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where @, is the mean momentum transfer cross section, = is the background
atmospheric number density, and v is the velocity of the constituent diffusing
through the background gas.

The above-mentioned expression for CH, diffusing through H, reduces
to

D = 10¥/ncm?s™! (6)

for a typical Uranian homopause temperature of 130 K (Atreya 1986, p. 78).
For other diffusion coefficients see Atreya (1986), and Table IV here. In the
middle atmospheres of the major planets, the thermal diffusion term is neg-
ligible. Since the eddy and molecular diffusion coefficients are equal at the
homopause, by definition the value of the eddy diffusion at that level is fixed.

The above-mentioned method of determining the homopause level is
valid, however, only if the distribution of the heavier gas under consideration
is controlled entirely by transport. That would be the case for an inert gas
such as argon, neon or helium. However, Voyager could not measure the
height profiles of these gases. CH,, on the other hand, undergoes photolysis,
so its density begins to decline even at levels below the homopause, thus
giving a false impression of the homopause level. Such behavior is readily
apparent in Fig. 9, which shows that the homopause level for different values
of K is separated from the level of unit optical depth where most of CH,
photodissociation occurs. Therefore, in order to determine K from the CH,
height profile, it is necessary to fold the measured CH, profile into the pho-
tochemical models, as the latter are dependent on K. A further complication
arises at Uranus and Neptune. Because of the low temperatures prevalent in
the middle atmospheres of these planets, most of the hydrocarbon products
undergo condensation, primarily near the base of the stratosphere (see Sec.
III). The photochemical models, therefore, need to account for the coupling
between the gas and the condensed phases.

B. Measurement of Eddy Diffusion Coefficient

By monitoring the height distribution of CH, it was possible to deter-
mine the value of eddy diffusion coefficient on Jupiter and Saturn. This tech-
nique is, however, not directly applicable to Uranus; this is primarily due to
the fact that CH, distribution on Uranus could not be determined with any
degree of accuracy. The reduced solar flux at Uranus, combined with the large
projected size of the Sun (larger than the atmospheric scale height at Uranus)
and the Lyman-a scattering into the CH,-absorption channels, all contributed
to this problem. The ultraviolet stellar occultations also were not useful for
the middle atmosphere (> 1-pbar region), primarily because of the low level
of the photon flux (see Sec. II for a detailed discussion of the Voyager ultra-
violet occultations).
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The methane absorption channels in the Voyager ultraviolet solar occul-
tations can still be used to obtain an approximate value of the eddy diffusion
coefficient, as was done in Atreya et al. (1986) and Herbert et al. (1987). A
more accurate determination of the value of X in the atmosphere of Uranus is
possible if one resorts to another hydrocarbon, such as acetylene, whose sig-
nature has been identified in the Voyager ultraviolet spectra (Sec. II). Acety-
lene absorbs to wavelengths much longer than CH, and C,H, (an exception is

,—its abundance is, however, too low). The longer-wavelength light-
curves can thus be used to derive the eddy diffusion coefficient. Again, be-
cause of limited success in determining the height distributions, a direct com-
parison of the measurements with the modeled photochemical profiles was
not possible. Instead, lightcurves themselves must be simulated. Figure 14
shows a comparison, at three different wavelength ranges, between the ob-
served lightcurves and lightcurves synthesized from model photochemical
profiles. The top panel in Fig. 14 shows absorption mainly by CH,, with
minor contributions from other hydrocarbons, H, Lyman and Werner hands,
and H, Rayleigh scattering. Comparison between data and simulations in this
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Fig. 14. Comparison of the model lightcurves with the observed ultraviolet occultation light-
curves. The models are based on a photochemical model in which the eddy diffusion coefficient
is a free parameter. The best fit is for K, = 10* cm?s !, The dotted curves, (a) and (b) show
the effect of pure Rayleigh scattering in H, without hydrocarbon absorption. In (c), simulations
with different values of K fall on top of one another and the data, as do the dotted curves (in
Figs. 14a and 14b), as expected (Herbert et al. 1987).
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panel indicates that the K = 10* cm? s~ case gives the best rough estimate
of K at the homopause. The bottom panel in Fig 14 represents essentially
pure Rayleigh scattering by H,, so that the choice of K is immaterial; all
simulations fall on top of one another, as expected. The middle panel in Fig
14 represents absorption by C,H, and is the most diagnostic of K. The case
with K = 10* cm? s~! again gives the best match between the data and the
simulated lightcurves. Further refinement of the simulations is not warranted
because of uncertainties in the data and the parameters of the model. The
largest uncertainty is in the height variation of the eddy diffusion coefficient.

