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PREFACE

The papers in this collection were presented at the Tenth National Congress of the Australian
Institute of Physics held at Melbourne University, Victoria between 10 and 14 February 1992.
This anthology consists of papers the authors considered relevant to Australian Antarctic research
which were presented in sessions on Solar-Terrestrial and Space Physics (South Pacific STEP
Workshop), papers 1-21, and Astrophysics, papers 22—32,

The majority of the papers are preliminary and are intended as an indication of some of the current
directions of Australian upper atmospheric and space physics research in Antarctica. It is
anticipated that final results will appear in appropriate journals.

The editors wish to thank those researchers who have availed themselves of this opportunity to
publish their research in this collective form. The editors are particularly grateful to Judy Whelan
for the difficult and time-consuming task of transcription and preparation of all the manuscripts in
a uniform format and to Sandra Potter for organization of the final publication.






1. ULF MAGNETIC PULSATION STUDIES IN ANTARCTICA

H.J. Hansen(1), B.J. Fraser{1), F.W. Menk(!) and R.J. Morris(2)

(1) Department of Physics
University of Newcastle
Newcastle NSW 2308
Australia

() Auroral and Space Physics
Antarctic Division
Kingston Tasmania 7050
Australia

ABSTRACT

The complete spectrum of ULF waves, from ion cyclotron waves (f ~ few Hz) down to
hydromagnetic and other waves (with periods of minutes) plays an important role in dissipating
energy involved in the solar terrestrial interaction. These waves cause oscillations in the
ionospheric current systems and ground based magnetometers are sensitive to the magnetic field
variations associated with these perturbations. The Space Plasma Waves Group at Newcastle
University in conjunction with the Antarctic Division operates an Antarctic network of induction
magnetometers in order to study these processes. This review presents an overview of these
acovites.

1.1 INTRODUCTION

The magnetopause is continually buffeted by the shocked solar wind in the magnetosheath. It is
subjected to the stresses and flows of reconnection which results in a complete spectrum of
magnetic pulsations (0.001 to 10 Hz) being observed in the polar cleft and cusp regions. Figure 1
(Glassmeier 1989) summarises the processes respensible for pulsations on field lines above the
high latitude ionosphere at noon. These are listed below.

1.1.1 Long Period Pc3 -5 (5100 mHz) Hydromagnetic Waves

Three different processes are responsible for these pulsations; unsteady patchy reconnection, solar
wind pressure variations and the Kelvin-Helmholtz Instability. Continuous activity is often
associated with standing waves in the magnetopause and low latitude boundary layer (LLBL)
(Chen and Hasegawa 1974). Impulsive signals have been related to 'travelling' vortices or
current patterns convecting through the polar cap (Glassmeier 1989).

1.1.2 Pc3 (30-70 mHz) Solar Wind Associated Waves
The interplanetary medium and associated magnetic field (IMF) upstream of the bowshock is a

source of pulsations generated by the ion cyclotron resonance instability. Under the condition of
small cone angle between the IMF and sun-earth line, compressional wave energy from the



upstream region may enter the magnetosphere, exciting harmonics of standing waves (Wolfe and
Kaufmann 1975).

1.1.3 Pcl (0.1--10 Hz) Ion Cyclotron Waves
Hot trapped ions from the plasmasheet (which maps down to the auroral oval) provide a free

energy source for ion cyclotron wavegrowth in the equatorial magnetosphere (Kennel and
Petschek 1966).

Tail Field Line

Ground Observations:
Irreguior ULF Woves
Pc 3 Trains

Pe £-5 Wove Pockels
Tronsients

Figure 1. Schematic view of the polar cusp illustrating important space plasma physical features
of this region (after Glassmeier 1989).

1.2 ANTARCTIC MAGNETOMETER ARRAY

A unique Antarctic induction magnetometer network comprising six stations at Casey, Davis,
Mawson, Macquarie Island, Heard Island and Scott Base is utilised to record magnetic pulsations
relating to the magnetospheric wave processes. Figure 2 is a map displaying these magnetometer
sites. Clearly, the advantages of this network include widespread longitudinal and latitudinal
coverage. The longitudinal spread of ~100° allows spatial and temporal ambiguities in
magnetospheric wave activity to be resolved. The latitudinal spread allows the different sources
of pulsations to be identified. These include the plasmapause (Heard Island — L = 4.7; Macquarie
Island — L = 5.3), the auroral oval (Mawson — L = 8.7), the dayside cusp (Davis — L = 14) and
the polar cap (Casey — L = 38 and Scott Base — L = 31).
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Figure 2. The locations of Casey (CAS), Davis (DAV), Mawson (MAW), Macquarie Island
(MQI) and Heard Island (HDI). The bold|fine curves indicate geomagnetic/geographic
coordinates. The speckled region indicates those locations on earth that rotate beneath the average
location of the dayside cusp.

The instrumentation is operated in two modes; one a campaign mode where high resolution
data (t = 0.5 s; fijy = 1 Hz) are gathered three to four times a year over intervals of about two
weeks, and a synoptic mode recording Pc3-5 continuously (t=4 s; fjy = 125 mHz). The
timing of campaigns is planned to provide information on seasonal variations and will be
coordinated with campaigns under international programs such as STEP and GEM.

1.3 ANALYSIS

The Antarctic stations use two-component induction magnetometer systems to record Pcl-5
activity over the 3 mHz—2 Hz band down to a noise level of 5 pT. Data are logged digitally on
PC XT/AT microcomputers (Fraser et al. 1991). Sometimes, Antarctic Division records digitally
onto a PDP-11 computer. At Newcastle, the data are converted to a common format using a
customised Data Based Management System and accessed through a dedicated LAN with six
P(C286/386 microcomputers. Currently, the data are analysed using multi-channel time series and
cross-spectral analysis procedures.



1.4 INTERNATIONAL COOPERATION

The Antarctic plasma waves data is available for a number of international studies. These include:

1. The Solar Terrestrial Energy Program (STEP) over 19901995 which is a global study of
energy dissipation processes from the solar wind into the magnetospheric/ionospheric system.

2. The Geomagnetic Environment Modelling (GEM) program. Over 1991 — 1993 this project
will focus on the cusp region. The Newcastle group is involved directly through NSF sponsored
research.

3. The International Solar Terrestrial Physics program (ISTP). This involves four spacecraft to
be launched over 1992 — 1995, and other ground based observatories.

1.5 DETAILS OF CURRENT WORK

1.5.1 Long Period Transients

At cusp latitudes, these pulsations are particularly important as they relate to the electrodynamic
coupling of the high latitude ionosphere with the outer magnetosphere/solar wind and the
system's response to unsteady convection rather than reconnection. The coupling establishes
field aligned currents through the ionosphere and the ground based magnetometers respond to
magnetic variations associated with the ionospheric Hall component of these currents. The
different current systems which relate to reconnection have been modelled, thus allowing for the
associated magnetometer responses to be predicted (Chaston et al. 1992). In addition, it is now
understood that many of the ground magnetometer signals originally associated with FTE
(reconnection) current systems are merely the response to impulsive and breathing motions of the
magnetosphere (Farrugia et al. 1989), viz., compressions due to solar wind variations. Dunlop et
al. (1992) have identified such transient pulses of global scale propagating across the array.

1.5.2 Pc3-5 Pulsations

Surface waves associated with the inner edge of the magnetospheric boundary layer are known to
give rise to standing waves, between 1—10 mHz (Olson and Rostoker 1978), which cause daily
pulsation activity on ground based magnetometers (Dunlop et al. 1992). Solar wind associated
Pc3 (30-70 mHz) waves have been shown to spread into the magnetosphere through dayside
boundary layer field lines which map down to the auroral oval (Hansen et al. 1992b).

1.5.3 Pcl Pulsations

It has been shown how different frequency-time characteristics of ground based high latitude Pc1
activity relate to the different magnetospheric regions which map down to the ionospheric cleft
and cusp (Menk et al. 1992, Morris et al. 1992). In addition, there is a close association between
Pc1 wave packets observed just equatorward of the cleft and low frequency pulses in the 1-10
mHz band (Hansen et al. 1992). Currently studies (Hansen et al. 1991, Francke et al. 1992,
Hansen et al. 1992a) are addressing the propagation of Pcl wave energy to higher and lower
latitudes from the auroral oval region.
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2. THE US NATIONAL SCIENCE FOUNDATION'S GEOSPACE
ENVIRONMENTAL MODELLING (GEM) PROGRAM, 1990-1995

B.J. Fraser

Department of Physics
University of Newcastle
Newcastle NSW 2308
Australia

ABSTRACT

The Geospace Environment Modelling Program (GEM) is a NSF initiative to produce a
comprehensive model of the interactions of the solar wind with the earth's magnetosphere and
ionosphere. The scientific goal of GEM is to understand the solar-terrestrial system well enough
to be able to formulate a mathematical framework that can predict the deterministic properties of
geospace (‘weather in space’) and the statistical characteristics of its stochastic properties ('climate
in space’). The approach taken was to identify the problems requiring solution and place these in
a framework that would be most likely to produce the global geospace circulation model. As a
consequence the program consists of a series of overlapping and integrated efforts to address
predetermined problems which are supported by a synchronised series of both theory and
observational campaigns. The first campaign will work on magnetopause and boundary layer
physics. The specific aims of this campaign will be introduced.

2.1 THE PROGRAM

Under the sponsorship of the National Science Foundation, the US geospace research community
has developed the Geospace Environment Modelling (GEM) program. The GEM program
supports basic research into the dynamics and structural properties of geospace. The ultimate goal
is to produce a global geospace circulation model (GGCM) with a predictive capability
(Dusenbury and Siscoe 1992). This may be considered as a forecasting model for 'space
weather' and is an important component of the wider US Global Change Research Program.
GEM is a goal-directed, ordered sequence of coordinated theory and observing campaigns,
focused on major components of the geospace program, namely, boundary and cusp, global
fields and currents, magnetotail and substorms, convection and coupling, global plasmas, and
ultimately geospace itself as represented by an integration of the campaign results into the GGCM.
This strategy is outlined in Figure 1 and was formulated at a workshop held at the University of
Washington in August 1987. A steering committee oversees the program in which the geospace
community concentrates its resources on major magnetospheric problems, one at a time. The
objectives of each campaign are determined by community-wide pre-campaign workshops, and
campaign coordinators facilitate interaction between campaign participants and have responsibility
for the success of their particular campaign. Details of the workshops leading to the first
campaign are included in the reference list.

The complexity of a GGCM is shown in the prototype in Figure 1. Processes occurring near the
magnetospheric boundary extract energy from the solar wind and distribute it over geospace, and,



directly or indirectly, drive magnetospheric and ionospheric processes. These complex processes
can profoundly affect the upper atmosphere which is a sensitive measure for long and short term
changes in the lower atmosphere.

The first campaign covers the first boxes in the theory and observing columns in Figure 2, and the
objectives are to:

1. Establish the mapping of boundary processes through the magnetosphere to the dayside
ionosphere.

2. Identify or verify the ionospheric signatures of these processes.

3. Advance to an operational-level understanding of the dynamics and structure of the
magnetospheric boundary.

4. Extend, test, and apply magnetosheath models to determine magnetospheric boundary
conditions.

In November 1990 the NSF earmarked US$1.2M for the first campaign and twenty projects were

selected for funding. Four principal investigators were selected as campaign coordinators and
coordination is being implemented through workshops.

SOLAR WIND
o

THERMOSPHERIC
DYNAMICS

Figure 1. A coupled geospace model.
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Figure 2. Major GEM campaigns.

GEM is a global program and from the beginning, the GEM workshops have been well attended
by international scientists. This has been consolidated by the inclusion of international liaison
members on the steering committee. The international component of GEM includes both theorists
and modellers and the contribution to their own national programs provides important input to
GEM. It is important that data are collected from many high latitude stations in the polar regions.
The GEM program will also make an important contribution to the international Solar Terrestrial
Energy Program (STEP).

