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Abstract. The orbit of the Polar spacecraft has been ideally
suited for studying the turbulent region of the cusp that is
located near or just outside the magnetopause current sheet at
79 R;. The wave data obtained in this region show that
electromagnetic turbulence is dominant in the frequency range
1-10 Hz. The waves responsible for this turbulence usually
propagate perpendicular to the local magnetic field and have
an index of refraction that generally falls between the esti-
mated cold plasma theoretical values of the electromagnetic
lower hybrid and whistler modes and may be composed of
both modes in concert with kinetic Alfvén waves and/or fast
magnetosonic waves. Fourier spectra of the higher frequency
wave data also show the electromagnetic turbulence at
frequencies up to and near the electron cyclotron frequency.
This higher frequency electromagnetic turbulence is most
likely associated with whistler mode waves. The lower hy-
brid drift and current gradient instabilitics are suggested as
possible mechanisms for producing the turbulence. The plas-
ma and field environment of this turbulent region is examined
and found to be extremely complex. Some of the wave activi-
ty is associated with processes occurring locally, such as
changes in the DC magnetic field, while others are associated
with solar wind and interplanetary magnetic field changes.

1 Introduction

Since its launch in February 1996, the Polar spacecraft has
made several passes through a very turbulent region located
in the earth’s cusp and near the outer cusp’s boundary with
the magnetopause (usually about 7-9 R;). This region is best
characterized by large fluctuations in the magnetic field. We
believe this region to be the same as that termed the turbulent
boundary layer (TBL) by Savin et al. (1998) based on similar
turbulent magnetic field data taken onboard the Interball Tail
probe. They state that this layer lies in the cusp just outside
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the main magnetopause current sheet, the point at which the
magnetic field turns from earth-controlled to magnetosheath-
controlled according to Haerendel and Paschmann (1975).
Savin et al. (1998) state that the magnetopause current sheet
is deflected from the model magnetopause to a depth of 1-2
R;, into the cusp (see Fig. 1 of Savin et al., 1998). The TBL
is generally differentiated from the outer cusp throat and mag-
netosheath by its much higher ion temperatures. We adopt
the term TBL for the remainder of this paper since it aptly
describes the particular region under study.

Very few spacecraft have sampled this turbulent region of
the high latitude cusp for such long periods of time as has
Polar. Most spacecraft just pass through the TBL region
within a few tens of minutes during their inbound and
outbound passes through the bow shock and magnetopause
regions. During some orbits, Polar remained in this turbulent
region for a few hours since it was traveling across the region
at its apogee, rather than passing through it. Those spacecraft
that have made measurements in this region did not carry
nearly the sophisticated complement of instrumentation
and/or obtain nearly as high time resolution data as Polar.
Hawkeye-I (Gurnett and Frank, 1978), ISEE-1 and ISEE-2
(Gumnett et al., 1979), Prognoz-10 (Klimov et al., 1986),
AMPTE/IRM (Labelle and Treumann, 1988), and Prognoz-8
(Blecki et al., 1998), to name just a few, have obtained data
in this region and near the magnetopause in general showing
the turbulent electric and magnetic fields. None of them were
able to state with certainty the wave mode of the turbulence
or its generation mechanism.

Due to the turbulent nature of the TBL region, it is expect-
ed that nonlinear processes will occur in it. Below we present
evidence of nonlinear plasma wave turbulence from a repre-
sentative TBL through measurements obtained by the Polar
spacecraft. In order to better understand the role of the ob-
served waves, we also provide some particle and field data, as
well as supporting solar wind and interplanetary magnetic
field (IMF) data. Following this introduction are a descrip-
tion of the instrumentation, a review of some of the observa-
tions made in the TBL and an analysis of those observations,
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a discussion of these results and the conclusions drawn from
the analysis and discussion. This study is being carried out
under the auspices of the International Solar-Terrestrial
Physics (ISTP) and Global Geospace Science (GGS) pro-
grams through the U. S. National Aeronautics and Space Ad-
ministration with the aim of understanding sun-earth global
processes through the use of observations (multi-spacecraft
and ground-based), modeling and theory (Acunaet al., 1995).

2 Instrumentation

The wave electric and magnetic field data used in this study
were obtained by the GGS-Polar Plasma Wave Instrument
(PWI) (Gurnett et al., 1995), the particle data were obtained
by the GGS-Polar Hydra instrument (Scudder et al., 1995),
the magnetic field data were obtained by the GGS-Polar Mag-
netic Field Experiment (MFE) (Russell et al., 1995), and the
spacecraft potential data were obtained by the GGS-Polar
Electric Field Instrument (EFI) (Harvey, et al., 1995). The
Polar spacecraft (Fig. 1) was launched on February 24, 1996,
and placed into an ~ 1.8 by 9.0 R, orbit with an inclination of
about 86 degrees (putting apogee initially over the northern
polar region) and orbit period of about 18 hours. This orbit
was ideally suited for studying the earth’s northern cusp at
radial distances of 7 to 9 Rg. The main body of the space-
craft had a spin rate of approximately 6 rpm in order to obtain
waves, fields, and particle measurements while the despun
platform on top of the main body contained imaging instru-
ments.

