
Radio Science Investigations of the Saturn System with 
Voyager 1: Preliminary Results 

Abstract. Voyager 1 radio occultation measurements of Titan's equatorial atmo- 
sphere successfully probed to the surface, which is provisionally placed at a radius of 
2570 kilometers. Derived scale heights plus other experimental and theoretical 
results indicate that molecular nitrogen is the predominant atmospheric constituent. 
The surface pressure and temperature appear to be about 1.6 bars and 93 K ,  
respectively. The main clouds are probably methane ice, although some condensa- 
tion of nitrogen cannot be ruled out. Solar abundance argument! suggest and the 
measurements allow large quantities of surface methane near its triple-point 
temperature, so that the three phases of methane could play roles in the admosphere 
and on the surface of Titan similar to those of water on Earth. Radio occultation 
measurements of Saturn's atmosphere near 75" south latitude reached a maxrmum 
pressure of 1.4 bars, where the temperature is about 156 K .  The minimum 
temperature is about 91 K near the 60-millibar pressure level. The mea~ured part of 
the polar ionosphere of Saturn has a peak electron concentration of 2 .2  x lo4 per 
cubic centimeter at an altitude of 2500 kilometers above the 1-bur level in the 
atmosphere, and a plasma scale height at the top of the ionosphere of 560 
kilometers. Attenuation of monochromatic radiation at a wavelength of 3.6 centi- 
meters propagating obliquely through Saturn's rings is consistent with traditional 
values for the normal optical depth of the rings, but the near-forward scattering of 
this radiation by the rings indicates effective scattering particles with larger than 
expected diameters of 10, 8 ,  and 2 meters in the A ring, the outer Cassini division, 
and the C ring, respectively. Preliminary analysis of the radio tracking data yields 
new values for the masses of Rheq and Titan oj  4.4 t 0.3 x 10'6 and 
236.64 -+ 0.08 x lo4 times the mass of Saturn. Corresponding values for the mean 
densities of these objects are 1.33 t 0.10 and about 1.89 grams per cubic centi- 
meter. The density of Rhea is consistent with a solar-compo~ition mix of anhydrous 
rock and volatiles, while Titan is apparently enriched in silicates relative to the solar 
composition. 

Radio science observations of the Sat- 
urn system with Voyager 1 included (i) 
radio occultation measurements of the 
ionospheres and atmospheres of Titan 
and Saturn and of Saturn's rings and (ii) 
determination of the masses of satellites 
and the gravity field of Saturn based on 
radio tracking of the spacecraft. The 
relevant spacecraft and mission charac- 
teristics have been described (1). Results 
of other planned radio science investiga- 
tions carried out with Voyager 1 will be 
reported later (2). In this report we give 
our present results for the atmosphere of 
Titan (3), the atmosphere and ionosphere 
of Saturn, the optical depth and particle 
sizes in Saturn's rings, and the masses of 
Rhea and Titan. The relative emphasis 
given these subjects reflects only our 
progress in making interpretations in 
each area. 

The results given here are preliminary 
in that they are based on an incomplete 
data set (4)-essentially the observations 
available from the automatic systems 
employed for mission tracking, control, 
and data acquisition-and a preliminary 
orbit determination. Final reduction of 
the complete data set will lead to a much 
more detailed analysis. However, our 
substantive conclusions are not expected 
to change. 

With the exceptions noted below, all 
radio propagation observations were car- 
ried out with the coherent dual-frequen- 
cy radio system normally employed for 
telemetry and spacecraft tracking (1). 
The wavelengths were approximately 3.6 
and 13 cm, but were in an exact 3: 11 
ratio. Antennas 64 m In dlameter at 
NASA Deep Space Network tracking 
stations in Spain and Australia were used 
for data collection. Signal-to-noise ratios 
of approximately lo5 and lo4 were 
achieved at 3.6 and 13 cm, respectively, 
assuming a 1-second coherent integra- 
tion time. 

