2066

JOURNAL OF THE ATMOSPHERIC SCIENCES

Cloud Microphysics of the Giant Planets

BARBARA E. CARLSON AND WILLIAM B. ROSsow
NASA Goddard Space Flight Center, Institute for Space Studies, New York, New York

GLENN S. ORTON

Earth and Space Sciences Division, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

(Manuscript received 5 October 1987, in final form 1 Mmh 1988)

ABSTRACT

The predominant cloud microphysical processes for the atmospheres of the giant planets are determined by
a comparison of their characteristic time constants. These results are an extension of the earlier microphysical
modeling by Rossow to other atmospheres and by a more thorough exploration of thermal structure and com-
positional effects. ‘

The NHj, clouds on Jupiter and Saturn are found to be weakly precipitating systems, similar to the thicker
cirrus clouds on Earth, while the H,O clouds are much more massive than water clouds on Earth. The NH,SH
clouds are very tenuous on Jupiter and Saturn but may produce precipitation on Uranus and Neptune. The
CH, and H;0 clouds on Uranus and Neptune are completely unlike any cloud on Earth, being 10-100 times
more massive than the densest water clouds on Earth,

Horizontal contrasts in weakly precipitating systems, such as the NH; cloud on Jupiter may be muted and
the vertical extent may be small in a weak dynamic regime or large in a multilayered haze complex, if stronger
vertical motions exist. Denser precipitating cloud systems are expected to exhibit more horizontal structure
with cumulus-style dynamics more likely due to larger latent heat effects. The massive CH, and H;0 clouds
expected on Uranus and Neptune should dominate energy exchanges in the general circulation of these at-
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mospheres.

1. Intfoduction

Gas and cloud opacities limit the depth to which
remote sensing measurements can probe the tropo-
spheres of the giant planets to the upper few bars. The
first theoretical investigations of the vertical structure
of these atmospheres used thermochemical equilibrium
models (Lewis 1969; Weidenschilling and Lewis 1973)
to predict the composition and location of the cloud
layers based on the assumption that the atmospheric
composition is roughly solar. Subsequent measure-
ments by ground and spacecraft require changes in this
assumption. More recent thermochemical equilibrium
models for the atmospheres of Jupiter and Uranus
(Carlson et al. 1987a,b) have been constructed using
new thermal profile information and abundance de-
terminations. These models have also been used to
predict the vertical distributions of the photochemically
stable compounds and the locations of the cloud bases.
However, the predictions of the thermochemical mod-
¢ls neglect the effects of atmospheric dynamics and
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cloud microphysical processes on cloud base location,
cloud vertical distribution, and vertical distribution of
condensible and soluble species. As a first step in the
study of these effects, we examine the microphysical
processes within the thermochemically predicted clouds
layers for the giant planets to evaluate their character-
istic time constants compared with dynamic and
chemical time scales. This work is an extension of the
earlier microphysical modeling of Rossow (1978,
henceforth R78) to other atmospheres and by a more
thorough exploration of thermal structure and com-
positional effects on the microphysical time constants.
The objective, as in R78, is to find analogs for clouds
in the atmospheres of the giant planets among the sev-
eral types of cloud systems found on Earth. The analog
can provide some insights into the potential complexity
of the cloud vertical and horizontal structures.

We find that the microphysical characteristics of the
clouds on Jupiter and Saturn are comparable to those
of terrestrial stratus and cumulus clouds. The weakly
precipitating systems are similar to stratus on Earth
and are expected to exhibit little horizontal structure.
The denser cloud systems are predicted to exhibit more
spatial variability and cumulus-style dynamics influ-
enced by latent heat effects. The very massive H,0O
clouds on Uranus and Neptune reach conditions unlike
anything on Earth.
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2. The model

The method introduced by Rossow (1978) for com-
paring the characteristic time scales for cloud processes
is to estimate the rates of microphysical processes that
determine the typical cloud particle size. The rationale
for the time constant expressions is given in that paper;
here, we emphasize the assumptions used and the in-
terpretation of this type of analysis. ]