On the Australian scene, important input to the GEM program is provided by the Australian
Antarctic upper atmosphere research program. At this stage magnetospheric and ionospheric
research in progress at the Universities of Newcastle and La Trobe, and the Australian Antarctic
Division, is concentrating on the topology and dynamics of the high latitude cusp/cleft and
boundary regions. Emphasis has been on transient and continuous geomagnetic pulsation
signatures as indicators of the microstructure and dynamics in the high latitude regions (see for
examples papers by Hansen et al. (1992), Dunlop et al. (1992), Francke et al. (1992), Chaston et
al. (1992) and Morris et al. (1992). The research in Antarctica has been supported by the
Australian Research Council, the Antarctic Science Advisory Committee and the participating
universities and government departments. The GEM program will continue until 1995 and it is
hoped that the Australian commitment will continue over this time.
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3.  MULTI-SITE HIGH-LATITUDE ULF MAGNETIC PULSATION STUDIES

R.J. Morris(D), K.D. Cole®, V.A. Troitskaya(®), B.J. Fraser®), H.J. Hansen(®) and F.W. Menk®)

(1) Auroral and Space Physics
Antarctic Division
Kingston Tasmania 7050
Australia

(2) Department of Physics
La Trobe University
Bundoora Victoria 3083
Australia

(3) Department of Physics
University of Newcastle
Shortland NSW 2308
Australia

ABSTRACT

A case study of Pc1-2 and Pc3 magnetic pulsation events, recorded on the Australian Antarctic
(Mawson, Davis and Casey) and sub-Antarctic (Macquarie Island) digital array of induction
magnetometers is presented. The data base comprised of three fortnightly digital campaigns
conducted during the 1990 austral winter and the 1991 austral summer, respectively. The
summer campaign was augmented by a traverse which supported the operation of a field
induction magnetometer at Law Dome, some 130 km inland of Casey. The ULF waves
presented appear to maximise in occurrence frequency and amplitude under the projection of the
dayside polar cusp and polar cleft. The propagation characteristics of these emissions over the
widely spaced array (Inv. 64—80.6°S) are reported. The study focuses on whether aspects of
the reported high-latitude magnetic pulsation events and their reported propagation
characteristics, provide a ground diagnostic for estimating the location of the projection of the
polar cusp and adjacent magnetospheric regions.

3.1 INTRODUCTION

Despite the somewhat limited high-latitude ground-based research conducted on the spectrum of
pulsations emanating from the polar cusp/cleft, several new pulsation regimes in the Pcl-2
(0.2— 10 s) and Pc3 (145 s) range have been reported in the last decade, viz., IPRP (Matveeva
et al. 1976, Morris et al. 1982, Cole et al. 1982, Morris and Cole 1985), Pc1b (Matveeva et al.
1978) or IPCP (Morris and Cole 1985), Pcl structured (Heacock et al. 1970), Pc1-2 non-
structured (Bolshakova et al. 1980), serpentine emission (SE) (Gul'elmi and Dovbnya 1974,
Morris and Cole 1987a) and Pc3 (Morris and Cole 1987b). The paucity of scientific literature
on polar cusp/cleft and polar cap magnetic pulsations can most likely be attributed to some
extent, to logistical difficulties restricting the number of suitable Arctic and Antarctic
observatories.
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Investigations of high-latitude magnetic pulsation regimes, i.e. Pc1-2 and Pc3, have revealed a
possible connection between their morphological characteristics and the location of the
projection of the polar cusp/cleft regions (Bolshakova et al. 1980, Morris and Cole 1985,
1987b). Such observations are extremely significant since ground signatures of magnetic
pulsation emissions could provide a continuous monitor of the ground projection of the polar
cusp and cleft, and thus afford a ground diagnostic tool on aspects of the magnetosphere. To
our knowledge negligible research has been conducted on the propagation characteristics of
high latitude ULF waves, in particular those emanating from the polar cusp and cleft regions of
the magnetosphere.

3.2 EXPERIMENT

The installation of new ANARE induction magnetometers at Casey, Davis, Mawson and
Macquarie Island was completed during early 1991, with data acquisition on chart, slow
frequency-modulated audio tape and on PDP11/23+ computers for campaign intervals.
Recently audio tape recording was superseded by digital acquisition using XT PCs developed at
the University of Newcastle. The current research program is conducted by Antarctic Division
expeditioners for: (i) Auroral and Space Physics Section, Antarctic Division, (i) Newcastle
University, and (iii) La Trobe University (Fraser and Morris 1987). In addition to the
permanent stations, from time to time, field site observations have been conducted at Law
Dome, Browning Peninsula near Casey (1991 summer), Heard Island (1992) and at the Law
Base—Davis—inland ice depot triangulation sites (1992 winter campaign).

3.3 MULTI-SITE MAGNETIC PULSATION STUDIES

Previous studies have identified the characteristics of several high-latitude regimes of magnetic
pulsations including: Pc1-2 discrete (Morris and Cole 1985, Hansen et al. 1992), Pcl-2
continuous (Morris and Cole 1991, Hansen et al. 1991, Menk et al. 1992) and Pc3 (Morris and
Cole 1987b) emissions in particular, from a myriad of such phenomena as reported in the
literature. Figure 1(a) illustrates multi-station amplitude-time records for typical Pc3 emissions
and Figure 1(b) illustrates multi-station frequency-time dynamic spectra of Pcl discrete
emissions observed across the Antarctic induction magnetometer array.

Our research aims to advance knowledge of physical processes in the geomagnetic plasma
through analysis and interpretation of campaign based magnetic pulsation data sets acquired at
ANARE stations.

Campaign 1. 4 -- 18 April 1990 @ 0.3 Hz
Campaign 2. 10 - 24 July 1990 @ 5.0Hz
Campaign 3. 14 January — 2 February 1991 @ 5.0Hz
Such analysis will examine properties such as polarisation, dispersion, amplitude-time
variations, cross correlations, correlation with other appropriate data (eg. auroral images,

electromagnetic signals measured on board satellites, solar wind parameters, normal
magnetograms).
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This investigation will include:

1. the various classes of magnetic pulsations observable in the polar cap and in particular with a
view to drawing inferences about their source mechanisms;

2. the correlation of pulsations at the various stations will be examined with the view to
understanding the detailed evolution in time and space of pulsation events and to make
inferences about the propagation of hydromagnetic waves in the magnetosphere and ionosphere.

In particular we wish:

1. to examine the data for evidence of ion cyclotron waves coming from the interaction region
of the solar wind and the geomagnetic field;

2. to infer from the dispersion of the pulsations, bulk motions of the plasma source of the
pulsations;

3. relationships of the pulsations to field aligned currents.
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Figure la. Multi-station amplitude-time records of Pc3 (T ~ 20 s5) emissions.
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This theoretical approach is anticipated to shed considerable light on the dynamics of energy
transfer from the solar wind into the magnetosphere/ionosphere system. Where possible
simultaneous measurements of the solar wind and observations of electromagnetic signals by
satellites in the outer magnetosphere will be collated with ground-based data to aid inferences
about the source and propagation of hydromagnetic waves, whether in the ionosphere or the
outer magnetosphere. The relationship of the pulsations to source regions as determined by data
from the DMSP satellite will be determined.

3.4 CONCLUSION

The objectives strike at one of the forefront's of magnetospheric research via solar wind-
magnetosphere-ionosphere coupling at high latitudes. Hydromagnetic waves are the agent of
such coupling and they manifest themselves as magnetic pulsations. Magnetic pulsations bring
information to the ground about the kind and state of the plasma in deep space. They form a
powerful data set to complement in situ observations by satellites. Proper interpretation of
magnetic pulsations can be useful as diagnostics of this distant plasma.
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C.C. Chaston, H.J. Hansen, F.W. Menk and B.J. Fraser

Department of Physics
University of Newcastle
Newcastle NSW 2308
Australia

ABSTRACT

The ground magnetic signatures of magnetospheric flux transfer events are modelled based on
small-scale field aligned current systems. The current configurations studied include the
Southwood (1987) twin vortex and the Saunders et al. (1984) / Lee (1986) central vortex models.
In addition two further patterns have been formulated; an elliptical one and a system of current
sheets. This paper demonstrates how the phase and amplitude of each magnetic signature is
dependent on the path of its associated current system with respect to a ground magnetometer. It
is shown that the effective study of ionospheric FTE current configurations from the ground
requires an array of closely spaced magnetometers separated by less than 500 km.

4.1 INTRODUCTION

The reconnection and convection of flux tubes at the magnetopause generates distinct current
patterns in the polar ionosphere whose associated magnetic field may be measured by ground
based magnetometers. A description of the essential features of the models invoked to describe
these patterns follows.

4.1.1 The Twin Vortex Model

The solar wind provides the momentum to drive reconnected flux tubes through the ionosphere.
Southwood and Hughes (1983) proposed that the momentum transfer necessary is achieved
through currents aligned with the flux tube as illustrated in Figure 1. This current configuration
leads to the formation of two oppositely oriented convection vortices corresponding to the upward
and downward current filaments on either side of the reconnected flux tube.

4.1.2 The Central Vortex Model

The observed twisting of the magnetic field within a reconnected flux tube led Saunders et al.
(1984) to suggest that a core field-aligned current exists through the flux tube's centre. Lee
(1986) then showed that a large central convection vortex should exist inside the flux tube due to
the propagation of Alfven waves from the magnetopause which carry field-aligned currents to the
ionosphere. This central vortex is accompanied by two smaller vortices rotating in opposite
directions to provide the necessary j x B force to overcome collisional losses in the ionosphere.
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The ionospheric footprint of an FTE, based on the injection of the field-aligned currents through
the core of the flux tube and their closure with return currents along the boundary of the flux tube,
is illustrated in Figure 2.
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Figure 1. Field-aligned current configuration for Southwood’s (1987) twin vortex model.
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Figure 2. Field-aligned current configuration for Saunders’ et al. (1984) / Lee's (1986) central
vortex model.
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4.1.3 The Current Sheet Model

Multiple field-aligned current sheets may be produced along convection channels arising from
impulsive patchy reconnection (Kan 1988). The field-aligned currents, which close in the
ionosphere, have opposite polarity on either side of the flux tube footprint which is elongated in
the direction of convection. Each flux tube footprint leads to an individual current sheet so that
several reconnection events lead to multiple field-aligned current sheets. This current
configuration is modelled by an array of field-aligned current filaments oriented as shown in
Figure 3.

4.1.4 The Elliptical Twin Vortex Model

Whilst the reconnected flux tube at the magnetopause may be circular in cross-section, its
footprint on the ionosphere is unlikely to be so. The variation in the cross-section of the flux tube
footprint as it convects tailward has been investigated by Crooker and Siscoe (1990). They
showed that the flux tube should be roughly elliptical and should become more eccentric as the
flux tube convects across the polar cap. The current configuration appropriate for this model is
illustrated in Figure 4,

4.2 THE ELECTRIC AND MAGNETIC FIELD OF A SMALL-SCALE FIELD-ALIGNED
CURRENT SYSTEM

4.2.1 Field Calculation

The approach adopted here is essentially that followed by McHenry and Clauer (1987) adapted for
the southern hemisphere. The electric potential, @, established by a given field-aligned current
distribution incident on a two-dimensional ionosphere was determined from the application of the
continuity equation and Ohm's law. This yielded a Poisson-like equation in @. The induced
electric field was then found by solving this equation for ® and taking -V®. Applying Ohm's
law to this result provided the height integrated current density. Use of the Biot-Savart law then
yielded the field established on the ground as an integral over the field-aligned current
distribution.

