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Broadband plasma waves observed in the polar cap boundary
layer: Polar

B. T. Tsurutani,' G. S. Lakhina,"* C. M. Ho,' J. K. Arballo,' C. Galvan,'
A. Boonsiriseth,' J. S. Pickett,’ and D. A. Gumett,’ W. K. Peterson,*
and R. M. Thorne®

Abstract. Polar observations indicate the presence of intense broadband plasma waves nearly all
of the time (96% occurrence frequency in this study) near the apogee of the Polar trajectory (~6-8
Rp). The region of wave activity bounds the dayside (0500 to 1800 LT) polar cap magnetic fields,
and we thus call these waves polar cap boundary layer (PCBL) waves. The waves are spiky
signals spanning a broad frequency range from ~10' to 2 x 10* Hz. The waves have a rough power
law spectral shape. The wave magnetic component has on average a f 27 frequency dependence
and appears to have an upper frequency cutoff of ~(6-7) x 10° Hz, which is the electron cyclotron
frequency. The electric component has on average a f 22 frequency dependence and extends up to
~2 x 10* Hz. The frequency dependences of the waves and the amplitude ratios of B/E’ indicate a
possible mixture of obliquely propagating electromagnetic whistler mode waves plus electrostatic

waves. There are no clear intensity peaks in either the magnetic or electric spectra which can
identify the plasma instability responsible for the generation of the PCBL waves. The wave
character (spiky nature, frequency dependence and admixture of electromagnetic and electrostatic
components) and intensity are quite similar to those of the low-latitude boundary layer (LLBL)
waves detected at and inside the low-latitude dayside magnetopause. Because of the location of
the PCBL waves just inside the polar cap magnetic field lines, it is natural to assume that these
waves are occurring on the same magnetic field lines as the LLBL waves, but at lower altitudes.
Because of the similar wave intensities at both locations and the occurrence at all local times, we
rule out an ionospheric source. We also find a magnetosheath origin improbable. The most likely
scenario is that the waves are locally generated by field-aligned currents or current gradients. We
find a strong relationship between the presence of ionospheric and magnetosheath ions and the
waves near the noon sector. These waves may thus be responsible for ion heating observed near
the cusp region. Antisunward convection of these freshly accelerated oxygen ions over the polar
cap during intense wave events (occurring during southward B, events) might lead to enhanced
plasma sheet O* population. For magnetic storm intervals this mechanism would lead to a natural
delay between the main phase onset and the appearance of oxygen ions in the ring-current.

1. Introduction

Broadband plasma waves have been detected within the Earth’s
magnetopause low latitude boundary layer (LLBL) by the ISEE -
1 and - 2 [Gurnett et al., 1979; Tsurutani et al., 1981; 1989;
Anderson et al., 1982], GEOS [Gendrin, 1983; Rezeau et al.,
1989; Belmont et al., 1995], and AMPTE [LaBelle and Treumann,
1988] spacecraft. Similar waves have been detected
and characterized at the Jovian (magnetopause) low-latitude
boundary layer [Tsurutani et al., 1993, 1997]. These boundary
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layer waves have been demonstrated to be sufficiently intense to
cause cross-field diffusion of magnetosheath plasma to form the
boundary layer itself at both Earth and Jupiter [Tsurutani and
Thorne, 1982; Tsurutani et al., 1997]. If this mechanism is indeed
in effect at the magnetopause, then the waves play an important
role in the transfer of energy from the solar wind to the
magnetosphere. This cross-field diffusion of particles, energy,
and momentum would be one form of viscous interaction between
the solar wind and the magnetosphere [Axford and Hines, 1961;
Tsurutani and Gonzalez, 1995].

It is the purpose of this paper to report the first results of a
search for waves on similar magnetic field lines as the LLBL, but
using the Polar spacecraft which has an apogee of only ~9 R,
(where R, is the Earth’s radius), a much smaller distance than the
magnetopause distance. In Figure 1, we show the Polar orbit,
which has a high inclination and covers the noon-midnight sector.
Under ordinary circumstances the Polar spacecraft does not
intercept the magnetopause [Pickett et al., 1997], but as shown
from the diagram, the spacecraft does cross-field lines that map
into the LLBL. It is the search for waves in these field regions (6
to 8 R, from Earth) that is the focus of this paper. In this paper,
we will limit our study to the dayside region.
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Figure 1. The Polar orbit and the region of wave detection (solid bar) in the magnetosphere. Polar has a
perigee at 1.8 R, and apogee at 9 R,. Waves on the field lines that map into the low latitude boundary layer

(LLBL) are the topic of this study.

