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Ie SUMMARY

The investigative efforts at Southwest Research Institute have centered
on the development and execution of a comprehensive three-dimensional ray
tracing code, This code contains a model of the Jovian magnetosphere which
includes the 0O-4 magnetle field description (Acuna and Hess, 1976) and an
empirical plasma model. Decametric radiation {2~-35MHz) has been the primary
subject of the analyses but some studies in the whistler mode (< 10kHz) have
been performed. The whistler mode analyses ylelded the approximate dimensions
of Jovian lightning source regions and the approximate energy digpersion.
From the latter an estimate of the Jovian lightning emission rate was made,
These results were previously reported in the Final Report submitted to the
Jet Propulsion lLaboratory in October, 1982, The decametric radiation (DaM)
studies have produced numerous publishable results,

The early work of the current contract in ray tracing of DAM did not
incorporate a model Jovian lonosphere., Sources were assumed to be at the foot
of the Io flux tube and only northern hemisphere sources were initially
considered, Emlssion emanating in a hollow cone around the active field line
wag ray traced from sources separated by 10° in Jovian longitude. One of the
most notable results was the observation that not only does the magnetic field
model control the frequency extent of the emission but also the curvature and
morphology of the arcs, The importance of displaying the Planetary Radio
Astronomy data in a constant-Io longitude format were clearly demonstrated in

this early work. The results were published in the Journal of Geophysical

Research (Appendix 1).
Igsolated, high~-curvature DAM arcs were modelled by varying the wave
normal angle at the source until the ray tracing‘results matched the

observations. FPlots of wave normal angle versus frequency for different
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Loppler shifts at the sourcs were made which provide the flirst comprehensive
three~dimensional description of the relationship of thesa variables. The
results were compared with the theoretical work of Staelin (1981} and imply a
maximum wave normal angle of about 80° for the high-curvature arcs, This work

has heen submitted to the Journal of Geophysical Research (Appendix 3).

Because the Jovian lonosphere was found to strongly influence the
higher frequency radiation, an empirical expression was used to represent the
lonosphere in the code. The ray tracing of Jovian DAM source points was
repeated including the southern hemisphere sources. The results have, for the
first time clearly delineated northern and southern hemisphere scurces in the
Voyager data. The southern hemlsphere arcs are lower in freguency extent and
have a narrower emission cone angle, These findings lend strong support to
the theory that arc morpholegy is primarily a result of wave refraction in the
magnetosphere rather than emission processes. Appendix 2 1ls praprint of a

paper submitted to the Journal of Geophysical Research detailing thase

exciting results.

The next step in reformatting the Voyager data led to a discovery of
an Io~independent emission which is most probably the Jovian counterpart to
terrestial auroral kilometric radiation (AKR). By plotting the sub-Io
longitude versus the difference hetween the gpacecraft and the sub-Io
longitude, an emission which has been named Jovian Auroral Decametric
Radiation (JADR) has been identified, This emission appears to emanate only
from high-latitude nightside auroral =zone sources in‘a manner similiar to the
terrestial AKR, These results have been submitted to the Journal of

Geophygical Research and appear in preprint form in Appendix 4.
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II. INTRODUCTION

This work represents culmination of a three year activity involving
ray tracing studies of Jovian low frequency emisions, The program included
the development and executlon of a comprehensive three~dimensional ray tracing
computer code for examination of model Jovian decametric (DAM) emission. A
detailed description of this program has been submitted to the Jet Propulsion
Laboratory as "Final Report" dated October, 1982. In the present report a
brief description of the improvements to the computer code will be outlined
and a presentation of the results of ray tracing of Jovian emissions will be
presented in the form of summaries with details given in the appendices. The
appendices contain copies of papers that have been accepted or submitted for

publication to the Journal of Geophysical Research.
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111, TECHNICAL DISCUSSION
AR. Previous Results
As described previously in the "Final Report" dated October, 1982
{hereafter referred to as FR1982), DaM emission from northern hemisphere
gource positions located at the feet of Io flux tubes separated by 10° in
Jovian longitude have been ray traced. The results were compared to Voyager 1

and 2 cbservations and have been published in the Journal of Geophysical

Research, As a result of these efforts the importance of wave propagation
effects in reproducing the observed Jovian DAM arcs became apparent. The
magnetic field model and lonospheric effects were seen to be fundamentally
important. In addition, the arcs were seen to be divided into high and low
curvature classes, Initial explanations for some of the differences between

these clasgses were presented which included variations of initial wave normal

‘angle and local magnetic field strength at the source, Appendix I is a

reprint of a paper published in the Journal of Geophysical Research entitled

"Three Dimensional Ray Tracing of Jovian Radiation in the Low Frequency Range"
which details the results of thls original work.

Initla) studies of whistler mode emissilons (1-3kHz) from lightning
sources in the Jovian cloud tops were also made as discussed in FR1982.
Whistlers were ray traced through the Jovian magnetosphere and into the Io
torus in an effort to determine the extent of the source positions and the
degree of energy dissipation from this emission. These results have been
reported to the University of Iowa and are awaiting submission for

publication,
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B. Improvements to the Computer Code

As detailed in FR1982, the ray tracing code is based on the Stix
cold plasma formulation and solvas the Haselgrove (1954) equations for the
index of refraction. The method of solution 1s by Runge~Kutta integration
with a modified Hamming predicator/corrector scheme, 'The ambient Jovian
plasma densilty model is based on the Sentman~Goartz empirical results and the
Io torus plasma density is a spline £it to the published contours of Warwick
et al, (1979). The magnetic field model used is the 0-4 model of Acuna and
Ness (1976). Now included in the code is an ionospheric model based on the
emplrical nonlinear fitting of Hashimoto and Goldatein, (1983},

Atreya and Donahue, 1976 have derived a model Jovian loncsphere
based on observations., Hashimoto and Goldstein, (1983) have used a nonlinear
least squares fit to the model of Atyxeya and Donahue producing the following
analytical result:

Np=1.15%105 exp((1417-h/386.3)/(1+(991/(h=-276))4+31),
where NI(cm"3) is the ionospheric electron density, h is the altitude in km
above the cloud tops and Ny=0 for h < 276 km. The magnetospheric model and
the ionospheric models have been matched at the top of the ionosphere so that
a smooth transition occurs. With the addition of the ionosphere it was
necesgary to ray trace DAM at all frequencies whose source positions reached
the lonosphere.

In order to display the results of the ray tracing code a plot
program was developed on an HP1000 computer which provided high qualit& ink
bed plots. The wave frequency versus Jovian system III longitude was
displayed on.these plots with sources for each sub-Io longitude clearly
indicated by color symbols. This plotting technique allowed easy comparison

of the model arcs with Voyager 1 and 2 observations.
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C. New Rasults

As a result of the identification of the Jovian ionosphere as an
important source of wave refraction at certain DAM frequencles, 1t was
necessary to ray i{jace all the northern hemisphere DAM source positions again,
The resulte of Staelin, (1981) suggested a constant initlal wave normal angle
of 85¢ at the source (instead of the original 90° used in the previous study
[cf. Appendly 1])., Flgure 1 (A-D) shows the resulting model emission on a
frequency~versus~system III-longltude scale for arcs within the longitude
ranges of 109-90°, 100°-180°, 190°-270°, and 280°-360°¢ respectively. Fligure 2
is in the game format for the source points of the southern hemisphere, It is
immediately apparent that the model southern hemlisphere source emissions have
a lower frequency cutoff than the northern hemisphere sources, and emission
cone edges are cloger together in longitude. In order to directly compare the
model ray tracing results with actual observations it was decided to re~format
the Vovager 1 and 2 Planetary Radio Astronomy (PRA) data by sorting it with a
fixed sub-Jo longitude., This allowed direct comparison with the ray tracing
results. The reformatted data was obtained from Marshall Space Flight Center
ag ‘a result of the efforts of J. L. Green and N. F. Six, supported by the
Jupiter bata Analysis Prograﬁ. Comparison of the model and observations was
very good for some cases and allowed the first delineation of Jovian DAM
emissions into southern and northern hemisphere sources. A detailed
discussion of the comparison is included in this report as Appendix 2, which
is a preprint of a paper entitled "Identification of Decametric Radiation From
Sources in the Southern Hemisphere of Jupiter” submitted for publication to

the Journal of Geophysical Research.
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Caraful study of the dynamic frequency-time Voyager spectrograms roveals
a2 multitude of arc morphologies with arcs varying in frequency extent and in
curvature, Included is a class of arc with large frequency extent and
curvature which appears often as intense, and somewhat isolated from the
surrounding arca., By assuming a wava normal angle which varied with frequency
at the source point we were able to match the curvature of these observed
high-curvature arcs with model ray tracing results., The wave normal angles
chosen were consistent with relativistically Doppler-~shifted electron emission
in RX mode (Staelin, 1981). The elactron energy was found to be about 6 keVv
which is in agreement with electron enexrgles in the vieinity of the Io torus
which are hypothesized to be accelerated and produce the DAM. This work
represents ths first comprehensive three-dimensional ray tracing analysis of
varying the wave normal angle., Previous studies considered only a
two~dimensional analysis and consegquently could not adequately reproduce
observed arcs,., The results of the present analysis are detailed in Appendix 3
which is a preprint of a paper entitled "Jovian Decametric Arcg: An Estimate
of the Required Wave Normal Angles From Three-Dimensional Ray Tracing",

submitted to the Journal of Geophysical Research.

The reformatting of the Veyager PRA data has allowed rapid analysis of
both Io-dependent and Io-independent emis;ions. Carrying the process one step
further, S. Gulkis plotted the data using the sub-Io longitude as the
ordinate and the difference between the spacecraft longitude and the sub-Io
longitude as the coordinate. This technique immediately allowed the
identification of an Io-independent emission which has been named Jovian
Auroral Decametric Radiation (JADR). This radiation is seen only on the

nightside and appears to have a gsource in the high-latitude auroral zone,

These facts indicate the emission may be the Jovian counterpart to the




Wi .

P

Wi nad

M

F—

E.j

intensely studied terrestial AKR emisslons. Appendix 4 is a preprint of a
peper entitled "Identification of a Night-Side Component of DAM as a Jovian

Counterpart to AKR" submitted to the Journal of Geophysical Research which

detalls the exciting discovery.
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Iv. CONCLUSIONS

Results of three-dimensional ray tracing of Jovian low frequency
radiation have provided important information regarding th& propagation of DAM
amigsions, Direct comparison of model ray tracing results with observed axres
has indicated that many arcs can be adequately explained by propagation from
hollow emission cones with gources at the feet of Io flux tubes. Emlsailon
occurs at frequencles slightly Doppler~shifted above the RX cutoff frequency,
with wave normal angles clese to 90°. In addition, the effect of the
magnatic fleld in determining the curvature and frequency extent of the arcs
is fundamental (cf. Appendix 1).

