component will be only 50 Ry, for a total of
400 Ry (25). The subsolar intensity is ap-
proximately 1500 Ry, so that the remaining
1 kRy must be collisionally excited.

The H Lyman o emission intensity from
the nightside of Uranus, in the nonayroral
regions, is at least 170 Ry and may be
variable. Resonance scattering of emissions
from the interstellar medium from a column
abundance of 5 x 10'® cm ™2 at 750 K will
contribute only 100 Ry. A column abun-
dance of 4 x 10'7 cm™? is required to pro-
duce 170 Ry. Such a large column abun-
dance is unlikely, so that other excitation
mechanisms such as radiative transfer from
the dayside via the H corona and collisional
excitation must be considered.

We have made a marginal detection of He
584 A in resonance scattering of the solar
line by helium in the Uranian atmosphere.
With the UVS field filled by the sunlit
hemisphere, a 10°-second integration yields
an intensity of 0.11 = 0.08 Ry. This intensi-
ty corresponds to an eddy diffusion coeffi-
cient less than 3 X 107 cm? sec™ .

Ultvaviolet albedo of the atmosphere of Ura-
nus. Longward of 1500 A, the spectrum of
Uranus is dominated by sunlight reflected
by the atmosphere. Sunlight is scattered by
both the gases and particulates, and its
spectrum is modified by hydrocarbon ab-
sorption. Model calculations for Jupiter (&)
fit spectra from both Jupiter and Saturn
equally well at the resolution of the UVS
(10, 14). Uranus has a higher far ultraviolet
albedo than either Jupiter or Saturn and
hence may be expected to show the effects of
CH; in the gaseous as well as the con-
densed phase. We estimate that sunlight at
1490 A penetrates to 0.5 to 1.0 mbar,
through a vertical column abundance of
CH, in the range 1 x 10" to 3 x 10"
cm ™2 with a mixing ratio of about 2 x 1077
(17). In the model, sunlight at 1600 A
penetrates to 56 mbar through a column
abundance of C,H, less than 5 x 107
cm™2, Initial analysis indicates that conden-
sation of C,H, in the lower stratosphere
may be required (5) to explain the spectrum,
as was the case with the IUE spectra (4).

Other features. The spectrum of Uranus in
Fig. 3 contains discrete emission features
that correspond approximately to neutral
carbon transitions at 1657, 1560, 1329, and
1280 A. The estimated brightness of the
feature at 1657 A is about 50 Ry. A 1280-A
emission feature is also produced by Raman
scattering of the solar H Lyman « line in
H,.
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Voyager 2 Radio Science Observations of the Uranian
System: Atmosphere, Rings, and Satellites

G. L. TYrLER, D. N. SWEETNAM, J. D. ANDERSON, J. K. CAMPBELL,
V. R. EsHLEMAN, D. P. HinsoN, G. S. Levy, G. F. LINDAL,
E. A. MAROUF, R. A. SIMPSON

Voyager 2 radio occultation measurements of the Uranian atmosphere were obtained
between 2 and 7 degrees south latitude. Initial atmospheric temperature profiles
extend from pressures of 10 to 900 millibars over a height range of about 100
kilometers. Comparison of radio and infrared results yields mole fractions near the
tropopause of 0.85 and 0.15 * 0.05 for molecular hydrogen and helium, respectively,
if no other components are present; for this composition the tropopause is at about 52
kelvins and 110 millibars. Distinctive features in the signal intensity measurements for
pressures above 900 millibars strongly favor model atmospheres that include a clond
deck of methane ice. Modeling of the intensity measurements for the cloud region and
below indicates that the cloud base is near 1,300 millibars and 81 kelvins and yields an
initial methane mole fraction of about 0.02 for the deep atmosphere. Scintillations in
signal intensity indicate small-scale structure throughout the stratosphere and upper
troposphere. As judged from data obtained during occultation ingress, the ionosphere
consists of a multilayer structure that includes two distinct layers at 2,000 and 3,500
kilometers above the 100-millibar level and an extended topside that may reach
altitudes of 10,000 kilometers or more. Occultation measurements of the nine
previously known rings at wavelengths of 3.6 and 13 centimeters show characteristic
values of optical depth between about 0.8 and 8; the maximum value occurs in the
outer region of the e ring, near its periapsis. Forward-scattered signals from this ring
have properties that differ from those of any of Saturn’s rings, and they are
inconsistent with a discrete scattering object or local (three-dimensional) assemblies of
orbiting objects. These signals suggest a new kind of planetary ring feature character-
ized by highly ordered cylindrical substructures of radial scale on the order of meters
and azimuthal scale of kilometers or more. From radio data alone the mass of the
Uranian system is GM,ys = 5,794,547 % 60 cubic kilometers per square second; from
a combination of radio and optical navigation data the mass of Uranus alone is
GMy = 5,793,939 = 60 cubic kilometers per square second. From all available
Voyager data, including imaging radii, the mean uncompressed density of the five
major satellites is 1.40 £ 0.07 grams per cubic centimeter; this value is consistent with
a solar mix of material and apparently rules out a cometary origin of the satellites.

