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Abstract.

Using data from the Active Magnetospheric Particle Tracer Explorers (AMPTE)
Charge Composition Explorer (CCE) satellite near local noon, and the AMPTE Ion
Release Module (IRM) and United Kingdom Subsatellite (UKS) on the morning
flank, we investigate the tailward propagation of a compressional Pc5 wave (380
s period) on October 28, 1984, and suggest that the observation represents a
magnetospheric waveguide mode. The observed wave is a transient oscillation
lasting about five wave cycles with an observed time of flight from CCE to
IRM/UKS of 180 s. The first three or four cycles at the leading edge of the event
display a remarkable wave packet coherence between CCE and IRM/UKS despite
their large separation in the magnetosphere (~ 6.2 Rg). A time of flight analysis
suggests a waveguide mode group speed ~ 220 km s~1, being much less than the
local Alfvén speed and comparable to the expected sub-Alfvénic propagation speed
of a waveguide mode. The ground-based signature of the event is also observed near
local noon by the European Incoherent Scatter magnetometer cross, displaying the
same period and lasting for the same number of cycles. The ground-based data
show no evidence of a field line resonance; the event is monochromatic, and there
is little variation of amplitude and polarization with latitude. An increase in solar
wind ram pressure of ~ 30% is observed by IMP 8 upstream in the solar wind just
prior to the event, and this may have provided an impulsive energy source for the

waveguide mode. This is the first time the signature of a particular waveguide
mode harmonic has been observed by satellites which are widely spaced in the
magnetosphere. Moreover, we present the first unambiguous observation of the
downtail propagation of a waveguide mode. The observation also provides possible
evidence of dispersion in the Earth’s outer magnetospheric waveguide.

1. Introduction

Ultralow frequency (ULF) pulsations may be excited
in the Earth’s magnetosphere by the solar wind. Early
theoretical work considered how Kelvin-Helmholtz sur-
face waves propagating on the magnetopause could cou-
ple to Alfvén resonances situated deep in the magneto-
sphere [Chen and Hasegawa, 1974; Southwood, 1974].
Following observations by Kivelson et al. [1984] of a
compressional ULF wave disturbance with constant fre-
quency over a range of L shells, the theory was refined to
consider how the magnetosphere could act as a resonant
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cavity when perturbed by sudden impulses or density
enhancements in the solar wind [Kivelson and South-
wood, 1985, 1986]. Further theoretical developments
produced the waveguide model in which the magneto-
sphere is open downtail, allowing fast mode energy to
propagate antisunwards down the waveguide [Walker
et al., 1992; Samson et al., 1992; Harrold and-Samson,
1992; Wright, 1994].

Observational searches in the magnetosphere for the
compressional cavity or waveguide modes believed to be
responsible for driving field line resonances have been
generally unsuccessful. Observations by Crowley et al.
[1987, 1989] using the European Incoherent Scatter
(EISCAT) radar determined the local ionospheric con-
ductivity at the position of a field line resonance. They
calculated a theoretical damping rate for the waves
based on the observed conductivity; this theoretical
damping rate was much greater than the observed wave
damping. Crowley et al. [1987] argued that this was ev-
idence that the field line resonance was being continu-
ally driven by a cavity mode, although the cavity mode
itself was not observed directly. Very recently, Yeo-
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man et al. [1997] used the Co-operative UK Twin Lo-
cated Auroral Sounding System (CUTLASS) radar to
observe the time-dependent evolution of a field line res-
onance. The evolution observed was in accord with the
time-dependent cavity mode modelling of Mann et al.
[1995]. Yeoman et al. [1997] argued that their observa-
tion represented a field line resonance being driven by
a cavity mode, the cavity mode itself resulting from the
impulsive excitation of the magnetosphere by a sudden
impulse in the solar wind.

Observational searches for cavity modes using satel-
lites in situ in the magnetosphere have generally con-
centrated upon looking for quasi-sinusoidal compres-
sional oscillations with L-independent frequencies, or
for enhancements in the Alfvén continuum at cavity
mode eigenfrequencies. These cavity mode signatures
were predicted by the modeling of Lee and Lysak [1989,
1991] in a dipole field geometry. Previous searches for
these characteristics using the Active Magnetospheric
Particle Tracer Explorers Charge Composition Explorer
(AMPTE CCE) data set have been largely unsuccess-
ful. When the satellite data are presented in the form
of spectrograms [e.g., Anderson et al., 1989, Plate 1],
they do not show any evidence of compressional waves
with constant frequencies over a range of L shells or
of particular power enhancements in the Alfvén con-
tinuum [Anderson et al., 1989; M.J. Engebretson and
B.J. Anderson, The search for global mode ULF waves
in the AMPTE CCE data set, submitted to Journal of
Geophysical Research, 1995]. This may be the result
of the low harmonics of cavity/waveguide modes typi-
cally having frequencies of a few millihertz (Pc5 waves)
which are not well resolved by the AMPTE CCE spec-
trograms, the spectrograms typically being sensitive to
waves with frequencies between 20 and 80 mHz [Hughes,
1994]. At these higher (Pc3-4) frequencies the eigenfre-
quencies of the three-dimensional magnetospheric cav-
ity may be so closely packed so as to approach a con-
tinuum similar to that which is observed. Engebretson
and Anderson also analyzed long periods of AMPTE
CCE data, looking for Pc5 global cavity mode signa-
tures with frequencies < 10 mHz. They found some ev-
idence for slowly propagating (velocities ~ 100 km s™1)
compressional waves but no evidence for the expected
L-independent cavity mode oscillations.

