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Abstract. An analysis is presented of a set of toroidal field line resonances observed
on the ground by CANOPUS magnetometers and scanning auroral photometers on
December 13, 1990, following a substorm onset at 0750 UT and intensification at
0850 UT. Magnetic and electric field data from the CRRES satellite provide evidence
that the resonance was also observed in the magnetosphere. To our knowledge,
this is the first report of discretely driven resonances observed by ground-based
magnetometers and photometers and confirmed using satellite data. A spectral
peak at 2.1 mHz is present in all data sets at approximately the same invariant
latitude and universal time, indicating that CANOPUS and CRRES are observing
the same resonance. Peaks are also present at 1.4 and 1.7 mHz in the ground-based
magnetometer and CRRES data at a slightly higher latitude with corresponding
spectral peaks apparent in the photometer data. The ground signature for each
resonance indicates an antisunward phase velocity, suggesting that the excitation
source is in the vicinity of the dayside magnetosphere, consistent with a waveguide
model of the magnetosphere but not with a cavity model. This fact, combined
with a possibly enhanced solar wind dynamic pressure, suggests that the substorm
was not directly responsible for exciting the resonances. The interaction of the
resonances with the substorm remains unclear except for the luminosity fluctuations

associated with the resonances.

1. Introduction

Dungey [1963, 1968] investigated the possibility that
ULF pulsations might result from standing waves in the
magnetosphere. In his analysis, he studied the charac-
teristics of waves in a cold plasma using a cylindrical
geometry. Whether a cylindrical geometry or a dipo-
lar geometry is used [Radoski: and Carovillano, 1966],
the system of equations decouples in two limits. The
large—scale limit is usually associated with global phe-
nomena and is characterized by a low azimuthal wave
number (m — 0), while the small-scale limit is relevant
for local disturbances with scale size a small fraction of
the magnetosphere and is characterized by a high az-
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imuthal wave number (m — oo). For the purposes of
this study, we concentrate on the m — 0 limit. In this
case, the equations decouple to reveal the possibility of
two types of waves. One type, often called the toroidal
mode, refers to waves where velocity and magnetic field
perturbations are azimuthal, while electric field pertur-
bations are radial, corresponding to a transverse Alfvén
wave. The other possibility is a global scale fast mode
wave, with associated magnetic field perturbations par-
allel to the background magnetic field.

Although it is possible in principle for either of these
modes to exist in pure form, in nature this is not the
case (m # 0), and there is normally some degree of
coupling present. It has been suggested [Allan and
Poulter, 1984; Atkinson and Watanabe, 1966; South-
wood and Hughes, 1983] that this coupling allows the
transfer of fast mode wave energy, excited by a station-
ary Kelvin~Helmholtz instability at the flanks of mag-
netopause, to toroidal resonances in the magnetosphere
with low (< 10) azimuthal wave number. In this case,
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the relatively broadband {and stationary) spectrum of
the source couples to field lines over 2 significant range
of L shells. A satellite crossing these field lines radially
observes oscillations in the azimuthal component of the
magnetic field with a frequency that changes smoothly
as a function of radial distance. Satellites observe this
type of structure most often and excellent examples of
fundamental and harmonic resonances driven by broad-
band sources have been observed with AMPTE/CCE
and have been reported by Engebretson et al. [1986],
Zanett: et al. [1987], and Anderson et al. [1989, 1990].
On the other hand, the possibility of fast mode waves
having discrete spectra also exists. Kivelson et al. [1984]
developed a model where the magnetosphere acts as a
cavity capable of supporting global standing fast mode
waves which can couple to toroidal waves. These waves
stand between an outer boundary such as the magne-
topause [Kivelson and Southwood, 1985, 1986] or the
bow shock [Harrold and Samson, 1992] and an inner
boundary, usually the inner turning point for the wave.
Inward of this turning point, the wave becomes evanes-
cent but can couple its energy to field lines via tunneling
if the frequency of the fast mode wave matches the nat-
ural frequency of the field line, setting up a fleld line
resonance {toroidal mode oscillation). The fast mode
waves (standing in the radial direction}, have a quan-
tized frequency spectrum and, since coupling efficiency
should be significantly enhanced when a fast mode fre-
quency matches a toroidal mode frequency (or a har-
monic), the discrete spectrum of the fast mode waves
should also be present in the toroidal mode waves.
Initially, it was thought that observations of “cavity—
mode pulsations” should be straightforward. Since the
fast mode waves have discrete spectra, a satellite mov-
ing through the magnetosphere in the presence of such
a mode should detect oscillations at a single frequency
{or, possibly, a set of discrete frequencies) in the mag-
netic field component along the direction of the back-
ground magnetic field (the compressional component).
In principle this wave mode fills the magnetospheric
cavity, so this signature should be independent of L shell
and magnetic local time. In addition, if coupling to a
toroidal mode is present, a satellite should also observe
wave power in the azimuthal component at the same set
of frequencies as the compressional component. The
arnplitude of this signal, however, should vary as the
satellite crosses L shells. Since the coupling efficiency
is significant only where frequencies match, in principle
a satellite crossing L shells in the presence of a discretely
driven field line resonance should observe an azimuthal
signature of constant frequency but one that increases
in amplitude as the satellite approaches the resonance
and decreases in amplitude as the satellite moves away
from the resonance. This signature could be present at
the fundamental and harmonic frequencies of the field
line (assuming these frequencies are present in the fast
mode waves), keeping in mind that the position of the
turning point of a fast mode wave depends on its fre-
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quency, so the cavity-mode frequencies will not obey
the simple relation f, = nfi, where f is the frequency,
f1 is the fundamental and n indicates a harmonic {Sam-
son et al., 1991a]. However, the problem is somewhat
complicated because, in reality, a transient frequency
is also excited [Allan et al., 1985, 1986] and the com-
bined response of the driver and the transient appears
to have a frequency variation with L shell [McDiarmid
and Allan, 1990].