After the introduction of a Jovian lonospheric model new ray tracing
results have yielded improved model arcs for the northern hemisphere and the
flrst three-dimensional model arca with scurce positions in the southern
hemisgphere (Appendix 2). The ray tracing has allowed the filrst delineation of
northern and southern hemisphere emigzlons of Voyager data. The importance of
re-formatting the Voyager data such that the sub-Io longitude can be held
fixed has been found to be of fundamental Importance in determining
Io-dependent spectral features,

Certain high-curvature arc signatures can be modelled by allewing the
wave normal angle to vary ylelding a ¥(f) relationship that is unique to the
high-curvature arcs. One explanaticn for the smaller wave normal angles
necegsary to model certain high~curvature ares is relativistically
Doppler-shifted electron gyro-emission (Appendix 3). For electrons with
energies of about 10 keV (reasconable for the source particles) the wave normal
angles resulting from theoretical Doppler shifted emissioﬁ are qulte close to
the values obtained from ray tracing needed to match the observed arcs., The
implication is that certain high-curvature arcs result from the gyro-emission

of beamed electrons with energles of a few keV.
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Reformatting the Voyager PRA data has also allowaed the identification
of an Yo-independent emission which is the probable couterpart to the
terrestial AKR. Jovian Auroral Decametric Radiation may provide new insights
to the emission mechanism résponsible for the production of AKR, as well as

provide wvzluable information about the structure of the Jovian magnetosphere.
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FIGURE 1:

FIGURE 2:
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FIGURE CAPTIONS

Frequency versus system IIX '65 longltude showing the model arcs
at 10° intervals of constant Io CML. The Io CML is labelled on
each curve. The curves represent the intersection of one "side"
of the emlssion ccne with a radial shell at 150 Ry+ The source
points for the arcs shown lie on Io flux tubes in the northern
hemisphere with longitudes in the range: Aa) 10° to 909

B} 100° to 180°; C) 190° to 270°; and D) 280° to 360°,

Same as Figure 1 except the source polnts for the arcs shown lie
on Io flux tubes in the SOUTHERN hemisphere with longitudes in
the range: A) 10° to 90°; B) 100° to 180°; C) 190° to 270°; and

p) 280° to 380°,
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Three-Dimensional Ray Tracing of the Jovian
Magnetosphere in the Low-Frequency Range

J, D, MenieTn,! J, L. GReeN,? S. GuLkis,) anD F, Six*

Three-dimensional ray tracing of the Joviun DAM emission has been performed utllizing the O-4
magnetic field model {Acunn and Ness, 1979) and n reafistic plasmn model, Minimal assumptions about
the emission mechanism huve been made that include radiation in the righi-hand extruordinary mode,
propagating nearly perpendicular to the field line at source points located just nbove the RX cutofl
frequency elang lo flux tubes, We have performed ray tracing in the frequency runge from 2-35 MHz
from successive lo Mlux tubes separated by ten degrees of central meridion longitude for u ful}
¢lreumference of northern hemisphere sources, Our resulis show unusual complexity in model are
specira that is displayed in a constant lo phase format with many similarities to the Voyager PRA data,
‘The results suggest much of the variation in observed DAM speciral features is a resull of propagation
effects rather than emission process differences, We feel our work represents a comprehensive ray
tracing [nvestigation of “YAM arc emission and presentatfon of the results in a unique format.

INTRODUCTION

One of the most characteristic features of the lovinn
decametric radio emissions is the presence of arc-like struc.
tures in frequency-time spectrograms. The arcelike struc.
fures were first observed by the Voyager planetary radio
astronomy experiment (PRA) [Warwick et af,, 1979) and
later found in ground based observations [Bofschor et al.,
1981}, The arcs consist of narrow band emissions that drift in
frequency in a repeatable and highly organized manner as
shown in Plate 1. The frequency range of the arc emission is
from 40 MHz down to several MHz or lower, but all arcs do
not span this full frequency range, Several different kinds of
arcs have been recognized in the data, depending on thzir
curvatures, which either open toward increasing time (ver-
tex early) or open toward decreasing iime {vertex late), The
arcs often appear as a closely spaced series referred to as
“nested ares.” Detailed descriptions of the arcs can be
found elsewhere {i.c., Warwick et al., 1979 Leblane, 1981,
Bolschot and Aubier, 1981, Carr ot af,, 1983).

Various source mechanisins have been preposed to ex-
plain the decametric arcs. A general feature of most theorics
is that the emission occurs along conical sheets that are
swept past the observer as the planet rotates ab first suggest-
ed by Dulk [1965]. Many investigators attribute the emission
to precipitating electraons along the lo magnetic flux tube that
radiate near the gyrofrequency [Goldrefch and Lynden-Bell,
1969; Smith, 1976; Goldsiein and Goerez, 1983). Goldsrein
and Theiman [1981), Pearce [198(), Staeltn [1981). Neu-
bauer [1980] have shown that arcelike siructures arc pro-
duced by the conical sheet model although no simple choice
of parameters has been found which reproduces the data in
detail. In particular, the cone emission model does not
explain the **nested arcs.” These have been attributed 10
multiple reflections of Alfvan waves [Gurnert and Goerts,
1981}, interference efects [Baschor and Aubier, 1981 Leca-

: Southwest Research Instilule.

> NASA Marshall Space Flight Center,
? Jet Propulsion Labaratory,

* Arecibo Observatory,

Copyright 1984 by the American Geophysical Union.

Paper number 3A1905.
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chenx er af,, 1981], and local magnetic unomalics [Warwick,
1981).

Hashimnto and Goldstetn [1982] used a three-dimensional
ray tracing program lo investigate the observed occurrence
probability maps of the Jo-dependent Jovian decametric
radiation, They atso Investigated conditions for wave gener-
atfon in the Jovian fonosphere, Goldsteln and Theiman
[198]1] perfermed an analytical study of refraction in the
Jovian magnetosphere and ionosphere, They demonstrated
that an extraordinary wave, initially excited nearly orthogo-
nal to the magnetic field, is significantly influenced by the
local plasma density and that arc-like features that resemble
those observed are produced by the geometry of the model,
lin this paper, we exlend the work of Hashimoeto and
Goldstein [1983) and Goldstein and Theiman [1981) by
studying the arc structures using o three-dimensional ray
iracing program.

The purpose of this paper is to perform three-dimensional
ray tracing of DAM radiation from source positions along an
lo flux tube at frequencies greater than but nearly equal to
the right-hand extraordinary (RX) mede cutoff frequency
Srx = JJ2 + (U2 + £,)'7 where f,is gyrofreguency and
fn is plasma frequency. We have incorporated a realistic
Jovian plasma model [Sentman and Goerrz, 1978, and the
O-4 magnetic field model [Acuna and Ness, 1976), Jovian
DAM arcs are produced with minimal assumptions about the
source mechanism.

RAY TRACING EQUATIONS AND
MAGNETOSPHERIC MODEL

Ray Tracing

To calculate propagation ray paths in the Jovian magneto-
sphere, we have used a three-dimensional ray tracing pro-
gram, The computer code is based on the Srix {1962] cold
plasma formulation of the index of refraction and Hasel-
grove's [1955] set of first order differential equations amena.
ble to numerical sclution. The program was initially devel-
oped by Shawfan [1966] for two-dimensiona)l ray tracing in
the terrestial jonosphere and magnetosphere. For the pur-
pose of this three-dimensional ray tracing study, we have
incorporated additional equatfons that allow for variations in
the azimutha) direction. This program has been extensively
tested and reduces (o the two dimensional results of Green ot
al. [1977), Green and Gurnett [1980], and Lecacheanx

1489



{ 2ssr Sy u pewg % _11 L L LR Wi wm puney a gry

_
.-1_0:::?:.!11___:. ,?“_:_1-4.:.:.:’_:_._-.., e T RERTRE Y E T e Fucoy urip [FNU2Y umaof o) & G190, ) L 009 pur n
01§ IO B23MI3q Y Arodo CUr porou Jngesans wop 0 <3< e Junwdop ;4 6L 1A 0 wnnoads sumg snsiaa Axusnbary Ay

93a SreE SE 662 92 ES2  BEZ W2 EBT 091 ET PI1 N 01
93a W2 99X SEZ2 B QT SPT STl S8 PSS ve PSE INT OS

ry 68 68 88 88 S8 S8 .
erz est I

7oy v r
- tn )

)

Q0 DN T ¥

| I

A 91

.
N
L1

| -

8 G2




MENIETTI ET AL

MooeL Jovian DECAMETRIC

ARCS 1491

CONTOURS OF Fp (KHz)

10 FIELD LINE

DECAMETER SOURCE
REQGION

DECAMETER SOURCE

SYSTEM IIl LONGITUDE = 200°
Fig. |

SYSTEM 1l LONGITUDE = 20°*

Maodel Jovian magnetosphere. Contours of plasma frequency are fiom Seatmun und Goertz [1978]. B field from

Acuna und Ness [1976], lo torus from Warwick et al [1979]

(1981, Chosen as inputs are a source position (in radal
distance, longitude, and latitude) from which waves at a
specific frequency f are to be launched at a specific wave
normal angle &, with respect to the magnetic field. Different
frequencies onginating from source points on the same field
line or on adjacent field lines would generate a set of nested
emission cones. Depending on the gecmetry of these cones,
imposed by the plasma and by the 8 field. the spacecraft
would detect frequencies that decrease or increase with ime
as these cones sweep over the detector

Al the source region, the program calculates an index of
refraction surface for RX mode waves, based on B field and
on background plasma parameters. Next, the program takes
an incrementa' step in the direcaon perpendicular to the
index of refraction surface. ;.¢.. in the direction of the group
velocity of energy .ww, and then determines the coordinates
of this new point on the ray path. Then. another index of
refraction surface is calculated through this new point and
the steps are repeated. The direction of each ray changes
according to Snell’s law as it travels through the magnetized
plasma. To generate an emission cone, thirty-six rays are
launched, one every [0° around B at the specified wave
normal angle and frequency.

B field and Plasma Models

The ray paths calculaied by the procedure descnbed
above are dependent on the magnetospheric model chosen.
The description of the Jovian magnetic fi=ld utilized in these
calculations (the O-4 model) is that published by Acuna and
Ness [1976]; the description of the background plasma is that
published by Sentman and Goertz [197%]. and the descrp-
tion the [o torus is that published by Warwick er al. [1979).
Figure | is an abbreviation of this combined **Jovian magne-
tosphere’” showing contours of plasma frequency in the 200°
- 2C° mendian plane. Suspected source regions in the north-

ern and southern hemispheres are shaded. Sphencal har-
monic expansion coefficients are used to calculate the mag-
mtude of the field B,. the components Br, By, and B, and
their denvatives. The plasma density along the ray path. and
the spatial gradients are calculated from ~mpincal fits.

As Hashimoto and Goldstein [1983] have pointed out,
large plasma densities can produce important refractory
effects at the higher frequencies when source points near the
foot of the o Aux tube extend down into the ionosphere. We
have incorporated the ionosphenc model introduced by
Hashimoto and Goldstein to determine the upper cutoff
frequency associated with each lo flux tube investigated in
this study, but we have not incorporated an ionosphenc
model in our ray tracing studies. We have avoided ray
iracing at frequencies where 1onosphenc influence 1s impor-
1ani. We became aware of the importance of the ionosphere
in affecting propagation at certain frequencies only after our
extensive ray tracing investigation had almost been comple(
ed. Tests at several individual lo flux tubes have indicated
that incorporating an ionosphenc model that continuously
joins with a magnetosphenc model will modify our results
only shghtly at frequencies whose source points lie outside
the influence of the ionosphere.