REPORTS 79



OYAGER RADIO SCIENCE (RSS) IN-

vestigations at Uranus included ra-

dio occultation studies of the atmo-
sphere and rings and radio tracking studies
of the gravity of Uranus and its satellites.
Experimental and analytical techniques were
the same as those used at Jupiter and Saturn
(1), with extensions to improve resolution
in the case of ring occultation and technical
changes in the ground tracking stations to
array antennas for increased signal strength.

The Uranus occultations were carried out
at wavelengths of 3.6 and 13 cm with the
use of unmodulated carriers from the dual-
frequency radio subsystem (2). During the
closest approach of Voyager 2 to Uranus
and during the occulrations, data were ob-
tained with the 34- and 64-m antennas at
the NASA Canberra Deep Space Communi-
cations Complex and simultancously with
the 64-m antenna at the Parkes Radio As-
tronomy Observatory (3). These initial re-
sults are based on analysis of a subset of the
data consisting of those observations avail-
able from the automatic systems normally
employed for mission tracking, control, and
telemetry (4) plus the primary recordings
(5) from the ring occultation period.

Atmosphere of Uranus. During the plane-
tary occultation, radio signals propagating
from Voyager 2 to Earth were refracted in
the equatorial atmosphere by an angle that
was a maximum of 3.1° near midoccultation
(6) (Fig. 1). Except for a few brief signal
drop-outs, the real-time monitors detected
signals at both 3.6 cm and 13 ¢m through-
out the occultation interval. These observa-
tions are sensitive to the thermal structure
and the composition of the atmosphere at
pressures between about 1 mbar and 2 to 3
bar. From the initial analysis of the data, we
conclude that the range of atmospheric pres-
sures probed in these measurements in-
cludes a cloud deck of methane ice crystals
and extends well below the base of this
cloud layer.

The helium abundance is an important
parameter for constraining models of the
origin, evolution, and internal structure of
the giant outer planets (7). Its value in the
atmosphere of Uranus is inferred by using
high-resolution temperature-pressure (7-p)
profiles from inversion of the radio occulta-
tion data (8) to compute model infrared
spectra for various assumed compositions.
Comparison of the computed brightness
spectra with the Voyager infrared observa-
tions at wavenumbers from 200 to 400
cm™! yields an estimate of the atmospheric

G. L. Tyler, V. R. Eshleman, D. P. Hinson, E. A.
Marouf, R. A. Simpson, Center for Radar Astronomy,
Stanford University, Stanford, CA 94305.
D. N. Sweetnam, J. D. Anderson, J. K. Campbell, G. S.
Levy, G. F. Lindal, Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA 91109.
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mean molecular mass near the tropopause
(9). The most probable composition corre-
sponding to this mass is a mole fraction for
H; of 0.85 = 0.05, with He making up the
remainder (0.15 = 0.05) (10). It is possible
to give only a limited interpretarion of this
result because of the relatively large uncer-
tainties in the initial measurement and be-
cause model atmospheres with other plausi-
ble compositions, includjng traces of nitro-
gen for example, could produce the ob-
sertved mean mass with “less  helium.
Nevertheless, the Voyager result represents
a significant improvement over previous es-
timates, such as the helium mole fraction of
0.4 + 0.2 inferred recently from the terres-
trially observed thermal spectrum (1I).
From this new result, we conclude that the
helium abundance in Uranus’ atmosphere is
considerably greater than that in Saturn’s
outer envelope but roughly comparable
with the Jovian and solar values (12); how-
ever, an enhancement in helium on Uranus
by a few tens of percent relative to the solar
mixture is still a distinct possibility (7).

