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16. Theoretical studies, laboratory experiments, and as- 

tronomical observations of other objects in the solar 
svstem have shown that a determination of the phase 
&e is important in understanding the physical 
nature (composition, panicle size, and de ree of 
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Infrared Observations of the Uranian System 

The infrared interferometer spectrometer (IRIS) on Voyager 2 recorded thermal 
emission spectra of Uranus between 200 and 400 cm-' and of Miranda and Ariel 
between 200 and 500 cm-' with a spectral resolution of 4.3 cm-'. Reflected solar 
radiation was also measured with a ~&~le-channel radiometer sensitive in the visible 
and near infrared. By combining IRIS spectra with radio science results, a mole 
fraction for atmospheric helium of 0.15 + 0.05 (mass fraction, 0.26 k 0.08) is found. 
Vertical temperature profiles between 60 and 900 millibars were derived from average 
polar and equatorial spectra. Temperatures averaged over a layer between 400 to 900 
millibars show nearly identical values at the poles and near the equator but are 1 or 2 
degrees lower at mid-latitudes in both hemispheres. The cooler zone in the southern 
hemisphere appears darker in reflected sunlight than the adjacent areas. An upper limit 
for the effective temperature of Uranus is 59.4 kelvins. Temperatures of Miranda and 
Ariel at the subsolar point are 86 + 1 and 84 + 1 kelvins, respectively, implying Bond 
albedos of 0.24 + 0.06 and 0.31 + 0.06, respectively. Estimates of phase integrals 
suggest that these satellites have unusual surface microstructure. 

D URING THE VOYAGER 2 ENCOUN- 

ter, Uranus, Miranda, and Ariel 
were investigated by Voyager's in- 

frared interferometer spectrometer (IRIS), 
which recorded thermal emission spectra 
between approximately 200 and 400 cm-' 
(25 and 50 pm) and reflected solar radiation 
in the visible and near infrared. IRIS con- 
sists of a Michelson interferometer, which 
covers the thermal spectrum with a resolu- 
tion of 4.3 cm-I, and a bore-sighted, single- 
channel radiometer sensitive between 0.4 
and 1.5 pm (1). Both devices share a 50-cm 
Cassegrain telescope with a common circu- 
lar field of view of 0.125" half-cone angle. 
Absolute calibration of the interferometer is 
accomplished by scaling the planetary and 
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satellite spectra at each wavenumber interval 
to deep space spectra and maintaining the 
instrument at 200 t 0.1 K. The radiometer 
is calibrated by occasionally viewing a dif- 
fuse reflector exposed to sunlight. IRIS re- 
sults for the Jovian and Saturnian systems 
have been summarized (2). We now present 
initial results for Uranus and two of its 
satellites; we obtained no useful information 
about the rings. 

The brightness spectrum of Uranus. The 
signal-to-noise ratio (S:N) for an individual 
Voyager 2 spectrum is greater than 1 be- 
tween 190 and 320 cm-' and reaches a 
maximum of about 8 at approximately 230 
cm-'. For most purposes we wished to 
increase this ratio by averaging spectra; the 
improvement in S:N is proportional to the 
square root of the number of spectra includ- 
ed in the average. Thus for the averages of " " 
south polar and equatorial spectra (Fig. l ) ,  
the maximum value of S:N is 195 and 90, 
respectively. 

The thermal spectrum of Uranus is deter- 
mined by the He abundance, the para-hy- 
drogen fraction, the vertical atmospheric 

20. M. Noland et al., ibid. 23, 334 (1974). 
21. We thank the members of the Vovager Bight team, 

who made possible the successful'encounter of the 
PPS with Uranus; P. D. Nicholson and J. Colwell 
for timing of the predicted occultation events; and 
M. D. Morrison (JPL) and A. Bahrami (LASP) for 
exce tional software wizardrv. We also thank 
N A ~ A ' S  Ofice of ~nformation Systems (code EI) 
Pilot Planetarv Data Svstem Project at the Jet Pro- 
pulsion ~aboiatory foi com utational assistance in 
the ra id transformation of Bight telemetry into 
scientiL results. 

31 March 1986; accepted 5 May 1986 

temperature profile, and the properties and 
vertical distribution of clouds. In principle, 
all these parameters may be extracted from 
sufficiendy precise spectral measurements, 
although the solutions are not necessarily 
unique. 

