaXg> <XysX3>
> > * * *
63 3(TysT2s 7% %97 <XgsXp> <XpsX3>
* +%* *
<X3»Xy> <XgsXp> <X3sX3>
] 1oy

where * denotes the complex conjugate, ¥, and ¥, are varying
spatial positions, and t the lag [Wolf, 1954]. The expecta-
tion |

T
ex (8], xj(2-1)> = 110 %ff x; (t)x}(t-1) dt (A2)
-T
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is a measure of the lirear dependence of the two components
X5 and X3 at lag T.

Characteristics of this matrix for ?] = ?2 are
discussed in detail in the next section, together with a
section on its frequency domain equivalent, the cross
spectral matrix. A short discussion on the correlation
matrix and cross spectral matrix with ?] # ?2 ijs included
in Appendix Al.4.

>

Al1.2 The correlation matrix with ?1 =Ty applications to

vectors which are restricted to a plane

First consider the correlation matrix with‘?] = Tz.

A symmetry property of the matrix can be readily shown:

65(x) = <xy(8)xj(t-0)> = exs (£l x5 () >

oG thx;(e140)> = exs () (8141)>7

*

5i-7) (A3)

¢

Equation (A3) shows that ¢ij(0) is Hermitean.

Discussion here is limited to two very simple
vector time series, totally random (or unpolarized) vector
series and vector series restricted to a plane. Other types
of vector time series Jjead to correlation matrices with

very complicated characteristics [Roman,1959]. In unpolar-
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jzed disturbances the end point of the disturbance vector
moves quite irregularly. The vector shows no preferential
directional properties and no predictable temporal proper-
ties. Thus the spatially orthogonal vector components must
always be uncorrelated [<xi(t), X?(t-?)>i#j = 0], and in
order that temporal variations be purely random, <xi(t),

x; (1:-'c)>ﬁ,° = 0. The further requirement that the terms
<xi(t), x; (t-T)>i#j be invariant under a coordinate
transformation indicates that the correlation matrix U of
an unpolarized vector series is a scalar. More precisely
U= Aaij, where A 1is a constant proportional to the power
of the unpolarized disturbance.

In a plane polarized vector time series the vector,
when measured at one point in space, is restricted to a
given plane. (Wote the departure from the usual definition
in opties.) Thus there must exist a lag-independent rota-
tion matrix R such that
J i

871(1) 67,(x) 0
RIs(x)IR"T = |921{7) ¢2p(7) O (A4)

0 0 0
- -

where o(t) represents the correlation matrix at lag t.
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This rotation matrix can be obtained by diagonalizing
6(0) [Cummings et al., 196973.

Consider now the correlation matrix-¢(0) of a
general vector time series. Since this matrix is Hermitean
there must be a real transformation R which diagonalizes
the matrix. The matrix in the new coordinate system, the

principal axis system, is given by the transform

oo
R[6(0)IR7T = |02, 0 (AS5)
LO 0 13—

where we have chosen 13 < 12 < Ay These eigenvalues are
real and positive for any set of real time series. The
trace of the matrix is invariant under coordinate trans-
formations and represents the total intensity, or total
power, of the vector disturbance. The trace elements are
the intensities in the individual directions. The matrix
ijs conveniently expanded in the form
p- —1 - -} p= -
100 000 100
LO 01 LO 00 000

. L
(A) (B) (c)
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1f we know 4priori that the polarized part of the vector
time series is confined to a plane and assume that the
polarized and unpolarized components of the t{me series
are uncorrelated, then the above expansion has a simple
interpretation. (A) is the matrix of the unpolarized
vector time series while (B) and (C) are the two spatial
components of the plane polarized vector time series. The
eigenvectors corresponding to A4 and Ao define the
plane of polar rization. If we require (A1-13) and
(A2-13) to be positive then this expansion is unique. This
is a reasonable requirement since, for a real time series,
these two values are the two orthogonal intensities of tne
plane polarized vector series.

In general the polarized vector series will trace
some complicated 3-dimensional shape. One helpful (though
not conclusive) method to determine whether the postulate

of plane polarization is correct is to determine

o' (1) = RIS(DIIRT (A7)

If 3(1)# 0 (where A5 = ¢33(0)) for any T # 0 then
the series are not plane polarized and the above inter-

pretation of expansion (A6) is incorrect.
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A useful parameter in determining the degree of
plane polarization is given by the expression

(Aq=23) + (Ap-33)

Ry = - (A8)
1 Ay F Ayt A3

Here R] is the ratio of the apparent plane polarized
signal intensity to the total signal intensity. If R4

equals unity then the signal is completely plane polarized.