The absence of these monochromatic compressional
wave signatures can be explained by inadequacies in the
cavity model. If the outer magnetosphere behaves more
like an open waveguide than a cavity, compressional
wave energy will propagate downtail in a wave packet.
In the waveguide model the decaying quasi-sinusoidal
compressional cavity mode signatures are not expected.
If a satellite observes a waveguide mode, it will only
see oscillations for a finite time as the waves pass over
it. Waveguide modeling has now put this on a firm
theoretical footing [Rickard and Wright, 1994, 1995].

The waveguide model of Rickard and Wright [1995]
has been used to successfully simulate the waves ob-
served on the DE 1 satellite by Lin et al. [1992]; how-
ever, no observational studies to date have used mul-
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tiple satellites to follow the tailwards propagation of
a waveguide mode. In this paper we present observa-
tions of a suspected waveguide mode event from Oc-
tober 28, 1984. The event is observed in the magne-
tosphere near local noon by AMPTE CCE and in the
local morning by AMPTE Ion Release Module (IRM)
and UKS. The event is also seen at lower L shells by
the ground-based magnetometers of the EISCAT mag-
netometer cross. We discuss the possible driving mech-
anisms for the waveguide mode and conclude that it
was most probably impulsively driven by a solar wind
sudden impulse incident upon the nose of the magneto-
sphere. We suggest that the dispersion observed during
the event may be evidence that the Earth’s outer mag-
netosphere acts as a waveguide for compressional ULF
pulsations.

The paper is structured as follows: Section 2 presents
the waveguide mode observations, section 3 presents a
time of flight analysis of the downtail propagation of the
mode and considers a possible impulsive energy source
for the waves, section 4 considers waveguide mode the-
ory and section 5 discusses the observed wavegu.de
mode dispersion and comparesit to the theoretical mod-
els. Finally, section 6 summarizes our paper.

2. Observations

Figure 1 shows the positions of the observations made
by the satellites in the magnetosphere and by the mag-
netometers on the ground. The positions of AMPTE
CCE and the twin AMPTE IRM/UKS satellites be-
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Figure 1. The positions of AMPTE CCE and AMPTE
IRM/UKS at the time of the event mapped into the
GSE X-Y plane. The solid lines represent the paths of
the satellites between 0900 and 1030 UT and the symbol
represents its position at 1030 UT. The field of view of
the EISCAT magnetometer cross mapped into the GSE
X-Y plane is also shown, as is the position of a model
magnetopause and bow shock.
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Table 1. Coordinates and L Shell Values of the EISCAT Magnetometer

Cross Stations

Geographic Geomagnetic
Station Code Latitude Longitude Latitude Longitude L Shell
Soroya SOR 70.54 22.22 67.01 106.91 6.66
Alta ALT 69.86 22.96 66.28 106.83 6.28
Kevo KEV 69.76 27.01 65.95 109.82 6.12
Kilpisjarvi KIL 69.05 20.70 65.61 104.41 5.96
Kautokeino KAU 69.02 23.05 65.43 106.17 5.88
Muonio MUO 68.01 23.53 64.39 105.73 5.44
Pello PEL 66.90 24.08 63.23 105.34 5.01

All values were calculated using the International Geomagnetic Reference Field for 1987

at an altitude of 120 km.

tween 0900 and 1030 UT on October 28, 1984, are
shown as solid lines; the overplotted triangles represent
the satellite positions at the end of the interval at 1030
UT. As is clearly shown, IRM/UKS are outbound in
the morning sector of the magnetosphere, whilst CCE
remains on nearly constant L shells as it travels toward
the local afternoon. The CCE and IRM/UKS satellites
are separated by 6.2 Rg in the GSE X-Y plane at 0915
UT at the beginning of the event; the separation gradu-
ally increasing with time. This large separation is used
later in the paper to analyze the downtail propagation
of the waveguide mode. Also plotted as a small angu-
lar section in Figure 1 are the equivalent GSE X and
Y range of the EISCAT magnetometer cross stations
[Lihr et al., 1984] between 0900 and 1030 UT mapped
into the equatorial plane. The geographic and geomag-
netic locations of the EISCAT magnetometer cross sta-
tions are given in Table 1. The ground-based magne-
tometers sample waves from a similar magnetic local
time to AMPTE CCE but from lower L shells. Since
the field of view of the magnetometers rotates with the
Earth, the magnetometers observe waves from a small
range of magnetic local time. Figure 1 also contains a
model magnetopause [Fairfield, 1971] calibrated by an
AMPTE UKS magnetopause crossing recorded later on
the same day. A model bow shock position is also in-
cluded.

