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Abstract. Solitary waves with large electric fields (up to
100’s of mV/m) have been observed throughout the magne-
tosphere and in the bow shock. We discuss observations by
Polar at high altitudes (∼ 4–8RE), during crossings of the
plasma sheet boundary and cusp, and new measurements by
Polar at the equatorial magnetopause and by Cluster near the
bow shock, in the cusp and at the plasma sheet boundary. We
describe the results of a statistical study of electron solitary
waves observed by Polar at high altitudes. The mean solitary
wave duration was∼2 ms. The waves have velocities from
∼ 1000 km/s to> 2500 km/s. Observed scale sizes (paral-
lel to the magnetic field) are on the order of 1–10λD, with
e8/kTe from ∼ 0.01 toO(1). The average speed of solitary
waves at the plasma sheet boundary is faster than the aver-
age speed observed in the cusp and at cusp injections. The
amplitude increases with both velocity and scale size. These
observations are all consistent with the identification of the
solitary waves as electron hole modes. We also report the
discovery of solitary waves at the magnetopause, observed in
Polar data obtained at the subsolar equatorial magnetopause.
Both positive and negative potential structures have been ob-
served with amplitudes up to∼ 25 mV/m. The velocities
range from 150 km/s to> 2500 km/s, with scale sizes the or-
der of a kilometer (comparable to the Debye length). Initial
observations of solitary waves by the four Cluster satellites
are utilized to discuss the scale sizes and time variability of
the regions where the solitary waves occur. Preliminary re-
sults from the four Cluster satellites have given a glimpse of
the spatial and temporal variability of the occurrence of soli-
tary waves and their association with other wave modes. In
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all the events studied, significant differences were observed
in the waveforms observed simultaneously at the four loca-
tions separated by∼ 1000 km. When solitary waves were
seen at one satellite, they were usually also seen at the other
satellites within an interval of a few seconds. In association
with an energetic electron injection and a highly compressed
magnetosphere, Cluster has observed the largest amplitude
solitary waves (> 750 mV/m) ever reported in the outer mag-
netosphere.

1 Introduction

Solitary waves have been identified throughout the Earth’s
magnetosphere at narrow boundaries, such as the plasma
sheet boundary (Matsumoto et al., 1994; Franz et al., 1998;
Cattell et al., 1999) and the bow shock (Bale et al., 1998;
Mangeney et al., 1999), and in strong currents, such as those
associated with auroral acceleration region (Temerin et al.,
1982; Bostrom et al., 1988; Mozer et al., 1997; Ergun et
al., 1998). They have also been seen at the high altitude po-
lar cap boundary (Tsurutani et al., 1998), the high-latitude
cusp boundary layer (Pickett et al., 1999), at high altitude
cusp injections (Cattell et al., 2001b), and within the solar
wind (Magenay et al., 1999). Recently Cattell et al. (2002)
have reported the first observations of solitary waves at the
magnetopause. Almost all of these observations have been
of electron solitary waves, which are seen both at high and
low altitudes and are observed for wide range offce/fpe.
In contrast, to date, ion solitary waves have only been ob-
served in the auroral zone at low altitudes in the region where
fce/fpe � 1. Recent studies of ion solitary waves in the
auroral zone have been presented by Bounds et al. (1999),
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Crumley et al. (2001) and Dombeck et al. (2001). Solitary
waves are usually observed as a symmetric bipolar pulse in
the electric field component parallel to the geomagnetic field.
Other shapes, such as three pulses (Mangenay et al., 1999)
and offset bipolar pulses (Tsurutani et al., 1998), have also
been described.

In this paper, we describe the results of a statistical study
of large amplitude electron solitary waves observed at the
plasma sheet boundary, and at the high altitude cusp and cusp
injections using the Polar EFI instrument. We also present
examples of solitary waves at the magnetopause obtained as
the Polar orbit precessed into the subsolar magnetopause. In
addition, we show initial examples of solitary waves from
the four Cluster satellites in several different regions of the
magnetosphere.