Since the electric field established in the ionosphere by the field-aligned current (FAC) induces
Hall and Pedersen currents the total magnetic field established on the ground is the sum of the
fields induced by each current, i.e.

B = Bpac + Bpedersen + BHall

However, at polar latitudes the FAC and Pedersen fields cancel (McHenry and Clauer 1987). For
this reason it is only necessary to calculate the Hall field.

In all the cases which follow we consider the conducting layer of the ionosphere to be 100 km
above the ground. Further, it is assumed that the ratio of the height-integrated Hall and Pedersen
conductivities is ~2 in the vicinity of the cusp for the southern hemisphere, consistent with that
employed by McHenry and Clauer (1987). The total current carried by each configuration is
2 x 10°A as predicted by Saunders et al. (1984) and the coordinate system is such that X points
southward, Y points westward and Z completes the orthogonal set.
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Figure 3. Field-aligned current configuration for the current sheet model.
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Figure 4. Field-aligned current configuration for the elongated twin vortex model.
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4.3 GROUND MAGNETIC SIGNATURES

Figure 5 demonstrates that the field distribution established on the ground by each current system
differ distinctly. This however is not necessarily true of the magnetic signatures which may be
recorded as these distributions pass overhead.
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Figure 5a. X-component ground field distribution established by field-aligned current models in
the southern hemisphere. Contours represent lines of equal field strength in nanoteslas.
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Figure 5b. Y-component ground field distribution established by field-aligned current models in
the southern hemisphere. Contours represent lines of equal field strength in nanoteslas.
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Figure 5c. Z-component ground field distribution established by field-aligned current models in
the southern hemisphere. Contours represent lines of equal field strength in nanoteslas.
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Figures 6a, b, ¢ and d show the magnetic signatures to be expected from a Southwood (1987)
twin vortex and a Saunders et al. (1984) / Lee (1986) central vortex. The distinctive differences
between the signatures predicted from each model are in the recorded phase and amplitude.
However, if the field induced on the ground is asymmetric the phase of the measured signature is
reversed for FTE's passing to the east and west of the magnetometer. Further, the amplitude of
the measured signal is dependent upon the distance of the disturbance from the station.
Consequently, it is not possible to distinguish between the signatures associated with each model
without knowing the path of the disturbance with respect to the magnetometer.

Figure 6e illustrates the expected magnetic signature for the current sheet FTE model. The X-
component consists of small amplitude oscillations of a few cycles, the phase of which is
dependent upon which side of the magnetometer the FTE passes. The Y-component has a saddle-
like structure with positive amplitudes of 65 nT and small negative peaks of the order of 10 nT
occurring at the beginning and end of each disturbance. The X and Y-components vary negligibly
with distance provided that some portion of the current system passes overhead. The Z-
component however may vary by 2/3 in magnitude depending on whether the filaments pass
directly overhead.

Figure 6f shows the expected magnetic signature for a poleward moving elliptical FTE footprint.
The form of this signature is similar to that obtained for Southwood's twin vortex although the
amplitudes, especially in the Z-component, are reduced. Equivalent signatures are expected for
the east-west moving elliptical footprint. However, the amplitudes of these signatures are
significantly less than in the poleward case.

4.4 CONCLUSION

Clearly, each of the postulated ionospheric current systems generate distinct large amplitude
impulsive magnetic signatures on the ground. From this work several conclusions can be made.

1. For the same total current (2 x 10°A, Saunders et al. 1984) through each of the proposed
current systems, fields of the order of 100 nT are established.

2. The magnitude and spatial extent of the ficlds measured on the ground depends upon the size
of the current system in the ionosphere and the spacing between oppositely oriented field-aligned
current filaments.

3. All of the postulated current systems give rise to field perturbations with frequencies of the
order of 1 —2 mHz depending upon the velocity of the flux tube footprint through the ionosphere.
This places these pulsations in the Pc5 range, consistent with observations (Lanzerotti et al.
1987).

4. If a detection limit of 10 nT is assumed for the identification of an FTE signature the maximum
separation between the magnetometer and the centre of the field distribution on the ground for
each system baszd on the scale sizes and current magnitudes assumed here, are of the order of:

(a) Southwood's twin vortex model ~ 600 km
(b) Saunders et al. / Lee's central vortex model ~ 200 km
(¢) Current sheet model ~ 800 km
(d) Elliptical model ~ 1100 km
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Figure 6. Ground magnetic signatures for postulated ionospheric field-aligned current models.
(a) Twin vortex passing 180 km to the west.
(b) Twin vortex passing 90 km to the west.
(c) Central vortex passing 180 km to the west.
(d) Central vortex passing 90 km to the west.
(e) Current sheet passing 180 km to the west.
(f) Elliptical twin vortex passing 180 km to the west.
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It is important to note however that at these distances it would be very difficult to distinguish the
impulsive signatures of these models from background variations associated with other effects.
For positive identification during magnetically active times (when FTE's are typically observed)
we believe these distances could be as much as halved.

To conclude, studies of FTE's from ground based magnetic signatures require an array of closely
spaced magnetometers so that at any one time, a current pattern's magnetic field is identifiable
from at least three different magnetometer stations. In this way the path of the flux tube through
the ionosphere can be traced and its position relative to a given ground-based magnetometer
determined. With such an array it would be possible to ascertain the current system in operation
at the flux tube footprint, the scale size of the current system and the total field-aligned current
carried by the flux tube to the ionosphere. For this to be viable we believe the maximum spacing
of these stations should be less than 500 km.
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ABSTRACT

Long period (1 <f < 15 mHz) geomagnetic pulsations recorded at the Australian Antarctic stations
Macquarie Island (-64.5° gm lat), Mawson (-70.3°), Davis (-74.5°) and Casey (-80.8°), and the
New Zealand station Scott Base (-79.8°) have been examined in order to identify wave
characteristics associated with different generation mechanisms and magnetospheric source
regions. Three distinct wave types were found. First, sustained quasi-sinusoidal oscillations
recorded for several hours around local noon at boundary layer latitudes are most likely explained
by the excitation of field lines resonances by the Kelvin-Helmholtz instability. Second, irregular
pulsations (IPCL) are found near local noon at cusp latitudes, but are not necessarily a cusp
indicator. Finally, short bursts from one to a few cycles duration are observed both poleward and
equatorward of the cusp during local daytime. Where these emissions are observed at only one
station they may be signatures of magnetospheric flux transfer events (FTE). Their occasional
observation simultaneously at several stations is suggestive of global impulsive compressions of
the geomagnetic cavity.

5.1 INTRODUCTION

The study of high latitude magnetic pulsations at low frequencies (1 — 15 mHz) is important in
understanding the generation of plasma waves and instabilities due to the interaction between the
solar wind and the geomagnetic field. These low frequency waves are responsible for significant
energy deposition within the magnetospheric and ionospheric environment, with a single Pc5
event capable of depositing around 7 x 10? W into the ionosphere through Joule heating (Walker
and Greenwald 1980).

Although several generation mechanisms have been proposed for these low frequency emissions,
the relative importance of each mechanism is uncertain. The most important mechanisms, and the
corresponding expected wave characteristics, are outlined below.

Kelvin-Helmholtz instability. This well-known instability arises when there is a shear component
in the relative motion of two interacting fluids. In the geospace environment this is due to the
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flow of the solar wind past the geomagnetic boundary layer resulting in a spectrum of
hydromagnetic waves at the boundary layer. As a result four basic wave features should be
observable:

1. As a ground recording station passes through local midday, plasma motion associated with the
instability changes from dawnward to duskward, resulting in a polarisation reversal (Chen and
Hasegawa 1974). This was observed at middle latitudes by Samson et al. (1971).

2. Due to the shear flow nature of the instability the amplitude of the pulsations should peak near
dawn and dusk and minimise at midday (Chen and Hasewaga 1974).

3. The instability is assumed to drive standing oscillations of magnetic field lines, resulting in
resonances when the wave and field line eigenfrequencies match. The observed pulsations should
therefore increase in frequency with decreasing latitude (Chen and Hasegawa 1974, Poulter et al.
1988).

4. Observed wave propagation velocities correspond to propagation of the instability at ground
speeds around 5-15 km sl (Rostoker et al. 1980).

Flux Transfer Events (reconnection). These occur when the interplanetary magnetic field
connects with the outermost magnetospheric field lines, and as a result a tube of plasma is injected
along the connected field line into the magnetosphere (Russell and Elphic 1978). Lee and Fu
(1986) extended this concept to include reconnection over an entire shell of field lines such that
the flux transfer event (FTE) should be observed simultaneously over the dayside at the latitude of
the flux tube's footprint. The flux tube travels in an antisunward direction at velocities of 3—
5km s! (Friis-Christensen et al. 1988) producing pulsations from 200 nT to < 40 nT P-P at
ground level (Friis-Christensen et al. 1988, Honisch and Glassmeier 1986). Theoretical work
shows that the maximum azimuthal extent of a single large FTE on the ground is of the order of
200 km (Chaston et al, 1992).

Global Cavity Compressions. These arise from sudden fluctuations in the pressure of the solar
wind on the magnetosphere and result in an isolated 'breathing' motion of the whole geomagnetic
cavity. The pulsation is produced at the nose of the magnetosphere due to compressional
discontinuities in the solar wind and travels antisunward at velocities of 10—30 km s'! (Sibeck
1990). The ground signature of an isolated cavity compression is similar to that of an FTE
(Lockwood et al. 1990, Sibeck 1990) and a number of stations are required to distinguish
between the two types of events, since the former should be observed at widely spaced locations.

Irregular, Continuous Pulsations. The IPCL (Bol'shakova et al. 1977, Friis-Christensen et al.
1988) is a long continuous irregular signal with occasional discrete bursts and periods from 315
minutes. Amplitudes vary from a few to tens of nanotesla, and appear to be directly related to the
solar wind velocity and the B, component of the IMF (Kleimenova et al. 1985). Troitskaya
(1985) suggested that IPCLs are generated by patchy reconnection at the dayside polar cusp, and
presented an empirical equation relating the location of the cusp to the maximum IPCL signature,

AG°® = 1.8A1-0.2 (1)

where At is in hours and A¢ is the distance, in degrees, from the cusp.
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This paper presents results from a multistation Antarctic study of 1—15 mHz geomagnetic
pulsations with the aim of determining the source location and the likely generation mechanisms
based on the observed signal characteristics.

90° 120° 150

%0°

n°

0 0°G 330° 380' 300"

Figure 1. The location of the Antarctic and subantarctic stations from which data was analysed.
The five stations used were Mawson (MAW), Davis (DAV), Casey (CAS), Scort (SCT) and
Macquarie Island (MQI). The two coordinate systems shown are geographic (G) and invariant.

5.2 DATA RECORDING AND ANALYSIS

Long period (1 -20 mHz) geomagnetic pulsation data used in this study were recorded with the
five station Antarctic array of digital magnetometers shown in Figure 1. Stations span sub-
auroral, boundary layer and cusp latitudes. These stations have been operated jointly by the
University of Newcastle and the Australian Antarctic Division (MQI, MAW, DAYV, CAS) and
New Zealand DSIR Antarctic (SCT) since 1990. Each station uses identical instrumentation. For
this study pulsations over the Pc1-5 (2 Hz- 1 mHz) range were detected in the geomagnetic
north-south (X) and east-west (Y) components with induction sensors, and digitally recorded on
hard disks using dedicated LSI-11 computers. Sensitivity of each system was typically 0.2 nT at
10 mHz, with a full scale range of 40 nT. Timing of the data logging was controlled by
chronometers referenced to radio time standards, and the resultant interstation time error was
typically <30 ms. Data were recorded at sample rates of 0.333 Hz. All Antarctic stations are
linked by electronic mail to Newcastle University, where all data analysis was performed. More
recent campaigns utilise sample rates of 2 Hz or 0.25 Hz and data are recorded on IBM
compatible computers (Fraser et al. 1991).
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Data analysed comes from a campaign conducted during 3—17 April 1990. Low altitude particle
data from the DMSP-F7 polar orbiting satellite were also used to indicate the topology of the
geomagnetic field (Newell and Meng 1988, Menk et al. 1992). Thirty MHz riometer records
from Davis were used to monitor relative variations in ionospheric particle fluxes. The
magnetometer data were examined by means of amplitude time records and dynamic and static
power spectra. Selected intervals were further studied using polarisation and phase analysis and
interstation comparison of wave characteristics.