The generation mechanism of the LLBL waves is not well
understood. Some suggested mechanisms are the lower hybrid
drift instability [Gary and Eastman, 1979, Huba et al., 1981]
driven essentially by the density gradients, the electron loss cone
instability driven by velocity space gradients [Kennel and
Petschek, 1966], velocity shear and drift instabilities [Lakhina,
1987, 1993; Lakhina et al., 1993], and a magnetic shear instability
[Zhu et al., 1996]. The emissions are broadbanded with no
obvious spectral peaks which could be used to identify particular
instabilities. An electrostatic current convective instability [Drake
et al., 1994a] and a whistler instability [Drake et al., 1994b,
Drake, 1995] driven unstable by the gradient of the field-aligned
currents with an evolution to a turbulent state, have been
proposed. Through a comparison of wave intensities observed at
Polar to ‘previous measurements by ISEE, GEOS, and AMPTE
and of the ratio of B’/E’ to determine the wave mode(s), we hope
to gain further information to help identify possible generation
mechanisms/free energy sources.

We also examine the energetic (~0.1 to 10 keV or higher) ion
fluxes as detected by the toroidal imaging mass-angle
spectrograph (TIMAS) experiment on Polar to determine if there
is a relationship between ions and the waves. A description of the
TIMAS experiment is given by Shelley et al. [1995].

2. Method of Analysis

The Polar spacecraft and its electric dipole antennas, magnetic
loop antenna, and triaxial search coil antennas are indicated in
Figure 2. The three orthogonal electric dipole antennas, E, ,E,,
and E,, have tip-to-tip lengths of about 130, 100, and 14 m,
respectively, and are used to detect the ac electric fields. Two of
these electric antennas are mounted in the spin plane of the

spacecraft, E, and E, , and one is aligned along the spin axis, E,,
The magnetic loop antenna L, which consists of a single loop of
aluminum tubing with 1.0 m? area, and the three orthogonal
magnetic search coil antennas, B, , B, , and B,, each with 20,000
turns of no. 40 wire, are mounted on the end of a 6-m rigid boom
and are used to detect ac magnetic fields. The magnetic loop
senses along the same direction as the electric E;; antenna. The
search coil antennas, By, B,, and B,, sense along the
corresponding directions of the electric antennas, E,, E,, and E,,
respectively.

We first identify wave intervals of interest by use of frequency-
time spectrograms of the electric and magnetic field components
of the waves which are obtained by two different types of plasma
wave receivers. The sweep frequency receiver (SFR) consists of
two single-sideband, phase-matched, double-conversion receivers
in parallel, and are referred to as SFR-A and SFR-B (the "A" and
"B" designators have no significance other than for distinguishing
between the two receivers). The SFR provides good frequency
resolution (about 8% at 26 Hz and 3% at 800 kHz in log-step
mode) with relatively poor time resolution (one full frequency
spectrum every 32 s in the log-step mode or every 64 s in the
linear-step mode). The multichannel analyzer (MCA) consists of
two spectrum analyzers, and are referred to as MCA-E and MCA-
B (the "E" and "B" designators are used only to distinguish
between the two receivers). The MCA provides good time
resolution (one full frequency spectrum every 1.3 s) with
relatively poor frequency resolution (4 frequency channels per
decade). For more detailed information on these receivers and the
antennas that are used to detect the wave signals, please refer to
the plasma wave instrument (PWI) description contained in the
work of Gurnett et al. [1995).

The Polar orbit has an ~86° inclination with an apogee of ~9 R;
and a perigee of ~1.8 R.. The orbital period is about 18 hours. At
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Figure 2. A schematic of the Polar spacecraft showing the orientation of the three orthogonal electric
antennas (E,, E, and E,), the magnetic loop antenna (B,), and the triaxial search coil antennas (B, B,, and

B).

the beginning of the mission, the Polar apogee was set over the
northern polar region. The location of the spacecraft is identified
by orbital parameters (radial distance, magnetic local time and
eccentric dipole L-shell value) obtained from Polar predictive and
definitive obit data, and through the use of the Tsyganenko T89
model with Kp = 3-, 3, and 3+ options. At this stage of our
analysis, the true geomagnetic activity has not been taken into
account.

3. Results

Plate 1 is a frequency-time color spectrogram of the data
obtained on April 7, 1996, from the Polar plasma wave
multichannel analyzer while switched to the 130 m electric
antenna located in the spin plane. This plot covers 24 hours as
shown along the horizontal axis, and a frequency range of 5 Hz to
311 kHz, the MCA-E ’s full frequency range, as shown along the
vertical axis. The electric field power spectral density is plotted
according to the color bar to the right of the spectrogram. The

universal time (UT), radial distance from the center of the Earth
(Rp), magnetic latitude (A,,), magnetic local time (MLT), and
approximate L - shell value, are indicated at the bottom of the
plot.