A number of authors have reported ground—based ob-
servations of discretely driven toroidal pulsations and
associated them with cavity modes. Crowley et al
[1987] showed such data from radar and magnetometer
observations associated with a sudden impulse. Sam-
son et al. [1991a, 1992}, Ruohoniemi et al. {1991}, and
Ziesolleck and McDiarmid [1994] used various combina-
tions of radar and magnetometer data to show the pres-
ence of stable, discrete peaks in the frequency spectrum
of resonances which they attributed to cavity modes.
However, satellite observations have been sparse except
for the report of a narrowband resonance by Hughes
et al. [1978] and the work of Kivelson et al. [1984]. In
fact, attempts to confirm ground-based observations
with satellite observations have proven largely unsuc-
cessful, with the exception of Ziesolleck et al. [1996],
who used data from GOES 7 and CANOPUS to de-
scribe some statistical properties of these resonances.
Anderson et al. [1989] determined that AMPTE/CCE
does not observe either of the expected signatures of the
presence of a cavity mode: a stable, L-independent dis-
crete peak in the spectrum of the compressional compo-
nent {evidence for the presence of a fast mode wave) or
a corresponding discrete azimuthal signature over some
narrow L shell (evidence for the resulting fleld line reso-
nance). The same conclusion is reached by M. J. Enge-
bretson and B. J. Anderson (A search for global mode
ULF waves in the AMPTE/CCE data set, unsubmit-
ted manuscript, 1995) using a more detailed analysis
of AMPTE/CCE data and Hughes and Singer {1993],
who used CRRES and GOES data and searched for
persistent narrowband emissions in the compressional
component. The difficulties involved in using satel-
lites to observe narrowband resonances were explored
by Allan et al. [1997], who simulated spacecraft transits
across such resonances, demonstrating that elliptical or-
bits like that of AMPTE/CCE result in measurements
that are too brief to obtain adequate spectral informa-
tion. They also emphasize that the presence of a node at
the equator (for fundamental resonances) complicates
the observations. However, using data from the geosyn-
chronous GOES T satellite (located ~ 9° above the mag-
netic equator), Ziesolleck et al. [1996] succeeded in cor-
relating signals with data from the CANOPUS chain,
showing that the ground stations and satellite had the
same discrete spectra and that they determined that
these signals were associated with resonances, based on
characteristics of the ground—-based data.

Treatment of the magnetosphere as a closed cavity,
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however, is an approximation that does not take the
shape of the magnetotail into account, and more re-
cent work showed that that the stimulated toroidal res-
onances are better understood if the magnetosphere
is characterized as a waveguide [Samson and Harrold,
1992]. Walker et al. (1992] also carried out a thorough
analysis of radar data to refine the temporal and spatial
character of field line resonances and associated them
with a waveguide structure. Subsequently, numerical
models that essentially considered the magnetosphere
to be cylindrical with one end closed (representative of
the dayside magnetosphere) and the other extending in-
finitely tailward were developed by Wright [1994] and
Rickard and Wright [1994]. In this configuration, fre-
quencies of fast mode waves that propagate along the
axis of the cylinder are not quantized and waveguide
modes just above the waveguide cutoff frequency are re-
sponsible for excitation of resonances. This means that
the constant frequency fast mode wave that is indepen-
dent of local time should not be observed in a waveguide
(as would be expected with a cavity mode}. Using such
a model, Rickard and Wright [1995] successfully emu-
lated field line resonance observations reported by Lin
et al. [1992]. In addition, they were able to show that
the fast mode signature associated with the waveguide
model would not likely be observed by a satellite be-
cause its evanescent nature means that it will quickly
decay in regions distant from the source.

Whether discretely driven resonances are excited by
a cavity mode, a waveguide or some other source, their
observation may be distinguished from those driven by
stationary broadband sources. In the former case, wave
power is observed over a narrow range of L shells, as
thin as 0.3 to 0.6 Rg in the equatorial plane [Samson
and Rankin, 1994]. Mann et al. [1995] showed that a
resonance excited impulsively will initially be broad-
band but will become narrower, with spatial and spec-
tral width nominally decreasing as 1/¢ to a final width
proportional to 1/op. As long as the resonance is not
excited again in an interval shorter than the time re-
quired for it to become narrow, an elliptically orbit-
ing satellite would observe large fluctuations in the az-
imuthal component only ‘during the brief period when
it passes through the resonance, when it should detect
a discrete frequency. In thestationary broadband case,
however, all field lines (within some region) are excited
by the source (assuming a relatively flat spectrum).
Satellites moving through such regions commonly ob-
serve field line resonances of nearly constant amplitude
but continuously changing frequency, since field line fre-
quencies depend inversely on the Alfvén transit time,
which increases with higher L [Samson and Rostoker,
1972].

Although the generation of field line resonances with
discrete spectra is an intrinsically interesting problem,
the role-that these resonances play in substorm pro-
cesses may be an equally important one. Samson et al.
[1991b, 1992] and Xu et al. [1993] reported discrete
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peaks in substorm-related auroral arcs that appeared
to be associated with resonances as indicated by mag-
netometer or radar data. In addition, observations re-
ported by Samson et al. [1992] and Xu et al. [1993] show
the presence of resonances before substorm onset, sug-
gesting that the resonances may have something to do
with substorm onset.

This work uses data from CRRES, GOES 8 and
GOES 7 in combination with the CANOPUS chain in
order to make direct comparisons of satellite to ground
data during a time interval when a discretely driven
field line resonances were observed on the ground. The
combination of these three satellites is ideal for this type
of study. While GOES 6 and GOES 7 provide geosyn-
chronous data near the CANOPUS chain, CRRES (ap-
proaching apogee) slowly scans L shells on which the
field line resonances are observed on the ground, allow-
ing for the possibility of detecting a few cycles of oscil-
lations within the very thin structure. In addition, data
from the electric field instrument on CRRES are used
to verify the existence of the resonances. The event
discussed here 1s associated with a substorm and dis-
crete spectral peaks are visible in scanning photometer
data, although it is not possible to verify that the res-
onances were present before substorm onset. However,
this study presents what we believe to be the first ob-
servation of field line resonances with discrete spectra
observed on the ground in the magnetic and optical data
and confirmed by a satellite.

We consider data from a singie event on December 13,
1990. We first show that a resonance is observed on the
ground just after substorm onset using magnetometer
and photometer data (section 2). We then map the
position of CRRES to the ground to confirm that it
is near the same region and then demonstrate that it
also detects the resonance {section 3). Finally, we use
GOES data to search for a possible excitation source
and show data suggesting that the origin of the fast
mode waves may be associated with a moderate storm
on the previous day (section 4). Section 5 provides a
summary of our results with conclusions.

