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Jovian VLF Chorus and Io Torus Aurora
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STAR Laboratory, Stanford Unwersity, Stanford, Cahfornia

A test particle model of the cyclotron resonance interaction of waves and trapped radiation belt
particles is used to estimate the energetic electron fluxes precipitated by Jovian VLF chorus waves
observed on the Voyager 1 and 2 spacecraft near the o torus. The precipitation fluxes induced
by 1-s—long chorus wave packets at L ~ 7.6 and 8.6 are estimated to be bursts of ~ 5s duration
with a peak of 0.3-3 and 0.7-7 ergs/cm? s that consist of electrons of ~5-100 keV energy and
that arrives at the ionosphere ~ 15 s after the generation of the chorus wave at the equatorial
plane. The effects in the Jovian ionosphere of the chorus-induced precipitation are estimated using
existing ionospheric models. A possible experiment for measuring Jovian chorus-induced aurora

is proposed and discussed.

1. INTRODUCTION

Many types of plasma waves were observed by the Voy-
ager 1 and 2 spacecraft in the Jovian magnetosphere; among
these, VLF chorus emissions have attracted considerable at-
tention [Scarf et al., 1979a; 1981]. A eomparative analysis of
terrestrial and Jovian chorus revealed many similarities in
the measured parameters byt important differences in the
theoretical parameters that are relevant o the generation
mechanisms of these emissions [Inan et al, 1983). A de-
tailed discussion of the observed spectral features of chorus
and possible mechanisms that may account for them was
presented by Coroniti et al. [1984). '

The pitch angle diffusion of energetic particles by whistler
mode waves in the Jovian magnetosphere near the Io plasma
torus was discussed by a number of authors [Fillius et al.,
1976; Scarf et al., 1979b]. Specifically, it was estimated that
the chorus waves observed at L ~8 may precipitate fluxes of
a few ergs cm™2 s™! consisting of electrons in the few keV
range [Coroniti et al., 1980]. This earlier estimate was based
on linear diffusion coefficients and stable trapping limits ap-
plied to equatorial interactions. In this ﬁaper we ‘utilize a
test particle model of the wave-particle interaction, includ-
ing the computation of the full nonlinear trajectories of the
near-resonant particles and accountmg for mteractlons that
occur away from the equator as the chorus waves propagate
along the field lines after being generated ‘near the equa-
tor. This method allows us to estimate the dynamic energy
spectra of the chorus-induced precipitation that would be
incident on the Jovian ionosphere, including the time varia-
tion of the energy flux and the energy of the electrons that
constitute the flux. While our modgl provides new predic-
tions of the energy-time features, our results are in general
agreement with the initial estimate of the peak flux levels
reported by Coroniti et al. [1980]. Using the computed dy-
namic spectra of the precipitating electrons and a model of
the Jovian ionosphere, we also present a first order estimate
of the secondary ionization that would be created by the
incident electron flux at 500-1000 km ionospheric altitudes.

The estimated chorus-induced energetic electron fluxes of
a few ergs/cm? s led to suggestions [Coroniti et al., 1979]
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that this effect may make a significant contribution to the
observed lo torus aurora [Sandel et al., 1979]. However, re-
cent work has shown that the role of such electrons in the
Jovian aurpra is uncertain. Considerations based on the
total estimted power in the Jovian aurora and various pos-
sible contributing waves and wave-particle interaction mech-
anisms indicate that >500 keV premplt@ting ions may be a
more likely factor [Thorne, 1983]. On the other hand, the
scattering mechanism for ions cannot be established, and
the available experimental data are not sufficient to rule out
the contribution of chorus-induced electron precipitaton.