On this day, Polar was first at its perigee around the south pole
at 0140 UT, corresponding to a very high magnetic field strength
and electron cyclotron frequency > 10°Hz. It next passed through
the dayside plasmasphere/magnetosphere at ~ 0300 UT. Strong
whistler mode waves (hiss and chorus) were detected in this latter
region. At 0445 UT the spacecraft entered the northern
hemisphere polar cap region by crossing the cusp and polar cap
boundary layer. Inside the polar cap region some bursty waves are
detected, but these are relatively weak. These polar cap wideband
waves have an obvious upper cutoff frequency which cotresponds
to narrowband electron cyclotron emissions [Gurnett and Frank,
1978]. At the midpoint of the polar cap (orbit apogee), both the
plasma frequency and electron cyclotron frequency reached their
lowest values. Many auroral kilometric radiation (AKR) events
can be noted inside the polar cap region at frequencies above 10°
Hz. At 1450 UT, Polar moved from the polar cap to again cross a
region of intense broadband waves, but on the nightside. The



17,354

Polar PWI MCA E Eu
m w7

Dayside
PCBL

Frequency (Hz)

Ut 00:00 04:00 08:00 12:00
Re 4.302 4.980 8.398 8.755
Am 7.707 47.26 79.71 57.70
MLT 0.7827 12.71 17.56 23.02
L 4.432 10.66 262.4 30.47
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April 7, 1996

Nightside
PCBL

(Volits/m)2 Hz-1

16:00 20:00 00:00
6.257 2.568 7.521
21.59 12.25 81.17
0.3515 12.84 8.891
7144 2.712 318.2

Plate 1. Color spectrogram of wave electric field from ~10 to 10* Hz and above. The boundary layer waves
are indicated. In between the two boundary layer (dayside and nightside) crossings is the polar cap (quiet

wave region).

spacecraft next entered the nightside plasmasphere and started
another cycle. The waves seen at about 2130 UT are again the
dayside PCBL waves. The waves seen from 0100-0200 UT and
1830-1930 UT are associated with the Polar spacecraft crossing
the southern auroral zones and polar cap (it should be noted that
the intense signals seen beginning at around 0000, 0200, 1730,
and 1930 UT are not naturally occurring plasma waves but are
rather a manifestation of antenna preamplifier oscillation as the
spacecraft passes through the high density plasmasphere region).
The various wave regions described above were identified by
referring to orbit information, and plasma wave data. Wave
properties have been examined to identify the general modes.

The wave intervals of interest are indicated by two sets of
arrows along the time axis, and are designated as "Dayside
PCBL" and "Nightside PCBL" within Plate 1. These intervals of
intense waves bound magnetic fields that map into the polar cap
region. Both wave events occur in the northern hemisphere near
apogee. The dayside PCBL event occurs near 13.0 MLT and the
other near 0.3 MLT, as the spacecraft orbit is in a near noon-
midnight orientation.

The PCBL waves are characterized by bursts of “turbulence”
covering a broad frequency range extending from f < 10' to 2
x 10* Hz as shown in the MCA electric field spectrum of Plate 1.
The MCA best illustrates this nature of the waves since it has
good temporal resolution. The magnetic field spectrum for these
waves shows similar bursts. However, the intensity of the
magnetic component of the waves is much nearer the background
level of the receiver. Therefore the magnetic component is harder
to discern in spectrogram format and is not presented here in that
form. The region between the dayside PCBL and the nightside
PCBL (about 0555 to 1450 UT) is identified as the northern polar
cap. In this region there is typically a lack of strong signals
although a few bursts of electrostatic noise are seen, as well as
auroral hiss (*S3 kHz) and auroral kilometric radiation (=100
kHz). The vertical lines found at about 1100 UT are an
instrument artifact caused by crosstalk from the SFR as it
switched from logarithmic to linear mode.

Figure 3 shows the fractional amount of time that the waves are
present from March 13 to August 31, 1996, on the dayside (0500
to 1800 UT) near Polar apogee. During this period the spacecraft
apogee was in the northern hemisphere. For this statistical study,
all passes were used except for those with data gaps. On some
dawn-dusk orbits, there were two passes through the PCBL wave
region. The total number of “crossings” for this interval was 254.
Using the PWI SFR-A E,, plots, a wave “event” is marked by start
and stop times identified by an observed increase in intensity
(against background intensity) and a subsequent decrease. Our
cutoff criterion was approximately 10" (mV/m)?, determined by
visual inspection of color spectral plots. The start and stop times
were tabulated, as well as the spacecraft’s location. For each
hourly bin, the number of passes are indicated, as well as the
number of times PCBL waves were detected. The plot shows that
enhanced waves were present 100% of the time near local noon
with a slightly lower occurrence rate at dawn and dusk.
Preliminary analyses indicate that the wave intensities may be
lower at dawn and dusk as well. The overall percentage of wave
occurrence during this time interval was 96%.

