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Geotail observations of low-frequency waves from 0.001
to 16 Hz during the November 24, 1996, Geospace
Environment Modeling substorm challenge event

K. Sigsbee'?, C. A. Cattell' , F. S. Mozer’, K. Tsuruda®, and S. Kokubun’

Abstract. We present observations of low-frequency waves from 0.001 Hz up to the
lower hybrid frequency during the time periods corresponding to the growth, expansion,
and recovery phases of a substorm that occurred from ~ 2100 to 2310 UT on November
24, 1996, while Geotail was located in the magnetotail at X g ~ 25 R; and 0100 LT.
Large-amplitude waves near the lower hybrid frequency were observed when large-scale
density and magnetic field gradients were present during thinning of the plasma sheet at
substorm onset and the beginning of the recovery phase. Later in the recovery phase,
waves near the lower hybrid frequency were observed close to the neutral sheet in
localized areas with strong small-scale density and magnetic field gradients. Fluctuations
of the electric and magnetic fields near the ion gyrofrequency were also observed during
this event; however, the amplitudes were smaller than those often observed in the near tail
in association with substorms. Compressional fluctuations of the magnetic field in the Pi2
frequency range were observed close to substorm onset. Although Geotail was not in the
region considered in recent studies of Pi2 pulsations, it may still be possible that the
magnetic field fluctuations observed by Geotail during the November 24, 1996, substorm
are related to this phenomenon since little is known about propagation of the compression-

al pulses and generation of the waves.

1. Introduction

The Geospace Environment Modeling (GEM) Substorm
Working Group selected an isolated substorm on November
24, 1996, which occurred from ~ 2100 to ~ 2310 UT as the
focus for intensive study and testing of substorm models by
the GEM community. During this substorm the Geotail
satellite was located at Xgq =-25 Ry near 0100 LT. To
examine the large-scale processes occurring in the magnetotail
during this substorm, Petrukovich et al. [1998] compared the
magnetic pressure observed by Geotail in the equatorial
plasma sheet and Interball-Tail in the high-latitude tail lobe at
a radial distance of ~ 26 R.. The substorm growth phase
began at ~2108 UT with a southward turning of the interplan-
etary magnetic field (IMF) observed by Wind. Interball-Tail
and Geotail observations by Petrukovich et al. indicated
thinning of the plasma sheet from 2108 to 2200 UT. A brief
enhancement of the pressure occurred around 2148 UT, at the
same time a pseudobreakup was recorded by ground magne-
tometers. The total pressure observed by Geotail in the
equatorial plane peaked between 2225 and 2236 UT, at the

'School of Physics and Astronomy, University of Minnesota,
Minneapolis

*Now at Laboratory for Extraterrestrial Physics, NASA Goddard
Space Flight Center, Greenbelt, Maryland

*Space Sciences Laboratory, University of California, Berkeley

*“Institute of Space and Astronautical Science, Sagamihara, Japan

5Solar Terrestrial Environment Laboratory, Nagoya University,
Toyokawa, Japan

Copyright 2001 by the American Geophysical Union.

Paper number 2000JA900090.
0148-0227/01/2000JA900090$09.00

onset of the expansion phase. A minimum in the pressure was
observed at 2307 UT, indicating the start of the recovery
phase. Petrukovich et al. interpreted their pressure and
velocity measurements as an indication that the substorm
activation region formed earthward of Geotail and that the x-
line was located near the satellite toward the end of the
expansion phase. The relation between the magnetotail
current and pressure during this substorm was considered by
Jacquey et al. [1998] using data from Interball-Tail and IMP
8. Both satellites observed an increase in the lobe magnetic
pressure during the growth phase, followed by a decrease in
the lobe magnetic pressure by the same amount during the
expansion phase. Because the solar wind dynamical pressure
obtained from Wind data was nearly constant during the
growth phase, the initial increase in tail lobe pressure was
interpreted by Jacquey et al. to have been caused by an
internal process, such as an intensification in the cross-tail
current.

In this paper we will examine the low-frequency waves
from 0.001 to 16 Hz that occurred in the magnetotail during
the November 24, 1996, substorm using electric and magnetic
field data from Geotail. Waves in this frequency range have
been shown to be present throughout the near tail and midtail
during substorms (Sigsbee et al., manuscript in preparation,
2000; T. Streed et al., Spiky electric fields in the magnetotail,
submitted to Journal of Geophysical Research, 2000, hereinaf-
ter referred to as Streed et al., submitted manuscript, 2000). In
the near-tail, low-frequency electric and magnetic field
fluctuations may play important roles in the generation of Pi2
pulsations. The production of Pi2 pulsations is not well
understood, but attempts have been made to associate Pi2
pulsations with other phenomena that occur in the magnetotail
at substorm onset, such as magnetic reconnection and earth-
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ward flows. Recent theories of Pi2 pulsations have proposed
that they are generated by compressional pulses produced by
high-speed earthward flows in the near tail [Shiokawa et al.,
1998; Kepko and Kivelson, 1999]. Geotail was located at a
radial distance of 25 R and 0100 LT during the November 24,
1996, substorm, outside of the regions considered in recent
studies of Pi2 generation. However, little is known about how
compressional pulses produced by earthward flow bursts or
magnetic reconnection might propagate through the magneto-
tail. Examination of fluctuations in the Pi2 frequency range
during the November 24, 1996, substorm may help clarify this
issue.