Atmosphere of Titan. The Voyager 1 
trajectory near Titan was designed in 
part to optimi~e the radio occultation 
measurements of its atmosphere. How- 
ever, because of the closeness of the 
encounter and the a priori uncertainties 
in the trajectory and in the size and 
orbital position of Titan, a strategy for 
pointing the spacecraft antenna at occul- 
tation entry and exit was needed to en- 
sure good results ~f the atmosphere were 
tenuous and measurements to great 
depth if it were dense. Estimates of the 
surface pressure before the Voyager en- 
counter ranged from a few tens of milli- 
bars to a few tens of bars; there were 
several suggestions for the main atmo- 

spheric constituents and a two-to-one 
range in predicted surface temperatures. 

From the preliminary data, we con- 
clude that the radio science experiment 
probed the atmosphere to the surface. 
Measured scale heights, in conjunction 
with other experimental and theoretical 
results, provide strong (albeit circum- 
stantial) evidence that N2 is the predomi- 
nant atmospheric constituent. For pure 
N2, preliminary indications are that the 
surface pressure and temperature at the 
near-equatorial position of occultation 
entry are 1.6 bars and 93 K, respectively, 
corresponding to an atmospheric density 
of 5.9 kg m-3, or about 4.6 times that of 
dry air at standard temperature and pres- 
sure (STP). 

Before occultation entry we offset the 
antenna boresight 0.1 lo from the direc- 
tion to Earth in such a way that after this 
amount of refraction by the atmosphere 
the direction from the spacecraft to the 
virtual Earth would be along the bore- 
sight. This is the maximum offset that 
would allow complete amplitude and fre- 
quency measurements for the iono- 
sphere and tenuous parts of the atmo- 
sphere of Titan. For atmospheric pres- 
sures of more than several hundred milli- 
bars, refraction would move the 
direction to the virtual Earth off-axis by 
an amount greater than the antenna 
beamwidth for the 3.6-cm wavelength. 
For pressures greater than 1 or 2 bars 
(depending on actual atmospheric condi- 
tions), the direction would fall outside 
the beamwidth for the 13-cm wave- 
length. In either case, the signal would 
be lost as a result of bending of the rays 
by the atmosphere, assuming they were 
not first intercepted by the surface of 
Titan. The spacecraft was behind Titan 
for about 10 minutes, and there was time 
for only one new antenna setting for 
occultation exit. We chose this to be 
2.36" off-Earth, the maximum practical 
amount that would allow the 13-cm sig- 
nal to be received after the spacecraft 
emerged from behind Titan. Although 
the 3,6-cm signals would be of limited 
use and most of the amplitude measure- 
ments at 13 cm would be imprecise, this 
larger offset would allow continuous and 
accurate frequency measurements at 13 
cm over the maximum possible range in 
pressure. 

The preliminary Doppler frequency 
data at 13 cm for occultation entry yield 
the temperature-pressure (T-p) profile 
shown in Fig. 1. The maximum indicated 
pressure is 1.6 bars, assuming 100 per- 
cent N2. The profile terminates at this 
point since the weakening signal merged 
into the noise and the automatic radio 
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receivers at the tracking station indicat- 
ed "loss of lock" of the signal. As dis- 
cussed above, this behavior was expect- 
ed whether the surface pressure were 
about this value or some arbitrarily larg- 
er value. 

A preliminary study of the high-rate 
13-cm amplitude measurements for exit 
from occultation has made it possible to 
resolve the principal uncertainty about 
the location of the surface. It shows no 
signal at times when the exit conditions 
would correspond to larger bending an- 
gles than were measured at entry, even 
though the spacecraft antenna was then 
positioned to provide strong signals. 
However, at about the time when the 
exit conditions corresponded to the low- 
est measured entry altitude of Fig. 1 ,  the 
signal suddenly rose to more than ten 
times the noise level. The nature of this 
reappearance is characteristic of rays 
just clearing a solid surface, and is un- 
characteristic of either superrefraction 
or a change caused by an atmospheric 
absorbing layer. We see no reasonable 
alternative to the conclusion that the 
experiment probed atmospheric condi- 
tions to the surface of Titan. 

From the approximate correspon- 
dence in bending angle for exit-signal 
start-up and entry-signal loss, it follows 
that the entry loss occurred for condi- 
tions certainly very near, and probably 
at, the surface. Thus in Fig. 1 we show 
temperature as a function of a (nonlin- 
ear) height scale as well as a logarithmic 
pressure scale. The zero reference alti- 
tude corresponds to a provisional radius 
for Titan of 2570 km (5). We emphasize 
that the indicated surface T-p values and 
the planetary radius are subject to possi- 
ble future adjustments. However, we do 
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not have such reservations about having 
reached the surface of Titan. 