The key assumptions used to estimate the order of
magnitude of the time constants are 1) that the cloud
mass density is approximately equal to the vapor den-
sity of a condensible species at cloud base (lower limit
on growth times), 2) that the cloud layer thickness is
on the order of a scale height (upper limit on particle
removal times), 3) that by assuming a well-mixed at-
mosphere the cloud base can be located using the ther-
modynamic formula for the saturation vapor pressure
(lower limit on growth times), and 4) that the particle
size distribution and the dependence of the processes
on particle size are adequately represented by a mass-
weighted mean particle size. These assumptions lead
to estimates of upper limits on cloud particle sizes just
above the base of a condensate cloud on Earth (R78).
Cloud mass densities and layer thicknesses are typically
smaller than assumed in this procedure, but only by
factors ~3. As we show, changes of cloud mass density
and thickness do not change estimated cloud particle
sizes very much, but do change the sizes of precipitation
particles. On Earth, cloud particle size and number
density vary by factors of 2~4 among different clouds,
whereas precipitation sizes can vary by more than an
order of magnitude. These equations are also only
meant to represent typical conditions; variations of the
circulation regime will alter the specific properties of
the clouds.

This type of analysis cannot determine the vertical
structure of clouds (except by analogy) or the particle
size and mass density near the cloud tops usually mea-
sured by satellites. These additional characteristics of
condensate clouds depend on the interaction of dy-
namics and microphysics, which is beyond the scope
of this analysis. Nevertheless, the analogy to better-
observed clouds can provide an assessment of the im-
portance of these cloud processes to the determination
of the vertical structure of the clouds and the distri-
bution of condensible (and soluble) chemical species.

a. Calculation of the microphysical time constants

The key processes to be considered are the conden-
sation (evaporation) rate, coalescence and coagulation
growth rates, and sedimentation rate (see R78, for def-
initions). The equations are derived as a function of
mass-weighted mean particle size with the total cloud
mass density fixed. The expressions are given for three
regimes: Kn> 1, Kn<1and Re <€ 1,and Kn < 1 and
Re » 1. These represent the gas kinetic regime, the
classical laminar flow regime, and the classical turbu-
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lent flow regime, respectively (R78). The Knudsen
number, Kn = M\/a, is the ratio of the gas molecular
mean free path, A, and the cloud particle radius, a;
while the Reynolds number, Re = 2apv/n, where gas
density and dynamic viscosity are p and », respectively,
and v is the particle velocity. (The transition from lam-
inar flow to turbulent flow regimes is expressed by an
empirical formula at Re = 70. Equation 20 in R78 has.
a typographical error, @* should be a°).
The condensation time is given by

Tcond = ppaz(zxssmaxf'l)—l (Kn < 1) (1)
Teond = (2ppaRT/3%, fuPSmax)wp/2RT)*  (Kn > 1)
(2)

where g, is the bulk mass density of the cloud particle,
X, is the mass mixing ratio of the condensible gas at
the cloud base (saturation level), Spax = 1073 is the
maximum supersaturation during condensation (see
R78), fis a diffusion correction to account for the dif-
ferent molecular weights of the condensing gas and the
atmosphere (which is important for the hydrogen at-
mospheres of the outer planets), R is the universal gas
constant, u is the mean molecular weight of the at-
mosphere, and P and T are the pressure and temper-
ature of the atmosphere at cloud base. (Note that the
use of Smax ~ 1072 partially compensates for the over-
estimation of cloud mass density from the use of x;).
These formulae for condensation are obtained from
the ratio of the vapor deposition rate, which is pro-
portional to particle surface area, @ and the vapor
supply rate, which is proportional to the vapor gradient
(given by Spa,) times a diffusion velocity (proportional
to the viscosity when Kn < 1). This assumes a quasi-
balance between the production of supersaturated
conditions by the updraft and vapor consumption by
particle growth; this is usually a good assumption if
nucleation is moderately efficient (R78).

An upper limit to the evaporation rate for particles
of radius, a, can be estimated using (1) or (2) by setting
Smax = 1; however, for conditions just below the cloud
base 10~! may be more typical. We assume that a cloud
forms in a well-mixed atmosphere when the partial
pressure of a species exceeds its saturation vapor pres-
sure, a strictly thermodynamic quantity. Above the
condensation level the vapor pressure of the species is
set equal to its saturation value.