In the near tail, waves close to the ion gyrofrequency are
important to the current disruption model, in which substorm
onset is caused by a cross-field current instability that excites
waves at the neutral sheet and results in disruption of the
cross-tail current [Lui, 1996]. The current disruption model is
an alternative to the near-Earth neutral line model and sug-
gests that substorm onset is caused by a process in the near
tail, rather than magnetic reconnection at a near-Earth neutral
line. We will also study waves near the ion gyrofrequency
during the November 24, 1996, substorm, in order to examine
the possibility that a cross-field instability of the type consid-
ered in the current disruption model operates in magnetotail at
radial distances of 25 R;.

Waves near the lower hybrid frequency in the midtail
region have been proposed as a possible source of anomalous
resistivity for magnetic reconnection at a near-Earth neutral
line. The free energy to drive the lower hybrid drift instability
comes from the cross-field current and gradients in the plasma
and magnetic field, which are an integral part of the process of
magnetic reconnection [Huba et al., 1977]. A number of
studies have attempted to determine where magnetic
reconnection occurs in the magnetotail during substorms. In
a survey of ISEE 1 data, Cattell and Mozer [1984] found
evidence that the neutral line forms in the region X, < -21
Rp | Yosm [< 4.5 R, and | Zgy |< 3 R;. Recent work with
Geotail data has shown that reconnection usually starts in the
premidnight sector of magnetotail between X, =-20 R; and
Xgsm = -30 R, a few minutes before the substorm onset is
observed on the ground as Pi2 pulsations [Nagai et al.,1998].
Another study of Geotail data has shown the location of the
neutral line to be near Xgg, = -20 R; and Y =5 R [Machi-
da et al, 1999]. During the November 24, 1996, event,
Geotail was located near Xg; =-25 Ry, Yiop =-8 R, and Zg
=-3 R; (01:00 LT), outside the region where reconnection is
usually thought to occur during substorms. It is unlikely that
the low-frequency waves observed by Geotail during this
event were related to magnetic reconnection at the near-Earth
neutral line. However, the observation of waves near the
lower hybrid frequency during the November 24, 1996,
substorm is still of significant interest because lower hybrid
waves in the magnetotail may cause ions to exhibit
nonadiabatic, chaotic motion and could provide a source of
ion energization [Cattell et al., 1995, Streed et al., submitted
manuscript, 2000].

2. Low-Frequency Waves in the Magnetotail

Pi2 pulsations (0.007-0.03 Hz) have long been considered
animportant indicator of geomagnetic activity, particularly for
determining substorm onset times. One recent theory about
Pi2 pulsations proposes that they are generated by a
compressional pulse produced when high-speed earthward
flows are braked at the boundary between taillike and dipolar
magnetic field regions [Shiokawa et al., 1998]. Atthe braking

point of the flow, the increase in earthward kinetic pressure
due to the flow can compress the inner magnetosphere,
resulting in a compressional pulse. This disturbance may
propagate across the equatorial magnetic field and couple into
a cavity mode oscillation and/or propagate along the field as
an Alfvén wave to the high-latitude ionosphere [ Yumoto et al.,
1989]. Another possible generation mechanism for Pi2
pulsations in the scenario proposed by Shiokawa et al. [1998]
are fluctuations of the induced field-aligned currents at the
braking point. In support of this hypothesis, Shiokawa et al.
observed compressional pulses with periods between 40 and
160 s in Active Magnetospheric Particle Tracer Explorers
(AMPTE)/CCE magnetic field data associated with high-speed
earthward flows during a substorm. A similar idea was
developed by Kepko and Kivelson [1999], who presented
observations from ISEE 2, the Institute of Geological Sciences
(IGS) magnetometer chain, and the Air Force Geophysical
Laboratory (AFGL) magnetometer chain relating bursty bulk
flows in the magnetotail to Pi2 pulsations. They found a one-
to-one correlation between earthward flow bursts in the
magnetotail and the onset of Pi2 pulsations at various ground
stations. The correlations between oscillations observed by
the AFGL magnetometers and variations of the earthward
flows led Kepko and Kivelson to propose that the frequencies
of low-latitude Pi2 pulsations are determined by temporal
variations of earthward flows in the magnetotail.

