14 percent of the thermal H will have the
necessary velocity of 2.9 km sec™!, and
chemical reactions can produce addition-
al energetic H atoms (/9). Hydrogen
atoms leaving Titan with a velocity of 1.9
km sec™! directed backward and forward
along Titan’s orbit would enter orbits
taking them as close as 5.6 Rg and as far
as 180 Rg from Saturn. The observed
confinement of the H between 8 and 25
Rs can probably be explained by the fact
that the lifetime of neutral hydrogen
against ionization is ~ 10® sec between
10 and 21 Rg but falls rapidly by a fac-
tor of 100 inside and outside this region
21).
( ”1)"his lifetime is a factor of 10 longer
than earlier estimates (I). If we use the
new lifetime, and include the new esti-
mates of the H density and the size of the
torus reported here, the H supply rate
from Titan is reduced by a factor of 2 to
1 x 10*” atoms per second. Titan model
atmosphere calculations (24, 25) yield
escape rates of this magnitude for both H
and H,, although Allen et al. (26) have
obtained Titan loss rates for H and H, an
order of magnitude higher. The long H
lifetime means that collisions may be
important in the torus. For a density of
20 cm ™3, the mean time between colli-
sions is ~ 10® seconds, about the same
as the H lifetime. It is possible that the
H, density in the torus exceeds the H
density (1), so that collisions would dom-
inate the H distribution and treatment of
individual particle orbits would not be
useful. The appropriate formulation for a
collision-dominated cloud (24) shows
that its characteristic scale (to the 1/e
density level) would be 8 Rg for a cloud
temperature of 260 K.
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Radio Science with Voyager 2 at Saturn: Atmosphere and

Ionosphere and the Masses of Mimas, Tethys, and Iapetus

Abstract. Voyager 2 radio occultation measurements of Saturn’s atmosphere
probed to the 1.2-bar pressure level, where the temperature was 143 = 6 K and the
lapse rate apparently equaled the dry adiabatic value of 0.85 K per kilometer. The
tropopause at both mid-latitude occultation locations (36.5°N and 31°S) was at a
pressure level of about 70 millibars and a temperature of approximately 82 K. The
stratospheric structures were very similar with the temperature rising to about 140 K
at the 1-millibar pressure level. The peak electron concentrations sensed were
1.7 x 10¢ and 0.64 X 10° per cubic centimeter in the predawn (31°S) and late
afternoon (36.5°N) locations. The topside plasmia scale heights were about 1000
kilometers for the late afternoon profile, and 260 kilometers for the lower portions
and 1100 kilometers for the upper portions of the topside predawn ionosphere. Radio
measurements of the masses of Tethys and Iapetus yield (7.55 + 0.90) X 10°? and
(18.8 = 1.2) X 10°° kilograms respectively; the Tethys-Mimas resonance theory then
provides a derived mass for Mimas of (0.455 = 0.054) X 10°° kilograms. These
values for Tethys and Mimas represent major increases from previously accepted
ground-based values, and appear to reverse a suggested trend of increasing satellite
density with orbital radius in the Saturnian system. Current results suggest the
opposite trend, in which the intermediate-sized satellites of Saturn may represent
several classes of objects that differ with respect to the relative amounts of water,
ammonia, and methane ices incorporated at different temperatures during forma-
tion. The anomalously low density of lapetus might then be explained as resulting
from a large hydrocarbon content, and its unusually dark surface markings as
another manifestation of this same material.

Radio science observations at Saturn  atmosphere and ionosphere of Saturn

with Voyager 2 included (i) mid-latitude
occultation studies in the northern and
southern hemispheres, (i) new, direct
determinations of the masses of Tethys
and Iapetus from radio tracking and an
indirect determination of the mass of
Mimas, and (iii) measurement of the
near forward microwave scattering from
ring C. Here we present resuits for the

and the masses of Mimas, Tethys, and
Tapetus (I, 2), plus a discussion of the
mean densities of the satellites. The em-
phasis on various topics in this report
reflects only the current state of our
work. Other important questions, such
as the structure of the lower ionosphere
and the figure of Saturn, must await
complete reduction of the data and the

0036-8075/82/0129-0553801.00/0 Copyright © 1982 AAAS 553



94% H,
6% He

Ingress

-
o
T

102_'

Pressure (mbar)

108 |-

104 ' !

