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Escaping Nonthermal Continuum Radiation
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New observations by the ISEE 1 plasma wave receiver reveal heretofore unreported details of the non-
thermal continuum radiation from the earth. In particular, the higher frequency escaping component
shows temporal and spectral features which are quite different from those of the lower frequency trapped
emission. The higher frequency component is often clearly separated in frequency from the trapped com-
ponent and high resolution spectrograms show that the escaping radiation consists of numerous narrow-
band emissions which drift slowly in frequency with time. The higher frequency component also exhibits
greater temporal and spatial variability in both amplitude and frequency although the temporal varia-
tions are still quite smooth when compared to the more intense and higher frequency auroral kilometric
radiation. Evidence is presented which clearly shows a direct connection between intense electrostatic
emissions near the upper hybrid frequency and the escaping continuum radiation and strongly suggests
the latter electromagnetic emission is generated through mode coupling with the upper hybrid waves.
The new ISEE observations of the escaping continuum radiation from the earth strongly suggest a close
correspondence with the newly reported narrowband kilometric radiation from Jupiter. Both emissions
are relatively narrowband and show slow variations in amplitude with time. In both cases, the narrow-
band radiation lies above the trapped continuum radiation and below the intense extraordinary mode
emissions (auroral kilometric radiation at the earth and decametric radiation at Jupiter). Evidence from
both planets suggests the radiation is generated by intense electrostatic waves near the upper hybrid reso-
nance frequency in the vicinity of the plasmapause at the earth and at the outer edge of the Io plasma

torus at Jupiter.

1. INTRODUCTION

Terrestrial nonthermal continuum radiation was first de-
tected in the frequency range of 30 to 110 kHz by Brown
[1973] and in the range of 5 to 20 kHz by Gurnert and Shaw
[1973]. Brown reported a power-law frequency dependence of
the radiation, f*, with y =~ —2.8. The lower frequency cutoff
near 30 kHz was apparently due to the propagation cutoff at
the solar wind plasma frequency. Gurnett and Shaw detected
a more intense component at lower frequencies with IMP 6
when the spacecraft was within the magnetospheric cavity.
Since the local plasma frequency in the cavity is less than the
solar wind plasma frequency the continuum radiation below
20-30 kHz is trapped within the cavity.

The terrestrial continuum radiation was characterized in
detail by Gurnert [1975]. Gurnett provided details of the con-
tinuum radiation spectrum, separating the lower frequency
trapped component from an escaping component at frequen-
cies high enough to propagate freely out of the magnetosphere
and into the solar wind. Using direction-finding techniques
the escaping radiation was found to be generated just beyond
the plasmapause from ~4 to ~14 hours local time. Further in-
vestigation into the source region via spatial intensity distribu-
tions indicated that while the intensity is remarkably constant
throughout the magnetospheric cavity, a statistically signifi-
cant maximum occurs in the local morning and afternoon be-
tween 5 and 8 earth radii (R;). Estimates of the source size
from direction-finding measurements of the escaping com-
ponent indicated a relatively large source size (subtending a
half angle of ~20° at 20 < R < 30 R;). Gurmnett also showed a
close association between intense electrostatic bands near the
electron plasma frequency (now identified as upper hybrid
resonance emissions) and continuum radiation and argued
that the electrostatic bands played an important role in the
generation of continuum radiation.

Frankel [1973] proposed that the continuum radiation was
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generated by gyrosynchrotron radiation from energetic elec-
trons in the outer radiation zone. The question of the contin-
uum radiation generation mechanism was pursued by Gurnett
and Frank [1976] in a paper which showed a correlated in-
crease in 1 to 30 keV electrons and continuum radiation in-
tensity. Gurnett and Frank argued that the injection of 1-30
keV electrons into the dawn outer radiation zone led to a co-
herent plasma instability (e.g., intense electrostatic waves near
the upper hybrid resonance frequency, fyur) Which, in turn,
wave-wave coupled into the electromagnetic radiation. Jones
[1976] suggested that the continuum radiation was generated
by a linear conversion of Z-mode waves into O-mode electro-
magnetic radiation at the plasma frequency. Christiansen et al.
[1979a, b] suggested a nonlinear interaction between the up-
per hybrid waves and ULF waves may produce the contin-
uum radiation. Melrose [1981], in a critique of the available
theories, suggested that the most likely mechanism for the
generation of continuum radiation involved the coalescence of
upper hybrid waves with low frequency ion-cyclotron waves.

Nonthermal continuum radiation has since been observed
in the Jovian magnetosphere [Scarf et al., 1979; Gurnett et al.,
1979b] and a similar emission has been detected at Saturn
[Gurnett et al., 1981a, b]. Hence, continuum radiation appears
to be a common astrophysical phenomenon. With the added
interest generated by its occurrence in other magnetospheres,
it becomes increasingly important to understand as much as
possible about the emission by studying the phenomenon in
greater detail and with improved instrumentation at the earth.
The primary motivation for the present work results from the
new ISEE observations which show that the escaping contin-
uum radiation differs from the trapped component in several
temporal and spectral characteristics. We will argue, however,
that even though the new observations reveal important dif-
ferences, the two components of the continuum radiation
spectrum are most likely generated by the same mechanism
and the observed differences can be explained by considering
the effect the cavity has on the trapped portion. Having dem-
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onstrated the two components are actually closely related
through the source mechanism, it will become apparent that
the escaping component will be particularly useful in the
study of both the trapped and escaping components since the
escaping radiation has not been modified by repeated reflec-
tions within the magnetospheric cavity.