Figure 2 shows two T-p profiles obtained
from analysis of 13-cm data acquired during
occultation immersion and emersion. The
immersion and emersion profiles have been
combined because they cover nearly the
same latitudes—88° and 83° from the sun-
facing pole, respectively—and agree within
the uncertainty of each measurement (2 K)
at all pressures. As in earlier studies of
Jupiter and Saturn (13), the refractivity of
the atmosphere is assumed to be constant
along geodetic surfaces within the region
probed. A rotation period of 17 hours is
assumed for the equatorial atmosphere (14),
In general, the results in Fig. 2 confirm the
predictions of earlier radiative-convective
equilibrium models (15).

The lower parts of the T-p profiles in Fig.

2 represent extreme assumptions concerning -

the composition of the atmosphere. The

axis

solid curve was obtained by adopting the
helium and hydrogen fractions above and
excluding methane altogether, and the
dashed curve shows the result of adding a
maximum amount of methane to the gas
mixture. For the latter case, the methane
abundance corresponds to saturation from
the tropopause downward to a pressure of
roughly 800 mbar. At that point it is neces-
sary to limit the methane mixing ratio to
about 1% by volume to avoid a super-
adiabatic temperature lapse rate in the lower
profile (to 900 mbar) computed from the
radio refractivity data (16). This is an indica-
tion that the troposphere above the 900-
mbar level is not fully saturated in methane,
but it does not constrain the methane abun-
dance deep in the atmosphere. Assumed
compositions in which the methane partial
pressure is nonzero but below saturation
yield profiles between the two examples in
Fig. 2. The maximum pressure in this T-p
profile is limited by the performance of the
real-time receivers, which were unable to
track the signal in thin layers at pressures
slightly greater than 900 mbar during both
immersion and emersion.

The adiabatic temperature lapse rate de-
pends, through the specific heat, on the gas
temperature, the hydrogen ortho-para ratio,
and the ortho-para conversion rate. Three
scenarios have been suggested for the behav-
jor of hydrogen in the atmospheres of the
outer planets (17). For “normal” hydrogen
the ortho-para ratio is 3:1, and trapsitions
are forbidden. For “intermediate” hydrogen
the populations are in equilibrium at the
average local temperature, ‘but the conver-
sion rate is too slow for any response to
adiabatic changes during convection. For
“equilibrjum” hydrogen conversion is rela-
tively fast, resulting in equilibrium through-
out the adiabatic process. The computed
lapse rates for either normal or intermediate
hydrogen are consistent with both tempera-

Ecliptic north

Voyager 2
path

Fig. 1. Earth view of the encounter geometry, which provided occultations by the atmosphere and
rings. Shaded circles show the antenna beam projected onto Uranus’ equatorial plane at the two
wavelengths. Occultation data were recorded continnously over the interval shown. Radio tracking data
were obtained over a longer period (approximately 24 hours) which included the closest approach to
Miranda at approximately 17:03 universal time (U.T.), spacecraft event time, 24 January. Event times
for the points marked A to D are about 19:43, 20:36, 21:59, and 22:53 U.T., respectively. In
describing the two sets of ogcultations by the rings, we refer to the two ring events beginning with A
and ending with D as ring immersion and emersion, respectively.
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ture profiles in Fig. 2. An atmosphere of
equilibrium hydrogen, however, is incom-
patible with the measurements in that the
lapse rates would become super-adiabatic
for pressures exceeding about 600 mbar.
Because the appearance of hydrogen quad-
rupole lines is difficult to reconcile with
normal hydrogen, our result supports an
earlier conclusion (18) that the behavior of
hydrogen on Uranus in the region above the
clouds corresponds to the intermediate
state.

To obtain initial information about the
atmospheric structure and composition at
pressures greater than 900 mbar, we con-
structed model profiles for various assumed
fractions of methane deep in the atmo-
sphere. In extrapolating downward from
profiles that lie between the two extremes
shown in Fig. 2, it is assumed that the lapse
rate first transfers to a saturated methane
adiabat below the 900-mbar level and then
follows this adiabat within a cloud layer.
When the local vapor pressure reaches the
assumed mixing ratio (the cloud base), the
profile shifts abruptly to the dry adiabat.
Model predictions for signal intensity vary
with both the methane mixing ratio and the
thermal structure within the cloud, so that
comparisons with the observed intensity
over the entire occultation period constrain
these parameters.