2. Ground—Based Measurements

We begin by discussing magnetometer and scanning
photometer observations obtained at sites located along
the Canadian Auroral Network for the OPEN Program
Unified Study {CANOPUS) chain. Data were selected
from the eastern meridional chain, an array of stations
located near Hudson Bay, in order to obtain latitudi-
nal information at approximately the same local time
as that of the GOES satellites. Data were also selected
from the east—west chain to obtain longitudinal infor-
mation. The geographic locations of the stations are
shown in Figure 1. A ring core fluxgate magnetome-
ter at each site measures all three components of the
Earth’s magnetic field (recorded at 5-s intervals) with
its axes aligned geographically so that X points to the
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Figure 1. The geographic locations of stations in the CANOPUS chain. Data for this study were
obtained at the eastern meridional sites, including Rankin Inlet, Eskimo Point, Fort Churchill,
Back, Gillam, Island Lake, and Pinawa. Magnetic local time for all stations along the meridian
is calculated approximately as LT=UT-6.7. Longitudinal information was extracted from data
obtained at Dawson, Fort Simpson, Fort Smith, Rabbit Lake and Gillam.

north, Y to the east, and Z vertically downward. The
declination (deviation from magnetic north) of the sta-
tions used in this study is less than or equal to 7.5°, so
the X component of the data is used without modifica-
tion and is taken to be basically aligned with magnetic
north.

Meridian scanning photometers operate at Rankin In-
let, Gillam, Pinawa, and Fort Smith. Each site records
auroral emissions at 4709, 4861, 5577, and 6300 A, as
well as background levels near 4800, 4935, and 6250
A. Scans are completed every 30 s, during which time
510 samples are accumulated for each channel which are
then averaged into 17 latitudinal channels, centered on
the latitude of the station. These data are then aver-
aged to yield a data period of 1 min. Bins are spaced
0.5° apart and are 0.5° wide (in magnetic latitude) for
low-altitude emissions (110 km for 4709, 4861, and 5577
A) and approximately 1.0° wide for high-altitude emis-
sions (230 km for 6300 A).

2.1. Magnetometer Observations

Figure 2 shows the X component of CANOPUS mag-
netic field observations on December 13, 1990, from
0600 to 1600 UT. The onset of a substorm (visible as
a sudden decrease in the X component due to the pres-
ence of an auroral electrojet) can be seen to begin at
approximately 0750 U, just as the station passes local
midnight, followed by an intensification near 0850 UT.
Figure 3 shows the locations of the CANOPUS stations
along with CRRES and the GOES satellites.

Substorms and auroral arcs have been associated with

field line resonances by Samson et al. [1992, 1996], who
showed that resonances associated with discrete arcs
may play a role in substorm intensification. Samson
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Figure 2. The X component of magnetic fields mea-

sured by the CANOPUS magnetometers. A substorm
signature, visible as a sudden decrease in intensity due

-to a westward auroral electrojet, is apparent at 0750

UT, followed by an intensification near 0850 UT.
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Stction Positions

Figure 3. The locations of ground stations and satel-
lites from 0900 to 1400 UT on December 13, 1990. In-
formation is plotted in a polar coordinate system where
magnetic invariant latitude is represented as the radial
component and magnetic local time as the angular com-
ponent. The labels (CRRES, Gillam, G, etc.) indicate
the location of each station at 0900 and the solid lines
represent the paths of each station until 1400 UT. The
outermost line represents the location of Back, the sta-
tion at highest invariant latitude.

et al. [1996] showed that a resonance and a discrete
auroral arc occurred before substorm onset (indicated
by the presence of an auroral electrojet similar to that
shown in Figure 2). They were also able to show the
presence of Pi 2 pulsations in the magnetic field data,
again occurring before the onset of an electrojet, and
correlate these data with intensifications of the arcs.
While it would be desirable to study this event in this
context, the AE index jumps rapidly to values exceeding
200 nT at approximately 1700 UT on the day before this
event and remains at elevated values throughout the
period. The elevated activity during this time means
that determining whether a resonance occurs before the
substorm or vice versa is impossible with this data set.
However, we show below that a resonance was observed
shortly after the onset near 0750 UT and intensification
near 0850 UT.

We point out that in order for a resonance to be ob-
served on the ground, conductivity in the ionospheric
E region must be significant [Hughes, 1974]. A stand-
ing Alfvén wave has a magnetic field component aligned
primarily in the east—west direction and an electric fleld
component that is oriented in the north-south direc-
tion. The Pedersen conductivity, in combination with
the wave electric field, gives rise to a north-south Ped-
ersen current, j = opE . This current induces a mag-
netic field that cancels the wave magnetic field below
the ionosphere. At the same time, the Hall conductiv-
ity enables an east-west current, j = —og(E. x B)/B,
that induces a secondary magnetic field which becomes

12,365

the wave magnetic field observed on the ground. From
these arguments, two important points emerge. First,
if the Hall conductivity is too low, a magnetic signature
may not be detectable on the ground. This is often
the case in the nightside magnetosphere unless auroral
activity (with its associated electron precipitation) is
present. Such activity would be spatially nonuniform,
implying that the ground signature would represent an
incomplete measurement of the resonance. The second
point is that a resonance observed on the ground will
have a magnetic field component that is rotated 90° rel-
ative to its magnetospheric signature, meaning that the
wave magnetic field of a resonance will be observed in
the north-south direction on the ground instead of the
east-west direction seen in the magnetosphere.

The spectral signatures of the X components of the
magnetic field measured at Gillam and Back on De-
cember 13, 1990, from 0800 to 1300 UT are shown in
Figure 4. Data were first detrended by subtracting a
sliding average from the raw data {(of approximately
30-min duration) and then a Hanning window was ap-
plied before calculating the Fourier transform. Units
of power are arbitrary. We concentrate on the peaks
at 1.4, 1.7, and 2.1 mHz but emphasize that activity
during substorms is usually very complex and isolat-
ing narrow spectral peaks that may be associated with
resonances can be difficult. We also point out that ob-
servation of the resonance after substorm onset does
not necessarily mean that the resonance was absent be-
fore the substorm occurred. As discussed above, the
increased Hall conductivity due to auroral electron pre-
cipitation is often necessary for detection of the signal
on the ground.