The characteristic features of chorus-induced aurora as
estimated here can aid in the planning of experiments de-
signed for testing the hypothesized association of VLF cho-
rus and the To torus aurora. One such experiment is briefly
discussed. This concept involves (1) the detection of iono-
spheric perturbatlons resultmi from the chorus-induced par-
ticle précipitation with the aid of a radlo beacon signal that
is occulted by the Jovian ionosphere, and (2) the measure-
ment of Jovian chorus waveg psmg a plasma wave receiver.
Although simultaneous measyrement of the two effects may
be difficult to achieve in the near future, the measurements
of the chorus waves and ionospheric effects can be separately
carried out in the upcoming Galileo mission, and radio bea-
con data from auroral occultations can be compared with
chorus data on a statistical basis.

2. DESCRIPTION OF THE MODEL

The test particle model that is used here was originally
developed for and applied to cyclotron resonant interactions
between whistler mode waves and energetic particles in the
terrestrial magnetosphere [Inan et al., 1982]. Recent exten-
sions of this model have included interactions between rel-
ativistic particles and waves with slowly varying frequency
[Chang and Inan, 1983a; Chang et al., 1983]. The latter
is particularly important since both terrestrial and Jovian
VLF chorus emissions generally exhibit such frequency vari-
ations [Burtis and Helliwell, 1976; Coronils et ol., 1984].

Comparisons of the theoretical model with experimental
observations of wave-induced particle precipitation effects in
the earth’s magnetosphere have produced generally satisfac-
tory results [Chang and Inan, 1983b; Carpenter et al., 1984].
In one case, involving direct satellite-based observations of
electrons precipitated by man-made waves, the application
of the model to the data has led to improved understand-

4543



4544

VOYAGER-1

7_.- - - - -

0457 UT

INAN: BRIEF REPORT

1979 DAY 64

— 6.0
— 4.8

(b)

1
0

!
1sec

Fig. 1. (a) A discrete Jovian VLF chorus element observed on Voyager 1 (taken from Inan et al. [1983]).
(b) The frequency-time spectrum of the chorus wave pulse used in the test particle model.

ing of the dynamics of the near loss cone particles and to
the “calibration” of the theoretical model [Inan et al., 1985].
As a result, the test particle model can be more confidently
applied to make predictions and to help in the planning of
future experiments [Chang and Inan, 1985]. It is in this
spirit that we undertake the application of the model to the
case of Jovian VLF' chorus.

The approach used in the test particle simulation is based
on computing the nonlinear trajectories of a large number
of near-resonant test particles and using these to infer the
wave-induced perturbations of the trapped particle distribu-
tion function and the resulting precipitated flux [Inan et al.,
1978]. The resonant encounters of the wave with particles
(distributed over varying ranges of energy and local pitch
angle) as the wave packet propagates along the field line are
taken into account. The contributions to the precipitated
flux from interactions at different points along the field line
are integrated, considering the travel times of the wave and
the particles to and from the interaction regions [Inan et al.,
1982]. The result is usually presented as the precipitated
energy flux as a function of time that would be observed at
the ionosphere and the energies of the particles that con-
stitute the flux at different times during the wave-induced
precipitation burst.

Cold Plasma Model

We assume field-aligned wave propagation with k||Bp,
where k is the wave vector and By is the static magnetic

field, which is assumed to be that of a centered dipole. The
variation of the cold plasma density along the magnetic field
lines is assumed to be given by

Ne(e) = Neoesp [~( )] M)

where z is the distance from the centrifugal equator along
the magnetic field lines and H is the scale height. For the
wave-particle interaction considered here the variation of
electron density is the dominant factor in determining the
interaction length [Inan et al., 1983|. Thus, in the following,
“equator” refers to the centrifugal rather than the magnetic
equator. . ¥

Modeling based on cold plasma measurements and whis-
tler dispersion has been consisterit with a range of values for
the scale height of H ~ 1-2R;, with By ~ 71, 323 km being
the radius of Jupiter [Bagenal and Sullivan, 1981; Gurnett
et al., 1981]. In our model calculations we use H ~ 1.5R;.
Based on Voyager 1 measurements, the radial variation of
the equatorial density was taken to vary as L~74 [Bagenal
and Sullivan, 1981; Birmingham et al., 1981; Gurneit et al.,
1981) with the plasma density at L ~ 8 at the equator being
Neg =~ 230 cm™ [Bagenal et al., 1980)].