2.1. AMPTE CCE and IRM/UKS Observations

In Figure 2 we present magnetic field variations ob-
served by AMPTE CCE (thin line) and AMPTE UKS
(thick line) between 0900 and 1030 UT on October 28,
1984. On the timescale of the waves we are interested in,
the AMPTE UKS and IRM data sets are almost indis-
tinguishable, and so we do not attempt any correlative
studies between them. We plot the AMPTE UKS data
in preference to the AMPTE IRM data in the remainder
of this paper. The Pc5 event which forms the subject
for the paper is observed as a series of about five or six
cycles of compressional wave activity between 0915 and
1000 UT; similar wave activity being seen at both CCE
and UKS. The oscillations at UKS occur slightly later
than at CCE, which we attribute to the downtail prop-
agation of the waveguide mode. This is especially clear
in the B, component between 0925 and 0945 UT, and

in |B| between 0930 and 0945 UT. The waves at both
satellites have a period of about 380 s and are strongly
compressional. This is consistent with the characteris-
tics expected of a compressional waveguide mode.

2.2. EISCAT Magnetometer Cross Observations

In Figure 3 we plot the X (geographic north-south)
and Y (geographic east-west) magnetic field variations
as observed by the EISCAT magnetometer cross be-
tween 0900 and 1030 UT (note that there is no X
component data available from the station KEV dur-
ing this interval). A wave with very similar characteris-
tics to those observed by the AMPTE satellites is seen
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Figure 2. AMPTE CCE (solid line) and AMPTE UKS

(bold line) GSE magnetic field components B, By, B,
and magnitude |B| as a function of UT.
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(a) Oct 28 1984 X Component Unfiltered
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Figure 3. Unfiltered (a) X component and (b) ¥ com-
ponent data from the EISCAT magnetometer cross.
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Figure 4. Polarization map displaying the wave po-
larization variation across the EISCAT magnetometer
cross for the central period of the event. There is no
ellipse for KEV because of a data gap in the X compo-
nent.

by the ground-based magnetometers. The wave has a
dominant period of 380 s, lasts for about five cycles,
and is observed in both the X and Y components be-
tween 0925 and 1000 UT. We have used the technique of
complex demodulation [Beamish et al., 1979] to deter-
mine the amplitude, phase and polarization character-
istics of the wave at the ground magnetometer stations.
This technique is based on the fast Fourier transform
and uses the dominant frequency component in a wave
packet, in this case 2.6 mHz (corresponding to the dom-
inant spectral component at 380 s), to estimate the av-
erage amplitude and polarization characteristics for the
event at each station. The complex demodulation anal-
ysis shows that both the X and Y components have al-
most no latitudinal amplitude variation, the wave hav-
ing a near constant amplitude across the entire array.
In Figure 4 we present the resultant polarization ellipses
as a function of the geomagnetic latitude and longitude
of the observing magnetometer stations. The wave po-
larizations at all the stations have approximately the
same orientation, pointing into the northwest quadrant
(viewed in the direction of the ambient magnetic field).
The polarization ellipticity is almost constant across the
array, displaying only a slight tendency toward linear
polarization at higher latitudes. The polarization sense
at every station was anticlockwise when viewed in the
direction of the ambient magnetic field.



MANN ET AL.: MULTISATELLITE WAVEGUIDE MODE OBSERVATIONS

4661

1Bl (nT)

IBI (nT)
<

1.0
0.5+

correlation

-0.54
-1.0

00F - --f--cmm oo

1000 2000

3000 - 4000

seconds

Figure 5. Magnetic field data from AMPTE CCE (thin line) and AMPTE UKS (thick line) as
a function of time. Plotted are (top) the unfiltered magnetic field magnitudes |B|, (middle) the
band-pass filtered |B|, and (bottom) the cross correlation between the two filtered data sets. The
time axis shows seconds since 0900 UT, with the UKS data having been shifted forward by 180

S.

The EISCAT magnetometer cross data presented in
Figures 3 and 4 show no evidence of a field line reso-
nance, either in terms of any tendency toward a maxi-
mum wave amplitude on a particular field line, or of the
possibility of a polarization reversal. It is possible, how-
ever, that a field line resonance is occurring at higher
latitudes and that we are observing the lower latitude
wave signature equatorward of the resonant field line.
The observation that the waves have an anticlockwise
polarization sense would be consistent with this inter-
pretation (for westward propagating waves). We re-
turn to this possibility in the context of magnetospheric
waveguide theory in section 5.

An attempt has also been made to estimate the m
value (azimuthal wavenumber) of the disturbance using
the phase differences measured between the ¥ compo-
nents of the disturbance at the longitudinally spaced
stations KIL, KAU and KEV. Unfortunately, because
of the proximity of the stations, the phase differences
between the stations were very small, making an accu-
rate determination of the m values of the waves difficult.
However, the results suggest that the m values for the
waves are small (jm| < 5). This is important when con-
sidering the likely azimuthal wavenumber composition
of the waveguide modes later in the paper.

