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Occultation observations of the upper atmosphere of Uranus by the Voyager 2 ultraviolet spec- 
trometer are analyzed. The measurements extend from 0.5 mbar to about 10 -6 /•bar using the EUV 
wavelengths 520 _< • _< 1700 •. H 2 dominates the atmosphere (the approximately 15% He content 
deduced by the Voyager 2 infrared spectrometer cannot be seen in occultation at these wavelengths) up 
to the vicinity of the exobase near 1.25 R v, where atomic H becomes the major constituent. Apparently 
because of weak eddy mixing, the hydrocarbon mixing ratios are quite small in the measured pressure 
range, so that the atmosphere is more transparent than those of Jupiter and Saturn. Thus H 2 Rayleigh 
scattering is the dominant source of opacity in the lower portion of the observed pressure range. The 
mixing ratio of C2H 2 is on the order of 10 -8 there, while only an upper limit (_< 10 -7) is available for 
CH,•. Also, some evidence exists for the possible presence of C2H 6 at a mixing ratio of several x 10 -8 
The value of the eddy diffusion coefficient at the homopause is much lower than at Jupiter and Saturn' 
the best fitting of several photochemical models which were matched to the observations assumed a 
value of 10 '• cm 2 s-x. This may represent an upper limit. In addition, the two high-latitude occultations 
indicate little difference in upper atmospheric structure between the day and night hemispheres, despite 
the constancy of the illumination geometry over recent decades. The atmospheric temperature above 
about 0.01 to 0.001/•bar is 800 ñ 100 K. Because of this high temperature the thermal component of the 
H exosphere extends to great altitude, with number densities of several hundred cm-3 at 2 R v. This high 
gas density has important implications for ring dynamics, possibly being responsible for the extreme 
narrowness and isolation of the visib, le Uranian rings. The extent and density of the H exosphere and the 
nonthermal corona (which has an even larger scale height) will also strongly affect the origin and 
maintenance of the unusual plasma populations observed at Uranus by the Voyager 2 plasma science 
and low-energy charged particle experiments. 

1. INTRODUCTION 

1.1. History 

Previous stellar occultations, observed from Earth at visual 

wavelengths, have constrained the location and temperature of 
the 1 gbar level of the Uranian thermosphere near equatorial 
latitudes [Elliot et al., 1981' French et al., 1983]. The radius 
found for this pressure level was 26145 ñ 35 km in close 
agreement with the measurements to be reported here. 

For extreme ultraviolet (EUV) occultations such as those 
discussed here, the transmission of the atmosphere is deter- 
mined by absorption and scattering by H 2 and by absorption 
by H and hydrocarbons. Earlier observations have indicated 
low hydrocarbon abundances in the upper atmosphere of 
Uranus. Infrared and millimeter radio observations have sug- 
gested a lower CH 4 abundance in the upper atmosphere of 
Uranus than at Jupiter and Saturn so that Rayleigh scattering 
by H 2 is relatively more important [Teifel, 1983' Tokuna•ta et 
al., 1983' Orton et al., 1983, 1986]. 

UV spectra taken of Uranus by Earth-orbiting telescopes 
have been analyzed by a number of groups. Savage et al. 
[1980] determined that the opacities of the upper atmosphere 
due to aerosols and to H 2 Rayleigh scattering along a vertical 
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path were comparable, while Caldwell et al. [1981] concluded 
that the H 2 opacity was dominant. Encrenaz et al. [1986] 
determined a distinctly subsaturation C2H 2 mixing ratio at 
high altitudes in the atmosphere of Uranus. These results sug- 
gest that the Uranian atmosphere is clearer at UV wave- 
lengths than those of Jupiter and Saturn, as we also argue 
below. 

Raman scattered H Ly • (which should be present under the 
same conditions of clarity as Rayleigh scattering) was not vis- 
ible in International Ultraviolet Explorer (IUE) spectra 
[Clarke et al., 1986]. This feature has been detected in Voy- 
ager 2 ultraviolet spectrometer (UVS) spectra [Yelle et al., 
1987] and is further evidence of atmospheric clarity. 

1.2. Occultation Experiment 

The Voyager 2 UVS is an objective grating spectrometer 

covering the wavelength range 530-1700 • [Broadfoot et al., 
1977]. This range is subdivided into 126 spectral channels of 
width 9.26 •, within each of which EUV photons are counted 
simultaneously. During occultation measurements, each 
channel is read out every 0.32 s in order to achieve maximal 
spatial resolution. 

At Uranus the Voyager 2 UVS observed one solar and three 
stellar occultations which probed the planet's upper atmo- 
sphere. The initial results from these observations are de- 
scribed in the work by Broadfoot et al. [1986]. In this paper 
we expand the analysis of the solar occultation and the en- 
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Fig. la. Occultation geometry; projection into the Voyager 2 orbit plane of the Uranian ring and satellite system with 
Voyager orbit superimposed. Figure from Stone and Miner [1986]. 

trance and exit occultations of the bright star 7 Pegasi (7 Peg). 
The geometry of these occultations is shown in Figure 1. A 
third grazing occultation, that of the star v Geminorum, has 
not been fully reduced and is not considered here. The solar 
entrance occultation path intersected the limb at latitude 
--3.6 ø. (The rather illogical IAU pole-naming convention is 
used here, and thus it was the south pole that was sunlit at the 
time of the flyby. This is opposite to the definition used in our 
earlier paper [Broadfoot et al., 1986]). The exit from oc- 
cultation was not observed by the Voyager scan platform in- 
struments because of other mission constraints. The 7 Pegasi 
entrance and exit occultations occurred at planetocentric lati- 
tudes -63.7 ø and + 69.7 ø, respectively. 

The UVS has two apertures: a primary or "airglow" port 
used for observing planetary atmospheres and an "oc- 
cultation" port offset 20 ø from the airglow port and used for 
viewing the sun. The more sensitive airglow port has a 
0.1 ø x 0.87 ø field of view (FOV), while the occultation port has 
a wider 0.25 ø x 0.87 ø FOV. The wider occultation port is less 
sensitive to modulation of the occultation signal due to space- 
craft attitude control motion. The stellar occultations were 

viewed through the airglow port in a photon counting mode. 
The resulting occultation signal was limited primarily by 
counting statistics at the 0.32-s time resolution. The solar oc- 
cultation was observed through the occultation port in an 
analog charge integrating mode. The solar occultation experi- 
ment measured atmospheric transmission over the entire 530- 
1700 ]k range of the detector. The stellar occultations, on the 
other hand, observed flux only longward of the Lyman limit at 
912 •, due to the absorption of stellar flux in the Lyman 
continuum by interstellar H. 

1.3. Sources of Opacity 

As the line of sight sinks deeper into the atmosphere, it 
encounters a varying column abundance (the integral of 
number density over the line of sight) of one or more atomic 
and molecular species. As the column abundance increases, 
the spectrometer records the dimming of the light from the 

source due to absorption and scattering of light along the 
path. Thus the observations we describe here differ in a funda- 
mental way from Earth-based stellar occultations, which mea- 
sure differential refraction by the atmosphere. This is due both 
to the relatively large EUV cross sections of the species and to 
the relative closeness of the spacecraft to the planet. For ex- 
ample, at the wavelength of greatest refraction in the UVS 
range the maximum ray deviation in the accessible height 
range is about 8 km, as compared to a scale height of about 
50 km. In cases where the opacity due to a particular species is 
due to continuum absorption, the optical depth along the line 
of sight is given by the product of its column abundance and 
its absorption cross-section at the wavelength of observation. 
Even where the absorption is due to unresolved discrete lines 
(as is the case for Lyman and Werner band absorption in H2), 
the transmission is principally a function of column abun- 
dance. 

Ultpav•olet Spectpometep 
Occultat•on Geometny 

7 Pegasi 7 Pegasi Sun 
Entrance Exit Entrance 
E - 00:30 E + 00:30 E + 02:O0 
67 ø S 69 ø N 4 ø S 

Fig. lb. Occultation geometry; line-of-sight tracks of the three 
occultations discussed in this paper, projected onto the plane of the 
sky in the vicinity of Uranus as seen from Voyager 2. 
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In an isothermal atmosphere with scale height H on a 
spherical planet at radius r >> H, the column abundance along 
the line of sight is given by n o (2r•Hr) •/2 [e.g., Chamberlain, 
1963], where n o is the local number density of absorber at the 
lowest point on the line of sight. In a real atmosphere some 
adjustment is necessary for altitude variation of temperature 
and gravity, and the analysis must also self-consistently esti- 
mate H. Since the occultation observation consists of a series 

of absorption measurements over a sequence of parallel ray 
paths, the variation of n o as a function of height in the atmo- 
sphere can be deduced if the relevant absorption cross sections 
are known. Opacities of interest in this investigation are plot- 
ted in Figure 2 and are discussed below. 

Because the absorption cross section of H 2 is a strong func- 
tion of wavelength, a large range of column abundance can be 
investigated by the occultation technique. For 530 </• < 800 
/•, the absorption cross section •r is approximately 5 x 10 -•8 
to 10 -•7 cm 2. Absorption by the Lyman and Werner band 
system varies between near transparency and nearly complete 
opacity over the wavelength range 700 </• < 1100 • for 
column densities in the range 10 •3 to 102• cm -2, depending 
on temperature. For 1200 </• < 1700 /•, however, Rayleigh 
scattering is the only source of opacity, at least for temper- 
atures less than a few hundred degrees, with 2 x 10-25 < •r < 
3 x 10 -2• cm 2. This means that column abundances in the 

range of 10 •6 to 1025 cm -2 can in principle be determined by 
these occultation measurements, if the range 0.1 < z < 2 is 
measurable. As will be seen in later sections, the scale length 
for converting column densities to number densities is about 
109 cm in the upper part of the range probed here and is 
about 3 x 108 cm in the lower portion. Thus the accessible 
number density range is 107 • nil2 • 3 x l0 •6 cm -3 at 
Uranus. Using the results of later sections, thes• are pressure 
levels of 10- a to 500/•bar. 