Figure 1 shows an approximate iso- 
therm over several scale heights in the 
cold region of the middle atmosphere of 
Titan. The minimum measured scale 
height from the occultation experiment is 
about 16.4 km. This corresponds to a 
Tlm ratio of 2.55 K per atomic mass unit, 
where m is mean molecular weight. At 
the indicated surface the scale height is 
about 20.6 km and Tlm = 3.32. We plot- 
ted Fig. 1 on the basis of a pure N2 
atmosphere (m = 28) for the following 
reasons. 

1 )  Of the atmospheric models pro- 
posed before the Voyager encounter, 
only those based on a preponderance of 
N2 are compatible with the measured 
Tlm ratios and the predicted tempera- 
tures (6) .  Constituents such as CH4, 
NH3, and C02,  could neither exist alone 
nor predominate since they would not be 
gaseous at the corresponding tempera- 
tures. 

2)  The lowest indicated temperature at 
the longest wavelength measured by the 
Voyager IRIS experiment is 73 K, and 
the experimenters conclude that the 
minimum temperature in the atmosphere 
is about 7 0  K (7). This minimum corre- 
sponds to m = 27.4 when used with our 
radio results. 

3) It appears that at some wavelengths 
IRIS measured to the surface and found 
a brightness temperature of 93 K (7). 
This would correspond to m = 28 if it 
applies with only minor modification to 
the near-surface atmosphere. The differ- 
ence between the two derived m values 
is considered comparable to their uncer- 
tainties and therefore not significant. It is 
their proximity to the value for N2 and 

not other proposed major constituents 
such as CH4 and Ne that is important 
here (6). 

4)  The Voyager UVS experiment 
identified N, N2, and N +  in the upper 
atmosphere (8) and the IRIS experiment 
detected HCN (3, indicating that nitro- 
gen is certainly present in the lower 
atmosphere of Titan. 

5)  Hunten (6 ,  9 ) ,  following a sugges- 
tion of Lewis ( lo) ,  proposed and mod- 
eled a predominantly N2 atmosphere for 
Titan with the N2 formed by conversion 
from an original inventory of ammonia. 
He used surface conditions of 20 bar and 
200 K (6 )  but emphasized that the higher 
profile would be the same no matter 
where the surface was placed along his 
T-p curve. In fact, his model atmosphere 
is remarkably similar to Fig. 1 over the 
measured pressure range. 

6 )  Atreya et al. (11) showed the pho- 
tochemical steps in the evolution of a 
dense N2 atmosphere for Titan. They 
proposed that early outgassing of ammo- 
nia and methane with subsequent pro- 
duction of H2 by photolysis could pro- 
duce a modest greenhouse effect, raising 
the temperature to the point where the 
ammonia would be irreversibly convert- 
ed to nitrogen-and hydrogen, which 
mostly escapes-over the lifetime of the 
satellite. 

Although m = 28 could, in principle, 
result from CO or mixtures of lighter and 
heavier gases, the combined experimen- 
tal and theoretical evidence outlined 
above provides a persuasive case for the 
conclusion that the atmosphere of Titan 
is predominantly N2. 

Figure 1 includes the vapor pressure 
curve for N2. It has a minimum separa- 
tion from the derived profile of only a 
few degrees, so that, within the present 
uncertainties, we conclude that clouds 
consisting of liquid N2 droplets might be 
present in the middle atmosphere. 