3. Downtail Propagation of the
Waveguide Mode

As we discussed previously, a slight time delay exists
between the wave cycles observed at CCE and those
observed at UKS. In this section we complete a more
detailed analysis of this apparent tailward propagation.
In Figure 5 we compare the magnetic field magnitudes
|B| from CCE (thin line) and UKS (thick line) as a func-
tion of time in seconds since 0900 UT. The top panel
shows the raw data, whilst in the middle panel-the data
have been band-pass filtered (between 1.5 and 6.25 mHz
(approximately 160 s to 660 s)) to remove the trend of
the background magnetic field variations and the higher
frequency wave components. We have shifted the UKS
data forward in time by 180 s to highlight the correla-
tion with the CCE data. This shift was chosen to obtain
the maximum correlation between the two wave trains
for the early (large amplitude) wave cycles. Using an
800 s sliding window, we calculated the cross correlation
between the filtered waveforms as a function of time and
show this in the bottom panel of Figure 5. The degree
of correlation between the two time series for the three
to four large-amplitude wave cycles at the start of the
wave packet is quite remarkable, especially considering
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that CCE and UKS are separated by ~ 6.2 Rg (in the
GSE X-Y plane). For later wave cycles, the correlation
between the two satellites is greatly reduced; the waves
displaying more complex and less quasi-sinusoidal sig-
natures. The correlation between about 1200 and 2700
s is very significant, approaching unity for the majority
of the interval. At later times in the time interval pre-
sented the correlation decreases. It is possible that this
could be a result of the waveguide mode dispersing be-
tween the two observations, although some decrease in
correlation could occur because of the satellite motion.
The UKS data suggest the possible existence of some
higher frequency components later in the wave packet
which are not apparent at CCE. The amplitude of the
waves is also less at UKS than at CCE. We interpret
these features as properties of a propagating and dis-
persing waveguide mode in section 5.

We believe that the large degree of correlation which
exists once the UKS data have been shifted by 180 s
can be explained in terms of the time of flight of the
leading edge of the waveguide mode wavepacket from
CCE (situated near local noon) to UKS (situated in
the local morning). If we assume that the group ve-
locity of the waveguide mode is approximately aligned
with the spacecraft separation vector, we can estimate
the group velocity of the waveguide mode. Using the
positions of the satellites at 0915 UT (at the beginning
of the most coherent part of the wave packet), we cal-
culate a group velocity (in the GSE X-Y plane) of 219
km s™!. It is important to compare this group velocity
with other typical wave speeds in the magnetosphere
and magnetosheath and to establish the likely mecha-
nism responsible for driving the waves.

In Figure 6 we display the magnitude of the ion flow
velocity, the local Alfvén speed, and the background
magnetic field measured on the out-bound trajectory of
AMPTE UKS. To calculate the Alfvén speed we have
used the observed magnetic field magnitudes and esti-
mated the plasma density using the ion species composi-
tion observations of Young et al. [1982]. The prevailing
K, at the time of our event is ~ 20 to 3—, which sug-
gests that the number density ratio O+/H+ ~ 0.4 (i.e.,
approximately 30% O+ and 70% H+) [Young et al.,
1982, Figure 12c]. Assuming quasi-neutrality, the elec-
tron density measurements from UIS were then used
to estimate the plasma mass density, resulting in the
Alfvén speed profile shown in the middle panel of Fig-
ure 6.

In the time interval presented in Figure 6, the UKS
satellite travels toward higher L shells in the magneto-
sphere until it crosses the magnetopause at about 1220
UT. The compressional waveguide mode event can be
clearly seen in the raw magnetic field data between 0915
and 1000 UT. In the magnetosheath the flow speed rises
from ~ 160 km s~! at the magnetopause boundary to
~ 190 km s~! at 1400 UT. It is possible that the com-
pressional waves could be the magnetospheric signature
of a plasma disturbance in the magnetosheath; the com-
pression of the magnetopause by the disturbance being
observed as compressional waves in the magnetosphere.
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Figure 6. Ion velocity (Vion), Alfvén speed (Vy4), and
total magnetic field magnitude (|B|) observed by UKS
as a function of UT.

However, we do not favor this as the likely source of
the waves because the flow speeds observed by UKS in
the magnetosheath appear to be too slow to account
for the observed time of flight between CCE and UKS.
This scenario is made even more unlikely since the mag-
netosheath flow speed near the stagnation point will be
very small (see, for example, the magnetosheath model-
ing of Spreiter and Stahara [1980]). The average magne-
tosheath flow speed between the local times of CCE and
UXKS will consequently be much less than that measured
by UKS in the local morning at 0900 MLT, and this
makes agreement between an average magnetosheath
flow speed and the wave’s time of flight even more dif-
ficult to reconcile.

It is also possible that the disturbance was the mag-
netospheric signature of a Kelvin-Helmholtz (KH) sur-
face wave propagating along the magnetopause. How-
ever, calculations by Walker [1981] using a finite thick-
ness magnetopause suggest that the fastest growing KH
waves will have a tailwards wavelength (A) ~ 10 times
the thickness of the boundary layer; the period of the
KH waves being given by T' ~ \/Vy, where Vj is half the
magnetosheath flow speed [Walker, 1981]. The thick-
ness of the low-latitude boundary layer is generally a few
hundred kilometers at the subsolar magnetopause and
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rises to ~ 1 Rg on the flanks [ Yumoto and Saito, 1980].
Using Vp = 100 km s~! (approximately half the magne-
tosheath flow speed observed by UKS) produces a pe-
riod ~ 30 s near the subsolar magnetosphere (assuming
a width of 300 km) and a period ~ 640 s on the flanks,
the predicted period at the nose being much lower than
that observed. This suggests that KH surface waves are
not a likely source of Pc5 waves near the subsolar point.
It is possible, however, that Pc5 waves further down the
flanks are driven by the Kelvin-Helmholtz mechanism.
KH waves are more unstable there [e.g., Miura, 1992],
and this is where Pc5 field line resonances (FLRs) are
most frequently observed [see, e.g., Cao et al., 1994].