5.3 KELVIN-HELMHOLTZ ASSOCIATED WAVES

The importance of the Kelvin-Helmholtz mechanism was tested by comparing the features
expected for pulsations generated by this instability, outlined earlier. Nine days were examined
and results from two typical days are presented here. Activity on these days was characterised by
sustained, quasi-sinusoidal oscillations lasting for several hours around local noon, usually in the
2—8 mHz range and observed at least at two stations. A typical time-series record is shown in
Figure 2. The following characteristics were observed.

7 April 1990 X Component
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050 060  Tme(UT) 0700 0800
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MAW ’\W/V\/\MAA/"\X UVWUWVWW"W v
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Figure 2. Amplitude time series for Mawson and Davis showing the Kelvin-Helmholiz type
signals on 7 April 1990. The top trace is from Davis in each case with the geomagnetic X-
component being the top box and the Y-component being the bottom box.

1. Figure 3 shows dynamic power spectra for 7 April 1990, when the DMSP spacecraft showed
the cusp to be poleward of Davis. At Scott (same latitude as Casey) and Casey there was no
evidence of the sustained low frequency signal seen at both Davis and Mawson. The signal
frequency at Davis was around 3 mHz and at Mawson around 4 mHz. Occasionally signals near
8—9 mHz, which may be harmonics, were present at Davis. The signals were thus recorded at
stations equatorward of the cusp.

2. Figure 4a surnmarises wave amplitude characteristics on two typical days. For 7 April 1990
the pulsations clearly had maximum amplitudes near 1000 and 1800 LT. Although this was not

so clear on 6 April, the overall trend still agrees with the expected Kelvin-Helmholtz
characteristic.
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3. The sense of polarisation of these signals reversed near local noon; this is illustrated in Figure
4b.

4. Interstation comparison shows that these waves are associated with propagation speeds in the
morning sector of 7 +2 km s, from Davis to Mawson, i.e. to lower latitudes away from the
poleward edge of the boundary layer, located by DMSP satellite particle data. These results are
summarised in Table 1.
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Figure 3. Dynamic power spectra for Casey ( top), Davis (middle) and Mawson (bottom) for
7 April 1990. Local midday is indicated by the arrow on the time scale.
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Table 1. Summary of propagation speeds calculated between Davis and Mawson for 6 and 7
April 1990.

Date Time (UT) Dt (s) Speed
Davis — Mawson (km/s)

6 April 1990 0520 102 63+ 0.6
6 April 1990 0625 75 8.5+ 0.6
6 April 1990 0650 84 7.6+ 0.6
7 April 1990 0645 87 74 +0.6
7 April 1990 0745 93 6.8 + 0.6
7 April 1990 1015 84 7.6+ 0.6
7 April 1990 1040 78 82+ 0.6
7 April 1990 1120 99 6.5+ 0.6
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Figure 4a. Plot of the average pulsation amplitude at Mawson for 7 April 1990 (top), and 6 April
1990 (bottom); Kp = 2.
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Figure 4b. Plot of the ellipticities of the Kelvin-Helmholiz type signal for both Davis and
Mawson for 7 April 1990 (top) and 6 April 1990 (bottom); Kp =2. Negative values denote

counter-clockwise sense of rotation.
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Figure 5. Pulsation magnetograms from Casey, Davis, Mawson and Macquarie Island showing
the impulsive nature of events seen at all stations. In each magnetogram the top trace is the north—
south component and the bottom trace is the east-west component on 17 April 1990; Kp =5 - 6.

35



17 April 1990

Riometer . . i I ra
(DAV) | |
0345 0400 0415 0430
Time (UT).

Figure 6. The riometer record from Davis for 17 April 1990 showing an absorption spike related
to wo FTE-like events observed at all stations.
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Figure 7. Impulsive event seen at Mawson only within the boundary layer, 3 ° equatorward of the
cusp. 17 April 1990; Kp = 5.
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Figure 8. The gradual onset and decline of typical IPCL-like activity at Casey from 0330 UT to
0700 UT, on 7 April 1990.
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5.4 IMPULSIVE EVENTS

Transient, impulsive events, illustrated in Figure 5, occur both as an isolated pulsation seen only
at one station, and as a widely distributed pulsation seen at all stations including Macquarie
Island. The latter events were found to coincide with transient enhancements in particle
precipitation on the 30 mHz riometer record, e.g. Figure 6. This type of event is not very
common, with only two cases being identified on the magnetically disturbed day, 17 April 1990,
and none on the magnetically quiet days 6—7 April 1990.
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Figure 9. Plot of the average IPCL intensity against UT for Casey (top) and Davis (bottom) on
21 July 1990. The data are organised in 30 minute bins (Kp =2).
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Single, isolated transient events, such as the example illustrated in Figure 7, were only seen at one
or two stations at a given time and have no associated particle precipitation. These events are
clearly more localised and exhibit FTE-like appearance (e.g. Lanzerotti et al. 1986, Friis-
Christensen et al. 1988). The ground recording stations are however too far apart to permit
definite identification of these as FTE signatures. The Casey-Davis distance is 1420 km and
Davis-Mawson distance 640 km, indicating an upper scale size limit for these pulsations. The
events seen at only one station are the most common, with up to 10 such events being seen on
more active, Kp = 6, days and only one or two on quiet, Kp = 2, days at any one station. The
events are seen both on open and closed field lines but are limited to locations near the boundary
layer.

At least two different generation mechanisms are required to explain the observed features. Those
transient pulsations recorded at all stations and which have a corresponding riometer signature are
most likely connected with global cavity compressions, while those recorded at only one, or at
most two, stations are probably associated with an FTE-like mechanism.

5.5 SUSTAINED IRREGULAR LONG PERIOD PULSATIONS (IPCL)

Figure 8 shows a typical example of long period signals with a highly irregular structure which
were found daily, commencing in the morning sector. Amplitudes generally peaked during the
middle of the day at ~30 nT and waned in the afternoon sector. These irregular pulsations
resemble the IPCL signature described by Troitskaya (1985), which she found reached a
maximum at stations within a few degrees of the cusp and quickly decreased in intensity away
from the cusp. However, examination of the data collected in April and July 1990 suggests that
there is no simple and direct connection between the maximum amplitude of these signals and the
location of the cusp, determined using DMSP particle data, as suggested by equation (1). The
results are summarised in Table 2. It was also found that the maximum IPCL amplitude does not
necessarily peak at local midday at cusp latitudes. Figure 9 shows an example where amplitudes
peaked in the late morning. On other days there may be no clear time of maximum amplitude,
suggesting that the waves are not always generated by a spatially confined source.

5.6 DISCUSSION AND CONCLUSION

At least four generation mechanisms are required to explain the properties of low frequency
pulsations observed at Antarctic latitudes. These mechanisms seem to operate in specific
geomagnetic regions and so the resulting pulsations are limited to certain latitudes depending on
the topography of the magnetic field at a particular time. The mechanisms suggested to explain
these pulsations are:

1. Kelvin-Helmholtz instability. The associated pulsations are observed equatorward of the
poleward edge of the boundary layer, and may be responsible for the resonance excitation of field
lines resulting in very low frequency (3— 6 mHz) sustained oscillations during the local morning
and afternoon sector. The waves propagate antisunward in the morning sector at velocities of
approximately 7 + 2 km s! and their sense of polarisation changes at or around local midday.

2. Global geomagnetic compression. Transient pulsations driven by sudden compressions of the
geomagnetic cavity are most likely generated at the boundary layer and propagate antisunward
through the cavity, resulting in their observation at all stations. The pulsation signal is associated
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with a transient particle precipitation event in the dayside auroral oval and a resulting global
pulsation.

3. Flux transfer events. The transient pulsations associated with these are a localised
phenomenon and although they appear identical to pulsations associated with cavity
compressions, they are recorded at only one or two stations. Such transient signatures are seen
on both open and the first closed field lines, occurring more frequently on more active days.

4. Continuous, irregular pulsations. These are a dominant feature within a few degrees of the
cusp in the noon sector. The local time of maximum amplitude was not found to correlate with
the location of the cusp as defined by low altitude particle measurements. It appears likely that
these long period, long wavelength fluctuations are more likely associated with boundary
layer/cusp current systems rather than localised particle features.

Table 2. Summary of the IPCL cusp latitude location results using equation (1) for three days of
ground and corresponding DMSP satellite data.

Date Calculated Cusp Latitude, °S Measured Cusp Lat.
Casey Davis Mawson with Satellite, °S
7 April 1950 81.5+0.5° 78t 1° 79+ 2°
17 April 1990 76.5 £ 0.9° 78.5+09° | 754 +0.6° 70+ 4°
21 July 1990 82.4+09° - - 77+1°

To study the IPCL and FTE processes in more detail a more closely spaced station array is
required, to record the motion of flux tubes antisunward and delineate between isolated flux tubes
and multiple flux tubes as suggested by Lee and Fu (1986). Spatial characteristics of IPCL
signals also require further investigation on a small scale size. Another problem is lack of
information on cusp dynamics. This may be resolved using photometric observations of the cusp
in conjunction with ground magnetometer and in situ particle measurements.
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ABSTRACT

Dayside Pc3-5 (30 —70 mHz) magnetic pulsations have been recorded during a 14-day campaign
in April 1990 with a three station array of induction magnetometers in Antarctica spanning
70—80°S MLAT and almost five hours in local time. During two intervals when it was possible
to associate these pulsation signals with the solar wind upstream of the bowshock, interstation
cross-spectral and polarisation analysis shows the waves enter via two regions simultaneously.
One is situated in the pre-noon local time sector in the sun-earth reference frame where bow shock
turbulence near the nose of the magnetosphere maximises. The other is most likely along the
magnetospheric boundary plasmasheet region which maps down to the dayside auroral region.

6.1 INTRODUCTION

Solar wind turbulence generated upstream of the bow shock is a major source of Pc3-4
(15-100 mHz) pulsation activity in the dayside magnetosphere. These pulsations exhibit
frequencies directly in accordance with IMF magnitude (Gul'elmi et al. 1973, Vero and Hollo
1978) and have been correlated with IMF cone angle — the angle between the IMF and the sun-
earth line (Greenstadt et al. 1980, Odera 1986).

Despite the connection between solar wind and magnetospheric Pc3-4 pulsations, little is known
about the roles different processes play in transmitting solar wind energy into the magnetosphere.
The region upsiream of the bow shock provides energy which is able to enter directly from
magnetosheath in the subsolar region as compressional magnetosonic (fast or slow) waves (Wolfe
and Kaufmann 1975). Alternatively, velocity shear at the dayside boundary between streaming
solar wind plasma and the magnetosphere allows the development of the Kelvin-Helmholtz wind-
over-water instability and energy can spread into the magnetic cavity from the magnetopause
surface. Recently, it has been shown that precipitating electrons associated with the dayside cusp
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(the region located at local noon where magnetosheath particles have direct access to the
ionosphere from the nose of the magnetopause) are modulated simultaneously with the occurrence
of harmonically structured Pc3 pulsations in the magnetosphere (Engebretson et al. 1990). This
suggests that the cusp region provides an additional entry point of solar wind energy.