A1.3 The cross spectral matrix: applications to plane

polarized vector fields

The information contained in the correlation
matrix can also be expressed in terms of a cross spectral

matrix. We use the Wiener-Khinchin relations

Sq5(F) iuf? 055(1)e 2T dr (A9)

¢;3(7) :)f sij(f)eZTrifT df (A10)
to find -

¢ij(0) :)r Sij(f)df (A11)

The terms in (A11) may be considered to be the total auto

and cross powers of the vector disturbance. Suppose now
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that the disturbance has a spectral width Af and mean
frequency fo. Then we can estimate the correlation functions

¢ij(0) from the equation.

f+Af/2
J'ij(f) ‘—“J S"lj(g)dg (A12)
f-af/2
In particular we have
d)ij(o) = Jij(fo) + Jij("fo) (A]3)

We could alternatively use the Fourier-Stfeltjes transform
to formulate this function [Wiener,1930]. It can be shown
[Jenkins and Watts, 1968,p467] that the matrix formed from
the terms (A12) is a positive, semi-definite Hermitean
matrix. As aAf - 0, %?Jij(f) + Sij(f) where Sij(f) are
the auto and cross power spectral densities.

To find the apparent plane of polarization (if
one exists) we diagonalize the real part of the cross
spectral matrix J(f) as follows:

i ]

J1 0 0

R[(Re )IR'= |0 3,, O = Red (A14)
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]
In the expression (A14) R, J, and J , are in general

[}
functions of f. For convenience we have chosen J33 <
]

J22 < J;]. The transform of the total matrix is then
2 [ ] . [} . I-l
Iy 92 g3

itz 1923 Js3

Once again if J;3 = J23 = J;3 = 0, the vector
series is truly plane polarized (i.e. restricted to a plane).
If only J;3 and J;3 are zero and if the non plane polar-
jzed vector series 1is approximately random or unpoiarized,
then the cross spectral matrix of the plane polarized

vector series is given by

SEES R
3, Pl O (A16)
0 0 0]

This matrix is found by an expansion similar to that in
equation (A6). In analogy with (A8) we can also define
a polarization ratio for the terms in the cross spectral

matrix. This ratio is given by
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R, = (Gi1 - J.;,?) * (Jzz - 339) (A17)

Ji1 ¥ 922 * 33

Following the work of Born and Wolf [1959] and
Fowler et al., [1967] it is possible to show that the
plane polarized part of the vector time series is composed
of a vector which moves randomly in the plane and a vector
series in which the two orthogonal components are completely

correlated. We can accordingly expand the matrix (A16) in

the form
— . , . ﬂ — T‘ — 1
(1 - 933 i 10 P11 Py2
=y + (A18)
13, (3 - I33) 0 1 -1Pio Pop
i J L 4. L i

where for simplicity we have dropped the zero terms of

the matrix. U is the matrix of the random plane polarized
component, and P the matrix of the completely correlated
vector series with det P = 0. Consideration shows that

U is simply an eigenvalue of the matrix J, although the
unitary transformation is not, in general, a real rotation

of the axis. The values of U are

1 [} . [} 1 ’l [ ] [ 1 2 _ [ ] ;i
2-(J”.‘122-2\133)_2(@”:, 3y,-2033)% - 4 det J) (A19)
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We choose the smallest value of U since the other

gives negative values for P]] and P22'

Another useful parameter, the ratio of the
completely coherent signal intensity to the plane

polarized signal intensity, is given by the expression
30 - dnn - )+<1 - 3. -u)
(Jn - "33) ¥ (‘322 - "33)

Note that this expression is meaningful only if Ji3 =0

R

2:

or if the non plane polarized vector series is truly
random.

when Af/f << 1 the vector series has sinu-
soidal gpatia] components and the matrix P is simply
the cross spectral matrix of an elliptically polarized
vector time series, with the coordinate system oriented
along the major and minor axes of the ellipse. The
rotation eigenvectors of R corresponding to J;] and
J;z are along the major and minor axes of the ellipse,
respectively. The sense of rotation of the vector, right
or left handed, is given by the sign of J;Z or P]Z'
The ellipticity, the ratio of the minor to the major axis

of the ellipse, is given by the equation
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Pog)| *

E= —_—
P11

(A21)
The total intensity of the coherent signal is given by

the equation
I =P+ Py (A22)

Often a vector time series will have a band-
width Af, such that Af, >> Af and Afolf0 >1. In
this case we might say that we are looking at the spectral
.components of the series and the associated frequency

dependent ellipses of polarization.