PWI carried 5 different receivers, two of which sampled
the frequency domain and were used primarily for surveying
the data, and three of which sampled the time domain and
were ideal for studying microphysics. Most of the results
reported here are obtained through analysis of the Low Fre-
quency Waveform Receiver (LFWR), which obtained wave-
forms every 18 or 28 seconds, depending on the mode. These
waveform snapshots covered a total time of 4.64 or 2.56 s,
respectively, and were sampled at the rate of 100 samples per
second. The LFWR contained a bandpass filter that rolled off
steeply below 1 Hz and above 25 Hz. All six channels (three
each orthogonal electric and magnetic antennas) were sam-
pled simultaneously. This allowed us to obtain the Poynting
vector directly since two of each of the electric and magnetic
searchcoil antennas (Ey, Ey, By, By as seen in Fig. 1) made
orthogonal measurements in the spin plane, and the remaining
two (E,, B; as seen in Fig. 1) made measurements along the
spin axis. The triaxial searchcoil was located on the end of a
10 mboom. The electric measurements were made by double
probe antennas, 130 m and 100 m tip-to-tip along the U and
V directions, respectively, in the spin plane, and 14 m along
the Z direction or spin axis. The LFWR data were processed
by a high rate processor and stored on a tape recorder until
telemetered to a ground station. The LFWR data were cali-
brated in amplitude and phase by using the calibration data at
7 Hz. This frequency was chosen because it lies near mid-fre-
quency range of the observed turbulence.
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Fig. 1. A view of the Polar spacecraft showing the various electric and
magnetic antennas.

In addition to the LFWR, we present results from the PWI
Multichannel Analyzer (MCA). The MCA had a pair of
analyzers which generally continuously sampled one electric
(Ey) and one magnetic (By) antenna. The MCA sampled in
the frequency domain with parallel filtering and detection
channels. A spectrum was obtained every 1.3 s in the fre-
quency range of 5 Hz to 311 kHz for E;; and 5 Hz to 10 kHz
for By, with all channels being sampled simultaneously for
each analyzer.

The Hydra instrument provides total fluxes of electrons
and ions in three dimensions over the energy range of ~2
keV/e - 20 keV/e with a full electron or ion spectrum being
produced every ~ 2.3 s. The MFE instrument provides 3-axis
DC magnetic field measurements with a sampling rate of 108
Hz through the Hydra data stream. EFI contributes a moder-
ately high time resolution spacecraft potential which is for the
most part an indication of the thermal electron density (Peder-
sen, 1995).

3 Observations and Analysis
3.1 Wave observations from the Polar spacecraft
Pulse-type waveforms (bipolar and monopolar) are occasion-

ally observed in the LFWR data. Figure 2 presents an exam-
ple of such a pulse obtained on Scptember 11, 1996, when the
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Polar spacecraft was in the TBL region described in the intro-
duction. The radial distance of the spacecraft, Rg, the mag-
netic L-shell, L, the magnetic latitude, A, and Magnetic Local
Time, MLT, for this snapshot are shown at the bottom of the
plot. This example shows a pulse centered at approximately
01:41:22.4 UT which lasts approximately 140 ms. Panels 3-5
show amplitude of the measured electric field components in
mV/min the range 1 to 25 Hz along the vertical axis and time
on the horizontal axis. The bottom three panels (6-8) show
the amplitude of the measured magnetic field components in
nT for the same frequency range and time. The data are pre-
sented in alocal B-field aligned coordinate system determined
by measurements taken on Polar by the MFE instrument in
which the Z axis (panels 5 and 8) is parallel to the local mag-
netic field, B,, the X axis (panels 3 and 6) is chosen so that
the radial vector outward from the center of the earth to the
spacecraft location, R, is in the meridian plane (contained in
the north-south, or X-Z plane), and Y (panels 4 and 7) com-
pletes the right-handed coordinate system, being generally in
the eastward direction. Both the X and Y directions are per-
pendicular to B,

We note that the pulse at 01:41:22.4 UT in Fig. 2 has its
electric components primarily contained in the plane perpen-
dicular to B, with the E,, component having the largest
amplitude of about 6 mV/m peak-to-peak. The pulse’s mag-
netic components, on the other hand, are not totally confined
to either the parallel or perpendicular directions. However,
the largest component appears to be parallel to B, B,,, with
an amplitude of about 3.5 nT peak-to-peak. In this coordinate
system only the B,, component appears bipolar with the rest
of the components being nearly monopolar. As mentioned
above, the remainder of the snapshot in Fig. 2 shows fluctu-
ations characteristic of turbulence in both the wave electric
and magnetic fields with few, if any, isolated pulses or
sinusoidal wave trains. In this region of space the LFWR
waveforms typically resemble turbulence, but with occasional
isolated pulses and bursty, near sinusoidal wave trains.