Ingress

Egress

i | 1

80 100 120

Temperature (K)

4000 f
E
X
[
i
§ 3000 L
<
2000
o)
1 ]
140 160

sphere of 94 percent H, and 6 percent He by volume.
(right). Concentration of electrons as a function of altitude above the

5.108 104 1.5-104

Electrons/cm?@

Fig. 1 (left). Atmospheric temperature-pressure profiles from the
Voyager 2 mid-latitude occultations at Saturn, assuming an atmo-

Fig. 2

1-bar pressure level for the ionosphere of Saturn. The ingress was at 36.5°N near the evening terminator, where the solar zenith angle was 87°,
Egress was at 31°S latitude under predawn conditions, where the zenith angle was 93°.

final refinements of the spacecraft trajec-
tory. Experimental protocols and the
pertinent spacecraft and mission charac-
teristics have been described (3), as have
other objectives of the radio science in-
vestigation (4, 5).

All observations reported here were
carried out with the coherent dual-fre-
quency radio system, which is also used
for telemetry and navigation. The micro-
wave frequencies employed are in an
exact 11/3 ratio, with wavelengths of 3.6
and 13 cm. The radio occultation signals
were received at the 64-m-diameter
NASA Deep Space Network tracking
station at Ballima, New South Wales,
Australia. For determination of the satel-
lite masses we employed data from the
worldwide NASA deep space stations.

Atmosphere and ionosphere of Saturn.
The Voyager 2 trajectory, although con-
strained to carry the spacecraft toward
Uranus, provided a nearly diametric
Earth occultation geometry. Occultation
immersion at Saturn was in the North
Temperate Belt (6) at 36.5°N; emersion
occurred at 31°S. The solar zenith angle
for the immersion and emersion mea-
surements were about 88° (late after-
noon) and 94° (predawn) at the lowest
altitudes probed for each of the two
locations. With respect to the mean at-
mosphere observed by Voyager, 36.5°N
corresponds to a region of minimum at-
mospheric velocity with respect to the
radio rotation rate, while 31°S corre-
sponds to a local eastward jet of about
100 m/sec with respect to the radio rota-
tion (6).
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Our results for the neutral atmosphere
are presented in Fig. 1, where the de-
rived temperature-pressure structure,
assuming a gas mixture of 94 percent H,
and 6 percent He (7) by volume, is
shown for both locations. The data em-
ployed for Fig. 1 were measurements of
the received signal frequency obtained in
near real time with both the 3.6- and 13-
cm wavelengths and automatic tracking
receivers at the antenna site (8). During
occultation entrance the 13-cm receivers
followed the signal to the 1.2-bar level,
where the atmospheric temperatiire was
143 = 6 K. Translation of the ray in the
horizontal  direction  (approximately
north-south) was only about 0.4° of lati-
tude (~ 400 km) over the entire range of
the immersion curve. The receivers reac-
quired the signals during occultation
emersion at the 600-mbar level and con-
tinued to track to and beyond the top of
the neutral atmosphere. To the accuracy
of the preliminary analysis, the tempera-
ture lapse rate appears to equal the adia-
batic lapse rate of about 0.85 K km ™! in
the lower part of the observed entry
profile. The minimum tropopause tem-
perature of 82 to 83 K occurs at a pres-
sure of 60 to 75 mbar, and the strato-
spheric temperature at both locations
rises to the vicinity of 140 K at the 1-
mbar pressure level.

These results can be compared with
those from Voyager 1 for ~ 76°S by
shifting the published Voyager 1 curve
3.6 percent to the left and 6.6 percent up
to compensate for the higher assumed
fraction of He used in the reduction of

the Voyager 1 data (3). After this adjust-
ment, there are some differences in the
results that mainly appear in the approxi-
mately 5 K higher tropopatise tempera-
ture obtained with Voyager 1 near the
south pole. At present we have not eval-
uated the significance of this difference.
We are cautious about its interpretation
because the Voyager 1 ray path slipped a
large distance horizontally (~ 8000 km)
while the ray penetrated vertically only a
relatively thin atmospheric shell (~ 200
km) (9). In view of the strong latitudinal
temperature gradients reported by the
Voyager IRIS investigation (7), the Voy-
ager 1 immersion data could be affected
by departure from hydrostatic equilibri-
um. We consider the Voyager 2 results
more reliable than those of Voyager 1 on
the basis of the improved experimental
geometry for Voyager 2. When the possi-
ble uncertainties associated with the long
sampling path of Voyager 1 are consid-
ered, the similarity of the three curves
obtained thus far is remarkable, in
marked contrast to large (~ 235 K) differ-
ences in stratospheric temperatures in-
ferred over latitude ranges as small at 12°
at Jupiter (10).