The coagulation time is given by the collision rate
for particles in Brownian motion:

Tcoag = prasNO"l/xsﬂP > Kn<l!l (3)
Tcoag = (1rp,,RT/3xs/.¢P)(p,,a3/3kT)”2, Kn>1 (4)

where N, is Avogadro’s number and k is Boltzmann’s
constant. This form of these expressions is obtained by
calculating the particle number density from

N = xuP/RT)(4wp,a’/3)"! (5)
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where the product of x; and the atmospheric mass den-
sity, (uP/RT), is the cloud mass density. This process
is not important for the tropospheric condensate clouds
considered here, but could play a role in determining
the properties of the background aerosols, that could
act as condensation nuclei. For the less dense strato-
spheric aerosols, nucleation processes may become so
inefficient and condensation so slow, even with a
buildup of large supersaturations, that coagulation may
be the dominant growth process.

Coalescence time is given by the collision rate for
cloud particles falling at slightly different speeds:

Teoat = (12nRT)(agxuP)™!, Kn<1, Re<70 (6)
Teoat = (80,aRT/15gxuP)?, Kn <1, Re>» 70 (7)
Teoat = (9/8X%)2RT/mp)'>, Kn> 1 8

where g is the acceleration of gravity. These expressions
are obtained by assuming that the differences in sedi-
mentation velocity, averaged over the particle size dis-
tribution, are about that of two particles with a mass
ratio of 2 (R78). Coalescence is the only growth process
that produces precipitation, which is defined as particles
with sedimentation times much shorter than their
evaporation times.

Coalescence growth is constrained to a limited size
range by two effects: hydrodynamic effects of gas flow
past a falling particle and collisional disruption (R78).
The former inhibits collisions of small particles while
the latter leads to an approximate upper limit on the
size produced by coalescence where growth balances
disruption. This limit applies to the average size of lig-
uid droplets; however, the broad size distribution pro-
duced creates the larger, precipitation-sized, droplets.
These two size limits on coalescence are given by

a < 9oy )
a < (60)p,p>)7", (10)

where ¢ is the surface energy for the liquid. For solid
condensates the sticking efficiency may be much less
than unity, leading to much slower coalescence growth.
The production of snow on Earth suggests that the
sticking efficiency can be high and the disruption pro-
cess inefficient for some solids.

liquid droplets only
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The sedimentation time is the time required for the
cloud particle to fall one scale height; for layered clouds
the relevant time scale can be about a factor of 3-10
smaller than that given by

Tan = (OHn)(20,84%)"', Kn<1,Re<70 (11
Tan = (3uP/4p,agRT)?H, Kn< 1,Re> 70 (12)
e = (27uP/80,8a)2RT/wp)'?H, Kn> 1 (13)

where the distance failen is assumed to be H RT/
ug, the scale height.

b. Location of the cloud base

The dominant cloud-forming species in the atmo-
spheres of the giant planets are expected to be CH,,
NH;, H,S, NH,;SH and H,O. To determine the vapor
pressure of species i in equilibrium with the condensed
phase we use Raoult’s Law

~
P,' = Kx,' (14)

where P; is the saturation vapor pressure in bars of
species 7, K is the equilibrium coefficient and x; is the
mole fraction. For the condensates considered here x;
is unity. The equilibrium coefficient is calculated from

InK = AG/RT (15)

where AG is the change in Gibbs free energy for the
forward reaction, R the gas constant and T the tem-
perature in Kelvin. The reactions and the associated
thermodynamic data for H,O liquid and solid, NH;
solid, and NH,SH solid are summarized in Table 1.