Although Jupiter and Saturn may not be completely parallel analogs to
the vertical mixing in the atmosphere of Uranus, it is nevertheless instructive
to note that in the atmospheres of the former two, the observed distributions
of minor constituents (mainly hydrocarbons) are best explained with the as-
sumption of K varying approximately as the inverse square root of atmo-
spheric number density, i.e.,

KxM--e Q)

where a = 0.5 (Atreya et al. 1981; McConnell et al. 1981; Atreya 1982;
Sandel et al. 1982).

Behavior similar to that given by Eq. (7) is also valid for the upper
atmosphere of the Earth (Hunten 1975; Lindzen 1971) but is by no means
applicable in the lower atmosphere, particularly at the base of the stratosphere
and in the troposphere. Many different combinations of a and K at the ho-
mopause K, were used in the simulations presented by Atreya et al. (1986)
and Herbert et al. (1987), and the ones with K, = 10* cm? s~ and a = 0.5
produced the best match to the data. Summers and Strobel (1989) find K, =
3 X 10° cm? s~ on the basis of their photochemical models and the Voyager
data. Whether or not the apparent factor of 3 discrepancy between these re-
sults and those of Atreya et al. (1986) and Herbert et al. (1987) is real will
require further analysis of the solar occultation data, and if possible, the stel-
lar occultation data. Even then, it may not be possible to determine X with
more accuracy because the quality of the relevant Voyager data at Uranus is
not as high as that at Jupiter and Saturn. Finally, Fig. 15 shows the variation
of K and D in the atmosphere of Uranus. By definition, the two curves cross
at the homopause, which is located at an atmospheric density level of 10'S
cm™* where the atmospheric pressure is 20 pbar.

A comparison with Jupiter and Saturn (Table VII) shows that vertical
mixing on Uranus is relatively sluggish. Such a low vertical mixing on Ur-
anus is perhaps related to Uranus’ relatively small internal energy source and
much lower (than Jupiter and Saturn) combined energy input to the atmo-
sphere from the Sun and the magnetosphere.

A highly stable tropopause at Uranus with weak turbulence and a Rich-
ardson number greater than 1000 was predicted by Stone (1975). This would
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Fig. 15. Variations of eddy diffusion K and the molecular diffusion D coefficients with atmo-
spheric number density M, assuming the measured value of K = 10* cm®~! at the homopause.
As expected, the K and D curves cross for K=D=10* cm’~', giving the location of the
methane homopause at an atmospheric density levzl of approximately 10" ecm~* (20 pbar on
Uranus).

result in small eddy mixing vertically. As mentioned in Sec I, the small-scale
features in the temperature profile obtained from groundbased stellar occul-
tation observations can be explained in terms of the vertically propagating
gravity waves, and such propagation would require a relatively low value of
K <3 X 10* cm? s~! in the 0.3 to 30 pbar region.