To assure that whistler modée propagation of the chorus
can occur along the field line outside the torus, a constant
electron density of 1 cm ™2 was added to the electron density
obtained from (1). A similar correction was previously used
to interpret the dispersion of whistlers observed on Voyager
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Fig. 2. Schematic description of the chorus-induced precipitation
phenomenon. The chorus wave pulse is assumed to be sponta-
neously generated near the equator. As it propagates along the
field lines away from the equatorial region, it interacts in the gy-
roresonance mode with counterstreaming particles of increasing
energy. The pitch angle scattered particles are precipitated in the
opposite hemisphere.

1; such a lower limit to the electron density at all points
along a field-aligned propagation path is consistent with the
observed upper cutoff frequency of whistlers [Gurnett et al.,
1981].

Trapped Particle Distribution

We assume the energetic particle distribution near the Io
torus to be proportional to E~™, where E is the particle
energy. The differential energy spectrum for 1-keV particles
at 90° pitch angle was taken to be 10’0 el cm™2 571 sr~!
keV~! [Scudder et al., 1981]. The pitch angle distribution
is “isotropic” except for a sharp loss cone, which for L = 8
is ~ 1.8°. Note, however, that the chorus-induced precip-
itation is primarily due to particles that are within a few
degrees of the loss cone. Therefore, our assumption of an
isotropic distribution is only important to the extent that
it determines the flux level at the edge of the loss cone for
a given flux at 90° pitch angle. This is further discussed in
the next section.

Using reported data from Voyager 1 measurements of few
keV particles [Scudder et al., 1981] and higher energy elec-
trons [Krimigis et al., 1979] we estimate the energy depen-
dence parameter n to be in the range n ~ 2-3. For the
model calculations below, we use a value of n = 3.
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from the wave electric fields measured on Voyager 1 [Coroniti
et al., 1980].

In an earlier study of the gyroresonant wave-particle in-
teraction parameters in the Jovian magnetosphere, we have
demonstrated that a 10-pT field intensity is larger than the
threshold field intensity for phase trapping of particles in
the wave’s potential well [Inan et al., 1983]. While this is
true for particles having pitch angles of a ~ 45°, we note
that the precipitation fluxes discussed below consist only of
electrons that are within a few degrees of the equatorial loss
cone (~1.8°). Since the wave-trapping force is proportional
to By tana [Inan et al., 1978], the trajectories of the near
loss cone particles are for the most part quasi-linear, with
phase trapping of the particles not being a significant fac-
tor. Note that the absence of significant phase trapping also
implies that our representation of the diffuse chorus burst
with a quasi-monochromatic wave as shown in Figure 1 is a
reasonable approximation.

We note here that while our analysis is aimed at estimat-
ing the precipitation flux due to a single chorus element,
our result can be directly used to estimate the fluxes due
to a sequence of chorus elements or other single chorus ele-
ments observed on slightly different L shells. This point is
discussed further below.

Interaction Geometry and Resonant Particle Energy

The spontaneously generated chorus wave is assumed to
propagate away from the equator along the magnetic field