We believe that the most likely driving source of the
observed compressional Pc5 waves is impulsive varia-
tions in the solar wind. These impulses are likely to
have scale sizes greater than the magnetosphere and
can excite the entire magnetospheric cavity. The im-
pulses drive waveguide modes in the magnetosphere
which subsequently propagate tailwards. Modes with
low azimuthal wavenumbers (m values) will have group
velocities much lower than the local Alfvén speed [see,
e.g., Wright, 1994]. In Figure 6 (middle panel) the
Alfvén speed can be seen to decrease with increasing
L shells but remains very much greater than the calcu-
lated wave group speed of ~ 220 km s™!. We believe
that the waves we see are the signature of a waveguide
mode, and we discuss this possibility in detail in the
next section. '

To look for a possible signature of a solar wind source
for the waveguide mode, we examined data from the
IMP 8 satellite which was situated upstream of the
Earth. Prior to the onset of the wave event, IMP 8 saw
an enhancement in solar wind ram pressure of about
30%. Unfortunately, there is a large data gap imme-
diately following the ram pressure enhancement which
covers the entire interval of the event. Much later, when
data coverage resumed, the ram pressure had returned
to its previous value. We suggest that this could repre-
sent the solar wind driver of the waveguide mode, but
the data gap prevents us testing this hypothesis further.
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4. Waveguide Mode Theory

The theoretical details of compressional MHD wave
propagation in a model magnetospheric waveguide have
been developed by Wright [1994]. In Wright’s model a
Cartesian geometry is used: the background magnetic
field is uniform and lies in the Z direction, a density
profile p(z) is prescribed in the % direction to represent
a monotonically decreasing radial Alfvén speed profile,
and the waveguide is uniform in the tailwards (y) di-
rection. The wave source acts near y = 0, with the
subsequent tailwards wave propagation being examined
as a function of z, y and time. This waveguide is illus-
“trated schematically in Figure 7.

Waves in this waveguide can be described in the
WKB limit by [Inhester, 1987; Wright, 1994]

w

(- I

3@ W
The effective radial wavenumber of the waves is given
by

d?b, 2

dz?

2 2
k2 —kz) b. = 0.

ki (z,w) = - kz - k2 (2)
so that the wave’s turning point (where k2 = 0) is a
function of both the wave frequency w and k, (k. is as-
sumed to be fixed by considering a single field-aligned
harmonic). Equation (1) can be used to calculate the
ray trajectories for the k, components of a particular
wave packet: a schematic of the refraction of three typ-
ical rays having wavenumbers ky, (n = 1,2,3) are also
shown in Figure 7 (adapted from Wright [1994]). Each
ray penetrates to a different turning point z, (zo is
the turning point for waves with k, = 0). Similarly,
each mode propagates down the waveguide with differ-
ent group speeds vgy, traveling a distance y = vyt in a
time ¢. In general, waves with larger k, have trajecto-
ries which remain close to the magnetopause (i.e., near
Tm) in the region of the lowest Alfvén speed, whereas
lower k, modes have rays initially directed more per-

w2
vi(e)

x=0

X=Xm

Large v,
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X
X2
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Figure 7. Schematic diagram of the Earth’s magnetospheric waveguide, including the ray trajec-
tories for tailwards propagating waveguide modes with three different k, values (kyn, n = 1,2, 3).

Each ray penetrates to a different turning point z, and propagates a distance ¥,

Ugnt in a

time ¢ since the modes were excited. Adapted from Wright [1994].
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S(ky)

Ky

Figure 8. Schematic diagrams of (top) waveguide
mode w—k, dispersion, (middle) waveguide mode group
velocity as a function of k,, and (bottom) a possible
spectrum S(k,) of waveguide modes driven by a solar
wind impulse incident upon the magnetosphere. In the
first two panels dashed lines represent the behavior in
a uniform waveguide, whilst the solid lines represent
that in a nonuniform waveguide. Adapted from Wright
[1994].

pendicular to the waveguide and penetrate deeper into
the magnetosphere. Consequently, the waveguide gen-
erates spatial k, dispersion in the X direction. The k,
value corresponding to the fastest § group velocity vg
(= Ow/0ky) depends on the X inhomogeneity in the
waveguide. In a uniform waveguide, v, increases mono-
tonically with k,. This is the case we have illustrated
in Figure 7 whereby the modes with higher values of
kyn possess larger values of x, and larger vg,. Conse-
quently, the mode which propagates fastest down the
waveguide has the largest k,. However, in a nonuni-
form waveguide with a monotonically decreasing Alfvén
speed there can be an intermediate k, which maxi-
mizes vg. This can occur because waves with lower k,
can have a ray which samples an enhanced average v4
between its turning point and z,,. For certain lower
k, values this can compensate for the additional path
length accrued from rays penetrating deeper into the
magnetosphere and generate a local vy maximum at a
particular value of k,.