Al1.4 The correlation and cross spectral matrices with

" # ry

O ———————

The correlation matrix with ?] 7 ?2 has none of
the symmetry properties of the case when ?] = ?2 and
ijs very difficult to interpret in a precise manner. It
is helpful, though, to redefine the elements of the
correlation matrix in terms of the normalized, cCross

correlation function

* .
<Xy (-F] »T) » xj (-{'2 st-1)>

p‘ij(-‘:] :?291) = (A23)

> > > > 3
(¢ii(r1’r1 ’0)¢jj(r2’r2’0))
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where ¢ii(?],?],0) is the power in the ith component
at position ?]. These functions have the simple

characteristic

logs(0)] <1 (24)

The parameter p is normally a complicated function of
the lag T and is, except in some very simple cases,
difficult to interpret. A detailed study of the cor-
relation matrix has been given by Roman and Wolf [1960a,
1960b] and Roman [1961].

The elements of the cross spectral matrix are

defined by the relation

f+Af/2
> > _ > >
Jij(rl,rz,f) J Sij(rprz,g)dg (A25)
F-Af/2

This equation is simply a generalization of equation
(A12) with ?] # ?2. A1l the terms, including the
diagonal elements  Jqq> Joos dy3 are in general complex.

More precisely

335(F) = Lyz(f) + 1Q;5(f) (A26)

where Lij(f) and Qij(f) are measures of the correlation

between the in phase and out of phase components of the
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two series. It is convenient to define, in analogy

with equation (A23), a coherency estimator given by

2,> > 2,> > 1
Lij (r]srzsf) + Qij (r]srzsf)

> > > >
Jii(r]’rl’f) Jjj(rz,rz,f)

(A27)

> >
Kij(r]srzsf) -

The coherency Kij can be considered as a measure of

the correlation of the two series at each frequency f.

The phase spectrum estimator

> > 'Qi'(?]a?zsf)
Fi.(r],rz,f) = arc tan ] (A28)
J L; s (FqsPy,f)
ijv 12
ijs another useful parameter. Fij shows to what degree

the frequency components in one series lead or lag those

at the same frequency in the other series.
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APPENDIX A2 ESTIMATION OF THE COMPONENTS OF THE CROSS
SPECTRAL MATRIX; THE POWER SPECTRA AND
CROSS SPECTRA '

In order to obtain accurate estimates of the
powers and cross powers Jij (equations (A12),(A25))
we need a spectral window Q which is approximately
rectangular and with spectral width Af chosen such

- that

f *af/2
QF)*S(Feg. = ‘]r S;3(T1df  (a29)
0 f -0f/2

where the operator * denotes convolution. In our analysis
the values Jij were calculated by smoothing the periodo-
gram estimates [Jones,1965] which gives (as will be seen
later) an approximately rectangular spectral window.

The periodogram estimates for the power spectral
density are obtained from |A(n)]2 where A(n) is the

discrete Fourier transform of the time series XN(t).

7 &
ie. Aln) =g 2

. XN(j) e'ZTI'inj/N
j=

n = 0313233°°- (A30)

where n represents a sample at point naf (af = (HAt)'])

and At is the sample interval. Since the fast Fourier
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transform algorithm (FFT) [Gentleman and Sande ,19661]

js used in the computation of A(n), XN normally

consists of the original time series X, (m ﬁoints),

with zeroes added to give N points (N being an integral
power of 2). The periodogram estimates corrected for

the added zeroes are then given by ﬂglA(n)lz
m L ]

It is possible -to show [Blackman and Tukey, 19587

that

N2 | a(n) |2 = g lap(naf)|? (A31)
where }

a, (f) = Z a(f+kAt") (A32)
and |

a(f) fV}r x (t) e 27 7E at (A33)

1f there is no aliasing, which we now assume,then

= 1
ap(f) = a(f) 0 < f < opg

We obtain the time series Xm from the original

signal x(t) by multiplying it by a data window B(t),

i.e. Xm(t).= B(t)-x(t) (A34)
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Thus
T 2

2 " .
A jam)|® - }—f B(t)-x(t) e 2™ T gt | "= P(£) (A35)
m 0 ..