Waves near the ion gyrofrequency, which typically is
between ~ 0.1 and 1.0 Hz in the near tail and midtail, could be
excited by a cross-field current instability of the type dis-
cussed by Lui [1996]. The cross-field current instability
(CFCI) considered by Lui is a collective term for the lower
hybrid drift instability, the modified two-stream instability,
and the ion-Weibel instability. The CFCl s directly driven by
current flow across the tail and operates over a broad fre-
quency spectrum ranging from the lower hybrid drift fre-
quency down to the ion gyrofrequency or lower. In the near-
tail region this instability has been proposed to play a crucial
role in the current disruption model. This model of substorms
suggests that substorm onset is caused by a cross-field current
instability that excites waves near the ion gyrofrequency at the
neutral sheet near the inner edge of the cross-tail current. The
instability results in disruption of the magnetotail current in
the near-Earth region, generation of field-aligned currents, and
formation of the substorm current wedge. Observational
evidence for this instability in the near-tail region comes from
AMPTE/CCE observations between 7.4 and 8.8 R, of low-
frequency waves from 0.1 to 4 Hz close to the ground onset
times of substorm expansions or intensifications [Lui et al.,
1992]. An instability of this kind could provide a possible
source of dissipation for magnetic reconnection and particle
energization in other regions of the magnetotail.

Many observations have been made of waves near the lower
hybrid frequency in the magnetotail. ISEE 1 electric field
observations of lower hybrid drift waves in the magnetotail
were presented by Cattell and Mozer [1987] during a time
period when a neutral line moved past the satellite. Large-
amplitude ( > 30 mV/m) waves at approximately half the
lower hybrid frequency (consistent with the lower hybrid drift
instability) were observed throughout the plasma sheet during
this substorm. The waves were found from the plasma sheet
boundary layer to the neutral sheet and occurred simulta-
neously with large DC fields and ExB velocities associated
with the near-Earth neutral line. Theoretical work has sug-
gested that waves associated with the lower hybrid drift
instability should be suppressed at the neutral sheet owing to
the large plasma 3 in this region. However, Cattell and Mozer
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found that the largest waves occurred near the neutral sheet
when the southward component of the magnetic field was 6
nT, so B remained < 1.

Lower hybrid waves in the magnetotail are often associated
with large, spiky electric fields. Low-frequency turbulence
and large electric field spikes up to ~ 80 mV/m were observed
in ISEE 1 data from distances of 7-23 R, within 4 hours of
midnight [Cattell et al., 1982]. Similar observations have
been made by Geotail in the plasma sheet and plasma sheet
boundary layer at radial distances between 40 and 90 R;
[Cattell et al., 1994]. The collapse of large-amplitude lower
hybrid drift waves through a wave-wave interaction that
causes nonlinear wave growth may be responsible for these
spiky electric fields [Shapiro et al., 1993]. An alternate
explanation for the spiky electric fields was suggested by
recent work with data from the Polar satellite showing small
scale, large-amplitude kinetic Alfvén waves at the plasma
sheet boundary (J. R. Wygant et al., Evidence for kinetic
Alfvén waves and parallel electron energization at the high
altitude plasma sheet, submitted to Geophysical Research
Letters, 2000). A statistical study of the occurrence of waves
near the lower hybrid frequency and large, spiky electric fields
in the magnetotail between radial distances of 10 and 200 R,
was performed by Streed et al. (submitted manuscript, 2000)
using Geotail electric field data. Waves near the lower hybrid
frequency and electric field spikes were found throughout the
plasma sheet up to distances of 100 R, and had a tendency to
occur in large density gradients. Simulations of the effects of
lower hybrid waves on ion trajectories in the magnetotail have
shown that interactions between ions and the waves can
drastically alter the ion trajectories and result in energization
of the ions [Cattell et al., 1995]. Simultaneous observations
by Geotail of waves near the lower hybrid frequency in the
plasma sheet boundary layer at 69 R, and particle measure-
ments showing an increase in the ion energy from 0.1 to 10
keV/e were presented by Okada et al. [1994]. These observa-
tions were interpreted as evidence that the cold ions in the
plasma sheet boundary layer were being heated by the waves.
As demonstrated by the observations and models discussed
here, lower hybrid drift waves could be a significant source of
heating within the magnetotail out to radial distances of 100
R..

3. Data Sets and Analysis Methods

The electric field data presented in this paper were obtained
from the Geotail spherical double-probe electric field instru-
ment [Tsuruda et al., 1994], which measures the electric field
in the spin plane of the spacecraft. It consists of a pair of 50-m
wire booms with 105-mm diameter spherical probes on each
end deployed perpendicular to the spacecraft spin axis. The
spacecraft potential, or voltage difference measured between
one of the spherical probes and the spacecraft, can provide an
estimate of the plasma density and temperature. The space-
craft potential is a balance between the photoelectron current
from the spacecraft and the incoming electron current; this
potential is roughly proportional to In(nT"?) [Pedersen, 1995].
Although an exact density calibration for the spacecraft
potential in the region of the magnetotail discussed in this
paper is not available, the spacecraft potential can still be used
to identify entry into and exit from different magnetospheric
regions.

By measuring the potential difference between the two
spherical probes and dividing by the distance between them
(100 m), a measurement can be made of the electric field. In
this paper the electric field measurements across the spinning

booms of the spacecraft sampled at 32 points per second
(editor-B format) were used to examine waves up to 16 Hz.