A secondary objective of this study is to look for analogies
with the radio spectra of other planetary magnetospheres, par-
ticularly Jupiter. The study of the radio spectra of two or
more magnetospheres helps to break the study of the individ-
ual emissions into more well-defined classifications. The dis-
covery of general features present in more than one planetary
radio spectrum or lack thereof will eventually lead to a better
understanding of not only the nonterrestrial radiation, but
also the earth’s own emissions as well.

The new continuum radiation observations were made by
the ISEE 1 plasma wave experiment which is described in
detail by Gurnett et al. [1978]. In addition to a high-time reso-
lution 20-channel spectrum analyzer which covers the fre-
quency range from 5.6 Hz to 311 kHz, the ISEE | plasma
wave experiment contains a sweep-frequency-receiver and a
wideband analog receiver which provided the data essential
for these new observations. The sweep frequency receiver,
which has good frequency and temporal resolution, covers the
frequency range from 100 Hz to 400 kHz in 128 logarith-
mically spaced narrowband channels which are sequentially
sampled. A complete spectral scan is obtained every 32 s. Each
channel has a dynamic range of about 80 dB. The wideband
analog receiver on ISEE 1 is an automatic-gain-control
(AGC) receiver with selectable 10-kHz or 40-kHz bandwidths
and 8 selectable baseline frequency ranges from nearly DC to
2 MHz. Particularly important in this study are bands begin-
ning at 0, 31.25 and 62.5 kHz. The wideband analog receiver
provides excellent temporal and spectral resolution.

The ISEE 1 orbit is highly eccentric with the initial apogee
at 22.6 R, and perigee at 1.1 R and an inclination of 30°. The
spacecraft spin axis is nearly perpendicular to the ecliptic
plane. The primary sensor utilized in this study is the long
(215 m tip-to-tip) electric dipole antenna extended per-
pendicular to the spin axis.

2. OBSERVATIONS OF ESCAPING NONTHERMAL
CONTINUUM RADIATION

In this section we shall present observations of the ampli-
tude, spectrum, temporal fluctuations, and source region of es-
caping nonthermal continuum radiation. Throughout, we
shall compare these new observations with previously pub-
lished findings in order to verify the identification of the radi-
ation studied here and also to point out the significant new de-
tails present in these observations. It is hoped that the
additional information gleaned from this study will lead to a
much better understanding of the source of the radiation.

a. Spectral and Temporal Characteristics of
Escaping Continuum Radiation

This study will rely on the use of the sweep-frequency-re-
ceiver data to characterize the escaping continuum radiation,
to contrast it with the trapped continuum radiation, and sepa-
rate it from auroral kilometric radiation. Plates 1 and 2 pro-
vide representative examples of escaping nonthermal contin-
uum radiation and a discussion of these examples will
establish a solid foundation upon which more detailed analy-
ses may be based. The plates are in the form of frequency-
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time spectrograms with the abscissa being time and the ordi-
nate frequency. The electric field spectral density at each fre-
quency-time point is represented by a color code. Dark blue
in the plates represents the floor of the receiver dynamic range
and red represents the upper limit of the dynamic range. The
color bar provided at the right of each plate shows the relation
between color and electric field spectral density in units of V2
m~2Hz™".

Plate 1 is from an inbound pass on April 5, 1978, at ~1-2
hours magnetic local time. The escaping continuum radiation
is evident in the frequency range ~40-100 kHz from ~0110
up to 1220 UT when the spacecraft encountered the plasma-
pause. The escaping continuum radiation is characterized by
narrow bands lasting for hours which slowly drift up or down
in frequency. A higher frequency emission near 200 kHz be-
tween 1000 and 1225 UT is also identified as escaping contin-
uum radiation. The escaping radiation is accompanied at
lower frequencies by trapped continuum radiation between
~7 and 25 kHz and at higher frequencies by auroral kilomet-
ric radiation between ~100 and 400 kHz.

One useful landmark usually apparent in the sweep-fre-
quency-receiver displays is the band at the upper hybrid reso-
nance frequency, fuugr, Which sweeps from about 20 kHz at
1100 UT to 400 kHz at 1245 UT in Plate 1. We usually associ-
ate the region where this band exhibits the greatest rate of
change of frequency (1225 UT) with the plasmapause since
this represents the largest density gradient along the space-
craft trajectory in the inner magnetosphere. It is apparent in
Plate 1, then, that the escaping continuum radiation can be
detected all along the spacecraft trajectory except inside the
plasmasphere. The lower frequency cutoff of the trapped con-
tinuum radiation is approximately the local electron plasma
frequency, f,~, and this cutoff provides another useful land-
mark which when coupled with the UHR band near the
plasmapause provides a density profile of the magnetosphere
along the spacecraft trajectory.

Plate 1 shows obvious differences between the appearance
of the escaping continuum radiation and that of trapped con-
tinuum radiation and auroral kilometric radiation. The escap-
ing component is relatively narrowbanded and drifts slowly
up and down in frequency. The diagonal mottled appearance
is due to the beat between the sample period and spin period
and is indicative of a spin-modulated signal. There are fluctu-
ations in intensity of the escaping radiation over time scales of
about an hour.