where A(n) is the function evaluated at nAf and Tm

= mAt. If the signal x(t) 1is stationary, we can prove

[Blackman and Tukey, 1958] that

<P(f)> = W(F)*sS(f) (A36)

S, the true power spectral density, is given by the
relation

| 1/2 2

S(f) = 1.0 2 qf. x(t) e 2Tt gt (A37)
~T/2

The spectral.window W(f) is given by
o 2
W(f) = T J{ B(t) e 2™TE 4t (A38)
m

To reduce the variance of the individual power

estimates —%—IA(n)lz, we determine the smoothed spectral

estimates J from the equation
k

2
a(naf) = & §E L a(n-p)1? (A39)
=-k
1
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k2 -
= f W(nAf - pAf - g)S(g)dg (A40)
P"k] .
- -
Ko
AL D7 unar - paf)  frs() (A41)
I p=’kl -

The expression (A41) gives the estimates of the total
powers Jij in equation (A12). The overall spectral

window is
ko

a(f) = § Z W(f-paf) (A42)

p=-k]

We will show later that this window has an approximately
rectanguiar shape if B(t) is proper]j chosen.
The unsmoothed cross spectral estimates of two

time series X(t) and Y(t) are given by

NZ
E—A(n) C*(n) (A43)

where A(n) and C(n) are the discrete Fourier trans-
sorms of X(t) and Y(t) respectively. To obtain the
smoothed cross powers to be used in equations (A12) and

(A25) we average the real and imaginary parts of the
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spectrum separately. The spectral window 1in each case
js identical to that given in (A42).
In our analysis we have used the time domain

window B(t) shown in Figure Al.

q——- - em = o -

“3-b b o a+b
Fig. Al. The data window B(t).
B(t) = & (cos (3(tb)) + ) ~a -b < t <-b
27
- %_(cos (ii(t'b)) + 1) b <t < atb
= 1 -b <t <b (Aas)
=0 otherwise
The transform of this window is
T(f) = 32—5%3—92 + 22 22 cos w(atb)
sin[(wtw, )al
+ a [cos{(mmo) a-l-mb} o ): (A45)
0

r cos {(m-wo)a+mb} s1n[(w-mo)a]J

(m-wo)a
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_ T =
where Wy < 73 and w 2nf

Some simple limiting cases are

1im _ sin2wa
0> ' % 2% TZwa (Zw (A46)

[Jenkins and Watts, P 2447

1im 2b sinwb
a~»0°? T= wb (A47)

[Jenkins and Watts,p 244]

To find -the shape of the spectral window Q(f)
e must substitute W(f) = |T(f)|% in equation (A42).
Some typical spectral windows are shown in Figures AZ,
A3, A4.

‘In our analysis of the magnetic data, the window

B(t) was set with a/b = 0.2 and the summation limits

were k] kz- k= 3", where k 1is the smallest integer
closest to 3N/m. If % = 1 this is a sum over 7

estimates (see equation (A39)). For convenience, the

corresponding spectral window is denoted by

Q(f,asb = 0.2, k=3N/m).
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APPENDIX A3 VARIANCE OF THE SPECTRAL ESTIMATORS:
CONFIDENCE LIMITS

If a time series has an approximate]j normal
distribution of amplitudes, then the real and imaginary
parts of the discrete Fourier transform of this series

also have normal distributions. In other words if

A(n) = a(n) + ib(n) (A48)

where A(n) is the discrete transform, then a(n) and
b(n) have approximately normal distributions [Jenkins

and Watts, 1968]. The periodogram values

[A¢n)|2 = a2(n) + b%(n) (A49)

have X% distributions and the smoothed periodograms
(equation (A39)) have Xg(2k+]) distributions with
accordingly decreased variance.

The variance V of the spectral window Q(f)

(equation (A42)) can be determined from the relation

2
v S—%ﬂj 0% (9) dg (A50)

[Jenkins and Watts, p241]
where S(f) 1is the power spectral density at frequency

£, T the length of the sample, and Q the normalized
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spectral window (i.e._//’ Q(g)dg = 1). If we assume
that the window Q is approximately rectangular with
width (2k+1)Aaf = (2k+1) (NAt)'], then the variance is

2 ()
2k+1

vV A (A51)

3|=
w
—h

The calculation of the distribution functions
and associated variances of the parameters obtained from
the cross spectral matrix (see for example equations (A17),
(A20), (A21), (A22), (A27), (A28)) is of fundamental
importance in assigning confidence intervals to these
parameters, especially since the expectation and variance
of the parameters depend on the spectral window Q(f).