For some species adequate thermodynamic data are
unavailable for Eq. (14); for these species we use em-
pirical fits to the measured saturation vapor pressures.
In all of these expressions the vapor pressure is in bars
and the temperature in Kelvin. The saturation vapor
pressure of NH; above the liquid (International Critical
Tables, 1928) for 195 < T < 343 K is

logPnu, = 27.3816 — (1914.9569/T)
— 8.4598324 logT + 2.39309 X 107°T

+2.955214 X 107672 (16)

TABLE 1. The thermodynamic data at 298.15 K for the reactions used in the model. The data have been compiled from the Handbook
of Chemistry and Physics (1983), International Critical Tables (1928), Kelley (1962), Kelley and King (1961), Wagman et al. (1968) and

the JANAF Thermochemical Tables (1971).

Reaction AH (k) mol™) AG (kJ mol™") AS (J mol-K™)
H,0(g) = H,O(1) —45.00 -8.57 —122.20
H,0(g) = H,0(s) -51.25 -1.97 -145.17
NH;(g) = NH;(s) —31.67 9.86 —139.29
NHi(g) + H:S(g) = NH.SH(s) —89.97 -0.38 —282.45
H,S(g) = H,S(s) see text
CHa(g) = CHy(1) see text
CH(g) = CHy(s) see text
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while for the region 323 < T'< 4059 K
logPnu, = 5.056 — (T, — T)[2.9771 — 1.4924
X 107(T, — T) + 1.36142 X 107%(T. — T)*
— 547919 X 107 T, — T)’|/T (17)

where T, = 406 is preferred. Equation (14) and the
constants in Table 1 are used for NHj; solid.
Following the Handbook of Chemistry and Physics
(1983) the expression for the vapor pressure of CH,
above the liquid in the range 99 < T < 110K is

logPcu, = (—444.838/T) + 3.9875 (18)

while the saturation vapor pressure of CH4 above the
solid (Ziegler 1959) in the range S0 < T< 90 K is

logPcu, = 4.820302 — 532.20/(T + 1.842) (19)

The saturation vapor pressure of H,S above the lig-
uid (Giauque and Blue 1936) for 187.6 < T < 213.2
Kis

logPyu,s = —1145/T + 5.07226 — 0.00322T (20)

and the vapor pressure above the solid in the range

164,90 < T < 187.7 (Giauque and Blue 1936) is given.

by
logPy,s = —1329/T + 7.41068 — 0.0051263T  (21)

These formulas and their application to temperatures
beyond the indicated ranges have been verified with
measured vapor pressures. Based on these comparisons,
we estimate that the measured uncertainties in the
thermodynamic data produce uncertainties in the
cloud base pressures of less than 5% (Carlson et al.

1987a). Larger uncertainties exist in the case of H,S :

because solid state transitions occur in the region 103-
105 K and 121-123 K (Giauque and Blue 1936). These
transitions alter the enthalpy of the solid and hence
the vapor pressure.

Using the measured values for the entropy and en-
thalpy given in the JANAF Thermochemical Tables
(1971) for gas and liquid N,H,, along with the heats
of fusion and vaporization measured by Scott et al.
(1949), we calculate the saturation vapor pressure for
the gas above NH, solid from the equilibrium constant
for the reaction

NyH4(g) => NaHy(s) (22)

TABLE 2. Saturation vapor pressure formulae
for the hydrocarbons.

Species Formula

CH, (—0.2185 X 4665.8/T) + 5.20974
C,H, (—0.2185 X 3453.7/T) + 4.42311
C,Hg (—0.2185 X 3739.5/T) + 4.402163
C;Hs (—0.2185 X 4550/T) + 4.3418
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FIG. 1. A comparison of the pressure~-temperature profiles for the
giant planets used in our cloud models: for Jupiter (Orton 1981; long
dashes), Saturn (solid line), Uranus (Orton et al. 1986; short dashes)
and Neptune (Orton et al. 1986; dash-dot).

This may be expressed as a function of temperature
by Eq. (15).

The formulae used to calculate the saturation vapor
pressures for some of the photochemically produced
hydrocarbons [e.g., acetylene (C,H,), ethane (C,Hg),
ethylene (C,H,), and propane (C3Hjy)] are taken from
Ziegler (1959) and summarized in Table 2.