The ground signature of field line resonances has been
well studied observationally [Ruohoniem:i et al., 1991;
Samson, 1972; Samson and Rostoker, 1972; Ziesolleck
and McDiarmid, 1994] as well as theoretically [Chen
and Hasegawa, 1974; Southwood, 1974]. For isolated
resonances excited by a discrete source such as that
under consideration here, two important features are
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Figure 4. Spectra of the X component of Gillam and
Back magnetometers on December 13, 1990, from 0800
to 1300 UT. Data were first detrended by subtracting
a 30-min sliding average from the raw data and then
a Hanning window was applied before calculating the
Fourier transform. Gillam data are shown with a solid
line, and Back data are shown with the dashed line.
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predicted. First, the amplitude of the signal at the
frequency of the resonance should vary with latitude,
peaking at the latitude of the resonance. Typically,
resonances observed using radar are only 1° or 2° in
latitudinal width, while those measured using ground-
based magnetometers are observed to be approximately
5° wide because of spatial integration. In addition to
the amplitude variation, a change in the phase of the
X component (as a function of latitude) should occur
relative to the signal at the latitude of the resonance.
Signals at latitudes higher than that of the resonance
should lag the signal at resonance by up to 90° while
those at lower latitudes should lead by as much as 90°.
Figure 5 shows the amplitude and phase of the 2.1~
mHz oscillations as a function of latitude. The results
shown use magnetometer data from 1000 to 1200 UT,
detrended as described above and then bandpass fil-
tered from 2.0 to 2.3 mHz. The amplitude can be seen
to peak near 68° latitude with the phase leading by 90°
at lower latitudes and lagging by 90° at higher latitudes,
providing evidence for a resonance near 68° latitude.
Note that the phase is not plotted for latitudes where
the power at 2.1 mHz becomes insignificant. Figure 6
shows the same information for the 1.4-mHz peak, us-
ing data from 1030 to 1200 UT which was band pass
filtered from 1.2 to 1.6 mHz. Similarly, Figure 7 shows
the characteristics of the 1.7-mHz peak over the same
time interval, filtered from 1.5 to 1.8 mHz. These lat-
ter figures indicate the presence of two resonances oc-
curring simnultaneously at approximately 69° latitude.
While the presence of a fundamental resonance coinci-
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Figure 5. Amplitude and phase of 2.1-mHz oscilla-
tions in the X component of CANOPUS magnetometers
from 1000 to 1200 UT on December 13, 1890. Data were
detrended and band pass filtered from 2.0 to 2.3 mHz
before calculating phase differences. The peak in am-
plitude occurring near 68° indicates the presence of a
resonance at that latitude.
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Figure 6. Amplitude and phase of 1.4~-mHz oscilla-
tions in the X component of CANOPUS magnetometers
from 1030 to 1200 UT on December 13, 1990. Data were
detrended and band pass filtered from 1.2 to 1.6 mHz
before calculating phase differences. The peak in am-
plitude occurring near 69° indicates the presence of a
resonance at that latitude.

dent with a harmonic resonance is possible, the similar
frequencies in this case seem to indicate that this is not
the case here. There are at least two other possible
reasons for detecting apparent resonances on the same
field line. McDiarmid and Ziesolleck [1996] showed that
resonances excited by a sequence of impulses may un-
dergo amplitude or phase modulation that results in
apparent phase jumps or skips in the data. Traditional
analysis of these data will then show an altered spec-
trum that reflects a mix of the excitation and field line
natural frequencies. It is also possible that the obser-
vation of simultaneous resonances is due to a signifi-
cant spectral (and spatial) width of separate resonances.
As discussed in the introduction, Mann et al. [1995]
demonstrated that a resonance excited impulsively will
initially be broadband but will become narrower, with
spatial and spectral width nominally decreasing as 1/t
to a final width proportional to 1/6p, which could be
~ 2 —5 Rg on the nightside.

Once the presence of a resonance has been verified,
information regarding its propagation can be extracted
by examining the relative phase of the signal with re-
spect to longitude. By using magnetometer data from
stations along the same approximate latitude (Dawson,
Fort Simpson, Fort Smith, Rabbit Lake, and Gillam in
Figure 1}, we were able to conclude that for each reso-
nance, the phase increased with longitude (not shown),
suggesting westward propagation. Since the local time
of the stations was after midnight for this event, the
westward direction is antisunward. Wright and Rickard
[1995] showed that field line resonance phase velocity is
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Figure 7. Amplitude and phase of 1.7-mHz oscilla-
tions in the X component of CANOPUS magnetometers
from 1030 to 1200 UT on December 13, 1990. Data were
detrended and band pass filtered from 1.5 to 1.8 mHz
before calculating phase differences. The peak in am-
plitude occurring near 69° indicates the presence of a
resonance at that latitude.

_always directed away from the source of the fast mode
waves, suggesting strongly that the source of the reso-
nances was at or near the dayside.

2.2. Observations of Auroral Arcs

o oy

Plate 1 shows scanning photometer data at 5577 and
6300 A observed at Fort Smith, Gillam, and Pinawa.
Data are plotted as a function of magnetic invariant
latitude, calculated using Altitude Adjusted Corrected
Geomagnetic Coordinates (AACGM) [Bhavnann: and
Hein, 1994]. This coordinate system is a development of
the PACE coordinate system of Baker and Wing [1989].
The figure also shows the location of the CRRES satel-
lite based on magnetic field models described below.
The presence of aurora spanning 66° to approximately
69° at 5577 A can be seen in the Gillam data from ap-
proximately 0930 through 1200 UT, corresponding to
0252 through 0522 magnetic local time. Fort Smith lags
behind Gillam approximately 1.6 hours (see Figure 1)
but still observes the arc at the same latitude.

Figure 8a shows the auroral intensity at 5577 A ob-
served from Gillam. The data displayed are centered at
68.5° and represents the average of 2 of the 17 latitu-
dinal bins available. Figure 8b shows the spectrum of
the data in Figure 8a and was obtained by first apply-
ing a Hanning window to the data and then calculating
its Fourier transform. If we include bins at higher or
lower latitudes in the spectrum calculation, the relative
power at 2.1 mHz is significantly reduced, indicating
that the spectral peak is associated with features oc-
curring at 68.5°, effectively the same latitude as the
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resonance observed by the magnetometers. Note that
Gillam is located at 67.4° magnetic latitude, so that
the modulated arc is located approximately along the
zenith direction. If this were not the case, oscillations
in luminosity might be difficult to detect because they
could be obscured by other adjacent arcs. Note, also,
that no spectral peak at 2.1 mHz was observed in the
6300 A data, which may mean that the precipitating
electrons are fairly energetic, the order of several keV.
If auroral electrons have energies of 2 or 3 keV, 6300 A
emissions are a factor of 20 or 30 less intense than 5577
A emissions [Steele and McEwen, 1990].