Because of Geotail’s rotation about its spin axis, the electric
field exhibits a 3-s sinusoidal modulation. Also, because the
photoelectron density is higher on the sunlit side of the
spacecraft, a spurious sunward electric field is produced twice
each spin period. To eliminate the sinusoidal spin modulation
and harmonics, the 32 samples per second data were filtered
to remove frequency components below 2 Hz. The 32 samples
per second electric field data were analyzed using a windowed
fast Fourier transform (FFT) to search for bursts of waves near
the lower hybrid frequency. Despun electric field data at 3-s
resolution, corresponding to the X and Y components of the
electric field in GSE coordinates, were used to study fluctua-
tions from 0.001 Hz up to 0.16 Hz, which includes the
frequency ranges of the Pil-Pi2 and Pc2-Pc5 classes of ULF
pulsations. The continuous Morlet wavelet transform [Kumar
and Foufoula-Georgiou, 1994, and references therein] was
used to analyze the Geotail 3 second spin fit electric field data.
The Morlet wavelet transform was the preferred method of
analysis for the 3-s resolution data because it provided better
temporal and frequency resolution at the lowest frequencies
than the FFT. The traditional FFT analysis method was
preferred to study the high-resolution 32 samples per second
electric field data mainly because it was more computationally
efficient.

Data from the Geotail magnetic field experiment [Kokubun
et al., 1994] were also used to study low-frequency waves in
the magnetotail. Because the magnetometer makes a full
three-dimensional measurement at 16 samples per second,
waves up to the Nyquist frequency (8 Hz), including waves
near the spin frequency (0.333 Hz), can be studied with the
magnetic field data. This is important because the ion gyrofre-
quency typically falls between 0.1 and 1.0 Hz, a frequency
range which is often totally dominated by spin harmonics in
the electric field data. The 3-s spin averaged magnetic field
data were used to examine fluctuations below 0.16 Hz, while
the high-resolution magnetic field data were used to examine
fluctuations near the ion gyrofrequency from ~ 0.01 Hz up to
1 Hz. The Morlet wavelet transform was the preferred method
of analysis for the 3-s resolution and 16 samples per second
resolution magnetic field data.

4. Growth Phase

An overview of Geotail 3-s electric and magnetic field data
and the spacecraft potential from 2030 to 2340 UT, covering
the entire time span of the substorm, is shown in Figure 1.
From 2030 to 2100 UT, prior to the start of the growth phase,
Geotail was located in the plasma sheet, as indicated by the
spacecraft potential. Fluctuations of the electric field and
magnetic field were observed starting around 2100 UT, close
to the beginning of the growth phase at 2108 UT. Because the
fluctuations observed during the growth phase actually started
before the southward turning of the IMF, they were probably
remnants of earlier activity or the result of some local process
in the magnetotail. The fluctuations continued until ~ 2120
UT. The pseudobreakup observed in ground magnetometer
data and indicated by a pressure increase at Geotail at 2148
UT [Petrukovich et al., 1998] also appeared as a brief thinning
of the plasma sheet, as shown by an increase in the magnitude
of the spacecraft potential.

Wavelet scalograms [e.g., see Rioul and Flandrin, 1992] of
the 3-s electric and magnetic field data from 2030 to 2340 UT
are shown in Plate 1. From 2100 to ~2120 UT, peaks appear
in the wavelet scalograms from 0.01 Hz up to the Nyquist
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Figure 1. Overview of Geotail data from the November 24, 1996, substorm, showing the negative of the spacecraft potential,
the 3-s electric and magnetic field data in GSE coordinates, and the total magnetic field. The negative of the spacecraft potential
is shown so that smaller values indicate lower densities, while larger values indicate higher densities. The times of the southward
turning of the interplanetary magnetic field (IMF), pseudobreakup, expansion onset, and recovery phase from Petrukovich et al.
[1998] are marked by vertical lines.
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Plate 1. Wavelet scalograms of the 3-s electric and magnetic field data in GSE coordinates from 0.001 Hz up to the Nyquist
frequency, 0.16 Hz, for the same time period as that shown in Figure 1.
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Plate 3. Wavelet scalograms of the high resolution (16 samples per second) magnetic field data in GSE coordinates from 0.01
to 1.0 Hz. The time period shown covers the onset of the expansion phase. The ion gyrofrequency has been plotted as a black

line over the scalogram of the total magnetic field.
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frequency for the 3-s data, which is 0.16 Hz. A series of three
bipolar pulses visible in the times series of B, also appear near
0.01 Hz in the scalogram of B, from 2035 to 2105 UT. The
first two of the pulses in B, are clearly associated with large
changes in By, as the spacecraft crossed the current sheet. A
peak associated with this spatial structure appears in the
scalogram of By near 0.004 Hz from 2050 to 2100 UT. Strong
peaks from 0.01 Hz up to 0.16 Hz occur at ~2110 UT in all
three components of the magnetic field and the electric field.
During the growth phase, many of the peaks in the scalograms
below 0.01 Hz appear to be correlated with the passage of
spatial structures over the satellite, for example, the peak
associated with the current sheet crossing described above.
One exception is a peak lasting from 2040 to~2155UT in B,
between 0.002 and 0.003 Hz. An almost sinusoidal oscillation
in this frequency range is visible in the time series of By. At
2148 UT, very little activity is seen from 0.001 to 0.16 Hz,
except for peaks associated with a crossing of the current sheet
at this time.