Finally, there is an indication of possible latitudinal variation in K. The
detection of Raman scattered emission at 1280 A in the subsolar region im-
plies approximately a factor of 100 smaller CH, mixing ratio relative to the
photochemical predictions in the 3 mbar region (Sec IT). A simple explanation
would be that the eddy diffusion coefficient is low, 100 to 350 cm? s~!, not
just in the 0.5 to 100 mbar region, as suggested by Yelle et al. (1987a), but
throughout the atmosphere—in fact, X of 100 to 350 cm? s~! in the 0.5 to
100 mbar is consistent with X, = 10* and its variation according to Eq. (7).
On the other hand, the “equatorial” thermal structure is consistent with nearly
saturated concentrations of CH, (J. Appleby, personal communication, 1988),
not the depleted values implied by the ultraviolet reflection spectroscopy data
taken at the polar latitudes. Unless the resulits of two-dimensional photochem-
ical modeling prove otherwise, it appears that the discrepancy between the
results of solar occultation (equatorial) and the reflection spectra (polar) is
indicative of a true latitudinal variation in the hydrocarbon distributions. This
does not rule out entirely some latitudinal variation in the strength of atmo-
spheric vertical mixing,

V. CONCLUSIONS

Photolysis of methane in the atmosphere of Uranus produces heavier
hydrocarbons, the most abundant of which are ethane, acetylene and the po-
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TABLE VII
Eddy Diffusion Coefficient
Homopause Characteristics
Eddy

Diffusion Density* Pressure

(em?s~") (em~%) (bar) Reference
Neptune ~3 X 107 ~3 x 104 ~10-% Broadfoot et al. 1989
Uranus  10# 1.Ix10% 2x10-3 Atreya et al. 1986,

Herbert et al. 1987
Satum 1.7(+4.3, —1.0)x10® 1.2x10" 4x10-* Atreya 1982

8.0(+4.0, —4.0)x 107 Sandel et al. 1982
Jupiter  1.4(+0.8, =0.7)x10° 1.4x10"* 10-¢ Atreya et al. 1981;
McConnell et al.
' 1981
Titan 1.0(+2.0, —0.7)x10® 2.7x10° 6x10-'  Smithetal. 1982
Earth (0.3-1)x10¢ 1013 3x10-7 Hunten 1975
Venus 107 7.5x10" 2x10-¢ Von Zahn et al. 1980
Mars (1.3-4.4)x 10° 101 2x10-**  Nier and McElroy
1977

* Atmospheric densities at the homopause correspond to the central values of K.

lyacetylenes. Unlike Jupiter and Saturn, however, these hydrocarbon products
condense at the low temperatures prevalent in the middle atmosphere. Con-
trary to the pre-Voyager notion that the atmosphere of Uranus is remarkably
clear, it is found that the aerosols are widely and extensively distributed.
Despite its photodestruction, methane remains stable in the atmosphere of
Uranus. This is expected to be accomplished by the re-evaporation or pyro-
lysis of the condensed aerosols in the deep troposphere, followed by chemical
recycling to methane and its convection to the upper troposphere. Although
the sedimentation of the condensed particles is relatively rapid, the same
cannot be said of the downward transport of the gases from the region of their
production in the upper stratosphere to the region where they condense. The
vertical mixing on Uranus is found to be the least efficient of any of the
planetary atmospheres. The question of latitudinal/seasonal variations in the
hydrocarbons and the atmospheric vertical mixing needs extensive investi-
gation at all levels—observational, theoretical, as well as in the area of lab-
oratory measurements. Whatever little observational evidence that is cur-
rently available, does, in fact, point to significant latitudinal variations of
aeronomic properties. Critical information on the dynamics and the micro-
physics of the cloud/haze particles is currently unavailable. Pertinent labora-
tory data on certain vapor pressures, and chemical kinetics of photon and
charged-particle induced chemistry, are also sorely needed. Although it might
be a long time before another spacecraft visits Uranus, continued interpreta-
tion of existing observations and of new Earth-based observations, especially
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in light of new (as yet unavailable) laboratory data, is expected to enhance
our understanding of Uranus’ atmosphere in particular, and the origin of the
outer solar system atmospheres in general.
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