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Comparison of kilometric continuum latitudinal radiation patterns
with linear mode conversion theory
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[1] Using 80 observations of kilometric continuum (KC) radiation patterns detected by
the Radio Plasma Imager on the IMAGE spacecraft, the latitudinal variation of these
radiation patterns is compared with the predictions of linear mode conversion theory
(LMCT). Six of these comparisons are presented in this paper. Because the location and
shape of the plasmapause at the source cannot be simultaneously determined with all of
the KC observations, we estimated the minimum frequency-dependent beaming angle
possible based on a statistical upper limit plasma density versus L-shell profile.

This density versus L-shell profile is equated to the 90th percentile plasma density versus
L-shell curve derived from over 40,000 in situ measurements of the upper hybrid
resonance frequency made over the first 3 years of the IMAGE mission. For all cases,
starting at frequencies approximately >150 kHz, the model beam center was found to lie
just within or outside the radiation pattern. Unrealistic peak densities are required at

the equatorial source L-shell locations which are necessary to force the beam centers to lie
deep within the observed radiation patterns. We present this as strong evidence that LMCT

cannot be used to explain KC. In order to explain the latitudinal location of the high-
frequency end of these KC radiation patterns a theory is required in which these
frequencies are beamed at equatorial angles that are much smaller than the predictions
of LMCT. Hashimoto et al. (2005), analyzing one KC radiation pattern detected by
CRRES, reached the same conclusion. We present one case in which the source location
was inferred by equating the harmonic spacing in the KC radiation pattern with the model
electron cyclotron frequency at the source. The LMCT model beams, for this source
location, were found to lie outside of the radiation pattern at all frequencies, again
consistent with Hashimoto et al. (2005). In addition a survey of KC observations by
IMAGE in MLT is presented in which the probability of occurrence peaks in both the

dawn and evening sectors.
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1. Introduction

[2] The Earth’s nonthermal continuum radiation is ob-
served from 10 to 800 kHz [see, e.g., Gurnett, 1975;
Hashimoto et al., 1999]. At frequencies less than the
magnetopause plasma frequency (~30 kHz) the continuum
radiation has been referred to as the “trapped” component
[Gurnett and Shaw, 1973]. At frequencies above the mag-
netopause plasma frequency the emission has been referred
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to as the “escaping” component [Kurth et al., 1981].
Continuum in the frequency range of 100 kHz to 800 kHz,
whose source is near the magnetic equator of the inner
magnetosphere, was first identified by Hashimoto et al.
[1999] as an emission distinct from nonthermal continuum
radiation (NTC) [Gurnett, 1975] whose frequency range is
primarily from ~5 kHz to 100 kHz. Hashimoto called this
radiation kilometric continuum (KC) suggesting that KC
was more than just the high-frequency extension of NTC.
This term was coined for two reasons: (1) the high-frequency
extent suggested a source deep within the equatorial plas-
masphere while NTC originates near or at the equatorial
plasmapause and (2) KC occurs at all magnetic local times,
while direction finding of NTC shows that its source is
primarily in the dawn sector [Gurnett, 1975]. As opposed to
KC originating from deep within the plasmasphere, there is
now strong evidence that KC does originate from the
plasmapause inside structures like notches and shoulders
[Green et al.,2002,2004]. For reviews of KC, see Hashimoto
et al. [2006] and Green and Boardsen [2006]. The radiation
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pattern of KC is often observed to extend downward
in frequency into the upper portion of the NTC frequency
range.

[3] The radiation patterns of both KC and escaping NTC
[Kurth et al., 1981] have large longitudinal extents and they
often exhibit harmonics in their frequency spectra. Therefore
it is believed that they are generated by the same mecha-
nism. In the mid-1980s, linear mode conversion theory
(LMCT) [Jones, 1976, 1980, 1981; Budden, 1980, 1986;
Budden and Jones, 1987] became the accepted explanation
of NTC. In LMCT, electrostatic waves, generated by unstable
electron distributions, are transformed into Z-mode radiation
as the waves propagate; when the Z-mode radiation reaches
the radio window it mode converts into the L-O free space
mode. The key prediction of LMCT is that free space
radiation emerging from the radio window will form two
symmetrical beams about the magnetic equator whose
beaming angles in latitude are given by, itanfls/fce/ﬁ,g
where the wave frequency is equal to the plasma frequency
(fpe) at the radio window, and f;, is the electron cyclotron
frequency at the radio window. The gradual acceptance of
LMCT as the best explanation for NTC was due to studies
like that of Horne [1989], who showed that the original
electrostatic waves can reach the radio window without
being sufficiently damped out as they propagate to the
window radio and from observations of the beaming of free
space mode radiation from the window [Jones et al., 1987;
Jones, 1988].