In both the uniform and nonuniform waveguides,
waves with k, = 0 have vy = 0, and waves with k, — oo
have vy — v4(z,,). The temporal dispersion seen by
an observer downtail from y = 0 will consequently de-
pend upon the plasma profiles of the waveguide. In the
first and second panels of Figure 8 we show schematic
profiles of waveguide mode dispersion and group veloc-
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ity as a function of k, for both uniform (dashed line)
and nonuniform (solid line) radial Alfvén speed profiles.
The differing dispersion and group velocity character-
istics are clearly shown. In the nonuniform waveguide
the waves with maximum group speed (vgmax) clearly
have an intermediate wavenumber kymax, With kymax
representing the position where the w — k, diagram has
maximum gradient. We now consider our observations
in the light of this theory.

5. Dispersion in the Earth’s
Magnetospheric Waveguide

As discussed in section 3, it is likely that the energy
source for the observed waveguide mode was a large-
scale structure (possibly a density enhancement) in the
solar wind. The character of the observable magneto-
spheric response to this disturbance will depend upon
the k, spectrum which it excites, and on the subsequent
dispersion and propagation of the waves in the waveg-
uide. If the wave front of this disturbance is almost pla-
nar on the scale size of the magnetosphere, the k, spec-
trum of the waves excited will be dominated by low k,
components. If we consider this disturbing impulse to
have a scale of AY on the magnetopause, the dominant
m value for a magnetosphere with a standoff distance
of Lynp would be m = 27 Ly, Rp/AY . For example, as-
suming a typical AY ~ 10 Rg and a standoff distance of
10 RE gives a typical m ~ 2w. Pc5 field line resonances
are generally observed to have m < 10, which is consis-
tent with the above theoretical estimate and also con-
sistent with the m value inferred for our event from the
ground-based observations. A sudden impulse with a
large scale-size would be unlikely to drive any very high
k, modes, and hence we anticipate that the resulting
waveguide mode spectrum S(k,) will be cut off toward
large k,. As we discussed earlier, the group velocity of
the leading edge of the waveguide mode wave packet
travels at a speed much less than the Alfvén speed at
the magnetopause (the lowest speed in the waveguide).
This also suggests that S(k,) only contains a narrow
band of the very smallest k, components; the group
velocity of the largest k, part of the spectrum S(k,)
excited in the magnetosphere clearly being much less
than the asymptotic (k, — oo) group speed (since the
observed vy, < vg(ky — 00) = va(zm)). A possible
spectrum S(k,) is schematically illustrated in the bot-
tom panel of Figure 8.

The details of whether the cutoff occurs before or
after any possible vy peak in the k, spectrum will crit-
ically depend on the details of the radial Alfvén speed
profile in the waveguide. In all cases the wave compo-
nent with maximum vy will be seen first by an observer
situated down the waveguide. If S(ky) cuts off before
the peak in vy, the highest k, components will arrive
first in both the uniform and nonuniform waveguide sce-
narios. In that case it is not possible to observationally
distinguish between uniform and nonuniform waveguide
behavior. We believe that this is probably the case for
our event. If on the other hand S(k,) includes the group
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Figure 9. Band-pass filtered AMPTE CCE magnetic field components B, and B, (thick lines)
overplotted with the KAU X and Y components (thin line). The ground magnetometer data
have been filtered with the same band pass, and the amplitudes of the satellite data have been

doubled to enable an easier comparison between

speed peak, intermediate k, components would arrive
first, followed by a superposition of waves with k, on
either side of the group speed peak, and finally by a
monochromatic signal comprised of only the lowest k,
components (see, for example, the modeling signatures
of [Rickard and Wright, 1994, Figure 7]).

Detailed examination of Figure 5 suggests the possi-
ble development of higher frequency wave components
in the UKS data later in the wave packet at about 1000
UT. These higher frequency components are not appar-
ent in the CCE data. If these features occur as a result
of waveguide mode dispersion, it would seem likely that
they are due to spatial rather than temporal disper-
sion. This could result from UKS sampling fields closer
to the magnetopause later in the wave packet and con-
sequently revealing the structure of those (higher) k,
components which are trapped nearer to the magne-
topause and whose turning points lie outside the posi-
tion of UKS (and CCE) at the start of the wave packet.
If this were the case it would require the solar wind
driver to act over finite time so that these higher k,
components are still present when UKS observes them
on higher L shells later in the wave packet. The sugges-
tion that these features occur as the result of waveguide
mode spatial dispersion is tentative but is a possible ex-
planation of the observations.

A more interesting and striking feature of Figure 5 is
the decay in amplitude of the waveforms at the leading
edge of the wave packet as it propagates from CCE to
IRM/UKS. In a dispersive waveguide, the amplitude of
a wave propagating down the waveguide will decrease as
the wave energy is spread over a larger volume. Hence
dispersion leads to a decay in wave energy density as
it propagates down a waveguide. The amplitude of the
waveform at UKS is much smaller than that at CCE,
consistent with this dispersion. In addition to this de-

the ground-based and the magnetospheric data.

cay in energy density, energy can also be lost from the
waveguide mode wave packet via a variety of loss mech-
anisms. Energy losses can result from imperfect reflec-
tion at the boundaries of the guide, from direct iono-
spheric dissipation (expected to be small for dominantly
compressional waves [Kivelson and Southwood, 1988]) or
from the waveguide mode driving a field line resonance.
From Figure 7, we calculated the total compressional
energy in each of the wave packets observed by CCE
and by UKS. The total energy in the wave packet ob-
served by UKS is only 38% of the energy in the wave
packet observed by CCE, which suggests that a consid-

“erable amount of waveguide mode energy has been lost
from the waves between the two observations.

