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A PcS ULF wave with large azimuthal wavenumber
observed within the morning sector plasmasphere by
Sub-Auroral Magnetometer Network
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Abstract. In this paper we present details of an unusual Pc5 ULF wave with
a large azimuthal wavenumber (m) which is observed within the plasmasphere
by ground-based magnetometers. In a previous statistical study, 129 Pc5 events
were identified at midlatitudes by the U.K. Sub-Auroral Magnetometer Network
(SAMNET), but only three displayed large azimuthal wavenumbers (m > 10).
Analysis of the variation of wave parameters during one of these events using 2
novel complex demodulation technique is presented. The technique reveals the
temporal variation of wave characteristics, including the azimuthal wavenumber
and wave frequency, and allows us to study the azimuthal dispersion characteristics
of the wave and estimate the azimuthal phase and group speeds. The method
used to estimate the azimuthal wavenumbers resolves the ambiguity resulting from
aliasing, which can occur for large-m waves observed at stations more than one
azimuthal wavelength apart. The drift-bounce resonance mechanism is discussed as
a possible wave excitation mechanism for this event, and resonance with H¥ and/or
O™ ions at the inner edge of the ring current is presented as a possible excitation

scenario.

1. Introduction

The azimuthal wavenumbers (m values) of magneto-
spheric ULF waves are useful diagnostics of the wave
~ generation mechanisms. They can provide important
information about the azimuthal scale and propagation
direction of a wave. Field line guided Alfvén waves in
the magnetosphere are dominantly small-m (~ 0 — 5}
toroidal field line resonances (FLRs)} [Southwood, 1974;
Chen and Hasegawa, 1974] with periods in the Pc4-
Pcb range (45-60C s}. These FLRs are thought to be
predominantly driven by energy transfer from compres-
sional modes; magnetospheric waveguide modes [e.g.,
Mann et al., 1998], cavity modes e.g., Kivelson and
Southwood, 1985, 1986, and the Kelvin-Helmholtz in-
stability at the magnetopause boundary le.g., Pu and
Kivelson, 1983] are possible candidates, and all have
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their energy source in the solar wind. FLRs are dom-
inated in space by magnetic perturbations in the az-
imuthal direction [e.g., Kokubun et al., 1989] and on the
ground by magnetic perturbations in the north-south
direction [e.g., Samson, 1972] which results from the
90° rotation of an Alfvén wave signal on transmission
through the ionosphere [e.g., Hughes, 1974; Hughes and
Southwood, 1976a, b]. However, there are also a large
number of magnetospheric Pc4-Pcd waves which are
characterized by larger m values {> 10}. These waves
are often guided poloidal Alfvén resonances being dom-
inated in space by magnetic perturbations in the radial
direction je.g., Tokahashi et al., 1990] and on the ground
by magnetic perturbations in the east-west direction
[e.g., Chisham et al., 1997}, although a dominant com-
pressional component in the magnetosphere can also be
a feature of some large-m waves [e.g., Takahashi et al.,
1985]. For large-m waves, wave growth is thought to
occur through wave-particle interactions with energetic
particle sources inside the magnetosphere. They do not
result from external solar wind sources as with small-m
Pc4-Pcd waves.

Three types of large-rm waves have been well doc-
umented. Radially polarized second-harmonic waves,