The trapped continuum radiation is approximately the
same intensity as the escaping component but appears to have
less spectral structure than the escaping component. The
trapped component exhibits a smooth variation in intensity
versus frequency from the lower cutoff near f,~ to the appar-
ent upper limit. Gurnett [1975] associated this upper limit with
the plasma frequency in the solar wind. Hence, the ex-
planation for the trapped continuum radiation is based on the
fact that the radiation is reflected at the magnetopause if the
wave frequency is less than £, in the solar wind.

The auroral kilometric radiation in Plate 1 is quite distinct
from both components of the continuum radiation. The
higher frequency emission is much more intense, at times,
than the continuum radiation and also much more variable in
intensity, sometimes increasing or decreasing by several or-
ders of magnitude on time scales of ~1 min. Hence, the ap-
pearance of the kilometric radiation is dominated by ‘vertical’
structure in the sweep-frequency-receiver displays, i.e., domi-
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nated by temporal variations, whereas the escaping contin-
uum radiation shows predominantly ‘horizontal’ structure,
i.e., dominated by spectral variations.

Another example of escaping continuum radiation is shown
in Plate 2. This case is interesting because the emission ap-
pears to merge with the trapped component when it is first ob-
served near 1400 UT on March 7, 1978, but by 1700 UT there
is an obvious gap between the diffuse trapped radiation and
the banded escaping emission. Near the beginning of this pass
a solar type III radio burst can be seen sweeping down from a
few hundred kHz to ~50 kHz. Notice the very smooth and
diffuse temporal and spectral character of the type IIT burst
compared to the escaping continuum radiation. Hence, it is
quite easy to distinguish the two phenomena. The detection of
the type III burst demonstrates that waves at frequencies
greater than ~50 kHz can escape from the magnetosphere.

The observations shown in Plates 1 and 2 provide consid-
erable evidence that the waves studied here are, indeed, elec-
tromagnetic radiation and not the thermal electrostatic noise
studied by Hoang et al. [1980]. The escaping continuum radia-
tion consists of narrowband emissions which are often
strongly spin modulated. The thermal electrostatic noise is a
broadband emission and is not strongly spin modulated. The
thermal noise is most intense just above the cutoff at the local
plasma frequency [Hoang et al., 1980]. The bands of escaping
continuum radiation shown in Plates 1 and 2 are usually at
frequencies much greater than f,~ (often near 10f,7) and show
little or no tendency to follow local variations in the plasma
frequency in either the magnetosphere or solar wind. Obser-
vations shown below will reveal even more detailed fre-
quency-time structure which should not be observed in associ-
ation with thermal electrostatic noise. Further, the amplitudes
of some of the emissions-in Plates 1 and 2 exceed those ex-
pected for the Hoang effect by several orders of magnitude. It
is virtually certain, therefore, that the radiation studied here is
not the thermal electrostatic noise studied by Hoang et al.
[1980].

Further details of the spectral character of the escaping con-
tinuum radiation can be found in the wideband analog re-
ceiver data. A particularly illustrative example is shown in
Figure 1. The format of this figure is again that of a fre-
quency-time diagram, but with a linear frequency scale and a
white-to-black intensity scale. The receiver which provides
these data has an automatic-gain-control circuit which adjusts
the gain as the input signal intensity varies. Hence, the ampli-
tudes are uncalibrated in an absolute sense. The dynamic
range for any one spectral sweep shown is about 20 dB with
black representing the most intense signals.

Figure 1 shows the nearly simultaneous occurrence of both
trapped and escaping continuum radiation and auroral kilo-
metric radiation. The escaping component observed between
~0525:30 and 0528 UT and between 20 and 30 kHz is charac-
terized by numerous narrowband emissions which slowly drift
in frequency. (The discontinuous change in the spectrum be-
tween ~0527:00 and 0527:36 is caused by another experi-
ment’s active control of the antenna and is not a natural phe-
nomenon.) Trapped continuum radiation can be seen over
most of the time period shown between 5 and 20 kHz. The
trapped emission is very diffuse and structureless in fre-
quency. The apparent abrupt changes in intensity, particu-
larly after 0528:10 UT are artifacts caused by the AGC cir-
cuitry being affected by more intense signals below 5 kHz,
probably broadband electrostatic noise. The lower frequency
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limit of the auroral kilometric radiation spectrum is evident
between 0522:30 and 0525:30 UT at about ~27 kHz. The kilo-
metric radiation is characterized by tones which rapidly rise
or fall in frequency as reported by Gurnett et al. [1979a].

The higher resolution observations shown in Figure 1 con-
firm the results of the study of the sweep-frequency-receiver
data and show that the escaping radiation is more highly
structured in frequency than the trapped component. The in-
tense, rapidly rising and falling tones of auroral kilometric ra-
diation clearly separate it from the continuum spectrum and
preserve the ‘vertical’ structure seen in the sweep-frequency-
receiver displays.