COMPUTATIONS

In addition to the magnetosphenc plasma model discussed
in the previous section, some assumptions regarding source
location, imtial launch angle, and mode of propagation are
required as inputs to the ray tracing studies. Rather than
carrying out a parameter study of these vanables, we have
chosen a set of inital conditions and studied the propagation
over a full range of observer-lo-Jupiter longitude phase
space. The results of our studies are intended to show the
trends in the radiation spectra introduced by the complex
geometry of the problem. Indeed. as we will discuss below,
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Fig. 2. Calculated radiation sheets for two northern hemisphere sources (2 MHz and 10 MH2z) and for two southern
hemisphere sources (2 MHz and 20 MHz) The radial shell at 100 Jupiter radu (100 R ;) s shown in mercator projection.

All rays were launched at %* with respect to ihe B field.

our studies show that exceedingly complex spectra can be
produced by propagation effects alone, without introducing
complexity into the emission mechanism itself.

The iniial conditions we used are as follows:

I. The source region is at the foot of the magnetic L shell
that intercepts lo

2. The frequency of emission in the source region is
close to the gyrofrequency and greater than the RX cutoff
frequency.

3. The emitted radiation is in the nght-hand polanzed
extraordinary mode.

4. The radiation 1s emitted in a hollow cone pattern about

the magnetic field direction, with the emission angle close to
90° (with respect to the magnetic field).
No specific emission mechanisms are implied by our as-
sumption; rather, they are chosen to be consistent with the
available data [i.e., Carr et al., 1983] and to at least some of
the theories of radio emissions [i.e , Dulk, 1965, Neubauer,
1980; Goerrz, 1980, Gurnett and Goerrz, 1981, Goldstein and
Goertz, 1983).

An entire series of ray trajectories are computed for lo
positioned every 10° of Jupiter longitude. Typically, lo's
position is chosen and a magnetic line of force is calculated
from lo to the foot of the flux tube near Jupiter’s cloud tops.
Source points are located at a set of frequencies, typically 2,
5,10, 15, 20, 25, 30, and 35 MHz from the condition f/f, =
1.005 at the origin. This latter ratio is chosen to be consistent
with slightly Doppler-shifted emission at large wave normal
angles. Gyroemission is not assumed. The RX cutoff fre-
quency is calculated and compared with f. Under the
condition f > fgax, wave propagation is possible and a senes
of rays is traced at 36 evenly spaced azimuthal directions
around the source point. We have also accounted for the
oblateness of Jupiter in our determination of fgx. The radial
distance to the cloud tops, R(km) is given by R = 71300(1 -
cos’(colatitude)/15.4). Figure 2 shows on a mercator projec-
tion, the intersection of several families of ray trajectories
with a sphere of radius 100 R, that surrounds Jupiter. Shown
in the figure are a 2- and 10-MHz family that onginate in the
northern hemisphere. and a 2- and 20-MHz family that
onginate in the southern hemisphere.

In all, more than 100 hours of computer time (CPU) on a
CYBER 172 was required for the results reported in this
study. Typically, 23 min frequency for each lo position was
required to track the ray from the source point out to 150 R,.

RESULTS

The principal results of our computations are shown in
Figures 3a and 3b. The figure shows the frequencies that
would intersect a spacecraft were it located at R = 150 R,
and at a latitude of 3.2°. The curves are parameterized by the
central meridian longitude facing lo at the time of emission,
At this distance from the source location, the parallax
between the center of the planet and the source is small, and
the results apply generally to any observer on this latitude
and at a greater distance from Jupiter. The two figures
correspond o the two azimuth positions that intersect the
observer from every source point (i.e.. in general, emission
from a cone may intersect the observer in two azimuth
directions). The solid curves in Figures 3a and 3b are not in
general what a fixed observer would see because lo is not
stationary in the Jovian-fixed longitude system. Hence a
stationary observer sees lo moving from longitude to longi-
tude.

Discussion

In Figures 3a and 3b are revealed the wide range of
structure in the curves resulting from varying the lo flux tube
longitude of the source points. Indicated by small horizontal
brackets on Figures 3a and 3b are the upper cutoff frequen-
cies for RX mode emission at source point frequencies
slightly above the RX cutoff. These cutoffs indicate the
maximum frequency that is expected to be emitted along a
particular o flux tube if that emission is slightly above fgx.
No DAM emission will escape the ionosphere if the source is
at an altitude less than the altitude of the density maximum
in the ionosphere. We have so far not performed ray tracing
at frequencies that are determined to have sources deep in
the ionosphere but have used an ionospheric model only to
determine what frequencies will be influenced and the cutoff
frequency. Oftentimes, however, on. does not observe
emission at higher frequencies because those frequencies are
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refracted (without ionospheric influence) and do not inter-
cepl the spacecraft. The upper cutoff frequency indicated on
Figures 3a and 3b are thus a result of the complex interaction
of the magnetic field structure, 1onosphere, magnetosphere.
and oblateness of Jupiter

In Figures 3a and 3b for lo central mendian longitude
(CML) in the range from approximately RG° to 240° the
curves are rather straight, indicating that muluple frequen-
cies may be observed at a given spacecraft CML. By “lo
CML"" we mean the sub-lo longitude. For lo CML in the
range from 360° through 70° the curves have greater slope.
and some show more curvature with a lower but increasing
upper cutoff frequency. In the range of lo CML from 250°
through 350°. the upper cutoff frequencies are lower with
complex structure shown in Figure 35 when the spacecraft
CML is greater than the CML of lo. It should be noted that
while lo may be located at a given CML. the foot of the lo
flux tube is not, in general. at the same CML. We believe
much of the changing morphology seen in the curves shown
in Figures 3a and 3b is due to the azimuthal asymmetry of
the O-4 magnetic field model. which changes the source
point field strength and latitude in a circumference of Jupi-
ter.

Also shown superimposed on Figures 3u and 3b are
modified sketches of part of Figure 7.15 from Carr er al.
[1983). These sketches indicate the location and typical
signatures of the lo-dependent dynamic (non-lo-fixed) spec-
tra. The lo-B source, for instance, generally displays fairly
low curvature arcs with smoothly falling upper cutoff fre-

quencies in general agreement with the model arcs of Figure
3a. The lo-A source typically displays arcs of more curva-
ture than lo-B source and also displays a lower cutoff
frequency with increasing spacecraft CML. The model arcs
of Figure 3 in the lo-A source region would map to lower
curvature arcs on a dynamic (non-lo-fixed) plot. but the
upper cutoff frequency does fall off as observed. For the lo-C
source the overlap between the observed lo phase and the
model lo phase 15 not as good as for the lo-A and B sources
(cf. Table 7.4 of Carr er al. [1983)), but the lo-C source
region includes both left-hand and right-hand polanzation
emissions, which indicates possibly some southern hemi-
sphere sources that were not considered in the production of
Figure 3. The lo-C source region dynamic spectra show large
curvature with rapidly dropping upper cutoff frequency in a
region of Figure 3b where the model curves show the
greatest curvature and a sharp drop in the cutoff frequency.

While the exact arc shape as noted on Figures 3a and 35
drawn in a constant-lo format should not be directly com-
pared with the dynamic spectra that are drawn in a noncon-
stant lo format, it is illustrative to note the changes in lo-
dependent arc morphology as one moves to the different lo-
A. -B. and -C source regions on the constant-lo format on
Figures 3a and 3. It is tempting to infer that the morphologi-
cal changes in lo-dependent arc structure as seen on the
dynamic spectra can be largely explained by propagation
effects rather than by varying emission processes.

Plotting the Voyager PRA data in a constant lo format can
be a valuable tool to a better understanding of the emission
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processes of the lo-dependent sources [cf. Green, 1983], We
have avoided replotting Figure 3 in a dynamic-spectra format
for direct comparison with the observed Voyager dynamic
spectra (although this has been done for specific examples
with reasonably good agreement), because we feel the value
of Figure 3 is in displaying the major features of lo-depen-
dent emission. The correlation found between Figures la
and 3b and the lo-A, -B, and -C source regions supports the
initial assumptions pertaining to the emission process, which
include RX mode emission almost perpendicular to the
magnetic field from source points just above the KX cutoff,

We are currently in the process of comparing refoymatted
Voyager PRA data with Figure 3 in an effort to understand
better the emission process(es) and to explain on a finer
scale any differences noted. We recognize these differences
may be due to varying wave normal angle [Goldstein and
Thieman, 1981] and/or discrepancies in the magnetic or
plasma field models. In addition, the ionosphere is row

known to be of importance at the higher frequencies at some
CML values.

CONCLUSIONS

We conclude from our results that with minimal assump-
tions pertaining to an emission mechanism our ray (racing
results produce a complex spectrum of lo-dependent DAM
arcs as shown in Figures 3a and 3b. These few assumptions
together with the incorporation of the O-4 magnetic field
model [Acuna and Ness, 1979] and a plasma model due to
Sentman and Goertz [1978] have resulted in model DAM
arcs which display different curvatures and upper cutoff
frequencies.

When the source pints are located on fo flux tubes that
are at Jovian system [I1 longitudes ranging from approxi-
mately 90°-230°, where the O-4 model yields high surface
magnetic field strengths, Figures 1a and 36 indicate that the
resultant DAM arcs have low curvature and upper cutoff
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frequencies extending beyond 3§ MHz. On the other hand,
when the foot of the o flux tubes lic in the range of system
Il longitudes extending from 24(°-80° where the O-4 sur
face field strengths reach a minimum, the resultant arcs have
lower upper cutoff frequency and a higher curvature, It is
apparent that the B field structure that produces source
points at the foot of the Io flux tube ranging in latitude from
45°-70° and §n altitude from 0 to >2R; around the circumfer:
ence of Jupiter produces substantial differences in the result-
ant DAM ares,

We have also performed preliminary ray tracing studies,
including the ionospheric mode! introduced by Hashimoio
and Gofdsrein [1982] and find that the ionosphere can have
great influence on emission ray path at the higher frequen-
cies of emission along some lo flux tubes,

Our studies indicate many areas of future attention, We
recognize the importance of including the jonosphere in our
ray tracing and have begun reproducing our results including
an fonosphere for both northern and southern hemisphere
sources, In addition, we are investigating the effects of
varying the wave normal angle and Doppler shift at the
source point, We hope to explain better the higher curvature
arcs often observed in the Yoyager PRA dala.

Because of our apparent success at reproducing, at least
qualitatively, some of the Voyager lo-dependent DAM ob-
servations. we recognize the importance of reformaiting the
Vovager PRA data in o manner similar to Figures 34 and
3b—holding the To longitude constant [cf. Green, 1983),
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frequencies extending beyond 35 MHz. On the other hand.
when the foot of the lo flux tubes lie in the range of system
111 longitudes extending from 240°-80°, where the O-4 sur-
face field strengths reach a minimum. the resultant arcs have
lower upper cutoff frequency and a higher curvature. It is
apparent that the B field structure that produces source
points at the foot of the lo flux tube ranging in latitude from

£°270" and 1n altitude from 0 to > 2R, around the circumfer-
ence of Jupiter produces substantial differences in the result-
ant DAM arcs.

We have also performed preliminary ray tracing studies,
including the ionosphenic model introduced by Hashimoto
and Goldstein [1982) and find that the ionosphere can have
great influence on emission ray path at the higher frequen-
cies of emission along some lo flux tubes.

Our studies indicate many areas of future attention. We
recognize the importance of including the ionosphere in our
ray tracing and have begun reproducing our results including
an onosphere for both northern and southern hemisphere
sources. In addition, we are investigating the effects of
varying the wave normal angle and Doppler shift at the
source point. We hope to explain better the higher curvature
arcs often observed in the Voyager PRA data.