Also illustrated in Fig. 1 is the triple- 
point temperature of methane, 90.7 K; 
the triple-point pressure is 117 mbar. 
Methane has long been known to be 
present in Titan's atmosphere and is 
probably the principal minor constituent 
(6 ,  7). Its presence will modify the given 
profile, which is based on pure N2, but 
these changes are probably smaller than 
other current uncertainties. On the basis 
of the T-p structure in Fig. 1 ,  clouds of 
solid frozen methane particles would be 
expected to form in the middle atmo- 
svhere if the methane abundance there 
exceeded - 1 percent by volume. Since 
measurements of the amount of methane 
above the cloud are consistent with this 
percentage (7, 12), they support this 
identification of the main dense cloud in 
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the troposphere. For a higher methane 
abundance the cloud base would extend 
to lower altitudes, reaching the surface 
for the saturation abundance of about 7 
percent. The cloud particles there might 
be liquid instead of solid methane since 
the surface temperature is approximately 
at the triple point. Note that measure- 
ments of the amount of methane above 
the cloud are not indicative of how much 
might lie below, just as measurements of 
the small water vapor content above high 
terrestrial clouds would not reveal the 
presence of a humid lower atmosphere 
over an ocean of water. 

If C and N have their relative solar 
abundance in the present quantities of 
CH4 and N2 in the atmosphere and on 
the surface of Titan, then there is ap- 
proximately 100 times more CH4 on the 
surface than in the atmosphere, and one 
would expect rain and snow of liquid and 
solid methane onto surface methane at 
various locations on the satellite. The 
methane ocean or methane ice layer, if 
distributed over the surface, would be on 
the order of 1 km thick. If much of the 
original N remains in frozen ammonia, 
there might be even more surface meth- 
ane. However, at least some of the atmo- 
spheric methane has been converted into 
larger molecules (7), so that the surface 
inventory of hydrocarbons probably in- 
cludes more complex material, as sug- 
gested previously (6) .  It is also possible 
that Titan is relatively deficient in CH4, 
as discussed by Prentice (13).  

The close correspondence of the meth- 
ane triple-point temperature and the ap- 
parent atmospheric temperature at the 
surface suggests a possible causal rela- 
tionship, assuming there is a large sur- 
face inventory of both solid and liquid 
methane. That is, the global average 
temperature could not be much higher 
unless all of the surface methane were 
liquid, or much lower unless all of it were 
solid. In an analogous way, the average 
global temperature of the Earth is medi- 
ated by the H 2 0  interchange between the 
oceans and the polar ice caps and gla- 
ciers. Should there be a negative feed- 
back mechanism fbr the temperature of 
Titan that involves a phase change in 
surface methane, Titan may have been 
locked near the present temperature for 
geologic times into the past, and destined 
to remain there far into the future. For 
example, photolysis dust particles might 
be lost to the temperature cycle when 
they fall on a liquid surface but not when 
they fall on a frozen surface. A cooling 
tendency would mean more solid surface 
and more dust both on the surface and 
raised by winds into the atmosphere, 
possibly resulting in more absorption of 
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Fig. 2. Atmospheric temperature as a function 
of pressure for a south polar area of Saturn, 
assuming an atmosphere of 90 percent H2 and 
10 percent He by volume. 

solar energy and hence a warming re- 
sponse. The hemispherical and polar dif- 
ference seen in the Voyager 1 im,ages 
(14) might be a seasonal effect of this 
type. 

Earth's ancient atmosphere is believed 
to have been chemically reducing, and in 
some models it contained significant 
amounts of ammonia and methane, such 
as appears to have been the case for 
Titan. A fundamental difference in the 
subsequent evolution of the two atmo- 
spheres appears to have been that in 
addition to NH3 and CH4, liquid and 
gaseous H 2 0  played a central role on 
Earth in the developments that led to life 
and the present oxidizing atmosphere. 
On Titan, the temperature was too low 
for H 2 0  to participate in this way; in- 
stead, it constitutes about half the solid 
body of the satellite, as discussed below. 

Atmosphere and ionosphere of Saturn. 
Entry occultation at Saturn was in the 
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Fig. 3. Concentration of electrons as a func- 
tion of altitude above the 1-bar level for the 
ionosphere of Saturn. Curve is for south polar 
latitudes near the evening terminator. The 
solar zenith angle was about 89". The topside 
plasma scale height was about 560 km. 

south polar region, with atmospheric 
measurements extending from 73.0 to 
79.5"s over a longitude range of 14". In 
deriving the T-p profile in Fig. 2, we 
assumed that the atmosphere is in hydro- 
static equilibrium over this region. The 
profile is based on the preliminary data 
at both wavelengths. The 13-cm results 
extend to a pressure level of about 1.4 
bar, where the temperature was 
156 i 10 K. For these results we as- 
sumed that the atmosphere consists of 90 
percent H2 and 10 percent He by volume 
(15). For other compositions the tem- 
perature is proportional to m ,  as ex- 
plained for Titan. The pressure also de- 
pends on the assumed constituents, 
since its derived value is directly propor- 
tional to m and inversely proportional to 
the mean refractivity of the constituents 
at standard conditions. 

