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Abstract

The Polar spacecraft has identified near-source regions of continuum emission in the plasmapause and outer plasmasphere. As in
the case of kilometric continuum (KC), near-source regions of continuum emission often display a high resolution fine structure of
closely spaced bands of emission. The separation of the bands is much less than the local gyrofrequency. This suggests that the
source is associated with density structures and perhaps the result of trapped eigenmodes. These results imply further that
continuum emission is the low-frequency manifestation of KC emission.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Brown (1973) and Gurnett and Shaw (1973) first
reported terrestrial nonthermal continuum emission in a
broad frequency range extending from ~5kHz
to<100kHz. The term continuum implied a diffuse,
rather continuous spectrum. Gurnett and Shaw (1973)
and Gurnett (1975) proposed a source near the dawnside
plasmapause, with a source mechanism associated with
intense upper hybrid waves. Kurth et al. (1981) and
Kurth (1982) described the details of the narrow-banded
escaping component of continuum emission providing
clear evidence of its narrow-bandedness associated with
intense upper hybrid (UH) resonance emissions occur-
ring, where fug = (n+1/2)fc. (Where f,. is the electron
cyclotron frequency). These emissions are also believed
to have a low-latitude source in the outer plasmasphere
and in the magnetopause (cf. Jones, 1988; Morgan and
Gurnett, 1991). The source mechanism of this con-
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tinuum emission has been proposed to be a mode
conversion process occurring near the dayside magne-
topause and/or the nightside plasmapause near the
equator. Both linear (e.g., Jones, 1976, 1988; Budden,
1980) and nonlinear (cf. Melrose, 1981; Fung and
Papadopoulos, 1987; Ronnmark, 1983) classes of mode
conversion have been suggested as summarized in Kurth
(1992).

Kasaba et al. (1998) have reported a new type of
terrestrial continuum emission which they call continuum
enhancement, observed by the Geotail satellite. These
authors describe the emission as a short-lived enhance-
ment that is generated at the plasmapause from the
midnight to dawnside sector. The typical or usual
nonthermal continuum radiation that is generated at
the dayside plasmapause appears to follow the enhanced
continuum. Kasaba et al. show evidence that these
emissions are generated by a series of electrons injected
at the midnight sector and associated with a substorm.
The enhanced continuum has both “fast” and “‘main”
components. The fast component displays a more rapid
increase of frequency (50-100kHz/h) and shorter dura-
tion (0.5-1h) than the main component (10-20kHz/h;
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1-3 h duration). The explanation provided is that the fast
component is generated at the midnight plasmapause by
lower-energy electrons, while the main component is
produced by the higher-energy electrons that have
gradient and curvature drifted to the dawnside plasma-
pause. The rate of increase and later decrease of the
frequency of these emissions indicates the classic erosion
and refilling of the plasmasphere associated with a
terrestrial magnetic substorm. The observations of
continuum emission presented in the present study (using
the Polar and Cluster spacecraft) may or may not be
continuum enhancement. While we have noted the
magnetic conditions, the polar-orbiting spacecraft passed
quickly through the emission region and no long term
monitoring observations were possible. Rather, the
subject of the present study is the micro or fine structure
of the continuum emission, which we believe provides
important clues to the structure of the source region and
the nature of the generation mechanism.

Hashimoto et al. (1999) have described kilometric
continuum (K C) as emission that lies in the same frequency
range as auroral kilometric radiation (AKR) (cf. Gurnett,
1974), but with a different spectral morphology and a
unique source region, the low-latitude inner plasmasphere.
KC was observed by Geotail to consist of slowly drifting
narrowband signals in the frequency range 100 kHz< n
f<800kHz. Direction-finding using spin modulation of the
emission at 400 kHz indicated the source of the emission is
consistent with the low-magnetic-latitude inner plasma-
sphere. The emission thus has much in common with
nonterrestrial continuum emission observed at lower
frequencies (typically <100kHz). More recently, Green et
al. (2002) have shown an association of the KC with
plasmaspheric bite-outs of density and suggested that these
large-structure depletions may be a source region of the KC.