The second panel of Fig. 2 shows the magnitude of the
local magnetic field with its scale, in nT, on the left vertical
axis and the lower hybrid frequency, f,,, with its scale, in
Hz, on the right vertical axis. In this frequency range, f;, is
equal to (f,, f..)", where £, (~ 1./1837) and f, (~ 28 IB| ) are
the measured proton and electron cyclotron frequencies, in
Hz, respectively. For reference, f,, usually falls within the
frequency band, 1-25 Hz, of the LFWR, with f, falling below
the lower limit of this frequency band and f,, falling well
above the band’s higher limit during times when Polar is in
the TBL regions. At the time of the pulse seen at 01:41:22.4
UT, f,; ~ 14 Hz.

The top panel of Fig. 2 shows the mdex of refraction, n,
for the entire time period, where n is equal to cIBI/IE, ¢ is the
speed of light, [Bl is the magnitude of the wave magnetic field
vector and |El is the magnitude of the wave electric field vec-
tor as measured by the LFWR . During the pulse, n spikes up
to ~2000 from a level of around 200-600, but then settles
down to about 15-20. The spike and subsequent low level of
n are caused by the highest amplitudes of the magnetic
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Polar PW1 and MFE September 11, 1996
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Fig. 2. Four-second plot of the index of refraction, magnetic field, and 6
components of the AC waves in a local B-field aligned coordinate system in
the frequency range 1-25 Hz showing the turbulent nature of the waves. The
lower hybrid frequency has been provided in panel 2 with its scale on the
right-hand side. Note the pulse at 01:41:22.4 UT.

components arriving before those of the electric components.
We have found that this is often the case. For the remainder
of the snapshot we observe primarily turbulence with varying
degrees of n. For the most part, aside from the spikes, the
measured index of refraction generally falls into the range of
50-300.

For whistler mode waves propagating along B, the index
of refraction squared is n’ = f,%/ f f,, where f, is the electron
plasma frequency in Hz. Using our values of f,, = 588 Hz
based on MFE data, f,, = 28.5 kHz based on Hydra data, and
f =7.1 Hz based on the duration of the pulse as 140 ms, we
obtain n=441. This value appears to be above or close to the
measured value of n during the first part of the pulse (ignor-
ing the spike), but approximately 30 times too large in the
latter part where the electrostatic components dominate. The
estimated whistler mode index of refraction of 441 seems to
be above the upper limit of the measured n range during most
of the rest of the turbulence. For whistler mode waves propa-
gating near the resonance cone (oblique wave normal angles),
the calculated value for n would be even larger by about a
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factor of 2 for angles with respect to B around 75° and by a
factor of 100 and greater for angles of 89-90°. For electro-
magnetic lower hybrid waves, Thejappa et al. (1995a) have
derived the index of refraction as n = (Wp / ® )@, / ke)
where w,, and w,, are the electron plasma and cyclotron fre-
quencies in rad/s, respectively, and k is the wavenumber.
Since none of PWT’s receivers are in interferometry mode at
this time, we do not measure k, which is equal to 2nt/A, A
being the wavelength. Hence, our only recourse for this time
period is to use an estimate of the lower limit of A based on an
analysis done by Gurnett et al. (1979) for obtaining the wave-
length of turbulence observed at the magnetopause on ISEE
1 and ISEE 2. Their analysis showed that the wavelengths of
the turbulence below 10 kHz must be at least as large as 215
m based on the antenna length and other factors. Using this
number for 4, k =2.92 x 102 m’, and using the above equa-
tion for the index of refraction derived by Thejappa et al.
(19952), we calculate n ~ 1 for electromagnetic lower hybrid
waves. Most likely the wavelength is much longer than this,
thus pushing n up to values which could fall into the lower
range of the measured values for n. In fact, if we take the
equation for the calculation of the index of refraction for the
electromagnetic lower hybrid mode, use our values for mea-
sured n of ~ 200, and f, and f_, as above, we obtain a value
fork of 1.45 x 10* m . This value is extremely close to the
value of k determined by Thejappa et al. (1995a) for 9 Hz
waves in their study of low-frequency electromagnetic waves
associated with Langmuir waves in the solar wind. They
identified the low frequency waves as electromagnetic lower
hybrid waves and proposed that they arose from currents
associated with gradients in the electron beam originating at
sites where Langmuir waves scatter the beam electrons. They
also state that if the ratio E/B of the waves is less than the
electron thermal speed, the waves would be heavily Landau
damped if they were purely electromagnetic waves, thus eli-
minating ordinary whistlers with wave vector along the mag-
netic field. For the pulse at 01:41:22.4 UT, the electron ther-
mal speed is around 4.1 x 10° km/s based on Hydra data and
our E/B ratio determined from the index of refraction obtain-
ed above was 1.0-1.5 x 10° kn/s for most of the pulse. Thus,
E/B is less than the electron thermal speed and we can proba-
bly rule out the whistler mode for much of the turbulence.
We assume that the pulses represent a single-event or an
clementary entity of turbulence, i.e., an early stage of the tur-
bulence before it has evolved to the more typical chaotic state,
and thus they can provide us with a reliable wave mode.
Under this assumption, we proceed by obtaining the wave
normal angle and Poynting vector. In order to obtain the
wave normal angle, we use the minimum variance method
(Sonnerup and Cahill, 1967) to transform the B-field aligned,
3-component LFWR wave magnetic field components into a
principal axis system. In this system, the eigenvector corre-
sponding to the smallest eigenvalue computed from the
minimization of the standard deviations of the LFWR wave
magnetic field components is the wave normal vector. The
eigenvectors cofresponding to the largest and medium eigen-
values contain the plane perpendicular to the wave normal
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Fig. 3. Plot of the pulse from Fig. 2 in the plane perpendicular to the wave
normal vector, with the largest eigenvector magnitudes, B1, plotied vs. the
medium eigenvector magnitudes, B2. One revolution about the wave normal
is completed in 140 ms.