To examine the possibility that the waveguide mode
excites a field line resonance, we compare in Figure 9
the band-pass filtered CCE B, and B, magnetic field
components from Figure 5 (thick lines) with the X
and Y variations from the ground station KAU (also
band passed with the same filter; thin lines). Note
that the amplitudes of the CCE data have been doubled
to enable an easier comparison with the ground-based
data. Both of these observations are made at almost the
same local time but on differing L shells (see Figure 1).
The dominant wave oscillations within this frequency
band have the same period, but the phase relationship
from the satellite to the ground appears complex. The
ground-based data also appear to contain more high-
frequency components than the satellite data. Both of
these features may be due to the spatial integration in-
herent in ground-based magnetometer observations or
it could be a result of signal modifications due to iono-
spheric currents which can make the direct comparsion
of ground and satellite data difficult.

Throughout this interval the wave observed in the
ground-based data has an anti-clockwise polarization
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sense. The B, and B, components at CCE, on higher
L shells, are almost in quadrature; however, the wave
here also has an anticlockwise polarization, and hence
there appears to be no polarization reversal between
the observations (i.e., the resonant field line does not
appear to be between the two observations). Typi-
cally, the amplitude of a FLR maximizes at the reso-
nant field line where the toroidal component exhibits a
phase change of 7 over radial distances ~ 2 Rg [e.g.,
Ziesolleck and McDiarmid, 1994, Figure 7). The CCE
and EISCAT magnetometer cross observations show no
evidence of a polarization reversal, so it is unlikely that
a resonance exists at this local time on the L shells be-
tween CCE and EISCAT. However, a FLR polarization
reversal should only exist at those local times where a
resonant response is being driven. Local time localized
resonant signatures of this kind were produced by the
waveguide modeling of Rickard and Wright, [1995, Fig-
ure 6], so it is possible that a field line resonance could
be being driven at earlier (later) local times away from
noon and toward dawn (dusk).

To make more detailed comparisons between the po-
larizations of the waves observed by the EISCAT mag-
netometers and by AMPTE CCE, we need to consider
the effect of the ionosphere. The polarization sense of
waves is unaffected by transmission through the iono-
sphere; however, the orientations of the polarization
ellipses can be significantly altered. Purely Alfvénic
waves are subject to a polarization rotation of 90° [e.g.,
Hughes, 1974]; however, fast waves are relatively un-
affected by the ionosphere [Kivelson and Southwood,
1988]. In reality, fast and Alfvén waves are coupled to-
gether in the magnetosphere so that the effect of trans-
mission through the ionosphere to the ground will de-
pend on the location of the observation; close to the res-
onance the waves should be dominantly Alfvénic, whilst
far from the resonance they will be dominated by their
fast mode component. This makes comparison between
the ground and satellite data very difficult, especially
as the ground magnetometers observe a spatially inte-
grated signal [Poulter and Allan, 1985]. In the case of
a cavity/waveguide mode, this situation is complicated
further by the possible existence of polarization rever-
sals in latitude due to the nodes and antinodes which
can exist in the oscillatory part of the modes [Allan
et al., 1986; Zhu and Kivelson, 1988], so that the wave
polarizations observed can be strongly dependent on the
position of the observation.

Returning to Figure 9, between 0930 and 1000 UT
there is a good “in phase” correlation between CCE B,
and KAU X (this interval also represents the part of the
wave packet where maximum correlation exists between
CCE and UKS after the time of flight shift of 180 s).
The CCE B, and KAU Y components, however, appear
to be almost in antiphase, especially from around 0930
to 0940 UT. In general, between 0930 and 1000 UT, B,
and Y (if they show any correlation at all) appear to
be between 90° and 180° out of phase with each other
in the dominant spectral component (380 s). If the
waveguide mode is a dominantly fast mode oscillation
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and the 90° polarization rotation is not operative, then
the differences in phase could be the result of the radial
oscillatory structure of the waveguide mode. We believe
that this is the most likely explanation for the phase
differences, especially since there is no other evidence
which supports the existence of a FLR at the local time
of CCE and the EISCAT magnetometer cross.

The constant nature of the phase and ellipticity of
the waves observed on the ground (Figure 4) is con-
sistent with the known behavior well equatorwards of
a field line resonance [e.g., Ziesolleck and McDiarmid,
1994; Chisham and Orr, 1997]. If this is the signature of
the radially evanescent part of the waveguide mode then
this suggests that the EISCAT magnetometer cross was
probably equatorward of any resonance which might
have been driven by the waveguide mode. We esti-
mate that a 2.6 mHz resonance could lie at L ~ 7.5
by comparing with the resonance positions of 1.9 and
3.4 mHz Pc5 waves observed in the local morning by
Ziesolleck and McDiarmid, [1994, Figure 6]. This is
consistent with a resonance position on L shells between
CCE and the EISCAT magnetometer cross. Qur ear-
lier arguments suggest that the resonance is probably
not located at the same local time as CCE and EISCAT
(around noon), so that if a FLR was being driven by the
waveguide mode it would most likely be located at ear-
lier (later) local times, that is, toward dawn (dusk). It
is also possible that the waveguide mode did not drive
a FLR and that the energy loss from its wave packet
occurred as a result of other direct energy loss mecha-
nisms. We have not observed any FLR characteristics
directly, and so can only speculate about possible FLR,
existence at the locations not sampled by our instru-
ments.