[4] Further testing of the symmetrical beaming prediction
of LMCT was made in a comprehensive study by Morgan
and Gurnett [1991]. At frequencies primarily below 100 kHz
the location of the source region was estimated by planar
direction finding using one spacecraft (Dynamics Explorer-1)
at different positions along its orbit. Morgan and Gurnett
[1991] presented 11 events in Table 1 of their paper in which
beaming angles where estimated from direction finding and
compared against the predictions of LMCT. Eleven of the
nine events occurred at frequencies less than 100 kHz. Two
occurred in the KC range but below 150 kHz. Of these 11
events, for three the range of inferred beaming angles over-
lapped the range of predicted beaming angles, for one the
range of inferred beaming angles was less than the range of
predicted beaming angles, and in seven the range of inferred
angles were greater than the range of predicted angles. They
also noted that in general a two beam pattern about the
magnetic equator was not observed. Morgan and Gurnett
[1991] concluded that the LMCT beaming angle formula is a
“poor predictor of the observed beaming.” However, they
acknowledge that their conclusions are partially mitigated by
radiation of solar origin which maybe interfering with
direction finding for some of their cases and that source of
the radiation is probably extended in space.

[5] The lack of an observed two beam pattern in itself
cannot rule out LMCT because there are many factors that
could contribute to the smearing out and spreading out this
pattern, for example, (1) overlap of the two beam widths,
(2) an extended source region in longitude that is not
coplanar, (3) an extended source region in latitude about
the magnetic equator, and (4) the waving of the ambient
background magnetic field direction at the source from low-
frequency transverse Alfven waves. All of these factors,

BOARDSEN ET AL.: KILOMETRIC CONTINUUM RADIATION PATTERNS

A01219

however, would tend to broaden the radiation pattern in
latitude rather than narrow it.

[6] Hashimoto et al. [2005] analyzed a KC event (from
0010 to 0230 UT on 7 September 1990) observed in the
CRRES wave data for which the source location was taken
to be at an L-shell of 3.9 Earth radii (Rg), the L-shell where
CRRES crossed the plasmapause (outbound at 2245 UT,
6 September) approximately 90 min before encountering
these emissions. Using this equatorial source location,
Hashimoto then compared the observed beaming angles
with the LMCT predicted beaming angles. He found that the
observed angles are significantly smaller than the theoretical
values by as much as ~8° and concluded that the inferred
plasmapause position would have to be at 4.3 Ry rather than
3.9 R to make the LMCT predictions consistent with
observations. Like Morgan and Gurnett [1991], Hashimoto
could see no evidence of a symmetrical two beam structure
in the radiation pattern as the spacecraft transversed the
magnetic equator. Examining the Upper Hybrid Resonance
(UHR) line in the spectrogram from Figure 4 of Hashimoto
et al. [2005], it looks like CRRES crossed the plasmapause
inbound around 0530 UT at a dipole L-shell of 4.4 Rg.
Outbound, there is a sudden transition in gradient from the
plasmasphere to plasmapause around 200 kHz, whose
effects are not observed in the KC event around the same
frequency. Thus even for this example, the source location
is inferred and not based on simultaneous observations of
the plasmapause during detection of the KC radiation.

[7] The purpose of this paper is to examine the radiation
patterns of the high-frequency portions (above 100 kHz) of
NTC events. All these events have peak emission frequen-
cies >100 kHz, well above the magnetopause plasma
frequency, and as such are referred to as kilometric contin-
uum (KC). We note that KC is most likely equivalent to the
high-frequency end of escaping continuum. In this paper we
present a statistical survey of KC observed by the Radio
Plasma Imager (RPI) on the IMAGE spacecraft. A similar
survey was made by Hashimoto et al. [1999] using data
from the Plasma Wave Instrument on the Geotail spacecratft.
This survey of Hashimoto et al. [1999] was performed at
much larger radial distances from the source (~6 to ~24 Ry)
due to Geotail’s orbit and emission “hot spots” in magnetic
local time (MLT) can be smeared out and not observed due
to the large longitudinal angular width of this radiation.
IMAGE whose orbit places it much closer (~3 Rj) to the
plasmaspheric source region during equatorial crossings is
in a much more favorable position to observe variations in
source activity with MLT.