vector, which is defined as the plane of polarization. The
hodogram shown in Fig. 3 for the pulse identified in Fig. 2 at
01:41:22 4 UT is a plot of the largest, B1, vs. the medium,
B2, values of the transformed LFWR magnetic components
in the principal axis system using the minimum variance
analysis method, and thus represents the rotating magnetic
field of the wave in the plane perpendicular to the wave
normal. Fig. 3 shows that the pulse completes one revolution
in this plane in about 140 ms (corresponding to the 14
samples over which the analysis was performed), the
polarization has been determined to be right-handed and
somewhat elliptical, and the wave normal angle, 0, with
respect to B, has been determined to be 78.8°. Furthermore,
the time average Poynting vector ({S) = (1/u,)(E x B)), where
H, is the permeability constant and E and B are the measured
wave electric and magnetic field vectors, was determined to
have an angle, 05, with respect to B of 113.1° and magnitude
of 1.7 x 10° W/m’.

In order to find out if the large amplitude turbulence takes
place in density cavities or during large gradients of B, we
have plotted in Fig. 4 from top to bottom: the negative of the
spacecraft potential from EFI, the PWI LFWR electric X
component in the GSM system, the PWI LFWR magnetic X
GSM component, and the X,Y,Z components of the DC-54
Hz B-field in GSM coordinates. There are two main points
to gathér from this plot: 1) the large amplitude fluctuations in
the AC magnetic field appear to be more closely tied with gra-
dients of B, and 2) the large amplitude fluctuations observed
only in the electric components appear to be associated with
density changes, i, at t = 01:41:24.2, where the potential is
aminimum. This last point is somewhat questionable because

the spacecraft potential is undersampled.
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Polar EFI, PWI and MFE September 11, 1996
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Fig. 4. Four-second plot of the negative of the spacecraft potential, one
component of each of the AC electric and magnetic waves in the 1-25 Hz
range, and 3 components of the DC-54 Hz magnetic field, all in the GSM
coordinate system covering the same time period as Fig. 2.

We have presented all of our data thus far in the time
domain since the typical method for obtaining a frequency
domain spectrum is through application of a Fourier trans-
form. Transforming the isolated pulse and turbulence to the
frequency domain with a windowed Fourier transform, WFT,
leads to broadband and broadband with harmonic structure
spectra, respectively, which give an inaccurate description of
the waves. This is the case because the WFT imposes a scale
or response interval T into the analysis. The inaccuracy arises
from the aliasing of high- and low-frequency components that
do not fall within the frequency range of the window
(Torrence and Compo, 1998). Thus, we have resorted to
wavelet analysis to decompose our data into time-frequency
space because it is capable of analyzing time series that
contain nonstationary power at many different frequencies,
such as impulsive or turbulent data. We have used the Morlet
wavelet function, which consists of a plane wave modulated
by a Gaussian, because it has zero mean and is localized in
both time and frequency space. Furthermore, it is nonorthog-
onal which means it is useful for time series analysis, where
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Fig. 5. (a) Time series of the LFWR Bx. component of the 1-25 Hz waves
in the B-field aligned coordinate system, (b) the wavelet power spectrum.
The contour levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet
power is above each level, respectively. Cross-hatched region is the cone of
influence, where zero padding has reduced the variance. Black contouris the
10% significance level, using the global wavelet spectrum as the background.
(c) The global wavelet power spectrum (black line). The red dashed line is
the 10% significance level for the global wavelet spectrum, assuming a
white-noise background.

