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Cold torus whistlers: An indirect probe of the inner
Jovian plasmasphere
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Abstract. The dominant features of Jovian whistlers observed by Voyager 1 in
the inner cold torus around R; = 5.3 are studied using the technique of ray tracing
with an offset tilted dipole. These whistlers are unducted, and the electron density
in the inner plasmasphere plays a controlling role in the access of whistlers to the
cold torus. The upper frequency cutoff of inner zone whistlers allows a firm limit
to be placed on the minimum electron density 3-5 cm~3 at higher latitudes in the
inner plasmasphere around L = 5.3, a region where no spacecraft have ever been.
Backward ray tracing from the observation location is used to determine the source
location at the top of the Jovian atmosphere, and it is shown to be consistent with

the latitude of lightning events observed by Voyager 1.

1. Introduction

Lightning-generated Jovian whistlers have been ob-
served [e.g., Gurnett et al., 1979; Gurnett and Scarf,
1983] in three distinct locations, which are referred to
here and in previous papers as regions A, B, and C.
The regions of detection along the Voyager 1 trajec-
tory are shown in Figure 1. The majority of Jovian
whistlers were confined to region B in the inner cold
torus 525 < L < 5.6 [Kurth et al., 1985]. These
whistlers are characterized by much shorter dispersion
(ranging from 40 to 70 s Hz!/2) compared with those
observed in regions A and C in the warm torus. Con-
sequently, the waves which reach region B must have
propagated through regions where the path-integrated
electron densities were much lower. Plasma in the in-
ner torus is too cold to accurately analyze the disper-
sion of the majority of observed whistlers. Although
information on the equatorial proton concentration and
the ion parallel temperature (scale height) can be ex-
tracted from a dispersion analysis of whislters in the
warm torus [e.g., Crary et al., 1996; Wang et al., this
issue], the dispersion observed in region B is insensitive
to changes in these key plasma parameters. Nonethe-
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less, important features of whistlers observed in the cold
torus have not been adequately explained in previous
studies. Specifically, the present study will address the
question of why most whistlers were confined to this in-
ner region and why the observed location for detection
spanned a range from L = 5.25 to L = 5.6, instead of
being centered around the density peak at L = 5.3, as
would be expected if the density peak guides whistlers
from the ionosphere to the observed equatorial region
[Weng et al., 1995]. To simulate the observed charac-
teristics of region B whistlers, a new electron density
model has been constructed for the inner Jovian mag-
netosphere. The density model is used in the HOTRAY
code [Horne, 1989] to trace waves back to their source
location in the Jovian ionosphere on the assumption
that the waves are unducted. This source location is
consistent with the latitude range over which optical
lightning flashes were observed by Voyager 1. Our anal-
ysis also yields information on structure of the inner
torus and places a strict limit on the electron density
at intermediate latitude in the inner plasmasphere, a
region that currently is poorly defined due to lack of in
situ satellite measurements.

2. Observed Features of Whistlers in
the Inner Cold Torus

Figure 2 shows a frequency-time spectrogram of ob-
served whistlers in the cold torus; the properties of such
whistlers have been extensively described by Kurth et
al. [1985]. Wave dispersion is very short for each of the
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Figure 1. Optimum electron density contours (solid
lines) in the inner plasmasphere required to account
for the features of region B whistlers. The Voyager
1 trajectory through the Io torus is indicated by a
bold dashed line, on which the regions A(A1 = 200°),

B(Amr = 225°), and C(Am = 330°) of whistler detec-
tion are also shown.

whistler events (40-70 s Hz!/2). The frequency range of
whistlers observed in region B is summarized in Figure
3 as a function of L shell and SCET (spacecraft event
time). While the data exhibit considerable variability,
the lowest upper cutoff frequency (3 kHz) was observed
near SCET 0944 when the spacecraft was inbound near
L = 5.5, and the highest upper cutoff frequency (8 kHz)
was observed around L = 5.3 near SCET 1016. During
this time interval, the observed upper cutoff frequencies
exhibited a tendency to increase as, the arrow indicates.
This trend for the upper cutoff frequency to increase
with decreasing L is not due to any deficiencies of the
instrument. The dynamic range of broadband electric
field strength does not change during this time period
[Kurth et al., 1985]. Wideband data were only available
for certain time periods, indicated by the solid bars at
the top of the figure. Discrete whistlers were observed
during most of these intervals of wideband coverage.
Whistler occurrence is probably high throughout the
inner torus.