14,717



14,718

typically in the Pcd period range, are regularly ob-
served by spacecraft [e.g., Arthur and McPherron, 1981;
Hughes and Grard, 1984], with an occurrence distribu-
tion that peaks in the afternoon sector of the mag-
netosphere [Anderson et al., 19901 Multiple space-
craft observations of these waves [e.g., Hughes et al.,
1978, 1979] have established that they are westward
propagating waves with im| ~ 100. The small az-
imuthal scale of waves with such large m results in them
being shielded from the ground [Hughes and South-
wood, 1976a], and hence these events are not observed
by ground-based magnetometers. “Giant pulsations”
(Pgs) are also waves in the Pc4 period range but dis-
play differences from those described above. They are
observed predominantly on the ground and preferen-
tially in the early morning sector of the magnetosphere
[e.g., Chisham et al., 1997, and references therein]. Typ-
ical m values for Pgs, as measured by longitudinally
spaced ground magnetometer stations, are ~ 20 — 40
le.g., Chisham et al., 1992, These smaller m values
are the reason that these waves are observable on the
ground. Simultaneous ground-satellite observations of
Pgs are rare le.g., Hillebrand et al., 1982; Takahashi
et al., 1992], and a widely accepted theory of their
generation has not emerged owing to the uncertainty
regarding their standing wave mode. Large-m waves
in the Pch range are most often of the type termed
“storm-time Pc3” le.g., Barfield et al., 1972; Barfield
and McPherron, 1972; Walker et al., 1982] or “com-
pressional Pci .g., Takahashi et al., 1985]. Typically,
these are large-amplitude waves, observed by spacecraft
during disturbed times, often during the main phase of
a magnetic storm. They have a peak occurrence around
dusk and often have compressional components which
are comparable to the transverse ones. These waves
most likely have their energy source in the ring current;
compressional Pcd waves have been observed to prop-
agate westward with speeds matching 10-100 keV pro-
ton drift speeds. Similar large-m Pc5 events have been
observed in the local afternoon by auroral radar and
ground magnetometers [e.g., Allan et al., 1982, 1983;
Walker et al., 1982]. These events are westward prop-
agating with m values ~ 35. A modified drift-mirror
instability [ Walker et ol., 1982] has been suggested as a
generation mechanism for these events.

The estimation of m values requires longitudinally
or azimuthally spaced coherent wave observations. To
measure large m values, the azimuthal separation must
be small (less than 27 /m rad). An ambiguity occurs in
the m value estimation if measurements are made more
than one azimuthal wavelength apart. It is particularly
difficult to measure large m values using azimuthally
spaced satellites, and only a few such observations ex-
ist [e.g., Hughes et al., 1978, 1979; Tukahashi et al.,
1985]. It is, however, possible to estimate m values
with data from a single spacecraft using the “finite Lar-
mor radius effect” [e.g., Lin et al., 1988], which uses
back-to-back particle detectors. Estimating m values
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using ground-based radar and magnetometers is easier.
Large-m waves have been observed by coherent radar in
a number of studies, both storm-time Pc5 [e.g., Allan et
al., 1982, 1983; Grant et ol., 1992] and Pgs [e.g., Poul-
ter et al., 1983; Chisham et al., 1992]. On the ground,
only waves with !m/ < 50 can generally be observed by
magnetometers owing to ionospheric shielding effects.
Hence ground observations of large-m waves have been
limited to a small number of Pgs le.g.. Chisham et al.,
1990, 1992] and storm-time Pc5 [e.g., Allan et al., 1983].
These waves are typically observed within the auroral
zone. Pc4-Pcd waves with large m values are rarely ob-
served at lower latitudes and inside the plasmasphere.
One possible exception is a series of Pgs observed on
three successive days by Green [1985]. These Pgs were
observed within the plasmasphere, one being resonant
at L ~ 2.8. However, no m-value estimations were made
for these events.

In this paper we present observations of a large-m
Pch made by the United Kingdom Sub-Auroral Magne-
tometer Network (SAMNET) within the plasmasphere.
Using the technique of complex demodulation, the tem-
poral variation of the wave frequency and m value have
been determined in order to study the azimuthal disper-
sion characteristics of the wave. The possible generation
mechanisms responsible for this wave are discussed.

2. Data Analysis

2.1. Instrumentation

At the time of the Pc3 observation, SAMNET | Yeo-
man et al., 1990] comprised seven three-component
fluxgate magnetometers with a sampling period of 3
s. SAMNET data are recorded in the H {(geomagnetic
north-south), D (geomagnetic east-west), and Z (ver-
tical) coordinate system. The SAMNET magnetome-
ters measure magnetic fleld variations over a range of
%512 nT with a resolution of 0.25 nT. SAMNET is a
two-dimensional magnetometer array which originally
consisted of two longitudinal chains {at L ~ 4.4 and
L ~ 3.3) and a latitudinal chain {on the United King-
dom meridian). The geographic and corrected geomag-
netic coordinates of the seven SAMNET stations used
in this study are presented in Table 1 along with their
dipole-field L-shell position.