The display of the geomagnetic latitude of the footpoint of the
B - field line passing through the spacecraft versus geomagnetic
local time for the events in Figure 3, are given in Figure 4a. In
Figure 4a we use a magnetic local time resolution of 1 hour and a
latitude resolution of 2°. For each northern hemisphere dayside
pass and for each box the spacecraft passed through, we determine
whether enhanced waves were present or not. The figure shows a
general display of the location of where the waves are located.
The waves map into a relatively narrowband of latitudes from 70°
to 85°. This range gives the PCBL wave location. There is a
trend for the PCBL waves to extend to slightly lower latitudes in
both the dawn and dusk sides relative to the noon sector. Figure
4b shows the corresponding L values of the wave region versus
geomagnetic local time. It is clear that PCBL waves observed on
the dayside northern hemisphere occur predominantly in the
region with L > 10. The wave location is slightly lower than cusp
field lines (C. T. Russell, personal communication, 1997).
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Figure 3. Occurrence frequency of northern dayside PCBL waves as a function of local time. The polar cap
boundary layer waves are present on the dayside 96% of the time (0500-1800 LT). The statistics are listed at

the top.

Wave power spectral densities have been studied for several
PCBL events selected at random. Figures 5 and 6 show the
electric and magnetic spectra of the two events occurring near the
apogee in the northern hemisphere. A hand fit to the data has

been drawn and the values for the fits are indicated in the graphs.
The background (instrument) noise levels are also indicated for
reference. The electron cyclotron frequency is indicated at the
bottom of each figure. These latter values are calculated using the

POLAR Mission
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Figure 4a). The geomagnetic latitude of the foot point of the B field line passing through the spacecraft
versus local time (GMT). Regions of wave activity are primarily located on the field lines whose footpoint
geomagnetic latitudes lie between 70° and 80°. b) L - value distribution of the PCBL waves versus GMT.

The wave region is located for L > 10.
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Dayside Northern Polar Cap Boundary Layer Waves (3/13/96 - 8/31/96)
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Figure 4.

onboard magnetometer data [Russell et al., 1995]. The event
shown in Figure 5 occurs on day 98, 1996 at 1302 MLT at 78.8° N
invariant magnetic latitude. The wave frequency of the electric
component extends to ~2 x 10* Hz (Figure 5a), and that of the
wave magnetic component extends to ~ 3 x 10° Hz (Fig. 5b). The
Figure 6 event occurs on day 114, 1996 at 1235 MLT at 76.3° N
invariant latitude. The wave frequency for the electric component
extends to ~10° Hz (Figure 6a) and that of the corresponding
magnetic spectra extends to ~ 5 x 10° Hz (Figure 6b). Note that
the electric component of the waves extends to frequencies above
the electron cyclotron frequency. Although it appears that the
wave magnetic component cuts off at the electron cyclotron
frequency f. this is too close to the noise floor of the receiver to
make any definite determination.

We have also examined the power spectra for the electric and
magnetic components for the event near the Polar perigee in the
southern hemisphere (not shown here). This event occurs on day
103, 1996 at 1353 MLT and invariant latitude 73.1°S. The
frequencies of the electric spectrum extend to about 10° Hz and
those of the magnetic spectrum to about 2 x 10* Hz. The wave
intensities for this event are comparable to the two apogee events
shown in Figures 5 and 6. This will be discussed later.

The spectral density plots for all the events discussed above
have rough power - law shapes. The intensities and spectral
shapes vary from event-to-event, but generally follow a power
law. The E waves clearly are present from ~10' Hz (the lowest
frequency shown) to ~2 x 10* Hz for the apogee events. There are

(hour)

(continued)

signals above this frequency but the results are less clear because
the signal strength becomes close to the instrument noise level.
The magnetic signals are broadbanded and appear to extend from
~10' Hz to the electron cyclotron frequency (6-7 x 10° Hz) with a
fit of f 27 in power spectra, on average.