3. CHORUS—INDUCED AURORA

Wave Characteristics

We consider an isolated chorus element that is generated
at time ¢t = 0 at the equator at L ~ 8.6, where the cold
plasma density is taken to be ~135 em™3 (see previous sec-
tion). An example of such an element observed on Voyager
1 is shown in Figure la [Inan et al., 1983]. For use in our
model, we represent this wave packet with a coherent sig-
nal of 1-s duration having a linear frequency variation over
the range 4.8-6.0 kHz, as shown in Figure 1. The wave
intensity at the equatorial plane for 6 kHz was taken to be
By = 10 pT, consistent with magnetic field values inferred
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Fig. 3. (a) The precipitated energy flux induced by the Jovian
VLF chorus element shown in Figure 1 propagating at L ~ 8.6,
where the equatorial cold plasma density is Ne ~ 135 cm™3. The
flux is that which would be observed at 1000 km altitude in the
hemisphere opposite from the one toward which the chorus pulse
propagates. The time ¢ = 0 refers to the time of spontaneous cho-
rus generation near the equator. (b) The time-integrated energy
spectrum showing the relative contribution to the energy flux of
particles of different energies.
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lines. In doing so, it interacts in the cyclotron resonance
mode with counterstreaming electrons as depicted in Figure
2. The electrons are pitch angle scattered as a result of
this interaction and a fraction of the particle population is
precipitated out of the trapped orbits. As shown in Figure
2, the precipitation flux would be incident on the Jovian
ionosphere at the opposite end of the field line.

As it propagates away from the equator, the whistler
mode wave interacts with electrons of different energies in
accordance with the cyclotron resonance condition

F+5- (2)

where f and fy are the wave frequency and electron gy-
rofrequency, respectively, v, is the particle parallel velocity,
and k is the wave number, which for longitudinal propaga-
tion is given by k ~ (18w Ne/c)\/f/(fu — f) with c being
the speed of light.

For a centered dipole model as considered here, the gy-
rofrequency increases with distance from the equator, while
the electron density decreases in accordance with (1). For
the Jovian magnetosphere near L ~ 8 the dominant vari-
ation is dNe/dz, since the gyrofrequency variation over a
typical interaction length is negligible [Inan et al., 1983].
Thus the resonant particle energy (oc v?) as obtained from
(2) varies as N; ! and therefore increases with z.

“—fH

Model Results: Dynamic Spectra of Chorus-Induced Aurora

With the various parameters specified as discussed above,
the test particle model can be used to estimate the time
evolution of the chorus-induced aurora. Results of the model
calculation are shown in Figures 3 and 4. Figure 3a shows
the precipitated energy flux as a function of time, with t = 0

L=76
6_
x
23
LI.E 4
>0
0%
To
Zz2 o
w
N 1 AN T T W R
8 16 24
TIME (sec)
x
)
T 2
(=)
w
N
-}
< 11
=
@«
(o]
2
0 1
1 10 100
ENERGY (keV)

Fig. 4. Dynamic spectrum of Jovian chorus-induced aurora for
the L = 8.6 case shown in Figure 3. The top and bottom panels
show the same diagram seen from two different perspectives.
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Fig. 5. (a) The precipitated energy flux induced by a single Jo-
vian chorus element of 1-s duration with linearly increasing fre-
quency in the 8.5-9.5 kHz range, generated at ¢ = 0 the equator
at L ~ 7.6 where the cold plasma density is N, ~ 336 cm™3. (b)
The time-integrated energy spectrum showing the relative contri-
bution to the energy flux of particles of different energies.

representing the time at which the chorus element originated
at the equatorial plane. The flux is seen to consist of a burst
of ~5 s duration (full width half maximum), with the peak
flux arriving at the ~ 1000 km altitude at ¢ ~ 15 s. The
magnitude of the peak flux is ~7 ergs em~? s, although
this depends on the trapped flux level near the loss cone as
discussed below.

Figure 3b shows the time-integrated energy spectrum of
the precipitation burst. The flux consists of particles in
the 5-100 keV energy range, with most of the contribution
coming from particles with < 20 keV energy.