smooth, continuous variations in wavelet amplitude are
expected. On the other hand, the results at large scales (low
frequency), where the wavelet spectrum at adjacent times is
strongly correlated, is highly redundant. For more informa-
tion on the use of wavelets in geophysics, see Torrence and
Compo (1998). A plot of the LFWR B, waveform data from
Fig. 2 and its corresponding wavelet transform are shown in
Fig. 5. Here we see that the isolated pulse contains most of
the power at the time it was observed (Fig. 2b) and that its
frequency as seen by the contour outlined in black is centered
around 7 Hz. This agrees with our analysis above where we
found that the wave pulse completed one rotation around the
wave normal direction in 140 ms. Additionally we note that
there are two other contours with high degrees of confidence
that contain significant power in the frequency range ~ 3-10
Hz. All of these thus occur at frequencies below f,;; (~11-21
Hz, see Fig. 2), with nearly zero power for waves above f .
Most of the power observed below 1 Hz is not valid due to
the filter rolloff at this frequency and for the reason described
above with regard to nonorthogonal wavelet functions.
Therefore, the valid range of frequencies is 1 Hz to 25 Hz, the
upper rolloff of the filter. The global wavelet spectrum
shown in Fig. 5c is the time average over all of the local
wavelet spectra shown in Fig. 5b. It may provide an unbiased
and consistent estimation of the true power spectrum of a time
series, and a useful measure of the background spectrum
against which peaks in the local wavelet spectra could be
tested. We have examined the other five components using
wavelet analysis, including the three electric components, and
have found the same results, i.e., most of the wave power falls
in the frequency range of 3-10 Hz.
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Fig. 6. Four-hour plot of a TBL crossing showing density, plasma beta ratio
of total particle pressure to magnetic pressure, AC electric and magnetic
waves in the range 5 Hz to 311 kHz and to 10 kHz, respectively, the electron
skew and anisotropy, and the ion skew and anisotropy. Note that the white
line in panel 4 is the electron cyclotron frequency calculated from the
measured magnetic field. Skew plots show the difference between field-
aligned and field-opposed fluxes at fixed energy. “Warm” colors (yellow and
red) indicate net flux in the B field-aligned direction, and “cold” colors (cyan
and blue) indicate net flux in the opposed direction. Black indicates that
there is no experimentally significant difference between the measurements.
Grey indicates that a useful calculation could not be performed. Skew is
made dimensionless by dividing by the expected Poisson and other errors in
the fluxes compared. For electrons skew corresponds to the pear-shapped-
ness of f(V) and is a remnant of a conductor. For ions, skew corresponds to
flow asymmetries and conduction, but primarily flow. Anisotropy shows the
difference between aligned and perpendicular spectra. Field-aligned and
field-opposed spectra are averaged (with equal weights) and compared to the
perpendicular spectrum, again in units of the expected error.
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In these TBL regions, several other types of waves are
typically observed. Electromagnetic broadband waves are
often seen in the MCA data with the magnetic components
extending up to about f., an example of which is provided in
Fig. 6 and discussed below. Extremely bursty (few seconds
or less) electromagnetic, right-hand polarized, weak oscilla-
tory waves are occasionally observed by the LFWR at fre-
quencies around f = 2 f,; during times when the magnetic
field is extremely depressed (around 10-15nT) and the low
frequency wave electric field is so low that these bursty
waves are not even resolved by the LFWR. Similar bursts are
observed by PWT’s higher frequency receivers at frequencies
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of a few hundred Hz and just below f,. Also at higher fre-
quencies electron cyclotron harmonic waves are observed
with the fundamental frequency at or just above f,, and often
with several (> 3) harmonics. Electrostatic solitary structures
are observed throughout the TBL and various regions of the
magnetosphere (cf. Franz et al., 1998; Cattell et al., 1999).
When their waveforms, which resemble bipolar and mono-
polar pulses, are transformed to the frequency domain via an
FFT, the typical broadband spectrum results, thus the name
broadband electrostatic noise (BEN).