High time resolution wideband receiver (WBR) data for the
event occurring on day 114, 1996 are shown in Plate 2. In Plate 2
we have plotted 44 minutes from 0616 to 0700 UT on the
horizontal axis versus frequency from 0 to 12 kHz on the vertical
axis with color indicating the intensity of the signals. During this
time, the WBR is switched to the electric E, antenna and sampling
data at the rate of 31.1 kHz. The data are formatted into a digital
data stream and telemetered directly to a ground tracking station
rather than tape recorded and telemetered to the ground at a much
lower rate. Thus the WBR provides both good frequency
resolution, assuming the appropriate bandpass filter has been
chosen for the emission, and also excellent time resolution. In
Plate 2 we note that the PCBL waves are very bursty. They last
from tenths of seconds to tens of seconds, with the latter probably
composed of several bursts occurring in succession or
simultaneously. Around 0630 UT the waves extend up to 10 kHz,
but the strongest part appears mainly below 4 kHz. The
narrowband feature near 8 kHz appears to be the fundamental
(n = 1) of the (n+1/2) f,, electrostatic electron cyclotron harmonic
(ECH) emission. The frequency of this narrow band electron
cyclotron harmonic emission decreases with decreasing ambient
magnetic field, falling from ~ 7 kHz at 0630 UT to ~ 6 kHz at
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Figure 5. The (a) electric field and (b) magnetic field spectra for the events occurring on day 098, 1996. The
background noise is indicated. The electric component of the waves extend beyond the electron cyclotron

frequency (~6 x 10° Hz).

0700 UT. These overall results are generally consistent with the
results from the other portion of the plasma wave instrument
presented previously.

These broadband waves clearly have both a magnetic and an
electric component. To try to identify the mode of propagation,
we determine the B’/E’ ratio for the events of Day 98 and 114,
1996, respectively for the two events shown in Figures 5 and 6.
In Figures 7a and 7b we show the B’/E’ ratio for the events of days
98 and 114, 1996, respectively.

The refractive index n for the obliquely propagating whistler
waves in a cold uniform plasma for the case of (2 fpf cos y) >>
sin’ v f f.,), and f,, cos ¥ >f (where f and Jy are the wave
frequency and the electron plasma frequency, respectively, and y
is the angle of propagation with respect to the magnetic field
direction) is given by

fpe

- fU2(f,, cosy — f

)1/2 0

In Figure 7 we have added two representative curves for the
whistler refractive index for paralle! propagation (y=0°) and for
oblique propagation (at ¥=60°" ) as calculated from (1). The cold
plasma density data used to derive the refractive indices were
obtained from the Polar EFI experiment [Harvey et al., 1995, F. S.
Mozer, private communication, 1997]. Density values used are
derived from a graph of measured spacecraft potential versus
measured density that was collected from earlier spacecraft. The
density values obtained in this manner fluctuated considerably
during the wave events. For example, N, values varied from 0.7
to 3.8 cm? for day 98 and 0.9 to 6 cm? for day 114. The above
density values will thus have an uncertainty of approximately a
factor of 2. We have used the maximum value of N, in computing
the whistler refractive indices. Since the electron plasma
frequency is proportional to (N,)? the B’/E’ ratio may be high by
~40%. This is negligible compared to the orders of magnitude
variations in the actual values.
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Figure 6. The (a) electric field and (b) magnetic field spectra for the-event occurring on day 114, 1996. The
sensor background noise is indicated. The electron cyclotron frequency is also noted. The electric
component of the waves extend beyond the electron cyclotron frequency (~7 X 10’ Hz).

For the two events, the B’/E’ amplitude ratio generally fits the
parallel propagating (y=0°) whistler wave curve at the lowest
frequencies (f < 100 Hz). At mid (10° Hz <f< 10* Hz) and high
(f> 10° Hz) frequencies, the B’/E’ ratio shows considerable
departure from the y=0" curve and a somewhat better fit with the
w=60° curve. This clearly indicates that there could be
considerable (off-axis) refraction associated with the higher
frequency components. Strictly speaking, for oblique whistler
wave propagation, n would correspond to B’/E’; (where E'; is the
transverse electric field component with respect to the wave
vector ) rather than B'/E’ ratio. It is possible that the PCBL region
of enhanced plasma density acts as a wave guide and permits off-
axis propagation with a minimum of wave damping, The B'/E’
ratios lie in the range of 10 to 100. Thus the wave phase
velocities range from 3 x 10° to 3 x 10° cm s”. These velocities
are much higher than plasma convection speeds measured in this
region of space, so Doppler shift effects on the phase velocities or
on the B'/E’ ratios should be negligible.