2.2. Event Selection

In over a year of SAMNET cata, 129 Pc5 wave events
were identified in data from 1988-1989 [Chisham and
Orr, 1997] using the following selection criteria: (1)
The wave consisted of at least three wave cycles, with
a stable period in the Pch range (150 - 600 s); (2) the
wave amplitude was at least 3 nT peak to peak; and
(3) the wave was visible at all the available stations
on the SAMNET array. Of the 129 Pc5 events ob-
served, for only three was m > 10. The small num-
ber of events with large m values may be partially a
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Table 1. Coordinates and L-Sheii Values of the SAMNET Stations

Geographic Geomagnetic

Station Code  Latitude, deg Longitude, deg  Latitude, deg Longitude, deg L Shell
Faroes FAR 62.05 352.98 60.77 78.12 4.26
Nordli NOR 64.37 13.36 61.28 05.28 4.40
Oulu OUL 65.10 25.85 61.30 105.56 4.41
Glenmore GML 37.1 356.32 54.94 77.99 3.08
Kvistaberg KVi 39.50 17.63 55.83 95.93 3.22
Nurmijarvi NUR 60.51 24.66 56.59 102.17 3.35
York YOR 33.95 358.93 50.99 T8.57 2.57

All values were calculated by using the International Geomagnetic Reference Field for
1988 at an altitude of 120 km. SAMNET, the U.K. Sub-Auroral Magnetometer Network.

consequence of the selection criteria. Waves with large
m values are often longitudinally (and latitudinally) lo-
calized and hence would not always be observable over
the complete longitudinal extent of SAMNET s~2'°‘
One of the three events which was observed at all the
SAMNET stations is studied in further detail here.
The event occurred on May 13, 1988, in the morn-
ing sector of the magnetosphere. Figure 1 presents
unfiltered SAMNET magnetograms of the H compo-

nent {Figure la) and the D component {Figure 1b) of

the ground magnetic field. The Pc5 occurs between
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~0630 and 0740 UT and is almost sinusoidal at some
stations. The wave period is ~ 200 s. The wave
amplitude appears greater both in the D component
and on the lower latitude SAMNET longitudinal chain
(Glenmore (GML), Kvistaberg (KVI), and Nurmijarvi
(NUR)), which is generally located within the plasma-
sphere. The plasmapause position during this event
has been estimated using the method of Yeoman [1988],
which is based on that of Orr and Webb [1975]. This
method places the plasmapause, at the local time of the
SAMNET stations, in the range L ~ 4.5~ 5.0, which is
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Figure 1. Unfiltered magnetograms from May 13, 1988, for the (2} H component of the magnetic
field and (b} D component of the magnetic field. ‘See Table 1 for station details.
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Jjust poleward of the higher latitude SAMNET longitu-
dinal chain. The lower latitude chain is well within the
plasmasphere.

2.3. Complex Demodulation

Complex demodulation [Bingham et al., 1967 i
time series analysis technique which allows an estima-
tion of the temporal variation of the amplitude and
phase of selected frequency components of a time series.
It provides “instantaneous” or “time-local” properties
which make it an ideal tool for studying nonstationary
time series which may exhibit frequency dispersion. Us-
ing this method, the frequency modulation of the wave
signal can be distinguished from the amplitude mod-
ulation of the signal. The technrique was first applied
to geomagnetic data by Banks [1975] and later to ULF
wave variations by Beamish et al. [1979] and Hanson et
al. [1979].

When studying ULF wave events the “instantaneous”
period (or frequency) of the event can be determined by
studying the phase variation of a number of demodu-
lated time series representing different frequency bands.
Ounly a discrete number of frequency bands can be stud-
ied since the analysis involves applying a fast Fourier
transform to a finite time series. If a time series contains
a strictly periodic component, then the phase of the de-
modulated time series will vary linearly with time; the
gradient in this phase variation will be zero if the fre-
quency band chosen matches the periodic component.
In the case of a quasiperiodic wave with a temporally
varying period, a zero gradient in the phase variation
of a particular frequency band identifies the period of
the wave at this time. In a wave event where the dom-
inant period varies throughout the event {as with the
Pc5 event being studied here}, this method allows an
accurate estimation of this variation in period.

Figure 2 illustrates the application of this method to
the D component data recorded at NUR. The analysis
was performed on 144 min of data, which corresponds
to 1728 data samples. The resultant resolution between
frequency bands was ~0.116 mHz. The top frame in
Figure 2 displays the time series under analysis. The
subsequent frames display the phase variation of the
demodulated time series for a number of different fre-
quency bands. A positive (negative) gradient in the de-
modulate phase with increasing time indicates that the
wave period at that time is less (greater) than that for
that particular frequency band. A zero phase gradient
implies that the frequency band is closest to the “instan-
taneous” frequency of the wave at that time. The solid
symbols in Figure 2 represent the demodulates for which
the local phase gradient is closest to zero. These sym-
bols describe the change in the wave period throughout
the event, which is not insignificant being ~227 s at its
greatest and ~184 s at its smallest.