The continuum absorption cross section for atomic hy- 
drogen varies from 1.5 to 6 x 10 -•8 cm 2 over the range 
530 <_ 2 <_ 912 •,. Thus number densities around n n •- 2 to 
7 x 108 cm-3 (for scale heights around 500 kin) can be deter- 
mined, if the H2 continuum and Lyman-Werner band absorp- 
tion in this wavelength region can simultaneously be found. 

Other species one might expect to detect in the upper atmo- 
sphere of a gas giant planet such as Uranus are low molecular 
weight constituents such as CH 4, its photochemical bypro- 
ducts such as C2H2, C2H 4, and C2H 6, and possibly also N, 
N2, or NH 3 and its byproducts. However, the low tropo- 
spheric temperatures at Uranus' heliocentric distance and pos- 
sibly other effects seem to limit the abundance of these constit- 
uents in the upper atmosphere, as will be discussed in greater 
detail in later sections. Typical absorption cross sections of 
10- •9 to 10- • a cm- 2 for the hydrocarbons lead to a detect- 
able number density range of several times 106 to 10 TM cm- 3. 

Helium is also known to be present [Hand et al., 1986' 
Broadfoot et al., 1986] but its absorption spectrum is invisible 
to the UVS because of the absence of a continuum absorption 
in the 530- to 1700-A range. 

1.4. Analysis Techniques 

Because of the overlap in wavelength of the absorptions of 
the species expected to be present, column abundance as a 
function of height cannot be directly determined for any indi- 
vidual constituent, although H 2 comes close to this separ- 
ability. Moreover, the atmospheric scale height must be self- 
consistently estimated along with number densities from the 
column abundances, and the assumption of a constant tem- 
perature made in the discussion of the previous section is only 
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Fig. 2. Photoabsorption cross sections as a function of wave- 

length for the absorbing species relevant to the Uranian upper atmo- 
sphere. Hatched region labeled H 2 bands is merely symbolic rather 
than denoting a particular cross-section value. H2 band absorption 
actually consists of a great many unresolved lines of highly variable 
cross section whose average behavior very approximately mimics a 
continuous absorption with cross section intermediate between the 
H: continuum and H: Rayleigh scattering. 

an approximation. Consequently, the inversion of the ob- 
served light curves to atmospheric density profiles is neither 
direct nor unique. 

The procedure we have elected to use for the analysis of the 
occultation light curves was to generate number density versus 
height profiles for a group of assumed constituents and then 
to model the occultation geometry and absorption process to 
obtain corresponding model light curves at each UVS wave- 
length. This procedure was repeated for different atmospheric 
profiles in order to match the model light curves to the ob- 
served ones. The sensitivity of the model fit to differences in 
atmospheric models is also tested by this procedure. This ap- 
proach is the same as that used at Saturn [Smfth et al., 1983] 
and Titan [Smith et al., 1982] and is similar to that used by 
Atreya et al. [1979] and Festou et al. [1981] at Jupiter. 

In order to maximize our models' flexibility, we initially 
generated the atmospheric profiles as simple parametric func- 
tions. Once an approximate profile was found for each species 
more accurate profiles were parameterized by specifying the 
temperature at several pressure levels and a value for the 
number density of each species at some height. With T(p) 
interpolated between these points by a function of the form 
T = To(p/po)% number densities n i were found by piecewise 
analytically integrating the hydrostatic equation (including 
centrifugal acceleration and the variation of gravity with alti- 
tude) 

ni -- I + GM -- + •- (r 2 -- r o (1) n oi •o 
The hydrostatic equation is valid over the altitude range con- 
sidered here. Here m is the assumed mean molecular weight 
(below z = 500 km, assuming 15 mol % He; otherwise, it is 
the molecular weight of species i); the subscript zero denotes 
values at the bottom of the altitude interval and the other 

symbols are assigned conventionally. The value of GM is from 
Tyler et al. [1986], and the rotation period of 17.24 hours is 
from Warwick et al. [1986]. For polar occultations (such as 
those of 7 Peg) the f•: factor would normally be multiplied by 
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TABLE 1. Values of T(p) From Which the Models in Figure 7b Were Derived 

Peg Measurements Best Compromise Solar Occultation 

P, T, P, T, P, T, 
pbar K c• pbar K c• pbar K 

10 ½ 63 10 ½ 63 10 ½ 63 
--0.122 --0.122 --0.122 

51 120 51 120 51 120 
--0.130 --0.127 --0.137 

1 200 3.3 170 10 150 
--0.569 --0.572 --0.501 

0.2 500 0.5 500 1 475 
2 x 10 -½ 750 --0.059 10_ 5 800 --0.043 10_ 5 800 --0.045 

n.(1720 km) = 3.3• x 108 cm -3 n.(1720 km) = 3.3 x 108 cm -3 n.(3200 km) = 4.1 x 10 ? cm -3 

At 320 km PH = 51 pbar; ncH,• = 5 X 108 cm -3 (upper limit); nceH2 = 2.4 X 107 cm -3' and nc2H6 = ' 2 ' 

1.5 x 108 cm -3. At 200 km (model standard reference point), PH2 = 0.81 mbar; nCH' -- 1.2 X 10 TM cm-3; 
nc2H: = 5 X 10 s cm -3' and riCoH6 = 3 X 109 cm -3 (uniformly mixed model). All altitudes are measured 
from an equatorial radius of 25,550 kin. The atmosphere is assumed to be diffusively separated above 
z = 500 km' below that point it is assumed to be well mixed with a mean molecular mass of 2.3 amu. 

cos 2 /•, with /• the latitude, but here we will adjust the polar 
occultation altitude scales instead. The value of • is adjusted 
to interpolate correctly between the bottom and the top of 
each pressure interval. The altitude integral evaluated inside 
the brackets is broken up into separate intervals if the homo- 
pause falls into the range of integration. With the temperature 
determined as described in sections 2.2 and 2.4 at the top and 
bottom of the thermosphere (and a third point at 63 K and 10 
mbar [Hanel et al., 1986; Tyler et al., 1986]), specification of a 
few T(p) values at intermediate pressures suffices to determine 
the proper height scale between the high and low altitude 
measurements and also to match estimates of the H 2 column 
abundance. Values for models which have fit the data reason- 

ably well are given in Table 1. 
Altitudes quoted throughout this paper will be expressed as 

heights above a zero level at the planetocentric distance of 
25,550 km, by convention defined as 1 Rt•. For latitudes differ- 
ent from zero, the altitude is given as the equatorial height of 
the centrifugal-acceleration-adjusted equipotential passing 
through the point in question. The method of calculation of 
the equipotentials was given by Broadfoot et al. [1986], who 
used a reference radius of 26,200 km in their computations. 

2. SOLAR OCCULTATION 

2.1. Description of the Observation 

The entrance solar occultation observation was carried out 

from approximately 2011 to 2025 Spacecraft Event Time 
(SCET) on January 24, 1986 (about 2 hours after closest ap- 
proach), at a slant range of 1.7 x 105 km to the point of 
observation at planetocentric latitude --3.6 ø. Useful data were 
obtained through the occultation port at line of sight altitudes 
from about 150 to 6500 km above 1 R u. The speed of descent 
of the line of sight through the atmosphere varied from 8.2 to 
7.6 km s-•, yielding a nominal height resolution of about 2.5 
km with the 0.32-s sampling rate. However, the projection of 
the solar disk subtended about 82 km in altitude, so that the 

height resolution is somewhat degraded. 
A more serious difficulty faced by the analysis, however, is 

the near saturation of the detectors by the high solar EUV 
flux. Careful modeling of the instrumental response to high 
flux levels [Sandel and Broadfoot, 1986] was required in order 
to estimate the flux values from the observed counting rates, 
particularly for the H Ly • line. The procedure for deconvolu- 
tion of the observed spectra to remove the effects of instru- 
mental scattered light depends on the accuracy of the counts- 
to-flux modeling process. As a result, the derived spectra have 
reduced accuracy in the vicinity of the H Ly • line, which 

impacts severely the determination of CH,• and C2H 6 abun- 
dances from the solar occultation data. For example, the scat- 
tered light at 1350 ]t, where estimates of CH,• abundance have 
been made in the past [Smith et al., 1982, 1983], is 0.7% (per 
channel) of the integrated H Ly • flux. By comparison the 
ratio of 1350 ]t flux (per channel) to net H Ly • flux in the raw 
solar spectrum is approximately 1%. In the linear range of the 
instrument, the appropriate subtraction can be made accu- 
rately, but when the ratio of the instrumental gain at the 
strong H Ly 0• line to that at other wavelengths is not well 
determined, the correction process is less accurate. 

The conclusions presented in this paper are based on the 
best analysis of this correction that is presently available. 
However, some improvement may be possible and studies are 
under way to increase the accuracy of our analysis. If signifi- 
cant improvements result, they will be reported on at a later 
date. 

Because of the wide dynamic range of the UVS detector and 
the great variation of opacity with wavelength, the occultation 
observation probes a large range of atmospheric pressure. In 
the following sections we analyze these observations in terms 
of the major opacity sources. 

2.2. H 2 Continuum 

As was mentioned in section 1.3, the continuum absorption 
cross section of H 2 varies from 5 x 10-•8 cm-2 at 530 ]t to 
10- •? cm 2 at 700 It. Consequently, in principle, H 2 should 
become detectable by occultation at a column abundance of 
some fraction (depending on the signal-to-noise ratio) of 10 •? 
cm -2. In fact, H 2 absorption first becomes noticeable at an 
altitude of about 6500 km, where the inferred column density 
is about 6 x 10 •5 cm -2 and the deduced number density is 
about 6 x 106 cm -3. The H 2 continuum region of the spec- 
trum becomes nearly opaque at an altitude of about 4000 km, 
where the column and number densities are about 5 x 10 •? 

and 5 x 108, respectively. The most reliable determination ex- 
tends over the altitude range of 4500 (nil2 = 1.8 X 108) to 5500 
km (nil2 = 3 X 107), however. 