[8] Using RPI data, we further investigate the validity of
LMCT when used to explain KC. We compare the observed
KC radiation pattern for 80 events with the predications of
LMCT using methods similar to that of Hashimoto et al.
[2005]. Six of these comparisons, of the latitudinal variation
of KC, are presented here. In one of these a clear harmonic
signature is present in the KC, from which the source
location is inferred by equating the harmonic spacing with
the magnetic dipole model derived f. at the source. For
all of the events presented in this paper it is clear that LMCT
theory fails to adequately explain the latitudinal pattern of
KC because unreasonably high plasma densities would
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Figure 1. Example of a typical kilometric continuum
(KC) radiation pattern, peaking near 400 kHz shortly after
0700 UT, observed by Radio Plasma Imager (RPI) on the
IMAGE spacecraft as it latitudinally transverses the Earth’s
magnetic equator. We coined the term “Christmas tree” to
describe the shape of this pattern as observed in frequency-
time spectrograms. The dashed vertical line shows the
location of the dipole equator.

be required at the source L-shell necessary to force the
LMCT beams to lie within the observed radiation pattern.

2. Description of Orbit, Instrument, and Data Set

[v] The IMAGE spacecraft [Burch, 2000] is in a polar
orbit with apogee of ~8.25 Ry and a perigee of ~1.10 R,
and its orbital period is ~14.23 h. This orbit is ideal for
studying the latitudinal variation of KC. The spacecraft spin
axis is oriented perpendicular to the orbit plane and the spin
period is ~2 min. The RPI instrument [Reinisch et al.,
2000] on the IMAGE spacecraft was designed to operate in
both an active mode and a passive mode. In the active mode
RPI transmits radio pulses and listens for their return echoes
[Galkin et al., 2004]. In the passive mode RPI operates as a
sensitive receiver and samples the natural magnetospheric
emissions. The passive measurements are used in this study.
The signals from the three orthogonal electric field antennas
on IMAGE are simultaneously sampled by the RPI receiver.
The 20 m tip-to-tip £, antenna is aligned along the space-
craft’s spin axis, while the two 500 m tip-to-tip Ex and Ey
antennas are in the spin plane. The long spin plane antennas
were shortened (attributed to collisions with micrometeor-
ites) near the fall eclipse seasons. The combined electric
field intensity from the Ey and Ey dipole antennas are used
in this study. The measurements made by the E, dipole
antenna are not used in this study.

[10] In the passive mode RPI was programmed to make
two frequency sweeps; a 3 kHz to 20 kHz sweep composed
of 44 linearly spaced frequency steps over 10 s, followed
immediately by a 20 kHz to 1 MHz sweep composed of
198 logarithmically spaced frequency steps over 50 s.
Owing to instrument operations using the active mode the
cycle times between complete sweeps in frequency was
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about 2 1/2 min. The bandwidth of each measurement is
300 Hz.

[11] The RPI passive mode data set, used in this study,
covered the period from May 2000 to January 2004. Fre-
quency-time spectrograms of the combined £yand Eyelectric
field measurements where generated for all crossings of the
magnetic equator by IMAGE and these spectrograms were
visually examined for KC.

3. Observations

[12] An example of a KC radiation pattern detected as
IMAGE latitudinally transverses the magnetic equator is
shown in the frequency-time spectrogram in Figure 1. As
IMAGE approaches the magnetic equator, first the low
frequencies of this emission are encountered followed by
higher frequencies, peaking around 400 kHz near the true
magnetic equator at 0719 UT (indicated by the brief en-
hancement of presumably electrostatic emissions at lower
frequencies between 3 and 30 kHz). As IMAGE moves away
from the equator the opposite trend in frequency occurs.
Since this radiation pattern observed in the spectrogram
resembles a “Christmas tree,”” we coined this term to describe
this type of pattern. This term was first used in the review
paper by Green and Boardsen [2006]. A similarly shaped KC
radiation pattern is shown in Figure 4 of Hashimoto et al.
[2005] from 0010 to 0230 UT on 7 September 1990.