Helium abundance. The atmospheric He 
abundance can be obtained from the shape 
of the thermal spectrum or from a compari- 
son of IRIS smctra with RSS data. For both 
methods, the equatorial spectrum of Fig. 1 
(recorded at 5"S, the approximate latitude of 
the radio occultation points) was used. First, 
we examined the sensitivity of the spectral 
shape to various atmospheric parameters. A 
reference spectrum was calculated for an 
emission angle of 57", for a He mole frac- 
tion of 0.15, for an equilibrium para-hydro- 
gen fraction, and without the effects of CH4 
gas or clouds. Each parameter was then 
varied to test the effect on the spectrum. 
Collision-induced absorption coefficients 
for Hz-Hz, H2-He, and HZ-CH4 were 
calculated as described (3) with the incorpo- 
ration of recent improvements from labora- 
tory data. 

The effect of He abundance variations is 
shown in Fig. 2. In an atmosphere com- 
posed of H2  and He, an opacity minimum 
occurs near 200 cm-' as a result of the 
relative strength of the pressure-induced 
S(0) transition of Hz  and the translational 
HZ opacity, which is strongly affected by 
collisions of Hz  molecules with He atoms. 
The position of the resulting brightness 
temperature maximum depends only weakly 
on &nospheric temperature but strongly on 
the He abundance. The broad maximum 
shifts to higher wavenumbers with increas- 
ing He concentration. The position of the 
maximum also depends strongly on the 
para-hydrogen fraction (Fig. 3). This frac- 
tion is expected to lie between the high- 
temperature limit or normal value (0.25) 
and-the equilibrium value for the ambient 
atmospheric temperature. The maximum 
shifts to higher wavenumbers with decreas- 
ing para-hidrogen fraction. 

The effect of gaseous CH4 at the maxi- 
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mum amount permissible by the vapor pres- 
sure law is to lower the brightness tempera- 
ture by less than 0.7 K between 175 and 
about 230 cm-' and by negligible amounts 
above 250 cm-'. No significant shift of the 
maximum occurs. Methane clouds can also 
affect the spectral shape. Figure 4 shows the 
results from anisotropic multiple-scattering 
calculations for two mean particle radii (r ) ,  3 
and 30 pm. The cloud bases are set at 1.3 
bar and the scale heights at 10 km. Number 
densities were adjusted to force a 2 K 
brightness temperature difference at 200 
cm-' between the cloud models and the 
standard cloud-free reference spectrum. It 
was verified that the abundance of conden- 
sate nowhere exceeded the assumed vapor- 
phase mole fraction of 0.025 at the cloud 
base. Between 175 and 300 cm-' the spec- 
tral shape is affected strongly by particle size 
but only weakly by cloud scale height. 

Of the four mechanisms affecting the 
shape of the spectrum, CH4 vapor and 
clouds probably play the least important 
roles. A good fit to the observed spectrum at 
the radio occultation point can be found 
from the radio occultation profile on the 
assumption of cloud-free conditions. A sub- 
stantial additional opacity due to CH4 
clouds is difficult to  accommodate. There is 
no compelling evidence of any influence of 
CH4 clouds on the observed spectra, which 
leaves only the He abundance and the para- 
hydrogen fraction as significant known fac- 
tors. 

The dependence of the spectral position 
of the temperature maximum on the He 
abundance and the para-hydrogen fraction is 
shown in Fig. 5. Since the atmospheric para- 
hydrogen fraction is not expected to exceed 
the equilibrium value, the wavenumber of 
the maximum brightness temperature places 
an upper limit on the He mole fraction. The 
shape of the spectrum near 200 cm-' and 
the low value of S:N below that wavenum- 
ber (Fig. 1) prevent a precise determination 
of the maximum. However, values above 
215 cm-' appear to be excluded, suggesting 
that the solution lies within the shaded area 
of Fig. 5. Consequently the para-hydrogen 
fraction must be close to equilibrium (cer- 
tainly larger than 0.5), and the He mole 
fraction cannot exceed about 0.15. Uncer- 
tainties in the absorption coefficients used in 
the model, and errors due to the preliminary 
calibration, can modify the shape of the 
spectrum in this region. A mole fraction of 
0.4, as recently suggested ( 4 ) ,  can be ruled 
out, however. 