Figure 9 shows data (processed in the same way) ac-
quired at Fort Smith, located at 67.9° magnetic latitude
or approximately 0.53° degrees northward of Gillam.
The data displayed are centered at 69.0° in this case.
Although no sign of a spectral peak at 2.1 mHz is
present, peaks can be seen at approximately 1.3 and 1.8
mHz. Observation of these spectral peaks 0.5° degrees
northward of the location of the 2.1-mHz peak is consis-
tent with magnetometer observations and suggests that
the resonances modulate the auroral luminosity.

3. CRRES Observations

The Combined Release and Radiation Effects Satel-
lite (CRRES) was launched on July 25, 1990, into an
elliptical orbit with a period of 9.87 hours, an incli-
nation of 18.2° and an apogee of 6.3 Rg. The orbit of
CRRES is ideal for this study because the decreased ve-
locities near apogee mean that it crosses L shells near
the region of interest relatively slowly, providing the
opportunity for obtaining detailed latitudinal informa-
tion. The slow speeds also mean that Doppler shifts of
resonant frequencies due to satellite motion are negligi-
ble since the local Alfvén speed is at least 2 orders of
magnitude greater than the satellite speed in the radial
direction.

The white traces in Plate 1 show how the position
of CRRES maps to magnetic invariant latitudes for
this event. The dashed line in the figure was obtained
by first using the T96 magnetic field model [Tsyga-
nenko, 1996; Tsyganenko and Stern, 1996} to deter-
mine the geographic footprint of CRRES on the sur-
face of the Earth. This information was then used
as input to the AACGM model to calculate the corre-
sponding magnetic invariant latitude in the same man-
ner as for the photometer data. The solid white trace
in Plate 1 was determined using the Olsen-Pfitzer mag-
netic field model [Olsen and Pfitzer, 1974]. While it
shows that the apogee of CRRES occurred on field lines
that mapped well to the aurora, the T96 model indi-
cates that it occurred at field lines that mapped ap-
proximately 1.8° southward of the aurora. Reeves et al.
[1996] evaluated the accuracy of a number of magnetic
field models including the Olsen-Pfitzer model and older
versions of the Tsyganenko models (not including the
T96 model) using data from geosynchronous and DMSP
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Plate 1. Meridian scanning photometer observations at Fort Smith, Gillam and Pinawa. The
solid white line represents the mapping of CRESS using the Olsen-Pfitzer model. The dashed
line represents the mapping of CRRES using the T96 model in combination with the AACGM
model.
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Figure 8. (a) Auroral intensity at 5377A observed from
Gillam at 68.5° invariant latitude. (b) The spectral
power of the data in the upper panel. The presence of
the 2.1-mHz peak is consistent with the magnetometer
data in providing evidence for the presence of a field
line resonance at that latitude.

spacecraft. They showed that these models tend to be
accurate within 3° in fewer than 68% of the cases and
that the models tended to err by predicting the lati-
tude to be too low, as may be the case here. We take
the observation of the 2.1~-mHz resonance by CRRES
(shown below) as an indication that the spacecraft did
encounter the field lines that mapped to the aurora.

Figure 10 shows CRRES magnetic fleld data in a
VDH coordinate system. In this system, which is cylin-
drical, V is in the magnetic meridian perpendicular to
the dipole axis (radial at the magnetic equator), H is
antiparallel to the dipole axis (parallel to the field at
the equator) and D completes the triad, pointing east-
ward. The data are detrended by subtracting a back-
ground field, calculated point by point as follows [Zhu
and Kivelson, 1991]. For each data point, a segment
consisting of approximately 30 min worth of data (900
data points), whose midpoint occurs at the time of the
data point, is fitted with a straight line. The value of
the midpoint of the fitted line is taken to be the value
of the background field at the time corresponding to
the data point. Spectral information for the interval
from 0900 to 1300 UT is shown in the bottom panels of
Figure 10. The analysis was completed by applying a
Hanning window to the detrended data and estimating
the spectral power using a Fourier transform.

As discussed above, a field line resonance in the mag-
netosphere should be polarized in the azimuthal direc-
tion. We see from the spectra that peaks near 1.4,
1.7, and 2.1 mHz are present in the D component but
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not in either of the other components, implying that
azimuthally polarized wave power is present at these
frequencies. Other spectral peaks (in all components)
of unknown origin are also present which may result
from substorm activity whose onset occurred near 0750
UT followed by an intensification near 0850 UT. With
ground-based evidence for the presence of resonances
at 1.4, 1.7, and 2.1 mHz, reinforced by the presence of
azimuthally polarized wave power observed by CRRES
at these frequencies, we next seek to verify the observa-
tions of the resonances as observed by CRRES and to
determine their spatial location.

f an Alfvén wave is set up as a standing wave, the
electric and magnetic fields will no longer be in phase
but will be out of phase by 90°. This characteristic has
been used as evidence for the presence of a standing
wave in the past [Singer et al., 1982]. In order to show
that this is the case here, we plot the Hilbert transform
of the electric field data along with the magnetic fleld
data. Since the Hilbert transform of a signal simply in-
duces a phase shift of 80° in all Fourier components of
the signal, the fields of a standing wave plotted using
this technique should appear to be in phase [Dubinin
et al., 1990]. Figure 11 shows the Y component of mag-
netic fleld data (solid line) and the Hilbert transform of
the X component of electric field data (dashed line) in
a GSE coordinate system. This system is used here be-
cause the orientation of CRRES was such that its spin
axis was roughly parallel to the Y component of a GSE
system. Electric fields were measured in a plane per-
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Figure 9. (a) Auroral intensity at 55774 observed from
Fort Smith at 69.0° invariant latitude. {b) The spectral
power of the data in the upper panel. The presence of
spectral peaks near 1.3 and 1.8 mHz observed slightly
northward of the location of the 2.1-mHz peak is consis-
tent with magnetometer observations and suggests that
the resonances modulate the auroral luminosity.