The profile of Fig. 2 extends over a 
height range of about 200 km, displays an 
approximate adiabatic lapse rate in its 
lower region, and has a minimum tropo- 
pause temperature of about 91 K near 60 
mbar. The temverature increases with 
altitude above the tropopause to about 
150 K near 1 mbar. 

It is not yet known if the maximum 
depth of penetration of these measure- 
ments was limited by the microwave 
absorbing properties of ammonia, as oc- 
curred for Jupiter at a pressure level of 
about 1 bar (16). More study of the data 
and comparison with other experiments 
will be required to investigate the 
amount of ammonia, the H2-He mixing 
ratio, turbulence in the atmosphere, and 
possible changes in atmospheric struc- 
ture with position on Saturn. 

The ionosphere was also probed in the 
occultation experiment, and preliminary 
data for the entry location yield the pro- 
file of ionization shown in Fig. 3. The 
peak concentration of electrons in the 
measured range of heights is 2.3 x lo4 
cm-3 and occurs at an altitude of 2500 km 
above the 1-bar pressure level in the 
neutral atmosphere. The topside plasma 
scale height is about 560 km. While the 
polar location of this profile may be a 
controlling factor, the peak density is 
markedly lower than theoretical predic- 
tions and in this sense agrees with the 
Pioneer Saturn equatorial measurement 
(15, 17). However, the topside plasma 
scale height is markedly less than the 
corresponding interpretation of the Pio- 
neer equatorial data. Additional Voyager 
1 and Voyager 2 profiles will be impor- 
tant for further study of Saturn's 
ionosphere. 

Saturn's rings. Voyager 1 emerged 
from behind Saturn at approximately 
YS, within the eastern ansa of the rings 



Table 1. Normal optical depth T ,  scattering 
gain G (a = O), and partlcle size D,,,,, in 
Saturn's rings. The range of optical depths 
shown gives the variation in the observed 
values; the scattering gain is with respect to a 
slab of isotropic particles with the same opt]- 
cal depth; the equivalent particle dlameter is 
the approximate diameter consistent with the 
data for the case in which all particles are the 
same size. All values were derived from ob- 
servations at 3.6 cm. 

Feature G (a = 0)' D,,,,, 
T 

(dB) (m) 

Aring 0.65-0.80 25 10 
Cassini 0.15-0.65 34 81 

division 
B ring > 1 .O ? ? 
C ring 0.02-0.28 30 2 

*The scattering angle a is zero. *Near the A 
nng. 

as seen from Earth. The spacecraft was 
then successively occulted by the C, B, 
and A rings, so that the radio path be- 
tween the spacecraft and Earth was tran- 
sected in order by these features. The 
received signals consisted of the attenu- 
ated energy propagating along the direct 
ray between Voyager 1 and Earth, and a 
second component scattered in the near- 
forward direction by particles within the 
extended beam of the spacecraft antenna 
(18). Thus the oblique optical depth of a 
point in the rings and the forward-scat- 
tering cross section of the surrounding 
region could be observed simultaneous- 
ly. In addition, the Voyager 1 trajectory 
was chosen in part to produce a close 
alignment, within the region illuminated 
by Voyager 1, between the contours of 
constant received Doppler frequency 
and individual ringlets within the ring 
system (19), permitting ready mapping of 
the scattering phase function of any nden- 
tifiable ring feature. 

The preliminary data consist of a se- 
quence of power-frequency spectra from 
the real-time monitor, which represent 
the region surrounding the received 3.6- 

cm wavelength data. These spectra have 
about 40 degrees of freedom and repre- 
sent a few seconds of incoherent integra- 
tion (20). The dynamic range of observa- 
tion was about 40 dB for the direct 
signal, which could be identified as a 
coherent line in the monitor spectra. 