Combining the amplitude and phase estimates of 2
particular demodulate from the two horizontal compo-
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Figure 2. Temporal phase variation of the D com-
ponent at NUR in different frequency bands calculated
using complex demodulation. The central period {(in
seconds) of each frequency band is displayed, as is the
unfiltered D component variation for reference. The
larger solid symbols represent the selected frequency
band for each demodulate.

nents of the ground magnetic field {H and D) allows
an estimate of the horizontal wave polarization which
represents the wave signal in the selected frequency
band. The horizontal wave polarization observed on
the ground conveys information about the wave polar-
ization in the magnetosphere and hence about the wave
generation mechanisms. The polarization can be de-
scribed by two parameters, the ellipticity and azimuth
{or ellipse orientation). The ellipticity is given by the
ratio of the minor axis to the major axis of the po-
larization ellipse; a negative (positive) ellipticity repre-
sents clockwise {anticlockwise) polarization {viewed in
the direction of the geomagnetic field line}). The po-
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Table 2. Geomagnetic Longitude Differences and Maxim
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Unambiguous Az-

imuthal Wavenumbers for tbe Six SAMNET Station Pairs

Station Pair

AX ] im2]
FAR - NOR 17.16 10.5 21.0
FAR - OUL 27.44 6.6 13.1
NOR - OUL 10.28 i7.5 35.0
GML - KVI 17.96 10.0 20.0
GML - NUR 24.18 7.4 24 9
KVI- NUR 6.22 28.9 57.9

larization azimuth is 0° for a north-south orientation

and increases positively as the polarization orientation
rotates clockwise, being 90° for an east-west orienta-
tion. The polarization characteristics of a wave at a
particular time {for a particular frequency band) can
be presented in the form of two-dimensional polariza-
tion maps, which illustrate the horizontal polarization
variation across the SAMNET array.

2.4. Determination of m Values

Using the wave phase differences observed between
stations on the two SAMNET longitudinal chains, a to-
tal of six m value estimates can usually be made for each
demodulate during an event {for the following station
pairs: FAR-NOR, FAR-OUL, NOR-OUL, GML-KVI,
GML-NUR, and KVI-NUR). The stations in each pair
occupy very r geomagnetic latitudes, and so any
latitudinal phase variations produce only small errors in
m. To minimize this error, the m values are calculated
using differences in the D component phase only as the
H component phase generally shows more variability
with latitude {especially in the vicinity of FLRs). The
m value is given by

ey
simil

A¢

TEA

o
fo
RN

where A¢ is the D component phase difference between
the two stations and A is their geomagnetic longitude
difference. The differences in geomagnetic longitude for
each of the station pairs are shown in Table 2. Posi-
tive (negative) m values represent waves with eastward
{westward) phase propagation.

In cases where two stations have a large longitudinal
separation, an ambiguity in the m value can occur for
ULF wave events with large m values. If the phase dif-
ference between two stations is greater than 180° (or
360° if the direction of phase propagation is known),
then it is impossible to unambiguously determine the
associated m value using (1). The maximum m values
that can be measured for each station pair without the
occurrence of an ambiguity are displayed in Table 2; the
value im;:| represents the maximum m value that can
be estimated when the direction of phase propagation
is not known, whereas |mgy| represents the maximum

m value that can be estimated when the direction of
phase propagation is known. Table 2 shows that m val-
ues up to jm| ~ 10 can be measured with confidence.
Determining an optimum station separation for the best
estimation of m values is difficult. A smalil separation
clearly identifies large m values, but the estimation of
small m values can be unreliable owing to the small
phase differences involved. A large separation allows an
accurate determination of small m values, but an ambi-
guity occurs for waves with large m values. For the ma-
jority of Pch events observed by SAMNET, m/~1~5
[Chisham and Orr, 1997, and so there is no problem
with an ambiguity in the m value estimation. Larger m

values ((m| > 10) can be measured between KVI and
NUR owing to the smaller longitudinal separation (up
to {m| ~ 29 or |m] ~ 58 depending on whether the di-
rection of phase propagation is known). If {mi > 10 is
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Figure 3. The range of possibie azimuthal wavenum-
bers that can be estimated from the phase differences
between the three stations on the lower latitude SAM-
NET chain for five consecutive demodulates.
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measured between KVI and NUR, the m values mea-
sured between the other station pairs may be erroneous,
and so a method is needed to determine the correct m
values.