It is particularly useful to know the distribution functions
of the polarization ratios R.l and R2 and the coherency
.Kij in order to eliminate those estimates which might
correspond to a random noise source. The calculation of
these distribution functions is not an easy task since they
are all non-linear functions of random variables.

An approximation used to assign confidence limits
to the phase and coherency spectrum is discussed by Jenkins
and Watts. They have shown, using a Taylor series expan-
sion, that the variance of the coherency estimator of a

normally distributed random variable is
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1 2 2

where 1 j/' Qz(f)df, T the record length, and Kij the

expected coherency. The transformed variable Y = tanh']

Kij
has an approximately normal distribution with a cons tant
variance 1/2T. The confidence limits to be used for the
rejection of unwanted random noise can then be estimated
from the variable Y2, transforming back to the original
-scale to find Kij‘ We find, using tﬂ{s method, that a

95 per cent confidence 1imit for the coherency of random

noise is
0 < Kyj < 0.45 (A53)

where we have chosen the spectral window Q(f,k=3).

The distribution functions for Ry (equation
(A17)) and R, (equation (A20)) were generated empirically
by producing three independent, random series on 2 computer.
Figure A5 is a histogram of the distribution of R, obtained
using the spectral window Q(f,a/b=0.2,k=3,N/m=1), and
Figure A6 is a histogram for Ry obtained using the same
spectral window but with the assumption Ry = 1.0 (only
two non-zero time series were used). Inspection of these
figures shows that in both cases 95 per cent of the estimates
have values less than 0.75. Both the ratios Ry, R2=0.75

can then be used as 95 per cent confidence limits for the

rejection of random signals.
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Fig. A5. Histogram of the values of R.l which were
calculated using the spectral window

o(f, a/b = 0.2, k=3, m/N = 1.0).
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Fig. A6. Histogram of the values of R2 which were
calculated using the spectral window

Q(f, a/b = 0.2, k = 3, m/N = 1.0).
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APPENDIX A4 PRACTICAL CONSIDERATIONS IN ESTIMATING
THE SPECTRAL PARAMETERS

A4.1 Selection of the data windows

In choosing the length and shape of the data
window B(t) {equation (A44)), a number of conditions must
be met. First the lowest frequency and the spectral sample
spacing are set by the length mAt of the window. More
precisely the spacing of the estimates is Af = (mAt)']
(equation (A30)). Adding zeros to the time series is useful
if the data have little noise since the frequency spacing
is then (NAt)"1 which allows for samples at lower fre-
quencies. This does not increase the resolution of the
spectral window which actually depends on the shape of B(t).
A11 that the addition of zeros does is to give a finer spac-
ing of the spectral estimates and in some cases the finer
spacing may actually be helpful in selecting very sharp
spectral peaks. If the data are noisy, which is the case
for most micropulsation data, then the spectral estimates
must be smoothed in the manner shown in equation (A39) to
reduce the variance. Since the variance of a spectral
window is proportional to % (equation (A51)), the estim-
ates obtained from series with added zeros must be smoothed

a proportionately greater amount to achieve a variance
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equivalent to estimates obtained from series with no added
seros. The end results, whether zeros are added or not,
are spectral windows with the same resolution.. One final
condition that must be considered is that all discrete
Fourier transforms obtained by the FFT must have a number
of points which is an integral power of two. This con-
straint can place severe 1imitations on the length of the
sample so that one pnormally adds zeros to make up the

desired number of points.

A4.2 Detrending the data

It is sometimes apparent from inspection of spectra
+hat much of the power 35 contained in a few very Narrow
bands, especially at 1ow frequencies. Since spectral
windows have some leakage (see for example Figure A3), these
peaks cause errors in spectrai estimates at lower powers.
Because of this, it is usually necessary to digitally
filter the data to remove'power at the frequency of these
bands before spectral analysis is carried out. In magnetic
data recorded with fluxgate magnetometers, low frequency
trends can have amplitudes hundreds of times larger than
an associated micropulsation event. Consequently it is
advantageous to use filters which supress the 1ow frequency

components of the magnetic signals.
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A4.3 Characteristics of the data windows and detrending