It is useful to study further examples of the escaping contin-
vum radiation in high resolution to search for clues to the
source and origin of the emission. Figure 2 shows two widely
differing examples of the emission. In the lower panel from
December 29, 1977, the escaping radiation consists of pairs of
extremely narrowband emissions separated by ~1.0-1.5 kHz.
A banded structure in the trapped continuum radiation was
reported by Gurnett and Shaw [1973] but the band spacing sel-
dom, if ever, matched the local electron cyclotron frequency.
The gyrofrequency at 0140 UT on December 29, 1977, is 715
Hz and clearly does not match the spacing of the bands in the
lower panel of Figure 2. (The magnetic field data used to de-
rive the local gyrofrequency are 1-min averages from the
ISEE data pool tape. See Russell [1978] for a description of
the magnetometer.) This result suggests two ideas concerning
the source of the emission. First, the source is a remote one,
probably located at a geocentric radial distance of ~8-9 R,
where f,~ ~1 kHz, perhaps near the magnetopause. Second, in
order to explain the extremely narrow bands, the source must
be fairly compact so that characteristic frequencies in the
source region, e.g., the gyrofrequency, do not vary by a large
factor over the region of emission. There is evidence in the
plasma wave data for this day that the solar wind density was
elevated and upper hybrid bands at ~70 kHz near the magne-
topause are possible and could provide the source of the radio
emissions in this example.

A distinct character of escaping continuum radiation is evi-
dent in the upper panel of Figure 2 from December 28, 1977.
This case shows numerous discrete tones lasting for only a few
seconds each. These features also are undoubtably intimately
involved in the source of the emission. Gurnett and Shaw
[1973] also reported discrete structures in high resolution fre-
quency-time displays of trapped continuum radiation ob-
served by IMP 6. Figure 3 is an example from ISEE 1 showing
both discrete tones (near 2200 and 2230 UT) and banded
emissions in the spectrum of trapped continuum radiation.
The observance of banded and discrete structures in both the
escaping and trapped continuum radiation components pro-
vides highly suggestive evidence that the two components may
have the same or at least similar sources.

It is interesting to compare spectra from the ISEE 1 sweep-
frequency-receiver with those shown by Gurnett [1975]. The
ISEE spectrum shown in the top paneél .of Figure 4 was se-
lected from an event -‘whete¢ the escapifig radiation spectrum
merged rather smoothly. with the trapped continuum spec-
trum. This spectrum is qualitatively simildr to those shown by
Gurnett. The division indicdted by shading in the spectrum
between the two compotients comes from an' analysis of the
sweep-frequency-receiver frequency-time displays similar to
Plates 1 and 2 which distinguishes between the diffuse appear-
ance of the trapped emission and the structured appearance of
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Fig. 1. A high resolution frequency-time spectrogram showing clear differences in the dynamic spectra of escaping
and trapped continuum radiation and auroral kilometric radiation. Notice the narrowband features in the escaping contin-
uum radiation which drift very slowly in time in contrast with the nearly structureless spectral character of the trapped

emission.

the escaping radiation. The escaping continuum radiation
spectra are generally more spiky and less continuous than
those of the trapped emission.

To verify that our analysis of the qualitative character of
the frequency-time spectrograms has provided a reasonable
break-point between the trapped and escaping continuum

components in Figure 4, we have obtained the solar wind den-
sity taken by IMP 7 simultaneously with the spectrum shown
in the top panel of Figure 4. The electron number density in
the solar wind was found to be 13 cm™ (A. J. Bame and J. T.
Gosling, personal communication, 1981) corresponding to a
solar wind plasma frequency f,(SW) = 32.4 kHz. This fre-
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the trapped continuum radiation dynamic spectra observed with IMP 6.
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Fig. 3. An example of trapped continuum radiation which consists of both discrete and banded structures similar to
those observed in the escaping component.

quency is labeled in the upper panel of Figure 4 and agrees al-
most exactly with the division between the trapped and escap-
ing components shown on the basis of the plasma wave
spectrum.

The spectrum in the upper panel of Figure 4 is qualitatively
and quantitatively in agreement with those shown by Gurnett
[1975]. A glance at Plate 1, however, would indicate that
much different looking spectra also exist. The lower panel in
Figure 4 shows an example of continuum radiation spectrum
taken when the escaping component is well separated from
the trapped emission and is quite intense. The example in the
bottom panel of Figure 4 leads to the impression that the es-
caping continuum radiation might well be considered a sepa-
rate and distinct feature in the earth’s radio spectrum and not
simply a portion of the continuum radiation spectrum. We
have again shown the solar wind plasma frequency, f,(SW)
= 15.6 kHz, for the March 9, 1978, spectrum based on a solar
wind electron density of 3 cm™ as measured by IMP 8 (A. J.
Bame and J. T. Gosling, personal communication, 1981).
Once more, there is a close correspondence between the solar
wind plasma frequency and the frequency at which the spec-
trum shifts from the trapped to the escaping component.

We close this section by noting that in some cases the de-
tailed frequency-time spectrograms suggest a common source
for the trapped and escaping continuum radiation whereas in
other cases the two components appear to be separate and dis-
tinct features of the terrestrial radio spectrum. We shall dis-
cuss this paradox and offer a solution in the Discussion sec-
tion.