12,370

LESSARD ET AL.: FIELD LINE RESONANCE OBSERVATIONS

13 Dec 1880

CRRES Magnetic fieids

6 — « :
o \ " i
= oo-¥ | '\/\'\/\/\W/\\/W\/\‘/w\
> 3. K 3
-5 ;
6‘ 7 7 T i
L T L \ :
H B H i 1 £
S NN \f“\/\f\ i UVLAWIIVVENE
R A Y Vi ‘
o _3,; \ ;v/ 51 ¥ J
~s b\ ,
= 3T A i
= y i .
—6 P 5 N 5 i . : . . :
iT: 08:00 10:00 11:00 12:00 13:00
L7 0.2 1.2 1.9 2.5 3.3
Loet: 830 64.8 85.4 85.3 64.7
0.37 ,
—~ - ~ T
<024 || -
o N 1
2 Nl 1 :'3\ -
ool W ‘
0.0] _ ‘
__ 037 N ' )
~
= - g n [
5 S A LV
go“‘j \;/\‘Vf‘zﬁ A -
< o0 Z ML i‘/MM ' ’
L 0.3 : ( :
5 - ]
2 nc- -
&£ - N L
C 1 2 3 4 5 ) 7 8

Frecuency [mHz]

Figure 10. Magnetic fields observed by CRRES. Data are presented in a VDH coordinate
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shows distinct peaks at 1.4 and 2.1 mHz and a less distinct peak at 1.7 mHz. A signal having
dominant power in the azimuthal component is typical of the signature of a field line resonance

observed by a satellite.

pendicular to the spin axis, or approximately in the X
direction (recall that the Z direction is approximately
aligned with the background magnetic field). Since CR-
RES is near midnight during this event, the Y compo-
nent corresponds roughly to the azimuthal direction and
X is approximately radial. For each panel, data are fil-
tered using a band pass filter with low and high cutoffs
chosen to isolate the spectral peaks. Figure 1la shows
data filtered from 1.3 to 1.6 mHz, isolating the 1.4 mHz
peak. The amplitudes of both signals increase gradu-
ally after 1000 UT as the satellite approaches apogee
and their phases merge (indicating the presence of a

resonance) as their amplitudes peak near 1120 UT. Ac-
cording to the magnetic fleld models we used (T96 and
AACGM), apogee occurs at 1111 UT at an invariant
latitude of 65.4°. Since the amplitudes peak at apogee,
we conclude that CRRES may not have actually passed
through the resonance, although it is reasonable to esti-
mate the center of the resonance to be near this latitude.

Figure 11b shows the same format using data filtered
from 1.6 to 2.0 mHz, isolating the 1.7 mHz peak. The
signature at this frequency is almost identical to that of
the 1.4 mHz peak, suggesting the presence of an addi-
tional resonance at this latitude. The apparent presence
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Figure 11. Magnetic fields (solid line) and the Hilbert transform of electric fields {dashed line)
observed by CRRES. Because a Hilbert transform induces a phase shift at all frequencies, when
both signals appear to be in phase in this figure they are actually 90° out of phase, indicating a
standing wave structure. (a) Data filtered from 1.3 to 1.6 mHz to isolate the spectral peak at 1.4
mHz; (b) data filtered from 1.6 to 2.0 mHz to isolate the 1.7 mHz peak; (c) data filtered from

1.9 to 2.5 mHz to isolate the peak at 2.1 mHz.

of two resonances at the same latitude was also noted
in the analysis of ground magnetometer data, discussed
above, where it was noted that such a characteristic may
result from spectral modification due to a sequence of
impulsive excitations [McDiarmid and Ziesolleck, 1996]
or may simply be an artifact of two separate resonances
whose spectral and spatial width is initially relatively
broad [Mann et aol., 1995].

Figure 11c shows magnetic and electric field data fil-
tered from 1.9 to 2.5 mHz in order to characterize the
2.1-mHz peak. The phases can be seen to merge and
the amplitudes reach a maximaat 1000 UT, indicating a
resonance at this time, corresponding to approximately
64.9° invariant latitude. A second maximain amplitude
occurs at 1120 UT (at the same time that the other
resonances were observed), but the frequencies of the
electric and magnetic fields are slightly different, and
this does not appear to be the signature of a resonance.

To summarize what we have discussed so far, first, the
spectral signature of ground based magnetometer data
immediately following a substorm was shown. Three
spectral peaks were noted and we demonstrated for each
case that when its amplitude is plotted as a function
of latitude a clear peak is present, providing an indi-
cation of a possible resonance at that latitude. The
observation of a resonance at each frequency was ver-
ified by plotting phase differences as a function of lat-

itude and showing that a 180° shift occurs across the
resonance. In addition, the longitudinal phase charac-
teristics were investigated at each frequency, and we
determined that the excitation mechanism must be an-
tisunward of the station locations, or in the vicinity of
the dayside magnetosphere. It was then shown that cor-
responding spectral peaks were also present in scanning
photometer data, suggesting (as has been done previ-
ously by other authors) that the resonances are related
to auroral luminosity.

Having determined that resonances are observed on
the ground, we then turned to data from the CRRES
satellite. The T96 and AACGM models were used to
show that the position of CRRES maps closely to the in-
variant latitude of the observed resonances. A spectral
analysis of CRRES magnetic field data was carried out,
and it was shown that the same three spectral peaks
are present primarily in the azimuthal component. The
waveform at each frequency was then isolated by band
pass filtering the data and showing that it was 90° out
of phase with the electric field data that had been fil-
tered in the same way, providing strong evidence for the
presence of a standing wave. The 2.1-mHz resonance
was observed to occur at a lower invariant latitude than
those at 1.4 and 1.7 mHz, which appeared to occur at
the same latitude. These results are consistent with the
ground based results.
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4. GOES Observations and Geophysical
Conditions

With data providing evidence of field line resonances
on the ground and in space, we turn to an investigation
of the possible excitation mechanism. As discussed in
the introduction, if a cavity mode or waveguide is set
up in the magnetosphere, satellites in the region should
observe power in the compressional component of the
magnetic field at frequencies of the resonances. The
best platform for making such observations is the set
of GOES satellites, located near the CANOPUS chain.
Their geosynchronous orbits normally place them out-
side the plasmapause, providing the opportunity to ob-
tain continuous data over several hours.