This paper identifies both the bow shock and the boundary layer auroral region as participants in
jointly providing solar wind energy to the magnetosphere.

6.2 OBSERVATIONS

The signals were recorded with an array of induction magnetometers spanning the Australian
Antarctic Territory. Figure 1 shows the magnetometer sites. Casey (gm 80.6°S; 85.3°E) is
situated beneath the polar cap region, Davis (gm 74.5°S; 29.6°E) rotates beneath those field lines
which map through the polar cusp, and Mawson (gm 70.1°S; 19.6°E) is normally beneath the
auroral oval region.

180°

180°

2109

Figure I. The locations of Casey (CAS), Davis (DAV) and Mawson (MAW). The bold/fine
curves indicate geomagnetic/geographic coordinates. The speckled region indicates those
locations on Earth that rotate beneath the average location of the dayside cusp. Heard Island
(HDI) and Macquarie Island (MQI) were not used in this study.
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Figure 2. Frequency-time spectra of concurrent magnetic pulsation activity (0— 70 mHz) at
Casey, Davis and Mawson on 14 April 1990. Local noon at each station is shown by the
triangles.
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At each recording site, induction sensors in the magnetic north-south (H) and east-west (D)
directions record magnetic variations due to ionospheric current perturbations, which are related
through electrodynamic coupling to magnetospheric/solar wind processes. The sensors consist of
250 000 turns wound over a high permeability p metal core giving a response of approximately
350 V (nT) (Hz)"! at frequencies less than 1 Hz. The data were recorded digitally at 0.33 Hz
using a PDP-11 computer. The PDP-11 was networked via an ANARESAT link to the Antarctic
Division and the University of Newcastle. At Newcastle, the data were converted to a common
format using a customised Data Base Management System and accessed through a dedicated LAN
with six PC286/386 microcomputers. The selected data were analysed using multi-channel state
vector time series and cross spectral analysis techniques (Samson et al. 1971).
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Figure 3. Ellipticity parameter vs UT corresponding to solar wind associated activity received on
14 April (top) and 13 April (bottom).
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Details of two successive days of pulsation activity are presented here. Figure 2 displays the
frequency-time spectra of concurrent H component signals at Casey (top), Davis (middle) and
Mawson (bottom) between 0325 and 1349 UT on 14 April 1990. Local noon is indicated at each
site by the triangle. Signals between 35 and 45 mHz occurred in the pre-noon sector and are
believed to be associated with the upstream solar wind, because the amplitudes peak in the local
time sector where the bow shock turbulence maximises. Frequencies for this type of activity vary
with IMF magnitude according to f ~B/160 (Gul'elmi et al. 1973). The activity is centred on 49

phase diff (deg)

davis-mawson 14/04/90 39mHz

0849

[—-—xmpomm—r—ympmml I

13/04/90 49mHz

1010

150+

100

0646
ime(UT)
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Figure 4. Phase differences vs UT of solar wind associated activity propagating between Davis
and Mawson for 14 April (top) and 13 April (bottom) intervals. The x(y) component refers to
Pphase differences between H and D signals.
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mHz during the 14 April period. On 13 April, the activity was centred on 49 mHz and the IMF
was correspondingly higher (7.4 < IMF < 8.5 nT compared to 6.7 <IMF <7.1 nT).

Polarisation analysis of the signals yields information about the wave properties. The sense of
polarisation and the orientation of the major axis of the polarisation ellipse was determined from
the H and D signals at each site. Positive ellipticities imply right hand circular polarised waves,
negative imply left hand waves, when viewed in the direction of the ambient field. Figure 3 (top)
displays the ellipticity variation in the 35-45 mHz frequency band at Casey, Davis and Mawson
during the 14 April interval. The ellipticities changed from negative to positive (left-hand to right-
hand sense of rotation of the polarisation ellipse) around 0700 UT, ~3 hrs before local noon at
Davis and Mawson. Similar behaviour, associated with the 45— 55 mHz activity recorded on 13
April, is shown in Figure 3 (bottom).

Phase differences between concomitant pulsations at Davis and Mawson were evaluated. For the
14 April interval, 39 mHz signals were compared whilst for the 13 April period, 49 mHz signals
were of interest. Figure 4 shows the phase differences between both H and D components at
Davis and Mawson for both intervals. The Mawson signals mostly led those at Davis (indicated
by the negative phase values). The only period during which positive phase differences
predominated was between 0700 and 1000 UT whilst Davis was in the immediate vicinity of the
cusp. Since Mawson is an auroral oval station, most of the common signals thus seem to
propagate from auroral oval locations towards Davis, the polar cap site.

6.3 DISCUSSION

It is believed that the association of solar wind and IMF parameters with pulsation amplitudes and
frequencies points to ion cyclotron waves in the region upstream of the bowshock as being
responsible for this class of (30—70 mHz) Pc3 activity within the magnetosphere (Greenstadt et
al. 1980).

The polarisation reversal from negative to positive values suggests a magnetospheric source for
this activity which is seen first at Casey, then Davis and finally Mawson as the stations rotate in
the sun-earth reference frame. The enhanced amplitudes occurring around the same time (~3 hrs
before local noon at each site) endorses this view. This activity can be connected to the upstream
solar wind region via the bowshock since during both intervals, the IMF cone angle is ~50°
which will provide the region of maximum bowshock turbulence in the pre-noon local time
sector.

Alternatively, the observation of concurrent wave activity mostly propagating from Mawson to
Davis (i.e., lower to higher latitudes) suggests that the boundary layer plasmasheet which maps to
the auroral oval ionosphere is also a source of solar wind associated magnetic variations within
the magnetosphere. This region appears to be the dominant source of propagating activity on the
dayside. The phase delays shown in Figure 3 correspond to time delays between 3 and 7 s and
these relate to apparent ionospheric phase speeds of ~10's of km s-1. Since many of the
associated bursts between Davis and Mawson occur within 1/(27f) s or ~5 s (for f ~45 mHz) of
each other, the group and phase velocities can be regarded as equivalent (Althouse and Davis
1978). These speeds are consistent with the fast compressional Alfven mode (waves propagating
through boundary layer field lines in the equatorial magnetosphere).
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This study demonstrates that solar wind associated Pc3 pulsations are delivered into the
magnetosphere through joint wave generation processes in the bowshock and in the auroral
boundary layer regions.
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7. RADIAL EXTENT OF SOURCE REGIONS OF ION CYCLOTRON WAVES
IN THE MAGNETOSPHERE
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ABSTRACT

The amplification of electromagnetic waves in the magnetosphere with frequencies near the ion
cyclotron frequency is studied by integrating local convective growth rates along the wave path.
This integrated wave amplification is used to investigate the radial extent of wave source regions.
It is found that the source region of the lowest frequency wave branch is restricted to near the
plasmapause and inside the plasmasphere, whereas the other wave branches can be amplified over
the whole magnetosphere. It is suggested that the structured Pc 1-2 waves observed mainly on
the ground are due to the lowest frequency wave branch, and the unstructured Pc 1-2 waves
observed both on the ground and in space are caused by the other wave branches.

7.1 INTRODUCTION

One of the most important considerations in the generation/amplification and propagation of
electromagnetic waves with frequencies near the ion cyclotron frequencies in the magnetosphere is
the location of the wave source regions, where the left-hand polarised ion cyclotron waves
experience significant amplification. This involves the following: (1) the latitudinal extent of
wave source regions on a fixed L-shell or along a fixed field line; (2) the radial or L extent of
wave source regions; and (3) the local time distribution of wave source regions. Hu et al. (1990)
studied (1), considering the effect of multiple ion species on wave generation/amplification. In
this paper, we consider (2) for the dayside magnetosphere using integrated growth rates of the ion
cyclotron instability in a multi-ion plasma. The waves considered here are observed on the
ground as Pc 1-2 magnetic pulsations.

Most of the previous theoretical work on the radial extent of wave source regions was based on an
e~ —H* plasma model (Perraut et al. 1976, Kaye et al. 1979 and references therein). For a multi-
component magnetosphere, theoretical attention has been only given to the region at or near
geostationary orbit. Experimental investigations on wave source regions have been made both on
the ground and on satellites. In order to identify the wave source region from ground
observations, characteristics of wave frequency, dispersion and wave packet bounce period,
amplitude, and polarisation parameters of structured and unstructured waves have been used
(Fraser 1985, Webster and Fraser 1985 and references therein). Satellites record mainly
unstructured waves, and may directly detect source regions by, for example, wave polarisation
and the Poynting vector properties.
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Ground observations showed that structured Pc 1-2 waves were traced to the region in the vicinity
of the plasmapause (L ~3—6). For the unstructured pulsations, ground and satellite records
showed that the source region may extend from the inside of the plasmasphere to the outer
plasmatrough (1. ~3-10).

Previous theoretical work on the ion cyclotron instability across L supported the idea that the
wave amplification is restricted to the region near the plasmapause (Perraut et al 1976; Kaye et al.
1979 and references therein). A brief physical interpretation for this follows. In a single-ion
plasma, the Alfvén velocity V, has a minimum just inside the plasmapause because of the low |
Bg | and the high cold plasma density, and consequently the parallel resonant energy of the
interacting protons E (E = 0.5Vg2mpy+ = 0.5(1 — Fo/F)2V,2(1 — F/F)my+, see Hu et al. (1990))
is low and more energetic protons may resonate with waves. For calculation of E, the Alfvén
velocity is V, = Bg/(4nN my+)1/2, where VR is the parallel resonant velocity of the proton, F, the
proton cyclotron frequency, F the wave frequency, m the mass of the proton, and N, the electron
density. A large flux of energetic and anisotropic rin g current ions are known to exist over the L
range 3—9. Accordingly, it is expected that the ion cyclotron instability would be likely to occur
in the region of overlap between the ring current ions and the dense cold plasma with a low
background magnetic field, i.e. in the vicinity of the plasmapause.

However, when multiple ion species in the magnetosphere are included, the above interpretation
becomes questionable. In this paper, we will show that the minimum E may occur on more than
one L shell for the same wave frequency. Furthermore, an analysis of integrated growth rates of
the ion cyclotron instability will also show the growth rate peaking over a wide range of L values,
both inside and outside the plasmapause, and amplification of structured waves differs from that
of unstructured waves.

In section 2, we will consider the particle resonant energy in the magnetosphere. In section 3 we
present the integrated growth rate across L. This will show the L values of the wave sources.
Applications of these results to wave observations are discussed in section 4, and conclusions are
also given in section 4.