3. Models

The access of Jovian whistlers to region B and the
observed spectral properties of the waves have been
studied using the HOTRAY code [Horne, 1989] with
a realistic electron density model for the inner Jovian
magnetosphere. This composite model contains com-
ponents to represent the ionosphere, the inner plasma-
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sphere, and the Io torus as described in a companion
paper [ Wang et al., this issue]. Certain key parameters
in each model were varied to obtain the optimum den-
sity model consistent with whistler observations. Both
the access of waves to locations of observation and wave
dispersion (where appropriate) were used to define this
optimum electron density model. The offset and tilt
of the dipole (OTD) are taken into account to explore
the source latitudinal locations in terms of Jovigraphic
coordinates. The composite contours of electron den-
sity of our optimum model, corresponding to the Sys-
tem III longitude A = 225° where region B whistlers
were observed in the cold torus, is shown in Figure 1.
There is a pronounced minima in electron density at
middle latitudes in the inner plasmasphere (specifically
note the contours of electron density at 2, 3, 4, 5, and
10 cm~3). The local plasma frequency in this region
plays a controlling role in determining the upper fre-
quency cutoff [Gurnett et al., 1981; Wang et al., 1995]
for whistlers which have access to region B. There was
a prolonged period along the outbound Voyager trajec-
tory where no wideband data were available south of
the magnetic equator, as indicated by the open box in
Figure 1. This absence of wideband data spans the en-
tire L range where region B whistlers were detected on
the inbound orbit.

4. Ray Paths of Whistlers

The composite density model was incorporated into
the HOTRAY code, and waves were traced backward
from the observation point in region B to the iono-
sphere. Only waves with wave normal angles approx-
imately vertical to the planetary surface at the base
of the ionosphere were considered in this study, since
this is the most probable condition for whistlers to es-
cape from the ionosphere [e.g., Helliwell, 1965]. Figure
4 illustrates how the appropriate ray path was chosen
for the case of 3-kHz waves observed by Voyager near
L = 5.3. Waves were assumed to be unducted and
to propagate at a wave normal angle ¥ to the ambi-
ent magnetic field. Six ray paths are shown for waves
with a propagation angle 1; at the observation location
at the inner portion of region B (L = 5.3) and corre-
sponding wave normal angle 1y at the ionosphere. The
ionospheric entry latitudes are represented by Ap,g, and
the difference between v¢ and ¢} (the wave angle which
is vertical to the ionosphere) is tabulated as function of
®; in the bottom portion of the figure. In this spe-
cific case the source location in the Jovian ionosphere
was determined to be near A\, = 53.5°, and the wave
normal angle at the observation point was ; ~ 142°,
corresponding to the minimum value of |¢; — ¥}|.

Figure 5 shows sample ray paths within tﬁe ob-
served frequency ranges (2-8 kHz) for whistlers that
are able to propagate into the cold torus over the range
(5.3 < L < 5.5). Typical source latitudes in the iono-
sphere range from 53.5°(L =~ 2.8) to 58°(L =~ 3.5).
Waves propagate substantially across field lines from
the source location near L = 3.0 in the ionosphere to
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Figure 2. An example of frequency-time spectrogram of whistlers observed in the cold torus.
The dispersion is approximately 40 s Hz!/2 over the frequency range from 3 to 7 kHz.

L = 5.3 at the observation point near the equatorial
plane. The highest observed frequency waves (8 kHz),
which only have access to the inner portion of region
B, are refracted considerably at intermediate latitudes
along the L = 5.3 field line. In contrast, 3-kHz waves
observed in the outer portion of region B are refracted
to a much lesser extent. The stronger refraction of 8-
kHz waves is caused by the lower plasma density (and
hence plasma frequency) at middle and high latitudes
in the inner plasmasphere (Figure 1). This refraction is
enhanced by the finite angle of propagation, which ef-
fectively excludes waves from locations where the wave
frequency is above about one third of the plasma fre-
quency. Waves with lower frequencies, such as 2-kHz
and 3-kHz waves (dashed lines), can propagate through
this lower density region with little refraction. How-
ever, these waves are refracted by the strong gradient
between the cold torus and the warm torus near the

equator and arrive at region B near L = 5.5 (dashed
lines). The inner plasmaspheric densities shown in Fig-
ure 1 were scaled up from the values given by Divine
and Garrett [1983] to allow 8-kHz waves to access the
inner portion of region B where they have been ob-
served. Figure 1 presents the optimum density model
to explain the observations of 8-kHz waves.