To correctly determine an m value suspected of being
large, we compare all the possible m values estimated
from the three phase differences between the three sta-
tion pairs on a SAMNET longitudinal chain as given
by
A+ 27N

AX
where N is an integer. Figure 3 presents possible m
values for five consecutive demodulates of data from
the lower latitude SAMNET chain. The m values are
restricted to m = =£50, which represents the probable
extent of the modes that can be observed on the ground.
The errors in m are a result of the uncertainty in the
phase measurements made at each station. Some of this
uncertainty is a result of timing errors between stations;
the maximum timing error expected between any two
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SAMNET stations is ~2 s. For wave periods ~200 s
this results in a phase uncertainty ~4°. For waves with
large m this uncertainty is generally a small fraction of
the phase difference between the stations.

Figure 3 shows that the station pair KVI-NUR has
the fewest estimates of m (and the largest error) ow-
ing to the small longitudinal separation. For the 0658
UT demodulate all three station pairings suggest pos-
sible m values around m ~ —23 and m ~ 36. The
waveforms (Figure 1) indicate that this particular wave
event (as seen on the lower latitude SAMNET chain) is
westward propagating (NUR observes the event first),
and so those values of m ~ —23 represent the best esti-
mates of the azimuthal wavenumber at this time. Using
(1) without considering the ambiguity would have led
to estimates of m for the station pairs GML-KVI and
GML-NUR of m ~ —2 and m ~ -8, respectively. This
would have been obviously erroneous. The other de-
modulates shown in Figure 3 illustrate the reliability of
the method and show the slow variation that occurs in

(b) A GML C KV o NUR
o
A GML-KVI @ GML-NUR m KVI-NUR

ff = 240
Ol < 220
mor < 200

= = 180
= i 34
EUE i3
o f i
£ £ i3
< : 2

. i35
£ £ 3 =30

3 =25

= S 20

- ios
R do

3 Z -05

3 2 80

3 < 30
N 30

3 < =30

3 ‘ 3 —60

45 Q7 00 18 30

Universal Time

Figure 4. Parameters resulting from the complex demodulation analysis of data from (a) the
higher latitude SAMNET longitudinal chain and (b) the lower latitude SAMNET longitudinal
chain. Consecutive frames from the top display the central wave period of the selected frequency
band, the D component wave amplitude, the H component wave amplitude, the D component
azimuthal wavenumber, the polarization ellipticity, and the polarization azimuth.
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m with time. Using this method, accurate m values can
be calculated for any SAMNET Pc5 events which may
have large m values.

2.5. Temporal Profiles of Event Characteristics

The results of the complex demodulation analysis for
this event are presented in Figure 4. Figure 4 presents
the temporal variations of the estimated wave period T,
the D component wave amplitude Ap, the H compo-
nent wave amplitude Ay, the azimuthal wavenumber
mp, the horizontal polarization ellipticity 2, and az-
imuth 4 for the higher iatitude {Figure 4a) and lower lat-
itude {Figure 4b) SAMNET longitudinal chains. Poor
coverage of the event occurred at some stations {par-
ticularly those on the higher latitude chain) where the
wave power was low in the frequency band of interest.

After an initial rise the wave period T on both longi-
tudinal chains shows a steady decrease from ~ 220240
s to ~ 180 — 190 s. On the lower latitude chain
this decrease in period occurs at the easternmost sta-
tion (NUR) first and finally at the westernmost station
{(GML) ~ 8{%2) min later. This change in period is
not simply 2 local time effect. These two stations are
separated by ~24° in longitude, which represents a lo-
cal time difference ~96 min. For this change in pe-
riod to represent purely a local time effect 2 96 min
delay would be expected between similar wave periods
2t NUR and GML. The shorter delay observed suggests
that the wave disturbance on the lower latitude chain
is propagating westward at ~ 8.1{£2.9) x 107% rad/s.
On the higher latitude chain this westward propagation
is not apparent.