The fit to the data of the profile from which these numbers 
are taken is shown in Figure 3. The adopted profile has a 
temperature of 800 K at this altitude and was used to compute 
a model light curve whic•h is plotted with the observed light 
curve in two different wavelength ranges. Also shown are 
model light curves computed from H 2 profiles which agreed 
with the 800 K profile near 5000 km, but differed in assumed 
temperatures of 700 and 900 K. Note that the curves cross at 
altitudes below 5000 km because of differences in effective 
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Fig. 3. Exospheric temperatpre determination. Solar occultation 
light curves (jagged curves) measured over the ranges 569 < ;t < 708 
]k and 717 < 2 < 819 ]k, measuring opacity due to continuum absorp- 
tion by H 2. Superimposed model curves (smooth curves) were com- 
puted for exospheric temperatures of 700, 800, and 900 K, normalized 
to the same number density at an altitude of 5000 kin. 

path length caused by the differing scale heights. The notice- 
ably inferior fit of the 700 and 900 K profiles suggests that the 
reliability of the 800 K temperature estimate at this altitude is 
within + 100 K. The temperature and H 2 density values 
derived from this fit are shown in Figure 4. 

2.3. H 2 Lyman and Werner Bands 

The wavelength range 912 to 1100 ]k is useful for measuring 
extinction due to the Lyman and Werner bands of H 2. Ab- 
sorption in the H 2 band systems has been described by Festou 
et al. [-1981] and by Smith et al. [-1983]. Using these wave- 
lengths nil2 is measurable over the altitude range of about 
1000 (nil2=3 X 10 •2) to about 2500 km (n•2=2 x 10•ø). 
However, at the wavelengths nearer H Ly 0• at 1216 • the 
accuracy of the solar occultation measurements is com- 
promised by the combination of instrumental scattering of H 
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Fig. 4. Number density versus altitude profiles. Densities of H 2, 
H, and C2H 2 as well as the atmospheric temperature, all directly 
inferred from the occultations, are plotted against altitude. Right- 
hand scale shows H2 partial pressure (Pa2)' 

Ly • and the nonlinearity of the detector response. Conse- 
quently, only the shorter wavelength portions of the Lyman- 
Werner bands are plotted in Figure 5b. As in the previous 
section, the observed light curves are overplotted by model 
light curves produced from our preferred H 2 profile. Because 
of the instrumental scattering and nonlinearity, however, the 
fit is not as good as would otherwise be expected. While the 
appearance of Figure 5b suggests that the model temperature 
is too low for 1000 < z < 2500 kin, the constraint of n•: at 
higher and lower altitudes plus the hydrostatic equation limit 
the freedom of the fit. The approximate temperature and H 2 
density values derived from this fit are shown in Figure 4. 

2.4. H 2 Rayleigh Scattering 

Because of the low abundance of hydrocarbons and other 
continuum absorbers above the 1 mbar level, the upper atmo- 
sphere of Uranus is more transparent than those of gas giant 
planets visited so far. Consequently Rayleigh scattering, de- 
spite its small cross section, becomes a major source of opacity 
in the altitude range 200 (r/H2 "• 7 x 10 •6) to 400 km (r/H2 = 6 
x 10•4). This is a new feature in the UV occultations of the 

outer planets and allows us to determine the density and tem- 
perature of the major constituent, H2, in the stratosphere. 

The characteristic wavelength dependence of Rayleigh scat- 
tering can be seen in Figure 6, where an observed I/I o spec- 
trum (defined as a spectrum which has been divided by a 
spectrum of the light source, here the sun) is compared with 
the Rayleigh scattering cross section scaled by an appropri- 
ately picked H 2 column density. Although other sources of 
opacity are present (notably C2H2), the contribution of Ray- 
leigh scattering is clear. 

The match between observed and model light curves in the 
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C. 1588 < t -< 1634,,&, 
H 2 RAYLEIGH SCATTERING 
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Fig. 5. Solar occultation (thin curves) and superimposed model 
(thick curves) light curves. Data contains an offset at about 5000 km 
altitude, which is due to an insufficiently corrected pointing offset 
which moved the sun's image relative to the spectrograph slit. (a) 
884 < 2 < 912 ]k. Combination of H: bands and H continuum ab- 
sorption. (b) 939 < 2 < 1004 ]k. H 2 Lyman and Werner band absorp- 
tion. (c) 1588 < 2 < 1634 ]k. Rayleigh scattering opacity. Reduced 
values of I/I o above 1500 km in Figure 5c are caused by inaccuracies 
associated with scattered H Ly • light and is not significant. 
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Fig. 6. Least squares fit of model opacity to observed transmis- 

sion spectrum. Solar occultation is plotted as -log e I/I o as a function 
of 2 observed low in the upper atmosphere. A function of the form 
Zci• i for i = H 2 and C2H• was fit to --log e I/I o, and the partial 
opacities c• i are plotted separately. Match of the C2H 2 profile is 
apparent, as is the general Rayleigh scattering shape of the observed 
I/I o. 

wavelength interval 1588 _< 2 _< 1634 • is shown in Figure 5c. 
The absorption due to hydrocarbons is negligible in this inter- 
val, and thus we use it to analyze the altitude profile of H e . 
The best fitting scale height is about 50 km, which implies a 
temperature of about 120 K at this altitude, assuming a 15% 
He abundance I-Hanel et al., 1986] and effective g computed 
from the measured rotation rate [Warwick et al., 1986] and 
mass [Tyler et al., 1986]. Although the projection of the solar 
disk subtends 82 km at the distance of the atmosphere in this 
observation, altitude resolution significantly better than this is 
possible because our models of the occultation measurement 
incorporate the finite size of the sun. The sun is modeled as a 
featureless disk, which is generally a good approximation at 
the solar minimum epoch of the observations. 

The observed light curves have been modeled using the ap- 
proximation described in (1). The low-temperature part of the 
resulting T(p) profile is plotted in Figure 7 (left). Also shown in 
Figure 7 (left) is the T(p) profile found at lower altitudes by 

the Radio Science e:(periment [Lindal et al., 1986] plotted at 
the same scale and a measurement by French et al. [1983]. 
Sicardy et al. [1985] have also published indications of a tem- 
perature maximum at 8/•bar. T(p) models incorporating such 
a maximum that have been tested against the solar oc- 
cultation data have fit less well than the model shown in 

Figure 7 (left), but may be consistent with the y Peg data. 
Thus the Sicardy et al. profile cannot at present be confirmed 
or refuted. This matter is currently being studied further. T(p) 
profiles which fit the solar and •, Peg entrance occultations 
were slightly different so they are overplotted in Figure 7 
(right). The profile which fits the •, Peg measurements is shown 
in left column in Table 1 and labeled a in Figure 7 (right); the 
solar occultation fit is labeled c and the best compromise is 
labeled b. Profile b is therefore adopted as our standard. The 
question of whether these differences are the result of real 
latitude variations is still under investigation. 

The number density profile as determined for the solar oc- 
cultation using the temperature interpolation formalism as de- 
scribed above is plotted in Figure 4. This profile correctly 
spaces the UVS observation points from the Voyager Radio 
Science measurement of 10 mbar at an equatorial radius of 
25,670 km (Radio Science team, private communication 1986), 
within a few tens of kilometers. The apparent layer structure 
near 0.3 mbar in the Radio Science T(p)profile (Figure 7 (left)) 
falls near the upper boundary of the Radio Science observa- 
tions, where observational constraint is weak. Our profile's 1 
/•bar point also agrees well with the Elliot et al. [1981] point 
at 26,145 km radius. 

2.5. Atomic H 

Atomic hydrogen is a constituent of vital importance to the 
understanding of the upper atmosphere of Uranus. As will be 
discussed in greater detail in later sections, it is expected to 
significantly affect the orbital evolution of the rings and prob- 
ably influences the lower magnetosphere. 

However, the direct determination of na is complicated by 
the overlap between the continuum absorption of H and the 
Lyman-Werner band absorption of H e in the range 700 to 912 
/•. Fortunately, na2 may be determined as described above and 
then the additional absorption in the 700- to 912-/• region due 
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Fig. 7. T(p) profiles deduced for the Uranian atmosphere. (Left) Values deduced here (labeled UVS) for T(p) low in the 
atmosphere are compared with the results of Lindal et al. [1986] (RSS) plotted to the same scale. Cross labeled Earth Obs. 
indicates the half-light measurement of French et al. [1983] and the cross labelled PPI is from Lane et al. [1986]. Wiggles 
in the Lindal et al. plot are thought to be due to local aerosol condensation thermodynamics; the smooth part of the 
variation is the relevant comparison for the UVS determination. (Right) T(p) plotted over the whole upper atmosphere. 
Several alternatives are given that fit different data sets. Alphabetic labels correspond to the models summarized in 
Table 1. 
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Fig. 8. I/I o spectra showing C2H 2 absorptions. Light line shows 
the observed spectrum; the dark line the model which was matched to 
it. Observed spectrum is an average over altitudes between 295 and 
375 km. Values for 2 < 1000 • are spurious. 

to H estimated. In this way the H profile over the altitude 
range 2000 (n, = 2 x 108) to 4000 km (n H -- 1.4 x 107) was 
determined. The profile used to match the observed light 
curve assumed a temperature the same as that determined 
from the H 2 analysis. Figure 5a demonstrates that a temper- 
ature of 800 K is consistent with the H measurements as well 

as with the H 2 data, though not as sensitively tested. The H 
profile is shown over the 2000- to 4000-km range in Figure 4. 

2.6. Hydrocarbons 

The most clearly evident spectral signature of a hydro- 
carbon is that of C2H 2, near 1500 /•. At UVS resolution this 
feature, which actually consists of absorptions at 1477 and 
1518 ]t, is just barely resolved. Although C2H 2 has strong 
absorptions at other wavelengths, they are much harder to 
distinguish from those due to other constituents, so in fitting 
C2H 2 we shall concentrate on this one region. 

Figure 8 shows a comparison of an averaged I/I o spectrum 
(light curve), made from data taken near the end of the oc- 
cultation measurement, with a corresponding model spectrum 
(dark curve). There are a number of deviations between the 
two curves that probably result from the dataprocessing prob- 
lems discussed earlier, but it appears that the deepest absorp- 
tion feature in the data (coincident with the deepest feature in 
the model, at about 1500/•) may be real. We cautiously inter- 
pret the similarity between the 1500/• features as a detection 
of C2H 2. The C2H 2 mixing ratio of 10 -8 was estimated by 
adjusting the model C2H 2 abundance to maximize the simi- 
larity between the two curves (at this and other occultation 
altitudes). The other local minimum in the data, near 1450/•, 
does not occur at the same wavelength as the C2H 2 absorp- 
tion expected at 1477 ]• and so we regard it as spurious. 