7.2 ION RESONANT ENERGY

Let us consider the parallel resonant energy of the Interacting ring-current protons in the presence
of He* and O* ions. For electromagnetic left-hand ion cyclotron waves propagating along the
background magnetic field, the local dispersion relation is (Hu et al. 1990):

-1

Vp? = @rF/K)? = ¢2[1+Y Ni¢
i a1 F
oL, .
R

where 1; = Ny/N, M; = mj/my+, i = H*, He* and O* ion species and c is the velocity of light. It
is well known that the presence of He* and O+ ions leads to two stop bands in F—k space:
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0<F<F_ (O"): pass band, the O* wave branch,

F(O*) <F<F.{O*): stop band,

F.{(O*)<F<F_(He"): pass band, the He* wave branch,
F.(Het)<F<F_ ¢(He™"): stop band,
F.f(Het)<F<F (H"): pass band, the H* wave branch,
F2F.(H*): stop band

Two cutoff frequencies, F,(O*) and F¢(He™), are the real solutions of the equation
2.2y 2 MT!
3 A [va (UMi ~F/F,(H ])] v
i

Dipole magnetic field lines are used. The variation of cold ion density with latitude A is assumed
to be No(A)/N(0) ~ Bo(A)/B4(0). The equatorial plasma density profile across L is shown in
Figure 1. In this figure, model 1 represents the normal plasma density profile for moderate
geomagnetic activity with the plasmapause at L ~4.5—5.0; and model 2 corresponds to the typical
plasma density profile for the afternoon bulge region or quiet geomagnetic activity with an
extended plasmapause at L ~6.0-6.5. To simplify the problem, we assume the relative
concentrations of ion species in the magnetosphere are fixed at typical values (Nyg+ 0.7, Nye+ =
0.2 and ng+ = 0.1). The variation of E across L for various wave branches are displayed in
Figure 2. In this figure, the wave-particle interaction region is assumed to be the equator.
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Figure 1. Plasma density profiles. For model 1, the plasmapause (PP) is at L ~4.5 and for model
2 at L ~6, indicated by triangles on the L axis.
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Because of the existence of various wave branches due to the presence of heavy ion species, it is
not unexpected that a fixed wave frequency may resonate on more than one L shell (two or three L
shells for the e —H* —Het—O plasma). For example, when F = 0.5 Hz the O* wave branch
interacts with E = 10 keV protons at L ~3.8 for model 1 (the left top panel of Figure 2), the He*t
wave branch at L ~5.8 (the left middle panel), and the H* wave branch at L ~7.6 (the left bottom
panel). It should be remembered that proton interaction with a certain wave branch does not
necessarily imply wave growth. Wave growth or damping depend upon the result of a calculation
of instability growth rate. Anyhow, the result that the ring-current ions, which are widely spread
over L ~2—9, may resonate with waves with fixed frequencies on several different L shells
indicates, at least, that we cannot use only E to estimate the wave source region. Therefore, the
previous conclusion that waves are amplified only near the plasmapause must be reassessed.

When F is not very low, for example F > 0.3 Hz, the variation of plasma density profile does not
influence E of the O* wave branch (top two panels of Figure 2). For the He* and H* wave
branches, E—L curves exhibit the same shape: when E is higher than a certain value (E;) or lower
than a certain value (E,), L remains almost a constant for various E. When E; >E > Ej, a
spatial energy (L—E) dispersion for a fixed F occurs. In our model, E; ~100 keV for the He*
wave branch and ~1 — 10 keV for the H* wave branch; E; ~100 eV for the He* wave branch, and
~0.1-1.0 eV for the H* wave branch. The effect of the plasmapause on the E—L curves is to
distort the curves in the energy range E; > E > E5. This modification provides a local U type
energy minimum inside the plasmapause. The local minimum implies that the plasmapause is an
important region of cyclotron resonance for those frequencies which have E—~L curves passing
through the plasmapause. Normally, if there is a local minimum in E caused by the plasmapause,
then there is another interaction region outside the plasmapause. For instance, the left middle
panel of Figure 2 shows that if F = 0.5 Hz the E minimum caused by the plasmapause is above
100 keV, and an interaction of this wave with ~10 keV protons occurs outside of the
plasmapause. Thus, when the wave frequency is high (e.g. 2 1.5 Hz), the ion cyclotron
interaction takes place near the plasmapause, mainly within the plasmasphere. For middle and
low frequencies, the interaction region may spread across a wide range of L.

7.3 INTEGRATED GROWTH RATES ACROSS L

The local dispersion relation, including the energetic ions, for parallel wave propagation is written
as (Hu et al. 1990)

D(F, ky) = D¢(F, ky) + Dy(F. k) = 0
where

D(F, ky) = c?ky? — 4n’F2 + Y on F/[F-E(j)],

j=ei

and

Dy, (F’ kl) = Z{m%wAw +m§w[2nAch(W)+2ﬂF(Aw 22 1)12(5.-\0) / k"VT"W}

w
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Here, @y, are the angular plasma frequencies for energetic ion species (with w = H*), Ay, is the
thermal anisotropy and Z(§,) is the plasma dispersion function with Ew = 2n[F-
Ec(W)V/ky Vi, where Voyy, is the parallel thermal velocity for the energetic ions. The method
used to calculate local growth rates is described in Hu et al. (1990).

Hu et al, (1990) showed that the local growth rate is not sufficient to describe the total wave
amplification, because of the contribution of off-equator sources which appear when multi-ion
components are included. Therefore, it is necessary to consider an integration of the convective
growth rate (y/V) along the wave path.

In the case of parallel wave propagation, we can take the wave path along geomagnetic field lines.
If oblique propagation is considered, the wave amplification must be integrated along the wave
path obtained from ray tracing. Because the waves are generated with left-hand polarisation, the
spectral characteristics remain almost unchanged for 8 <30°, where 8 is the wave normal angle
(Ludlow 1989). Therefore, parallel propagation can represent the basic spectral structure of the
ion cyclotron instability. Furthermore, the left-hand polarised branches of the wave modes are
propagating mainly along field lines, so the field line is a good approximation for an integration
path of the instability. Consequently, in this paper, wave growth will be integrated along field
lines.

In calculations of the integrated growth rate G along the field lines, from the equator to the bottom
of the magnetosphere, we assume that the interaction which provides the ion cyclotron wave
growth is linear. When saturation of the instability is quasi-linear, the energetic proton
distribution will still be self-consistent with those used in our linear calculation if we choose
suitable parameters such as Ay, and Ty, so that our treatment is still valid. But, when non-linear
processes such as wave trapping occur, the wave is at least partially saturated by these processes
rather than a quasi-linear process. In this case, the linear treatment becomes invalid. When
considering non-linear processes, normally only the wave trapping was taken into account (e.g.
Vomvoridis and Denavit 1980 and references therein). Mauk and McPherron (1980) used
observed wave events to examine nonlinear wave trapping, and found that the linear theory is
most likely appropriate at least for wave events observed at geostationary orbit. Furthermore, the
following points may support the linear assumption in our calculations of the integrated wave
amplification: (a) gradients in Bg which detrap energetic protons; (b) a single pass of waves
through source regions (it was argued by Mauk and McPherron (1980) that non-linear phenomena
may not be significant in a single pass case); (c) source regions may be narrow. Even if nonlinear
processes are present in the interaction, the linear situation provides a basic understanding for
wave amplification,

The total wave amplification or absorption in an interaction region for a single wave branch is
defined as

Ay
G = 20logjo| exp [(v/ V) ds | (in dB),
M
where A, and A are the upper and lower latitude limits of the source region. The integration in G

is along the field line. The total amplification or absorption at a certain frequency is equal to the
sum of G for the three wave branches,
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Before we calculate G for various L values, a magnetospheric model, describing the variation of
plasma parameters with L and A, must be chosen. It is assumed that

Nc¢(A)/N(A=0) = Bg(L)/Bg(r=0),

Ay(D) = Ay (A =0),

Tiw(A) = Tyw(2 =0) and

Nuw(A)/Nu(r =0) = [Bg(h = 0)/Bg ()™

along all dipole field lines considered (L. ~3 —8). A dipole magnetic field model is assumed with
Bg(A=0,L)/Bg(A=0,L=1)=L"3

The model for energetic ion parameter variations as a function of L is more difficult to predict, and
various models have been suggested before. In this paper, we assume

T Ti(@L =Lo) = Lo/L)2S and Ay(L) = [Ay(L = Lo)+1] (Lo/L)}/2 - 1

(Ashour-Abdalla and Cowley 1974), where Lo is an L value at which parameters for energetic
ions are known. We consider only energetic protons in our calculation and take

Lo=66, Ay (L=Lo)=10 and T, (L=Lo)~18.5keV.
It has been shown that

NW(@L)/Ny(L = Lo) ~ (Lo/L)¥

with x = 4 for strong pitch angle diffusion and x = 4.3 for no pitch angle diffusion. However,
the energetic proton density obtained from this relation is much higher than it should be, because
of the presence of Alfvén layers (e.g. Cowley and Ashour-Abdalla 1975). In fact, we have used
the ¥ = 4.3 model to calculate G over various L but found that G at small L values are too great to
be physically acceptable. In many previous studies, N, (L) was often assumed to be a constant
(e.g. Gendrin 1975). Therefore we can assume that N, (L) decreases slightly with increasing L
value as listed in Table 1. This assumption is not inconsistent with observed particle data.

Table 1. N,, variation as a function of L.

L 30 35 40 45 50 55 60 65 7.0 75 8.0

Ny (m3) 1.0 095 09 085 08 075 0.7 065 06 06 0.6
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Figure 3. Variation of G with L for wave frequencies <2 Hz.
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Figure 3 displays how the G—F curves vary with L value. The top and bottom panels relate to
model 1 and 2 of the cold plasma respectively. When L is small, e.g. L = 3, there is only one
peak in G over the frequency range F <2 Hz and this peak can be traced to the instability in the O*
wave branch. When L ~3.5—4.5, there are two peaks in G corresponding to the O (lower
frequency peak) and He* (higher frequency peak) wave branches. AtL ~5-7, the peak in G
from the instability in the H* wave branch appears, although this peak is smaller than those for
the He* and O branches. When L is high e.g. L >7.0, the peak in G for the H* branch
disappears because of thermal damping, since A,, in this region is low and correspondingly the
maximum unstable frequency is low too.

It can be seen from our modeling that significant wave amplification occurs only in the O* and
He* wave branches, the instability in the H* branch is not effective, and the maximum of G in
this branch is less than 10 dB.

The plasmapause has varying effects on the instability in the He* and O* wave branches (see
Figure 3). For the O branch, G increases with increasing L and maximises just at the inner edge
of the plasmapause. Inside the plasmasphere, G of the O branch may be more important than
that of the He* wave branch. In the plasmapause region, G decreases rapidly, and then becomes
low (<5 dB) in the plasmatrough. Although G of the O* wave branch will increase slightly with
L in the outer magnetosphere, it will not be important again. For the Het wave branch, the effect
of the plasmapause is not as obvious as that for the O* wave branch. G of the He* wave branch
continuously increases with increasing L over the whole extent of the magnetosphere, and
therefore maximises at large L.

Comparing the values of G for the He*and O* wave branches, instabilities in both the O* and
He* branches are important inside the plasmasphere. However, in the region outside the
plasmapause, the instability in the He* wave branch provides the primary contribution to G. We
note that this conclusion may be important for explaining the structured and unstructured Pc 1-2
waves occurring in different L regions and will be discussed later.

7.4 DISCUSSION AND CONCLUSION

In an e~ H* plasma, studies of ¥, ¥/Vg, G, E, Exc and Egy, where Egc is a critical parallel
resonant energy depending on the thermal anisotropy of the energetic ions and Eg)y is a parallel
resonant energy of ions resonating with the most amplified wave (Gendrin 1975), concluded that
the total wave amplification is a maximum only near the plasmapause. However, the situation
becomes much more complicated when multiple ion species are included.

Observations have shown that ground recorded structured Pc 1-2 waves occur over a wide range
of L (from inside the plasmasphere to the outer plasmatrough) with the restricted magnetospheric
sources near the plasmapause (Webster and Fraser 1985, Fraser 1985 and references therein).
However, it has been found the source regions of the unstructured waves observed on the ground
can be at any L in the range of L ~3— 10 (Fukunishi 1969, Arnoldy et al. 1979, Hayashi et al.
1989). Satellites observe mainly unstructured events near geostationary orbit and at higher L
values. Recently, observations from EXOS-D, AMPTE and CRRES satellites, covering a wider
L range, found that the unstructured waves can occur over the entire magnetosphere (see
references in Hu 1991). For the satellite observations the wave source region should be located
almost on the same field line as the satellite if the waves are guided. This result may imply that
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the unstructured waves observed by satellites should be amplified over a wide range of L.
Structured wave packet propagation has rarely been seen by satellites. Only recently, Erlandson
et al. (1991) reported one event of siructured Pc 1 waves on VIKING at L ~4, i.e. near the
plasmapause (to be discussed later). These ground and satellite observations indicate a disparity
between structured and unstructured waves on the ground compared with unstructured waves in
space. This disparity is unresolved at present, and may relate to theoretical wave generation
theories and the location of the wave source region. It is considered here that ion cyclotron
instability theory for a single ion plasma cannot be used to explain the L distribution of wave
source regions. In this study we suggest that a combination of the ion cyclotron instability and
wave propagation is necessary to explain the observations both on satellites and on the ground.
Considerations are based on the following three key arguments.