Menietti et al. (2003) have presented plasma wave
data from Polar, Geotail, and Cluster that suggest KC
emission has a source in the low-latitude plasmasphere
as has been argued by Hashimoto et al. (1999). The
Polar spacecraft orbit allowed direct observation of
magnetic equator crossings in the range of distances
from ~2.5Rg (dayside) to ~4.5Rg (nightside) during
1996 and 1997. On many passes Polar observed upper
hybrid emission near the higher density regions in the
vicinity of the magnetic equator as has been reported
often in the past (cf. Kurth, 1982). Often this emission
was accompanied by EM emission detected by the
magnetic receiver of the Polar plasma wave instrument
(PWI). This emission was observed simultaneously with
Geotail observations of KC, when Geotail and Polar
were near the same magnetic local time (MLT) and both
close to the magnetic equator. Other similar EM
observations were made when Polar and Geotail were
well separated in MLT.

The lower resolution Polar plasma wave observations
of KC are typically banded with separations in

frequency consistent with the local cyclotron frequency.
Spin-modulation observed by the Polar observations
indicate the electric field emission is consistent with UH
waves and the magnetic oscillations are consistent with
Z or ordinary mode emission. However, the high
resolution wideband observations of KC by Polar and
Cluster show multiple, closely spaced (in frequency)
bands observed by both spacecraft near the magnetic
equator and within the plasmasphere indicate that the
emission is not just due to (z+ 1/2) harmonics of f;.. The
bands are separated in frequency much less than the
local cyclotron frequency. One explanation for such an
emission is that it is due to multiple sources of UH, Z, or
ordinary mode emission from source regions located at
different radial distances (hence frequency). A radial
separation of <1000km could explain differences of f.
of only a few hundred Hz. It is conceivable that density
fluctuations in the form of cavities or ducts may be
present (e.g., Darrouzet et al.,, 2002). It is also
conceivable that fine structure can result from eigen-
modes of upper hybrid waves trapped in a density
enhancement, following a theory Yoon et al. (2000) have
presented to explain auroral emissions in the same wave
mode.

In this paper we show observations of Polar and
Cluster wave data. High resolution waveform data from
Polar is used to directly measure the polarization of
continuum emission and the direction of propagation.
We find that the continuum emission at high resolution
has a fine structure very similar to KC emission. These
data help us to better constrain the source mechanism
and source region of both continuum and KC emission.

2. Instrumentation
2.1. Polar

The Polar satellite was launched in late February 1996
into a polar orbit with apogee of about 9Rg and a
perigee of about 1.8 Rg. Polar is the first satellite to have
3 orthogonal electric antennas (Eu, Ev, and Ez), 3
triaxial magnetic search coils, and a magnetic loop
antenna as well as an advanced plasma wave instrument
(Gurnett et al., 1995). This combination can potentially
provide the polarization and direction of the arrival of a
signal without any prior assumptions.

The PWI on the Polar spacecraft is designed to
provide measurements of plasma waves in the Earth’s
polar regions over the frequency range from 0.1 Hz to
800 kHz. Five receiver systems are used to process the
data: a wideband receiver, a high-frequency waveform
receiver (HFWR), a low-frequency waveform receiver,
two multichannel analyzers, and a pair of sweep
frequency receivers (SFR). For the high-frequency
emissions of interest here, the SFR is of special interest.
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Fig. 1. A frequency-vs.-time spectrogram of the PWI sweep-frequency receiver on board Polar. We show a 15 min interval from 20:30 to 20:45 UT on
September 4, 1996. The top panel is the electric field and the bottom panel is the magnetic field data. The frequency range is from 5 to 100 kHz.
During this time Polar was in the pre-dawn sector at a magnetic latitude of about 34°-35° and a radial distance of about 4.75Rg. The black line

indicates the local cyclotron frequency near 10 kHz.

The SFR has a frequency range from 24 Hz to 800 kHz
in 5 frequency bands. The frequency resolution is about
3% at the higher frequencies. In the log mode a full
frequency spectrum can be obtained every 33s. From
12.5 to 800 kHz, of interest in this study of continuum
emission, a full frequency spectrum can be obtained
every 2.4s.

The wideband receiver (WBR) provides high-resolu-
tion waveform data, and is programmable allowing the
selection of 11, 22, or 90 kHz bandwidths with a lower
band edge (base frequency) at 0, 125, 250, and 500 kHz.
In the 90kHz bandwidth mode the sampling rate is
249 kHz.

The HFWR measures waveform data over the
frequency range of 20 Hz to 25kHz, but also operates
with a 2kHz or 16kHz filter. The sampling rate is
71.43kHz in the 25kHz mode. Typically, the receiver
obtains a 0.5s snapshot of data every 128s.

2.2. Cluster

The Cluster II mission consists of four identical
satellites in a high-inclination orbit with a nominal
apogee of 12Rp and perigee of 2Rg. The mission
objectives include studies of the magnetopause and
magnetotail reconnection sites and magnetospheric
phenomena.