Because C2H • is the result of a network of photochemical 
reactions the mathematical form of its altitude distribution is 

not self-evident. In the present section, we assume for sim- 
plicity that the atmosphere is well mixed in the hydrocarbon 
visibility region, so all scale heights are taken equal to that of 
H2, i.e., 50 kin. The intent is that the number densities we 
derive thereby describe in some average sense the hydro- 
carbon distributions over their region of greatest detectability. 
As an alternative, in section 4.3.2 we take a more accurate but 
model-dependent approach, in which photochemical model 
distributions are adjusted to fit the occultation light curves. 

The altitude range over which C2H 2 is visible is approxi- 
mately 200 (nc2H4 •-- several x 108) to 400 km (nc2H• --• several 
x 106). The best fit mixing ratio n½•H•/nH: in this altitude 

range is approximately 10 -8. The corresponding nc:H• profile 
is plotted in Figure 4. 

Presumably, the source for this C2H 2 is CH4, diffusing up 
to this altitude from a cold trap at lower levels in the atmo- 
sphere. The effects of CH4 absorption are difficult to discern in 
the occultation data because the abundance of CH• is low and 
its absorption spectrum is relatively featureless. Its continuum 
absorption drops rapidly longward of 1350 •, but the analysis 
of the "knee" that this induces in I/I o spectra such as Figure 8 
is hindered by the inaccuracies in removing scattered H Ly • 
described earlier. Comparison of model and observed I/I o 
spectra in the 1090 to 1170 • and 1250 to 1350 • regions and 
over the 300- to 500-km altitude range indicates an upper 
limit for the average ncHffnH• mixing ratio in the vicinity of 
10-7. The shorter wavelength range is best fit by this mixing 
ratio, but the longer wavelengths are best fit by considerably 
less CH,•. Consequently, we interpret our results as es- 
tablishing an upper limit of 10-7 for riCHfirtHs. As with C2H 2, 
the model profiles assume a CH• scale height that is the same 
as that of H 2, namely, 50 kin. 

The other hydrocarbon constituent for which there seems to 
be some evidence is C2H 6. The absorption cross section of 
C2H6, like that of CH• drops longward of 1350 •, but the 
falloff of the C2H 6 cross section is not nearly so rapid with 
increasing wavelength as that of CH4. Consequently, C2H 6 
can in principle be distinquished from CH,•. The most notice- 
able result of the presence of C2H 6 is a decrease in the slopes 
of the 1350 to 1450 • regions of model I/I o spectra, bringing 
them into closer agreement with the observed spectra. The 
greatest degree of similarity seems to be attained at a nc:H6/nH: 
about half the value of the ncHffnH2 upper limit, i.e., some- 
where near several x 10 -8. The variation produced in model 
I/I o spectra by including nc:H6 -- 2 x 10 -8 nil: is illustrated in 
Figure 9. This is only a rough approximation, however, be- 
cause the CH½ and C•H 6 absorption profiles resemble each 
other, and thus the relative amounts of absorption caused by 
the two species cannot be uniquely well determined. Because 
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Fig. 9. Comparison of model spectra showing influence of C2H 6 
on the shape of I/I o. Both curves are synthetic spectra including 
C2H e absorption and H e Rayleigh scattering and corresponding ap- 
proximately to the model shown in Figure 8. Dark curve shows a 
model which also includes Cell 6 with a mixing ratio of 2 x 10 -a 
relative to H 2. 
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the CH½ and Call 6 profiles are so uncertain, we have omitted 
them from Figure 4. 

3. STELLAR OCCULTATIONS 

The entrance occultation of •, Pegasi lasted from approxi- 
mately 1721 to 1728 SCET on January 24, 1986, at planet- 
ocentric latitude -- 63.7 ø, with the exit occurring from 1815 to 
1822 at latitude + 69.7 ø. The vertical speed of the line of sight 
was 17.8 km/s for both entrance and exit, giving a nominal 
height resolution of 5.7 km, although photon counting statis- 
tics did not allow taking full advantage of this resolution. The 
slant ranges to the planetary limb were approximately 105 km 
and for these occultations the airglow port was used. 

The • Peg occultation data have one significant advantage 
over the solar occultation data: linearity. Because the y Peg 
flux level was within the linear response range of the UVS, it 
was possible to remove accurately the effects of light scattering 
in the instrument. However, the lower light level coupled with 
the higher line-of-sight velocity yielded a significantly lower 
signal-to-noise ratio due to counting statistics. Moreover, the 
opacity of interstellar and interplanetary neutral H resulted in 
the absence of signal for 2. _< 912 •, while the low detector 
sensitivity longward of 1200 • yielded low counting rates in 
that region. Finally, for the y Pegasi exit, magnetospheric 
charged particle bombardment raised the dark count rate. 

3.1. Ha Bands 

Although the 2. _< 912 /• cut-off of the • Peg data precludes 
measurement of either H or H a continuum absorption, the 
Lyman and Werner bands of H a allow determination of the 
altitude profile of H 2 at the latitudes of --63.7 ø and 69.7 ø 
where the entrance and exit occultations of • Peg occurred. 
Light curves for this wavelength region are shown in Figure 
10. The model light curves were generated with number den- 
sity profiles derived from the y Peg model of Table 1, except 
for approximate correction to the equivalent gravitational 
equipotentials appropriate at the latitudes of observation as 
described previously. 

3.2. Long Wavelengths: H a Rayleigh Scattering and 
Hydrocarbons 

Figure 10c shows a comparison of observed and modeled 
light curves of the •, Peg entrance occultation in the long 
wavelength region. Because of the low counting rate, the con- 
straints on the hydrocarbon profile are weak. Nevertheless, it 
appears that the •, Peg observations are consistent with the 
hydrocarbon profiles derived from the solar occultation. 

There is also consistency in the wavelength region where H a 
Rayleigh scattering should be visible, though the data are very 
noisy there. It appears that the same profile zero level used for 
the near-equatorial solar occultation (upon correction for geo- 
potential shape) is appropriate or nearly so for the two higher 
latitude measurements as well, with a possible vertical offset of 
at most about 30-50 km, as is discussed in the following sec- 
tion. 

3.3. Day-Night Symmetry 

Both y Peg occultations occurred at high latitudes, but on 
nearly opposite sides of the planet. Therefore they probe re- 
gions of the atmosphere that have been either in sunlight (y 
Peg entrance) or darkness (exit) for decades. Surprisingly, 
there is little difference between the two observations. Figure 
11a shows light curves observed during the entrance oc- 
cultation, and Figure 11b shows the same information ob- 
tained at exit. The top panel of each figure shows the I/I o light 
curve for 958 _< 2. _< 1004 • (H a bands) and the bottom panels 

show the light curves for 1254 _< 2. _< 1356 • (H a Rayleigh 
scattering and hydrocarbon absorption). The data quality in 
the wavelength region of relatively pure Rayleigh scattering 
(1588 _< 2. _< 1650 •) was marginal because of low light inten- 
sity, which resulted in poor counting statistics, and so is not 
shown. 

In each wavelength interval both observed light curves are 
matched by the same model light curves. This was done pri- 
marily to allow comparison of the observed light curves with 
each other; for obvious reasons overplotting the two observed 
light profiles onto one another would not be informative. 
Nevertheless, it is worth noting that the H a band light curve 
fits the model better for the entrance occultation' this is not 

surprising since the model was adjusted to fit this case. The 
model adjusted to fit the solar occultation fits the •, Peg exit 
occultation about as well as the model shown fits the •, Peg 
entrance occultation. 

After positioning each model curve horizontally for the best 
fit at the Rayleigh scattering wavelengths, the absolute alti- 
tude coresponding to a standard reference point of the model 
(corresponding to approximately 0.9 mbar) was found. The 
absolute radii for the model reference points were 25,750 + 10 
km (solar), 25,290 + 20 (• Peg entrance), and 25,240 + 40 (•, 
Peg exit). In order to compare these values, a very approxi- 
mate model (+ 40 km) for the equipotentials as modified by 
centrifugal and Coriolis acceleration [Broadfoot et al., 1986] 
was used. At each point, the equatorial altitude of the equipo- 
tential passing through the observed absolute altitude at the 
appropriate latitude was determined. The calculation of equi- 
potentials (which include centrifugal acceleration) used a rota- 
tion period of 17.3 hours and the gravitational constants given 
by Broadfoot et al. [1986]. This equatorial altitude is referred 
to here as the "equivalent equatorial altitude" of the observed 
ray height. The equivalent equatorial radii of the model refer- 
ence points as matched to the occultation light curves are 
25,675 km for the • Peg exit observation and 25,725 km for 
the •, Peg entrance occultation. These numbers can be com- 
pared to the level of the solar occultation at 25,750 km. These 
estimates may be regarded as showing that isobars nearly 
coincide (within the errors of observation) with equipotentials. 
However, they are only marginally consistent, a fact which 
will be investigated in future work for the possibility of con- 
straining the gravitational moments and/or atmospheric mass 
motion. Also the gravitational constants assumed [Broadfoot 
et al., 1986] need further refinement. 