A more sensitive determination of the He 
abundance was achieved by combining the 
IRIS spectral measurements with the radio 
occultation results, as was done for Jupiter 
and Saturn (5, 6). The RSS measurements 
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Fig. 1 (top). Measured brightness 
temperature spectra (solid curves) 
of the south polar area (average of 
597 individual spectra) and at 5"s 
latitude (equator, average of 125 
individual spectra). The emission 
angles are 15" and 57", respectively; 
this difference in emission angle 
accounts almost entirely for the dif- 
ference between the curves. Below 
200 cm-' and above 300 cm-', 
random noise is strongly evident. 
Theoretical spectra (broken curves) 
calculated from retrieved tempera- 
ture profiles are shown for com- 
parison. Fig. 2 (bottom). Cal- 
culated spectra for different mole 
fractions of He. The radio occulta- 
tion profile and an equilibrium 
para-hydrogen fraction are as- 
sumed; effects of CH4 gas and 
clouds are neglected. 

1 1 1 1 1 1 1 1 1 1 1 / 1 1 1 1 1 1 1 1 1 1  
200 250 300 350 400 

Wavenumber ( cm- ' )  

yield the ratio of temperature to mean mo- 
lecular weight (T:M) as a hnction of pres- 
sure, provided that the composition is uni- 
form with altitude. This profile can be used 
to calculate theoretical spectra for various 
values of the mean molecular weight; the 
true atmospheric He fraction is then deter- 
mined from the best fit to the measured 
spectrum. In most levels of the atmosphere 
to which the spectral measurements are sen- 

sitive, only H Z  and He contribute signifi- 
cantly to the mean molecular weight, so that 
the He abundance can be inferred directly. 
The CH4 abundance is limited by the satura- 
tion law and can only contribute significant- 
ly to the mean molecular weight at pressures 
greater than about 700 mbar; gases heavier 
than He would lower the derived He abun- 
dance. 

Figure 6 shows theoretical spectra for 

Fig. 3 (top). Calculated spectra for 
different para-hydrogen fractions. 
The normal value (0.25) is expect- 
ed to exist in the planetary interior, 
where temperatures are greater 
than 300 K. The equilibrium value 
(0.62) is for the ambient tempera- 
ture and is applicable to the levels 
probed. An intermediate value 
(0.45) is also shown. An He mole 
fraction of 0.15 and clear atmo- 
spheric conditions are assumed. 
Fig. 4 (bottom). Calculated spectra 
showing the variations in CHI 
clouds with particle size distribu- 
tions, which peak at 3 and 30 Fm. 
A cloud base at 1.3 bars and a cloud 
scale height of 10 km were as- 
sumed. The number density at the 
cloud base has been adjusted to 
provide a brightness temperature 2 
K lower than the standard cloud- 
free model at 200 cm-'. 

200 2 50 300 350 400 

Wavenumber (cm-'1 



three values of the He mole fraction that 
were calculated from an initial T:M profile 
provided by the Voyager RSS team (7). 
Also shown is the equatorial spectrum from 
Fig. 1, which was obtained at nearly the 
same latitude as the RSS data. The principal 
sensitivity of the theoretical spectra to the 
He abundance is through the molecular 
weight, with a small additional effect due to 
the Hz-He contribution to the atmospheric 
opacity. An equilibrium para-hydrogen frac- 
tion was assumed, and a gaseous CH4 distri- 
bution in accordance with the saturation law 
was introduced. The latter was included 
because of the small Hz-CH4 contribution 
to the collision-induced opacity in the spec- 
tral region near 200 cm-' and the contribu- 
tion of CH4 to the mean molecular weight 
at deeper levels. The best overall fit to the 
spectrum is achieved with a He mole frac- 
tion of about 0.155. This value, combined 
with the constraint imposed by the location 
of the brightness temperature maximum, 
justifies the assumption of an equilibrium 
para-hydrogen fraction. 