It is particularly significant that the model
predictions exhibit two distinctive features
that also appear in the intensity data: (i) a
marked decrease in intensity accompanies
signal propagation through the saturated
region where clouds form, and (ii) an abrupt
enhancement in intensity occurs when the
lowest point on the propagation path be-
comes tangent to the cloud base. The former
is the result of the refractivity gradient with-
in the cloud where the cycling of latent heat
influences the atmosphere’s thermal struc-
ture; the latter is associated with the change
in temperature lapse rate at the cloud base.
The model that shows best agreement with
the observations has a cloud base at a pres-
sure of about 1300 mbar, where the tem-
perature is about 81 K. Under these condi-
tions the cloud is composed of methane ice
crystals, and the methane mole fraction be-
low the clouds is about 0.02. In addition,
the decrease in intensity observed near the
upper boundary of the cloud region favors
models with a rapid transition to a saturated
adiabat near 1000 mbar, a pressure that
corresponds to the cloud tops. It is likely
that direct inversion of the radio data will
yield T-p profiles to pressures greater than
900 mbar, so that refinements of these
values are expected.

Scintillations in signal intensity were ob-
served at both 3.6 cm and 13 ¢m through-
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Fig. 2. Temperature plotted against pressure in
the equatorial atmosphere of Uranus from inver-
sion of radio occultation data at 13 cm. Profiles
from immersion and emersion have been averaged
here, since they agree to within the uncertainty of
each measurement (2 K) and apply to nearly the
same latitudes (see text). Solid and dashed curves
reflect different assumptions about atmospheric
composition: the former corresponds to H, and
He fractions of 0.85 and 0.15, respectively, with
no other components; the latter shows the effect
of adding to the mixture as much methane as
possible while still avoiding super-saturation and
super-adiabatic lapse rates in retrieved profiles.

out the occultation, revealing considerable
small-scale atmospheric structure such as
would be caused by turbulence or internal
gravity waves. These scintillation data offer
the prospect for remote sensing of atmo-
spheric dynamics and will be studied in the
next stage of analysis (19).

Tonosphere of Uranus. lonospheric data
were obtained in the intervals above the
neutral atmosphere at both occultation im-
mersion and emersion. Our discussion is

limited to initial results at immersion, how-
ever, because the real-time data were ambig-
uous with regard to the ionosphere at emer-
sion.

We observed clear signatures of well-
separated, narrow ionospheric layers at alti-
tudes of approximately 2000 and 3500 km
above the 100-mbar level in both the real-
time data and in initial power spectra from
the primary data. Such sharp layers have
been detected at Jupiter and Saturn and may
be similar to sporadic E layers on Earth (13,
20). An extended ionospheric layer may
reach altitudes of 10,000 km or more, with a
peak density of several thousand electrons
per cubic centimeter. However, interpreta-
tion of the data pertaining to the topmost
layer is somewhat uncertain because of a
large variation in the background plasma
content that is probably associated with the
solar wind. Thus no ionospheric profiles are
given at this time.

Rings of Uranus. Ring occultation data
were obtained on both sides of the planet
(Fig. 1). Our initial results are based on
reduction of dual-frequency data from the
64-m antenna at Canberra, which covered
the region of the previously known rings.
These data have been corrected for diffrac-
tion and examined at an effective radial
resolution of 200 m (21).

The nine previously known rings were
readily detected and studied at both 3.6 cm
and 13 ¢m in the radio data—the first time
that they have been observed at centimeter
wavelengths. The characteristic maximum
normal radio depths () observed for each

Table 1. Ring characteristics at 3.6 cm and 13 ¢cm. Symbols in last column: N.D., no clear difference in
optical depth with wavelength when a lower SN ratio at 13 cm is considered; (+) or (—), the integrated
optical depth at 13 cm is greater (or less) than that at 3.6 cm, typically by about 15% to 20%.