[13] Four other examples of KC radiation patterns
detected by RPI during magnetic equator crossings by
IMAGE are shown in Figures 2a—2d. The white curve
superimposed on each figure is the beam center derived
from LMCT using the 90th percentile density versus L-shell
relation and will be discussed in the following section. We
define the beam center as the beam formed by the free-space
radiation emerging from the center of the radio window.
Figure 2b was presented in the review by Green and
Boardsen [2006] with an orbit insert. The radiation patterns
in Figures 2b and 2¢ were detected in the dawn sector, while
the radiation patterns in Figures 2a and 2d were detected
in the midafternoon and dusk sectors, respectively. In most
of the KC observations by IMAGE there is no distinct
transition in the observed radiation patterns across the
~100 kHz demarcation frequency between “KC” and
“NTC” radiation. Only in Figure 2a is there possible
evidence of a two lobe structure and it occurs at frequencies
less than ~100 kHz where there is a diminishing of
intensity as the magnetic equator is crossed. These two
lobes (or beams), as would be qualitatively predicted by
LMCT, merge at frequencies above ~100 kHz. In the other
patterns the emissions appear more or less smooth across
the equator with little evidence of being composed of two
lobes. In our survey we have found four events in which the
radiation pattern could be interpreted as being composed of
two lobes centered about the magnetic equator. In all of
these cases the lobe structures were observed at frequencies
less than 100 kHz.

[14] We manually examined 1700 magnetic equator
crossings by IMAGE for KC events and identified around
140 crossings in which KC was detected. The IMAGE
observations of KC are made when the spacecraft is
typically between 2.5 and 8.3 Ry, with a median of 6 Rp.
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Figure 2. (a—d) Examples of KC radiation
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patterns observed by RPI as IMAGE transverses

latitudinally through the magnetic equator. A two lobe pattern (or diminishing of emission intensity
below 100 kHz around the equator) can be seen in Figure 2a. The white curve is the center of the LMCT
beams derived from the 90th percentile plasma density curves (Figure 7). For LMCT to be correct these
curves should lie deep within the radiation pattern at all frequencies but instead lie outside the pattern at

the high-frequency end of the emission.

The distribution of the 1700 equatorial crossings by IMAGE
is shown in the scatterplot of Figure 3. The azimuthal
coordinate is magnetic local time (MLT), while the radial
coordinate is equatorial L-shell. The black dots correspond to
crossings in which no KC was detected and the red dots
correspond to crossings in which KC was detected. The
frequency of occurrence for detecting KC with MLT is shown
in Figure 4. The dropout from 1400 to 1600 MLT is due to
small sampling in that range. KC is observed at all MLTs,
consistent with Geotail observations of KC [Hashimoto et
al., 1999; Green et al., 2004] but is strongly peaked in the
dawn sector with a secondary peak in the dusk sector as
shown Figure 4 in contrast with the more smoothly varying
frequency of occurrence with MLT observed by Geotail. We

suspect this difference is due to the broad latitudinal
radiation pattern that is associated with KC which may
washout the MLT dependence at large distances from the
plasmapause of ~6 to ~24 R for Geotail; as opposed to ~2
to ~3 Ry for IMAGE. Also since IMAGE, when near the
magnetic equator, is closer in it will be outside of the AKR
emission cone for a larger percentage of the time compared
to that of Geotail for the dusk and midnight sectors. The
dawnside peak of the KC occurrence frequency, in this
paper, is consistent with the observed dawnside peak of
intensity for NTC observed by Gurnett [1975]. We specu-
late that the smaller dusk side peak may be associated with
plasmaspheric plumes and that density gradients on the
inner edge of the plume tap a free energy source that does

4 of 9



A01219

Occurence of
KC Emissions by RPI

0 MLT

6 MLT

Figure 3. A dial plot in magnetic local time (MLT)
(azimuthal coordinate) versus L-shell (radial coordinate) of
1700 IMAGE spacecraft equatorial crossings used in this
study. The black dots are crossings in which no KC was
detected, whereas the red dots indicate the 140 crossings in
which KC was detected. The concentric circles are spaced at
unit intervals of L-shell.

not normally extend inwards to the nominal plasmapause in
the dusk sector.