From Figure 1 we had noted that these PCBL waves occur on
field lines that map into or close to the LLBL field lines. The
wave characteristics presented here are also quite similar to those
of the LLBL waves. In Table 1 we make an intercomparison
between the Polar wave power spectra illustrated in this paper and
the LLBL waves as measured by ISEE 1 and 2 and GEOS. We
note that the GEOS event was much more intense than either
ISEE 1 and 2 or Polar wave intensities. However, this event was
somewhat anomalous because the spectra were taken during a
magnetic storm when the magnetopause was pushed in to the
spacecraft orbit (6.6 R,). In addition, GEOS magnetic and electric
sensors picked up the electromagnetic signals in the ultralow-
frequency (~0-10 Hz) range. It is possible that the extraordinarily
high solar wind ram pressure and intense southward interplanetary
magnetic field B, may have led to unusually high wave power
during this event. Such LLBL wave intensity dependences on
interplanetary parameters have been discussed at Earth and Jupiter
by Tsurutani et al. [1989; 1997], respectively. Table 1 also lists a
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spectrum for day 103, 1996 for Polar when it was near the
southern hemisphere dayside perigee at ~2 R,. We note that the
wave intensities are of the same order as the high altitude northern
hemispherical events.

Plates 3 and 4 show PWI broadband plasma waves and
simultaneous ion fluxes (from the TIMAS experiment) for April 7
(day 98) and April 22 (day 113), 1996. The observed energetic
ion populations have features typical of the midaltitude cusp
[Peterson, 1985]. Prior to 0500 UT on April 7 and about 1240
UT on April 22, the energy and angular (not shown) distributions
of the ions reveal primarily hot quasi-isotropic ion populations
characteristic of the dayside magnetosphere. The energy-
latitude(time) dispersion in the H* and He™ populations beginning
about 0505 and 0530 UT on April 7 and about 1242 UT on April
22, are characteristic of the entry of magnetosheath plasma into
the cusp or boundary layer. The regions of most intense wave
activity (0500 to 0515 UT on April 7 and ~1240 to 1250 UT on
April 22) are associated with significant changes in the angular
distributions in the upflowing O ions. Specifically, in these
regions, the upflowing, relatively low-energy O* ions have
angular distributions that are peaked at 50 to 70 degrees relative to
the magnetic field direction. They have energies of a few hundred
V. The interpretation of H" angular distribution is rather complex
as these intervals are characterized by down-going intense cusp H*
fluxes having energy and angular distributions that overlap with
the upcoming low—energy H* population. The TIMAS instrument
was operated in a mode wjth limited angular resolution for He*
ions during these intervals. We are not able to determine if the
observed upflowing He* ion distribution is characterized by a
conic angle larger or smaller than the one that characterizes the O*
distributions.

The most probable mechanism for which the O ions can gain
significant energy transverse to the local magnetic field is through
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interactions with waves. Assuming that heating occurs primarily
in the perpendicular direction, we can estimate the location of the
region below the spacecraft. Because the magnetic field strength
falls off roughly as r~ and the first adiabatic invariant (E,/B) is
conserved (where E| is the perpendicular energy), we can estimate
the maximum distance below the spacecraft where the transverse
energy was possibly acquired. For conic angles of 50°, 60°, and
70° at an altitude typical for these observations (5.5 R,), the
maximum distances below the spacecraft where the transverse
energy could be acquired are 0.9, 0.5, and 0.2 Earth Radii (R,),
respectively. These locations are quite close to the spacecraft, so
the energization process is essentially a local one.

A systematic examination of the occurrence of these intense
waves at the polar cap boundary at local times near dawn and
dusk has shown that if upflowing O* ions are present at the time of
these waves, the O* distribution has a characteristic conic angle
indicating that significant transverse energy was acquired up to 1
R, below the spacecraft. We note that there were intervals where
intense waves were present, but no discernible upflowing O* ions
were observed. The appearance of transversely energized O* ions
simultaneous with enhanced wave intensity indicates that there is
a strong possibility of near-local heating of the ions by the waves.
However this is beyond the scope of the present paper, and
another effort is in progress to address this issue.

4, Summary

Below are some of the main findings with regard to the PCBL
waves:

1. The PCBL waves are present 96% of the time on the dayside
(between 0500 and 1800 LT) at 6 to 8 R; in the Polar orbit.
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Figure 7. The B'/E’ wave amplitude ratio for two events, one on day 98 and the other on day 114. Two
curves corresponding to propagation angles of y=0" and y=60° for the whistler wave refractive index n are
also shown. These ratios are highly variable but lie between the values 10 to 100. For parallel propagating
whistler modes, thie ratio B’/E’ should lie along the y=0°curve.
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2.

The waves are located at 70° to 80° invariant magnetic
latitude. This location is just below the cusp fields (75° to 85°
latitude), (C.T. Russell, personal communication, 1997) and
thus corresponds to LLBL field lines.