The approach we take is first to verify that the spec-
tral signature of the compressional components contain
discrete peaks at the frequencies of the resonances. Fig-
ure 12 shows the spectra of GOES 6 and 7 compres-
sional data calculated at two different intervals. The
compressional waveform was determined by first calcu-
lating the background field as a 30-min sliding aver-
age of the raw data. For each component, the average
field was then subtracted from the raw data to yield the
wave magnetic field. The compressional component is
then b - B/B, where B is the background field and b
is the wave magnetic field. A Hanning window was ap-
plied to the data which were then Fourier transformed
to estimate the spectral power. The solid lines in the
figure represent spectra using data from 1000 to 1330
UT on December 13, approximately the same time in-
terval that CRRES observed the resonances. While the
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Figure 12. Spectra of the compressional components
of GOES 6 and 7. The solid lines represent spectra
using data from 1000 to 1330 on December 13, 1990.
The dashed lines represent spectra using data from 2030
to 2300 on December 12. We regard the only significant
peak to be near 2.1 mHz using the GOES 7 data.
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peak at 2.1 mHz seems clear, power at 1.4 and 1.7 mHz
is marginal. No clear peaks are present in the GOES
6 data. The dashed lines in the figure represent spec-
tra using data from 2030 to 2300 UT on December 12,
1990. Again, the presence of a peak at 2.1 mHz is clear
but no others are present.

Before discussing the significance of the data shown
in Figure 12, we turn to Figure 13, which shows geo-
physical conditions preceding observations of the reso-
nances. The top panel shows the solar wind density as
observed by IMP 8. Although only a few data points are
available, the density at this time is clearly enhanced
over typical values by a factor of 3 or 4. This is an
important point, as it suggests that the dynamic pres-
sure associated with the solar wind must have been en-
hanced, which typically results in a compressed mag-
netosphere. The Dst index (shown in the third panel)
increases slightly and then drops to ~ —40 nT, indi-
cating the occurrence of a moderate storm at this time,
very likely associated with the increased solar wind den-
sity. The AE index increases abruptly shortly after the
Dst begins to decline, signifying the onset of a sub-
storm. Varying levels of increased substorm activity
continue until ~ 0930 UT, just before the resonances
are observed. The peak in AE at 800 n'T is apparently
associated with the substorm that occurred initially at
0750 with a subsequent intensification at 0850 UT in the
CANOPUS data. The fourth panel shows the unfiltered
northward component of the magnetic field measured
by GOES 6 and 7. Although a diurnal effect routinely
manifests itself as an increase in this component as the
satellites cross the dayside, the level associated with
this event exceeds the norm by at least 30 nT. All of
the information presented here indicates that the mag-
netosphere was compressed by an increase in solar wind
density (and likely the velocity, although these data are
not available).

The conditions described here should be favorable for
setting up cavity mode or waveguide pulsations. In ei-
ther case, the scenario is that a relatively quiet magne-
tosphere is perturbed by a jump in solar wind intensity.
The perturbation sets up fast mode waves that comprise
the discrete set required to excite toroidal resonances
at discrete frequencies. With these ideas in mind, we
look for evidence of the discrete fast mode waves in the
GOES data.

The two bottom panels of Figure 13 show the com-
pressional components of GOES 6 and 7 beginning at
1000 UT on December 12. The data have been filtered
from 2.0 to 2.3 mHz in order to isolate the waveform cor-
responding to the spectral peak at 2.1 mHz, although
we do not mean to suggest that an intensification at this
frequency will necessarily be narrowband. The filtered
data are displayed along with magnetic indices in an
attempt to identify the time and geophysical conditions
present when compressional power at 2.1 mHz intensi-
fied. From Figure 13, it is clear that there is no point
where a distinct increase occurs followed by generally
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Figure 13. Top panels show the solar wind density, the AF index and the Dst index beginning

at 1000 UT on December 12, 1990. A magnetic

storm results in an increase in Dst followed by a

decrease, resulting from the intensified ring current. The increase is associated with a compres-
sion of the magnetosphere, visible as an increase of the northward components of magnetic fields
observed by the GOES satellites. The compressional signal at 2.1 mHz at each satellite is pre-
sented in the lower panels. Activity at this frequency appears to begin to increase simultaneously

near 2000 UT.

higher power at this frequency. However, both satel-
lites do observe a modest increase near 1900 UT on
December 12, when they were located near local noon.
The waveform after this time continues to show vari-
able power levels at both satellites. A similar analysis
was carried out for the 1.4— and 1.7-mHz signals (not
shown). The waveform at both of these frequencies was
quiet before the Dst index began to decrease. At 1700
UT, coincident with the rapid increase in AE, both of
the satellites observed a clear increase in wave power
at both frequencies. As in the case of the 2.1-mHz sig-
nal, power levels then fluctuated significantly at both
satellites.

Considering that both satellites continue to observe
these waves as they move from noon to beyond mid-
night, the data in the figure show that compressional
power at frequencies of the resonances is present on a
global scale. However, the cavity mode scenario requires
that the compressional power have a discrete spectrum.
We showed above that the spectrum of the GOES 7 data
contained modest peaks at the time the resonances were

observed. The dashed line in Figure 12 shows spectra
calculated using data from 2030 to 2300 UT on Decem-
ber 12, when the satellites were still located near noon.
A peak is again present at 2.1 mHz in the GOES data.
However, spectral analysis of data at other times shows
it to be often broadband and discrete peaks are gener-
ally absent.

We now consider what implications these data may
have regarding the existence of cavity mode or waveg-
uide pulsations. Two factors influence the spectrum
of the compressional signal observed by GOES. First,
the compressional fast mode signal, which would be 2
standing wave in the cavity mode picture, would have
nodes and antinodes. As the satellites move in local
time, they also move in L shell because of the changing
size of the magnetosphere during this time and because
of the changing shape, especially near midnight. For
these reasons, the filtered waveform, as presented in
Figure 13, should not be expected to show a constant
amplitude, although the satellites might be expected to
observe the same (slowly changing) amplitude versus
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local time characteristic. The second factor we need to
consider in the spectral analysis is that compressional
activity during active times will be increased for a num-
ber of reasons not necessarily related to cavity mode
structures. Compressional power (which may not re-
sult from fast mode standing waves) can be generated
via mechanisms entirely unrelated to cavity modes, such
as a drift bounce resonance [Chen and Hasegawa, 1988;
Southwood and Kivelson, 1982]. This additional com-
pressional wave power would likely mask a discrete spec-
trum excited by a cavity mode, although it wouldn’t
be expected to reduce the power at any particular fre-
quency. We conclude that the compressional signatures
shown Figures 12 and 13 do not likely support cavity
mode theory because of the relatively erratic compres-
sional power levels at the frequencies of the resonances.