The electric field and spacecraft potential measurements
utilized herein for the Polar studies were made by the dou-
ble probe electric field instrument (Harvey et al., 1995). This
instrument, which saturates at∼ 1 V/m, obtains 3D measure-
ments of the electric field in bursts (waveform capture) of
high-time resolution data. Data obtained at two different
burst rates (1600 and 8000 samples/s) are shown herein. The
Polar high data rate bursts are not filtered. This was done
to insure that the timing would be accurate (no frequency
dependent phase shifts) and that the waveforms were not dis-
torted by filtering. The low data rate bursts (not used for
timing) have a 2-pole filter at 500 Hz. The top frequency
shown in all the Polar spectra is the Nyquist frequency. In
addition to the electric field (potential difference between op-
posing probes), the spacecraft potential was utilized to indi-
cate changes in density (Pedersen, 1995). The delay times
between signals at opposing probes were examined using a
cross-correlation analysis to estimate the propagation speed
of electric field structures, utilizing an automatic program
that first identifies bipolar pulses in the parallel component
of the electric field data in the magnetic field-aligned coor-
dinate system. The largest velocities which can be measured
(∼ 2500 km/s) correspond to the resolution of the time delay
and depend on the boom orientation. Events where no time
delay could be measured are included in the statistics as “in-
finite velocity”. The automatic program used to calculate ve-
locity also determines the structure width and solitary wave
amplitude. Note that the method yields scale sizes which are
approximately a factor of 4 larger than those obtained when
the potential is fit to a Gaussian, since the duration of the
solitary wave is based on the gradient in the parallel electric
field changing its sign rather than on the Gaussian half-width.
Details of this procedure and sample cross-correlation anal-
ysis are described elsewhere (Dombeck et al., 2001). Only
the high rate data are utilized for timing and statistical stud-
ies. Note that wave amplitudes are given for the maximum
electric field, not for the peak-to-peak amplitude. The AC
magnetic field from the search coils (Gurnett et al., 1995)
were sampled in the burst memory at the same rate as the
electric field. DC magnetic field data, obtained from the
fluxgate magnetometers (Russell et al., 1995) were utilized
to determine the location of the boundaries. In addition, ion

composition measurements made by the TIMAS instrument
(Shelley et al., 1995) were examined to determine the proba-
ble source region and plasma characteristics. Hydra (Scudder
et al., 1995) provided additional information on the particle
distributions and moments in these regions.

The data for the Cluster study were obtained as the Clus-
ter satellites traversed the bow shock, magnetopause, cusp
and the plasma sheet boundary. The electric field and space-
craft potential measurements were made by the double probe
electric field instruments (Gustaffson et al., 1988), which
were designed to obtain bursts of high-time resolution data
in many different modes. Electric field data at frequencies
from DC to Nyquist frequency of 9 kHz were obtained in the
waveform captures described herein. The Cluster data shown
are filtered with a 2-pole low pass filter at 4 kHz. The filters
were designed so that there were no frequency-dependent
phase shifts, again so that the timing and the shapes of the
waveforms would be accurate. Spectra are shown up to
4 kHz. Single probe measurements were not transmitted for
the events described herein, so solitary wave velocities could
not be measured. The spacecraft potential was used to pro-
vide preliminary identification of the various boundaries and
for determining boundary orientation and velocity. Note that
the Cluster instruments only measure the electric field in the
spin plane (approximately the ecliptic plane).

2 Polar discovery of solitary waves at the magnetopause

The precession of the Polar orbit so that apogee is in the
equatorial plane has enabled a study of the subsolar, low-
latitude magnetopause with a modern suite of instruments.
During March and April 2001, Polar repeatedly encountered
the magnetopause. Cattell et al. (2002) reported the discov-
ery of solitary waves in waveform capture data obtained at
these magnetopause crossings. The three-dimensional nature
of the Polar electric field instrument was critical for this dis-
covery because the dominant component of the geomagnetic
field is in theZ direction (out of the ecliptic plane). Two-
dimensional instruments, which measure the component of
the electric field in thex − y (ecliptic) plane, would not usu-
ally be able to observe solitary waves.