The observational features of the waveguide mode
event can be summarized by the following scenario
which is illustrated schematically in Figure 10. A sud-
den impulse in the solar wind passes through the bow
shock and is incident upon the magnetopause. This im-
pulsively excites waveguide modes with a low ky spec-
trum in the magnetosphere near the subsolar point and
these waves subsequently propagate down the waveg-
uide (time to in Figure 10). The largest k, components
in the wave packet (k, ~ 6) propagate fastest down
the waveguide but travel slower than the local magne-
tospheric Alfvén speed. The leading edge of the distur-
bance (largest k,) decreases in amplitude as it propa-
gates down the waveguide as a result of dispersion in
the wave packet (causing a local decrease in the en-
ergy density of the waves). After ~ 180 s, the leading
edge of this disturbance reaches AMPTE UKS (time
t1 in Figure 10). The lower k, components penetrate
deeper within the magnetosphere but propagate more
slowly along the waveguide and stay closer to the sub-
solar point. These lower k, waves remain on the same
L shells for longer periods and in some cases can act as
long-lived and coherent drivers for field line resonances
[Wright, 1994]. The total compressional energy in the
wave packet decays by a factor of 0.38 at UKS com-
pared to that at CCE. This suggests that the waveguide
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Figure 10. Schematic diagram of the tailwards propagation and evolution of the waveguide
modes as a function of time. (a) Time ¢y shortly after the action of the sudden impulse, (b) time
t; when the leading edge of the compressional waveguide mode reaches AMPTE UKS/IRM, and
(c) time t2 when the latter parts of the wave packet pass over UKS/IRM.

mode might have deposited energy into a field line reso-
nance. At around 1000 UT (time ¢ in Figure 10) there
is some indication of higher frequency components in
the magnetic field data at UKS as it travels to higher
L shells. This is possibly evidence of spatial disper-
sion in the Earth’s magnetospheric waveguide resulting
from the trapping of higher frequency (higher k,) wave
components nearer to the magnetopause.

6. Summary

In this paper we have presented the first multiple
satellite observations of the downtail propagation of
a Pc5 compressional magnetospheric waveguide mode.
The wave is observed near local noon by AMPTE CCE
and ~ 6.2 Rg away in the local morning by AMPTE
IRM and UKS. It lasts for about five or six cycles

in both data sets; the leading edge of the waveform
displaying a remarkable coherence between CCE and
IRM/UKS despite their large separation. The leading
edge of the wave packet arrives at IRM/UKS about 180
s after it was observed at CCE, and this can be ex-
plained in terms of waveguide mode theory. The high
coherence permits a time of flight analysis, revealing
a waveguide mode tailwards group velocity ~ 220 km
s~! (much less than the local magnetospheric Alfvén
speeds). The ground-based signature of the wave is
also seen by the EISCAT magnetometer cross, observ-
ing at the same local time as CCE but on lower L shells.
The ground-based signature has the same frequency and
lasts for the same number of cycles as the magneto-
spheric signature.

We have analyzed the event in-detail in terms of
the waveguide mode theory developed by Wright [1994]
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and have concluded that there is some evidence for
the waveguide mode dispersion predicted by the the-
ory. Furthermore, we provide some evidence that the
waveguide modes were excited by a sudden impulse in
the solar wind and that this impulse excited magneto-
spheric waveguide modes with a spectrum dominated by
low azimuthal wavenumber (m) components. Some of
these low m modes may be driving a field line resonance
on L shells between CCE and the EISCAT cross, but
at a different local time. Interestingly, the frequency
(2.6 mHz) of the waveguide mode is very close to one
of the statistically significant frequencies (at 2.7 mHz)
which appear to dominate the Pcb pulsation spectra as
observed in the ionosphere by HF radar [Samson et al.,
1991; Walker et al., 1992], as well as by magnetometers
on the ground [Ziesolleck and McDiarmid, 1994]). We
believe that our event represents the magnetospheric
signature of the oscillation of a particular radial har-
monic of the outer magnetospheric waveguide.

Our observation is only present in the time series for
about five cycles (only being observed as the waveguide
mode passes over the satellite). We believe that this
short wave train length may be one of the reasons that
the detection of compressional waveguide mode signa-
tures in spectrograms taken by satellites in the mag-
netosphere has proved so elusive. We believe that im-
pulsively driven Pc5 waveguide modes, such as the one
presented here, will be responsible for driving FLRs
in the dayside magnetosphere near the subsolar point.
Further careful searches in multisatellite data for these
short wave train compressional wave signatures may
well reveal the existence in the magnetosphere of the
waveguide mode harmonics. Wavelet analysis tech-
niques may be of use in searching for these temporally
narrow (about five wave cycles) signatures.
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