On both chains the wave amplitude is generally dom-
inant in the D component {typically Ap ~ 245, and
the wave amplitude is generally greater on the lower
latitude chain. Hence the wave amplitude maximum
is located well within the plasmasphere. As with the
period variation, the peaks in the lower latitude chain
D component amplitude variation occur first at the
easternmost station {(NUR) and last at the western-
most station (GML). The time delay measured from the
amplitude variations is ~ 12{%2) min, which suggests
that the wave disturbance is propagating westward at
~ 5.1(+1.2) x 107* rad/s. Again, on the higher lati-
tude chain this westward propagation is not apparent.
The data even suggest that the wave disturbance may
be propagating eastward on the higher latitude chain.
However, this may just be a result of the reduced wave
signal on the higher latitude chain producing unreli-
able estimates of wave period and amplitude. The dif-
ferences between the two chains highlight the latitudi-
nal localization of the event which is typical of guided
poloidal wave modes [e.g., Chisham et al., 19971

The variation in the azimuthal wavenumber mp is
also different on the two chains. On the lower lat-
itude chain, mp is negative {representing westward
phase propagation} and rises steadily in magnitude from
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~. =21 to ~ =30 between GML and KVI and from
~ —23 to ~ —35 between KVI and NUR. These differ-
ences may suggest an azimuthal variation in m as well
as a temporal one. On the higher latitude chain, mp is
also negative hut stays constant at ~ =20 before jump-
ing to ~ —45 at around 0715 UT. The wave amplitude
at some of the higher latitude stations {especially NOR)
is very small across some of this interval, and hence the
higher latitude chain m values may not be wholly re-
liable. Both chains, however, do show the existence of
waves with large m within the plasmasphere.

The wave polarization characteristics are distinctly
different on the two chains. The polarization ellipticity
on the higher latitude chain is predominantly negative
{representing clockwise polarization), whereas the el-
lipticity on the lower latitude chain, although close to
zero at some stations, is predominantly positive {rep-
resenting anticlockwise polarization). The polarization
azimuth (or ellipse orientation) is predominantly nega-
tive on the higher latitude chain {representing ellipses
approximately oriented in the north-west to south-east
direction), whereas the azimuth is positive on the lower
latitude chain (representing ellipses approximately ori-
ented in the north-east to south-west direction}. Figure
5 shows a snapshot of the wave polarization across the
SAMNET array at ~0706 UT which displays polariza~
tion features which are typical of the event. The near-
linear polarization at NUR suggests that this may be
close to a resonance position. The polarization variation
with latitude is identical to that observed for Pgs either
side of a resonance position [Chisham et al., 1997]. It
seems likely that this latitudinal polarization variation,
along with the typically observed large m values and
dominant I component {radial in the magnetosphere}
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Figure 5. Snapshot of the Pch polarization across
the SAMNET array for the demodulate located at 0706
UT. The solid ellipses represent clockwise polarization,
}vi*}ereas the open ellipses represent anticlockwise polar-
ization.
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amplitudes, is a characteristic of guided poloidal reso-
nances.

2.6. Azimuthal Wave Dispersion
Characteristics

Figure 6 presents the azimuthal dispersion character-
istics of the large-m Pcd event as measured at KVI.
Figure 6a displays the dispersion relation between the
wave frequency w and the azimuthal wavenumber m.
The m values at KVI were estimated by linearly inter-
polating between those measured using the station pairs
GML-KVI and KVI-NUR, assuming that these m val-
ues represented the value at the midpoint in longitude
between the two stations. Figure 6a shows that the
wave frequency increases approximately linearly with
Im|. The dashed line (marked B in Figure 6a) repre-
sents a least squares fit to the data and corresponds to
an azimuthal group speed Vy_group ~ —5.0%107 % rad/s.
This compares extremely well with that estimated from
the delays in the lower latitude chain period and am-
plitude variations detailed in section 2.5. The dotted
lines (marked A and C in Figure 6a) represent the lim-
its of possible azimuthal group speeds considering the
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Figure 8. Azimuthal dispersion characteristics at KVI,
including (a) the azimuthal dispersion relation between
the wave frequency and azimuthal wavenumber and (b)
the azimuthal phase speed variation through the event.
The dashed lines represent different azimuthal group
speeds.
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errors in the estimations of m and w. Line A corre-
sponds t0 Vs_group ~ —3.5 x 107* rad/s, whereas line
C corresponds t0 Vg—group ~ —12.0 X 107% rad/s. The
azimuthal group velocities estimated from the delays
detailed in section 2.5 are well within this range.