Figure 2 gives our results for the top-
side ionosphere at the two occultation
points. These profiles were obtained by
inversion of the differential dual-frequen-
cy observations at the 3.6- and 13-cm
wavelengths. The peak concentration
reached thus far with Voyager 2 was
1.7 x 10* e~ cm™3, which was obtained
about 2150 km above the 1-bar pressure
level in the neutral atmosphere at the
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Flg 3. Mean densities of the subject intermediate-sized satellites of Saturn as a function of their orbital radii. Squares represent values
determined from Voyager measurements of both size and mass; circles include non-Voyager values, as described in the text. The dashed square
represents an indirect but Voyager-derived detérmination of density. (a) Results as they appeared after Voyager 1 measurements. (b) Results
after the Voyager 2 measurements. (c) Mean densities of (b) corrected to uncompressed densities for comparison with a model for the production
of three classes of satellites, as described in the text.

31°S occultation emersion point. The late
afternoon immersion profile is quite dif-
ferent, with what appears to be the peak
of the main layer at a number density of
0.64 x 10 e~ ¢cm™> and an altitude of
about 2850 km. The altitude of the iono-
spheric peak measured by Voyager 1| at
73°S (near the evening terminator, where
the solar zenith angle was 89°) lies be-
tween the two Voyager 2 values, and its
peak density, at 2.4 X 10* ¢~ cm™, was
larger than the two mid-latitude Voyager
2 results,

From about 2800 to 4000 km, the im-
mersion profile exhibits a plasma scale
height of about 1000 km, nearly twice the
" value (560 km) measured at the Voyager
1 entry location. The Voyager 2 egress
profile shows a range of topside plasma
scale heights varying from about 260 km
just above the peak to about 1100 km in
the height range 2500 to 3500 km. While
model ionospheres have been investigat-
ed (11, there appears to be no ready
explanation for the unexpectedly low
concentrations of electrons at the iono-
spheric peaks, or for details of the ob-
served ionospheric characteristics, such
as the differences in peak altitudes, den-
sities, and topside plasma scale heights
for the various latitudes and times of day
of the Satuirn measurements.

While the given profiles are not ex-
pected to change, future work will result
in the extension of both the atmospher-
ic and ionospheric results to lower alti-
tudes. It is possible—and seems likely
based on the spectral characteristics of
the signals—that additional, more com-
plex ionospheric structures exist below
the regions shown in Fig. 2.

Satellite masses and densities. The
radio science experiment has yielded
new values for the masses of five Satur-
nian satellites. Voyager 1 provided re-
sults for Titan and Rhea (3), and the
Voyager 2 data constitute relatively di-
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rect measurements of the masses of Te-
thys and Iapetus. Our new values for
Tethys and lapetus are (7.55 = 0.90)
X 10 and (18.8 = 1.2) x 10%° kg, re-
spectively. The new mass for Tethys, in
conjunction with the theory of the Te-
thys-Mimas resonance, provides a de-
rived mass of Mimas of (0.455 +
0.054) x 10* kg. For Mimas, and partic-
ularly for Tethys, the Voyager 2 values
represent an increase of approximately
20 percent over the accepted values from
ground-base observations, and lie well
outside the published uncertainties in the
earlier determinations (12).

The markedly increased values for the
masses of Tethys and Mimas, as directly
and indirectly derived from the Voyager
2 radio measurements, apparently re-
verse the trend for increasing density
with respect to orbital radius inferred
previously for the intermediate-sized sat-
ellites of Saturn. The current results sug-
gest instead that density tends to de-
crease with orbital radius, in accordance
with the general trend for the Jupiter
system and for the solar system overall.
Further, from an interpretation of the
new results, we suggest that future mea-
surements may show the mass of Dione
to be 10 to 15 percent less than that
derived from ground-based measure-
ments to date. Such a change would
represent a shift of about 4 standard
deviations from the present value.