Position (degrees)* Width of Optical depth
. core .
Ring Emer- Immer- featuret Maximumi Integrated (T km)§
sion sion (km) 3.6 cm 13 cm 3.6 cm 13 cm
6 2 1.7 0.8 0.8 0.9 N.D.
144 1.9 1.1 1.0 0.9 N.D.
5 7 2.5 2.3 1.5 2.0 —
149 3.2 1.2 1.2 19 N.D.
4 71 2. 1.5 1.2 1.6 N.D.
289 29 1.3 1.2 1.4 N.D.
a 124 124 1.0 1.0 6.1 N.D.
340 4.7 2.5 2.5 6.5 N.D.
B 14 7.4 1.0 1.0 4.2 N.D.
230 11.6 0.5 0.5 4.2 —
n - 19 1.0 0.7 1.0 N.D.
- 1.9 1.0 1.1 09 N.D.
vy - 2.0 6.9 6.3 6.0 N.D.
- 4.0 4 3.8 9.4 +
3 - 3.1 4 4 4.1 N.D.
- 7.0 1.2 1.2 5.3 +
€ 30 22.6 8 5 96. 75.
241 75.0 2.5 2.5 97. 97.

*Approximate positions in orbit measured from periapsis for each ring (47); values are not given for the v, v, and 3

rings because they are uncertain.
200-m effective resolution.

tExcludes extended com
SIntegral of normal optical dep

nent. fCharacteristic normal optical depth at
over apparent core of “radio” ring (23).
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ring vary from approximately 0.8 to 8 (Ta-
ble 1). The upper range of these values is
surprisingly large (22), indicating that the
Uranian ring system contains substantial
amounts of material in the form of particles
having sizes comparable to or larger than the
radio wavelengths. In addition, there are a
number of other, weak observations of pos-
sible rings.

We focus further discussion on the e ring
because it displays a number of properties
found in the others as well as a newly
discovered scatrering phenomenon. Figure
3 displays results for points near periapsis
and quadrature in the orbit of the ring
particles, corrected for diffraction at a reso-
lution of 1.0 km. The change in width of the
ring with location is readily apparent. Al-

though the large-scale morphology of the
ring at the two observation points is similar,
there are significant changes in the internal
small-scale structure. Near periapsis (Fig.
3A), 7 1s typically 2.5 to 3, with a maximum
of about 8 at 3.6 cm. Signals at the two
wavelengths are differentially attenuated at
the point of maximum r. Near quadrature
(Fig. 3B), 7 is approximately 1 and increases
to about 2.5 near both edges. Integrated
values of extinction across the e ring (Table
1) differ by about 1% at 3.6 cm and by
about 23% at 13 cm (23).

The almost complete independence of the
integrated extinction over a 3.3:1 variation
in width requires that the extinction efficien-
cy of the individual particles be conserved
around the ring. We know of no way in

€ ring

30° from periapsis

Optical depth T [A]

241° from periapsis

<« To Uranus >
| |

= B

20 km

Relative distance

Fig. 3. Profiles of the e ring observed at 3.6 ¢m (thick line) and 13 c¢m (thin line). (A) A cut
approximately 30° from ring periapsis at a time when Voyager 2 was about 150,000 km behind the
rings on the immersion side of Uranus. Significant structure is seen across the ring, the most prominent
being the region close to the outer edge where optical depth attains the unusually large value of about 8.
Signals at the two wavelengths are differentially affected over much of the ring. (B) Similar profiles
corresponding to a cut approximately 241° from periapsis when Voyager was about 290,000 km behind
the ring on the emersion side of Uranus. Uncertainties shown in (A) apply at 7 = 3 and are less
(greater) for smaller (larger) values of ; similar uncertainties apply in (B), not shown. The larger
uncertainty is for A = 13 cm. The main profiles are reconstructed from diffracted data to have an
effective radial resolution of about 1 km at both wavelengths. This resolution is chosen as a compromise
between detail and SN; (inset) 200-m resolution at 3.6 cm. Only relative radial scale is shown because

the geometric solution has not been finalized.
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which this can be achieved in regions of T
significantly greater than 1 by other than a
collection of well-separated particles (24). It
follows that the e ring must have a consider-
able thickness normal to the ring orbital
plane (25). Furthermore, the differences in
detailed radial structure bertween immersion
and emersion indicate structure that varies
markedly with the true anomalies of parti-
cles in their orbits.

Considerable small-scale structure in the €
ring is revealed at 200-m resolution (Fig.
3B, inset). A wavelike feature can be identi-
fied over 6 to 9 km from the left edge of the
inset, A similar structure has been found at
about the same relative position in the im-
mersion data.

An unexpected aspect of the e ring obser-
vations has been detection of strong near-
forward scattering at 3.6 ¢cm as Voyager
passed behind the ring near quadrature on
occultation emersion. Such scattering has
not been detected from the e ring near
periapsis, nor has it been observed during
either occultation at 13 cm. It has not been
seen in connection with any other ring at
either wavelength at Uranus or Saturn.