3.2 A representative TBL crossing by the Polar spacecraft

In order to gain a better understanding of the region in which
the electromagnetic turbulence is observed, we need to review
several of the other Polar measurements. Fig. 6 is a 4-hour
plot of various Polar measurements during Polar’s transit of
the TBL on September 11, 1996 (from which the LFWR
snapshot shown in Fig. 2 was taken). The spacecraft was in
the TBL from about 0100 to 0340 UT, corresponding to a
range in MLT from 12 hrs. to 13.5 hrs. at a radial distance of
from 8.8 to 7.2 R and in the magnetic latitude range of 67 to
45°. Immediately obvious in panel 4 is the fact that during
this entire time the local DC magnetic field (based on the
white line trace of f ) was depressed and extremely noisy, the
density (panel 1) was nearly steady around 10 cm™ and the
plasma beta (p/(B*/2p,), where p is the total particle pressure,
B is the magnitude of the magnetic field, and p, is the perme-
ativity constant) generally fell within the range of 1-10 (panel
2). Furthermore, the electrons appear to be moderately aniso-
tropic throughout much of the time period (panel 6) with the
exception of near the beginning and end of the crossing where
astrongly parallel population around 20-200 eV, and a slight-
ly perpendicular component around 300-1000-eV were ob-
served. In addition the electron skew (panel 5) shows.us that
the electrohs are fairly well ordered in energy, being strongly
aligned with the magnetic field around 30-100 eV and
strongly opposed to the magnetic field around 100-1000 eV.
The ions in the range 200-10000 e V/e also appear to be order-
ed parallel and perpendicular to B, (panel 8) as well as
aligned or opposed to B, (panel 7) but with the ordering
taking place more or less across all energies at any one time,
which is in contrast to the electrons. From Fig. 6, it is clear
that the TBL is a very complex region with respect to both
particles and fields.

Also included for reference in Fig. 6 are the MCA wave
spectra that show that the wave magnetic field (panel 4) is
turbulent, up to the electron cyclotron frequency (the white
trace), during the very same time period that the DC magnetic
field is noisy, but the wave electric field (panel 3) is noisy
before, during and after the event, with broadband waves
extending from the lowest frequency measured, 5 Hz, to about
10 kHz (well above f_). This implies that these waves,
historically called BEN, are distinct from the turbulence that
cuts off at f.. Pickett et al. (1999) and Franz et al. (1998)
show that BEN is present in this region of space, and that
BEN is the result of an FFT of a bipolar pulse, and interpreted
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as solitary potential structures propagating along the magnetic
field. These nonlinear structures are present in the TBL along
with several other types of waves mentioned above, many of
which are nonlinear. Some of the solitary potential structures
have been shown to be associated with ion heating (Tsurutani
et al., 1998), and may, in fact, be associated with magnetic
reconnection as well. Based on Viking observations of the
dayside oval, Pottelette and Treumann (1998) have described
the structures, BEN, as “the messengers of reconnection”
occurring along the magnetic field lines which are connected
to the reconnection sites at the magnetopause. Pickett et al.
(1999) report that the solitary structures are seen propagating
both up and down the field lines in the cusp TBL. The
various properties of these solitary structures and the
proposed mechanisms by which they are created are discussed
elsewhere in this special issue so we will not speculate further
about them other than to emphasize that they are distinctly
different from the waves discussed here. The wave electric
field shown in panel 3 of Fig. 6 is obviously a mixture of the
solitary structures and the electric components of the
electromagnetic turbulence and pulses discussed above.

Caution needs to be used in interpreting the electro-
magnetic turbulence observed in panel 4 of Fig. 6. Because
the MCA sampled in the frequency domain, we do not have
access to the waveforms. However, data from our high fre-
quency receiver in the TBL regions have been analyzed with
wavelet analysis. What we find with the magnetic compo-
nents at frequencies from 20 Hz to 25 kHz is that there are no
broadband waves. Rather, there are very bursty waves with
little power in the frequency range of a few hundred Hz up to
f.., and bursty waves with much higher power levels around
20-100 Hz. Most of these bursts are associated with wave-
forms that resemble turbulence. It is likely that this is whist-
ler mode turbulence, but we cannot be certain until we com-
plete our analysis.