The densities of the satellites are of
particular interest since they are funda-
mental to considerations of their presert
composition, which in turn depends on
conditions under which they formed.
The Voyager 1 radio measurements of
Titan’s mass and radius provided a value
of about 1.89 g cm™, as disciissed by
Tyler et al. (3), and the refined equatorial
radius of 2575 * 2 km reported by Lin-
dal (I13) yields a mean density of
1.881 = 0.004 g cm™, assuming Titan to

be spherical. We conisider here the densi-
tiés of the smaller moons for which mass
and size determinations have been made.
Because its much greater mass-and size
may set Titan in a class by itself, we do
not include it in discussing the ¢compari-
tive densities of the other satellites of
Saturn. The masses are derived from
both spacecraft radio and ground-based
measurements, and the radii from Voy-
ager optical measurements as interpreted
by the imaging team (14). These interme-
diate-sized satellites, with radii ranging
from about 200 to 750 km and orbital
distances from about 3 to 60 Saturn radii
(Rg), may constitute a set of comparable
objects whose densities can provide
clues to the conditions that existed dur-
ing the formation of the Saturn system
and, by extension, of the solar system as
a whole. This seems particularly relevant
in view of the differences between previ-
ously accepted interpretations of satel-
lite densities as a funetion of distance
from Saturn and the pattern that obtains
elsewhere in the solar systém.

Figure 3a sliows the mean densities of
the subject satellites plotted as a function
of the logarithm of their orbital distance,
as derived after Voyager 1 but before the
Voyager 2 measurements (3, 6). All radii
are from Voyager 1, Rhea’s mass is also
a Voyager 1 radio measurement, and the
mass of lapetus is from the Pioneer 11
radio experiment (/5). The masses of
Mimas, Enceladus, Tethys, and Dione
were derived by Kozai (12, 16) from
long-term ground-based measurements
of their orbits and considerations of the
Mimas-Tethys and Enceladus-Dione or-
bital resonances. Smith et al. (6) offered
possible explanations for the apparently
greater densities of the more distant
Dione and Rhea as compared with the
nearer Mimas and Tethys, and for the
apparently random deviations from a
general trend of increasing density with
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Table 1. Mass, size, and density of the intermediate-sized satellites of Saturn.

Assumed
Approx- solar
Mean Mean Lmate class

Satellite radius Maz%s density uncom- and its
(km) (x 10*° kg) (g cm™?) presged uncom-

density pressed

(g cm™?) density

(g cm™)

Mimas 196 =+ 3 0.455 + 0.054 1.44 + 0,18 1.44 = 0.18 I, 1.29
Enceladus 250 = 10 0.74 = 0.36 1.13 £ 0.55 1.13 = 0.55 I, 1.29
Tethys 530 = 10 7.55 +0.90 1.21 = 0.17 1.20 = 0.17 I, 1.24
Dione 560 = 5 10.52 = 0.33 1.43 = 0.06 1.41 = 0.06 I, 1.24
Rhea 765 £ 5 249 =*1.5 1.33 £ 0.09 1.23 + 0.09 II, 1.24
Iapetus 730 = 10 188 =*=1.2 1.15 + 0.08 1.12 = 0.08 111, 1.09
to 1.14

orbital radius from Mimas to Titan.
These explanations involve mechanisms
by which the moons are made up of
various fractions of rock and water ice
that differ from their relative abundance
in a primordial planetary nebula, through
both selective and random dynamic pro-
cesses during satellite formation. An al-
ternative hypothesis maintains the con-
cept that the solar composition of rock
and other condensables remains control-
ling in each case. In this hypothesis,
variation in the density is primarily a
result of the general decrease in tempera-
ture with the orbital radius of formation,
so that different condensables form ices
at different radii (7). During formation
the satellites collect solids—but not gas-
es—from the ambient material and hence
have different compositions depending
on which material is solid at a given
temperature. The apparent low density
of Tethys compared with its neighbors
was clearly inconsistent with this model;
as a result, Prentice (/7) suggested that
the mass of Tethys might be 20 to 25
percent larger than the ground-based val-
ue of (6.22 = 0.13) x 10* kg. This pre-
diction represented a potential change of
10 to 12 standard deviations and was
considered highly unlikely by many
workers. , :

Table 1 and Fig. 3b present the post-
Voyager 2 situation for the masses, radii,
and mean densities of the six satellites.
The Voyager 2 measurement of the Te-
thys mass of (7.55 = 0.90) x 10%° kg is
21.4 percent higher and 10 standard devi-
ations from the value based on the Mi-
mas-Tethys resonance (12, 16).