The ionospheric source location for different frequency
whistlers is explored in Figure 6, which shows ray paths
plotted as a function of invariant Jovigraphic latitude
(Ag) versus magnetic latitude (). The L-shell range
for whistler detection on Voyager (near \,, = 0°) in
regions A and B is indicated by bold solid lines. Eight-
kilohertz kHz waves (top left panel) launched from
Ay = 40.5°, 41.5° (dotted lines) cannot access region
B; they propagate into the equatorial region at L-shells
less than 5.3. Waves launched from A, = 42° to 43°
(solid lines) are able to access the observation point in
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Figure 3. The frequency range of whistlers observed in the cold torus for different L shells and
spacecraft event time (SCET). There is a tendency for the upper cutoff frequencies to increase
as L decreases over the range L = 5.5 and L = 5.3 as indicated by the arrow. Highest frequency
(8 kHz) was observed at SCET 1016. The periods of wideband data coverage are indicated at

the top of the Figure [Strayer, 1981]

the inner portion of region B. However, waves launched
from higher latitudes at A, = 44° (top dotted line)
are refracted back to even lower L shells than those
for waves launched from A, = 41.5°, 42.5°. This
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strong refraction of oblique waves results from the low
density at middle latitudes in the inner plasmasphere.
When waves are launched from much higher latitudes
at A, > 45° (dashed line), they start to be trapped by
the strong Io torus peak at L = 5.7 and end up in re-
gion A. The source location for 8-kHz region B whistlers
in the OTD model is therefore confined to the narrow
range of latitudes 42° < A, < 43°. .

Ray paths for 6-kHz waves (top right panel of Fig-
ure 6) do not show the strong refraction toward lower
L shells seen for 8-kHz waves launched from A, = 44°.
These waves are able to reach region B from a broader
range of source locations at lower latitude (40.2° <
A, < 43°). Waves launched from A, > 44° propagate
into region A. At 4 kHz (bottom left panel), the source
location becomes narrower and moves to lower latitude
(40° < A4 < 41°). Waves launched between Ay, = 41.5°
and 42.5° are strongly influenced by the steep density
gradient between the cold and hot torus and propagate
to much higher L shells beyond regions A and B. Waves
launched from A, = 43° will access region A. The prop-
agation characteristics for 2-kHz whistlers are similar

Figure 4. (top) Ray paths of 3-kHz waves with differ-
ent initial wave angles (#;) launched from the inner por-
tion of region B (L = 5.3) back to the ionosphere where
the final wave angle is ¥;. (bottom) The ionospheric
entry latitudes Ao and the difference between 1)y and
¢} (the wave angle which is vertical in the ionosphere)
are tabulated against v;. The ray with ; = 141.833°,
Amo = 53.45° is chosen for our study because it corre-
sponds to a vertical wave in the ionosphere.
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Figure 5. Examples of ray paths of waves observed
at SCET 0944 (2 kHz to 3 kHz: dashed lines) and
SCET 1016 (3 kHz to 8 kHz: solid lines) (see Figure
3). Eight-kilohertz waves are noticeably refracted at
middle latitudes ()\,, = 30° — 45°) by the density min-
imum at L = 5.3 and arrive near the inner portion of
region B. Lower-frequency waves (dashed lines) tend to
be refracted by the Io torus density gradient and travel
to the outer portion of region B.

to those at 4 kHz. The only notable difference occurs
because the ray paths of waves with lower frequencies
deviate more from the ambient magnetic field lines and
are more easily trapped by high density in the warm
torus. None of these waves propagate along field lines.
They cross a large range of L shells and originate from a
source location at much lower L shell in the ionosphere.
Most of the cross-L transport occurs at high latitude,
but the ray path of low-frequency (2 and 4 kHz) waves
exhibits additional refraction by the strong radial den-
sity gradient near the equator (A, < 10°) which carries
such waves into the outer portion of region B.

Figure 6 shows how electron densities at middle to
high latitudes in the inner plasmasphere control the ac-
cess of high-frequency whistlers to region B. The ray
tracing results constrain the minimum electron density
along the ray path to values between 3 and 5 cm—3.
The sensitivity of the ray paths to small changes in the
plasmaspheric density is explored in Figure 7, which
shows ray paths of 8-kHz (observed) and 9-kHz (un-
observed) waves launched from A0 = 58°. The top
panel shows that a 20% increase (dashed line) in this
plasmaspheric density (N = 1.2Np) would cause 8-kHz
waves (dashed line) to be carried into the outer por-
tion of region B. Eight-kilohertz waves were not ob-
served in this location, indicating a firm upper limit of
the plasmaspheric density at high latitudes. Alterna-
tively, for a 20% decrease in this density (N = 0.8Ng),
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8-kHz waves (dash-dotted line) would be unable to ac-
cess any part of region B. This places a lower limit on
the plasmasphere density at high latitudes. The bot-
tom panel shows that for a 20% increase in this density
(N = 1.2N,), 9 kHz waves (dashed line) would gain
access the inner portion of region B. When density is
further increased (N = 1.5Np), 9-kHz waves can even
access the outer portion of region B. The absence of
9-kHz waves anywhere in region B places a firm upper
limit on the plasma density. Although the ray paths are
sensitive to the precise model used to simulate density
in the inner plasmasphere, it is safe to conclude that
the electron density at high latitude is limited to values
near a few cubic centimeters.