Because of our apparent success at reproducing. at least
qualitatively. some of the Voyager lo-dependent DAM ob-
servations, we recognize the importance of reformatting the
Voyager PRA data in a manner similar to Figures 3u and
3b—holding the lo longitude constant [cf. Green. 1983
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ABSTRACT

A technigque has been developed which alds the identification of
Io-dependent decametric radiation originating from the southern hemisphere of
Jupiter. This technique compares the results of model ray tracing
calculations with the Planetary Radio Aatronomy (PRA} observatiens. All
Voyager 1 or 2 PRA observatlons are sorted into bins (%3° wide) centered on
a specific Io cental meridian longltude. When the data is plotted (ag a
frequency-longitude spectrogram) in this coordinate system, Io-dependent
features can be identified and used for direct comparison with model ray
tracing caleulations,. The ray tracing calculations are done in a model Jovian
magnetosphere where it 1s assumed that the decameﬁric emisslons are generated
1n the RX mode from low altltude source regions along the instantaneocus Io
flux tube. 1In this study, we compare the observations taken for four specific
Io longitudes (150°, 160°, 170°, and 260°) with the corresponding model ray
tracing, The Voyager observations and the model ray tracing calculations,
when combined, clearly distinguish the northern and southern hemisphere
emission features. This method allows, for the first time, Io-dependent DAM

emissions generated in the southern and northern hemisphere to be delineated.



INTRODUCTION

The complete spectrum of Jovian decametric (DAM)} radiation was first
observed by the Voyager Planetary Radio Astronomy (PRA) experiment (Warwick et
al., 1979), oOne of the most striking features of the Jovian DAM amissions
seen in frequency~-time spectrograms, are "arc-~like" bands., The Erequency
range of the arc emissions is from 1 to almost 40 MHz, but not all arcs span
this complete frequency range. Several different types of arcs have been
recognized in the data, depending on their curvatures which either open toward
increasing time (vertex early) or open toward decreasing time (vertex late).
In general, an arc may appear either as an isolated feature or there may ba a
series of closely spaced arcs (called "nested arcs"). Detalled descriptions
of the Jovian decametric arcs can be found elsewhere {ie., Warwick et al.,
1979; Leblanc, 1581; Boischot and ARubler, 1981; Carr, Desch, and Alexander,
1983).

A general feature of most propagation theories of the DAM arc producing
mechanism is that the emission occurs along conical sheets that are swept past
the observer as the planet rotates as first suggested by Dulk (1967). Many
investigators attribute the emizsion to precipitating electrons along the Io
magnetic flux tube which radiate near the gyrofrequency (Goldreich and
Lynden~Bell (1969); sSmith (1976); Goldstein and Goertz, 1983). Goldstein and
Thieman (1981); Pearce (1981); Staelin (1981)}; Neubauer, (1980) have shown
that are-like structures are produced by a conical sheet model although no
simple choice of parameters has been found which reproduces the data in
detaii. In particular, these simple emission cone models do not explain the
"nested arcs". However, nested arcs have been attributed to multiple
reflections of Alfven waves (Gurnett and Goertz, 1981), interference effects

(Boischot and RAubier, 1981; Lecacheux, 1981), and local magnetic anomalies



(Warwick, 1981)., As shown by Goldstein and Thieman (1981} and Menletti et al.
{1984), the arc curvature which varies on a frequency-time spectrogram from
almost zero to quite dramatic loops (great arcs) may result from variations of
the wave normal angle as a function of fregquency in the source reglon,
Hashimoto and Goldsteiln (1983) have suggested that the Io phase asymmetry of
the DAM arcs may be due to the difference in pronagation time of Alfven waves
reflected from both the northern and socuthern hemisphere Jovian lonosphere.

The purpose of this paper is to compare three~dimensional ray tracing of
Jovian DPAM emlssions, f£rom the southern and northern hemisphere, with the PRA
measurements in order to determine the frequency-time signatures of southern
hemisphere arcs. This paper complements the northern hemisphere ray tracing
of Menietti et., al. (1984)., The ohgervations will be transformed into an
To~Jupiter stationary cooxdinate system (see Green, 1984). This coordinate
system allows for the lo-dependent emission features obgerved by the PRA
experiment to be directl)y compared with the model ray tracing rasults. We
have chosen source regions at four sub-Io longitudes, The dgreement hetween
the Voyager observations and the model ray tracing is good and allows the
separation of the northern and southern hemisphere emission features, With
thig technique the southern and northern hemisphere decametric sources have;
we belleve, for the first time been delineated, The good agreement between
the observations.and the ray tracing results provides strong evidence that the
bagsic assumptions of the model are correct. Refinements are necessary,

‘however, to reproduce exact details of the emissions.



THE RAY TRACING PROGRAM

The ray tracing program used for this study ils discussed in seme detail
in Meniettl et al. {1984). Briefly, the Jovian magnetosphere used is the 0-4
magnetic field model of Acuna and Ness (1976), and the Jovian background
magnetospheric plasma is given by the model proposed by Sentman and Goertz
{1979). The Io torus plasma density is a spline f£it to the published contours
of wWarwick et al, (1979). In addition, the computer code contains an
empirical model of the Jovian ionosphere based on the results of Hashimoto and
Goldstein (1983}, The program is based on a closed set of first order
differential equations in spherical polar coordinates specialized by Shawhan
(1966) {in two dimensions) and by Meniatti et al. {1984) (in three dimensions)
that describe the path of rays in a magnetized plasma. The expressions for
the phase index of refraction and its derivatives are in the cold plasma
farmulation of Stix (1962).

Qualitatively, the program calculates an index of refraction surface and
group velocity (magnitude and direction) for a predetermined plasma wave mode
in the model magnetosphere at some starting point. The program then takes an
incremental step in the direction of the group velocity or energy f£low and
determines the coordinates of a new point on the raypath. Another index of
refraction surface is calculated at this new point and the steps are repeated.
The program used here has been extensively tested and reduces to the

two-dimensional results of Green and Gurnett (1980) and Lecacheux (1981},
MODEL ASSUMPTIPNS

The following assumptions regarding source iocation, initial launch angle

and mode of propagation are required as inputs to the ray tracing program:



1. The gource ragion is at the foot of the magnetic L-shell which

intercepts Yoj

2, The frequency of emission in the source reglon is close to the

gyrofrequency and greater than the RX cutoff frequency;

3., The emitted radiation is in tha right-hand polarized uxtruaordinary

mode; and

4. The radliation is emlitted in a hollow cone pattern about the magnetic

field direction. The emission angle with respect to the magnetic
field was set equal to 85° for northern hemlsphere sources and to
both 85° and 95°¢ for southern hemisphere sources,

No specific emission mechanisms are implied by our assumptions; rather,
thay are chosen to be cbnslstent with the avallable data (i.e. Carr et al.,
1983) and at least some of the theorles of radioc emissions (i.e. Dulk, 1967,
Neubauer, 1980, Goertz, 1980; Gurnett and Goertz, 1981; Goldstein and Goertz,
1983),

We have computed ray trajectories for sources located at sub~Xo
longitudes located every 10° of Jovian longltude, for both northern and
gouthern hemisphere sources. Source polnts are located along an Io flux tube
at a set of frequencies, typlecally 2, 5, 10, 15, 20, 25, 30, and 35 MHz from
the condition f/fg=1.01 at the the origin, This latter ratio is chosen to be
consistent with slightly Doppler-shifted emlsslon at a wave normal angle, ¥.,
of 85°% (cf. Staelin, 1981). Gyroemlssion is not assumed. Under the condition
that the wave fregquency is greater than the RX cutoff frequency, wave
propagation 1s possible and a series of rays, for a constant frequency, is
traced at 36 evenly spaced azimuthal directions around the magnetic field at

the chosen source location, In the determination of the location of the RX
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cutoff frequency, the oblateness of Jupiter is accounted for; the radial
distance to the cloud tops is given by R = 71300 (1-c052(colatitude)/15.4).
The intersection of the resulting generated emission cones, for all
frequencles, at 150 Ry and at a latitude of 5° determines the model decametric
emiasion spectrum. It is this model decametric spectrum which is compared
with the observations. For the purposaes of this study we have chosen only
four sub-Io longitudes to compare directly with observations which we feel

clearly depict those emissions from southern hemisphere sources.
COMPARISCON OF OBSERVATIONS AND RAY TRACING RESULTS

Only PRA observations made from February 21 to March 18, 1979 by Voyager
1 and from June 26 to July 23, 1979 by Voyager 2 are used in this study.
These observations are approximately centered around the encounter pericd and
comppise enough data for a complate frequency-longitude study of Io-dependent
DAM emlgsions to be made, Observations at radia) distances of less than 30 Ry
ware excluded in order to avold the changing emission pattern due to
inner-magnetospheric propagation effects. The frequency-longitude spectrogram
for Voyager 1 and 2 data (sub-Io system-III longitude of 260°) is shown in
Figure 1. This figure displays Voyager 1 and 2 data transformed into a
coordinate system where .2 sub-Io aystem~-III longitude was equal to 260°
(+3°) The data displayed in Fiqgure 1 is only a subset of the entire Voyager
data., It is important to note that a band of emission extending in frequency
from about 6 to 13 MHz seen at all Jovian system-III 1ongitudes in Figure 1
{as well as in Figures 2-4} is partizlly due to an increase in the sensitivity
of the PRA instrument at these frequencies (Schauble and Carr, 1983},

Clearly seen in Figure 1 are two rather narrow emission zones. One

located at Jovian system—-III longitudes between approximately 155°-185° and



another located between about 305°-330°. Both of these emisslon zones extend
to over 30 MHz. In the reglon between these two narrow emission zones which
will hereafter be referred to as northern hemlsphere emissions (NHE) is a
region of less distinct bhut nevertheless structured emission which extends
batwaen about 215°~305° and in frequency from about 5-25 MHz. There iz a
narrow emission feature centered at about 60° and extending in frequency to
pessibly over 30 MHz but careful examlnatlon of this feature reveals that it
is due to spacecraft nolse (interference from other instruments). In
addition, the emlssions sean centered around 140° and extending to about 26
MHz, and the emisslons at about 274° and extending in frequency to almost 40
MHz, are alsoc of spacecraft orlgin,

Also shown on Flgures 1-4 are the results of ray tracing emlsyion from
both northern {clrcles) and southern (trlangles and squares) hemlsphere
gsources, The ray tracing results for the southern hemisphers sources are
shown for initlal wave normal angles of 95° (trlangles) and B85° (squares) in
order to lnvestigate the dependence of the resulting arcs on this parameter,
The agreement for the northern hemisphere emlssions 13 relatively good with
- respact to Jovlian longltude. Seen in Figure 1 ara model emissions within
Jovlian longitude range 180°-186° and emisslons at about 335%. Both of the
model northern emlsslon cone edges are quite narrow in longltude extent.
These northern hemlsphere model emission cones lie close to the range of the
observed northern emisslon cones shown in the same flgure, but shifted
possibllity 10° to higher longiltudes. The fregquency extent for the model
emission cnnes is less than observed, however, by about 15 MHz, The reason
for thls discrepancy may to be due to dnadequacies in the magnetic fleld
model. An increase in the magnetic field strength at the source point from

about 7 gauss to over 10 gauss would be required for emission at 30 MHz to be



allowed. Thia large lncrease in the fleld strength suggests elther errors in
the model at low altitudes or transient effects. Since Flgure 1 represents
data taken over a long perlod of time by two satellites it is possible that
the observad emlssions at the highest frequencles are temporal effects of the
nonquiescent Jovian magnetic fleld.