1. Sources of the waves which belong to the wave branch with the lowest frequency (in this
paper the O" branch) are restricted to low L regions in the plasmasphere and near the
plasmapause. Calculations of the integrated wave amplification show that G of the lowest
frequency wave mode is large inside the plasmasphere, reaches a maximum near the
plasmapause, and decreases rapidly outside of the plasmapause (see the O* wave branch in
Figure 3).

2. The waves of other wave branches (in this paper the He* and H* wave branches) can be
generated over the entire magnetosphere. In section 3, we have seen the integrated wave
amplification for the He* wave branch remains large over a wide range of L values. This
amplification may peak at the plasmapause, however the variation may not be large. This implies
that the plasmapause may not be a preferred region for these waves. In fact, in the plasmatrough,
G will increase 10 values greater than the peak at the plasmapause (see Figure 3).

3. Structured waves generated inside the magnetosphere may belong to the wave mode with the
lowest frequency (i.e. the O* wave branch in the model in this paper). Propagation of this mode
is not affected by other ion species, and the waves can reach the ionosphere (Rauch and Roux
1982). Structured wave packets may be formed by reflection from the ionosphere. It is expected
that these waves should be restricted to the regions in the plasmasphere or near the plasmapause.
However, structured waves with high frequencies (up to ~2 Hz) are seen on the ground
sometimes. This may be due to the following reasons:

a. The waves are generated at a low L (~2—4) region so that wave frequency is high. Although
these waves are generated at low L, they may be seen over a wide range of L on the ground (e.g.
at L >4) due to propagation in the ionospheric waveguide. Observations have confirmed that the
source region of high-frequency pulsations (e.g. F >1 Hz) is in the plasmasphere (Fukunishi
1984).

b. The waves are generated near the plasmapause but the thermal O* ion concentration is so low
that the O% ions become unimportant. In this case, the lowest frequency wave mode is the He+
wave branch which can be present at higher frequencies.

It is necessary 1o point out that not all structured waves observed on the ground are restricted to
the low L region (e.g. L £ 4—6). For example, some structured emissions observed at high
latitudes may be generated in the high latitude boundary regions. Unstructured waves generated
inside the magnetosphere may be those of the wave branches for ion species with masses lighter
than O* (or He* if the O ion concentration is too low to significantly influence wave
amplification/propagation). For these waves, the reflection should most likely take place before
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the waves reach the ionosphere. The location of the reflection region may depend on wave
frequency (Hu 1991), and this region may behave as a lowpass filter for the waves (Perraut et al.
1984). These properties could destroy the formation of a well-structured wave packet, causing
the waves to appear as unstructured events.

Thus, it can be explained why ground observed structured Pc 1-2 waves always show their
source regions near the plasmapause or inside the plasmasphere, if these waves are generated
inside the magnetosphere. Generally, it remains unclear why structured waves are rarely
observed on satellites. One reason could be due to the cross-field motion of the satellite, unless at
the apogee when it is moving tangent to the field line, or at geostationary orbit. Another
possibility is that since many of the satellite observations were at geostationary orbit or high L and
these regions are usually located outside the plasmapause, the structured waves generated only in
the plasmapause or near the plasmapause would not be observed. For the unstructured waves,
direct measurement from satellites confirmed that they exist over the whole magnetosphere, and
ground records also showed that the source regions of unstructured Pc 1-2 may range from L ~3
to L. ~10. This supports our explanation for generation of the unstructured waves.

Sometimes, structured waves are observed in the geomagnetic latitude range of ~60°—70°
(Hayashi et al. 1981, Fukunishi 1984). However, the high latitude location of these wave
regions always corresponds to the duskside bulge in the thermal plasma. This confirms that the
structured waves follow the region corresponding to the averaged plasmapause locations
(Fukunishi 1984).

The sources of structured waves observed on the ground are considered to be located in the
plasmasphere and near the plasmapause, while ionospheric wave guide propagation (e.g.
Manchester 1966) distributes the wave energy over wide latitude ranges. Ionospheric propagation
is more likely to occur at night when wave guide attenuation is minimum, and less likely during
the day when the attenuation is the greatest. However, Campbell and Stiltner (1965) and Fraser
(1968) found that wave occurrence is more prevalent at night when the wave frequencies are high
and L value of wave path in the magnetosphere is low, whereas the occurrence peaks during the
day when wave frequencies are low and the wave path L is high (see Figure 6 of Fraser 1968).
This is in conflict with observations in the magnetosphere (Anderson et al. 1991) which show the
highest frequency around local noon. This may imply that the ionospheric wave guide is
attenuating the high frequency waves propagating during the day.

Recent observations by the AMPTE/CCE satellite covering an L range 3.5 < L < 9 showed a
predominance of wave event occurrence at L >7 (Anderson et al. 1991). This seems to agree with
calculations of G in this paper. In our calculation, we assumed N,, remains almost a constant at
the high L region (see Table 1). This does not disagree with the argument that the plasmasheet
ions may play an important role in generating the waves at high L (Anderson et al. 1991).
Normally, N, should decrease with increasing L, but the plasmasheet may provide additional
energetic ions in the high L region so that N, remains higher than that calculated from trapped
ions which come from the ring current.

Furthermore, in recent work Erlandson et al. (1991) found a unique Pc 1 structured wave packet

recorded on VIKING satellite with frequency at 1.4 Hz. The amplitude distribution showed that
the strongest waves were recorded from L = 3.8 to L = 4.1, near the expected position of the
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plasmapause, and lower amplitude waves occurred from L = 3.6 to L = 3.8, in the plasmasphere.
These results agree well with our wave generation model.

In conclusion, the total amplification for waves in the lowest frequency branch is sensitive to the
cold plasma density profile. These waves are mainly restricted to the regions in the plasmasphere
and near the plasmapause. For the waves of other branches, the amplification is not sensitive to
the cold plasma profiles, and can occur over the whole magnetosphere. Structured waves may
result from amplification in the wave mode which has the lowest frequencies. Therefore, source
regions of the structured waves may be restricted inside the plasmasphere and near the
plasmapause. Unstructured waves may belong to the other wave branches. These waves are
controlled by the heavy ion parameters, but the presence of the cold plasma density gradient will
not restrict the spatial distribution of the wave source regions. The waves can be generated over a
wide range of L, from the plasmasphere to the outer magnetosphere.
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8. DISPERSION RELATION OF ELECTROMAGNETIC ION CYCLOTRON
WAVES IN A MULTICOMPONENT PLASMA WITH STATIC ELECTRIC
AND MAGNETIC FIELDS

Y.D. Hu and B.J, Fraser

Department of Physics
University of Newcastle
Newcastle NSW 2308
Australia

ABSTRACT

An analytical expression of the dispersion relation for linear electromagnetic ion cyclotron waves
propagating along a background magnetic field is provided. The plasma system considered here
contains a static magnetic field and a weak static electric field. Because wave frequencies are
lower than the proton cyclotron frequency, multiple ion species existing in the magnetosphere and
lonosphere are important in controlling the wave propagation and generation processes, and this
effect is included in the dispersion relation. Some new features and applications of the dispersion
relation are discussed. A static parallel electric field exists in high latitude regions of the
ionosphere, and therefore the dispersion relation presented here may be helpful in understanding
the observation of ion cyclotron waves recorded as Pc 1-2 pulsations by ground stations at high
latitudes.

8.1 INTRODUCTION

A magnetised plasma model is usually invoked for the study of electromagnetic ion cyclotron
waves in the Pc 1-2 frequency range generated in the magnetosphere and recorded on the ground
and by satellites (Fraser 1985 and references therein). This plasma model includes only a static
magnetic field. However, there exist static electric fields in the magnetosphere and ionosphere,
which may also play an important role in controlling wave generation and propagation processes.
For example, the ionospheric electric field may affect ion cyclotron wave propagation in the
ionospheric waveguide, and thus modify the waves seen on the ground. In the magnetosphere
the static electric field may also influence the wave propagation characteristics. Under some
special conditions, the static electric field may destabilise ion cyclotron waves, and this process
may affect the wave amplification/generation mechanism. In order to investigate these problems
in detail, it is important to consider the dispersion relation for electromagnetic ion cyclotron waves
in a plasma with a static magnetic field and a weak static electric field. This has rarely been
studied. In this paper, we present a dispersion relation in an analytical form for parallel
propagating ion cyclotron waves.

In the magnetosphere and ionosphere, multiple ion species, such as H*, He* and O*, in both cold
and energetic components are important (e.g. Geiss et al. 1978, Balsinger et al. 1983 and
references therein). The multiple ion species significantly modify the ion cyclotron wave
properties (Fraser 1985 and references therein), therefore the plasma model used here must
include these ion species.
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8.2 BASIC EQUATIONS

The distribution function f;(r,v,t) of particle species i is governed by the Boltzmann-Vlasov
equation:

%ff- + v-Vf; + i(E+">‘;BJV’\,fi =0

i (1)
Electric and magnetic fields in the plasma are governed by Maxwell's equations:
VxB = 4_11:‘] + l ?..E
c c ot )
VxE = ——1— a—B
c ot (3)
V-B =0 4)
V-E = 4np 5)
where J and p are related to f; by
J = Zcijfivd%
i (6)
and
p = zcijfidav
i )

8.3 LINEAR EQUATIONS OF THE SYSTEM
Assume that the magnetic field B and electric field E in the considered plasma are given by

B = Boez+Bl{Z. t), E = Eozez +E[)),ey +ngex +E1{Z, t)

and other physical quantities represented by

P =P+ Py(z, 1)

where |By |« |B{l [, |Eyl«|Eql,and |P, | «| Py |. Space-time varying quantities have
the form of exp [j(wt — kz)]. The first order equations (2) — (7) give

2

e
PEe, + KBy — By = — 2
C

Ji.
02

(8)



Assume

Eix = %(Elx iJ’-Ely)' Bys = %(leiﬂal?}'

then equation (8) becomes
4nj
Ey, = ?’ & [ v, fiid>v
®

and

2ﬂmj )Zc Ifn" e }q)d3
(10)

where a cylindrical coordinate system is used: v, = v,cos@, vy = v;sing, and v, = v,. By using

equations (2) and (3), the linearised equation (1) is written as

e vxB of] 1 df, of;
(- Kk . Silg 0) li Il li
jl@-kvz) i + m,[ 0t c [Bvr ¥ Ve 0@ o ¥ av, "
ofg; 1 af{), af()i
E - E E le = {J;
m; { L [" 1es vz 1]}[ vy i Ve a‘P E}"z o (11)

If the following expressions are used

EOxifEOy
ay = ——
N 2
e;E
a, = i=0z
m;

) j o
Dy = — + <+ —
v v 09

Mii=(1_ﬂJ i - J O |, kv Mg
o /| v, v, 99 ® av,
equation (11) can be written as

; d of
[;(m-kvz) - Qia j‘fh + a, Bv]:_ - -r;:(a+D f;e/® + aD,f; c”’)

(12)

(Elzgi? + ME.e/® + M_iEl_ef‘*’J = 0.
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If fy;is expressed as
fi; = flis(z, v, I)C'jq’ + f]i_(z, v, l)ch, + gi(z, v, s

equation (12) leads to the following equations, in terms of e?, e, and &/® respectively:

j(o—kvy)g; + a, gfi z;?,
Jo—kv, +Q)fy;, + a, E{::: ;—iia-pg\gl—: + ;_:MHEH =0
jo—kv, -Q)fy;. + a, i&: + r‘;—‘la gfi + :]—:Mi.E“_ =0, %