4. Comparison of Observations With LMCT
Beaming Formula

[15] LMCT predicts that free space mode radiation (pri-
marily in the L-O mode) will emerge from the radio window
where Z-mode waves can be directly converted into free
space L-O mode waves or vice versa. The center of the
radio window occurs at a point where the wave frequency is
equal to the plasma frequency and its wave vector is either
parallel or antiparallel to the ambient magnetic field. The
transmission coefficient is unity at the center of the window
but drops off rapidly away from the window center. A
plasma density gradient is required and its magnitude
strongly affects the size of the window (the solid angle
about the window center where the transmission coefficient
is sufficiently large), the larger the gradient the larger the
window. As the emerging L-O mode wave propagates away
from the window, its wave vector is rapidly refracted away
from the ambient magnetic field direction toward the
gradient direction. In addition, owing to the strong plasma
density gradient, the index of refraction rapidly approaches
unity as the wave propagates away from the plasmasphere
into lower-density media. This process can be described by
a beaming formula. Budden [1980, 1986] developed such a
radio-window beaming formula for arbitrary angles between
the ambient magnetic field and the plasma density gradient
direction.

[16] Jones [1976, 1980, 1981] and Jones et al. [1987]
applied the theory of the radio window to explain NTC. He

BOARDSEN ET AL.: KILOMETRIC CONTINUUM RADIATION PATTERNS

A01219

assumed the window is located at the equatorial plasma-
pause and the plasma density gradient is nearly perpendicular
to the ambient magnetic field. Under these assumptions,
Budden’s beaming angle formula simplifies to that given in
the introduction. This formula predicts that two symmetric
beams should emerge from the source at the magnetic
equator, one at higher latitudes and the other at lower
latitudes, where the beaming angle is a function of the f../
Jre ratio at the source. The wave frequency equals f,, at the
radio window. For a fixed /., the beaming angle decreases as
Jpe increases. For a KC observation at a given frequency
(which fixes f,. at the source), f.. must be decreased (i.e.,
moving the source radially outward) in order to reduced the
predicted beaming angle out of the equatorial plane.

[17] For a sharp plasmapause, where the variation of £, is
small compared to the variation of f,. across the plasma-
pause, Hashimoto et al. [2005] showed how the beaming
formula can be used to qualitatively explain the shape of the
observed radiation pattern in CRRES plasma wave obser-
vations [see Hashimoto et al., 2005, Figures 5 and 6]. Using
the beaming formula with f.. nearly constant across the
plasmapause, the higher-frequency waves will be beamed at
angles closer to the equatorial plane than that of lower-
frequency waves. This pattern is illustrated in Figure 5
(similar to Figure 5 of Hashimoto et al. [2005]) in which
frequency-dependent beams (red traces) were emitted
from an equatorial model plasmapause located at a L-shell
of 3.5 Rg. The IMAGE orbit (black trace) for the event of
Figure 1 is overlaid. As IMAGE moves inbound toward the
equator first the low frequencies and then high frequencies
are encountered, the opposite occurs outbound from the
equator. By marking off in time when the spacecraft
encounters a particular frequency a simulated frequency-
time spectrogram can be created of the beam centers. A
simulated spectrogram, for the event shown in Figure 1, of
beam centers for different source plasmapause locations of
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Figure 4. Frequency of occurrence of KC radiation
detected by RPI on IMAGE versus MLT for the 1700
magnetic equatorial crossing used in this study.
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Figure 5. Rays (red curves), whose frequencies varied
between 35 and 280 kHz, launched from an equatorial
source region for a plasmapause located at 3.5 R;. A portion
of the IMAGE orbit (black curve) corresponding to the
spectrogram of Figure 1 is overlaid. The intersection of these
rays, whose beaming angles are frequency-dependent with
the IMAGE orbit, were used to simulate the spectrograms of
Figure 1 for different source plasmapause locations.