Several possible sources of error exist in 
the determination that can be only partially 
evaluated: uncertainty in the initial radio 
occultation profile, errors in the IRIS mea- 
surements, uncertainties in the H2-He ab- 
sorption coefficients, and lack of tempera- 
ture information at pressures lower than 10 
mbar. As judged from estimates of these 
factors, the He mole fraction is 0.15 t 0.05 
(He mass fraction, 0.26 t 0.08). Thus, the 
He mass fraction determined for Uranus is 
larger than that for Jupiter (0.18 t 0.04) 
and Saturn (0.06 -t 0.05) (6). Although the 
proto-solar He abundance is uncertain (6), 
most recent estimates from solar evolution- 
ary models (8) as well as from measurements 
of solar oscillations (9) suggest a mass frac- 
tion of about 0.28, in agreement with the 
value for Uranus. If this is the He mass 
fraction for the primordial solar nebula, then 
not only has differentiation of He from 
metallic hydrogen occurred in Saturn, but it 
has also begun in Jupiter. 

Atmosphen'c temperature and dynamics. Av- 
eraging of various sets of spectra from the 
polar and equatorial regions yield sufficient- 
ly high S:N to permit retrieval of tempera- 
ture profiles (Fig. 7). In Fig. 1, two of the 
averaged spectra are compared with calcula- 
tions based on the retrieved profiles. A He  
mole fraction of 0.15 and an equilibrium 
para-hydrogen fraction were assumed; pos- 
sible opacity effects due to clouds and gas- 
eous CH4 were neglected. The polar spectra 
provide information about the thermal 
structure at pressures between about 60 and 
900 mbar; the equatorial spectra were taken 
at high emission angle and do not probe 
pressures greater than 600 mbar. At pres- 

72 

Helium mole f r a c t i o n  

Fig. 5. Calculated position of the brightness 
temperature maximum as a function of He mole 
fraction and para-hydrogen fraction. The hatched 
area represents the constraint imposed by the 
measured spectra. The indicated equilibrium val- 
ue of the para-hydrogen fraction is for a tempera- 
ture of 64 K; the normal value is the high 
temperature limit. Methane gas and aerosol opaci- 
ties were omitted. 

sures less than 60 mbar, the retrievals had to 
blend smoothly into an estimated profile 
that is based on a recent analysis of ground- 
based data (10). 

The general character of the profiles is 
consistent with Earth-based results (1 0, 11). 
The derived profiles are remarkably similar 
to each other. In the lower stratosphere the 
dark pole is 2 to 3 K warmer than the 
illuminated pole, but this must be regarded 
with caution because possible errors in the 
currently available pointing geometry and 
uncertainties in the initial radiometric cali- 
bration of the data acquired from the dark 
hemisphere can affect the results. 

At pressures greater than approximately 
600 mbar, the retrieved polar profiles are 
consistent with lapse rates that exceed the 
adiabatic value for the equilibrium para- 

Fig. 6. Comparison of theoretical 
spectra (broken cun~es) and an av- 
erage of 125 measured spectra (sol- 
id curve) taken near 5"s latitude 
(also shown in Fig. 1). The theoret- 
ical spectra were calculated from an 
initial radio occultation profile 
scaled for the values of the He mole 
fraction shown. 

hydrogen fraction; the inclusion of addi- 
tional opacity due to gaseous CH4 or clouds 
would further increase the inferred tempera- 
ture gradients. The radio occultation results 
also imply a lapse rate in this part of the 
atmosphere in excess of the equilibrium 
adiabat, approaching the frozen equilibrium 
value in which the ortho and para modifica- 
tions of H Z  behave as a thermally noninter- 
acting gas mixture. These results cannot 
presently be reconciled with the inferred 
near-equilibrium para-hydrogen fraction. 

The weak thermal emission from Uranus 
prevents retrieval of complete temperature 
profiles from individual spectra, as was done 
for Jupiter and Saturn. Instead, limited tem- 
perature information was extracted by fit- 
ting a second-degree polynomial to the 200- 
to 275-cm-' region and then taking the 
brightness temperature at 225 cm-'. For 
normal viewing, this brightness temperature 
represents the mean atmospheric tempera- 
ture between approximately 400 and 900 
mbar. Data acquired at other emission an- 
gles were adjusted to normal viewing; for 
the location of each measurement a theoreti- 
cal 225-cm-' brightness temperature was 
computed from the temperature profile re- 
trieved from the south polar region (Fig. 7). 
The difference between theoretical and mea- 
sured temperatures was then subtracted 
from the calculated brightness temperature 
for normal viewing to yield an estimate of 
the atmospheric temperature in the 400- to 
900-mbar region. The approach assumes 
that the relative shape of the profile in this 
part of the atmosphere is independent of 
location. 