The model southern emission cones are algo shown at speclfic frequencles
on Fiéure 1 superimposed as triangles and sguares for clarity, Wwhile the
aéreement L8 not perfect, it is glear that the emlssions between the northern
emlsslion cones shown in Flgure 1 are southern hemlsphere emlssions. The
frequency extent 1s less than that of the NHE and the characterlstic
"arch-shape" i3 easily discernable. The "left" edge of the arch formed by the
observed emlssion from the southern hemisphere 1s bracketed Iy the model
emlsslons for wave normal angles of 95° and 85°, The "right" edge of the
model emigsion cone is displaced from the observed right edge of the "arch" by
possibly 30° or so, Changing the initial wave normal angle could produce a
match with the cbservations, but so would the introduction wf a magnetic field
model with a different azimuthal dependence.

Figure 2 is the same format as Figure 1 but now for a fixed sub-Io
longitude of 160°, 1In this figure the two observed NHE zoneg are between
about 40°-90° longltude and bhetween about 195°-240°, The NHE zones are not as
distinct as they are in Figure 1. There are, for example, reagsonably intense
emlssions in the longltude range of 40°-70° and in the frequency range of
about 17-20 MHz. Another emission reglon appears to be located in the
longitude range of about 195°-230° and frequency range 16-23 MHz. Theﬁa

emlissions broaden the NHE zones and may represent statlstical variations of



the NHE zones or they may represent emlssions not modelled by the present
assumptions. The results of the ray tracing are shown on Figure 2 as circles
for the model NHE zones. The model fit is good, but it ls apparent that

the observed "right" NHE zone {at about 235°) is smaller in frequency extent
than the observed "left" NHE zone {(at about 80?), and smaller in frequency
extent than the model NHE zone, This phenomena, one side of the emission cone
having a smaller frequency extent than the other, i1s observed frequently in
the data and is thus far not adequately modelled. OCne possible explanation is
the refractive effects of the Jovian ionosphere which, because of geometry,
are more extensive on one of the emission cones. This effect is currently
being investigated. The emlissions between the observed NHE cones are not as
structured as In the example of Figures 1, but it is clear that intense
radiation pevsists close to the emlssion cones produced by the model ray
tracing and shown as the triangles and circles on Figure 2., While not
puhﬂ,mewﬂuwMemmmmthw1nﬂe®mtwutMeMwﬁm
between the NHE zones are from the southern hemisphere. For this example the
right edge of the emission c¢one is more distinct and appears to be bracketed
by the model ray tracing results for the two initial wave normal angles.

The sorted Voyager data shown in Flgure 3 is for sub~Io longitude of
170°. Por this example the southern hemisphere emission (SHE) occurs between
about 95°-210° at frequencies less than 25 MHz and has the characteristic
"arch-shape" described above. The ray tracing results wmatch the SHE very

nicely, with the "right" edge of the emission cone agreeing batter with the
| model for ¥,=85°. The NHE zones are broad and not distinct. The "right" NHE
zone extends from about 190° to about 310° with a peak frequency ocecurring
between 245°-265°. The model ray tracing results fall close to the center of

this range around 260°. The "left" edge of the observed NHE zone is also not



very digtinct, but appears to be between 35°-80° longitude, with a fregquency
peak pogssibly between 50°-80°, The model ray tracing results for the "left"
edge of the NHE zZone appear to be shifted by about 15° to 20° to the right |
(higher longitudes) from the observed NHE zone. The data for this sub-Io
longitude contains a great deal of s/c noise which confuses the match with the
MHE zones. We have chosen Figqure 2 with the confusion of emissions and noise
to point out the distinctive southern hemisphere emissions.

The sorted data for sub~Io longitude 150° is shown in Figure 4., The mest
distinctive feature is the band of emission extending in frequency from about
20 MHz to about 5 MHz and extending in longitude from about 160° to about
220°.‘ This is identified as the "right" edge of the SHE emission and the
model ray tracing results bracket this feature reasonably well, fThe "left"
edge of the SHE is not as distinect and may overlap with the NHE zona at about,
75°, ‘he observed NHE zones are not clearly defined. The "left" zone may
extend from about 35° to almoét 100¢, and in frequency to over 35 MHz. The
other NHE zone is even less well defined but may extend from about 200° to
over 300° with a strong feature at 252°, hut emission over 25 MHz is not well
defined. The model ray tracing results for the NHE at abont 75° and at about
235° are within the obhsgerved regions of NHE, but the ray tracing results
extend to 35 MHz. We have included this figure also to demonstrate the

distinctive SHE emission even though the NHE zones are much less discrete,
DISCUSEION

To our knowledge the results presented here represent the first
identification of Jovian southern hemisphere DAM emissions. This

identification has bheen made poszible not only by the comprehensive



three-dimensional ray tracing utilizing realistic magnetospheric and
ionospheric plasma and magnetic fieid models, but also the sorting of the
Voyager data set with respect to constant sub-Io longltudes. This has allowed
the quick analysis of many months of Vovager data in a reference frame best
adapted for study of Io-~dependent DAM emissions. The southern hemisphere DAM
emissions observed are in general lower in frequency and the emission cones
are narrower. ‘The first of these observations can be explained by noting that
the southern hemisphere emission sources occur on weaker magnetic field lines
than northern sources {(cf, Acuna and Ness, 1976), and the emission is
restricted to be slightly Doppler-shifted abave the RX cutoff frequency. A
narrower emission cone results because the Voyager spacecraft, being confined
approximately to the ecliptic plane, intersects che +mission cones from the
northern hemisphere sources closer to the central radius. In other words, the
emission cones of the southern hemisphere sources are often inside the NHE
cones. Since the magnetic field is weaker in the southern hemisphere, the
ratio, fp/fg, will be larger for the same source frequency resulting in
additional refraction and a smaller emission cone angle, The latter fact also
explains the "arch~shape" or tendency for the highest fregquency emission to
occur at the same Jovian longitude which appears fregquently among the southern
hemiéphere sources. For consecutive frequencies the SHE cones will be
confined to a smaller range of longitudes than the corresponding NHE cones at
consecutive frequencies, and the net effect is to produce a bunching of the

higher frequency ray paths,



SUMMARY

We have presented a comparison of the results of three~dimensional ray
tracing of Jovian DAM emlgsgions from both southern and northern hemisphere
source posltions,., The ray tracing is based on a minimum number of assumpilions
which include RX mode emission from source points sllghtly Doppler-shifted
above the RX cutoff. A constant initial wave normal angle of 85¢ wasz assumed
for the northern hemisphere sources and both 85° and 95° for the southern
hemisphere sources, conslstent with the results of Staelin, 1981 for electrons
with energles of several keV. The plasma model is an emplrical f£it which
inecludes the effects of the ionosphere, lo torus, and magnetosphera. The
magnetic field is the 0~4 model (Acuna and Ness, 1976). The Voyager 1 and 2
data have been sorted to hold the sub-Io longltude constant in order to
clearly display the JTo-dependent features. When directly compared to the
gsorted Vovyager data, the ray tracing regults clearly distinguish the northern
and southern emission features, It is found that the southern Io-dependent
DAM emigsions are, in general, lower in frequency, and the emission cone edges
are obsgserved closer together in longitude along the spacecraft trajectory as
expected from the model,

This study shows that the identification of southern hemisphere DaM
emigsion establishes strong support that Jovian DAM emission features chaserved
by the PRA experiment are primarily due to propagation effects., A simple
modél of wave propagation at large wave normal angles from sources along the
Io flux tube agrees gquite well with many of the Voyager observations. There
are, of course, discrepancies that need to be addressed such as the observed
higher upper freguency cutoff of the NHE on Flgure 1, for example. In

addition, there are other interesting Io-dependent features observed such as



emission obgerved at the sub-Io longitude of observation (the current Io flux
tube). We are aware of the power of sorting the data in displaying what would
otherwige he subtle features in the data set. Attempts to model specific arc
features can be very frustrating on an individual basis, and the sorting
technique allows rapid display of qualitative features. We are currently
introducing new plasma and magnetic field models in an effort to improve the

model and we will be examining other frequency ranges by the same procedure.
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FIGURE CAPTIONS

Figure 1. Voyager 1 PRA high-band (1.2 to 40.6 MHz) data (Erom
February 21 to March 18, 1979) and Voyager 2 PRA high~band data from {(June 26
to July 23, 1979) have heen placed in bins of spacecraft system IIX longitude
{1965) when Io is within 3° around 260° system III longitude. Supsrimposed
on the Voyager data are the model ray tracing results for source poilnts in the
northern hemisphere (blue circles; ¥,=85°) and for source points in the
sounthern hemisphere (green triangles [¥,=95°] and red squares [¥,=85°]), HNote
the narrow "arch" of emission batween longitudas of about 200° and 300° which
we believe i3 due to southern hemisphere sourcas.

Figure 2. The format 1s the same as Figure 1 but now Io is within %3¢
arosund 160° system III longltude. In this figure the "arch" of emlssion iz
not as distinct as in Figure 1 but there is a "ramp" of emission corresponding
to one edge of the southern hemisphere emission cone which is bracketed by the
model ray tracing results between longitudes about 150° and 200°,

Figure 3, The format is the same as Fiqure 1 but with Io centered around
170° system III longitude, While much of s/e¢ instrument interference is
present in this figure, the southern hemisphere emission is reasonably
distinct in its characteristic "arch" between longitudes .of about 100° and
200° and bracketed by the model ray tracing results,

Figure 4, The format is the same as Figure 7 but with Io centered around
150° system III lengltude, Only one edge of the scouthern hemisphere emission
cone is distinct between longitudes about 150° to about 200° and bracketed by

the model ray tracing results.
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Appendiic 3: "Jovian Decametric Arcsg: An Estimate
of the Required Wave Normal Angles from Three-
Dimensional Ray Tracing"
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Abstract. A three~dimensional ray traclng code which incorporates the 0-4
magnetlc field model (Acuna and Wess, 1979) and a realistic plasma medel has
beean used to model high~curvature decamaetric ares ohserved hy the Voyager
Planetary Radie Astronomy (PRA) instrument. Two aexamples of intenas,
lsolated, vertax-late, high-curvature arcs were singled out for study. The
source point wave normal angle was incremented at each of a full range of
frequencies until the modal rays identically matched the observed arcs of the
PRA data., Several different Doppler shifts wers assumed at the source point,
By this procedure, an accurate relationship between the wave normal angle, ¥,
and the frequency was obtained, with the variation being 70° < ¥ ¢ 80° , and
Yunx=80° for the arcs considered., As the assumed Doppler shift at the source
point increased, the value oi ¥Yypy was found to decrease, but the general
shape of the ¥(f) curve was unaffectad. By comparing the ray tracing results
wlith the independent results of Staelin (1981) regarding emission from beaming
electrons, it was found that larger Doppler shifts (f/fg > 1.1) at the source
point produce ¥y > 70°, in agreement with the ray tracing results for the
two arcs considered, only for v > 0,7 and vy/e > 0.32 (where v = electron
velocity parallel to B). Actual values of vy/v are unknown, but independent
observations indicate that vy/c ~ 0.1. Since the low-curvature arcs are
believed to result from larger wave normal angles, our results indicate an

upper limit to the Doppler shift, of Jovian DAM emissions of £/fg ¢ 1.1.