3.3 Solar Wind and IMF observations from the Wind
spacecraft

Figure 7 is an overview of the solar wind and IMF measure-
ments made by the Wind spacecraft Solar Wind Experiment
(SWE) and Magnetic Field Investigation (MFI), respectively,
for the same time period as Fig. 6, i.e., 00:00:00 to 04:00:00
UT on September 11, 1996. During this time, Wind was
about 5 Rp upstream from the bow shock of Earth and
approximately 16 Ry duskward of the earth-sun line
(~ 18,16,1 Rg in GSE coordinates) as it was headed north-
ward into the earth’s magnetosphere. Because of this close
proximity to, and outside of, the bow shock, the solar wind
delay time between Wind and Polar is at most about 2
minutes. Pancls 4-6 of Fig. 7 provide the solar wind velocity
components in the GSM coordinate system in kin/s. The
flow speed is around 540 knmvs during the start of the TBL
intcrval (01:00 to 01:35 UT) and then rises to about 580 km/s
atits cnd. Thesce [low speeds are somewhat typical, with most
of the speed dirccted along the sun-earth line (Xgg). How-
ever, at the point at which Polar starts to encounter the TBL
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Fig 7. Four-hour plot of the IMF and solar wind parameters from the Wind
spacecraft during the same time as the Polar TBL crossing as in Fig. 6.
Plotted are the 3 components of the IMF in the GSM coordinate system,
followed by the 3 components of the solar wind speed in the same coordinate
system, and the ion pressure.

at ~ 01:00 UT, as noted by the onset of noisiness in the
magnetic field (panel 4 of Fig.6) and an increase in density to
about 10 cm™ (panel 1 of Fig. 6) on Polar, the solar wind flow
speed at Wind begins to increase in all 3 components. Like-
wise, the ion pressure (panel 7) begins to rise, the latter from
about 2.5 to 4.0 nPa. Although these pressures are low, the
increase appears to be tied to the onset of the TBL at Polar.
It would thus appear that the magnetopause current layer has
been compressed further into the cusp such that Polar crossed
that boundary sheet on or around 00:45 UT, when a pressure
pulse of about 1.5 nPa was measured at Wind, and entered the
TBL. It seems possible that had this change in the solar wind
not occurred, Polar would have remained in the cusp inside
the magnetopause current layer and not encountered the TBL
since its radial distance was decreasing for the entire interval
of time. Polar exits the TBL at about the same time as the
solar wind speed and pressure decrease around 03:40 UT.
In panels 1-3 of Fig. 7 we show the 3 components of the
IMF in GSM coordinates as well as total field as measured by
Wind. At around 01:23 UT, the IMF takes a sudden turn
southward to around -5 nT. At precisely this time (see Fig.
6), the Hydra instrument on Polar begins to detect a
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significant increase in the flux of anti field-aligned electrons
around 1 keV, and anti field-aligned ions at energies .1 to 10
keV/e, increases in the fluxes of electrons with energies of a
few eV and a broad range of keV ions perpendicular to B, and
an increase in the intensity of the electromagnetic turbulence
as seen in panel 4 by the MCA. A few minutes before (at
~01:18 UT) the IMF briefly turned south and these same ef-
fects are seen at that time for a brief period. Further changes
in the IMF Z,, component at Wind throughout the TBL in-
terval are definitely correlated with the effects just mentioned
at Polar. All of these southward IMF related effects at Polar
disappear as soon as the IMF turns sharply northward at ~
03:22 UT, and as stated earlier, Polar exits the TBL when the
solar wind pressure and speed drop, and no further effects are
seen even though the IMF turned southward again. The plas-
ma beta measured at Polar (pane 2 of Fig. 6) appears to show
no correlation with IMF direction.

4 Discussion

The Polar wave measurements discussed in Sect. 3.1 appear
to confirm that most of the electromagnetic turbulence ob-
served by the LFWR in the frequency range 1-25 Hz is con-
fined to the frequency range below f; ,; and may be associated
with waves propagating at wave normal angles closer to 90
degrees rather than 0 degrees, as would be expected for
turbulence generated through the Lower Hybrid Drift Instabi-
lity (LHDI). The primary waves seen from f; to 25 Hz oc-
cur at almost 2 f;,; and well below f_, are oscillatory and
right-hand polarized and are probably whistler mode, al-
though we do not rule out the possibility that these waves
could be Doppler shifted lower hybrid waves. Due to the un-
certainty in k as discussed in Sect. 3.1, the Doppler shift
could be expected to lie in the range of 0.3 to ~60 Hz (wp, =
kV,,, where V, is the satellite velocity of ~2km/s and k was
estimated to lie between 1.45 x 10*and 2.92 x 10 m’". Based
on Figs. 6 and 7 we would like to stress that the level of
turbulence appears to be higher under southward IMF which
was mentioned by Vetoulis and Drake (1999) as evidence
against LHDI for creating the turbulence. Furthermore, the
electromagnetic turbulence seems to peak during steep gra-
dients in the local magnetic field (see Fig. 4) and the electro-
static turbulence appears to occur during density gradients,
which would favor a mechanism other than the LHDI.
Klimov et al. (1986) also report electromagnetic turbu-
lence in the vicinity of the lower hybrid frequency from
Prognoz-10 wave observations at the magnetopause. They
suggest that the presence of the magnetic component together
with the fact that the frequency of the emission is lower than
the lower hybrid frequency (20 Hz) indicate that there is a
magnetosonic nature to the waves. It is possible that fast
magnetosonic waves are a candidate for creating the turbu-
lence because they propagate perpendicular to the magnetic
field, as is the ase with the 1-10 Hz electromagnetic emis-
sions observed by Polar. Ih addition magnetosonic waves