The lower hybrid frequency and a Fourier spectrogram of
the filtered 32 samples per second electric field from the
spherical double probe instrument are shown in Plate 2. In
this region of the magnetotail the approximation
fun=(f.£.)*=0.65x B, where the magnetic field is in nanoteslas
and the frequency is in hertz, can be used for the lower hybrid
frequency. Throughout the growth phase the lower hybrid
frequency was usually less than 16 Hz, placing it within the
frequency range that can be detected by the Geotail electric
field instrument. From 2050 to 2120 UT the strongest peaks
in the spectrogram are seen near and below the lower hybrid
frequency, which ranged between 2 and 14 Hz. The waves
observed from 2050 to 2120 UT typically had peak to peak
amplitudes of a few mV/m. A brief wave burst, also with peak
to peak amplitudes of a few mV/m, occurred in the electric
field data around 2150 UT, when the pseudobreakup was
observed.

S. Expansion Phase

At 2220 UT, just before the expansion onset, Geotail
entered the region near the neutral sheet. The average value of
the total magnetic field trom 2220 UT to 2235 UT was only ~
7 nT; however, low-frequency fluctuations of the total
magnetic field with amplitudes greater thanl0 nT were
observed during this time. At 2235 UT there was a sudden
increase in the magnitude of the spacecraft potential, indica-
tive of plasma sheet thinning associated with the substorm
onset. The total magnetic field also began to increase at this
time, and fluctuations of the electric field with peak to peak
amplitudes of ~30 mV/m were observed. The fluctuations of
the electric and magnetic fields lasted until 2245 UT, close to
the time when the maximum total magnetic field was ob-
served.

Around the time of the substorm onset, fluctuations of the
electric and magnetic fields in the Pi2 pulsation frequency
range, which includes frequencies from 0.007 Hz up to 0.03
Hz, were observed. Geotail plasma moment data shown by
Petrukovich et al. [1998] indicated strong earthward flows of
a few hundred km/s between 2214 and 2228 UT, and short
bursts of both earthward and tailward flow from 2228 to 2240
UT. Although some of the fluctuations observed in the Pi2
frequency range are compressional and are associated with
earthward flow, it is not always clear whether or not these
fluctuations are actually associated with Pi2 pulsations or are
related to spatial structures visible in the time series data. The
most likely candidates for fluctuations associated with Pi2
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pulsations are strong peaks that appeared in the scalograms of
the 3-s By and Bpgra. from 0.008 Hz up to 0.03 Hz at 2220
UT. These peaks are similar to those seen in the near-tail at
substorm onset (Sigsbee et al., manuscript in preparation,
2000), but are smaller in amplitude. Polarization analysis of
the 3-s magnetic field data using the method described by
Samson and Olson [1980] was inconclusive. Analysis by this
technique indicated that these magnetic field fluctuations were
highly polarized, but the direction was not well determined.
From 2230 to 2240 UT peaks were seen in the scalogram of B,
near 0.005 Hz, corresponding to a sinusoidal variation visible
in the By time series data. Although the oscillation in B,
occurred at a frequency just below the Pi2 frequency range
and began around the time of onset, it is not strongly
compressional. It is also not clear whether or not this is a
spatial or temporal variation of B,. Peaks above the Pi2
frequency range, from 0.03 to 0.16 Hz, are also seen in the
scalograms of all three components of the magnetic field
throughout the time span from 2220 to 2240 UT. However,
the power in this frequency range is very bursty. Fluctuations
in all three components of the magnetic field and both compo-
nents of the magnetic field ceased shortly after 2240 UT,
when thinning of the plasma sheet left Geotail in a quiet
region of taillike magnetic field and relatively low density, as
shown by the spacecraft potential. This agrees with the
Geotail pressure observations of Petrukovich et al. [1998],
which place Geotail in the tail lobe at this time.

Scalograms of the 16 sample per second magnetic field data
from 0.01 Hz to 1.0 Hz during the expansion phase are shown
in Plate 3. A few intense peaks near the ion gyrofrequency are
seen from 2220 to 2225 UT, just before the expansion onset.
Peaks close to the ion gyrofrequency are seen sporadically
throughout the rest of the time period shown. A visual
inspection of the time series magnetic field data shows that the
fluctuations in this frequency range are generally a few
nanoteslas in amplitude. During the expansion phase the ion
gyrofrequency occasionally dropped to values between 0.01
and 0.1 Hz, allowing examination of waves near the ion
gyrofrequency with the 3-s electric and magnetic field data.
From2221:40t02222:40 UT a sinusoidal oscillation appeared
in Brora, Bz and E,. The oscillation had a 12-13 s period
(0.07-0.08 Hz) and was close to the ion gyrofrequency. About
three full periods of this oscillation appeared in the time series
data. The oscillations of E,and B, were undersampled and
were in phase with peak to peak amplitudes of ~ 0.5 mV/m
and ~ 4 nT, which gives £/B ~ 125 km/s. The total magnetic
field at this time varied between 5 and 10 nT, so assuming a
density of 0.5 cm™, the local Alfvén speed was between 150
and 300 km/s. The observed waves are therefore consistent
with an Alfvén wave propagating in the X direction.