The dynamic spectrum of the same chorus-induced pre-
cipitation burst is shown in Figure 4. The top and bottom
panels show two different perspectives of the same three-
dimensional flux-energy-time diagram. We see that the
higher-energy particles arrive at the ionosphere earlier, in
spite of the fact that they encounter the chorus wave far-
ther away from the equator than the lower-energy particles.
However, the energy flux is higher for the lower-energy par-
ticles which interact with the wave closer to the equatorial
plane and thus suffer more pitch angle scattering [Inan et al.,
1978]. This is also due to the fact that the trapped particle
distribution function was assumed to fall off with energy,
being proportional to E—3
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The characteristic energy-time signature of the chorus-
induced precipitation burst is determined by a combination
of factors, including the wave and particle travel times, the
energy and latitude dependence of the gyroresonant pitch
angle scattering, and the assumed energetic particle dis-
tribution. The result shown in Figure 4 is similar to the
dynamic spectra of wave-induced precipitation bursts pre-
dicted for the earth’s magnetosphere [Chang and Inan, 1985].
The much longer length of the Jovian field lines is the main
reason for the much larger delay (~15 s) between the gen-
eration of chorus element and the arrival of the flux at the
ionosphere.

Discussion

We have estimated the characteristics of the electron pre-
cipitation flux that would be induced by a single isolated
chorus element of the kind shown in Figure 1. This element
was chosen because of its relatively well-defined spectral con-
tent. The Voyager 1 observations at ~ 0457 UT represent
only a small fraction of Jovian chorus observations. An ex-
tended period of chorus activity was also observed later (up
to 0600 UT) as the spacecraft moved toward the planet into
the L shell range 7 < L < 8 [Coroniti et al., 1984; Inan et al.,
1983]. However, as was shown by Inan et al. [1983], much
of the characteristics of the observed chorus (in terms of the
wave field intensity, normalized wave frequency (f/fHeq)
spectral shape) did not change significantly between 0457
and 0600 UT. The variation of various wave-particle inter-
action parameters (such as resonant particle energy, wave-
particle interaction length, threshold field intensity) as a
function of L shell and normalized wave frequency were in-
vestigated by Inan et al. [1983]. According to these results,
and for given normalized wave frequency, the equatorial res-
onant particle energy does not change appreciably between
L =9 and L = 7, and the interaction length at L = 7 is
only ~25% lower than that at L = 9. This indicates that
the precipitation pulses computed for the chorus burst of
Figure t should be representative of precipitation induced
by other observed single elements of Jovian chorus.

To illustrate this further, we have used the test particle
model to compute the precipitation flux induced by another
single chorus element observed at L ~ 7.6. This element
was modeled by a 1-s long pulse having 10 pT intensity and
linearly increasing frequency between 8.5 and 9.5 kHz. The
cold plasma density was taken to be ~366 cm™3. The results
of the model computation are shown in Figure 5. We see that
the temporal signature is very similar to the L ~ 8.6 case,
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at even higher pitch angles. Such aspects of the problem
are beyond the scope of this paper and must be addressed
in the context of a self-consistent model that includes the
source functions and drift of the particles across flux tubes,
as well as the effect of the modified particle distribution on
the chorus generation.

While the fact that chorus emissions are excited indicates
that the pitch angle distribution is anisotropic, the scat-
tering of electrons by the wave packet may not necessarily
occur near the generation region. Furthermore, the chorus-
induced precipitation is primarily due to particles that are
within a few degrees of the loss cone, whereas the particles
that are responsible for the generation and amplification of
chorus may be at higher pitch angles. Observational evi-
dence on the pitch angle distribution of energetic electrons in
the Io torus is not available. However, for an anisotropic dis-
tribution, the near loss cone flux, and therefore the chorus-
induced precipitated flux, would typically be lower than the
estimates given above. For example, if one assumes a pitch
angle distribution proportional to (0.2 sin®2 a+0.8sin!? ),
one that has been used to describe highly anisotropic distri-
butions in the earth’s magnetosphere [Anderson, 1976], the
ratio of the 90° flux to that near the loss cone would be a
factor of ~10. In view of this, the peak flux for the com-
puted chorus-induced precipitaton bursts of Figures 3 and 5
is taken to be 0.3-3 and 0.7-7 ergs/ cm? s, respectively.