Pickett, et al.: Outer cusp/magnetopause boundary observations

possess both transverse and longitudinal components, are
compressional, and can steepen and form shocks.

In the whistler mode frequency range of f; ;; (typically 10-
23 Hz) to f, (typically ~400 -1000 Hz in this magnetopause
region), it does appear as if there is a tendency for the wave
activity to be more intense for southward IMF than northward
(see Fig.6). As mentioned above, various whistler mode
waves are observed throughout the TBL, as are large gra-
dients in the DC magnetic field. These observations suggest
the strong possibility that the electromagnetic turbulence in
the frequency range f, ; to f, is generated through the desta-
bilization of whistler-like modes through the cross-field gra-
dient of the field-aligned current (Drake et al., 1994a,b;
Veloulis and Drake, 1999).

We also suggest the possibility that Alfvén waves may be
present together with electromagnetic lower hybrid and
whistler mode turbulence. Scudder etal. (1999) have recently
analyzed a similar TBL region using Polar Hydra, MFE and
Electric Field Instrument (EFI) data. They used the generaliz-
ed Walén test to locate 44 rotational discontinuities or Alfvén
wave trains within and across the current carrying layers of
these structures at the magnetopause.

5 Conclusions

We conclude that a very turbulent boundary layer exists in the
region just outside or near the cusp magnetopause current
sheet in which various nonlinear processes are occurring.
The TBL is characterized best by its electromagnetic
turbulence that spans the frequency range from at least as low
as 1 Hz, the lowest frequency resolved by PWI, to f_,
typically several hundred Hz to 1-2 kHz. Analysis of this
turbulence in the 1-10 Hz frequency range shows that the
waves associated with it are propagating at angles close to
90° to B and at indices of refraction that fall between the
theoretical values of the electromagnetic lower hybrid and
whistler modes. Based upon the above discussion, the
probability is strong that lower hybrid turbulence, and perhaps
magnetosonic shock waves and Alfvén waves, and whistler
mode turbulence are all present in the TBL region. We will
have a better picture of this once we thoroughly analyze our
data at the higher frequencies (20 Hz - 25 kHz). Thejappa et
al. (1995b) have come to the same conclusion with regard to
electromagnetic turbulence observed downstream of inter-
planetary shocks. Both the electromagnetic lower hybrid
waves and whistlers fit the observed index of refraction.
Both are Landau damped and must be generated locally,
perhaps when the strong disturbances in the ambient magnetic
field generate anisotropies in the local thermal plasma. In
addition, Zhu et al. (1996) suggested that a plausible
interpretation of the ISEE-1 data obtained at the magneto-
pause and analyzed by them is that there is a mixture of waves
(whistler mode, lower hybrid and Alfvén) at the magneto-
pause.

Our correlation of the Polar wave data with Polar particle
and field data and Wind solar wind and IMF data leads us to
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conclude the following with respect to the TBL: 1) the elec-
tromagnetic turbulence in the range of 1 Hz up to f_, is more
intense during southward IMF, 2) the magnetopause current
sheet may be compressed farther down into the cusp during
increased solar wind pressure, 3) the DC magnetic field is de-
pressed and noisy and the density is increased to 10 cm™ or
greater in the TBL, 4) both the electron and ion fluxes be-
come anisotropic under southward IMF, 5) electrons around
a few hundred eV become strongly opposed, and ion fluxes
at several keV/e become opposed to the direction of the local
magnetic field under southward IMF, and 6) the plasma beta
is generally in the range of 1-10, which is more indicative of
amagnetosheath plasma than a magnetospheric plasma at 8-9
R:.

It is likely that the low-frequency turbulence (1 to ~ 10
Hz) may accelerate electrons on the order of a few hundred
€V along the field lines according to the mechanism proposed
by Vaisberg et al. (1983) or Vinas et al. (1997) for example.
The Hydra electron data at these energies show that these
particles are quite strongly aligned with the local magnetic
field during times when the turbulence is present. Most of the
other effects observed in the Polar particle data appear to be
more strongly related to solar wind and IMF changes.
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