In any case, the high degree of symmetry of the ambient H a 
atmosphere among the light and dark side and terminator 
occultations implies that scale heights (adjusted for the lati- 
tude dependence of gravity) and hence temperature profiles 
are similar over the range of altitudes from 200 to 3000 km. 
This result is surprising given the preponderance of heating 
mechanisms that are confined to the illuminated side of the 

planet. The observed similarity between light and dark sides 
indicates that horizontal energy transport dominates over 
radiative losses, or that heat sources other than direct solar 
radiation are important. Since the electroglow is absent on the 
dark side, it cannot provide the dominant heat source there, 
unless there is efficient horizontal heat transport. Both •, 
Pegasi occultations occurred well away from the auroral 
zones. Therefore direct auroral heating of the atmosphere 
cannot be responsible for the observed symmetry. The simi- 
larity between the thermal structures in the two hemispheres 
was also noted by French et al [1983], who suggested that it 
implied efficient global circulation. Models of global heat flow 
in the thermosphere are needed to address this question. In 
section 4.1 we discuss thermospheric heating in more detail. 
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Fig. 10. 7 Peg occultation and superimposed model light curves. (a) 1069 _< 2 _< 1115/•. H e Lyman and Werner band 
absorption. (b) 1013 _< 9• <_ 1060 •. H e Lyman and Werner band absorption. (c) 1254 _< 9• <_ 1356 •. Rayleigh scattering 
and hydrocarbon absorption opacity. Altitude scale has been converted to equivalent equatorial values. 

4. DISCUSSION 

4.1. Exospheric Temperature 

As at Uranus, the exospheric temperatures at Jupiter and 
Saturn are also high [Festou et al., 1981; Festou and Atreya, 
1982; Smith et al., 1983]. The high temperatures require some 
explanation since the energy deposited in the upper atmo- 
sphere by solar EUV radiation is several orders of magnitude 
too small to produce the necessary heating [Strobel and Smith, 
1973]. We can estimate the energy flux Q required to produce 
the observed temperatures from the equation 

T•(S+ 1) = To(S+ 1) + (S + 1)QAz/A (2) 

where Too is the exospheric temperature, T O is the temperature 
at z o, the base of the thermosphere, and A and s are parame- 
ters related to the thermal conductivity of H e and have values 
of A - 252 erg cm- x s- x K -(s+ x) and s -- 0.751 [Hanley et al., 
1970]. Equation (1) is derived under the assumption that the 
energy flux is deposited in a thin layer a distance Az above z 0 
and conducted downward to z o where it is radiated away 
[Hunten and Dessler, 1977]. Using values of 800 and 100 K for 
Too and T O for Uranus and estimating Az _• 2000 km from the 
occultation results we infer a column heating rate of 0.08 ergs 
cm -2 s-1 [Yelle et al., this issue], compared to 0.004 ergs 
cm-2 s- x for direct heating by ionizing EUV [Broadfoot et al., 
1986]. 

A common assumption is that the heating of the upper 
atmospheres of the outer planets is related to the electroglow 
phenomenon [Smith et al., 1983' Shemansky and Smith, 1986' 
Broadfoot et al., 1986]. In this scenario, dissociation of H: by 
low-energy electrons associated with the electroglow produces 
both upward and downward fluxes of heat and atomic hy- 
drogen. The upward flux has been postulated to be the source 
of the nonthermal corona (see section 4.5) while the downward 
flux would presumably account for the presence of the H dis- 
tribution observed by the occultation experiment [Broadfooc 
et al., 1986]. 

Figure 12 shows several models of the thermospheric 

atomic' hydrogen density profile. These profiles are solutions 
of the one-dimensional continuity and momentum equations. 
The free parameters in the calculations are the downward flux 
of atomic hydrogen at the upper boundary and the eddy diffu- 
sion coefficient [c.f. Wallace and Hunten, 1973]. In fact, the H 
profile is very insensitive to the eddy coefficient for the low 
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Fig. 11. (a) 7 Peg entrance and (b) exit occultation light curves, 
model and observed. Two wavelength ranges (top panels: 
958 _< 2 _< 1004, H 2 bands; bottom panels: 1254 _< 9• _< 1356 •, H e 
Rayleigh scattering and hydrocarbon absorption) are shown for each 
case. Exit occultation has been time-reversed to plot on the same 
altitude scale. Altitudes shown are referred to equatorial latitude as 
discussed in the text. 
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Fig. 12. Theoretical H profiles in an H 2 atmosphere computed 
assuming various downward H fluxes, •b H. The •bH = --3 x 10 7 ½m -2 
s- • case fits the observations best. 

levels of eddy mixing present on Uranus. A constant eddy 
coefficient of 103 cm 2 s -t is used in the calculations but a 

value 10 times larger would only lower the peak H density by 
,-•20%. The bulk of atomic hydrogen is lost through three- 
body recombination. Hydrocarbon photochemistry is respon- 
sible for the secondary peak at low altitudes. The model with 
•a = --3 x 10 7 cm 2 s -1 most closely fits the observations. 
Previously, Broadfoot et al. [1986] estimated the atomic hy- 
drogen production rate from analysis of the electroflow spec- 
trum. The H flux derived by Broadfoot et al. is more than an 
order of magnitude larger than the value inferred from this 
analysis. For this and other reasons, the idea that electroglow 
on Uranus originates in low energy electron impact has been 
challenged by Yelle et al. [this issue]. The Broadfoot et al. 
estimate could in principle be reconciled with this •H estimate 
by assuing latitudinal variations in the H production rate, but 
the issue has not been resolved. 

Auroral heating may also contribute significantly to the glo- 
bally averaged energy deposition rate. Intense aurora have 
been observed on both the sunlit and dark sides of Uranus 

[Sandel, 1986]. J. H. Waite et al. (Suprathermal electron pro- 
cesses in the upper atmosphere of Uranus' Aurora and elec- 
troglow, submitted to Journal of Geophysical Research, 1987) 
have modeled the auroral energy deposition process with a 
two-stream electron transport code, constrained to match the 
observed EUV intensities. They find that the fraction of auro- 
ral energy deposited as heat is insensitive to the energy of the 
primary electrons and is approximately 6 to 12 x 10 tø W. 
(The uncertainty is due to lack of knowledge of the atomic H 
densities in the auroral regions.) If the energy is uniformly 
distributed over the planet the calculations imply a column 
heating rate of 0.01-0.02 ergs cm -2 s-t. In other words, the 
Uranian aurorae are energetically important and may contrib- 
ute substantially to the upper atmospheric heat budget. 

Other processes are capable of heating the upper atmo- 
sphere of Uranus. For example, Joule heating may be particu- 
larly important on Uranus because of the planet's peculiar 
rotational properties. The amount of Joule heating depends 
on the relative velocities between ions and neutrals and on the 
ionospheric densities. On Uranus the ions are constrained to 
move along magnetic field lines while the neutral gas is subject 

to the winds in the upper atmosphere. At the cloud tops the 
relative velocity between the neutral atmosphere and magnetic 
field reaches 200 m s- 1 [Smith et al., 1986]. In the thermo- 
sphere it is possible that the wind velocities are much larger. 
Using a relative velocity of 200 m s- • and the model iono- 
sphere of Chandler and Waite [1986] we estimate a Joule 
heating rate of 2.5 ergs cm -• s-•. However, both the ion- 
neutral relative velocity and the ionospheric densities are very 
uncertain and this calculation could easily be in error by sev- 
eral orders of magnitude. Nevertheless, the calculation does 
indicate that Joule heating is potentially an important source 
of energy for the upper atmosphere. 

4.2. Extended Hydrogen Exosphere and Gas Drag on 
Orbiting Particles 

The extended exosphere at Uranus, with its important im- 
plications for the evolution of the ring system and as a source 
of magnetospheric plasma, was one of the major discoveries of 
the Uranus encounter. This extended exosphere is due to the 
combination of the high exospheric temperature and the rela- 
tively small size of the planet. Augmenting the extended exo- 
sphere is a nonthermal H corona inferred from H Ly cz emis- 
sions detected by the UVS [Broadfoot et al., 1986]. A sim- 
plified analysis suggests that this population may contribute 
even more H density at 2 Rt• than does the thermal compo- 
nent, but further analysis is necessary. In order to be conserva- 
tive therefore the nonthermal contribution is omitted from the 
following discussion. 

The temperature of the exosphere derived from an analysis 
of the solar oceultation in section 2.5 is 800 + 100 K. The H 
scale height and density at 5000 km are • 1000 km and 3 
x 10 6 cm -3. Exospheric profiles calculated under the as- 

sumptions of various constant temperatures and hydrostatic 
equilibrium for the exosphere are shown in Figure 13. The 
best fit temperature and those representing the uncertainty of 
the fit (compare Figure 3) are used to extrapolate the density 
measured at 5000 km altitude to 2 R u. The profiles are calcu- 
lated assuming the hydrostatic law, which holds even in the 
exosphere at altitudes low enough that the orbiting states in 
the particle phase space comprise a negligible fraction of the 
total. Charge exchange between the neutral exosphere and 
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ions in the topside ionosphere or magnetospheric plasma may 
also influence the density distribution in the outer exosphere, 
but is not included. 

An important effect of this part of the exosphere noted by 
Broadfoot et al. [1986] is the drag torque it exerts on the 
Uranian ring particles. The drag force on an individual parti- 
cle is given bY caAprn.n.vre• 2, where the dimensionless drag 
coefficient ca may be taken as unity, the particle cross section- 
al area Ap may be taken as na 2, with a the particle mean 
radius, and rn. and n• the H atomic mass and number density, 
respectively. The relative velocity v• between the atmosphere 
and the orbiting particle varies between 0.83 and 0.52 v o for 1 
R• • r • 2 R•. The local orbital speed is v o and an average 
value of about 0.65 will be assumed for v•/v o. Thus the drag 
force may be approximated by 5 x 10-•eaen•/r, with a and n n 
in centimeter-gram-second units and r in R•. 

Here we assume an atmospheric H density n• = c• exp 
(celt), which is appropriate for an isothermal exosphere with 
variable gravity but an averaged contribution from centrifugal 
acceleration. Values ofc• and c• of 4 x 10 -s cm -3 and 31 R v, 
respectively, were derived for the exospheric temperature of 

The rate of orbital decay of a ring particle in a circular orbit 
of radius r, due only to gas drag torque, was calculated by 
Broadfoot et al. [ 1986] and is given (in R•/year) by 

dt - c 3 • exp (3) a 

where r is measured in R u and the particle radius a is in 
centimeters. Although the dimensionless drag coefficient c D 
was assumed to be equal to unity, alternative values can be 
folded into c 3, which otherwise is given by 3 x 10 -• c• for a 
particle density of 1.5 g cm-3. Equation (3) may be integrated 
anhlytically in terms of the incomplete gamma function, yield- 
ing the time required for orbital evolution between any two 
radii r o and r• 

a(ca)•/2( (1C•o•) t•--t o- -- E - -E -- (4) 

For large valttes of x, U(-- 1/2, x) • x-3/:e-X(1 -- 3/(2x) + 15/ 
(2xi 2 .... ) [Abramowitz and Ste•Iun, 1970]. Figure 13 also 
shows the orbital decay lifetime as a function of planetocentric 
distance for 1-cm ring particles as computed using (4). The 
value assumed for the minimum orbit radius is 1 R v, but the 
result •s insensitive to the exact value chosen, for reasons that 
are obvious physically. 