¢. Calculation procedure

The pressure, temperature, dynamic viscosity (func-
tion of composition and temperature) and gas abun-
dances are specified for each atmospheric level. For
Jupiter, we use the P-T profile determined by (Orton
1981). This profile was based on a mean of the Voyager
Radio Subsystem (RSS) occultation experiment results
for the neutral atmosphere (Lindal et al. 1981) using
the bulk composition determined by Gautier et al.
(1981). A similar procedure was employed for Saturn
using the Voyager RSS (Lindal et al. 1985), consistent
with the composition assumed by Conrath et al. (1984).
For Uranus and Neptune the profiles were determined

- from the results of Orton et al. (1986). These P-T pro-

files are shown in Fig. 1.

Finally, we must specify the remaining planet-spe-
cific variables. The values used for the gravitational
acceleration g (Allison and Travis 1986) are given in
Table 3. We assume atmospheric gas abundances con-
sistent with recent measurements and in the absence
of data assume solar abundances. The mixing ratios
for the various condensates are given in Table 4. Since
some elements, particularly C, have been observed or
suggested to be present in supersolar abundance; we
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TABLE 3. Values of the gravitational acceleration g used
in our model.
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g
Planet (cm s™)
Jupiter 2260
Saturn 870
Uranus 875
Neptune 1090

also consider the consequences of increasing the mass
densities of the clouds.

3. Results

Graphs of the microphysical time constants (Figs.
2-5 and 7-10) show their variation with mean particle
radius in a constant mass cloud. Since the collisional
growth processes conserve particle mass, the curves
representing 7coag and 7cca are approximate evolution-
ary tracks for the particle radius in these clouds. The
condensation process does not conserve particle mass,
therefore the curve 7.4 is not an evolutionary track.
This curve instead represents the-growth time as a
function of particle size and can be used to approximate
the time required by a cloud to attain a particular mean
particle size by integrating from smaller to larger size.
Since the growth time is a strong function of particle
size, the time to reach a particular size is only slightly
longer than the growth time at that size, given by the
Tzond CUrves. More typical values near cloud base can
also be estimated by reducing both cloud mass density
and layer thickness by factors comparable to those ob-
served for Earth under quiescent conditions, namely
by a factor of 3 each.

TABLE 4. Values used for the gas abundances in the atmospheres
of the giant planets. For reference the solar abundances of CH, and
NH; are 8.35 X 10™* and 1.74 X 1074, respectively.

Jupiter
NH; (1.78 = 0.89) X 10~* Kunde et al. (1982)
H,S 3.76 X 1073 solar; Cameron (1982)
H,0 1.38 X 1073 solar; Cameron (1982)
Saturn
NH;3 0.5 - 2.0) X 1074 Courtin et al. (1984)
H,S 3.76 X 1073 solar; Cameron (1982)
H,0 1.38 X 1073 solar; Cameron (1982)
Uranus )
CH, 20X 1072 Tyler et al. (1986)
NH, 1.74 X 107* solar; Cameron (1982)
H,S 3.76 X 10°° solar; Cameron (1982)
H,0 1.38 x 1073 solar; Cameron (1982)
' Neptune
CH, 20X 107 Bergstralh and Neff (1983)
NH;, 1.74 X 107* solar; Cameron (1982)
H,S 3.76 X 1073 solar; Cameron (1982)
H,O 1.38 X 1073 solar; Cameron (1982)
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FIG. 2. The variation of the microphysical time constants with

mean particle radius for an NH; cloud on Jupiter, an example of the
relations in a weakly precipitating system.

These size estimates refer to the mass-weighted mean
of the whole population, including any precipitation.
In a precipitating cloud this size can be very large. The
larger particles are neither long lived nor efficient scat-
terers of radiation; hence the “observed cloud” particles
can represent a residual population with sizes near the
transition from condensation to coalescence growth,

Teoat  Teond. Teoag

-3t

of

Log Particle Radius (cm)

-5+

10 - 14 18
Log Time (sec)
FIG. 3. The variation of the microphysical time constants for a

solar abundance H,O cloud on Jupiter, an example of a moderately
precipitating system. .
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F1G. 4. The variation of the microphysical time constants in a CH,
cloud on Uranus, an example of a heavily precipitating system.

typically about 10 um, which is a “bottle-neck” in the
evolution of the particles from condensation nuclei
(CCN) to precipitation-sized particles. These graphs can
be used to obtain an upper limit on particle size by
finding a balance between growth and removal pro-
cesses.