Introduction

Frequency-time spectrograms of the voyager I and 1I low-frequency (1 MHz to
40 MHz) observations clearly reveal Decametric (DAM) "arc" signatures with
various radii of curvature (Bolschot, 1981; Lecacheux, 1981), 1In the top
panel of Figure 1 are displayed DAM arcs ohmerved by Voyager 1 on day 197 of
1979. fThe low~curvature arcs seen from about 0510 UT to 0550 UT represent one
class of event while high-curvature arcs seem to represent a different class.
A typlcal example of a high-curvature arc observed by Voyager 1 on day 72 of
1979 is displayed in the lower panel of Figure 1, extending at hoth high and
low frequencies from about 1150 UT to the arc vertex at about 1235 U7T.
Several authors have parformed ray traclng analyses utilizing model Jovian
magnetospheres in order to reproduce the DAM arc features (Goldsteln and
Thieman (1981), Meniettl et al. (1984), Green (1984)). fThese initial efforts
displayed some success in reproducing the characteristic arc shape with a
minimum number of assumptions about the emission mechanism. Goldstein and
Thieman (1981) have found, using an elementary ray tracing analysis, that
varying the wave normal angle was essentlal to accurately compare model-
generated fo observad DAM arcs, Goldstein and Thieman obtained an empirical
relationship to describe the dependence of wave normal angle, ¥, on emission
frequency, £, Thelir results indicated that ¥ is noet a linear funection of £
but rather has a variable peak at a mid-range frequency. These results were
based on a two-~dimensional ray tracing code and represent an initial analysis.
Hashimoto and Goldstein (1983) published the first three-dimensional Jovian
ray tracing results which offered a convineing explanation of the DAM
assymmetry of the source position relative to the central meridian longitude
of Io. A major contributlon of their work was in pointing out the

significance of the ionosphere in refracting DAM emissions. fTheir analysis,
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which assumed R~X mode emisslon with sources located just above the R-X cutoff
frequency (fpy), indicated that the wave normal angle at the scurce point
decreased with inareasing ratio of f£/fpy at the source polnt, Hashimoto and
Goldstein matech the occurrence probability of DAM emission in the Io-CML phase
plane with three-dimensional ray tracing results for three different initial
wave normal angles. Their results indicate that wave normal angle, ¥ = 85° at
the source point produced the best agreement with ground~based observatl .
Menietti et al,, 1984 have performed three-dimensional ray tracing of DAM
emlggions and directly compared their results to Voyager observaticns. They
polnt out that for a source region located just above the R-X cutoff frequency
and for an inltial wave normal angle close to 90°, there is good gqualitative
agreement with Voyager data., It appears (e.g. Goldstein and Thieman {1981) and
Menietti et al,, 1984) that high=curvature arcs guch as those shown in Figure 1
cannot be reproduced with the initial wave normal angle equal to the same
constant value at all frequencies, even when the refractive effects of the
Jovian lonosphere are included. The ionospheric model introduced by Hashimoto
and Goldstein {1983) together with the Acuna and Ness 0-4 magnetic field medel
will affect northern hemisphere sources at mid to high latitudes only for £ >
20 MHz, Ionospheric refraction cannot explain the low fregquency refraction
necessary to produce the observed signature of the high-curvature arcs.

"In this paper, three-dimensional ray tracing is used to examiﬂe variable
wave normal angle effects on the resulting DAM arc structure at frequencies
just above the R~X cutoff and with several assumed ratios of £/fg at the source
point. We use whatever wave normal angle is necessary to match Voyager
observations of two intense, vertax-late, high-curvature DAM arcs. The results
indicata that one possible explanation of the double-valued frequency nature of
the high-curvature arcs is Doppler-shifted gyroemission from a beam of

electrons with E = 10 keV.
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aAn lndependent ilnvestligation of Doppler=shifted gyroemission utlilizing the
results of Staelin (1981) has allowed us to set an approximate upper limit on
the poppler shift of the stimulating electrons, Wave normal angles which fall
in the range of the ray tracing results, l.e. ¥yay > 70° are possible for
Doppler-shlfted gyroemlsslon for f/fg > 1,1 only 4f Vy/V > .7 and v)/c > .32,
This work represents the first comprehensive three~dimensional ray traclng
lnvestigation of varying the wave normal angle and Doppler shift utllizing
reallstic Jovian plasma and magnetic field models with direct comparison of the
rasults to Voyager observatlons of DAM arcs. It thus complements and extends
the results of Goldstein and Thieman (1981) and the work of Hashimoto and
Goldstein (1983).

The ray tracing code used in this study has been descrihed by Menletti et.
al,, {1984} so only a brief description will be glven here. The code is
three-dimenslional nnd based on the cold plasma formulation of stlix (1962) and
lntegrates the Haselgrove (1955) equations. The magnetic fleld model 1s the
0-4 model (Acuns and Ness, 1976) and the plasma model is that ilntroduced by
Sentman and Goertz (1977). The three~dimensional results reduce to the
two-dimensional results of Green et. al. (1977), Green and Gurnett (1980), and
Lecacheux (1981),

The assumed emlssion mechanism requires that: (1) the radiation iz R-X mode;
{2) the source region is at the foot of the lnstantaneous Io flux tube and the
frequency of the emlsslon in the source region ls greater than the RX cutoff
frequency, and (3) the emission cone is hollow,

| High-Curvature.Arcs

Often seen in the Voyager PRA data are hligh-curvature ares extending over

time intervals of thirty mlinutes or more with frequency ranges of less than 1

MHz to over 30 MHé, (Figure t for example). These arcs occur lsolated and



nested in groups. Two examples of isolated high=-curvature arcez are shown
plotted in Figure 2. These were observed by Voyager 1 on day 72 of 1979 and by
Voyager 2 on day 188 of 1979. 1In order to model this class of arc the wave
normal angle, ¥, (the angle between K and the magnetic field, B) was varied at
the source point for each chosen frequency. Source polnts were chogen at a set
of fregquenciea: 2, 5, 10, 15, 20, 25, and 30 MHz from the condition f/fq = 1,02
and f/fg = 1,2, These ratios were chosen to be consistent with Doppler-shifted
emission at large wave normal angles. Gyroemission is not assumed for the ray
tracing. The condition f » fyy was satlsfied at each source polnt. For a
gspecific frequency, ratlo f/fg, and sub-Io longitude (Io flux tube) an initial
angle, ¥, was chosen to begin ray tracing and the proximity of the resulting ray
path to the spacecraft position {already known from obgarvation of a particular
high~curvature arc) was noted; 1f the resulting ray path did nﬁt intersect the
gpacecraft position, a new initial wave normal angle, ¥, was chesen and the
process repeated, A new Io flux tube was chosen for each frequency in
agreement with observations because Io revolves slightly relative to Jupiter
during the time of observation of an arc, The longitude of the currently
stimulated Io flux tube was chosen according to observations. Since the
observed arcs wére treated as input constraints to the ray tracing process,
this procedﬁre generated model arcs which exactly matched the obgserved arcs
when ¥ varied with frequency according to the curves shown in Figures 3 and 4.
Results

. The results for the two high-curvature arcs observed by Voyager 1 on day 72
of 1979 and on day 188 of 1979 are shown in Figures 3 and 4 respective;y. As
can be seen, the ¥(£f) curves for each modelled arc are qualitatively similar
{peaking at £ = 10 MHz and falling off at lower and higher frequencies). The

curves of Figure 3 were evaluated for f/fg = 1,02 and 1.2 at the source



points. An lncrease in the Doppler shlft from f/fq = 1,02 to f/fg = 1,2
shifts the curve downward approxlimately 3° while the characterlstic shape is
maintalned. The data for day 188 in Flgure 4 for £/f4 = 1.2 and f/fg = 1,02
show the same general functlonal relatlonshlp betwsen ¥ and £ as shown in
Fliqure 3, In Figure 4 the shift in the curves is approximately 8° at the
highest frequency. The arc vertex frequency (~ 10 MHz) requires the largest
wave normal angle (~ 79°) at f£/f4 = 1.02 as determined for both day 72 and day
188,

For both high-curvature arcs plotted in Flgure 2 the Io flux tube
intarsects Juplter at a longitude where the azimuthal variation ln the B-field
(0~4 model) is slight. The results may be explained by notlng that since the
source posltlons for the hlighest frequencies along the Io flux tube are closer
to the planet by about 1 Ry, increased refractlon of the higher frequencles
refracts the emission cones so that the spacecraft ohserves the highex
frequencles "inside" the emisslon cones of the lower frequencies (cf.
Goldsteln and Thieman, 1981).

boppler-shift Gvroemissilon Discussion

Let ug congider the case of Doppler-shifted gyroemisslon from high energy,
‘flield-allgned electrons. 'he ray tracing analyszis la not dependent on an
emlssion mechanlsm and so this sectlon ls distinct from the ray tracing
results. Staelin (1981) has used the results of Goldrelch and Lynden-Bell
(1969) to obtain an expression for the maximum wave normal angle expected for
Doppler-shifted R-X emigsion {assuming the emlssion phase velocity is

approximately equal to c) as

2
|yie_ /£ }° + y-1]
¥ ~ cos | { P._d (1)
MAX 2 .,1/2
k{y"~1}
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where K = Vy/v and y is the relativistic term. The Doppler-ghifted frequency

is glven by

f_ = 1 +.Z£ cos (E - V"} (2)

For a given ratio, v/c, the above equatlon 2 ylelds the Doppler shlft ratlo,
f/fg. Then, for a glven value of K, y ls determined and Yyay can be found, the
precise values of K and V| appropriate for Juplter are unknown. Usinqlvn molC
{as Staelin suggests ls consistent with observed decametric S burst frequency
drifts) and choosing an intermedliate value of K ~ .5 gives y = 1.02 and ¥y =
78° (if we asgsume fp/fg ¢¢ 1 which ls the case near most of the source points
considered). Thls value of ¥y ls close to the value of the peak wave normal
angle shown Jln Figures 3 and 4 for £/£4 = 1.02. Flgure 5 contains a famlly of
¥upx versus K curves for values of V/c which vary from 0.1 to 0.45. This
figure differs from Pigure 2 of Staelin (1981) in that we have labelled curves
as a function of.the assumed Doppler shift ratlo as shown in Table I. The value
of y varles slightly for each curve as shown., These curves demonstrate that the
larger Doppler shifts (as shown 1ln curves 4 and 5 for f/fg'= 1.1 and f/fg = 1.2
respectively) produce values of Yypy > 70° consistent with the ray tracing
results shown in the curves of Fligures 3 and 4 only if K > .7 and V| > .32c.
Accepﬁing Vy ® +1c as a reasonable value, our results indicate that f/fg & 1,1
is an upper limit to the Doppler shift at the source point for the arcs

consldered in this study.
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TABLE 1

PARAMETERS USED IN FIGURE 5

Curve £/fgq vy/e Ymin YMax

1 1.01 0.10 1.01 1.03

2 1.02 0.14 1,01 1.04

3 1.04 0.20 1,02 1.09

4 1.10 0.32 1.05 1.12

5 1,20 0.45 1.10 1.20
Conclusions

In the Voyager PRA data set one frequently observes either isolated or nested
groups of arcs that have a larger curvature and are difflcult to explaln if one
assumes ¥ = constant » 90°, Two examples of lsclated, vertex-late,
high«curvature arcs have been matched through ray traclng by allowlng the wave
normal angle to vary with frequency. fThe ¥(f) relationship that produced these
spectral features wag peaked around 10 MHz and fell off on elther side in
gqualitative agreement with the earller two-dimenslonal ray tracing results of
Goldsteln and Thieman (1981).