The evolution of ring particle orbits is controlled by a 
number of subtle phenomena besides exospheric drag, as is 
obvious from the confinement of the bulk of the ring material 
within a number of very narrow rings. Nevertheless, Figure 13 
makes clear that exospheric drag influences the evolution of 
the ring system. Its influence is strongest for the smallest parti- 
cles, so exospheric drag offers a convenient explanation for the 
general lack of small (a < 1 cm) particles within the narrow 
rings that were known before Voyager encounter [see Tyler et 
al., 1986' Lane et al., 1986' Holber•] et al., 1987]. Several impli- 
cations of the drag torque on the rings are discussed in Broad- 
foot et al. [1986]. One major effect is the relatively short com- 
puted orbital lifetimes for some of the rings. For the •, ,B, and e 
rings, where estimates of optical depths and surface mass den- 
sity were available, Broadfoot et al. estimated orbital lifetimes 
of 4 x 10 •, 8 x 10 •, and 6 x 10 s years respectively, based on 
their collective drag torques. That is, the rings were assumed 
to evolve as unitary collective entities, which is equivalent to 
assuming a single particle size. For the 800 K exosphere in- 

ferred here, these estimates should b e decreased slightly. How- 
ever, these estimates apply only to, isolated rings and do not 
include the angular momentum contributed by possible shep- 
herding satellites, which are believed to confine the rings, • 

As an example of the influence of shepherds it is usefui to 
Consider the e rings. It is now known that the e ring is con- 
fined by orbital resonances involving 1986U7 and 1986U8 
[Porco and Goldreich, 1987; French bt al., 1983], These two 
satellites and the e ring thus form a system which evolves 
quasistatically with approximately 25 times the orbital angu- 
lar momentum of the e ring itself. The drag lifetime of the e 
ring can thus be increased proportionately, to a value in 
excess of the age of the solar system. Goldreich and Porco 
[1987] have further compared the exospheric drag torque on 
the e ring with the satellite torques and generally find that the 
drag torque does not exceed the confining satellite torques. 
This is not the case however for the • and /• rings Where 
Goldreich and Porco find the drag iorque exceeds the shep- 
herding torque due to hypothesized satellites by nearly two 
orders of magnetude. Thus the inferred drag torque leads to 
difficulties in understanding both the orbital lifetime and the 
confinement of these two inner rings. 

However, the stabilizing effect of shepherds on the Uranian 
rings is clear; unprotected small ring particles should rapidly 
disappear. Thus the sparse population of the Uranian ring 
system may be the result of a natural selection for particles in 
orbits that happen to be protected against angular momentum 
loss. In this view, the remarkable appearance of the Uranian 
rings may be attributable to thermospheric drag. Although. 
this idea is rather speculative, one possible test is the Neptu- 
nian ring system, which apparently also consists of a few iso- 
lated components [Hubbard et al., 1986]. Discovery that 
Neptune possesses a Uranus-like extensive thermosphere 
would be consistent with the hypothesis of drag-induced spar- 
sity. 

Another likely consequence of exospheric drag is a steady 
flux of inwardly drifting small particles derived from the 
narrow optically thick rings and possible small satellites be- 
tween the rings. Broadfoot et al. [1986] noted that the com- 
plex of broad tenous interring material seen in the high phase 
angle image of the rings [Smith et al., 1986] might represent a 
steady state flux of such fine particles. It is known from oc- 
cultation data [Holberg et al., 1987] that the visible portions 
of the new ring, 1986U1R, are composed of very small (--• 1 
mm) particles. In the presence of exospheric drag the lifetime 
of such a ring is very short (<< 1000 years). The fine material in 
this ring is presumably,. derived from an unseen (<10 km) 
body or bodies in the orbit of 1986U1R. 

Considering the effects of gas drag on individual particles 
within a ring suggests that there might be a minimum size for 
the ring Particles which can be protected from orbital decay 
due to atmospheric drag, if the particle size-dependent gas 
drag torque can drive relative radial diffusion of differentrsized 
ring particles. If the torque per unit ring particle mass is given 
by dl/dt = (GMsr/VoX2) 2 [Goldreich and Tremaine, 1979] for 
shepherd (mass M s and radius Rs) and ring particle orbit 
separation x down to some minimum value •R s, declining 
thereafter (due, for example, to breakdown 0f the shepherding 
model), then the minimum mass ring particles will be those 
whose Orbits decay to and just stop at this critical separation. 
Taking the sum of the drag and shepherding torques to be 
zero yields, after some algebra and simplifying assumptions 
(such as similar densities for shepherd and Uranus), that the 
minimum particle size in cm is very roughly 10- • • 
(Ro/Rs)2•z•/r 3 n u (here again, r is measured in Rv). Taking as 
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an example cz = r = 2, this gives a minimum particle radius on 
the order of 1 /• for a 2 km shepherd and 10/• for a 0.5 km 
shepherd. The result of such a calculation is too dependent on 
the unknown value of cz to be closer than an order-of- 
magnitude estimate, however. 

In a similar way gas drag might drive orbiting particles 
down against the shepherding torque from an inner, larger 
(and hence less influenced by gas drag) satellite. This combi- 
nation of localized barrier and inward diffusion could form a 

narrow ring without involving an outer shepherd. However, a 
narrow ring formed in this way would not have sharp inner or 
outer boundaries as do the classical rings. 

4.3. Hydrocarbons' Chemistry and Transport 

4.3.1. Photochemistry. The photochemistry of methane 
on the major planets has been developed since the early 1970s 
by several authors [e.g., Strobel, 1973' Atreya et al., 1981' 
Gladstone, 1982' Yung et al., 1984; Atreya, 1984, 1986; and 
Romani, 1986]. For the latest information on the relevant rate 

cons•tants and the cross sections, the reader is referred to Yung 
et al. [1984] and Atreya [1986, pp. 98-105]. Here, we present 
only a brief outline of the CH,• photochemistry. The absorp- 
tion of solar photons of wavelength ;• < 1450 ]k by CH,• re- 
sults in the production of •CH 2, 3CH2, and CH. (For all 
practical purposes, hdwever, the CH,• photolysis takes place at 
the wavelength of 1•216 • because of the large flux of solar H 
Ly cz photons). The •CH 2 radicals react with H 2 to form 
methyl radicals (CH3) which, in turn, react with 3CH 2 to yield 

, 

ethylene, •C2H, •. CH radicals also form C2H, • on reaction with 
CH,•. Photolysis of C2H, • proceeds primarily at wavelengths 
_> 1400 /•, resulting in the formation of acetylene, Cell 2. 
Chemical reactions of C2H, • in the presence of H and H e 
recycle some of the CH, •. C2H 2 and C2H, • are also produced 
following the photolysis of ethane, C2H6, at wavelengths < 
.1600 J•. C2H 6 itself is produced on the self-reaction of the 
methyl rad, icals. C2H2, C2H,•, and C2H 6 are stable hydro- 
carbon products of .the CH,• photochemistry. Photolysis of 
C2H 2 is' likely, and subsequent chemistry can result in the 
formation of diacetylene, C,•H 2, and perhaps even higher 
order polyacetylenes. 

The low temperatures and weak vertical mixing on Uranus 
lead to some interesting differences between photochemistry 
on that planet and photochemistry 0. n Jupiter and Saturn. 
Because of the relatively low ter0peratures encountered in the 

lower stratosphere, C2H 2 and, C2H•6 are expected to condense 
and form hazes at pressures of 5-i0 mbars [Romani, 1986]. In 
addition C,•H e would .condens. e at •0.1 mbar, if it were suf- 
ficiently abundant. Pollack et a.l. [this issue] discuss such high- 
altitude hazes furth'er. Since the UV opacity due to the con- 
densed phase hydrocarbons on U.rapus is n•gligible, the trans- 
mission characteristics recorded in the occultation experiment 

. 

are attributed to the artrr10spheric constituents in the gas 
phase. Among the hydrocarbons 9nl.y CH,•', C2H 2, and Cell 6 
are expected to have large enough gas phase abundances on 
Uranus to influence th,t• trat•$•.ission characteristics. 

In order to explore the conseqlae•nces of the atmospheric 
distributions determined by thg U¾S, a b•asic one-dimensional 
phot0chemical mo•'det i'O•0rp6rating the chemistry described 
previously was solve d numerically to yield height distributions 
of all the hydrocarbon prod.ucts [Romani, 1986]. The resulting 
distributions depend on the atmospheric thermal profile and a 
model of the variation gf the eddy diffusion coefficient with 
density (see section 4.3.2). The tropepause temperature is as- 
sumed to be 52 K at a level of 100 mbar on the basis of 

Voyager IRIS measurements [Hand et al., 1986]. The trope- 

pause (or cold-trap) temperature is assumed to fix the mixing 
ratio of CH,• to its saturation value (i.e., 8.5 x 10 -5 or 10 • 
cm -3 [Atreya, 1986]) at that level. However, even the low 
vapor phase CH,• abundance at the extremely low cold trap 
temperature at Uranus is large enough to produce an H Ly cz 
vertical optical depth of nc• • ac• (1216 ]k)H > 10 '• in the 
absence of photolysis. This implies that most of the CH,• pho- 
tolysis occurs far above the tropepause (i.e., where unit optical 
depth is reached). 