We can nneasure simultaneously the 
attenuation of the direct signal and the 
strength of the near-forward-scattered 
energy during periods when the space- 
craft was behind the A and C rings and 
the Cassini division. The attenuation of 
the B ring exceeds the dynamic range of 
the real-time monitor; neither direct nor 
scattered signal was detected for this 
feature (21)" We can also identify and 
measure the near-forward-scattering 
phase function for the outer third of the 
Cassini division, based on the Doppler 
mapping mentioned above (1, 22). 

Table 1 (23) presents estimates of the 
particle s i ~ e  in Saturn's rings from obser- 
vations of the optical depth and scatter- 
ing gain at the 3.6-cm wavelength. The 
values of particle srze refer to the effec- 
tive or "equivalent" scattering size, that 
is, the particle diameter in a monodisper- 
sive size distribution that would produce 
the combination of direct 5ignal loss and 
forward-scattered powel observed. The 
simplest model consistent with the 3.6- 
cm observation above is one in which all 
particles in each feature are the size 
given in Table 1. In the case of the 
Cassini division. the diffraction lobe of 
the scatter is apparent in the data (24); 
the width of this lobe is consistent with 
the size obtained from the combination 
of optical depth and scattering cross sec- 
tion. Note that our results for particle 
size apply only to limited regions of the 
rings and not to the system as a whole. 

In 'I able 1, the optical depths of the A 
and C rings are in rough agreement with 
traditional values, but the optical depth 
of the Cassini division is larger than 
expected. The particle sizes are consist- 

Table 2 Mass and related parameters for five satellites of Saturn and the two low-denslty 
Galllean satell~tes of Juplter. The masses of Rhea and Tltan and the rad~us of r~tan are from th~s 
work. The masses of M~mas, Tethys, and Done are from Koza~ (29), the masseb of Calltsto and 
Ganymede from Null (33), and the radu of Calhsto and Ganymede from Dames et a1 (34) The 
Interlor parameter3 were computed for two-zone models wlth a core of anhydrous chondrltlc 
rock and an envelope of water Ice 

- -- - - - - 

GM* Radius Mean Mass Core 
Satellite (km3 sec-') (km) density fraction radius 

(g cm 3 ,  of rock (R,IR)t 

Mimas 2.50 + 0.06 195 i. 5 
Tethys 41.5 i 0.8 525 i. 10 
Dione 70.2 i 2.2 560 2 10 
Rhea 166 k 10 765 i 10 
Tltan 8976 i 3 2570 2 ? 
Callisto 7172 + . 2 4  2410 i. 10 
Ganymede 9885 i 37 2638 t 10 

*Here G IS  Newton's grav~tatlonal constant and M IS mass. 

1.21 t- 0.10 0.31 0.47 
1.03 -C 0.06 0.13 0.33 
1.43 t 0.09 0.47 0.57 
1.33 + 0.10 0.37 0.51 
1.89 IC ? 0.52 0.63 
1.83 i 0.01 0 51 0.62 
1.93 L 0.01 0.54 0.64 

-- 
tCore radius dwided by satellite radius. 

Fig. 4. Measured mean densities of some 
satellites of Saturn and the Galilean satellites 
of Jupiter as a function of radius. Mass uncer- 
tainties dominate the error bars for Encela- 
dus, Rhea, and Iapetus. The lower curves 
correspond to models computed by Lupo and 
Lewis (35) for pure water-ice balls with iso- 
thermal temperatures of 77 and 103 K;  the 
upper curves correspond to their isothermal 
models for satellites with a solar mix of 40 
percent anhydrous chondritic rock and 60 
percent water ice. 

ent with either a narrow distribution of 
Iarge particles of about the size given, or 
a broad distribution of sizes such as 
might result from collisional processes 
(25). In either case, the 10-m size is 
larger than or at the upper limit of sizes 
usually stated in the observational 
literature. 

With regard to distributions of sizes 
inferred from radar observations, the 
contribution of each particle to the 
backscatter cross section is weighted as 
D2, where D is the diameter, assumed to 
be larger than or comparable to Al3, 
where A is the wavelength. For forward 
scatter the weighting is D4. Thus, for 
example, scattering particles with an in- 
verse-cube-law size distribution would 
be inversely weighted with respect to 
size for scattering in the forward and 
back directions; the largest particles 
would contribute heavily to forward 
scatter. while the smallest particles 
would be most important in backscatter. 
Recent estimates of particles in the size 
range 2 to 200 cm based on radar back- 
scatter and microwave emissions (26) are 
consistent with our results if one as- 
sumes a distribution similar to an inverse 
cube law. 