If a gyroemissioh mechanlsm ls assumed that produces Doppler-shifted
eml.sslon, the results of Staelln (1981) predict a frequency dependence of the
wave normal angle. An energetic, field-aligned electron beam (v) = O.1e) could
produce maximum wave normal angles In agreement with those found in the present
models 1f £/£4, = 1.02 and K ~ 0.5. Such energles (10 keV) are comparable to
suggested energlies of several kev for accelerated electrons near the surface of -
Io which may be the source of DAM emlsslon (cf. shawhan, 1976; Goldstein and

Goertz, 1983), We emphasize, however, that our ray tracing regults are not



dependent on a gyroemigssion mechanism. Each of the ¥(f) curves were obtained
from ray tracing by requiring that the model DAM high-curvature arcs matched
those ohserved by Vovager 1 on day 72 (Figure 3) and day 188 (Figure 4) of 1979,
The characteristic shape of the curves (with a peak at the vertex frequency)
does not significantly change as the Doppler shift increases. The wave normal
angle, ¥, varies between 70¢ and 80° for all Doppler shifts considered with
smaller values of ¥ resulting from larger assumed Doppler shifts, Independent
of the ray tracing results, the condition that gyrocemission occur for £ > fpy
(equation 1 [cf, Staelin, 1981]) suggests that an electron beam with K » ,5 and
vy ® o1c will result in Yuax which agrees favorably with the results shown in
Pigures 3 and 4. Figure 5 and the values listed in Table 1 indicate that larger
Doppler shifts (f/fg = 1,1 and f/fg # 1.2} will produce ¥,y > 70° in agreement
with the ray tracing results only for K » ,7 and Vv/c » .35, The value of K =
v /V appropriate for Jupiter is not known, But observations of frequency drifts
of Jovian § bursts imply that v # .1c. As seen from Table 1 this implies that.
for the two high~curvature arcs presently modelled, curves 1 and 2 for vy/e <
.14 and f/fg # 1,02 best match the ray tracing results.‘ The two arcs presently
modelled were chogsen because of the large frequency dispersion and intense
emission, We believe these arcs represent emission at close to the smallest
wave normal angles and the largest Doppler shifts for observed DAM arcs

(Pigures 3 and 4 indicate that a larger assumed Doppler shift at the source
point yields a smaller value of ¥ypy). Our results thus indicate that f/fg ~
1.1 is the.largest to be expected for Jovian DAM arcs, with typical values Being
£/ < 1.02, Wwhile we have chosen only vertex-late arcs for this‘investigation
(due to the intensity of the emission and large frequency dispersion) we expect
ne differences in our conclusions for the vertex-early arcs. We have excluded

radiation from Alfven wave reflections located away from the Io flux tube, If
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simultaneous emission from multiple flux tubes was responsible for the
production of the two isolated ares modelled, our conclusions would have to be

modified,
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Figure Captions

Flg. 1. Frequency-time spectrograms of Voyager low-frequency radlo
emigsionsg. The emission Iintensity ls gray-shade coded acording to the bar
graph at the left., In the top panel low-~curvature DAM arcs obgerved by Voyager
1 on day 197 of 1979 are seen from about 0510 UT to about 0550 UT. In the
bottom panel is seen a typleal example of a high-gurvature DAM are obsrerved by
VYoyager 1 on day 72 of 1979 and extending firom about 1150 UT to arc vertex at
about 1235 UT.

Flg. 2. B fregquency versus system-III longitude plet of vVoyager data for
two obsgerved lsolated DAM high~curvature arcs: Voyager 1 for day 72 of 1979
{shown in spectrogram in PFlgure 1); and Voyager 2 for day 188 of 1979,

Flg. 3. 1Inltlal wave normal angle, ¥, vergus frequency ohtalined from ray
tracing which resulted in a DaM arc ldentical in curvature to that observed by
Vayager 1 on day 72 of 1979, fThe upper curve Lls for an Ilnitial poppler-shift
of £/f5 = 1.02, while the lower curve is for f/fg = 1.2,

FLg. 4. Same format as Flgure 3 except for comparison to the arc observed
by Vovager 2 on day 188 of 1979,

~Plg. 5. Maximum wave normal angle, ¥y, Vversus K (v;/V) for a family of
curves with parameters varylng as shown in Table 1. fThe ratlo, £/€q: inc?eases
from 1.01 {curve 1) to 1.2 (curve 5}. ~Gamma is approximately a constant for

each curve.
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ABSTRACT

The post-encounter Voyager detection of a night-side deca=-
metric emission which differs from pre-encounter and earth;based
observations is examined in this study. This intense rad.ation
is observed in the freguency range from about 12 to 25 MHz, is
detected in bursts lasting a couple of houré, is localized in
Jovian longitude, and is clearly an Io phase independent emis-
sion. A spatial survey of this emission reveals that it is
observed when the Voyager spacecraft are in the System 1III
(1965) longitude range from 156 to nearly 190 degrees, at posi-
tive magnetic latitudes, and with a local time from 6 to 3.9
hours on the night-side of the planet. The night-side nature of
this emission prevented its detection by Earth-based radio
observations which are made in the local time range from about
11.3 to 12.7 hours,

This night-side component of decametric radiation may be
coming from the low-altitude night-side auroral zone which is
linked to the Jovian plasmasheet by magnetic field lines that
are at higer latitudes than Io's field lines. From all indi-
cations, it appears that this emission is the Jovién counterpart
to the Earth's auroral kilomeﬁric radiation or AKR, hence it is
referred to here are Jovian Auroral Decametric Radiation or
JADR. Since JADR is seen nearly every time the Voyager space-
craft are in the emission pattern of the radiation, the night-

side Jovian tail field auroral zone may be continuously active.



INTRODUCTION

It is clear from satellite and Earth-based observations
that the Jovian magnetosphere provides a rich environment f£for
the generation of many types of free escaping radio emissions.
Earth-based radio measurements as early as 1955 discovered
ehission from Jupiter at decametric or DAM wavelengths.

Brigg discovered in 1964 that the phase of Io has a strong
influence on whether or not decametric radio emissions from
Jupiter are detected at earth., This Jo effect has led to the
classification of the decametric emissions as Io dependent and
Io independent. The Io independent emissions are less intense
and show Jovian longitude control.

This paper will discuss observations from the PRA experi-
ment onboard the Voyager 1 and 2 spacecraft of a new type of Io
independent emission at decametric wavelengths which shows a
strong deéendence on the observing longitude and magnetic lati=-

tude and are seen only on the night-side of Jupiter,



OBSERVATIONS

In order to concentrate on the Io independent emissions
close examination of the data must be made to clearly identify
the Io dependent emissions. Decametric measurements have been
routinely put into a coordinate system of central meridian
longitude (CML) versus Io phase (see for example Alexander et
al., 1l98l). In this coordinate system Io éependent emissions
have been classified as "sources" or regions of CML and lo phase
where the probability of measuring decametric radiation is high.
It has been known for sometime that the most intense decametric
emissions are from sources 2, B, and C. Green, 1984 using
Voyager 1 and 2 observations over several months organized the
Voyager data 1into spacecraft-Io longitude difference versus
frequency for fixed positions of I¢o in System III ('65) longiQ
tute. As discussed in detail in Green, 1984 the purpose of
plotting the Voyager data in this new coordinate system is to
eliminate the relative motion of Jupiter and Io. The result of
the coordinate transformation of the Voyager data (see Figures
3, 4, 5, and 6 of Green, 1984) is the same as would he observed
by a spacecraft that moved completely arocund Jupiter at a con-
stant radial distance keeping Io and Jupiter fixed. It is
important to note that out of several months of obsexvations
only a relatively small amount of data is used which satisfied

the conditions of having Ic at a specified system III longitude,
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The analysis presented here carries the work of Green, 1984
a step further by selecting a band of frequencies for each fixed
Io sorted data plot of spacecraft-Io longitude difference (or
phase) (in this case from 15 to 21 MHz). Figure 1 presents the
occurrence of decametric emission in the freguency range 15 to
21 MHz over the period June 26 to July 23, 1979 versus Io longi-
tude., The top panel is determined from all PRA observations on
the inbound and outbound leg of the deager 2 flyby. & l/R2
factor was used to take into account the radial dependence of
the emission. An occurrence block is shown when the average
decametric intensity (normalized to 1@ Rj) over the 15 to 21 MHz

17 Watts/ mz/Hz.

frequency range was greater than 1.1 x 16
Observations closer than 39 Rj to the center of Jupiter were not
used to avoid any possible propagation effects in the inner
Jovian magnetosphere, All spaceéraft observations are organized
in longitude bins 3 degrees wide and plotted such that Io's
position is along a vertical line at the center of the plot,
with the difference between spacecraft longitude and Io longi-
tude increasing to the right of center and decreasing to the
left of center. Along the ordinate the data is organized into 6
degree wide Io longitude increments spaced every 16 degrees
apart. Labeled in all three panels of Figure 1 are the expected
locations of the Io dependent sources A, B, and C, Vertical
features on these plots would maintain constant Io-obseﬁver

phase and hence, be labeled "Io phase dependent". Note that

periodic observations of decametric radiation are seen extending
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from the upper left corner of Figure 1 (top panel) to the lower
o right. Although these observations cross into the B source it
is certain that they are not Io phase dependent,

The middle and bottom panels of Figure 1 are plotted in the
same format as the top panel, but contain only inbound data
{(middle panel) and outbound data (bottom panel) data. When the
Voyager 2 data are separated in this manner, incomplete sampling
occurs at many of the longitudes. The regions of no observa-
tions in this coordinate system are shown shaded. The separa- @
tion of the Voyager 2 data intq inbound and outbound passes is
performed in order to examine the local time effects in the

observation of the periodic decametric radiation pointed out in |

the top panel. The PRA measurements on the inbound portion of

LR N 2
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pd the Voyager flybys restrict the majority of the observations to
',if the day-side Jovian magnetosphere from 9.5 to 11.6 hours local

time (LT) and the outbound from # to 2.8 hours LT. A comparison,

between the middle and bottom panels indicates that the periodic
. emission seen in the top panel extending from upper left toi-~~ |
lower right is observed only on the outbound leg of the Voyager
-2 flyby. This analysis confirms the detection of a night—side:
component of decametric emission from Jupiter, which is clearly
Io phase independent.
The spectrogram of Figure 2 shows the frequency-time char-
acteristics 6f a typical night~-side decametric burst lasting ¢
couple of hours. The enhancement in decametfic emission at the

low frequencies, from about 8 to 16 MHz, may be attributed to ai

increase in sensitivity of the PRA instrument in this frequenc:
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range recently determined by Schauble and Carr, 1983, The
enhanced sensitivity in this frequency range sometimes gives the
appearance that a broad Jovian emission band exits. 1In order to
avoid the sensitivity effect and to provide a concise picture,
the entire frequency range of the night-side decametric emission
was not used (only frequencies from 15 to 21 MHz were used) in
the determination of DAM occurrence of Figure 1. Usually in the
8 to 16 MHz frequency range, "arc" structures (see Warwick et
al., 197%9a and Lehlanc, 1981) are found "that are typical of
non-Io emissions, however, in Figure 2, at higher frequencies
(>12 MHz) this emission is not made up of a series of arcs and
is much broader (as observed in time) than a single arc. The
frequency-time structure of this emission is seen periodically
in the Voyager 2 observations from about 25 Rj until the emis-
sion is just barely measured above the receiver's noise level at
distances greater than 120 Rj.