5. Discussion and Conclusions

On the basis of detailed ray path calculations with
a comprehensive electron density model for the inner
Jovian magnetosphere, the observed characteristics of
region B whistlers can be interpreted briefly as follows.
The dispersion of signals which reach region B near L =
5.3 is always low, D =~ 44 s Hz'/2, which is consistent
with the observed dispersions near SCET 1016 (Figure
3). In contrast to the density peaks in the warm torus
at L = 5.7 and L = 5.9 which guide waves to region
A and C [Wang et al., this issue], plasma in the cold
torus does not extend to sufficiently high latitude to
guide waves into region B. However, electron density
in the inner plasmasphere at middle and high latitudes
around L = 5.3 does control the access of whistlers
to region B. The minimum density along the ray path
needs to be high enough to allow waves to access the
cold torus. In our earlier work [Wanyg et al., 1995], the
model electron density was insufficient to allow high-
frequency whistlers into this region. The broad spatial
distribution of whistler events in region B from L = 5.3
to L = 5.6 can be explained by the effects of refraction
by the density gradients between the cold torus and
the warm torus (Figures 1, 5, and 6). Waves with lower
frequencies are more easily refracted to access the outer
portion of region B.

Whistlers propagate significantly across field lines
along their path from the source location in the iono-
sphere (3 < L < 4) to the equatorial observation re-
gions (5.3 < L < 5.6) in the cold Io torus (Figure 6).
Source latitudes for waves of all frequencies observed in
region B range from 40° to 45° Jovigraphic. This range
is consistent with the location of optical lightning which
was observed on Voyager over the range from 30° to
55° Jovigraphic latitudes [Cook et al., 1979; Magalhies
and Borucki, 1991)]. The fact that most whistlers were
observed in region B may correspond to the strong
peak in lightning occurrence near 49° Jovigraphic. Al-
though these lightning events were detected at night
(3 hours after the whistler events), natural lightning
events should not be sensitive to longitude [Magalhdes
and Borucki, 1991]. The exact source location in the
ionosphere cannot be derived using our simple OTD
model. Changes in parameters of the OTD model from



14,992

40

60 50 40 30 20 10 O

WANG ET AL.: JOVIAN COLD TORUS WHISTLERS

to region B
— — — Lo region A

------------ to other regions

8kHz | 3

6kHz jg

1 1 aloses aliaiisiais

60 50 40 30 20 10 G

Latitude (A )

60 50 40 30 20 10 O
Latitude (\_)

Latitude (Ay)

50

40

60 50 40 30 20 10 O
Latitude (A )

Figure 6. Ray paths plotted as a function of invariant Jovigraphic latitude (A,) versus Jovimag-
netic latitude (\,). At 8 kHz (top left), only waves launched from a limited range of latitudes
43° < A, < 44° are able to propagate to region B. The access to region B at other frequencies is
indicated in the remaining panels. The source latitudes of lower frequency waves moves to lower
Jovigraphic latitude. The source in the ionosphere occurs at a significantly lower L shell than

the observation location.

Acufia et al., 1983] and the inclusion of quadrupole and
octupole terms near the planet would change the source
location. However, it is worth noting that the source
latitudes from the OTD model are well within the range
of optical lightning events.

The trend of the observed upper cutoff frequencies
exhibited in Figure 3 is a direct consequence of the
electron density structure of the inner plasmasphere.
Decrease in electron density with increasing L shell
provides a plasma environment which allows lower-
frequency waves to access the outer portion of region
B, but confines the access of higher-frequency waves to
the inner portion. The model for the Jovian plasmas-
phere is a modification of the density model introduced

by Divine and Garrett [1983] which has only two free
parameters, limiting our ability to match the upper cut-
off frequency; basically, we can only attempt to fit the
trend from the inner to the outer part. As Figure 3
shows, the upper cutoff frequencies around L = 5.6 are
higher. This may be a consequence of some mixture of
plasma from the cold torus and the warm torus near
this location and will not affect our interpretation of
the upper cutoff frequency trend at lower L in the cold
torus.

Finally, the constraint on electron density (3 — 5
cm~3) at middle and high latitudes along L = 5.3
is quite firm, since it cannot be too high or too low
to interpret the confined observations of 8-kHz waves
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Figure 7. (top) Sensitivity of the access of 8-kHz waves
to region B (bold solid line) to variations in the in-
ner plasmasphere electron density (Np denotes nominal
density). (bottom) Nine-kilohertz waves should be able
to gain access to region B if the inner plasmasphere elec-
tron density were increased by 20% above éur nominal
model.

around L = 5.3 in region B (Figure 7). The constraint
on electron density for the inner plasmasphere is also
consistent with the study on Jovian decametric radio
emission [Melrose and Dulk, 1991], which requires less
than 5 cm™3 to interpret the observed radiation, imply-
ing that the presence of whistlers in region B provides
a sensitive bound on the electron density in a region
where no spacecraft have ever been.
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