b. Source Region of Escaping Continuum Radiation

Gurnett [1975] carried out direction-finding measurements
on both the escaping and trapped continuum radiation and
found a source at morning-to-afternoon local times between 3
and 8 R, for the escaping component. Since the trapped com-
ponent undergoes repeated reflections at the magnetopause,
direction-finding measurements of the trapped component
could not provide a determination of the source region. Chris-
tiansen et al. [1979a] have also presented direction-finding
measurements of the escaping continuum radiation which are
consistent with a source location just beyond the plasmapause
on the morning side. We have performed direction-finding
measurements from ISEE 1 on escaping continuum radiation

taking care to select examples which are clearly not contami-
nated either by auroral kilometric radiation or by trapped
continuum radiation. Figure 5 is the result of a direction-find-
ing survey similar to that done by Gurnett [1975]. The symbols
mark the position of the spacecraft while the direction of ar-
rival was being determined for frequencies ranging from 31.1
to 311 kHz. (See Kurth et al. [1975] and Gurnett [1975] for a
summary of the direction-finding procedure.) Although there
is a 180° ambiguity in the measurements, it was assumed the
source was in the direction toward the earth. In cases where
ambiguity was still possible, a line was extended in both direc-
tions from the symbol to represent the possible directions to
the source. Superimposed on the figure is the source region
from Figure 15 of Gurnett [1975] which indicated that the con-
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Fig. 4. Spectra obtained from ~3-min averages of the sweep-fre-
quency-receiver output showing the relationship between the two con-
tinuum radiation components and auroral kilometric radiation. The
top spectrum is similar to those shown by Gurnett [1975] and is not in-
consistent with the concept of two similar components of the same ra-
dio emission feature. The bottom spectrum suggest two separate emis-
sion features comprise the continuum radiation spectrum.
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Fig. 5. Results of a direction-finding survey modeled after Gurnett {1975] which show general agreement with the
source region found by Gurnett [1975] (shaded area). These results confirm the emissions studied by Gurnett and studied in

this paper are the same phenomenon.

tinuum radiation source extended over a broad region beyond
the plasmapause on the morning side of the earth. As can be
seen in Figure 5, virtually all directions determined intersect
the source region. Since we believe the emission studied here
is the same as that studied by Gurnett it is not surprising that
our results are consistent with the previous IMP 8 measure-
ments. On the other hand, without the shaded region in Fig-
ure 5 to guide the eye, the results of the direction-finding sur-
vey are not very conclusive.

We supplement the direction-finding survey with a study of
the occurrence of escaping continuum radiation as a function
of spacecraft position in radial distance and local time. The
portions of ISEE I’s trajectory which are plotted in Figure 6
represent times when a clear signature of the escaping contin-
uum radiation is evident in the output of the sweep-fre-
quency-receiver. This survey represents an entire year of ob-
servations; hence, a complete survey of local time is assured.
The data set used was comprised of partial passes of the

spacecraft from perigee to about 17 Ry; hence, the outer limit
of observation is an artifact of the data set used, and not a
radial distance limit of observation. Notice that escaping con-
tinuum radiation is most often observed during local morning,
and particularly between about 0 and 7 hours local time. This
result supports the conclusion that the source of continuum
radiation is located primarily in the local morning beyond the
plasmapause. The high density plasmasphere would block ob-
servations made by a near-equatorial spacecraft in the local
afternoon and evening if the source were in the local morning.
The region of ISEE 1 observations of escaping continuum ra-
diation shown in Figure 6 clearly demonstrates the emission
studied here is different from the 2f,~ radiation from the bow
shock mentioned by Gurnett [1975] and studied in detail by
Hoang et al. [1981].

We conclude on the basis of the above remote sensing tech-
niques and the more complete study of Gurnett [1975] that the
primary source of the escaping nonthermal continuum is lo-
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Fig. 6. A study of the region where escaping continuum radiation
was observed by ISEE 1 over a one-year interval of time. Note that the
outer limit of observation is not real but imposed by the data set used

in the survey. The survey is consistent with a local morning source as
determined by direction-finding measurements.

cated just beyond the plasmapause in the local morning re-
gion of the magnetosphere. There is more evidence supporting
this particular source region, if one assumes, as suggested by
Gurnett [1975], Jones [1976], Christiansen et al. [1979a, b],
Kurth et al. [1979b], and Melrose [1981], that the continuum
radiation is generated by some mechanism involving intense
electrostatic waves near fyyg. Christiansen et al. [1978], Gough
et al. [1979], and Kurth et al. [1979b] showed electrostatic
waves at intensities =1 mV m™' near fyur are common fea-
tures of the region just beyond the equatorial plasmapause (3
=< R =7 Rp). No apparent local time asymmetry in the occur-
rence of the intense UHR bands favoring the local morning
sector has been reported, however, this may be due to a lack
of sufficient numbers of observations.

The magnetopause, however, should also be considered as a
possible source of the continuum radiation. Analysis of the
band spacing of the event shown in the bottom panel of Fig-
ure 2 led to the magnetopause as a likely source position for
that particular event. Intense electrostatic waves near fux are
relatively common in IMP 6 and ISEE plasma wave observa-
tions near the dayside magnetopause and these would be
likely candidates for continuum radiation sources. (See the
discussion of ‘class 3’ waves in Hubbard et al. [1979] and also
Curtis et al. [1979].) Some of the direction-finding results
shown herein are consistent with a mangetopause source,
however, the occurrence study shown in Figure 6 suggests the
morning plasmapause is the predominant source.

Kurth et al. [1979b] showed an example of intense upper
hybrid waves near 4.3 R at 5.6 hours local time which was
apparently the source of nonthermal continuum radiation.
Figure 16 of that paper showed that the intensity of the con-
tinuum radiation varied approximately at (R — R’)~2 where (R
— R’) was the distance from the region of intense electrostatic
waves and, thereby strongly suggested the electrostatic waves
were participating in the generation of the continuum radia-
tion.