This method was applied to data acquired 
from two meridional scans that provide 
pole-to-pole coverage. The results (Fig. 8b) 
indicate an asymmetry between hemispheres 
with a temperature minimum near 25"s and 
a weaker minimum at approximately 40°N. 
As noted above, radiative transfer calcula- 
tions indicate that a 2 K decrease in bright- 
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Temperature (K)  

Fig. 7. Temperatures retrieved from weraged 
spectra at three locations on Uranus: t h T  south 
(illuminated) pole (597 spectra), the north lark) 
pole (100 spectra), and 5"s latitude, whic~ is 
close to the latitudes of the r a l o  occultatio: 
soundings (125 spectra). 

ness temperature relative to a clear atmo- 
sphere can be obtained with reasonable 
cioud models and constant kinetic tempera- 
tures. To determine whether the apparent 
temperature variations represent actual ki- 
netic temperature gradients or variations in 
cloud opacity, we used radiometer data tak- 
en simultaneously with the thermal spectra. 
Because the radiometer data encompass a 
range in both solar and emission angle, it 
was necessary to reduce the measurements 
to equivalent values for a standard observa- 
tion;~ geometry. The radiometer data are 
well fitted by a Minnaert law of the form 
I = ~ ~ p ~ ~ ~ ~ - '  with k = 0.84. This expres- 
sion was used with individual radiance mea- 
surements I to calculate Io, the equivalent 
radiance for p = po = 1, where p and po 
are the cosines of the emission and solar 
zenith angles, respectively. Results from the 
latitude scan are shown in Fig. 8a. The 
correlation of the minimum in the radiome- 
ter data with the temperature minimum near 
25" latitude suggests that the cooler tem- 
peratures are not the result of a cloud opaci- 
ty effect, since regions of relatively dense 
cloud should appear relatively bright in re- 
flected light. 

The Tnferred latitudinal temperature 
structure probably results from a combina- 
tion of radiative and dynamic effects. If 
purely radiative, the equilibrium tempera- 
ture at 400 to 900 mbar would be about 7 K 
warmer at both poles than at the equator 
(12). Since the radiative time constant is 

long (approximately 200 years), the tem- 
perature responds primarily to the annual 
mean insolation, which is a maximum at the 
poles because of the 82" obliquity of the 
b~anet. The measured temperature structure 
deviates markedly from such behavior, and 
the small overall contrast of about 2 K 
suggests a dynamical redistribution of heat. 
~b reover ,  the minimum temperatures oc- 
cur not at the equator but at mid-latitudes. 

In a rapidly rotating atmosphere, the ther- 
mal wind equation relates the vertical gradi- 
.nt of the zonal wind speed to the latitudinal 
gr,dient of the temperature along a constant 
press:re surface (13). Applying this relation 
to the .qoothed temperatures in Fig. 8b 
yields the .ertical wind shear shown in Fig. 
8c. A positn - shear means that a positive 
zonal wind (in L'le direction of the planetary 
rotation) will incr.~se with height. Positive 
winds have been a,duced from tracking 
cloud images at latitua,%s of 2 7 ,  35", 40°, 
and 71" (14). The points '.etween 27" and 
40" are in a region of negativ~ vertical shear, 
where the winds must be deLlying with 
height between 400 and 900 mb,-; at 71" 
the shear is essentially zero. An antic3rrela- 
tion between thermal wind shear and u h d s  
a\yrived from cloud motion was found c l  