Figure 6b presents the variation of the azimuthal
phase speed Vy_phase With time. Although the phase
speed falls slightly during the event, it is approximately
constant; the errors in the estimations are large enough
to allow both positive and negative gradients to be
drawn through the points. Large-m waves displaying
a constant westward azimuthal phase speed have been
observed before with auroral radar [Allan et al., 1982,
1983]. These studies presented a large-m Pc5 event for
which the m value and period varied so as to keep the
azimuthal phase speed approximately constant, which
was interpreted as resulting from a drift instability with
ring current protons traveling at the azimuthal phase
speed.

3. Discussion

This study presents ground-based magnetometer ob-
servations of a large-m Pc5 ULF wave within the plas-
masphere which (to our knowledge) is unique to the
literature. This Pc5 does not fall into the categories
of the storm-time Pc5 or the afternoon-sector poloidal
Pc4. It has some characteristics which are similar to
Pgs, but this Pc5 is resonant at a much lower latitude
than typical Pg resonances, and its period is longer.

Large-m waves typically gain energy from wave-
particle interactions with unstable particle populations
within the magnetosphere. Both the K, index {~ 1—
to 2—) and the D,; index (~ —5 to —15 nT) are low in
the 24 hour period preceding the event. These condi-
tions describe an extended period of geomagnetic quiet
and a reduced ring current. The Ag index {not shown),
whilst predominantly quiet, does show the occurrence of
isolated substorms at ~0200 UT on May 12. 1988, and
~0230 UT on May 13, 1988. The particle injections as-
sociated with these substorms could provide the particle
populations to feed an instability. A number of insta-
bilities that can be responsible for wave growth can be
ruled out. Although this event occurred near the in-
ner edge of the ring current {typically L ~ 3 —4), the
plasmasphere is generally a region of very cold plasma,
with 8 « 1. Therefore instabilities that require large
B, such as the drift-mirror instability [Hasegawa, 1969,
appear unlikely driving mechanisms for this event.

A possible mechanism for wave growth is the drift-
bounce resonance instability with energetic particles
[Southwood et al., 1969; Southwood, 1976]. The reso-
nance condition is given by

3)

w—mwp = Nuwpg

where wp and wp represent the particle drift and
bounce frequencies, respectively, and N is an integer.
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Figure 7. Model w-m profiles for different energy particles satisfying the drift-bounce resonance
criterion for (2) protons, N = +1; (b) protons, N = —1; (¢) O+ lons, N = +1; and (d) all ions,
N = 0. The square symbols represent the observed w-m variation as illustrated in Figure 6.

Southwood [1976] showed that the N = 0, =1 resonances
are dominant in the magnetosphere. The N = 0 drift
resonance requires the wave to be an odd-mode standing
wave (e.g., fundamental), whereas the N = =1 bounce
resonances typically require the wave to be an even-
mode standing wave (e.g., second harmonic). Generally,
it is not possible to distinguish whether waves have a
fundamental or second-harmonic standing wave struc-
ture without either in situ spacecraft measurements in
the equatorial plane or conjugate ground-based obser-
vations. Neither of these observations were available for
this event.

Figure 7 presents examples of model w-m variations
for different drift-bounce resonant interactions with dif-
ferent energy particles to compare with the observed
values of w and m. The model w-m profiles are calcu-
lated from (3); the value of wp used is that used by
Chisham [1996], which includes both an energy depen-
dent gradient-curvature term and electric field depen-
dent convection and corotation terms. All the model
w-m profiles in Figure 7 are labeled with their asso-

ciated energy, and the calculations have assumed that
K, = 1- (the K, at the time of the event) and that
the pitch angle o = 20°. Small changes in K, result in
negligible changes in the w-m profiles. Changes in the
pitch angle result in more significant changes; for ex-
ample, a change of AE/E ~ 0.3 occurs between o = (°
and a = 90° for a particular w and m. In Figure 7 the
squares and the bold line represent the observed w-m
variation (which moves to larger w and |m| as time in-
creases). the solid lines represent w-m profiles for which
wp is negative, the dotted lines represent w-m profiles
for which wp is positive, and the dashed line repre-
sents the w-m profile for which wp is zero (i.e., the
azimuthal contribution of the E x B drifts cancels that
of the gradient-curvature drift).