Figure 7 is a similar but more revealing example relating
the escaping continuum radiation to the electrostatic bands
near fyug. In this frequency-time spectrogram the character-
istic banded structure of continuum radiation is seen as ISEE
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1 approaches the plasmapause. At about 6.4 R near 1040:30
UT on December 28, 1977, the spacecraft encountered in-
tense, narrowband electrostatic waves near fyyg similar to
those studied by Christiansen et al. [1978), Hubbard and Bir-
mingham [1978], and Kurth et al. [1979b]. In this region of
space near the plasmapause the density gradient is relatively
strong and the UHR bands occur when fyugr = (n + 1/2)f,~

The most striking feature of the event in Figure 7 is the al-
most exact correspondence between the banded structure in
the continuum radiation and the structure of the (n + 1/2)f,~
bands near fyur. The continuum radiation bands become
stronger and more prominent as the spacecraft approaches the
UHR bands and at ~1040:30 UT there is an abrupt transition
from the continuum bands to the UHR bands. For this partic-
ular example, there is little doubt that the UHR bands are in-
deed the source of the escaping continuum radiation. It is ob-
vious that the banded structure which has been shown to be
characteristic of the escaping continuum radiation is directly
related to the banded structure of the source electrostatic
waves. The magnetic field strength from the ISEE data pool
tape at 1040:30 UT is 146 nT giving an electron gyro-
frequency of 4.1 kHz which is very close to the spacing of
both the upper hybrid resonance bands and the continuum ra-
diation bands. The close correspondence of the band spacing
and the local magnetic field strength in this case is due to the
fact that the spacecraft is in or very close to the source region.
In the example shown in the bottom panel of Figure 2 where
the band spacing is not the local gyrofrequency, the waves
evidently propagate from a distant source.

More information about the source and source mechanism
is apparent from Figure 7. The bandwidth of the continuum
bands is typically ~2 kHz although each of the main emission
bands are composed of numerous narrow bands with Af ~ 100
Hz. This is suggestive of a lower frequency wave interacting
nonlinearly with the upper hybrid waves to form the contin-
uvum radiation. Since the emission is not at ~2f,z but cen-
tered almost exactly at fyugr, the conservation laws indicate
the third wave must be at a very low frequency, probably at f
=< 100 Hz. Melrose [1981] has suggested a generation mecha-
nism which involves the coalescence of UHR bands with elec-
trostatic ion cyclotron waves and Christiansen et al. [1978]
have reported observations of intense waves in the ULF range
during upper hybrid wave events, which could possibly corre-
spond to the third wave in the nonlinear process. The observa-
tions would also be consistent with a linear conversion mecha-
nism such as that of Jones [1976].

3. DISCUSSION

The observations presented above serve to clarify our un-
derstanding of the character of the escaping continuum radia-
tion but have led to a paradoxical situation concerning the
relationship between the escaping continuum radiation and
the trapped component. Hence, in the first portion of this sec-
tion we will attempt to solve the problem of whether the two
components are, indeed, related and, if so, how. In the second
portion of this section we shall compare the new observations
of the terrestrial escaping continuum radiation with observa-
tions of similar emissions from Jupiter.

a. Relationship Between Escaping and
Trapped Continuum Radiation

One of the new results of this paper is a more detailed de-
scription of escaping continuum radiation which in many
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Fig. 7. A particularly revealing event which shows a direct connection between electrostatic UHR bands near the
plasmapause and escaping continuum radiation with a rich banded spectrum. The bandwidth of the continuum radiation
suggests a generation mechanism in which electromagnetic radiation is produced via a linear conversion process or by a

nonlinear three-wave process.

ways separates it from the trapped radiation. Where earlier
studies had suggested the higher frequency waves were differ-
ent only in that they were not reflected at the magnetopause,
this study shows a clear difference in the spectrum of the two
components as shown in Plates 1 and 2 and also Figure 4.
Clear distinctions between the two components can often be
made with the aid of high resolution frequency-time spectro-
grams such as in Figure 1 which shows the complex spectral
structure of the escaping continuum radiation in contrast with
the diffuse nature of the trapped emission. Another difference
between the two components is that the trapped continuum
radiation fills the magnetospheric cavity almost uniformly
while we have shown the preferential location for observing
the escaping component to be in the local morning.

On the other hand, there are obvious similarities to the two
components. The banded and discrete structures sometimes
seen in trapped continuum radiation at the earth by Gurnert
and Shaw [1973] and shown in Figure 3 are also seen in obser-
vations of the escaping radiation as shown in Figures 1 and 2.
Similar banded structures are seen in the trapped continuum
radiation at Jupiter [Gurnett et al., 1979b]. Also, spectra such
as those shown in the top panel of Figure 4 which suggest a
more or less continuous transition from the trapped to the es-
caping portion of the spectrum indicate there is good reason
to regard the two components as portions of a single radio
emission.

We propose that even though new data presented in this pa-
per suggests the escaping and trapped continuum radiation
components are somewhat dissimilar in nature, they are gen-
erated via the same mechanism and all observed differences
may be explained if one examines the effect of the reflections
within the cavity on the trapped component. The presence of
banded (and discrete) structures in both components is the
key which leads to a common source mechanism. The dis-
cussion of Figure 7 could equally well apply to an example of
trapped continuum radiation.