The e ring data have been plotted as a
time sequence of power spectra. The scat-
tered signal appears in the spectra as a single
localized feature of bandwidth approximate-
ly 100 Hz drifting at about —5 Hz sec™
with respect to the directly propagating
signal. The total received scattered power is
about 0.5% that of the direct signal. It
persists for a time that coincides with pas-
sage of the spacecraft antenna beam over the
e ring. Although the scattering is clearly
associated with the e ring, we can rule out
scattering by independent discrete objects
and three-dimensional collections of objects.
Scattered signals from objects in Keplerian
orbits within or near the e ring would drift
in frequency at three times the observed
rate; the actual Doppler signature requires
that the scattering center move radially out-
ward or in a retrograde orbit (or both).
Further, the large power received requires
that the radar cross section of the scattering
center be approximately 6 x 10*° m’*—an
impossibly large value for a localized scatter-
ing center (26).

We may be able to explain this anomalous
signal in terms of organized structure within
€ ring rather than by scattering from a
discrete object. By presuming that the scat-
ter originates from elongated structure, pos-
sibly canted to the azimuthal coordinate, we
obtain a match to the frequency drift and a
correspondence with the observed band-
width. The signal strength and duration
suggest that the effective scale along the ring
of this structure be comparable to or larger
than the Fresnel scale (~2 km) and that the
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radial scale be on the order of meters; the
scattering source is thus essentially two-
dimensional. We find the indications for
such ordered structure within € ring to be
extremely intriguing as well as somewhat
paradoxical in view of the apparent lack of
order in the larger scale extinction profiles
shown in Fig. 3. Physical mechanisms in-
voked to explain the azimuthal asymmetry
observed in Saturn’s A ring may be relevant
27).

Table 1 also gives values for the other
previously known rings. Most of the obser-
vations show no clear differences in integrat-
ed depth at the two wavelengths; further
comparison awaits more complete analysis
of the relatively noisy 13-cm profiles. Two
measurements show larger integrated 7 at
3.6 cm; two others, however, show higher
integrated 7 at 13 cm, which is puzzling. No
ring shows strong wavelength variation at
both radio measurement locations.

Mass of Uranus. The Voyager 2 determi-
nation of the mass of Uranus is connected
with the determination of several parameters
of the gravity field of the Uranian system.
The mass of the system (planet plus satel-
lites) is determined directly from the radio
data. The mass of the planet alone, however,
must be derived from the total system mass
by using relatively imprecise measurements
of the satellite masses. The mass of the
planet alone is limited by uncertainties in the
masses of the individual satellites, particular-
ly Ariel, which is largely inseparable from
that of the planet.

We estimate the mass of the total system
to be GMys = 5,794,547 = 60 km® sec™?,
which corresponds to a mass ratio of the sun
to the Uranus system (Mgl) of
22,902.99 = 0.24. The uncertainty repre-
sents a realistic lo uncertainty from the
radio data and is a significant improvement
over previous determinations (28). The
mass of the planet alone as estimated from
the radio data is GMy = 5,793,961 = 60
km?® sec™?, where the uncertainty is dominat-
ed by the uncertainty in the mass of Ariel. If
information about satellite masses from the
optical navigation is added to the radio
measurements, then the value obtained for
the mass of the planet is GMy =
5,793,939 + 60 km® sec™? (28).

After Uranus’ discovery by Herschel in
1781, the mass of the Uranian system was
determined by its effect on the orbit of
Saturn and by measurements of the orbital
radii and periods of its four largest satellites.
The early satellite determinations (29) were
made before the discovery of Ariel and
Umbriel in 1851. The first determinations
to include estimates of uncertainty were
made from satellite data by Newcomb (30)
and from the motion of Saturn by Hill (31).
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Table 2. Satellite masses and densities from a combination of Voyager 2 radio and optical data.

Density (g em™)%

Satellite km3GM_2 * Rka;ili Uf

( sec™) (km) Compressed Uncompressed§
Miranda 5. 15 242. £ 5 126 £ 04 1.26
Ariel 90. 16 580. = 5 165+ 0.3 1.55
Umbriel 85. 16 595. = 10 14403 1.35
Titania 232. £ 12 805.x 5 159 0.1 142
Oberon 195. = 11 775. = 10 150+ 0.1 1.34
*Adopted values of GM from this work. ~ tFrom (39).  $Mass divided by the volume of a sphere of equivalent

radius.  §Effects of self-compression are removed (42).