If these waves are second-harmonic standing waves,
particles satisfying the N = =1 bounce resonance con-
dition will be in resonance with the wave and hence will
be able to exchange energy with the wave. Whether the
particles provide energy to the wave or vice versa de-
pends on the characteristics of the particle distribution
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functions and their spatial variations [e.g., Southwood,
29?6} This infozmaﬁo’z is not avaiiabie for this event.

zeature of the magnetosphere and 50 it is possible that
distributions of this type could exist in this case. Figure
7a displays the energy of protons satisfying the N = +1
instability criterion. In the region of interest these pro-
tons all have a posztz“ve wp {easm ard drift velocity) for
all possible pitch angles. This is a consequence of the
eastward directed E x B drift resulting from the coro-
tation electric field domirating wp at L ~ 3.5 for low-
energy protons. The weszwaré propagation of the wave
disturbance rules out the N = +1 resonance with pro-
tons. Figure 7b displays the energy of protons satisfying
the N = —1 instability criterion. The protons which
satisfy the criterion in the region of interest are in the
energy range 15 - 30 MeV. These very energetic protons
are unlikely to be available in large enough numbers to
cause significant wave growth.

Protons are not the only ions which can produce wave
growth through the N = =1 bounce resonances. At
L = 3.5, in quiet geomagnetic conditions, the OF /H*
ratio is ~ 110 in the energy range 0.1~ 17 keV [Sharp
et al., 1985]. This ratio is generally highest toward the
inner edge of the ring current [Lennarisson and Sharp,
19827 where our wave observations were made. Ener-
getic OF ions, present in large numbers at the inner
edge of the ring cuz—re'x*, may provide the energy needed
for the wave growth. Figure 7c displays the energy of
O7 ions satisfying the N = +1 instability criterion. In
the region of interest this requires OF lons in the en-
ergy range 15— 20 keV. O7 ions with these energles at
L ~ 3 —4 have drift periods of the order of a day or two
{considering both gradient-curvature and E x B drifts)
[Chisham, 1996]. These O™ ions could have originated
from the substorm particle injection at 0200 U'T on May
12, 1988. However, as a result of the energy dispersion
of injected ions, higher energy ions would be expected
to reach the wave generation region before lower energy
ions. Figure 7c suggests that for this event, ~15 keV OF
ions would be needed at the start of the event, and ~20
keV O7 ions would be needed at the end of the event.
This is opposite to the expected energy dispersion and
hence argues against this interpretation.

However, the possibility does exist that this wave is
2 fundamental standing mode wave. In this case, par-
ticles satisfying the N = 0 drift resonance condition
will be in resonance with the wave. This criterion is
satisfied by lons with a drift speed which matches the
azimuthal phase speed of the wave, Vo_gnase. Figure
7d displays the energy of all ions sa‘azbf\’mg the N =0
instability criterion. Ions with energies in the range 160
- 200 keV match the criterion in the regzon of interest.
These particles have drift periods of the order of a cou-
ple of hours. It is possible that H¥ and/or OF
this energy were injected into the magnetosphere during
the ésoiateé substorm which occurred some hours ear-
lier and drifted round the Earth more than once before
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being responsible for the wave excitation. The varia-
tions in w and m during the event also match closely
those that would be expected to result from the energy
dispersion of these drifting lons. A drift resonance in-
teraction with ions is therefore a likely scenario for the
wave excitation.

4. Summary

In this paper we have used unique data analysis tech-
niques to study an unusual large-m Pcd ULT wave ob-
served by SAMNET within the plasmasphere. The po-
tential ambiguity in m-value magnitude has been elimi-
nated by the comparison of m values between more than
one set of station pairs in a longitudinal chain. Complex
demodulation analysis of the Pcb event produced the
temporal variations in the wave period/frequency and
m value leading to a characterization of the azimuthal
dispersion properties of the wave. No firm conciusions
regarding the generation mechanism of this wave can
be made without knowledge of the harmonic mode of
the wave and the stability of the local energetic ion
distributions. However, a possible scenario is that the
wave originated from a drift-bounce resonance interac-

tion with energetic ions at the inner edge of the ring
current.
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