bot  Jupiter and Saturn, indicating a decay 
of the 7 ~ n a l  jets with height in the upper 
troposph-re. If such a relation is assumed to 
hold every .here on Uranus, then the ther- 
mal wind she, rs of Fig. 8c imply the exis- 
tence of a hem~.qhericall~ asymmetric sys- 
tem of large-scale ,-ts with strong negative 
winds at low latitudes. In contrast, the equa- 
torial jets on both Jupit,. and Saturn are in 
the direction of :?tation. The re- 
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Fig. 8. Pole-to-pole latitude scans compiled from 
two sequences of observations. (a) Relative reflec- 
tivity normalized to vertical viewing by fitting a 
Minnaert law (k = 0.84). (b) Brightness tempera- 
ture at 225 cm-', normalized to vertical viewing. 
In (a) and (b) the triangles denote the individual 
data, and the solid curves are running means with 
latitude bins 5" wide (a) and 15" wide (b). (c) 
Zonal thermal wind shear computed from the 
solid curve in (b) and then subjected to an 
additional running mean of 15" bin width. 
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Fig. 9. Brightness temperature spectrum of Mir- 
anda near the south pole. The fine structure in the 
spectrum is noise. In this average of three individ- 
ual spectra, S:N drops to 1 just beyond 500 cm-'. 

versed sense of the winds on Uranus might 
be associated with the reversed gradient in 
the mean insolation. 

The latitudes of lower temperatures could 
logically be associated with upward motion 
and adiabatic cooling, which is consistent 
with the decay of jets with height as the 
result of a momentum-damping mechanism 
(15). However, if the radiometer responds 
to clouds formed by condensation of CH4, 
then enhanced radiometer readings would 
be expected in the cooler upwelling regions. 
The opposite is actually observed. In this 
sense Uranus is more like Saturn-where 
-egions of high albedo do not correlate well 
w,.h low temperatures-than like Jupiter- 
whel- regions of high albedo and low tem- 
peratui - usually coincide. Alternatively, the 
radiometc- may respond to a high-altitude 
haze, not dl .ectly associated with CH4 con- 
densation, th; is reduced in thickness at 
latitudes equatol .vard of 40". 

Effective tempera. we. The determination 
of the planetary e%c-tivc temperature re- 
quires integration of th, n ermal disk emis- 
sion over all directions a d all wavenum- 
bers. As a first approximati 1:~ the tempera- 
ture profile derived from he south polar 
spectrum, Fig. 1, was used to ca:-ulate the 
effective temperature. This is poss3le be- 
c u e  Uranus seems to be uniform 'q its 
teqerature in the region of he atmosp~.-re 
(-40; mbar) from which mc st of the radl 
ant ene rp  emerges. An uppe limit of 59.4 
K for the effective tempera, ure was ob- 
tained. 

Satellites. 0n1; Miranda an I r riel were 
spat;-lly resolved bl TRIS; duri~ g t 'le obser- 
vations :-uorted here ,'leir app; -er. ': diame- 
ters were apk-qximately t .ee tin es .he pro- 
jected diameter d the inst1 met t's Teld of 
view; the phase angles -.ere 3 t Cc - Iv. iranda 
and 31" for Ariel. Observ, d nea . L s , ubso- 
lar point (the south polar rt;ion, ttl. ther- 
mal spectra show usefd signal -0 a t  7u -00 
un-I; no spectral features are evljent ov: 
the noise (Fig. 9). The maximum b.;ghL, ess 
temperatures, T,,, were 86 ? 1 K ancl 54 
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1 K for Miranda and Ariel, res ectively. 4 From the relation A = 1 - R ( T ~ ~ I T ~ ) ~  
(whereA is the local albedo), the bolometric 
albedos in the south polar regions of the two 
objects are therefore 0.23 * 0.06 and 
0.30 * 0.05, respectively. Here, R is the 
distance from Uranus to the sun [19.122 
astronomical units (AU)], and the radiative 
properties of the satellites are assumed to be 
uniform. To, the subsolar point equilibrium 
temperature for 0" phase angle at 1 AU, 
would be 395 K for a Lambertian surface. 
However, peaking of the infrared emission 
at low phase angles leads to an observed 
value of 400 K for Earth's moon (16), while 
observations of other satellites and of aster- 
oids suggest values as high as 408 K. For the 
present calculations, we adopt 401 ? 6 K 
for To. 

To determine the Bond albedos (AB) 
from the local albedos (A) requires knowl- 
edge of the surface phase function. On the 
basis of a surface-scattering model, Goguen 
(17) estimates that for two extreme cases of 
surface microstructure-strongly backscat- 
tering, low-albedo grains and isotropically 
scattering, high-albedo grains-AB/A varies 
from 1.0 to 1.1. Adopting the mean value 
and associated uncertainty leads to a bolo- 
metric AB of 0.24 ? 0.06 for Miranda and 
of 0.31 * 0.06 for Ariel. 