The differences in spectral character noted here can be
largely explained by applying the work of Barbosa [1981] to
terrestrial trapped continuum. Barbosa argued that movement
of the cavity walls leads to a diffusion in frequency of contin-
uum radiation trapped in the Jovian magnetosphere. There-
fore, a monochromatic tone would be spread in frequency af-
ter a large number of reflections off the walls of the
magnetospheric cavity. Hence, we may argue that the diffuse
nature of the trapped continuum radiation is due to frequency

diffusion as a result of multiple reflections off the magneto-
spheric walls. Also, since the UHR bands are observed to oc-
cur over a broad range of frequencies from as low as 10 kHz
to at least 178 kHz, the superposition of waves impinging on
the spacecraft from a large number of discrete sources within
the magnetosphere via multiple reflections will result in a dif-
fused spectrum. When banded structures are seen in the
trapped spectrum we must assume the observing receiver is
relatively close to the source or that the waves detected have
experienced only a small number of reflections and, hence,
have not diffused to a large extent.

The change in the character of the spectrum which occurs
between the trapped and escaping components must be re-
garded as a transition from a regime in which the frequency
diffusion discussed by Barbosa [1981] fills the band between
the local plasma frequency and the solar wind plasma fre-
quency with trapped radio waves to a regime where nearly
monochromatic emissions escape from the magnetosphere
without reflection. It is not clear that the emissions must occur
over a continuous range of frequencies and, in fact, it is quite
reasonable to expect local minima in the emission spectrum as
in the bottom panel of Figure 4 because of the discrete charac-
ter of the UHR source. There are also examples of the con-
verse situation where escaping emission bands lie at a fre-
quency such that the escaping and trapped spectra merge as is
the case in Plate 2 and the top panel of Figure 4.

The observations of a uniformly filled cavity in the lower
frequency range is a direct result of the confinement of the ra-
dio waves within the cavity. Even a source localized in the
morning sector could illuminate the entire magnetospheric
cavity via multiple reflections off the magnetopause. If the es-
caping component of the continuum radiation spectrum is due
to discrete sources at frequencies above the solar wind plasma
frequency, it may be necessary to re-evaluate the @ factor of
the magnetospheric cavity estimated by Gurnett [1975]. Gur-
nett assumed the entire continuum radiation spectrum was
generated by a continuous source spectrum and used the ratio
of the amplitudes of the trapped and escaping radiation to in-
fer the Q of the cavity. In view of the present situation with
the escaping component generated by discrete, mono-
chromatic sources with a complex frequency structure, it is
more difficult to estimate the @ of the cavity.

The observed differences in the trapped and escaping con-
tinuum radiation, then, may all be explained by considering
the effect the cavity has on the trapped component but not on
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the escaping component. The evidence suggesting a similar
source mechanism is the basis for considering the two com-
ponents parts of the same phenomenon. Hence, the escaping
and trapped components are almost certainly intimately re-
lated.

The obvious advantage one may take of the situation is to
generalize findings on the escaping component to the case of
the whole cohtinuum spectrum. That is, if we understand the
generation mechanism of the escaping radiation, we may as-
sume the trapped emission is generated in a similar manner.
Since the cavity effects do not modify the escaping waves,
studies of the higher frequency radiation are more direct and
less confused by propagation effects than are measurements of
the trapped radiation.

b. Relationship Between Terrestrial Escaping
Continuum Radiation and Narrowband
Jovian Kilometric Radiation

It is useful to draw analogies between terrestrial phenom-
ena and those from nonterrestrial magnetospheres in order to
gain a broader insight into the phénomena in general and for
the knowledge applicable to btHer astrophysical problems.
Kurth et al. [19794] described Jovian kilometric radiation as
sometimes having the appearance of escaping continuum ra-
diation from the earth find suggested that some of the lower
frequency radiation from Jupiter was escaping continuum ra-
diation generated within thé Jovian magnetosphere. Largely
on the basis of the latitudinal beaming effect reported for the
Jovian kilometric radiation [Gurnett et al., 1979b; Warwick et
al., 1979b; Kurth et al., 1980b], Jones [1980] drew an analogy
between terrestrial continuum radiation and Jovian kilometric
radiation. We wish to pursue the analogy between continuum
radiation at the earth and Jovian kilometric radiation but on a
more restricted basis and for different reasons than utilized by
Jones.

Kaiser and Desch [1980] have reported a separate com-
ponent to the Jovian kilometric radiation spectrum which lies
at generally lower frequencies than the broadbahd Jovian
kilometric radiation [Desch and Kaiser, 1980] and has a nar-
row bandwidth (=40 kHz near 100 kHz). This narrowband
Jovian kilometric radiation has many characteristics similar to
those of the terrestrial escaping continuum radiation. The nar-
rowband Jovian emission exhibits smooth and gradual varia-
tions in intensi'ty as a function of time and frequency-time dis-
plays of the radiation [Kaiser and Desch, 1980] are very
reminiscent of the banded structures seen in Plate 1.

The morphology of the Jovian and terrestrial radio speetra
also show striking analogs if one interprets the narrowband
kilometric radiation at Jupiter as escaping continuum radia-
tion. At the earth, the frequency of the escaping radiation lies
between the trapped continuum radiation and the more in-
tense, highly variable auroral kilometric radiation. Similarly
at Jupiter, the narrowband kilometric radiation lies above the
trapped continuum radiation, and below the more intense and
sporadic decametric radiation.

The analogy between Jovian narrowband kilometric radia-
tion and terrestrial escaping continuum radiation extends to
studies of the source region and generation méchanism of
both emissions. Figure 82 summarizes the conclusions of this
work and that of Gurnett [1975] that the terrestrial continuum
radiation is generated beyond the dawn plasmapause particu-
larly near the equator. The mechanism must directly involve
the intense UHR bands found in this region of space and
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probably is similar to the mechanism of coalescence of the up-
per hybrid waves with lower frequency waves suggested by
Melrose [1981].