filters

In the analysis of the magnetic data, two differ-
ent data windows were used. The first was 60 min long
and was used in conjunction with a 1-20 mHz bandpass,
zero-phase shift, digital filter [4lpasilan, 1968]. The
second was 30 min long and was used in conjunction with a
2.5-100 mHz digital filter. The frequency and impulse
response functions of these filters are shown in Figures
A7, A8, and A9. To eliminate the transient response of
the filters the first and last 10 min of filtered data
were rejected. Both data windows had a cosine taper with
a/b = 0.2 (equation (A44)). This cosine taper was used
to eliminate any remaining traces of the transient response
of the filters and to improve the shape of the smoothed
spectral window. In the analysis of the 1969 data only the
60 min data window was used and the data were sampled at
every 28th point. In the analysis of the 1970 data using
the 60 min window, every 16th data point was taken, and
in using the 30 min window, every 8th data point. This
gives a total of 117 data points for each window with the
ratio N/m = 128/117. Each smoothed spectral window Q(f)
had k=3 (equation (A39)) with spectral window widths of
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1.78 mHz and 3.56 mHz respectively. With filtering and
spectral smoothing, the 60 min data window provides a
useful frequency range of 1.0-15.3 mHz,while the 30 min
data window provides a range of 2.5-30.5 mHz. These
ranges correspond roughly to the Pc5 and Pc 4 micropul-

sation bands.

A4.4 Selection of spectral peaks

The selection of spectral peaks is a difficult
problem since the spectral window Q(f, k=3) has very
poor resolution at low frequencies. If we define the
resolution of the spectral window by the ratio Af/f where
Af is the width of the spectral window, then we find,
for example, that in using the 60 min data window A% = 1.78
at a frequency f = 1mHz. A solution to this problem is to
estimate the positions of the spectral peaks from the un-
smoothed power (equation (A30)). A better method is to
smooth the power estimates (equation (A30)) using a window
Qz(f) with width Av(f) (av being a function of f) such
that

—-(—A"ff) = R (A54)

where R 1is the best resolution desired. For the inter-
pretation of the polarization parameters it does not matter

that the window Qz(f) changes its spectral width and
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variance across the spectrum, since it is used only to
jocate the spectral peaks. We can then go back to the
original spectral data, which was smoothed usfng Q(f, k=3),
to determine those estimates for which the window Q(f, k=3)

covered only one spectral peak.



A32

APPENDIX A5 THE EFFECTS OF DIGITIZATION ON THE SPECTRUM

The digitization of data adds errors to the data
field which depend on the discrete time sample-interval
At and the amplitude sample interval Aq (henceforth
referred to as the quantizing interval). Under simple

constraints it can be shown that the r.m.s. noise error

arising from digitizing is given by (Aq)2/12 [Bendat and
Piersol, 1966]. In fact it is possible to prove that,
independent of the data signal used, there is an upper
bound to the digitizing error if the digitizing noise is
assumed to be a white Gaussian noise with total power
(3a)2/12 and bandwidth (2at)7' [Mazo, 1968]1. In practice
the digitizing error often has the same effect as an added
noise source and the spectrum of the digitizing error is
independent of the signal over a wide range of signal
amplitudes. Even if the signal is so small that its
amplitude covers only several quantizing intervals, there
ijs usually enough background instrumental and magnetic
noise to determine the amount of digitizing noise and hide
jts relation to the sigral.

More precisely, Bennett [1948] has shown that if
the digitized signal is a random noise function with a

frequency spread 0 to fo’ then the power spectral density
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Q(f) of the quantizing error, with no time sampling, is

given by
(rq)? | 3(a9)2 g2
Q(f) = g 9 - B -79-———2- (A55)
Zj fo Znﬂo 87 Qofo
where
= e-x/n2
B(x) = E 3 (A56)
n=1 n

and 2, js the r.m.s. signal value. If we include
discrete time sampling, then the power spectral density

function, with aliasing, becomes

(-]

ACE) = > . alfeanty) 0<f<fy (AST)
where fN = (ZAtflis the Nyquist or alias frequency.
If the spectrum of the quantizing noise is aliased many
times, A(f) becomes nearly uniform between the Nyquist
frequencies. Since quantizing the signal amplitude
effectively spreads the bandwidth we would expect consider-
able aliasing of the quantizing noise. With this in mind,
we find that the aliased power spectral density is approx-

imated by the expression
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2 |
AGF) = §5- [2—}1] (A58)

In our experiment f, = 0.26 Hz, q = 1y and fhe power

spectral density of the quanitizing noise is 0.1772Hz'].
If an input signal is quasi-sinusoidal with a peék to peak
amplitude of 2Ay, then the ratio of the signal power to

the noise power is m6A2.