The wideband plasma wave investigation on Cluster is
part of the wave experiment consortium (WEC), which

consists of five instruments designed specifically to study
magnetospheric wave phenomena (Pedersen et al.,
1997). The objective of the wideband plasma investiga-
tion is to provide very high-time resolution measure-
ments in order to resolve spatial and temporal structure
in the plasma waves and magnetosphere. The investiga-
tion consists of four identical instruments (one on each
spacecraft) called the Wideband (WBD) plasma instru-
ments. These instruments measure electric or magnetic
field waveforms in one of three possible bandwidths:
25Hz to 9.5Hz, 50 Hz to 19 kHz, or 1-75kHz. The base
frequency (frequency offset) can be programmed to be
either 125, 250, or 500 kHz. The bit rate in the real time
mode of operation is 220 kbits/s.

3. Observations

In Fig. 1 we display a frequency-vs.-time spectrogram
of the SFR on board Polar. We show a 15min interval
from 20:30 to 20:45 UT on September 4, 1996. The top
panel is the electric field and the bottom panel is the
magnetic field data. The frequency range is from 5 to
100 kHz. During this time Polar was in the pre-dawn
sector at a magnetic latitude of about 34°-35° and a
radial distance of about 4.75Rg. At this time the Kp was
rising to about +4 at 21:00 UT and the Dst was
dropping from about —3 nT at 20:00 to about —30nT at
23:00 UT. The black line indicates the local cyclotron



286 J.D. Menietti et al. | Planetary and Space Science 53 (2005) 283-290

Polar PWI HFWR Calibrated Time Series (Field Aligned)

mv/m

EXl

0.04
0.02
0.00
-0.02
-0.04

mv/m

0.06

-0.06

0.010

0.005

0.000
-0.005

-0.010
-0.015 3

nT

e By
= BZ"
20:33:13.346 20:33:13.349 20:33:13.353 20:33:13.357 20:33:13.360
Zeroed FFT Components below 10000 Hz
FFT Size 1024 Fep 6.61 Hz
R 4,73 T. 1 —_ _ 4T . . 1 4 7\m 34,52
LE e89 SCET: 1996-09-04T720:33:13.346 MT 346

Plotted Points O to 1023

Fig. 2. A plot of the electric (top three panels) and magnetic (bottom three panels) waveforms in magnetic field-aligned coordinates. The data is a
0.014 second sub-snapshot of data starting at 20:33:13.346 of September 4, 1996. The clear electromagnetic nature of the emission is apparent. The
dominant electric field is perpendicular B, while the perturbation magnetic field has a significant component parallel to the ambient B.

frequency near 10kHz. The SFR observes intense
emission that is mainly electrostatic but with some
magnetic component as well. The emission is most
probably upper hybrid emission with a mixture of some
Z and/or O mode and we will comment on this later.
This emission falls in the frequency range of continuum
emission that is often observed in this region. The data
looks very similar to many other passes observed by
Polar and other satellites of the past such as DE-1 (cf.
Morgan and Gurnett, 1991). The important thing about
this data is that Polar PWI also was monitoring with the
HFWR at this time.

In Fig. 2 we display a multipanel plot of the HFWR
waveform data for a 14 ms snapshot of data starting at
20:33:13.346. The panels are for the electric field (top

three) and magnetic field (bottom three) in field-aligned
coordinates. Note the signal is electromagnetic with a
predominant electric field perpendicular to B (E./
E,~5). There is a significant component of oscillating
B, however, along the ambient magnetic field. Assuming
the intense electrostatic emission is upper hybrid
emission we note that near 20:33:15 the most intense
electric field intensities range over 14.5kHz<
f<17.3kHz. The most intense emissions occur at about
f=16kHz. At this time f.. = 12.2kHz, so using fyg =

,/(ff) +f§e), the range of probable values of f, is
7.8kHz<f,<12.3kHz. This means the range of values
of the extraordinary mode cutoff, frx, is 16.0kHz<
Jrx<19.8kHz. For fyy=16kHz, f,=10.35kHz,
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Fig. 3. Results of wave distribution function analysis for the data of Fig. 2 is shown in this multipanel plot. Seen are (from the top) magnetic power,
electric field power, degree of electric polarization, polar angle (relative to B) of electric polarization axis (EPA), aximuthal angle of EPA, and degree

of magnetic polarization.

frx = 18.1kHz. From cold plasma theory we cal-
culate, for a wave normal angle of 89°, that the index
of refraction for Z mode can be large (n>2) for f~fyn.
The most intense emission near 16kHz is not X
mode unless f, is at the lowest probable value of
7.8 kHz. For both X and O mode the index of refraction
is less than 1. Measured ratios of index of refraction
evaluated by taking the ratio of ¢B/FE are typically in the
range of 10 <n<100. Thus, the measured and calculated
index of refraction is consistent with Z mode emission.