Additional information about the parti- 
cle size distribution is contained in the 
wavelength dependence of the optical 
depth and in the forward-scattering 
phase diagram of the ring particles. A 
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thorough study of the particle size distri- 
bution must await the reduction of the 
complete ring occultation data set. 

Gravity results. Preliminary least- 
squares solutions based on single-station 
Doppler tracking data from the Voyager 
1 encounter with Saturn yield new infor- 
mation on the masses of Rhea and Titan. 
Other gravity parameters, such as the 
masses of other satellites, gravitational 
spherical harmonics for Saturn. and the 
total mass in the rings, are not improved, 
but inclusion of multiple-station and oth- 
er data types in the solutions should 
provide additional information about 
these parameters. 

The solutions give masses of 4.4 -+ 
0.3 x M s  for Rhea and 236.64 k 

0.08 x Ms for Titan, where Ms is 
the mass of Saturn. The mass of Rhea is 
consistent with values previously deter- 
mined from satellite dynamics and the 
Pioneer 11 flyby (27-31), and about a 
factor of 3 times more accurate than the 
best previous results. Similarly, the mass 
of Titan is about a factor of 3 tlmes more 
accurate than the Pioneer 11 result, and 
is consistent with less accurate earlier 
results from satellite dynamics (32). 

We used the new values for the masses 
of Rhea and Titan, the radio occultation 
radius of Titan (3, and preliminary radii 
for other satellites from the Voyager 
imaging team (14) to compute mean den- 
sities for a number of satellites of Saturn. 
These densities are shown in Fig. 4, 
where we include the Galilean satellites 
of Jupiter for reference. The values of 
mass for Mimas, Enceladus, Tethys, and 
Dione were from Kozai (29), the values 
for the Galilean satellites from the Pio- 
neer 10 and Pioneer 11 Jupiter flybys 
(33), and the radii of the Galilean satel- 
lites from the Voyager imaging results at 
Jupiter (34). The densities of these ob- 
jects are compared with theoretical 
curves for satellites consisting of pure 
water ice and alternatively of 60 percent 
water ice and 40 percent anhydrous 
chondritic rock by mass (35). We find 
that the mean densities of Mimas, Dione, 
and Rhea are roughtly consistent with 
the 60:40 mix of ice and rock; the densi- 
ties of Enceladus and Iapetus are not 
sufficiently well determined to distin- 
guish between the two alternatives giv- 
en. Tethys appears to be roughly consist- 
ent with water ice, but we caution that 
its density will be much better deter- 
mined after the Voyager 2 encounter. 
We also find that the mean densities of 
Callisto, Titan, and Canymede are re- 
markably similar and slightly greater 
than expected on the basis of theoretical 
curves for satellites of roughly solar 
composition. 
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We computed the percentage of rock 
by mass, the radius of the rock core, and 
the average moment of inertia for each 
satellite for which new Voyager 1 data 
provided reasonably accurate mean den- 
sities. We assumed that the satellites 
consist of totally differentiated anhy- 
drous chondritic rock and water ice, and 
used spherical models with uncom- 
pressed rock cores of 3.66 g cn r3  and ice 
envelopes of 0.932 g ~ m - ~ .  Next, we 
accounted for compressional and ther- 
mal corrections to the zero-order models 
by interpolating between models pub- 
lished by Lupo and Lewis (35). Com- 
pressional effects are not important for 
Mimas, Tethys, and Dione, but compres- 
sion of the ice in Rhea increases the 
mean density of the envelope more than 
3 percent. In the larger satellites-Titan, 
Callisto, and Ganymede-the mean den- 
sity of the envelope is increased by 
roughly 30 percent and that of the rock 
core by 7 percent. Results of these com- 
putations are given in Table 2. 