At the start of the expansion phase, the lower hybrid
frequency was less than 16 Hz, within the frequency range that
can be detected by the Geotail electric field instrument. Later
in the expansion phase, at 2235 UT, thinning of the plasma
sheet caused Geotail to move out of the central plasma sheet
and into the tail lobe where the lower hybrid frequency was
close to 20 Hz. The spectrogram in Plate 2 shows that from
2236 UT to 2243 UT very intense waves from 2 Hz up to 16
Hz are seen at the same time as the sharp gradients in the
magnetic field and spacecraft potential. The Fourier spectro-
gram from 2235 UT to 2244 UT in Plate 2b shows that as the
lower hybrid frequency increased from 4 to ~ 18 Hz, the
frequency of the waves seen in the electric field data also
increased. The amplitudes of the waves seen during this time
period typically had peak to peak amplitudes of ~ 10 mV/m,
but larger-amplitude fluctuations >20 mV/m were seen briefly
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near 2240 UT. The large-amplitude fluctuations abruptly
stopped at 2240:30, when the total magnetic field leveled off
at ~29 nT. One last burst of waves from 2 to 16 Hz occurred
at 2242 UT when the total magnetic field suddenly dropped to
18 nT and then returned to its previous value. A momentary
increase in the local density also occurred at this time, as
shown by the spacecraft potential in Plate 2b. The waves seen
during this brief burst had amplitudes of ~ 10 mV/m. From
2242 UT to the start of the recovery phase, no wave activity
was observed while Geotail remained in the tail lobe. Al-
though the plasma f is low in the tail lobe, the absence of
lower hybrid waves in this region is expected, because other
conditions are unfavorable for this mode. The lobes are
typically characterized by quiet, taillike magnetic fields and a
lack of strong gradients, which are needed for the growth of
lower hybrid drift waves. The lower hybrid drift instability is
driven by the cross-field current associated with the magnetic
field reversal, so this mode should not be present outside the
magnetotail current sheet.

6. Recovery Phase

The plasma sheet began to recover at ~ 2305 UT, as
indicated by a sudden decrease in the magnitude of the
spacecraft potential to approximately its preonset value. A
corresponding decrease in the magnitude of the magnetic field
was also observed, and Geotail once again entered the vicinity
of the neutral sheet. Fluctuations of the electric and magnetic
fields with amplitudes comparable to those seen at the onset of
the expansion phase were seen at the start of the recovery
phase. However, during the recovery phase the nature of these
fluctuations was ambiguous. Many of the lowest frequency
peaks in the wavelet scalograms appear to be correlated with
large DC electric fields and earthward ExB flows seen at this
time. The magnetic field continued to fluctuate until ~ 2330
UT; however, the electric field fluctuations decreased dramati-
cally in amplitude at ~ 2312 UT, which was about the same
time as the steep gradients in the magnetic field and spacecraft
potential disappeared.

During the recovery phase, intense waves from 2 to 16 Hz,
both above and below the lower hybrid frequency, occurred
between 2304 and 2314 UT. The waves occurred during the
time period when the plasma sheet recovered and the magnetic
field decreased from 20 nT to a few nanoteslas. The ampli-
tudes of the waves seen during this time period were compara-
ble to the amplitudes seen during the thinning of the plasma
sheet in the expansion phase. After 2310 UT, Geotail was
located quite close to the neutral sheet. The average total
magnetic field value from 2310 to 2325 UT was ~ 5 nT, but
the total magnetic field fluctuated in this region, often drop-
ping close to zero or increasing to greater than 10 nT. One of
the major criticisms of the interpretation of observations of
waves below the lower hybrid frequency in the magnetotail is
that the quasi-linear theory of the lower hybrid drift instability
shows that this mode is stabilized near magnetic neutral
regions because as B ~0, we also have f~«. Asillustrated by
the data presented in Plate 2c, the waves are indeed suppressed
during times when the total magnetic field is less than ~ 2-3
nT. However, bursts of waves close to the lower hybrid
frequency with amplitudes of a few mV/m occurred during
times when the total magnetic field briefly increased by a few
nanoteslas.

Plate 2c shows a series of wave bursts that occurred close
to the neutral sheet during time periods when B, increased
briefly to values between ~ 7 and 15 nT. The fluctuations of
B, and associated wave bursts from 2311 to 2313 UT appear
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to be periodically spaced on a timescale of ~ 25 s. Corre-
sponding peaks appear in E,, indicating that each wave burst
may have also been associated with short bursts of earthward
ExB flow. The plasma moment data shown by Petrukovich et
al. [1998] also indicated earthward flow at this time. The
electric and magnetic field fluctuations were associated with
fluctuations in the magnitude of the spacecraft potential that
indicate local decreases in the plasma density during the times
when lower hybrid waves were observed.