We have also conducted wave distribution function
analysis (cf. Santolik and Parrot, 2000) for a portion of
this pass. Fig. 3 shows results of an analysis of the 6-
component waveform measurement recorded by the
HFWR instrument. The waveform capture started at
20:33:31.732, about 18s after the waveforms of Fig. 2,
and lasted for 0.445s with a sampling frequency of
71.43kHz. The waveforms were then subjected to a
multicomponent spectral analysis using the fast Fourier
transform procedure. This analysis results in a 6 x 6
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spectral matrix at each frequency. Frequencies between
14 and 19kHz are shown in Fig. 3.

Panels @ and b represent the power-spectral densities
of the magnetic and electric fields, respectively. A peak
of electric power reaching 3 x 10°mV*m2Hz ' is
observed in this frequency range. This peak has a very
weak counterpart in the magnetic field spectrum, just
above the noise limit of ~10~°nT?Hz .

The polarization of the electric field fluctuations is
left-handed, highly elliptical (panel ¢). The results are
plotted for the electric field signal stronger than
107*nT?*Hz~'. The main polarization axis is perpendi-
cular to the ambient magnetic field (panel d) oriented
azimuthally in the east—west direction (panel e). This is
indicative of the extraordinary mode. We note that the Z
mode exists with left-handed extraordinary polarization
for f<f,, which is certainly possible at this time.

The polarization of the magnetic field fluctuations
(panel f) is very variable and we can observe both left-
handed and right-handed elliptical polarization. The
interpretation of this result may be similar to that
discussed by Santolik et al. (2002), where the same type
of polarization was interpreted as a superposition of
many linearly polarized waves. The main polarization
axis deviated by less than 40° from the direction of the
ambient magnetic field.

Using an analysis method based on the singular value
decomposition (SVD) of the spectral matrix (Santolik et
al., 2003), we find that the wave vector is close to
perpendicular to the ambient magnetic field and that the
waves propagate eastward, azimuthally around the
Earth. The Poynting flux also probably has a northward
component.

For the time of the data shown in Figs. 1 and 2 the
Polar PWI wideband receiver was not selected and
therefore the data were not available. In Fig. 4 we
display wideband data for a pass on April 5, 1996. This
is a gray-scale spectrogram for a 48-s period starting at
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Fig. 4. Wideband spectrogram of the high resolution wideband
receiver electric field data (Eu antenna) for a 48-s time interval for
April 5, 1996, starting at 12:37:38.9 UT. This data covers a frequency
range from 0 to about 90 kHz. Of particular significance are the many
relatively intense near-constant frequency emission bands observed in
the frequency range ~45kHz<f<~55kHz. There is also a spin-
modulation of the data showing nulls at ~3s intervals.

Polalr PWI Wideband Receiver Calibll'ated

1 1 1 1 1 1 1 1 1 1 1 1 1
~ 1996-04-05 SCET 12:37:50
Ty 1070 4 Ry 4.80|-
= Dn 10.74
E 1 MLT 0.54]F
2 5 L 4.80
= 1077 =
5 / |
T o L
£10
[=9
2] . L
2
£ 10™"° 4 =

—— 7T

40 45 50 55 60

Frequency (kHz)

Fig. 5. A cut of the power spectral density [V?/(m?>Hz)] versus
frequency for a small range of frequencies centered at 50 kHz. Note the
series of closely spaced peaks (indicated with arrows) with separations
of about 1-2kHz. These peaks correspond to the band of emission
seen in Fig. 4.
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Fig. 6. A spectrogram of the wideband instrument (WBD) on board
the Cluster (C2) spacecraft. The spectrogram covers a frequency range
from 0 to 28 kHz over a 30-s time interval for the electric field (Ez
antenna). C2 is located at a magnetic latitude of 4, =379,
R=112Rg and MLT ~3.5h. Seen in the figure in the frequency
range 14 kHz<f<17kHz are very many closely spaced emission bands
that appear to oscillate in frequency with an amplitude of a few
hundred Hz.