Since the ground-based value is only
about 1.5 Voyager standard deviations
from the Voyager result, the humbers
suggest that it is the Voyager mean that
is in error. However, we argue against
such a conclusion on several grounds.
First, while it is preliminary and more
analysis is needed, the Voyager determi-
nation is a relatively direct measure of
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the mass, involving radio measurements
of the spacecraft trajectory in the vicini-
ty of Tethys. By contrast, the long-term
ground-based observations require de-
tailed interpretive study and are based
on a limited model of the system, as
discussed below. Second; while the pub-
lished uncertainties correctly reflect the
errors assigned by the various ground-
based observers, wheri used in a formal
way in the libration theory, they may be
unrealistically small since the theory
may have failed to include significant
long-term effects. »

The ratio of the mass of Mimas to the
mass of Tethys is determined from sev-
eral decades of ground-based data on the
libration in orbital longitudes for the two
satellites, a libration driven by the reso-
nance lock between them (18). We be-
lieve this ratio is less sensitive to limita-
tions in the libration theory than are the
individual masses. Thus we use this ratio
to derive 4 new mass and hence density
for Mimas based on the Voyager 2 deter-
mination of the mass of Tethys; these
results are also given in Table 1 and Fig.
3b.

However, it is clear that much more
work is needed on all fronts of this
problem. When we use the Voyager 2
value for the Tethys mass to compute a
mass for Mimas from the observed mass
ratio, and then use both masses to com-
pute a theoretical libration period, we
obtain a value of 65.1 years, not the
observed period of 71.1 years. We sug-
gest that this discrepancy may be caused
by a failure of the existing libration the-
ory to predict the correct period. We
have ruled out the possibilities that the
observed period could be wrong or that
an error in the mass ratio could be re-
sponsible for the discrepancy. Our inde-
pendent analysis of the published libra-
tion data (/2) yields a mass ratio of
0.06031 with a formal uncertainty of
+ 0.00031 and an estimated realistic er-
ror of + 0.00070; our libration period is

71.05 years with a formal error of = 0.39
year and a realistic error of = .78 year:.
These values differ insignificantly from
those given by Kozai (0.06019 = 0.00036
and 71.12 = 0.22 years, respectively),
except that we have been more conserv-
ative in estimating the error. Even so,
our realistic error in the period implies
that the theoretical period is about 8
standard deviations lower than the ob-
served period.

The simplified dynamical model used
for the libration theory may be a source
of this problem. This model treats Sat-
urn, Mimas, and Tethys as point masses
and assumes that there are no other
significant dynamical contributions to
the libration. However, other effects
may be important, even including the
effects of previously unknown satellites.
Work on this problem will continue, but
we believe that at this stage the Voyager
measurement of the Tethys mass, plus
the mass ratio from ground-based data
and the libration theory, yield the cur-
rent best estimates of the masses of
Tethys and Mimas.

Referring again to Table 1 and Fig. 3b,
the uncertainty in the Iapetus density has
been greatly reduced by the Voyager 2
determination of mass. Iapetus apparent-
ly has the lowest density of the satellites
for which both mass and radius have
been determined by, or inferred from,
Voyager measurements. (The density of
Enceladus remains too uncertain to be
significant in the following discussion.
However, further work involving a com-
bination of Voyager and Pioneer 11 data
should yield an improved value for Ence-
ladus as well.)

There now appears to be a general
trend of decreasing density with increas-
ing orbital radius for the comparably
sized icy satellites represented in Fig.
3b. This trend becomes more apparent if

_the observed mean densities are correct-

ed to the density of the uncompressed
material. However, there is an inherent
conflict in computing such a correction
because the degree of correction de-
pends on the material involved, while the
motive for obtaining the uncompressed
densities is to help determine the possi-
ble chemical composition. Fortunately,
in this case we are dealing with small
bodies so that the corrections are not
very large, and the final results for un-
compressed densities are not likely to be
appreciably affected by a particular
choice of model composition.