An example of an equatorial magnetopause crossing on
2 May 2001 at 9.4RE and 11.6 MLT, when the interplan-
etary magnetic field (IMF) was southward, is presented in
Fig. 1. The transition from the magnetosphere (low density)
to the magnetosheath (high density) can be clearly seen in
the negative of the spacecraft potential (fifth panel) which
is proportional to density. The transition is also clear in the
magnetic field in geocentric solar magnetospheric (GSM) co-
ordinates (panels 6–9). The electric field waveform capture
was obtained throughout the magnetopause current layer, and
part of the∼34 s burst extended into the magnetosheath. The
two perpendicular components in magnetic field-aligned co-
ordinates (shown in panels 3 and 4) have very large ampli-
tude waves (up to∼ 150 mV/m). In order to see the solitary
wave signatures, it is necessary to look at the parallel com-
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Fig. 1. A magnetopause crossing on
2 May 2001. From top to bottom, the
panels are: two short snapshots of the
field-aligned component of the electric
field to show examples of the solitary
waves; the two perpendicular compo-
nents of the electric field in magnetic
field-aligned system during the wave-
form capture; the negative of the space-
craft potential (proportional to density);
and the magnitude of the magnetic field
and the three components of the mag-
netic field in GSM.

ponent for shorter intervals, as shown in the top two pan-
els, which show two different 0.09 s intervals from the burst.
The bipolar signature, which is typical of solitary waves, can
be clearly seen. In the top panel, in addition to a train of
spikes, several isolated solitary waves with amplitudes up to
12 mV/m can be seen. The second panel shows an isolated
solitary wave with an amplitude of∼ 25 mV/m. The solitary
wave speeds were too high for time delays to be observable
in this low data rate (1600 samples/s) burst.

Figure 2 displays thex, y andz components of the electric
field and thex component of the search coil magnetic field
data in field-aligned coordinates and their Fourier transforms.
Most of the power in the perpendicular electric field is at fre-
quencies of<50 Hz, consistent with lower hybrid waves, as
has been previously observed (Treumann et al., 1995; Cat-
tell et al., 1995). Note that Stasiewicz et al. (2001) suggested
that the waves in this frequency range observed in the high-
latitude magnetopause boundary layer were due to Doppler
shifted kinetic Alfv́en waves. The AC magnetic field has
bursts of waves near the electron cyclotron frequency in the

magnetic field minima. These waves can also be seen in the
electric field when the larger amplitude low frequency elec-
trostatic waves and the broadband signature (covering the
full frequency range), due to the solitary waves, do not mask
them. Observations of electron cyclotron waves at the mag-
netopause boundary layer have been described previously by
Pickett et al. (2001).

Waveform captures were obtained near two magnetopause
crossings on 23 March 2001 at∼ 9RE and 12 MLT. The first
waveform capture (from∼ 01:36:14–01:36:19 UT) occurred
during a partial crossing of the magnetopause, just a few min-
utes prior to a complete outbound magnetopause crossing (at
∼ 01:39:10 UT) during southward IMF. Figure 3 shows the
data from this event. The parallel electric field component
for an interval of 0.4 s is plotted in the top panel, and the
negative of the spacecraft potential and the magnetic field in
the bottom five panels. At the time of the waveform cap-
ture, the density was increasing (as indicated by the space-
craft potential), and they andz components and the mag-
nitude of the magnetic field were decreasing, as expected if
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Fig. 2. The x, y and z components
of the electric field in field-aligned co-
ordinates and thez component of the
search coil magnetic field data, in field-
aligned coordinates, and their Fourier
transforms from the waveform capture
interval shown in Fig. 1.

the satellite is moving from the magnetosphere towards the
magnetosheath. The signatures of solitary waves with ampli-
tudes of∼ 5 mV/m can be seen in the top panel. The soli-
tary waves had speeds of∼ 800–> 2000 km/s. The second
magnetopause event for which there was a waveform cap-
ture (shown in Fig. 4) occurred at a rapid crossing from the
magnetosheath into the magnetosphere at 03:32 UT, followed
by a crossing back into the magnetosheath at 03:33:20 UT.
Solitary waves can be seen in the top panel, which shows
a short interval during the waveform capture that was taken
from 03:32:19–03:32:51 UT on the magnetospheric side of
the magnetopause current layer. Note that some of the ob-
served solitary waves have shapes other than a symmetric
bipolar structure.