2.2,3.5,and 4.5 Ry is shown in Figure 6. The beams centers
for a plasmapause of 2.2 and 3.5 Ry lie well outside of the
observed KC emissions of Figure 1, while the beam centers
for a plamapause of 4.5 R just touches the outer edge of the
observed KC emissions. The empirical plasmapause model
(which is MLT and Kp,.x1» dependent) given in Table 1 of
Moldwin et al. [2002] predicts a plasmapause location at an

LMTC Beam Centroids
for IMAGE on 2003 332 (11/28) for
Different Plasmapause L-Shell Locations
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Figure 6. Reconstructed spectrograms of the beam centers
for equatorial source (radio window) plasmapause locations
of 2.2, 3.5, and 4.5 Ry using the IMAGE orbit shown in
Figure 5 corresponding to the observed spectrogram of
Figure 1. The dots on each curve are where f,, = (n + 1/2) f..
at the equatorial source.
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L-shell of 4.32 + 0.22 Ry for the MLT sector in which
IMAGE was located for the event of Figure 1.

[18] In order to be consistent with LMCT the model beam
centers should lie deep within the observed pattern. In order
to force the observed beam centers to lie within the
observed pattern, for this event, the plasmapause has to be
moved outward while the f,. drop across the plasmapause
must still encompass the observed frequency range making
up the radiation pattern. Note that the peak frequency of the
beam centers shown in Figure 6 drop in frequencies as the
plasmapause moves outward. Using an empirical density
model like Gallagher et al. [2000] or Carpenter and Anderson
[1992] as one moves the plasmapause outward, in order to
force beam centers to lie within the radiation pattern, the
maximum plasma frequency at the plasmapause drops below
the maximum frequency observed in the KC radiation pattern
no matter how the parameters in these models are adjusted.

[19] A question arises as to whether the maximum plasma
density drop across the plasmapause is realistic for the
necessary plasmapause location to force consistency be-
tween the observations and LMCT. In lieu of simultaneous
direct measurements of the plasmasphere and plasmapause
equatorial plasma densities during the detection of KC
radiation patterns, we argue that the required maximum
plasma density at the necessary source L-shell is statistically
unlikely. In order compute the maximum observed plasma
density versus L-shell we use a data set of 40,000 in situ
plasma density measurements made from RPI passive
measurements over the first 3 years of the IMAGE mission
[Fung et al., 2001; Garcia et al., 2003]. Figure 7 is a

RPI UHR Measurments of fpe

| PR ] e e gy e o3 oy i) ) e joey

1000

Plasma Frequency (kHz)
2

10

6
L-Shell (Rg)

Figure 7. Scatterplot of in situ density measurements
versus L-shell. The densities are derived from passive mode
upper hybrid resonance measurements by RPI over a 3 year
period. The red, green, and blue traces are at the 90th,
50th (median), 1 percentiles that were computed by binning
the density measurements into bins of L-shell.
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Figure 8. A frequency-time spectrogram of a KC event
is shown. The inner V-shaped curve is derived from the
90th percentile curve shown in Figure 7. The white curves
indicated by L = 3 were derived from a source plasmapause
at an equatorial Z-shell of 3, where the dipole model derived
f.. equals the spacing observed in the KC frequency bands
for this event (see Figure 9). LMCT theory fails to
quantitatively explain the observed latitudinal variation of
KC with frequency for either case.

scatterplot of these in situ plasma density measurements
versus L-shell. These density measurements, used in studies
by Fung et al. [2001] and by Garcia et al. [2003], were
made by hand-scaling of the upper hybrid resonance band,
when detectable. Benson et al. [2004] discusses the reli-
ability of the identification of the upper hybrid band and in
using it to infer plasma densities. The red, green, and blue
curves are the 90th, 50th, one percentile curves determined
by binning the logarithm of the density measurements with
L-shell. We used the 90th percentile curve (red) from Figure
7 in the beaming formula to derive a reasonable lower limit
for the beaming angle as a function of KC wave frequency
and its corresponding “source” L-shell. We emphasize that
the 90th percentile curve does not represent a realistic
plasmasphere shape but that it gives a reasonable estimate
of the maximum plasma density that can occur at a specified
equatorial L-shell. This curve can be used to place lower
limits on the beaming angle at a given frequency.