The spectral characteristics of the night-side decametric
emission of Figure 2 is shown in Figure 3 where the power flux
emission (expressed in Watts/mz/HZ) has been ncrmalized to 10
Rj. In addition, Figure 3 shows only the maximum power £flux
observed at eazh freguency over the spacecraftllongitude range
from 150 to 166 degrees (about 17 minutes of data). Note that
this emission reaches peak intensity from 14 to 25 MHz and

decreases rapidly at higher and lower freguencies. This spec-

tral shape is not characteristic of the Io dependent decametric




emission (Carr et al., 1983) but it does more closely resemble
the spectral shape of the Earth's auroral kilometric radiation
(see for example Gurnett, 1974).

The repetition of the night-side decametric bursts may be
understood by examining if there is any dependence on the space-
craft position in magnetic latitude and longitude for observing .
the emission, On a "wiggle" plot (position in magnetic latitude:

and radial distance with time), of the Voyager 2 outbound tra-

jectory in Figure 3, are dark strips where complete night-side

decametric bursts are observed. These bursts are observed exclu-:

Lo S

sively at high positive magnetic latitudes with the high fre-i

quencies seen at magnetic latitundes greater than about 9 deﬁ%
i
grees, It is important to note that the highest frequencies of}

the night-side decametric emission {20 to 22 MHz) are not meaﬂ

i

sured when the spacecraft is at the highest magnetic dipole

latitude (corresponding to approximately 260 degrees longitude)

but at the latitude which corresponds to the longitude (abou’

1580 degrees) of the believed maximum surface magnetic fielﬁm.u

L. *a

strength (see for example, Connerney, et al,, 198l). This rela
tionship is very suggestive of low altitude source regions whic
have a strong dependence on Jupiter's magnetic field. 1In addi.
tion, since the maximum frequency is observed at or very nea
the longitude of the maximum field strength the beaming of thi
emission appears to nearly parallel to the magnetic field in tt

source region.' This situation is very different from the broi

emission cones (large initial wave normal angles) that a:

believea to be so characteristic of the Io A and B sources (s{



Green, 1984). Better understanding of the emission and propaga-
tion characteristics of this radiation is currently under study
using ray tracing technigues.

The spatial distribution of the night-side DAM as suggested
by Figure 1 can be further investigated by using Voyager 1 PRA
data as well as the Voyager 2. The Voyager outbound trajec-
tories, looking down from the north onto an equatorial plane,
are plotted in Figure 5. The shaded regions are at the position
of the spacecraft where the night-side DAM was measured. The
cross hatched block at the expected location of the emission
along the Voyager 2 trajectory is due to the inability to clear-
ly separate the night-side DAM emission from intense Io depen-
dent source B radiation measured at the same time. It is impor-
tant to note however, that the Voyager 1 measurements of the
night-side DAM abruptly stopped after a radial distance of about
58 Rj and local time of 3.9 hours. The Voyager 2 observations
of this emission, shown in Figure 5, continue until the inten-
sity of the emission is near the PRA experiment noise level at

radial distances greater than 120 Rj.

The overall repetition of] .

A

by

the Voyager 2 observations (and to some extent the Voyager l)§
strongly indicates that the absence of Voyager 1 night-side DAMi
observations past 58 Rj on the outbound trajectory is due to a?
spatial and not temporal effect and that the this emissicn has g
distinct outer boundary that Voyager )l passed through. Combine@
with the results of Figure 4, the "inner boundary" labeled iﬁ

Figure 5 is probably due to the low magnetic latitude measure

ments near the encounter.



DISCUSSION

The night-side DAM emission reported here has been com-
mented on in the paper by Alexander et al., 1981, fThis emis-
sion, as described here, can be easily seen in the synoptic
analysis of Plate 1 in the Alexander et al., 1981 paper for only
the Voyager 2 after encounter plot with traces of the emission
seen in the Voyager 1 after encounter data. The low occurrence
probably of the night-side DAM from the Voyager 1 observations
in the Alexander et al., 198l paper is ﬁndoubtably due to the

fact that Voyager 1 was in the emission regioh for only a short

time (see Figure 4 of this paper). Alexander et al., 1981 did @

point out that the "Io-independent emission at frequencies above

20 MHz exhibit marked local time effects". Their interpretation

T -

of this emission as a feature which "probably corresponds to the |

weak Io-independent B source recorded in ecarth-based surveys" is

not the interpretation presented here. It is without question|

that the night-side DAM can only be measured at high magnetic

latitudes (greater than 9 degrees) and on the night-side of{
Jupiter, both of whiﬁh, the Earth-based measurements are unable?
to achieve., The situation with the lower freguency extension of
this emission (less than 12 MHz) however is not at all clear and?
may very well be related to the Io-independent B source aé

riiscussed by Alexander et al., 1981. Additional work needs tc

be done to clarify this point.

oy
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From the above observations it is important to compars the
night-side DAM to other well known magnetospheric emissions in
order to gain insight on its possible origin and generation, It
is generally believed that the earth's auroral kilometric radia-
tion (AKR) is the terrestrial counterpart %to the decametric
radiation from Jupiter. These emissions have many physical
similarities such as the same polarization, the same frequency
range when normalized with respect to the planets magnetic
field, high latitude low altitude source fegions, and the most
intense free escaping radio fregquency radiation generated in
their respective magnetospheres, Many generation mechanisms
have been proposed for both AKR and DAM whiéh are the same (see
for example Melrose, 1976). However, when considering the Io
control of the intense DAM radiation there is no obvious terres-
trial counterpart. A more analagous comparison would be between
AKR and the Io independent emissions. The night-side DAM emis-
sions, discussed here, are the only Io independent emission
which have spatial and spectral characteristics similar to AKR.
The angular distribution of AKR has been extensively studied
(see Green et al., 1977, for example) and it is clear that AKR

emission exhibits latitudinal propagation effects and is seen

primarily on the night-side of the earth, If the night-side DaM

is the Jovian counterpart tov AKR, then it may be coming from

Jupiter's tail field auroral zone {(with low altitude sources)

which is at higher latitudes than the field lines that Io inter-;

sects (Connerney, et al,, 198l). Because of these similarities, |

?i

the night-side decametric emissions will be referred to here as

P

o
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Jovian Auroral Decametric Radiation or JADR. The persistence of
JADR in the Voyager 2 data may therefore indicate that Jupiter
nas an extremely active and continuous night-side particle
precipitation in the Jovian tail-field auroral =zone. 1t is
important to note that recent work by Maeda and Carr, 1984
suggests that the Io-independent A source, seen on the day-side
of the Earth, may have an Jovian auroral zone origin. How this
emission relates to the JADR discussed here is not known and it
is hoped that future ray tracing studies ﬁay be successful in
determining the relationship between the Io-independent A source

and JADR.

e i T R LI

b it



We have presented an identification of one of the deca-

metric components generated in the Jovian magnetosphere. This

emission,

Voyager 1 and 2 PRA experiments and has the following major

12

CONCLUSIONS

referred to here as JADR, has been measured by the

characteristics:

JADR is an Io-phase independent emission in the fre-

quency range from 12 to 25MHz.

JADR (from 16 to 25MHz) cannot be categorized as
having an "arc" like structure characteristic of much

of the Io-dependent and -independent emissions,

The JADR power spectrum is not typical of the

Io-dependent or Io-independent DAM emissions. .

There is a strong latitudinal and longitudinal beam-
ing of JADR since it is observed at positive magnetic
latitudes with the highest frequencies measured when
the largest surface magnetic field strength {near 150
degrees) is near the longitude meridian of the space-

craft. - ,

..
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5, It is observed only on the outbound poriions of the

Voyager flyby trajectories,

6. A strong night-side beaming effect is implied when an
abrupt halt to intense JADR observations from Voyager
1 occurs at local times greater than 3.9 houvrs, while
Voyager 2, at local times less than 2.8 hours ob-
serves the emission to radial distances greater than

120 R..
3

A number of conclusions can be made from the observed
characteristics of the JADR emissions and their similarity to

other magnetospheric emissions. These include:

1, A possible propagation effect may be responsible for

the magnetic latitude asymmetry seen,

2. Any southern hemisphere JADR emissions would only be
observed at the lowest frequency (12 MHz) since neither .
Voyager 1 or Voyager 2 were at southern magnetic lati~

tudes greater than about 7 degrees.

3. JADR emission may be the Jovian counterpart to the
earthfs‘auroral kilometric radiation and emanate from a

continuously active Jovian tail field auroral zone.

DT
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Figure 1

Occurrence of DAM emission from Vovager 2 spacecraft is
shown by the blacken sguares when the average intensity is

greater than 1.1 x 16” L7

Watts/mz/Hz. {normalized to 1@ Rj)
over the frequency range from 15 to 21 MHz. This three panel
figure is derived from observations taken along the outbound
(bottom) , inbound (middle), and both inbound and outbound (top)
Voyager 2 trajectory. The DAM occurrences are plotted in degree
difference between the spacecraft and Io versus Io System III
('65) longitude. 1In the top and bottom panels only, a systema-

tic DAM non-lo emission is observed from the upper left to the

lower right corner of the plot.
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Figure 2

This Voyager 2 frequency-time spectrogram shows the basic
characteristics of the JADR emissions. A night-side decametric
burst usually lasts about an hour and is first seen in Voyager 1
and 2 data at high frequencies (typically 21 toc 22 MH2) and as a
function of time to lower and lower freguencies until a broad

emission band appears from 8 to 12 MHz.
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Figure 3

The maximum power flux spectrum of the night-side deca-
metric emission is shown in this figure. ©Note that the spectral
peak occurs from 14 to 22 MhZ and rapidly decreases at higher

and lower freguencies.
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Figure 4

The position of the Voyager 2 spacecrafF when the night-
side DAM emissions are observed in magnetic latitude and radial
distance coordinates are shown here as darkened strips during
the outbound portion of its trajectory. The characteristic
shape of these emissions as pointed out in Figure 2 were used in
determining the spacecraft positions of the shaded strips. Note
that the night-side DAM emissions are all seen at positive
magnetic latitudes with the highest frequencies observed near

the beginning of each strip.
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Flgure 5

The dark bleock regions along the outbound Voyager 1 and 2
near equatorial trajectories show the position of the spacecraft
when the night-side DAM was cbserved. WNote that there are only
a few examples of this emission observed from Voyager l. The
crossed hatched area is near the expected location fﬁr the
night-side Dam Put its characteristic frequency-time structure
cannot be clearly distinguished from other decametric emissions
which are measured at that time. The Voyager 2 spacecraft
observed the night-sidé DAM to radial distances greater than 100
Rj (not shown in this figure) 3just above the receiver noise

level. The wavy lines represent gqualitative boundaries of the

emission based on these observations.
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