Additional examples are presented by Cattell et al. (2002),
who also discussed the results of a study of all ten high-time
resolution bursts obtained at and near the subsolar magne-
topause. Solitary waves were observed in all except one.
Solitary waves velocities from∼ 150 km/s to> 2000 km/s
and amplitudes of up to 25 mV/m were observed. The pulse
duration ranges from∼ 0.1 ms to 3 ms, with a mean dura-
tion of ∼ 2 ms. The scale sizes (parallel to the magnetic

field) are the order of a kilometer, comparable to the Debye
length for the usual range of plasma conditions at the magne-
topause. Although most solitary waves were positive poten-
tial structures (consistent with the electron hole interpreta-
tion), there were also some negative potential structures. The
fact that very low velocities and negative potential structures
were sometimes observed suggests that there may be other
types of solitary waves at the magnetopause. The wide range
of velocities, however, is also consistent with the fact that
mixtures of ionospheric, magnetosheath and magnetospheric
particles occur in the magnetopause current layer.

3 Polar statistical studies of electron solitary waves

Observations of large amplitude solitary waves for a number
of Polar crossings of the plasma sheet boundary, cusp and
cusp particle injections at radial distances of∼ 4–9RE have
been presented by Cattell et al. (1999; 2001a; 2001b). These
studies showed that the high altitude electron solitary waves
have velocities from∼ 1000 km/s to> 2500 km/s and ampli-
tudes up to 200 mV/m. A more detailed discussion of the re-
lationship of the velocity to the particle characteristics can be
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Fig. 3. A magnetopause crossing on
23 March 2001. From top to bottom,
the panels are: an expanded view of the
field-aligned component of the electric
field for 0.12 s to show an example of
the solitary waves; the negative of the
spacecraft potential; the magnitude of
the magnetic field and the three compo-
nents of the magnetic field in GSM.

found in these references. For the small set of events studied,
the amplitude increased with both the velocity and the scale
size, consistent with electron hole modes. The solitary waves
were stable, based on the criterion developed by Muschietti
et al. (1999). We discuss herein the results of a new Polar
EFI statistical study of high altitude solitary waves.

All the high-time resolution (8000 samples/s) waveform
capture intervals that were obtained at high altitudes dur-
ing 1997 have been examined for solitary waves, utilizing
the method of Dombeck et al. (2001). The ion composition
data from TIMAS and the plasma data from Hydra were ex-
amined, in order to classify each interval as a plasma sheet
boundary, cusp injection, cusp, or other region. A cusp injec-
tion event was defined as a case where the waveform capture
was obtained at the leading edge of a velocity-dispersed cusp
ion injection. This study was designed to provide statisti-
cal information on the characteristics of high altitude solitary
waves and to determine whether these characteristics varied

depending on the magnetospheric region.

Figure 5 presents a histogram of the solitary wave speed
(and time delay) for the three spatial regions. Note that
‘Inf’ refers to cases which were moving so rapidly (usu-
ally > 2500 km/s) that no time delay could be measured.
These cases are not included in the average. The aver-
age speed of solitary waves in the plasma sheet bound-
ary was∼ 1900 km/s, significantly larger than the average
speed of solitary waves in the cusp and at cusp injections
(∼ 1400 km/s). The fact that solitary waves in the plasma
sheet boundary propagate faster is even clearer when one
examines the percentage of the solitary waves for which no
time delay could be measured. Almost half were in the “Inf”
category, whereas in the cusp injection and cusp event sets
<∼20% were moving too fast to be timed. This is consistent
with the interpretation that the structures are electron holes
and the fact that the electron temperature (and velocity) is
lower in the cusp than in the plasma sheet boundary.
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Fig. 4. Another magnetopause cross-
ing on 23 March 2001. Same format as
Fig. 3.

The solitary wave duration in each region had a mean of
∼ 2 ms. The scale size normalized to the Debye length, de-
termined using the Hydra key parameter electron density and
temperature, were also examined for each region. The aver-
age width (parallel to the magnetic field) in the plasma sheet
boundary is∼ 1–2λD and in the cusp (cusp injection), it is
∼ 5(8)λD. This difference may not be significant because
so many plasma sheet events had “infinite velocity”; there-
fore, only a minimum scale size could be computed. These
widths are consistent with Goldman et al. (1999), who pre-
dicted scale sizes of 6–8λD. Note, however, that their sim-
ulations were for the strongly magnetized case, whereas the
high altitude events are weakly magnetized.