Similarly, Kaiser and Desch (1980] have argued the source
region for Jovian narrowband kilometric radiation must lie
near the equator at the outer edge of the Io plasma torus near
8-9 R,. Kurth et al. [1979a] suggested intense upper hybrid
resonance waves observed in the plasma torus near the equa-
tor [Scarf et al., 1979; Warwick et al., 1979a; Gurnett et al.,
1979b; Kurth et al., 1980a; Birmingham et al., 1981] were a
likely source for the Jovian kilometric radiation. Figure 8b
shows those ideas on the source of Jovian narrowband kilo-
metric radiation in schematic form.

The similarities in the morphology of Figures 8a and 8b are
striking. The major difference is the substitution of the Io
plasma torus at Jupiter in place of the plasmasphere at the
earth. Another difference is that the Jovian emission is ob-
served to come from different local times and in fact appears
to emanate from a source which rotates around Jupiter at a
rate ~3-5% less than that for rigid corotation [Kurth et al.,
1980b; Kaiser and Desch, 1980]. Since rotation is so much
more important in the physics of the Jovian magnetosphere
than at the earth, it is not surprising that corotation effects
predominate over local time effects at Jupiter. The similarities
in the source regions at the earth and Jupiter also extend to
the magnetopause. Gurnett et al. [1979b] showed examples of
continuum radiation in the Jovian magnetosphere with a dis-
tinct banded structure not far from intense electrostatic bands
near fyygr at the magnetopause which are very reminiscent of
possible sources near the terrestrial magnetopause.

We stress the importance of limiting the analogy between
terrestrial escaping continuum radiation and Jovian kilomet-
ric radiation to the narrowband Jovian emission and not the
broadband emission. The spectral and temporal behavior of
broadband Jovian kilometric radiation [Desch and Kaiser,
1980; Kurth et al., 1980b] are quite dissimilar to the character
of the terrestrial continuum radiation. Further, ray tracing
and polarization arguments place the source for the broad-
band Jovian kilometric radiation in the low altitude auroral
regions [Green and Gurnett, 1980; Desch and Kaiser, 1980] in
contrast to the equatorial position inferred by Kaiser and
Desch [1980] for the narrowband source. The analogy made
by Jones [1980] rested heavily on the latitudinal beaming ef-
fect (or equatorial shadow zone) reported for the Jovian emis-
sion. This effect holds only for the broadband Jovian kilomet-
ric radiation and not the narrowband radiation as can be seen
clearly in Figure 2 of Warwick et al. [1979b]. Contrary to the
report by Jones [1980] of a latitudinal effect seen in the terres-
trial continuum radiation, preliminary analysis of ISEE obser-
vations show no consistent dimunition of continuum radiation
intensity near the magnetic equator and little or no evidence
of beaming of the continuum radiation away from the mag-
netic equator as predicted by Jones.

4, CONCLUSIONS

This paper has added a body of detailed information to the
information which was already available on the earth’s con-
tinuum radiation and the escaping component in particular.
These observations have shown that there are substantial
qualitative differences in the spectrum and appearance of the
two components, but that most of these differences may be ex-
plained by considering the effect of the cavity on the trapped
radiation. Most importantly, the source mechanism for both
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Fig. 8. (a) A schematic representation showing the escaping continuum radiation generation region just outside the
plasmapause on the dawn side. The source region is the location of intense UHR bands which are fundamental to the gen-
eration mechanism. () An analogous view of the generation scheme of narrowband kilometric radiation at Jupiter. The
primary difference is that the plasmasphere at the earth is replaced by the Io plasma torus at Jupiter in this model.

components is apparently the same and observations shown
herein have demonstrated an almost unmistakable connection
between electrostatic waves near fyyg just outside the plasma-
pause (and probably near the magnetopause) and the escap-
ing continuum radiation. These observations support the sug-
gestion by Gurnett [1975], Jones [1976), Christiansen et al.
[1979a], and Kurth et al. [1979b] that UHR bands may be im-
portant in the generation of the trapped continuum radiation.
Further, the structure in the continuum radiation very close to
the source shown in Figure 7 implies that a mode coupling
mechanism is most probable, and that the gyrosynchrotron
mechanism proposed by Frankel [1973] probably is not of pri-
mary importance.

Arguments are also given above which suggest the Jovian
narrowband kilometric radiation is very similar to the earth’s
escaping continuum radiation and may indeed be the same
phenomena. The analogy extends to similarities in the source
region and even the speculated emission mechanism in that
the Jovian emission has been associated with UHR bands in
or near the Io plasma torus. It is important to our understand-
ing of both the terrestrial emission and the Jovian emission to
see the similarities involved in a phenomenon associated with
these two diverse magnetospheres. The similarity most likely
lies in the microphysics of the upper hybrid resonance-(n +
1/2)f, instability and not so much in the gross morphology
of the magnetospheres. It is quite likely that the banded elec-
tromagnetic radiation detected at Saturn [Gurnert et al., 1981a,
b] is similar in nature to the Jovian and terrestrial continuum
radiation. If so, the implication is that continuum radiation is
a fairly common astrophysical phenomenon and it is impor-
tant to understand the generation mechanism as a fundamen-
tal process.
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