More recent determinations from satellites
(32) and from the motion of Saturn (33) do
not agree within their stated uncertainties
(34). The value of Mg} of 22,869, adopted
in 1898 by Newcomb (35) for the American
Ephemevis and Nautical Almanac is within
0.15% of the value obtained from the Voy-
ager 2 flyby of Uranus.

Satellite masses. There are no valid esti-
mates of the Uranian satellite masses from
before the Voyager encounter (36). Miran-
da’s small size dictated that its mass be
determined from the direct gravitational ef-
fect on Voyager 2 during Voyager’s closest
approach to the satellite. The determination
of the masses of the other large satellites
depended on getting as long an arc of
tracking data as possible near Uranus so that
the indirect effect of the satellites on Voyag-
er—which results from their effect on the
barycentric motion of the Uranian system—
could be derived from the perturbations in
spacecraft velocity along the line of sight
(37).

The radio data provide the primary infor-
mation about the mass of Miranda and
about a linear combination of the other four
satellites, particularly the sum of the masses
of Umbriel, Titania, and Oberon (38). From
the radio data alone we obtain a value for
the sum of the masses of these outer three
satellites of GM, 3 4 = 477 = 25 km? sec™2.
Using the summed volumes from the imag-
ing results (39) of the three outer satellites,
we obtain a mean density for the three
satellites of 1.42 = 0.08 g cm™>. Although
this result is obtained from the radio data
without the direct benefit of the optical
navigation data, there is an indirect depen-
dence in that optically determined, numeri-
cally integrated satellite ephemerides are
used without adjustment in obtaining these
solutions (40).

When the optical navigation data are add-
ed to the radio-only solution for the gravity
parameters, improvements in the satellite
masses are realized. This improvement re-
sults from determination of mutual pertur-
bations in the satellite system obtained from
numerical integration of that system (41).
We summarize the estimated masses from

the combined radio and optical data in
Table 2. Also shown are the densities corre-
sponding to the radii as determined by ISS
(39) plus the uncompressed densities, where
the uncertainties are the same as those for
the compressed densities (42).

The Uranian system may share a common
solar composition with the other outer plan-
ets, differentiated only by temperature ef-
fects on condensation during formation
(43). Although it may have been too warm
for methane to condense at the distance of
Uranus from the sun, almost certainly the
satellites formed below the condensation
temperature of clathrated methane. This
may account for the observed methane in
the Uranian system (44). The density of the
outer three satellites is consistent with a
value of 1.49 g cm ™2, which is obtained for
the three satellites on the assumption of a
solar mix of 32% rock, 53% water ice, 7%
ammonia ice, and 8% methane clathrate
hydrate [(CH,) - (6H;0)] (42). The mea-
sured mean density of the outer three satel-
lites is inconsistent with an uncompressed
density of about 1.8 g cm™, which is
appropriate to condensation from a water-
poor or presolar atmosphere in which car-
bon is present as CO and nitrogen appears
as N (45). The sum of the GM’s for the five
satellites is 607 = 28 km® sec™?, and the
volume corresponding to the uncompressed
material is (6.5 = 0.1) x 10%* cm®, with a
resulting mean uncompressed density of the
satellite system of 1.40 = 0.07 g cm™>. On
the basis of these determinations, it is un-
likely that the uncompressed density of the
mix of constituents in the satellite system is
greater than 1.5 or less than 1.3. This
density is consistent with the solar mix
mentioned above with methane completely
locked up in methane clathrate hydrate.

Gravity field of Uranus. The Voyager 2
flyby, at a closest distance of 107,160 km
from Uranus, was not favorable for a deter-
mination of the nonspherical components of
the gravity field. We obtained a relatively
weak determination of the lowest degree
hydrostatic component from a combination
of radio and optical navigation data of
J» = (3345 = 18) x 107%. Here, J, was
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fixed at the value determined by ring preces-
sion, the pole was fixed by the satellite plane,
and all other gravity harmonics were set to
zero. Our value for ], confirms earlier results
from ring studies, which have smaller uncer-
tainties (46). In addition, the agreement
increases our confidence that the other grav-
ity parameters are correctly determined from
the flyby.
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