A histogram of the amplitude of the solitary waves for all
the high altitude events is shown in Fig. 6. Although most of
the observed solitary waves have potentials of<5 V, there
is a long tail with events out to amplitudes of 100 V (not
shown). The average normalized amplitudes,e8/kTe, are of
the order of 0.01, with some events having amplitudes on the

order of 1. The average amplitude was larger for the plasma
sheet boundary events than for the cusp events, and very large
amplitude waves were more common there. The relation-
ship between potential amplitude and width, Fig. 7, shows
a clear tendency for the solitary wave amplitude to increase
with width. This relationship agrees with the prediction for
a 1D BGK electron hole (Muschietti et al., 1999), but is op-
posite to the dependence predicted for a 1D, small amplitude
acoustic soliton. Note that the amplitudes and scale sizes for
the events with “Inf” velocity, plotted as asterisks, are lower
bounds.

4 Cluster observations of solitary waves and associated
waves

Preliminary studies of the Cluster waveform capture data
have provided many examples of solitary waves and other
nonlinear waveforms near the bow shock, at the plasma sheet
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Fig. 5. A histogram of the solitary wave speed for the three spa-
tial regions. Note that “Inf” refers to cases which were moving so
rapidly (usually> 2500 km/s) that no time delay could be measured.

Fig. 6. A histogram of the amplitude of the solitary waves ob-
served during all the high altitude, high data rate bursts during 1997.
Events plotted in black correspond to the ‘Inf’ cases and represent
a minimum potential.

boundary, in the cusp and during high altitude auroral zone
crossings. The Cluster data provide the opportunity to de-
termine where, within a boundary or current sheet, solitary
waves occur, the time and spatial variability of the occur-

Fig. 7. A scatter plot of amplitude versus width for all the high
altitude solitary wave events. The amplitudes and scale sizes for the
‘Inf’ cases, plotted as asterisks, are lower bounds. The increase in
amplitude with scale size is consistent with a BGK electron hole.

rence and properties of solitary waves, and their relationship
to other types of waves and wave packets. Examples taken
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on three days at different locations are presented below.
On 7 March 2001, three of the Cluster satellites collected

waveform captures at∼ 8.2RE and ∼ 9 MLT at the outer
edge of the cusp. An overview of the complete waveform
capture for one component of the electric field and its Fourier
transform from SC2, SC3, and SC4 is shown in Fig. 8a.
Note that the scale for the electric field is±10 mVm for
SC2 and SC4, and±40 mV/m for SC3. The scales for the
power spectra are the same for all three satellites. At this
time, SC3 was closest to the equatorial plane and SC4 was
the farthest from the equatorial plane. It is clear that the
character of the waves is quite different on the 3 satellites.
The waves observed on SC3 had the largest amplitude (up to
40 mV/m) and were the most spiky, including numerous soli-
tary waves. Regions containing solitary waves can be identi-
fied in the spectra as broadband ‘lines’ from 0–∼ 4 kHz. Al-
though all three satellites observed waves at frequencies of
∼ 2–3 kHz, and harmonics, these waves were the strongest
on SC4. These frequencies are close to both the electron cy-
clotron frequency (fce ∼ 2.8 kHz) and the electron plasma
frequency (fpe ∼ 2–4 kHz), which is typical for this region.
The harmonics observed in the spectra may be due to nonlin-
ear steepening of the waveforms, as discussed by Temerin et
al. (1979) for electrostatic ion cyclotron waves. Note that
electron cyclotron waves have been observed at the high-
latitude magnetopause boundary layer (Pickett et al., 2001).
Several snapshots from the interval (Fig. 8b–d) show the
highly variable character of the waves. The∼ 0.1 s interval
in Fig. 8b was taken when the waves on SC2 had a very small
amplitude (<1 mV/m), and the solitary waves were observed
by both SC3 (up to∼ 10 mV/m) and SC4 (up to∼ 4 mV/m).
In addition, SC4 observed quasi-monochromatic waves at 2–
2.5 kHz. The∼ 0.05 s interval in Fig. 8c, which occurred
when data from SC4 were not available, has examples of
solitary waves from both SC2 and SC3. Note that the soli-
tary wave on SC2 had a much lower amplitude, consistent
with the fact that the electric field perturbations on SC2 were
small compared to the other satellites throughout the wave-
form capture. Figure 8d shows a period where the waves
on both SC2 and SC4 had a small amplitude, and the solitary
waves, with amplitudes up to∼ 30 mV/m, were seen on SC3.
During this interval, there were no structures observed in the
spacecraft potential (density) that could be clearly identified
at all four satellites to use for timing.