From 2314 to 2317 UT, three more wave bursts, spaced 1
min apart, were observed in association with fluctuations in B,
and the total magnetic field. These three wave bursts also
appear to be associated with short bursts of earthward ExB
flow. Fluctuations on a ~ 1 min timescale also occurred in
both electric field components and in B, and By; however, the
fluctuations of B, and B, were 90° out of phase with the B,
and Bigra, fluctuations. Only the third burst of waves at 2316
UT was associated with a decrease in the local density. This
burst was more intense than the two preceding wave bursts,
indicating that the combination of both a density and magnetic
field gradient is more favorable for wave growth. This is also
consistent with the theory of the lower hybrid drift instability,
since a simultaneous decrease in density and increase in the
magnetic field will lower the plasma f further than just a
magnetic field increase of similar magnitude.

7. Discussion

In Geotail data from five substorm onsets in the premid-
night sector of the near tail studied by Sigsbee et al. (manu-
script in preparation, 2000), distinct electric field and mag-
netic field fluctuations in the Pi2 frequency range occur right
at substorm onset.  These fluctuations were often
compressional and were associated with magnetic field
dipolarizations and earthward flow. During the November 24,
1996, substorm, compressional fluctuations in the Pi2 fre-
quency range were observed briefly by Geotail near the onset
of the expansion phase; however, the power was about an
order of magnitude smaller than what was seen in the near tail
by Sigsbee et al. (manuscript in preparation, 2000). Recent
work has indicated a correlation between earthward flows in
the near tail and Pi2 pulsations [Shiokawa et al., 1998; Kepko
and Kivelson, 1999]. Earthward flow was observed near onset
at Geotail by Petrukovich et al. [1998] when the fluctuations
in the Pi2 frequency range were observed in Geotail magnetic
field data. The observations from November 24, 1996, appear
to be consistent with recent work, suggesting a connection
between earthward flows, compressional pulses, and Pi2
pulsations. However, it is unclear whether or not the fluctua-
tions observed at Geotail could actually be a midtail signature
of Pi2 pulsations, because so little is known about the relation
between compressional pulses and earthward flows and the
subsequent propagation of the compressional pulses to the
ionosphere. Magnetic field fluctuations near the ion gyrofre-
quency were also observed during the time periods corre-
sponding to the growth, expansion, and recovery phases of the
November 24, 1996, substorm. Over the entire time period
studied, the power from magnetic field fluctuations near the
ion gyrofrequency was also about an order of magnitude
smaller than what was seen in the near tail during substorms
(Sigsbee et al., manuscript in preparation, 2000).

Analysis of the high time resolution electric field data
showed that large-amplitude waves up to the lower hybrid
frequency occurred during the November 24, 1996, substorm.
The strongest waves were observed shortly after the onset of
the expansion phase and at the start of the recovery phase.
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Waves near the lower hybrid frequency during these two time
periods were associated with gradients in the magnetic field
and density indicated by changes in the spacecraft potential.
Although the wave electric fields seen in this frequency band
by Geotail during the November 24, 1996, substorm were not
exceptionally large, they were similar to electric field observa-
tions in other regions of the magnetotail, with peak to peak
amplitudes sometimes exceeding 20 mV/m (Sigsbee et al.,
manuscript in preparation, 2000). Although the electric field
waveforms were sinusoidal at times, they were generally
irregular and often undersampled. Large-amplitude electric
field spikes, which may indicate nonlinear wave evolution,
were often embedded in regions of more sinusoidal waves.
The strongest peaks in the electric field power spectra in Plate
2 usually occurred at frequencies near or below the lower
hybrid frequency, but power also appeared above the lower
hybrid frequency, owing to these spiky electric fields. A
possible explanation for these spiky electric fields is lower
hybrid wave collapse. Shapiro et al. [1993] determined that
the condition on the electric field amplitudes for the collapse
of lower hybrid waves is

E? ’
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where @, is the electron gyrofrequency, ®,, is the plasma
frequency, and p, is the electron gyroradius. Assuming k p, ~
1,n~1 cm?, and a temperature of 1000 eV, the electric field
amplitude required by this condition for lower hybrid collapse
is ~ 5 mV/m for B ~ 5 nT and ~ 15 mV/m for B ~ 15 nT.
Typical electric field amplitudes observed during the Novem-
ber 24, 1996, substorm were from 5 to 20 mV/m, large enough
to satisfy the above condition. This result agrees with Cattell
et al. [1996], who found that the spiky electric fields observed
by Geotail between 10 and 100 R; were generally consistent
with the condition for lower hybrid wave collapse for typical
magnetotail parameters. The waves observed near the lower
hybrid frequency during the November 24, 1996, substorm
were generally larger amplitude than those observed by
Shinohara et al. [1998] during a substorm on March 30, 1995,
when Geotail was located in the near tail at a distance of 15
R;. Shinohara et al. found that the intensity of the electric
field fluctuations near the neutral sheet was much weaker than
that in the outer plasma sheet. During the November 24, 1996,
substorm we observed that when strong density and magnetic
field gradients were present near the neutral sheet, waves with
amplitudes comparable to those seen elsewhere in the plasma
sheet occurred.