The peak flux computed with the test particle model is
of the same order of magnitude as the value (~6 ergs cm™?
s™!) estimated by Coroniti et al. [1980]. This is interesting
since the two estimates are based on quite different methods.
We note that Coroniti et al. [1980] only considered equato-
rial interactions and used a strong diffusion assumption and
quasi-linear theory for evaluating the diffusion coefficients.
Since the chorus frequency range at L ~ 8 was taken to
be 8.5-9.5 kHz, the flux estimated consisted of particles of
few keV energy. In our case, we consider the specific chorus
element shown in Figure 1 covering the frequency range of
4.8-6.0 kHz and observed at L ~ 8.6, as well as another
element covering the frequency range of 8.5-9.5 kHz ob-
served at ~ 7.6. Since we also account for off-equatorial
interactions, the chorus-induced aurora is found to consist
of particles in the 5-100 keV energy range.

In the next section we discuss the effects on the Jovian
ionosphere of a precipitation pulse such as the one shown in
Figure 4.

4. IONOSPHERIC EFFECTS OF

except for the fact that the peak flux is somewhat lower.
The energy range of the particles constituting the flux is
~8-100 keV.

Most terrestrial magnetospheric chorus as well as Jovian
VLF chorus observed by Voyager 1 and 2 consists of bands
of emissions made up of successive, sometimes overlapping
discrete elements such as that in Figure 1 [Scarf et al., 1981].
The associated precipitation in such a case can be expected
to be a superposition of successive precipitation pulses of the
kind presented in Figures 3 and 4, since wave-induced pitch
angle scattering by a single wave pulse typically depletes a
very small percentage of the available flux near the loss cone
[Inan et al., 1985]. While this situation would change some
minutes after the onset of the chorus band, the near loss
cone flux might remain high due to scattering of particles

Va A
CHORUS-INDUCED AURORA

The aeronomical effects of energetic particle precipitation
into the Jovian atmosphere were recently discussed by Waite
et al. [1983]. Using a theoretical model, Waste et al. consid-
ered the precipitation of 1-and 10-keV electrons at auroral
as well as mid-latitudes. Estimates of the background iono-
spheric electron density profiles and secondary ion produc-
tion rates were presented for the altitude ranges of 300-1500
km. In the following, we use these results to obtain a first-
order estimate of the ionospheric effects of chorus-induced
aurora.

The background ionospheric electron density (in the ab-
sence of precipitation) at ~500 km altitude is estimated to
be ~2x10% ¢cm™3 and is mainly due to solar extreme ul-
traviolet radiation (EUV). The ion production rate due to
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Figure 6. Schematic description of a possible experiment to mea-
sure the association between Jovian VLF chorus and the aurora.
The chorus waves are observed at the equatorial plane with a
plasma wave receiver on board the satellite. The radio beacon
signal is occulted by the Jovian ionosphere and can in princi-
ple be used to detect ionospheric density enhancements resulting
from secondary ionization due to the chorus-induced precipita-
tion bursts. While the simultaneous measurement of chorus and
the ionosphere may not be possible due to orbital constraints,
data from radio occultations of the auroral ionosphere can be
compared with chorus data acquired at other times.

an incident flux of ~10 ergs cm™2 s™! of 10-keV electrons
reaches a maximum at ~500 km altitude. This maximum is
~2x 10* em™3 57! or ~2x10% cm™2 s~ for the produc-
tion of Hf or HY, respectively [ Waite et al., 1983]. Since
Hé" production accounts for a much larger proportion of the
energy deposition [Waite et al., 1983] and since the produc-
tion rate is higher, we consider H'{ as the main secondary
ionization component.

Assuming the chorus-induced auroral burst to consist of
~10 keV particles and to last for ~5 s, the secondary ioniza-
tion at ~500 km altitude would be ~ 10° el/cm®. This con-
situtes an increase above the background EUV-associated
density of a factor of ~5. On the other hand, at ~ 600 km
altitude where the background density is estimated to peak
at ~ 10° el/cm3, [Waite et al., 1983], the aurora-induced
enhancement would still be ~ 10° e]/cm3, constituting only
~10% of the background. However, we also note here that
the Voyager 2 radio science experiment measurements indi-
cate that the peak value for the background density may not
be higher than ~2x10% el/cm®, in which case the chorus-
induced perturbation would be of order ~50% [Eshleman et
al., 1979a].