On the basis of these approximate 
interior models, we conclude that Titan 
and Callisto have a bulk composition of 
about 52 percent rock by mass, with 
perhaps a slightly higher value for Gany- 
mede. This composition is probably not 
affected appreciably by reasonable as- 
sumptions about the relative distribution 
of rock and ice, as long as the rock 
remains anhydrous. Therefore the com- 
position of the large satellites is probably 
enhanced in rock with respect to the 
solar mix. Perhaps evolutionary effects, 
including the heat from internal differen- 
tiation and compaction at formation, 
caused a loss of volatiles in all three large 
satellites. 

Note added in proof: The strong for- 
ward-scattering region mentioned in as- 
sociation with the Cassini division is 
located 121,000 km from the center of 
Saturn, Whether this location is within 
the Cassini division or the inner edge of 
the A ring is subject to the final definition 
of these features. 
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Extreme Ultraviolet Observations from Voyager 1 
Encounter with Saturn 

Abstract. The global hydrogen Lyman a, helium (584 angstroms), and molecular 
hydrogen band emissions from Saturn are qualitatively similar to those of Jupiter, 
but the Saturn observations emphasize that the H2 band excitation mechanism is 
closely related to the solar flux. Auroras occur near 80" latitude, suggesting Earth-like 
magnetotail activity, quite diflerent from the dominant l o  plasma torus mechanism 
at Jupiter. N o  ion emissions have been detected from the magnetosphere of Saturn, 
but the rings have a hydrogen atmosphere; atomic hydrogen is also present in a torus 
between 8 and 25 Saturn radii. Nitrogen emission excited by particles has been 
detected in the Titan dayglow and bright limb scans. Enhancement of the nitrogen 
emission is observed in the region of interaction between Titan's atmosphere and the 
corotating plasma in Saturn's plasmasphere. N o  particle-excited emission has been 
detected from the dark atmosphere of Titan. The absorption profile of the atmo- 
sphere determined by the solar occultation experiment, combined with constraints 
from the dayglow observations and temperature information, indicate that N2 is the 
dominant species. A double layer structure has been detected above Titan's limb. 
One of the layers may be related to visible layers in the images of Titan. 

Saturn's atmosphere. Saturn's upper 
atmosphere is qualitatively similar to Ju- 
piter's, consisting mainly of H,  HZ, and 
He above a layer of ultraviolet (UV)- 
absorbing hydrocarbons. These constitu- 
ents are measured in emission and ab- 
sorption by the Voyager ultraviolet spec- 
trometer (UVS) (I). 

Hydrogen Lyman a (Ly a )  emission 
arises from resonance scattering of the 
solar line at 1216 A and by particle 
excitation. The disk-averaged Ly a 
brightness of Saturn measured from 
rocket and Earth-orbital experiments 
ranges from 0.7 kR (kilorayleigh) (2, 3) to 
1.5 kR (4). The Voyager UVS found a 
central-disk brightness of 3.3 kR, which 
corresponds to a disk-averaged bright- 
ness of 1.5 kR if the brightness varies as 
a cosine function from center to limb. A 
few hundreds of rayleighs of this emis- 
sion may arise in the H atmosphere of 
the rings. The implied H column abun- 
dance on Saturn is about 5 x 1016 ern-', 
somewhat less than the abundance of 

1 x 1017 to 3 x 1017 cm-2 at Jupiter (I). 
Helium (584 A) emission is scattered 
from the strong solar line at that wave- 
length. The measured central-disk inten- 
sity is 2.2 1. 0.3 R, but a substantial part 
of this may arise in the extended region 
out to 25 Saturn radii (Rs).  

As at Jupiter, the Lyman and Werner 
bands of H2 are also radiated from the 
dayside disk. Figure 1 compares spectra 
from the central regions of Saturn and 
Jupiter taken under similar conditions. 
The intensity integrated over the HZ Ly- 
man and Werner bands is about 0.7 kR, 
or about 25 percent of the intensity at 
Jupiter. This factor of 4 is nearly the 
same as the factor of 3.3 reduction in 
solar flux from Jupiter to Saturn. The 
general structure of the Jupiter and Sat- 
urn spectra between 900 and 1700 A is 
similar, although there are differences 
between 1100 and 1200 A and in the 
region near 1570 A (Fig. 1). 

Emissions from the dark atmosphere 
of Saturn at Ly a (0.35 kR) and He (584 
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