As is discussed by Yelle et al. [1987], proximity between the 
condensation and photochemical regions could affect the hy- 
drocarbon distributions. The importance of Rayleigh scatter- 
ing in the occultation data and the detection of Raman scat- 
tered Ly cz emissions [Broadfoot et al., 1986' Yelle et al., 1987] 
imply that multiple scattering of solar UV may alter the 
photodissociation rates. Both of these effects are negligible in 
the methane photochemistry on Jupiter and Saturn and are 
unimportant on Uranus if the eddy diffusion model assumed 
here (K n = 10 '• cm 2 s-•, K oc %-•/2. see section 4.3.2) is cor- 
rect. If eddy diffusion is much slower than in this model, how- 
ever, then these effects must be considered. 

4.3.2. Constraints on eddy diffusion. The distribution of 
photochemically active species i n an atmosphere depends criti- 
cally on the strength of vertical mixing which is generally 
expressed in terms of a phenomenological height-dependent 
eddy diffusion coefficient, K(z) [-c.f. Colegrove et al., 1965' 
Hunten, 1975]. The competition between eddy and molecular 
diffusion determines the altitude range where diffusive separa- 
tion becomes important, i.e., the location of the homopause. 
Fo•' stability of a species Which is photochemically or chemi- 
cally destroyed at high altitudes there must be replenishment 
by flow from lower altitudes. The efficiency of this transport at 
each level is expressed in terms of the value of the eddy diffu- 
sion coefficient there. 

Since K(z) is a phenomenologically determined function, it 
is customarily specified by giving its value K n at the homo- 
pause and assuming a particular functional form. Since the 
homopause is, by definition, the altitude where the eddy and 
(calculable) molecular diffusion coefficients are equal, the 
homopause location is fixed thereby. The functional form of 
K(z) is generally assumed to be the ambient gas density raised 
to a constant power. 

Generally, both photochemistry and transport are impor- 
tant in determining the altitude profile of methane on the 
outer planets, and numerical models are required to calculate 
the methane distribution. The value of K n is treated as a free 
parameter in these calculations and is determined by compari- 
son of the models to the observed methane distribution. This 

method has been applied successfully to the UVS occultation 
data from Jupiter [Atreya et al., 1981], Saturn [Atreya, 1982; 
Smith et al., 1983], and Titan [Smith et al., 1982]. At Uranus, 
on the other hand, the density distribution of CH½ cannot be 
determined directly from the UVS occultation experiments be- 
cause its absorption signature is partially masked by Rayleigh 
scattering of H:. However, C:H:, which is a photochemical 
product of CH½, is observed. Through comparison of the 
photochemical models with the observed C:H: density we can 
constrain the eddy diffusion coefficient but the analysis turns 
out to be much more model dependent than was the case for 
Jupter, Saturn, or Titan. Other methods for determining the 
eddy diffusion coefficient on major planets, such as the depen- 
dence on K n of the planetary H Ly • and He 584 • intensities 
[Sandel et al., 1982], are not appropriate for Uranus because 
of the effects of electroglow and the low He 584 • intensity 
[Broadfoot et al., 1986]. 
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The-choice of eddy diffusion model has a dramatic effect on 
the photochemical profiles of the hydrocarbons on Uranus, as 
is evident in Figure 14, which shows the variation of CH 4 
(top), C2H 2 (middle), and C2H 6 (bottom) mixing ratios with 
differing values of K h. The importance of photodissociation of 
CH 4 is evident from the differences between the homopause 
levels (shown on right ordinate in Figure 14) and the altitudes 
where H Ly • photolysis diminishes the CH 4 mixing ratio 
relative to its tropopause value. This difference in altitude is 
more than 100 km for the K n = 104 cm 2 S-x case. The reason 
for this behavior is that photodissociation is faster {han 
upward diffusion' the (globally averaged) lifetime against 
photodissociation at the H Ly • unit optical depth level is 
around 2 x 108 s, while the characteristic time H2K for eddy 
diffusion is about 2.5 x 109 s for an eddy diffusion coefficient 
value K of 104 cm 2 s- • and a scale height H of 50 km. 

The long wavelength solar occultation light curves were 
simulated using the model hydrocarbon distributions (CH 4, 
C2H6, and C2H2)corresponding to K n = 107, 105 and 104 
cm 2 s- 1 and K oc n a- 1/2 below the homopause, na being the 
ambient atmospheric number density. The K oc na -•/2 vari- 
ation is often assumed but is not necessarily optimal. This 
dependence of the eddy diffusion coefficient on the atmospher- 
ic density has been approximately verified in regions of the 
Earth's atmosphere [Hunten, 1975] and led to consistent 
model• for Jupiter [Atreya et al., 1981] and Saturn [Atreya, 
1982]. However, con•gtant K models have also been used suc- 
cessfully •at Satarn [Smith et al., 1983] and an exponent of 
•:2/3 led to good results in models of Titan [Smith et al., 
191•2] • •;irice the eddy diffusion concept is a phenomenological 
model whose extrapolation properties are poorly understood, 
ditTeti•nces among these values of the exponent are probably 
not significant. Our observations essentially constrain a com- 
plicated average of the values of K over the region below the 
homopause, and so there are probably a number of combi- 
nations of K n and the exponent of n• that will fit the observa- 
tionõ. Further study combining the occultation measurements 
with the solar reflection data may allow refinement of our K(z) 
profile estimate. 

The model and observed light curves are compared in 
Figure 15. The dotted curves show the opacity due to H 2 
Ray|i•igh scattering alone, with the model H 2 profile adjusted 
to match the observed light curve in Figure 15c. Figure 15c 
shows a comparison of model and observed light curves in the 
1586 < 2 < 1623 A region, which is dominated by Rayleigh 
scattering in H 2. The match in this region indicates that H 2 
Rayleigh scattering is being well accounted for in the models, 
so that Figures 15a and 15b can be directly interpreted in 
termõ of hydrocarbon abundances. However, in Figures 15a 
and 15b the measured opacity at each altitude is greater than 
expected from Rayleigh scattering alone. Here we interpret 
this additional opacity in terms of hydrocarbon abundances. 
Figure 15a shows the wavelength interval 1260 < 2 < 1352/k, 
where CH,•, C2H 6 and C2H 2 all absorb strongly. Because of 
the difficulty in separating the relative contributions of these 
species as well as the scattered light problem discussed in 
section 2.1, this wavelength region essentially establishes an 
upper limit for the vertical distribution of these hydrocarbons 
and hence represents an upper bound on the eddy mixing. 
Figure 15b shows the light curve for 1475 < 2 < 1575 ,/t, a 
wavelength interval typically dominated by a very strong pair 
of C2H 2 absorption features. In section 2.6 the presence of 
C2H 2 was tentatively inferred from the shape of the I/I o spec- 
trum in this wavelength region at an altitude roughly corre- 
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Fig. 14. Photochemical models of hyctrocarbo,n distribution pa- 
rameterized by K n, the homopause value for the eddy diffusion coef- 
ficient. (Top) CH 4 profiles. (Middle) C2I--• 2 i•rofiles. and (Bottom) 
C2H 6 profiles. Model altitude scale has been adjusted' to fit the ob- 
served n.2 distribution. Homopause altitudes z n are plotted at right 
for K n = l0 n cm 2 s-1. 

sponding to the half-light point in Figure 15b. Further, the 
C2H 2 mixing ratio deduced from this•spectram is consistent 
with that of the photochemical model used to compute the 
model I/I o light curve in Figure 15b. Consequently, we Inter- 
pret the light curves in Figure 15b as constraining the C2H 2 
mixing ratio. The closeness in fit between the K n - 104 cm 2 
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Fig. 15. Model light curves computed for the models shown in 
Figure 14, superimposed on the observed light curves. Best fit is for 
K n = 10 '• cm 2 s -x. Dotted curves show the effects of pure Rayleigh 
scattering in H 2 , with no hydrocarbon absorption. In Figure 15c the 
pure H 2 curve falls on top of the other curves. 

s-• model and observed light curves in Figures 15a and 15b 
implies that low levels of eddy mixing are preferred. 

There is some prior observational support for low values of 
K h. The C:H: absorption signature longward of 1600 .& in 
IUE observations of the reflection spectrum of Uranus was 
interpreted to yield Kh--- l0 s or 106 [Encrenaz et al., 1986]. 
The IUE data are consistent with K•--- 10 '• cm: s -• if the 
effects of Rayleigh scattering due to H e on CH,• photochemis- 
try are taken into account. This source of opacity was neglect- 
ed by Encrenez et al. [1986] so that a larger abundance of 
Call e (hence larger K•) was needed to explain the observed 
absorption. 

In addition, in order to explain the intensity fluctuatiolns in 
their ground-based visible-wavelength stellar occultation light 
curves, French et al. [1983] proposed propagation of short 
wavelength waves in the atmosphere of Uranus. They asserted 
that such propagation is possible only if the eddy diffusion 
coefficient is less than 3 x 10 '• cm: s -•. Since their stellar 

occultation data cover the pressure interval 0.3-30/•bar, their 
constraint is limited by the corresponding uncertainty in the 
atmospheric density associated with their stated value of K. 
Nevertheless, since the molecular diffusion coefficient varies 
through the range 5 x 10 3 to 5 x l0 scm: s- • over this inter- 
val, their constraint is consistent with K• = 10 '• cm e s-• 

There also exists some evidence for an even smaller value of 
K•. Yelle et al. [1987] have inferred an'eddy diffusion coef- 
ficient in the range 100-350 cm: s 'i in the region between 500 
/zbar and 100 mbar from analysis of the Raman scattered H 
Ly • line observed by the UVS. The presence of the Raman 
scattered H Ly • line implies that the vertical 1216/• optical 
depth above 500 /•bar must be small. This implies hydro- 
carbon concentrations (especially CH,0 near 500/•bar smaller 
than predicted by the Kh --- 10 '• cm 2 s- • photochemical model 
if the K oc n a- •/: extrapolation is assumed, 

One possible explanation for these differences between the 
hydrocarbon distributions derived from the two analyses 
could conceivably be substantial latitudinal variations in the 
hydrocarbon abundances. The Raman line analyzed by Yelle 
et al. [1987] was observed near the subsolar point (close to the 
IAU south pole) while the solar occultation, of course, oc- 
curred near the terminator (at -•--4 ¸ latitude). Although the 
H e and temperature profiles were found in section 3.3 to be 
nearly independent of latitude (if corrected for planetary obla- 
teness), the Observations demonstrating this uniformity for He 
do not similarly constrain the hydrocarbon abundances. Lati- 
tudinal variations in hydrocarbon profiles could be caused by 
variations in the amount of vertical mixing and are expected 
on the basis of phøtochemical effects as well. 