5. A PROPOSED EXPERIMENT FOR
DETECTING CHORUS-INDUCED AURORA

We found above that the auroral fluxes expected to be
induced by Jovian VLF chorus can give rise to significant
secondary ionization in the Jovian ionosphere at 500-600
km altitudes. This finding raises the intriguing question of
whether these transient ionospheric signatures can be mea-
sured in association with chorus. We propose one such mea-
surement, involving the observation of chorus waves on a
planetary probe near the equator at L =4-10 in the Io torus
and the detection of temporal changes in the ionosphere via
a radio beacon signal from the same satellite that is occulted
by the Jovian ionosphere along its propagation path to the
earth. The concept of such an experiment is depicted in
Figure 6.

Radio occultation experiments have proved to be powerful
tools for exploring the vertical structure and small-scale dy-
namics of planetary atmospheres and ionospheres (for the
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case of Jupiter, see Eshleman et al. [1977, 1979a, b], Lin-
dal et al. [1981], and Hinson and Tyler [1982]). In general,
these techniques are applied under the assumption that the
properties of the region under observation do not change ap-
preciably with time during the experiment. Time variations
in the signals received from the occulted spacecraft are at-
tributed to the rapid transverse motion of the propagation
path across a spatially varying field of refractive index.

For application of radio techniques to detect transient ef-
fects such as chorus-induced aurora and the associated den-
sity enhancements, the reverse must be assumed; it must
be postulated that spatial changes over the time scales con-
cerned are negligible. The time scale of interest here is the
duration of the precipitation burst which from Figure 4 is
~5s. For a spacecraft velocity of ~10 km/s near the mag-
netic equator, the change in altitude of the occulted region
would be ~50 km for the worst case geometry. If the orbital
track of the spacecraft is approximately along the line-of-
sight path to the earth, the change in altitude can be much
smaller. Thus the proposed measurement must rely on the
assumption that the vertical ionospheric density profile does
not vary over an ~50 km range. This may be a good assump-
tion for ~600 km but probably is not as good for ~500 km,
since the latter is very near the bottom edge of the Jovian
ionosphere where the density varies roughly exponentially
with altitude [ Waste et al., 1983]. However, the background
density variation with altitude would be expected to vary
in a predictable manner, so that it might still be possible
to look for temporal fluctutations on top of a varying back-
ground. In any case, when precipitation of 10-keV parti-
cles does occur, they are deposited in a broad height range
centered at ~500 km altitude, so that the variation of the
secondary ionization over a 50-km range can be assumed to
be negligible for a first-order calculation.

The detectability of chorus-induced aurora using radio
techniques depends on the percentage density change §N/N
as well as the spatial distribution of the irregularities. For
example, Hinson and Tyler [1982] have observed scattering of
radio waves from ionospheric irregularities in the size range
of 1-100 km, corresponding to a §N/N ~ 5-10%. In that
case, the ionosphere was assumed to have an irregular, cor-
rugated structure that appeared to be statistically homo-
geneous over an altitude interval of several thousand kilo-
meters. In contrast, the precipitation-induced ionospheric
perturbation may occur in a single more localized region.
In such a case the phase and amplitude perturbations of the
coherent radio beacon would be fundamentally different.

While no information exists on the size or distribution of
the precipitation region(s) due to a single chorus element, in
the following we conservatively assume a region of ~100 km
in horizontal extent and covering a height range of 50-100
km. The spatial extent of chorus waves and/or associated
precipitation regions is not well known even in the terres-
trial magnetosphere; however, existing evidence from multi-
station ground-based and simultaneous satellite-ground ob-
servations indicates that the regions may be at least as large
as a few hundred kilometers in extent [ Carpenter et al., 1985;
Smith et al., 1985].