An example of such a corrected result
is summarized in the last two columns of
Table 1 and in Fig. 3¢. The particular
model for the tabulated and pictured
results is due to Prentice (/9), who com-
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puted the effects of compression for sat-
ellites that formed by thermochemical
equilibrium condensation (20) from a so-
lar mix of anhydrous rock, H,O, NHj,
and CH,. That is, the relative amount of
each substance potentially available for
incorporation in a given satellite is deter-
mined by the relative abundance of the
corresponding elements observed in the
sun (21). It is assumed that material is
collected into the solid body only when
the water, ammonia, or methane is fro-
zen, so that the resultant mix is a func-
tion only of temperature at formation.
Three such solar-mix classes, which cor-
respond to formation in different tem-
perature regimes, would then result:
class 1 with 38 percent (by mass) rock
and 62 percent H,O ice; class II with 35
percent rock, 57 percent H,O ice, and 8
percent NH; ice; and class III with 26
percent rock, 41 percent H,O ice, 6
percent NH; ice, and 27 percent stable
dense hydrocarbons, which are assumed
to have been formed internally from the
original store of methane (/9). In class
III, since pure CH, ice is now thermody-
namically unstable at Saturn’s distance
from the sun (22), it is assumed that the
carbon from the original methane re-
mains at its relative solar abundance in
these objects as denser and more stable
hydrocarbons, such as heavily branched
paraffins and aromatic ring structures
19).

The demarcation temperatures or or-
bital radii for these classes are also mod-
el-dependent. From the work of Prentice
(17), class I objects would form between
about 3 and 5 Rg, class Il between 5 and
19 Ry, and class III beyond 19 Rg, where
the temperature is first estimated to fall
below the freezing point of methane.
From this model, Mimas and Enceladus
should be class I objects with an uncom-
pressed density of 1.29 g cm™ and Te-
thys, Dione, and Rhea should be class II
with an uncompressed density of 1.24 g

m~3. The density of class III objects,
where Iapetus would be the example,
depends on the hydrocarbon density,
which is taken to be between 0.8 and 0.9
g cm™?. This yields an uncompressed
value between 1.09 and 1.14 g cm™3, as
given in Table 1 and Fig. 3c.

The Voyager results are consistent
with this picture, and in the cases of
Tethys, Rhea, and Iapetus the corre-
spondence appears remarkable. The fun-
damental point is that the uncompressed
densities of these intermediate-sized icy
satellites may depend on orbital radius
alone, without the need for assumptions
concerning sorting of nebular material
before or during satellite formation. Our
use of the example from Prentice (I7)
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does not depend on other aspects of his
theory. The problem is complex, and
fundamentally different theories may be
equally successful in explaining these
Voyager results. Nevertheless, the cor-
respondences thus far lead us to consider
that Dione might have a mass some 10 to
15 percent less than the presently accept-
ed value mentioned above. This would
bring it into conformity with the interpre-
tation discussed above.

The mass of Dione was determined
from the forced eccentricity in the orbit
of Enceladus with a magnitude of about
0.0045 (23). In the absence of a commen-
surability, the natural eccentricity of En-
celadus would be about 107* while the
eccentricity of the orbit of Dione is about
0.002, with a negligible contribution from
the forcing terms. Because of these small
eccentricities, the Enceladus-Dione res-
onance presents one of the most difficult
theoretical problems of the Saturn satel-
lite system. We suggest that, as may
have been the case for Tethys, the pub-
lished uncertainty in the mass of Dione,
based on ground-based observations,
may not be realistic. Thus the change
required to make Dione a class II object
may not be as unlikely as published
values imply.

Finally, a comment on the apparent
low density of Iapetus. If Iapetus is
indeed a class IIT object whose mass is
on the order of one-quarter hydrocar-
bons, then it is unique compared with the
planets and moons of the inner solar
system and the other measured satellites
of Jupiter and Saturn. The surface of
Iapetus is unique in the large albedo
contrast between leading and trailing
hemispheres. We note the obvious possi-
bility of a connection between the hy-
pothesized large carbon content of Iape-
tus and the existence of dark surface
material with an albedo consistent with
that of carbonaceous chondrites (6),
which in turn consist of up to 5 percent
by mass of the type of complex hydro-
carbons discussed above.
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Magnetic Field Studies by Voyager 2: Preliminary