12:37:38.9, when the spacecraft was located near a
magnetic local time of midnight, magnetic latitude of 13
degrees, and radial distance of about 4.9Rg. At this time
the Kp is 1 and the Dst is about —8 nT decreasing only
slowly. The local cyclotron frequency was about
7.1kHz. We observe several bands of continuum
emission, with each band separated by a frequency
much less than f.. There is a definite spin modulation of
the signal with nulls occurring every 3s (the spacecraft
spin period is about 65s). We have determined that the
electric field nulls occur when the electric field antennas
in the spin plane are nearly parallel with B and the
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intensity peaks are centered when the same antennas are
nearly orthogonal to B. This would be consistent with Z-
mode or X-mode. In order to clearly display the closely
spaced bands of emission, we plot in Fig. 5 a cut of the
power spectral density [V?/(m? Hz)] versus frequency for
a small range of frequencies centered at 50 kHz. A series
of peaks with separations of about 1-2kHz is seen. We
have used a 1024 point FFT and the sampling rate of the
data is 249kHz, so the frequency resolution is about
365 Hz. This figure is very similar to Figs. 9 and 10 of
Menietti et al. (2003) which show KC emission observed
also by the wideband receiver. The biggest difference
would be the frequency range. The data of Fig. 4 require
a similar explanation as that provided for the KC. We
suggest that there are multiple closely spaced sources of
emission possibly associated with density structures.

Finally, in Fig. 6 we show an example of Cluster data
obtained when the C2 spacecraft was located at
MLT = 3.5, magnetic latitude of 37.9°, and a radial
distance of 11.2RE. This large radial distance means that
the spacecraft is well outside the plasmasphere and not
near a source of continuum emission. The Kp is about
3.5 and the Dst is relatively steady at —21nT. The
spectrogram format is similar to Fig. 4, but the time
duration of the plot is 30s. Seen in this figure are low-
frequency electrostatic emissions and what appears to be
continuum emission in the frequency range 14 kHz<
f<17kHz. The plasma frequency is not known, but due
to the spacecraft position we can be certain that
Jp< <14kHz, thus the emission is in a free-space mode.
The emission shows an unusual fine structure with
separations much less than f.., which is about 2.8 kHz at
this time. The fine structures appear to have an oscillating
frequency with an ampltitude of about a few hundred Hz.
The source of these oscillations is only speculative, but
may be due to a perturbation of the source region.

4. Summary and conclusions

The wideband observations of Polar and Cluster
continuum emission provide new and interesting in-
formation. Multiple closely spaced (in frequency) bands
observed by both the spacecraft near and outside the
plasmasphere indicate that the emission is not just due
to (n+1/2) harmonics of f... One explanation for such
an emission is that it is due to multiple sources of UH or
Z mode emission from source regions located at
different radial distances (hence frequency). This ex-
planation would be consistent with source regions
associated with distinct density structures as have been
reported in the past for the plasmapause (cf. LeDocq et
al., 1994; Darrouzet et al., 2002; Menietti et al., 2003).
Such structures may take the form of ducts (enhance-
ments) or cavities.

The source mechanism of continuum emission has been
generally described by the linear conversion theory of
Jones (1988) and by the nonlinear conversion mechanisms
described by Melrose (1981), Barbosa (1982), or Ronn-
mark (1983, 1989, 1992). All of these mechanisms involve
upper hybrid waves. In the linear mechanism UH waves
refract (in a steep density gradient) to Z-mode waves at a
wave normal angle near 90°. Z-mode waves can mode
convert to O-mode waves (cf. Horne, 1989, 1990). The
nonlinear mechanisms are described by the authors as
more efficient than the linear conversion mechanism. The
polarization obtained by Polar for the data of Figs. 1 and
2 would indicate that the most predominant polarization
is Z-mode. This does not preclude that O or even X mode
is not present at lower intensity.

Eigenmode trapping of Z-mode emissions for both
density cavities and density enhancements (cf. McA-
dams et al., 2000; Yoon et al., 2000) has been suggested
to explain discrete emissions (fine structure) of auroral
roar. A modification of such processes might also
explain the present observations.

The observations of continuum emission are in every
way analogous to the observations of KC emission
presented by Menietti et al. (2003). This is strong
evidence that both continuum and KC have similar
source mechanisms, and most probably are associated
with density structures in the plasmasphere and plas-
mapause region. A comprehensive study of these density
structures using the Cluster spacecraft will be most
important.
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