On the other hand, Walker et al. [1992] and Wright
[1994] showed that fast mode frequencies are not quan-
tized in a waveguide model and that coupling to res-
onances is most efficient for very low azimuthal wave
numbers. If this is the case, the fluctuating amplitude
of the compressional power shown in Figures 12 and 13
have little meaning and the analysis of GOES data in
this respect is difficult to interpret.

5. Other Possible Sources

Finally, we briefly discuss other works reporting the
existence of discrete spectra that are not due to cav-
ity modes. Cahill and Winckler [1992] reported oscilla-
tions of the magnetopause at 341 mHz associated with
the storm on March 24, 1991. They conclude that the
oscillations may be related to tailward moving surface
boundary waves excited by a Kelvin-Helmholtz insta-
bility, although it is not suggested that the instability
would emit fast mode waves at this frequency. Miura
and Pritchett [1982] developed a model of the Kelvin-
Helmholtz instability at the magnetopause and showed
results predicting that the spectrum of fast mode waves
resulting from the instability should be fairly broad-
band, typically ranging from 3 to 10 mHz, but depen-
dent on the thickness of the velocity shear layer. How-
ever, A. Miura (personal communication, 1998) sug-
gests that the southward interplanetary field that was
present would result in reconnection that may some-
how interact with the Kelvin-Helmholtz instability and
be responsible for narrowing the spectral signature. We
point out, however, that the resonances reported here
occur near midnight, while the Kelvin-Helmholtz insta-
bility would tend to occur near the flanks of the mag-
netopause.

Cahill and Winckler [1992] also considered whether
the source of the magnetopause oscillations may be due
to solar wind pressure variations at the bow shock. This
idea was discounted, however, because compressional
pulsations of similar period should then also occur in
the dayside magnetosphere and on the ground, however
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none were observed by GOES 7 or at the ground station
at College, Alaska.

The presence of solar wind fluctuations from 1 to 4
mHz was reported by Thomson et al. [1995], who carried
out an elaborate spectral analysis to show that spectral
peaks matching those of helioseismic pressure modes
were present in the solar wind plasma. The reported
frequency range closely matches that of field line res-
onances observed on the ground, possibly suggesting
a cause and effect relationship. However, the spectral
peaks are low level and the idea that they could be
transmitted through the magnetopause to excite res-
onances would only work if the energy input via this
mechanism exceeds the energy dissipation of the reso-
nances, 2 highly variable quantity.

6. Summary and Conclusions

Ground-based observations of field line resonances
have been shown to have discrete spectra in a number
of earlier studies, which suggest that they may be gen-
erated by a cavity mode or waveguide structure. Satel-
lite observations of field line resonances usually have
a different signature, one that indicates a source with
a broadband spectrum. Our primary objective in this
work has been to try to understand this discrepancy by
analyzing an event when discretely driven resonances
were observed on the ground at the same time that
CRRES and GOES 8 and 7 were near the same re-
gion. The event considered in this study was observed
just after substorm onset, although a limited number
of studies report observations of such resonances before
onset. The question of what role field line resonances
might play in substorms is not answered in this work,
although we believe this to be the first report of ob-
servations of field line resonances with discrete spectra
observed on the ground in the magnetic and optical data
and confirmed by a satellite.

We summarize our results as follows:

1. We showed that resonances with antisunward
phase velocity were observed using ground based mag-
netometers and that spectral peaks were present in the
associated scanning photometer data. We take this as
an indication that auroral luminosity was being mod-
ulated by the resonances, consistent with the work of
other authors [Samson et al., 1991b, 1992; Xu et al.,
1993]. The resonances in this case were observed after
the onset of a substorm. We believe that they may
have been present before the onset and that the in-
creased Hall conductivity due to auroral electron pre-
cipitation was necessary before they could be observed
on the ground. It might be suggested that substorm
activity was somehow responsible for excitation of the
resonances, but a number of previous reports show the
presence of resonances before substorm onset. In addi-
tion, their antisunward phase velocity indicates that the
source of their excitation likely originated at the day-
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side magnetosphere, suggesting that the substorm was
not the cause of the resonances..

2. We mapped the footprint of CRRES during the
same interval and showed that, within the error of the
T96 and AACGM models, its apogee was near the in-
variant latitude of the resonances. We then showed the
presence of the same spectral peaks in CRRES data as
in the ground data and were able to show that electric
and magnetic fields were 90° out of phase at these fre-
quencies, providing strong evidence for standing waves
(resonances). The procedure we used is straightfor-
ward but relies critically on using data from a satellite
whose apogee is near the resonance (CRRES) so that
the slower spacecraft speeds allow detection of a num-
ber of waveforms. Previous attempts to search for brief,
large amplitude azimuthal signals using AMPTE/CCE
data have been unsuccessful [Anderson et al., 1989], al-
though Allan et al. [1997] showed that the elliptical or-
bit of AMPTE/CCE, combined with the low-level sig-
nal associated with the node of a fundamental resonance
near the equatorial plane, would make such observations
by AMPTE/CCE very difficult.

3. We then used data from GOES 8 and 7 in an
attempt to verify the existence of a cavity mode by
showing the presence of the same discrete spectra in
the compressional component of their magnetic fields.
Although global scale compressional perturbations ob-
served by both GOES satellites appear to be associated
with a moderate storm, we have not been able to show
that the spectrum is discrete over the interval beginning
with the arrival of the storm to the observation of the
resonances. We conclude that the GOES data do not
provide evidence supportive of a cavity mode, although
it does not preclude the presence of a waveguide struc-
ture.

The most likely scenario is that the quiet magneto-
sphere was perturbed by a jump in solar wind intensity
{as seen by the increased density observed by IMP 8).
The perturbation excited fast mode waves in the waveg-
uide that propagated antisunward and excited the ob-
served field line resonances and subsequent auroral lu-
minosity fluctuations. The role of the substorm asso-
ciated with this event is not clear except that it likely
was responsible for the auroral arcs in some way.
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