It should also be noted that even the solar occultation 

measurement does not'by itself necessarily imply large vertical 
H Ly • optical depths above the 500/•bar level. Only Cell: iõ 
definitely detected with a tangential column abundance of 6 
x 10 •5 cm-: near the 40 /•ba r level. If the atmosphere is 

diffusively•separated there, C2H e will have a scale height of 
about • kin, and the Vertical optical depth at H Ly • above 
500 l•bar Wili be >> 1. HoweVer, if C2H 2 is fully mixed the 
scale •height will be about 50km. Extrapolation from 40 to 
500/•bar Using this scale height predicts a density at 500/•bar 
of 3 x 108 cm-3 and a vertical optical depth due solely to 
CeHe at H Ly • of 0.04. The reason for the apparent conflict 
between the occultation and reflectance estimates of optical 
depth at 1216 .& is that the photochemical models predict that 
the concentration of Ce H2 detected bY the UVS will be ac- 
companied by much larger concentrations of CH,•. . 

The question of the CH½ abundanSe is to some extent de- 
pendent on the details of the observation. In section 2.6 an 
upper limit of 10 -7 was found for the mixing ratio of fully 
mixed CH 4. HoWever, in the photbChemical models intro- 
duced in the current sectior• the mixing ratio of CH4 in the 
best fitting (K• = 10 • cm e s-•)øf the models which were tried 
varies from 10 -6 to essentially zero over the measurement 
interval. As can be seen from Figure 14 the value of nca•/na: 
in thqse photochemical models va•.ie s very rapidly with alti- 
tude down to about'the 250 km level, below which point the 
value of 10 -'• is asymptotically reached. Consequently, differ- 
ent measurements of tiCH,•/nH: are likely to give widely varying 
results depending on their mean altitude of measurement. For 
example, measurements of Uranus' thermal emission spectrum 
in the far infrared [Orton et al., 1986 ] and imaging measure- 
ments of aerosols by Voyager 2 [Pøllack et al., this issue] 
indicate a possibly higher upper limit for the CH,• abundance 
than found here [Appleby, 1986], b•t this is probably because 
these measurements are sensitive •to CH,• at lower altitudes 
than those probed by.the UVS pccultation. Although in prior 
Voyager observations (Jupiter, Saturn, Titan) the critical levels 
for hydrocarbon measurements (•.'g., near the homopause) fell 
nicely within the UVS occultatioh altitude range, at Uranus 
the hydrocarbons are so low 'in abundance that the critical 
measurement range falls between the various instruments' op- 
timum altitudes. 

4.3.3. Comparison with Jupiter and Saturn. It is of interest 
to compare the limits placed on the eddy diffusion coefficient 
on Uranus to the values determined t•or Saturn and Jupiter. 
The value of K• on Jupiter, inferred' from the UVS stellar 
occulation, is ~ 106 cm 2 s- • near• the 1 /•bar level [Atreya et 
al., 1981]. Deeper in the atmosphere, near the !00 mbar level, 
the eddy coefficient is inferred to be 1 x 10 '• cm e s -• from 
analysis of the NH 3 abundance I-Kaye and Strobel, 1983]. 
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Similar values are also required by Massie and Hunten [1982] 
to explain the orthopara ratio in H 2. On Saturn, analysis of 
the UVS stellar occultation implied an eddy coefficient of 2 
x 108 cm 2 s -• near 10 -3 /•bar [Atreya, 1982]. A separate 

analysis by Smith et al. [1983], however, determined a value of 
5 x 106 cm 2 s-•. Analysis of the He 584 ]• resonance line also 
implied high values of K h, on the order of 108 cm 2 s-x [Sandel 
et al., 1982]. The eddy diffusion coefficient deep in the Saturni- 
an atmosphere (near 100 mbar) appears to be --• 104 cm 2 s-• 
[Kaye and Strobel, 1984]. Thus the eddy diffusion coefficients 
inferred for Jupiter and Saturn both at the 100-mbar level and 
above the #bar level appear to be much larger than at com- 
parable pressures in the Uranian atmosphere. 

Unfortunately, our knowledge of the processes responsible 
for eddy diffusion is too primitive to permit confident interpre- 
tation of the low values of K in terms of atmospheric dynam- 
ics. Current ideas about eddy diffusion suggest that it could be 
the result of atmospheric wave motion and/or vertical compo- 
nents of largely horizontal winds. Thus the low eddy diffusion 
coefficient on Uranus may suggest that the magnitudes of at- 
mospheric waves and/or high-altitude winds may be smaller at 
Uranus. Small atmospheric motions at Uranus may be the 
result of the lack of an internal heat source or the presently 
insignificant diurnal heating variation. It is also conceivable 
that what eddy diffusion there is at Uranus may be by default 
the result of some mechanism that is negligible on other plan- 
ets. 

5. CONCLUSIONS 

Figure 16 summarizes the inferences of previous sections 
regarding temperature and density profiles. This figure is an 
elaboration of Figure 4, with extrapolated and interpolated 
profiles and the inclusion of the K h -- 104 cm 2 s -• photo- 
chemistry model. Also, the abundance of helium (not mea- 
sured in this work but included for completeness) is indicated; 
below 500 km altitude the 15% mixing ratio found by Hanel 
et al. [1986] is assumed and above 500 m diffusive separation 
following the indicated T(z) is assumed. This figure represents 
our conclusions, summarized below, based on the measure- 
ments shown in Figure 4. 

The atmosphere of Uranus above about the 1-mbar level is 
much clearer at EUV wavelengths than the previously visited 
gas giant planets because its H-H2-He atmosphere has very 
little contamination with absorbing or aerosol-precipitating 
species such as CH 4, C2H2, NH3, etc. The average methane 
mixing ratio ncn4/n.2is < 10 -? over the altitude range 200- 
400 km (relative to r = 25,550 km at the equator). Other hy- 
drocarbons are even less abundant, with r/C2H2/r/H2 '• 10-8 and 
nc2n6/n.: < several x 10 -8. This appears to be the result of a 
number of factors possibly including: tropospheric depletions, 
low stratospheric temperatures and a low rate of vertical 
mixing. Because the upper atmosphere is so clear, Rayleigh 
scattering by H 2 is the major source of opacity longward of H 
Ly • and thus we are able to determine the H 2 profile over a 
very wide pressure range. 

Conversely, determination of the hydrocarbon profiles is 
made difficult by the low hydrocarbon mixing ratios. As is 
discussed in sections 2.6 and 4.3, the only hydrocarbon spec- 
tral signature that is directly observed in the data is that of 
C2H2, although there are indications of the presence of other 
species. As a substitute for direct measurement of other hydro- 
carbon abundances, photochemical models were constructed 
and compared with the occultation observations. These 
models assumed an eddy diffusion coefficient given by K(z) -- 
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Fig. 16. Abundance and temperature profiles inferred from the 
observations. Each curve is labeled with its associated variable except 
the hydrocarbons (HC). Hydrocarbons are, in order of increasing 
abundance, Cell 2, Cell 6, and CH 4. H e partial pressure (pa:) is shown 
at right. Helium was not detectable in the occultations, and so has 
been extrapolated upwards from the IRIS measurements [Hanel et al., 
1986]. 

Kh[rta(Zh)/rta(Z)] • with n a the ambient gas density and the sub- 
script h denoting homopause values. With the assumption of 
0•-- 1/2 a reasonable fit was found for K• -- 104 cm 2 s-t but 
other combinations of 0• and K• or other functional forms may 
be found that fit equally well. However, because of the low 
hydrocarbon abundances we do not probe the homopause 
region directly and thus our estimate for Kh is more model 
dependent than in prior work for Jupiter and Saturn. 

Other estimates of eddy mixing based on the solar reflection 
spectrum [Yelle et al., 1987] indicate an even lower level of 
eddy mixing than the photochemical model fits do. This differ- 
ence may be related to the difficulty in determining K(z) or 
may be due to a falloff in mixing toward the poles (where the 
Yelle et al. [1987] estimate was derived). In either case it 
seems clear that the strength of eddy mixing on Uranus is 
much weaker than at comparable levels in the atmospheres of 
Jupiter or Saturn. 

The temperature rises rapidly over the 1- to 0.1-ttbar region, 
eventually leveling out near a temperature of 800 K. The simi- 
larity of the temperature profiles on the day and night sides 
may be a consequence of efficient lateral transport or may 
indicate that the source of upper atmospheric heating is planet 
wide. The high degree of horizonal thermal uniformity con- 
trasts with the low degree of vertical mixing of the hydro- 
carbon distributions. If the low rate of vertical transport 
implies a low rate of horizonal transport, the horizonal ther- 
mal uniformity might then be the result of a global thermo- 
spheric heat source. 

The high temperature and the abundance of atomic hy- 
drogen imply an unusually extensive exosphere. This great 
extension implies a significant drag force on even meter-sized 
particles orbiting in the ring system, suggesting either a recent 
formation epoch or the presence of large stabilizing torques. 
As is discussed in section 4.2 even the visual appearance of the 
ring system may be dominated by gas drag. The thermal I-t 
exospheric component may be augmented by the even more 
extensive nonthermal H corona observed out to about 4 R u 
by Broadfoot et al. [1986]. These two H distributions clearly 
will also interact strongly with the magnetospheric charged 
particle populations. Thus the Uranian thermosphere may be 
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seen to blur the distinction between the domains normally 
associated with purely atmospheric and purely mag- 
netospheric phenomena. 

These findings are the results of a relatively new technique 
for probing planetary upper atmospheres, namely the EUV 
occultation experiment. Like the complementary related tech- 
niques at longer wavelength, this approach has great power 
and an unmatched spatial and compositional resolution. Al- 
though the next planetary missions (Galileo, Mars Observer, 
CRAF) will be unable to perform such an experiment, this 
capability may usefully be added to the repertoires of missions 
still in the planning stages. 
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