From ground-based photometry, the vi- 
sual magnitudes V(1,O) of Miranda and 
Ariel are 3.79 2 0.17 and 1.48 ? 0.15, re- 
spectively (1 8). combining these values 
with the newly determined radii of 242 ? 5 
and 580 ? 5 km (14) yields geometric albe- 
dos (p,) of 0.23 ? 0.04 and 0.33 2 0.05. 
Where existing data sets overlap, the visible 
and near-infrared disk spectra of Ariel and 
Rhea are similar (19). From the Rhea data, 
we determined that the bolometric geomet- 
ric albedo (pB) of Rhea, normalized to its 
reflectivity at 0.56 km, is 0.89. By assuming 
that this value is also representative of Mir- 
anda and Ariel, p~ (derived from p,) is 
0.20 ? 0.04 for Miranda and 0.30 2 0.04 
for Ariel; we have included an additional 5% 
uncertainty to allow for spectral differences 
between Rhea and the Uranian satellites. 
The phase integrals, equal to ABIpB, are 
therefore 1.17 ? 0.37 and 1.05 * 0.25, re- 
spectively. These values are higher than ex- 
pected for objects of relatively low albedo 
(20) and suggest a different surface micro- 
structure, such as one composed of dark, 
relatively isotropically scattering grains (1 7 ) .  
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Data from solar and stellar occultations of Uranus indicate a temperature of about 750 
kelvins in the upper levels of the atmosphere (composed mostly of atomic and 
molecular hydrogen) and define the distributions of methane and acetylene in the 
lower levels. The ultraviolet spectrum of the sunlit hemisphere is dominated by 
emissions from atomic and molecular hydrogen, which are known as electroglow 
emissions. The energy source for these emissions is unknown, but the spectrum implies 
excitation by low-energy electrons (modeled with a 3-electron-volt Maxwellian energy 
distribution). The major energy sink for the electrons is dissociation of molecular 
hydrogen, producing hydrogen atoms at a rate of loz9 per second. Approximately half 
the atoms have energies higher than the escape energy. The high temperature of the 
atmosphere, the small size of Uranus, and the number density of hydrogen atoms in 
the thermosphere imply an extensive thermal hydrogen corona that reduces the orbital 
lifetime of ring particles and biases the size distribution toward larger particles. This 
corona is augmented by the nonthermal hydrogen atoms associated with the electro- 
glow. An aurora near the magnetic pole in the dark hemisphere arises from excitation 
of molecular hydrogen at the level where its vertical column abundance is about loZ0 
per square centimeter with input power comparable to that of the sunlit electroglow 
(approximately 2 x 10" watts). An initial estimate of the acetylene volume mixing 
ratio, as judged from measurements of the far ultraviolet albedo, is about 2 x lo-' at a 
vertical column abundance of molecular hydrogen of loz3 per square centimeter 
(pressure, approximately 0.3 millibar). Carbon emissions from the Uranian atmo- 
sphere were also detected. 

T HE VOYAGER ULTRAVIOLET SPEC- 

trometer (UVS), an objective-grat- 
ing instrument, detects wavelengths 

from approximately 500 to 1700 A by 
means of 126 contiguous channels and has a 
field of view 0 9  by OOP86. 

Temperature and composition of the upper 
atmosphere. We measured the transmission 
of the Uranian atmosphere over 6000 krn of 
altitude by recording light from the stars 
Pegasi and v Geminorurn and from the sun 
as each was occulted by Uranus' atmosphere 

(Table 1). When referred to a common 
geopotential (I) ,  the occultations of the sun 
and y Pegasi show similar transmission pro- 
files at latitudes near 0" and near the light 
and dark poles, except for possible differ- 
ences in the hydrocarbon profiles of up to 
one scale height. 

Figure 1 shows light curves for three key 
wavelength regions (2). Continuum absorp- 
tion by H2 at wavelengths less than 845 A 
(panel A) probes the highest levels; this 
range is accessible only in the solar occulta- 
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