On 3 March 2001, the Cluster satellites were at∼ 15RE

near noon, close to the bow shock, and all four obtained
waveform captures. Figure 9a shows an overview of the
observations with one component of the electric field and
its Fourier transform from each satellite. All four space-
craft see intense, bursty wave packets with amplitudes up to
∼ 200 mV/m. SC 1, which is the farthest from the equato-
rial plane, sees more continuous wave packets than the other
spacecraft. Wave power maximizes between∼ 2–4 kHz
throughout much of this interval. In this region,fpe typi-
cally ranges from∼ 3–9 kHz andfce from ∼ 200–300 Hz.
Figure 9b shows data from an∼ 0.6 s period. The highly
variable modulation of the waves suggests complex nonlin-

ear interactions (such as the modulational instability), which
vary over the∼ 400–900 km separations of the satellites. In
an∼ 0.02 s interval shown in Fig. 9c, all 4 satellites observe
wave packets with comparable amplitudes and frequencies.
SC3 observes a solitary structure at∼ 07:17:05.885 UT. The
observed waves are in the range,fpi < f < fpe, consistent
with ion acoustic waves, although it is also possible that the
very narrow wave packets are Langmuir waves. Mangeney
et al. (1999) have discussed observations of narrow modu-
lated bursts in both the ion acoustic and Langmuir frequency
ranges, using Wind data in the solar wind. Observations of
intense waves at the plasma frequency in the electron fore-
shock have been discussed by Bale et al. (2000). Additional
analysis will be required to definitely identify the wave mode
or modes observed by Cluster.

There were also large scale structures in the spacecraft
potential in the interval around the time of the waveform
captures obtained on 3 March 2001. The timing of sev-
eral discontinuities seen in the spacecraft potential indicated
that these large-scale structures were moving at speeds of
∼ 300 km/s, primarily anti-sunward, with a small duskward
component. The structures were observed first by SC2 and
SC3, then SC4, and finally SC1.

Cluster encountered the high altitude auroral zone (plasma
sheet) at a radial distance of∼ 4.2RE at 21:30 MLT and
∼ 62◦ ILAT (south) on 31 March 2001 at∼ 06:44 UT. The
magnetosphere was highly compressed at this time, and the
RAPID instrument observed an intense injection of electrons
∼ 14 min earlier (Baker et al., 2001). Figure 10 shows one
component of the waveform capture electric field data from
the four satellites, indicating that not only all observed large
amplitude waves but also the types of waves are quite vari-
able. Figure 11 plots an∼ 0.03 s interval from each satellite,
to illustrate that solitary waves were detected at all four lo-
cations, with amplitudes often reaching 500–750 mV/m. It
can be seen that, at times, the amplitude is saturated, indicat-
ing that amplitudes sometimes were larger than 750 mV/m.
These are much larger than the previously reported largest
solitary waves at high altitudes (Cattell et al., 2001a), which
were 200 mV/m and observed by Polar at∼ 5RE . Although
the solitary waves are usually distinct individual pulses, they
sometimes occur in wave trains (as near 06:44:01.5 on SC3).
As discussed in relationship to previous examples on both
Polar and Cluster, although symmetric bipolar pulses are the
predominant signatures, more complex shapes are also seen,
as has been reported previously.

5 Discussion and conclusions

We have described three studies of solitary waves which are
most commonly observed as bipolar pulses in the electric
field parallel to the background magnetic field and which
are ubiquitous in boundaries and other regions with strong
currents and/or electron beams. The Polar observations at
the subsolar equatorial magnetopause have provided the first
evidence for the occurrence of solitary waves in and near
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(a) (b)

(c) (d)

Fig. 8. Solitary waves and associated wave packets on 3 Cluster satellites on 7 March 2001 at∼ 8.2RE and∼ 9 MLT in the region of the
cusp. (a) Overview of the complete waveform capture with 1 component of the electric field from SC2, SC3, and SC4 and the Fourier
spectra;(b), (c) and(d) Shorter snapshots within the burst, showing solitary waves. Note that the scale for the electric field is±10 mVm for
SC2 and SC4, and±40 mV/m for SC3. The scales for the power spectra are the same for all three satellites.
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(a) (b)