A35

APPENDIX A6 A BRIEF DESCRIPTION OF THE INSTRUMENTATION

The basic components of the magnetic recording
system are shown in Figure A10. Each station was equipped
with a three-component magnetometer combined with a WWVB
receiver, analogue-to-digital system, and digital tape
recorder. Data were recorded on seven-track magnetic
tapes at a rate of 3.13 samples/sec in 1969 and at a rate
of 1.56 samples/sec in 1970. The records were timed by
‘recording the WWVB radio signal directly on tape every
16 hr 23 min in 1969 and every 7 hr 38 min in the 1970
field season. '

A1l magnetometers, except that at Leduc (where a
Sharpe MF0-3 was used), were three-component fluxgate
magnetometers designed by the Geomagnetic Division of the
Department of Energy, Mines and Resources. The theory
behind the fluxgate system has been discussed by Sersen
[1957]. Trigg et 21.[19870] give a complete outline of the
type of magnetometer used in this experiment. The latter
paper provides the general design information as well as
details necessary to operate the magnetometer correctly.

The component parts of the magnetometer are
displayed in Figure A11. In our experiment we mounted the

sensing heads on aluminum poles set in concrete at the
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Fig. All. The components of the fluxgate magnetometer.
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bottom of rigid plastic containers. The containers were
buried with their tops at least 10-20 cm underground.
The outputs (X, Y, Z) from the amplifiers had an optimal
sensitivity of 10mV/y and were linear over most of the
amplifiers' 10 V range (Figure A12). The gain and phase
shift of the complete magnetometer are essentially flat
to 0.1 Hz (Figure A13) which is well beyond the range
of frequencies of interest in our experiment.

To prevent aliasing in the spectral analysis of
;he data, all magnetic signals were passed through two-
stage low-pass filters. Even though the power in the natural
magnetic spectrum falls off rapidly with frequency, there
is often enough natural and jnstrumental noise at high
frequencies to permit considerable aliasing. The frequency
response characteristics of a typical filter are shown in
Figure Al4. In addition, the aliasing filters provide good
protection against voltage overloads to the multiplexer
since the maximum range of the filters is *12 volts.

The analogue-to-digital system is based on the
Redcor 720 A-D converter, with an added multiplexer bypass
line for WWVB, an added WHVB-to-data relay, and a variable
stepping rate system coupled to a crystal oscillator

(Figure A15). The crystal oscillator and its associated
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Fig. A12. The gain curve of the magnetometer
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Fig. Al13. Gain and phase response of -the magnetometer.
(after Trigg et el. [1970])
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divide-circuit control the sample rate of the system.
After each set of 7 data blocks (7 hr 38 min) the stepping
rate changes from 1.56/sec (corresponding to a sample
interval of 1.92 sec/component) to 50.0/sec in order to
permit an accurate recording of the WWVB time signal.

Each recording of the WWVB signal lasts 123 sec. Since
‘the maximum drift of the oscillators is = 0.005 per cent,
the absolute timing should not be in error by more than
two sec over the interval between WWVB recordings. (In
1969 the interval between WWVB recordings was 16 hr 23 min,
and the samplie rate was 3.13/sec). The sequencer controls
the sampling order in the multiplexer. The samples follow
a cyclic order (HDZHD...) and all the sample intervals

are of the same length. The 12 bit A-D converter uses

the successive approximation technique with an offset
binary digital coding format. The logic format board
arranges each sample into iwo bytes, each byte being 6
digital bits long. The least significant bit is dropped
to permit this bit position to be used as a channel flag
(the flag is utilized to jdentify errors in the sequential
sampling of the three input channels). Considering the
full scale input for the A-D converter (+£10 volts, cor-

responding to +1000y) and the available 11 digital bits,
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we find that the maximum range of the system is 1000y

with an amplitude sample interval (or quantizing interval)

of 1000/2'0 = 0.976y.