Results at Saturn

Abstract. Further studies of the Saturnian magnetosphere and planetary magnetic
field by Voyager 2 have substantiated the earlier results derived from Voyager 1
observations in 1980. The magnetic field is primarily that of a centered dipole
(moment = 0.21 gauss-Rg’; where one Saturn radius, R, is 60,330 kilometers) tilted
approximately 0.8° from the rotation axis. Near closest approach to Saturn, Voyager
2 traversed a kronographic longitude and latitude range that was complementary to
that of Voyager 1. Somewhat surprisingly, no evidence was found in the data or the
analysis for any large-scale magnetic anomaly in the northern hemisphere which
could be associated with the periodic modulation of Saturnian kilometric radiation
radio emissions. Voyager 2 crossed the magnetopause of a relatively compressed
Saturnian magnetosphere at 18.5 Rg while inbound near the noon meridian.
Outbound, near the dawn meridian, the magnetosphere had expanded considerably
and the magnetopause boundary was not observed until the spacecraft reached 48.4
to 50.9 Rg and possibly beyond. Throughout the outbound magnetosphere passage,
a period of 46 hours (4.5 Saturn rotations), the field was relatively steady and smooth
showing no evidence for any azimuthal asymmetry or magnetic anomaly in the
planetary field. We are thus left with'a rather enigmatic situation to understand the
basic source of Saturnian kilometric radiation modulation, other than the small

dipole tilt.

In this report we present results of a
study of the magnetosphere and plane-
tary magnetic field of Saturn as observed
by Voyager 2. The magnetometers (1)
operated normally throughout the en-
counter. The instrumentation of the
Voyager 2 magnetic field experiment is
identical to that on Voyager 1 (2) with
the instrument automatically changing
ranges as required by the measured field.
The minimum quantization step size

of = 0.0044 nanotesla (nT) in the lowest
range of = 8.8 nT full scale increased
to = 0.51 nT in the = 2100 nT range
near closest approach. As before (2),
vector measurements at 60-msec inter-
vals were averaged over 1.92, 9.6, and 48
seconds, 16 minutes, and 1 hour.

The maximum measured field intensi-
ty of 1187 nT was observed at a krono-
graphic latitude of 17.3°N and longitude
(Saturn longitude system, SLS) (3) of
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322.3°, just before periapsis at 2.69 Rg (1
Rg = 60,330 km). This value was only a
few nanoteslas larger than expected,
based on a Voyager 1-derived model (2)
magnetosphere, which had a centered
dipole tilted 0.7° with magnetic moment
0.21 gauss-Rs’ and an azimuthal equato-
rial ring current (4) of 7 X 10° A to
represent the magnetic field for R < 15
Rg. The spacecraft crossed the equatori-
al plane only once, at 2.87 Rg just after
closest approach. There were no special
close encounters with any of the Saturni-
an satellites, such as were accomplished
by Voyager 1 at Titan (2, 5), at least from
the viewpoint of being within five or
fewer satellite diameters.

The main objective for the magnetom-
eter experiment was to determine the
location and characteristics of the pre-
sumed northern hemisphere magnetic
anomaly responsible for the periodic
modulation of the Saturnian kilometric
radiation (SKR) radio emissions (6). An-
other objective was to compare the mag-
netic field characteristics of the Saturni-
an magnetosphere with those observed
by Voyager 1 and Pioneer 11.

Bow shock, magnetopause, and mag-
netosheath. Voyager 2 observed multi-
ple bow shock and magnetopause (MP)
crossings during its inbound and out-
bound trajectory. Figure 1 (right side)
shows the trajectory of Voyager 2 in
cylindrical coordinates. The axis of sym-
metry of the system is along the planet-
sun line. A filled dot on the trajectory
denotes start of a day (for example, 236
is 24 August 1981). For comparison, the
Voyager 1 trajectory is shown (left side),
also in cylindrical coordinates. The Voy-
ager 1 model bow shock and MP bound-
aries (2) are also displayed. Table 1 gives
a preliminary listing of bow shock and
MP boundary crossing times and plane-
tocentric radial distances, based on the
Voyager 2 magnetometer data. There
were multiple crossings of both bound-
aries: five inbound bow shocks, one in-
bound MP, at least five well-defined out-
bound MP’s, and seven outbound bow
shocks. The average inbound and out-
bound bow shock crossing positions are
shown by line segments intersecting the
Voyager 2 trajectory on days 236 and
242, respectively.

The MP of all known magnetospheres
is most commonly observed to be a
tangential magnetohydrodynamic - dis-
continuity. To accurately estimate the
direction normal to that boundary for the
MP crossings in Table 1, we used a
magnetic field variance method (7) well
suited for analyzing tangential disconti-
nuities. The analysis to determine the
inbound normal yielded an estimate of
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