[20] We overlaid these beaming angle lower limit curves
on spectrograms of 80 KC radiation events for which there
was not significant contamination from either AKR or type
III solar bursts. Since these curves represent our estimates
for the lower limits to the equatorial beaming angle, the
LMCT predicts no significant radiation deep within the
boundary defined by these curves for all frequencies that
makeup the KC. Examples of KC radiation patterns, with
these beaming angle lower limit curves (white curves)
overlaid, are shown in Figures 2a—2d and in Figure 8.
These beaming-angle lower limit curves move outward in
latitude from the equator with increasing frequency and lie
outside of the KC radiation pattern at the higher frequencies.
Similarly, for all 80 events, the LMCT predicted beam
centers were found to lay outside, or a best touch, the outer
boundaries of the high-frequency portion of the observed
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radiation patterns. Therefore we conclude that LMCT fails
to explain the high-frequency portion of these KC radiation
patterns and therefore probably fails to explain their low-
frequency extent also.

[21] In order to compare frequency components of the KC
radiation patterns below ~150 kHz with LMCT, the location
of the plasmapause at the source must be known. As
discussed in the introduction, Hashimoto et al. [2005] used
the plasmapause location observed ~90 min before encoun-
tering KC to infer the source position. We present one
example (Figure 8) in which the source location is inferred
by equating the observed harmonic spacing in the KC
radiation (more apparent on the spectra shown in Figure 9)
with a magnetic dipole model derived f;. at the equatorial
source. The equating of the observed harmonic spacing of
NTC with a model equatorial £, has been used to remotely
sense the plasmaspause location in studies of enhanced
continuum by Gough [1982] and Kasaba et al. [1998]. The
justification for equating harmonic spacing in NTC is based
on one event at a sharp plasmapause where Kurth [1982]
showed “a direct correspondence between the narrow band
radio emissions and electron cyclotron harmonic waves near
the upper hybrid frequency.” We assume that such an
equating of the observed harmonic spacing in radiation with
fee at the equatorial source is also applicable in the KC
frequency range.

[22] In our investigation of the event of Figures 8 and 9,
we use 33 kHz as a representative spacing and equate it with
the magnetic dipole model derived f.. to determine an
equatorial source location at 3 Ry. The curves labeled L = 3
are beam centers derived for a sharp plasmapause located an
L-shell of 3 Rz The left edge of the radiation pattern just
touches left most L = 3 curve while the right edge lies
completely inside of the right most L = 3 curve.

5. Discussion

[23] In our computations an azimuthally symmetric plas-
masphere/plasmapause or 90th percentile plasma density

IMAGE RPI XY Electric Field Spectra
at 2002 338 (12/04) 19:44:43
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Figure 9. Combined X-Y antenna electric field frequency
spectrum of KC emission bands is shown. The vertical
dashed lines are spaced at the nf_, for an assumed equatorial
source location at 3 Rx. The IMAGE spacecraft is located at
6.6 R and 3.0° magnetic latitude.
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model was used and the computations where made in the
plane containing the source magnetic field direction and
spacecraft position (the density gradient would also lie in
this plane). This is obviously an extreme simplification of
the real shape of the plasmapshere and plasmapause. One
might wonder if rays launched at an azimuth angle about the
magnetic field from the antidensity gradient direction in the
equatorial plane might be focused more toward the equator
than those emerging in the plane defined by the density
gradient direction and the magnetic field direction. Budden
and Jones [1987] have shown that the beaming angle out of
the equatorial plane is not very sensitive to the azimuthal
component of the emerging wave vector [see Jones, 1988,
Figure 4; Budden and Jones, 1987, Figures 4 and 6].
Therefore the above assumption (spacecraft and source are
in the same meridian plane) used to compute the synthetic
spectrograms of the beam centers is reasonable.

[24] The beaming formula is only strictly valid for plas-
mas with a constant density gradient and uniform magnetic
field. This approximation should also be very good for
sources at realistic plasmapauses. In order to test the
beaming formula, we performed cold plasma wave ray
tracing in a model plasmasphere/plasmapause over a broad
range of frequencies. We launched L-O mode waves very
close to, but just outside, the radio window, terminating the
ray trace 5 Ry away from the source. Since we know the
model magnetic field direction at the equatorial plasma-
pause source and the source location and the location of the
end point of the ray, we are able to compute a beaming
angle for a set of ray-traced frequencies. Our cold plasma
wave ray tracing derived beaming angles where found to be
in close agreement with the angles given by the LMCT
beaming formula, but they tended to be a degree or two
larger than that given by the formula. Therefore cold plasma
wave ray tracing from the radio window did not result in a
ray propagating closer to the magnetic equator than that
computed from the formula.