There is both an electric and a magnetic component to the
waves. The electric component extends from ~10 Hz to 2 x
10*Hz and the magnetic from ~10 to 5 x 10° Hz.

The emissions are bursty, but when averaged over longer time
intervals, they fit a rough power law with a f~>? dependence
for E’ and f*” dependence for B’ waves, on average.

The B’/E’ ratio is consistent with the parallel propagating
whistler mode waves for the low-frequency (10" - 10° Hz)
component. However, the B/E’ ratio is often higher at mid
(10* - 10* Hz) and high (10’ to 6 x 10’ Hz) frequencies,
consistent with off-axis propagating waves.

The waves have very similar intensities, spectral shapes and
E’ and B’ dependences as the LLBL waves. The PCBL waves
are similar to the broadband noise on auroral field lines

Polar Cap Boundary
Layer (PCBL) Waves

8.
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[Gurnett and Frank, 1977; Gurnett et al., 1984], but unlike the
latter, the PCBL waves do not have any clear peaks at any
frequency.

The PCBL waves detected at low ~2 R, altitudes are similar to
those detected at high altitudes (6 to 8 R;).

The intense noon sector wave events are well correlated with
enhanced fluxes of 10 to 200 eV H*, He** and O* ions.

5. Discussion and Conclusion

Because the PCBL waves are quite similar to the LLBL waves,

we assume that they are on the same magnetic field lines. A
schematic of these field lines, the PCBL wave locations and the
LLBL wave locations are shown in Figure 8. Although to date
such waves have been identified at only three regions along the
field lines (PCBL, LLBL and near Polar perigee), one can argue
that the waves most likely exist along the entire length of the field
lines. Here we have assumed that the field lines are “closed” and

Sun

Solar Wind

////

;;, Magnetic Field Lines

S,
X

o*’

'<— Boundary Layer

Figure 8. A northern polar view of the mapping of polar cap boundary layer (PCBL) waves to the low-

latitude boundary layer (LLBL).
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Table 1. A comparison of Polar broadband plasma wave properties and past observations from ISEE and GEOS

Spacecraft Location Date (nTl;,z’;l{z R rf)' 3 JHz
Polar ~7-8 R altitude day 098, 1996 (1.17x102) f 26 (1.19x107) f18
(this paper) ~2 R, altitude day 103, 1996 (1.34x10) f23 (1.22x10%) f1#
%,yrsustsii et al. [1995] Jupiter’s magnetosphere day 043, 1992 (2.0x10% 24 (4.0 x10%) f24
IGSMEE‘C; et al. [1979] Earth’s magnetopause day 314, 1977 ~f33 ~f22
g‘i:ﬁl&u}r,ﬁzﬂ al. [1981] Earth’s magnetopause 1977 (1.0x10Y) f3° (3.0 x10) f22
}isngfrslo,nzer al. [1982)] Earth’s magnetopause 1977 (71.90x10%) f29 (6.3 x10°%) £-22
gel;‘gg e21 al. [1989] Earth’s magnetopause day 240, 1978 (3.60x10) £-2¢ (1.20x10%) f 28
gfrﬁtgni et al, [1989) Earth’s magnetopause 1977-1978 (3.00x10) £33 (6.0 x107) f-2!

The wave intensities and the spectral shapes are similar on Polar and
in the text.

Polar PWI WBR

Frequency (Hz)

06:40
uTt

ISEE. The reason for higher wave intensities on GEOS is discussed

April 23, 1996

06:50 07:00

Plate 2. Wideband high time resolution plot for the PCBL wave event on Day 114, 1996. The waves are

very spiky and highly variable in intensity.

extend from one hemispherical ionosphere to the other.

The PCBL wave field lines must be configured as indicated in
Figure 8, where they map into the earth’s ionosphere over a broad
region of local times. Because the northern hemispherical waves
are detected at only 6 to 8 R, from the Earth on relatively strong
fields, the chance they map into the cusp region is highly
improbable. C. T. Russell (personal communication, 1997) has
reported that the Polar magnetometer (statistically) detects cusp

field lines at slightly higher latitudes and that the cusp only
extends £2 hours from local noon at Polar altitudes.