(c)

Fig. 9. Waveform capture obtained on 3 March 2001 at∼ (12, 3, 9)RE near noon, close to the bow shock:(a) Overview of the complete
waveform capture with 1 component of the electric field from SC1, SC2, SC3, and SC4 and the Fourier spectra;(b) and(c) shorter snapshots.
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Fig. 10. One component of the wave-
form capture electric field data from the
four satellites on 31 March 2001 near
the plasma sheet boundary.

the magnetopause current layer. Solitary waves at the mag-
netopause occur both as individual spikes and in trains of
spikes, with amplitudes up to∼ 25 mV/m, an average dura-
tion of ∼ 2 ms, scale sizes of the order of a kilometer (com-
parable to the Debye length) and velocities from∼ 150 km/s
to > 2000 km/s. They are often associated with very large
amplitude waves in either or both the electric and magnetic
fields. Although most of the observed signatures are consis-
tent with an electron hole mode, the events with very low
velocities and the few negative potential structures may be
indicative of a second type of solitary wave in the magne-
topause current layer. Simulations have shown that electron
holes interact strongly with electrons (Omura et al., 1996;
Goldman et al., 1999; and references therein); therefore, the
solitary waves may be an important source of dissipation and
diffusion at the magnetopause.

The statistical study described herein of high altitude soli-
tary waves observed by the Polar EFI provided information

on the differences between properties of solitary waves at
the plasma sheet boundary, cusp injections and the cusp. No
significant differences were observed between the properties
within the cusp and at cusp injections. The average speed
for the plasma sheet boundary events was significantly faster
than the average speed in the cusp events. The statistical re-
sults on the scale sizes and potentials were limited by the fact
that, for events with zero time delay, only a lower limit on the
potential and scale size could be obtained. Given this limita-
tion, the observations are consistent with the conjecture that
the scale sizes of the solitary waves are of the order of 1–
10 Debye lengths in all regions, and that the potentials were
larger in the plasma sheet boundary. The mean solitary wave
duration was∼ 2 ms in all three regions. We did not address
the shape of the solitary waves. Franz et al. (2000) described
the results of a statistical study of solitary waves observed
at high altitude on Polar by the PWI instrument. They con-
cluded that the ratio of parallel to perpendicular scale size
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Fig. 11. An approximately 0.03 s inter-
val for each Cluster satellite, from the
waveform capture in Fig. 10. (Note that
each interval is at a different time.)

depended on (fce/fpe), and with the perpendicular scale size
increasing with respect to the parallel scale size as (fce/fpe)
became less than one.

Since all previous solitary wave observations have been
made by a single spacecraft, it has not been possible to deter-
mine the spatial and temporal relationship between regions
within boundaries and/or specific free energy sources and
the occurrence of solitary waves. In this preliminary anal-
ysis, it has not been possible to fully exploit the resources
of the Cluster mission, for example, to determine the rela-
tionship between the free energy source and the wave modes
seen at the four different locations. Preliminary results from
the four Cluster satellites have, however, given a glimpse of
the spatial and temporal variability of the occurrence of soli-
tary waves and their association with other wave modes. In
all the events studied, significant differences were observed
in the types of waveforms observed simultaneously at four
locations separated by≤1000 km. However, when solitary

waves are seen at one satellite, they are usually also seen
at the other satellites within an interval of a few seconds.
The cusp event had the most variability in typical amplitudes,
with the largest amplitudes at SC3, which was the closest to
the equatorial plane. In contrast, the event obtained near the
bow shock at noon had the least variability between the four
spacecraft in the typical wave amplitudes. The characteris-
tics of the waveforms were also very similar on all space-
craft, with the exception of SC1, which saw more continu-
ous waves. Note that SC1 was the farthest from the equa-
torial plane and the timing of large-scale density structures
near the time of the burst showed that these structures en-
countered SC1 last. The delay was< 2–3 s and the observed
differences are not consistent with the idea that the observed
waves are convected past the satellites with the large-scale
structures. Cluster has observed the largest amplitude soli-
tary waves (750 mV/m) in the outer magnetosphere. These
solitary waves, seen at all 4 spacecraft, occurred at∼ 4.2RE
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within the plasma sheet on auroral field lines, in association
with a highly compressed magnetosphere.
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