The behavior of the lower hybrid waves observed during
the November 24, 1996, substorm basically agrees with the
predictions of quasi-linear theory that this mode will be
suppressed in regions with a large plasma . However, we
find that lower hybrid waves can occur even near the neutral
sheet, owing to local variations in this region. The magnetic
field models used to examine the theory of the lower hybrid
drift instability are always simplifications of the actual
physical situation, as the data in this paper show the plasma
sheet can be a very turbulent region during active times.
Examination of the spacecraft potential and magnetic field
data in Figure 1 shows that small-scale gradients in magnetic
field and density exist in the plasma sheet, in addition to the
large-scale structure of this region. Huba et al. [1978] alluded
to amode-mode coupling process where a macroscopic MHD
instability, such as a kink or tearing mode, produces local
gradients in density and magnetic field that excite short-
wavelength modes, such as the lower hybrid drift instability.
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As the data presented here have shown, variations of the
electric and magnetic fields on many different spatial and
temporal scales occur together in the same data set and can
often be difficult to distinguish from one another. The
superposition of local and large-scale variations in the plasma
sheet density and magnetic field may allow the lower hybrid
driftinstability and other instabilities to produce small patches
of turbulence throughout the magnetotail that can energize
particles and provide a source of dissipation. As stated
previously, B, is often large enough near the neutral sheet
during active times so that B <1 [Cattell and Mozer, 1987] .
The combination of the effects of large B, near the neutral
sheet and local variations in the plasma sheet could also allow
waves to propagate.

8. Conclusions

Fluctuations of the electric and magnetic fields from 0.001
Hz up to the ion gyrofrequency and electric field fluctuations
up to the lower hybrid frequency were observed by Geotail
during the time periods corresponding to the growth, expan-
sion, and recovery phases of the substorm which occurred
from ~ 2050 ~ 2310 UT on November 11, 1996. The largest
amplitude fluctuations over the entire frequency range
considered in this paper occurred close to the onset of the
expansion phase and the beginning of the recovery phase.
Fluctuations of the electric and magnetic fields below 1 Hz,
including fluctuations near the ion gyrofrequency and in the
Pi2 frequency range, were observed during this substorm.
Fluctuations below 1 Hz were typically observed during time
periods when Geotail was close to the neutral sheet and the
total magnetic field was ~10 nT or less. Electric and magnetic
field fluctuations near and below the ion gyrofrequency have
been suggested to be important to. current disruption in the
near tail. However, the fluctuations observed near the ion
gyrofrequency in the midtail near 0100 LT during the Novem-
ber 24, 1996, substorm are about an order of magnitude
smaller in amplitude than those observed in the premidnight
sector of the near tail during substorms. Fluctuations of the
electric and magnetic fields in the Pi2 frequency range were
also observed in association with earthward flows. Although
recent work has indicated a connection between high-speed
earthward flows and the generation of Pi2 pulsations in the
premidnight sector of the near tail [Shiokawa et al., 1998;
Kepko and Kivelson, 1999] , it is not certain whether the
Geotail observations during the November 24, 1996, event are
related to this phenomenon. Further study of magnetic field
fluctuations in the Pi2 frequency range in the near tail and
midtail is needed to determine the exact location where the
pulsations originate at substorm onset and how they propagate
through the magnetotail.

Intense waves near the lower hybrid frequency with
amplitudes from a few mV/m to > 20 mV/m were observed
during time periods when there were steep gradients in the
magnetic field and density, as indicated by the spacecraft
potential. During the recovery phase, waves near the lower
hybrid frequency appeared to be suppressed at the neutral
sheet when the total magnetic field was close to zero, in
agreement with predictions of quasi-linear theory. However,
wave activity near and below the lower hybrid frequency was
reinitiated as soon as the Z component of the magnetic field
increased by a few nanoteslas. Although the observations
presented in this paper cannot resolve the controversy sur-
rounding the microphysical processes that occur in the plasma
sheet during substorms, they clearly show that large-amplitude
waves near the lower hybrid frequency occur during the
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substorm expansion and recovery phases. Because Geotail
was not located in the region where the near-Earth neutral line
usually forms, the lower hybrid waves observed during this
substorm were probably not involved in magnetic reconnec-
tion. However, the observed waves still could provide a
significant source of ion heating and energization. A detailed
study of the occurrence of lower hybrid waves in the magneto-
tail is needed in order to understand if these waves actually do
provide a source of heating and energization of particles
throughout the magnetotail, and what effect this has on the
dynamical processes that occur in the magnetotail during
substorms.
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