The three point intensity (LLBL, Polar near-apogee, Polar near-
perigee) measurements give strong constraints on the wave source
location. If wave generation occurs in the ionosphere, upward
wave propagation would lead to wave intensity decreases (from
Polar perigee to LLBL location) by orders of magnitude due to
flux tube expansion alone. Wave damping and scattering would
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Plate 3. Color spectrogram of the H*, O*, He*, and He™ ion fluxes observed by the TIMAS experiment (top 4
panels) and the electric component of the PWI broadband plasma wave event (lower panel) on day 98, 1996.
The values of eccentric dipole magnetic local time (EDMLT), magnetic latitude (MAGLAT), invariant
latitude (INVLAT) and local time (LLT) are also shown at the bottom.
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Plate 4. Color spectrogram of the ion fluxes and waves observed on day 113, 1996. The format is the same

as in Plate 3.

decrease intensities further. Thus we can rule out an ionospheric
source. Another possibility that has been discussed in the
literature is that magnetosheath magnetosonic waves couple into
LLBL Alfvén waves [Johnson and Cheng, 1997] or
magnetosheath waves that are amplified at the magnetopause and
propagate down the magnetic field lines [Belmont et al., 1995]. If
this were the case, then one would expect waves to be located

primarily at noon with little or no waves present at the PCBL
dawn and dusk flanks. There is some evidence for this (cf. Figure
3), however only slight. Moreover, this wave-coupling mechanism
would work only for ultralow-frequency (ULF) waves which are
much below the PCBL broadband plasma wave frequencies.

The most likely scenario is wave generation by a local source
of free energy existing along field lines. Two possible sources are
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field-aligned currents and density gradients. Drake et al. [1994a,
b] have proposed current convective and whistler instabilities
driven by the gradient of the field-aligned current as a possible
mechanism for the generation of broadband plasma waves in the
magnetopause current layer. Our preliminary theoretical analysis
indicates that the presence of density gradients tends to stabilize
both the current convective and whistler instabilities in the sense
that their growth rates are reduced, and somewhat higher current
gradients are needed to excite these modes [ Lakhina et al., 1997].
However, the density gradients introduce a finite real frequency to
the current gradient driven modes. On the other hand, when the
ions are hot, the lower hybrid drift instability can be excited
provided the density gradients are sharp (approximately ion gyro
radii) [Gary and Eastman, 1979; Bhatia and Lakhina , 1980,
Huba et al., 1981]. Weaker density gradients can excite drift
modes [Lakhina et al., 1993]. However, these modes correspond
to ULF waves which occur at much lower frequencies than that of
the PCBL broadband plasma waves discussed here.

The plasma and field results taken from this data set are
currently being used to model instabilities of these types. In
addition, hot plasma ray tracing models are being employed to
examine the electromagnetic and electrostatic wave transport
properties in this region of space. The density enhancements in
the PCBL can act as “ducts” or wave guides for the waves. Also
the plasma density gradient at the magnetopause, density
gradients at the inner edge of the PCBL, and field curvature, will
play strong roles in the wave propagation characteristics. Since
the intense wave energy correlates with enhanced fluxes of
energetic ions, interaction of these waves with the ions is expected
to play an important role in the processes which lead to
heating/acceleration of H*, He'* and Q" ions [Chang and Coppi,
1981; Roy and Lakhina, 1985; Andre et al, 1990; Crew et al,
1990; Lakhina , 1993; Lakhina and Buti, 1996]. The broadband
plasma waves could precipitate energetic electrons and ions into
the loss cone, leading to the excitation/enhancement of the auroral
intensities.

One of the major puzzle for magnetic storm research is the'
origin of oxygen ions, which at times can dominate the energy
density of the storm-time ring current (Hamilton et al., 1988). The
spectrum of the electric component of broadband plasma waves is
roughly f %, as mentioned previously. For cyclotron damping of
the electrostatic broadband waves, a f ' ° spectrum leads to equal
energization for different mass ions (singly charged), and a
steeper spectrum leads to greater energization for heavier (singly
charged) particles. This is due to the greater wave power present
at lower wave frequencies. This mechanism would provide for a
preferential energization of O* over H”, a feature commonly found
in the ring current during intense magnetic storms. It is
speculated that dayside boundary layer/cusp accelerated ions
could be convected in the antisunward direction across the polar
cap during IMF B, events, to eventually populate the plasma sheet.
Consequential injection of this plasma inward into the Earth’s
nightside magnetosphere could then naturally lead to enhanced
oxygen ions in the ring current. A schematic illustrating this
scenario is shown as Plate 5. This scenario would lead to a delay
of oxygen ions appearance in the ring current, a feature that
Daglis [1997] has noted in the double main phase storm event of
March 24, 1991. However, we should mention that substorm
electric fields can also produce ion beams and conics in the
nightside auroral region, so this is another obvious potential
source of plasmasheet ions. Further analyses are necessary to
determine the contribution of each mechanism to the plasmasheet
throughout the storm main phase and to a secondary main phase,
if one should occur.
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