-

The output from the analogue-to-digital system
ijs recorded on a seven-track Peripheral Equipment incre-
mental write tape deck. Each sample is two bytes Tong
(2 bytes x 6 bits) and each data block is 6144 samples
long (12288 in 1969). This block length is equivalent

to 65 min 30 sec “of magnetic data and 123 sec of the

WHVB time signal.
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APPENDIX A7 EARTH INDUCTION EFFECTS

In any attempt to relate ground-based magnetic
fields to their sources in the ionosphere and magneto-
sphere we must assess the effects of inducéd earth currents
and eliminate such effects from the data. In the discussion
here we outline briefly the induction effects of uniform
and simple, non-uniform earth models on low frequency
electromagnetic disturbances.

price [1950, 19627 has shown that the magnetic
field at the surface of a uniform conductor (Figure A16)

is given by the equation

H= - [(A+B) [;—f ’ -3—5-] ,vP(-A+B)] eianf (A59)

where the inducing field is

- 3P 3P i2nf
H= - [A T T vAP]e (A60)

P is the magnetic potential
_ 9-v
B = ey A (A61)

and

02 = vZ + i2mufo (A62)

(M.K.S. units)
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The reciprocal of the parameter v is a measure of the
horizontal scale of the source field (A = 27/v), f is
the source frequency, u the magnetic permitivity, and

s the conductivity of the ground

Fig. A16. The coordinate system for the uni%orm earth model.
The ratio % = %i% gives a good measure of the relative
induction effect.

Inspection of equation (A59) shows that uniform
induction has no effect on the horizontal projection of the
polarization ellipse. The case is different, however for
the x-z and y-z planes. As induction increases, the 2z
component decreases and changes phase and the major axis
of the ellipse tilts toward the horizontal plane. For
complete induction (o - =) the 2z component is zero and

the two horizontal components increase by a factor of two.
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Table Al illustrates the relative induction effects for

various values of B = chfuov'z = 2(10'7)cfx2

-

TABLE Al. Relative Induction Effects

B 0.01 0.25 | 1.0 4.0 25 100 ®

Mod[B/A] 0.0025 | 0.065 | 0.22 | 0.48} 0.75}| 0.87 | 1.0

Arg[B/A] 90° 77° 66° 39°1 16° 8° 0°

Evidently induction becomes noticeable only when 8 > 1.

If we take the range of values

06 <A< 4(10%)m
03 < f< 3(10"2)Hz (A63)

-4

10 <0 < ]0'1

mhos/m

then the range of g for the parameters influencing our

-

experiment 1is

0.02 < 8 < 9600 (A64)

These limits show that induction will have an appreciable

effect except at low frequencies (< 10 mHz) in resistive

regions (o < 10

3).
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The evaluation of inducticn effects near horizontal
inhomogenieties presents a more difficult problem. 1In
general the magnetic and electric fields are determined
by numerical analysis [see e.g. Jones, 19703 Swift, 19711].

It can be easily shown [see e.g. Jomes, 1270] that near 2
vertical contact of contrasting resitivities (Figure A17)
the z component of the magnetic field is markedly en-
hanced when there is a component perpendicular to the

strike (i.e. in ¥y direction).

Y
s ;N e | T
o /\6; - /‘\l\\‘....sz‘-..-..'.:“...
B TR 1 LR

Fig. A17. The coordinate system for the model considered

by Jones [1970].

Sehmueker [1964] noticed this effect in an analysis of
geomagnetic data near the coast of California. The relative
phases of the ¥y component and zZ component are seldom
greater than 20° in this model and thus the polarization

jn the y-z plane is nearly linear in all regions. The
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x component remains constant across the strike because

of the two dimensional character of the problem (i.e.

9 -
‘a—i'—o)o

Rankin and Reddy [1971] have considered a rather

more complex earth model (Figure A18).

xX

‘, N / ‘./ ‘ \/ o * * . hd - .

\\/ ~ . :
- ;— ~ /7 - - . d . ,
LI 4 ~ 8 -~ %.\ o . 6&. . ]
- 4 7 ] / Pl - - e -~. - .« o, ..
-~V _ - - . - . .
-~ - - -

Fig. A18. The coordinate system for the model considered

by Rankin and Reddy [1971].

Figures A19-A21 show the effects of the discontinuities
in conductivity in this model on the horizontal magnetic
field components. The application of their model is
limited to sources of infinite extent but the model does
give a good indication of the induction effect of dis-
continuities similar to those found in coastal regions.
The greatest induced changes in the sense of polarization

occur when the source field js linearly polarized at an
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angle of 45° to the strike (Figure A20). The ellipticity
changes from ~0 on the resistive side (land) to »0.1
on the conducting side (ocean). If the source is cir-
cularly polarized the apparent sense of.polarization
remains unchanged (Figure A21) although the magnitude of
the ellipticity varies from 1.0 to 0.5. Note that the
major axis of the ellipse is parallel to the strike on
the resistive side and perpendicular to the strike on the

conducting side.