Because the terms e-%® and €2 in equation (12) give

ofis _ fis
dv

]
T Vr

the first equation of equation (13) becomes

: 2,
Ho—kv,)g + a, gg, ‘Eugvf“‘ + i[lifli_ + —31—‘f1i+] = 0.
mi\ Vp Ve (14)

8.4 GENERAL DISPERSION RELATION
Equations (13) and (14) can be expressed in the form

3{1 3;2 ais fiis Ey

3?1 afzz 3?3 fii- | = | Evn

aal 3‘52 853 gi Elt (15)
where

; m; | 1 0

aj = [—— (0—kv, +Q;)+a,—

11 { . JWH[J( z ;) Lavz

a-iz =0
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ol —
43 =

M;, ov,
aizg_ =0
aby = 2= 2

M;. dv,
i 2a_{ ofy; !
"

=

= -8
i m; ) (2% ) ' [ d
o = (25 0w ¢ a5 o

In equation (16), aj11,a55%, a33i, a;3', and ay3i are taken as operators since 9/dv, and 9/dv, will act
on either g; or f;+. In calculations, the following equations may be used:

al; = {_r_n_LJ ! [j(m-kvz+§1i) + a—zafﬁ]

ei /M, fliv Oz

i m;| 1 |. a, ofj;
= | —|—jlo—kv,-Q;) + =—
a2 [ (= )Mi- [:J( vz l) fli- a\"z
-1

abs = [0 % ok, ) + 22 %

€ avz gi 8vz
i —a,; 0dg;
e

Mi.g ov,

i —-a_ ag;
8= Mg v

i-8i 9Vr (16"

The solution of f;; is obtained from eq. (15):

fis bil biz bia Ey,
fii. | = |bu by; by || Ey
& by; b3y, by Ey,

17)
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From equations (9), (10) and (17), the solution of the wave electric field can be written in the
form

(20)
where
2mjw R i 2j i
R” = ﬁz J- J-V% j(bil +b'21c2J‘P+b'3,.eJq’)qudvrde, 1 = 1, 2, 3
(0) -C kz) i 00 0
21
2mjo RSN
Rop = 2—2—22”“ [ (blpe/® + bhy +bhie @) dodvedv,, p = 1, 2,3
(m —C k ) 1 WO 0
(22)
Al b 2“ : : 8 ;
Ryq = J’Z” [(blge™® + bhge® + by ) dodv,dv,, q =1,2,3.
-0 0 (23)
Thus, the general dispersion relation is
Ru—-1 Ry Ry3
Ry Rp-1 Ry | =0
Ry, R3; Ry —1 (24)

8.5 SOME SPECIAL CASES

From equation (20), it can be seen that the three modes (i.e. the left-hand and right-hand circularly
polarised modes and the longitudinal mode) are coupled. However, there are several special cases
in which the dispersion relation may be simplified.

8.5.1 Left-Hand Polarised Waves Coupling with the Longitudinal Mode

When there exists only the left-hand polarised and longitudinal modes, the term that contains f;,
in equation (14) can be neglected, and then g; can be written as

Jei (2a+ =tf. +E, afﬁl J

_Jag 9g; ov,
m;| 0 —kv,
'[ g WZJ

Ei =

(25)
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Substituting equation (25) into the last equation of (13) and using (9fy;. /dv;) = fy;. /v;, we obtain

El_ Mi-El- + je_ia__l a(EIZaafSl‘faVZ)
m; m;[o - kv, — ja,g;'(3g; /v, )| r

fii. = —
© kv, = Q; — ja (96 /v, ) 55

Equations (26) and (10) yield the dispersion relation for the left-hand polarised mode
Jeia_ 9(Ej,0fp; /9v,)

3 Vi
El—mi w—kv, _Qi _Jazgil(agi ”avz)] avf
o—kv, —Q; - ja,fiofy; /v,

Mi-l'

d3v -

w? =cZk anEC‘I

27)

Similarly, the dispersion relation for the longitudinal mode can be obtained. However, because
the interest of this paper focuses on transverse waves, the longitudinal wave dispersion relation is
not shown here.

8.5.2 Right-Hand Polarised Waves Coupling with the Longitudinal Mode

If there are only right-hand polarised and longitudinal waves, the dispersion relation for the right-
hand polarised waves is in the form of equation (27), except that -£2; is replaced by +£;, a_ by
ay, Ej_by Eqy, Mj. by M;, and fy;_ by fyj,.

8.5.3 Epy=Egy=0

In this case a; == 0, if the 9fp/d¢p = O three modes are decoupled. The dispersion relations for
left-hand polarised (bottom sign) and right-hand (top sign) polarised modes are:

R

C2k i j w — kv, iQ ) - asziliaflii /[ 9v, ’

(28)

But, in general df(;/0¢ = 0 therefore the three modes remain coupled.

854 Ep, =0

In this case a, = 0. The three modes may still remain coupled, and equation (24) should be solved
to obtain the wave dispersion characteristics. However, when only two modes (the left- or right-

hand polarised mode and the longitudinal mode) exist, the dispersion relation for the right-hand
(top sign) or left-hand (bottom sign) polarised wave is:
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Jeias 9(E,9fp; ,"'a\’,-) v
Eliimi(m i kvz iQi) a'\fr f
o — kv, £Q;

Mi+ +

2
m2 = c::zl:c2 - 2t Lin [
s

8.6 DISCUSSION

8.6.1 f};, foi» and E1JE; +

In egs. (16), (19), (25), (26), (27) and (28), it is necessary to determine how to calculate
1 dgi 1 ofy
g v, B v,

There are two ways:

1. Assume g; and f};+ have v, dependence of the form exp(-v,2/2V;2), where V; is the thermal
velocity of the particle species i. In this case, the above two factors are equal to -v,/V;2.

2. When Eqy = Egy = 0 and the bi-Maxwellian distribution function is used to describe fp;, we
may modify the parallel temperature T); in f; to a complex temperature T);', and then the factor
a,fy:710f];+/dv, will be neglected from equation (28):

Ty = Ili(l_ ﬁ' _l‘fz)
BTii

where kp is the Boltzmann constant. This method was used by Pines and Schrieffer (1961) in
solid-state plasmas.

Another consideration is the choice of fy;. For the magnetospheric plasma, there are cold and
energetic components. For the energetic ions, observations have shown that the distribution
function is mainly an anisotropic loss-cone distribution (e.g. Joselyn and Lyons 1976); and for
the cold plasma, the ion distribution is mainly isotropic (e.g. Horwitz et al. 1983), when the effect
of dc electric field is not considered. When a weak static electric field is included, in different
regions of the magnetosphere and ionosphere, some or all of the following effects should be
considered: (1) the plasma drift velocity caused by the transverse electric field (Hu 1991), (2)
parallel beams (Hu 1991) and (3) the electric scalar potential when Eg, appears. These will be
discussed in other papers associated with numerical analysis.

When considering the two mode coupling cases (see section 4), we have to estimate E,,/E;_
(or E{,/E1,). This can be done from

- 4KJ2 e

23+ fu Elzﬂ@i dv
m;(w - kv ) av, (30)
and equation (26).
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8.6.2 Some Important Results

In order to study the wave propagation and generation process in plasmas with static electric and
magnetic fields, various models for different plasma environments in the magnetosphere and the
ionosphere are considered in calculations of the frequency-wave number relationship and of
growth rates for electromagnetic waves with @~ Qg (s = HY, He* and O*). The detailed
discussion on wave propagation and amplification/attenuation will be reported in other papers.
Here we just list some important features of the system.

1. The presence of a weak static electric field leads to coupling between left- and right-hand
polarised modes, and between the longitudinal mode and a transverse circularly polarised mode.
This can be seen from the fact that RU# 0 (=)

2. There may be an instability induced by Ey, (i.e. the parallel electric field).

3. Ion cyclotron anisotropic instability stimulated by the thermal anisotropy of the energetic ions
and thermal damping will be modified by Ey,.

8.6.3 Applications

The dispersion relation obtained in this paper may be used to solve the following problems:

1. Electromagnetic ion cyclotron waves may be important for ion heating in high latitude regions
(e.g. Johnson et al. 1989 and references therein). These waves may be generated in the equatorial
region and propagate to the high latitudes (Johnson et al. 1989, Rénmark and André 1991).
When considering the characteristics of these waves in the high latitude region, the parallel electric
field should be included. At least, the parallel static electric field will modify the attenuation of the
waves.

2. The ionospheric electric field may lead to a modification of wave attenuation in the ionospheric
wave guide. This ionospheric wave guide is parallel to the earth's surface and centred in the F2
region (e.g. Manchester 1966). Due to the modification by the electric field, the temporal and
spatial occurrence of ground observed Pc 1-2 waves may be affected.

3. Mode coupling caused by a static electric field may be helpful for understanding the satellite
observations of ion cyclotron waves with low ellipticities over a wide spatial region in the
magnetosphere (e.g. Anderson et al. 1991). There are two possible mechanisms to explain these
low ellipticities. One considers the mode coupling at a crossover frequency caused by heavy ions
(Fraser 1985 and references therein). However, the spatial region where mode coupling occurs is
much more nartow than the region where the low ellipticity has been observed. The other
mechanism uses the instability induced by an energetic loss-cone-like distribution (Denton et al.
1992). But, it has not been confirmed that this loss-cone-like distribution driven instability does
occur in the magnetosphere. If a weak static electric field is included in the magnetospheric
plasma, the left-hand and right-hand polarised modes are coupled and the ellipticity for the total
wave field may be low. This may provide another explanation.

8.7 CONCLUSION
1. A general dispersion relation for ion cyclotron waves propagating in a plasma with static

magnetic and weak electric fields has been given. Some special cases have been discussed. Also,
some important features of wave dispersion in this plasma have been discussed.
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2. Possible applications of this dispersion relation in the magnetosphere and ionosphere have
been forwarded.
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ABSTRACT

During 1986, the Viking polar orbiting satellite (apogee = 13.5 x 103 km) identified 21 intervals
of high latitude Pc1 (0.2—-5 Hz) activity from 59—77° MLAT above the northern hemisphere.
This paper presents an analysis of concurrent Pcl activity recorded at Mawson Antarctica (gm
70°S; 19°E) where similar activity was found on 7 occasions when Viking was located essentially
conjugate. As ion cyclotron waves are considered to be responsible for the Viking observations,
the analysis of this associated Mawson activity contributes towards understanding how ion
cyclotron wave energy is transmitted from the high latitude equatorial magnetosphere to the
ground. Consequently, this study elucidates the relationship between the frequency changes of
Pcl waves observed at Mawson and the morphology and dynamics of magnetospheric ion
cyclotron wave generation regions responsible for this activity.

9.1 INTRODUCTION

Magnetic pulsations in the Pc1 (0.2-5 Hz) frequency range are believed to result from the
electromagnetic ion cyclotron (EMIC) resonance instability in the equatorial magnetosphere
(Dowden 1965, Gendrin et al. 1971). Ion cyclotron waves are generated in the vicinity of the
equatorial plasmasphere where ring current anisotropies exceed a critical value necessary for
wavegrowth (Kennel and Petschek 1966). The waves are guided along geomagnetic field lines to
the ionosphere where they give rise to Pcl magnetic pulsations which may be recorded by
ground-based magnetometers. The F2 region plays a role in ducting wave energy away from the
point where the ion cyclotron waves enter the ionosphere to higher and lower latitudes.

It has become increasingly apparent that to correctly interpret satellite observations of Pcl activity
requires a full understanding of the propagation of EMIC waves in multicomponent plasmas. In
situ observations using GEOS-1, GEOS-2 and ATS-6 in geostationary orbit yield frequency