[25] In our cold plasma wave ray tracing model the
density is constant along an L-shell near the magnetic
equator. A density minimum along an L-shell at the equator
could help to refract the emitted radiation back toward the
equator. A density minimum at the equator will be small and
gradual at best, but because the window is right at the
plasma frequency the wave propagation could still be
influenced by a small minimum. Huang et al. [2004]
modeled the density variation along an L-shell by inverting
ducted echoes detected by RPI and deduced a relatively flat
density profile across the equator. Trapped particles at the
equator could introduce a small density enhancement along
an L-shell at the equator. Olsen et al. [1994] estimated that
trapped distributions could contribute 5 to 20 cm ™ to the
equatorial plasma density and this should mildly divert the
LMCT beams away from the equator.

[26] Budden [1980, 1986] derives a formula [Budden,
1986, equation (21)] that gives the attenuation of the
transmitted wave as a function of the angle of the emergent
L-mode wave from the center of the window. Could Z-mode
radiation illuminate the window in a systematic way such
that the L-mode emerges from the window at an angle closer
to the magnetic equator than the angle given by the beaming
formula (given in the introduction, for which there is no
attenuation) without experiencing significant attenuation?
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For example, in Figure 6 of Hashimoto et al. [2005]
the latitude difference between beaming angles estimated
from observation and LMCT theory is about 8° for fre-
quencies of 100 and 200 kHz, and about 3.5° for the
frequency 300 kHz. Using these offsets in latitude from
the radio window center, with a plasma density gradient of
—1333 m* at the source plasmapause at 3.9 R, gives an
attenuation of —32 db, —170 db, and —88 db for these
frequencies of 100, 200, and 300 kHz, respectively. So for
frequencies greater than 100 kHz the waves would be
attenuated by at least 3 orders magnitude upon transmission
through the window. Therefore a systematic off center
illumination of the radio window by incident Z-mode
radiation seems and unlikely explanation for the discrepancy
between observation and LMCT in the KC frequency range.
As mentioned in section 1, there are a number of mecha-
nisms that can contribute to broadening and smearing of the
LMCT beams, but it is difficult to come up with mecha-
nisms using LMCT that would focus these beams toward
the equator.

6. Conclusion

[27] Using 80 observations of KC radiation patterns
detected by the RPI on the IMAGE spacecraft, the latitudi-
nal variation of these radiation patterns is compared with the
predictions of LMCT. Six of these comparisons are pre-
sented in this paper. Because the location and shape of the
plasmapause at the source cannot be simultaneously deter-
mined with the KC observations, we estimated the mini-
mum frequency-dependent beaming angle possible using
LMCT based on a statistical upper limit plasma density
versus L-shell profile. This density versus L-shell profile
was based on the 90th percentile plasma density versus
L-shell curve derived from over 40,000 in situ measure-
ments of the upper hybrid resonance frequency made over
the first 3 years of the IMAGE mission. For all cases,
starting at frequencies approximately >150 kHz, the
model beam center was found to lie just within the
radiation pattern or outside it, that is, at latitudes farther
away from the equator. Unrealistic peak densities are
required at the source L-shell locations to force the beam
centers to lie deep within the observed radiation patterns.
We present these results as strong evidence that LMCT
cannot be used to explain KC. In order to explain the
latitudinal location of the high-frequency end of these KC
radiation patterns, a theory is required in which these
frequencies are beamed at equatorial angles that are much
smaller than the predictions of LMCT. Hashimoto et al.
[2005], analyzing one radiation pattern detected by
CRRES, reached the same conclusion. Also in our
investigation, one case is presented, in which the source
location was inferred by equating the harmonic spacing in
the KC radiation pattern with the model electron cyclo-
tron frequency at the source. The LMCT model beams,
for this source location, were found to lie outside of the
radiation pattern at all frequencies, again consistent with
the conclusion of Hashimoto et al. [2005]. In addition, a
survey of KC observations by IMAGE in MLT is
presented in which the probability of occurrence peaks
in both the dawn and evening sectors.
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