For a single localized precipitation region of ~100 km lati-
tudinal extent and for the geometry depicted in Figure 6, the
detectability of the perturbation can be assessed by comput-
ing the percentage change in the total electron content along
the signal path. For an exponential background ionosphere
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and a peak density of ~ 10% el/cm®, the total electron con-
tent on an occultation path having a minimum altitude of
~500 km would be ~10'* cm~2 [Hinson, 1983]. Assuming
aurora-induced density enhancement of ~ 10° el/cm® de-
posited uniformly over a path of ~100 km horizontal extent,
the differential change in the total electron content would be
~10'? cm~2. Based on previously reported measurements
from Voyager 1 and 2, such differential changes in total elec-
tron electron can be detected. For example, Eshleman et al.
[1979a, b] have reported background ionospheric measure-
ments of electron concentration as low as ~ 10° el/cm3,
which would correspond to a total electron content along
the path of ~10'% cm™2 [Hinson, 1983)|.

Discussion

Based on the above first-order analysis, we conclude that
the ionospheric density enhancements caused by chorus-
induced aurora can be detected using the radio occultation
technique. Thus, the experiment depicted in Figure 6 can
in principle be used to simultaneously observe such effects
and the chorus waves, if the indicated orbit geometry can
be achieved. An orbit configuration as shown did not occur
during the Voyager 1 and 2 encounters of Jupiter. How-
ever, radio beacon data from the occultations of the auroral
regions were acquired, and these data can be analyzed for
signatures of chorus-induced precipitation, in the light of
expected characteristics as estimated in this paper. The re-
sults can then be compared with chorus observations near
the equator, acquired at other times but nevertheless on the
same field lines connecting to the auroral regions.

An upcoming opportunity for carrying out such an ex-
periment would have been the Galileo mission that will be
launched during 1986 and that includes a satellite to be
placed in orbit around Jupiter. However, an examination of
the planned orbital configuration indicates that occultation
of the auroral regions would not occur during times when
the satellite would be near the equatorial plane on L shells of
L=4-10. In view of this, opportunities for carrying out the
simultaneous measurement of chorus and auroral effects are
not likely to be available. On the other hand, some oppor-
tunities would undoubtedly exist for carrying out measure-
ments of the auroral regions using radio beacon occultation
techniques. Such data can then be searched for signatures
of chorus-induced precipitaton in the light of the predictions
put forward in this paper and compared on a statistical ba-
sis with chorus data obtained at other times but on similar
field lines.

6. SUMMARY AND CONCLUSIONS

We have estimated the dynamic energy spectrum of the
electron precipitation flux that would be induced via gy-
roresonance interactions of trapped radiation belt electrons
and Jovian VLF chorus waves. The precipitation burst in-
duced by 1-s long chorus wave packets generated near the
magnetic equator at L ~ 8.6 and 7.6 was estimated to con-
sist of particles having energy ~5-100 keV. The energy flux
consists of bursts of ~5 s duration with a peak of ~0.7-7
ergsem™2s !l at L ~8.6(0.3-3ergscm 25 at L ~7.6)
that arrive at the ~1000 km ionospheric altitude ~15 s af-
ter the generation of the chorus emission at the equatorial
plane.

The chorus-induced precipitation burst is expected to pro-
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duce density enhancements of order ~10%-10% cm ™2 at 500-
600 km altitudes in the Jovian ionosphere. Such transient

* perturbations of the Jovian ionosphere are detectable us-

ing radio beacon techniques. A new experiment is thus
proposed, aimed at simultaneously measuring Jovian VLF
chorus waves and the ionospheric effects of precipitation in-
duced by the chorus. While the proposed simultaneous mea-
surement requires a very specific orbital configuration that
does not seem likely for the upcoming Galileo mission, data
from radio beacon occultations of the auroral regions can
be used to search for signatures of chorus-induced precipita-
tion that can then be compared with chorus data acquired
at other times.
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