We illustrate the range of conditions encountered
for tropospheric clouds by describing the model results
for the NH; and H,O clouds on Jupiter and the CH,
and H,O clouds on Uranus. The clouds produced by
varying assumed temperatures and abundances, as well
as by other substances, are either similar to one of these
clouds or intermediate between them (see Table 5).

a. Non- and weakly precipitating clouds

An example of this cloud type is the NH; cloud on
Jupiter. Clouds in this category are characterized by
their relatively low mass density, typically less than 0.5
g m~>, The mass density of the NH; cloud on Jupiter
is ~0.16 g m™>. These clouds are similar to denser
cirrus clouds on Earth. There is little latent heat effect
on the dynamics. Figure 2 shows the variation of the
time constants with mean particle size. A slower con-
densation growth rate than used in R78, typical of di-
rect vapor condensation to the solid phase, is used here
because the equilibrium vapor pressure for the liquid
and solid phases are found to be orders of magnitude
apart. Condensation of the solid by way of a super-
cooled liquid phase occurs only when these two vapor
pressures are closer in magnitude as is the case for H,O
on Earth.

From the figure it can be seen that the mean particle
size increases by condensation until it reaches ~10
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pm in times ~ 10* s (upper limit). At this point colli-
sional growth processes take over and the particles may
increase in size. With sedimentation limiting growth
to a factor of 3 or less increase in the particle size, these
clouds are described as weakly precipitating. The small
mass density of the cloud and the fact that the Stokes
limit for coalescence and the mean particle size are
roughly equal implies that collisional growth processes
will not be very efficient. In addition, the sticking ef-
ficiency of NH; ice crystals may be very low. Typical
(lower) values of mass density and layer thickness
would also reduce’ the role played by coalescence by
increasing the condensation time and decreasing the
sedimentation time. Thus, we expect that particle size
near cloud base should be only ~ 10 um. Particle sizes
above the base will be smaller unless updrafts >1 m
s™! are present. Photochemical destruction of NH; in
the upper troposphere on Jupiter would further deplete
these upper level clouds since growth times are rela-
tively large.

b. Moderately precipitating clouds

A typical cloud of this type is the water cloud on
Jupiter. Figure 3 illustrates the variation of the micro-
physical time constants with particle size. The particle
grows by condensation to ~10 um in times <10? s.
At this point collisional growth processes become im-
portant. The particle radius is slightly larger than the
lower size limit on efficient coalescence. Since the cloud
forms in the liquid phase at its base (Carlson et al.
1987a), collisional processes are effective. With typical
values of mass density and layer thickness, the droplets

»
>

1
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I

]
H
!

Log Particle Radius (cm)

-6 1 1 1 { 1
-6 -2 2 6 10 14 18

Log Time (sec)

FIG. 5. The variation of the microphysical time constants with
particle radius for the very dense H,O cloud on Uranus, representing
a novel cloud regime. '
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TABLE 5. Typical values for the cloud properties at the cloud base. For the different clouds T is the temperature in Kelvin, P is the
pressure in bars, g is the mean radius in um, N is the corresponding number density of cloud particles in cm™>, 7 is the time required to
attain the mean particle size in seconds, o is the particle column density in cm™ and LWC is the mass density of the cloud in gm™,

Species Parameter Jupiter Saturn Uranus Neptune
CH, T — — 79.6 80.6
P — — 0.94 1.2
a — 5000 10 000
N — 1 X107 1 X107
T — 300 200
v — — 8 x 107 1.6 X 10°
LWC — — : 45 55
H,S T — 116 124 124
P — 0.66 3.17 3.23
a — 20 300 300
N — 1 1 X 1072 1 X 1072
T — 3x10* 2 x10° 2% 10°
o — 1 X 10° 1 X 108 2 X108
LWC — 0.09 0.4 0.4 :
NH; T 147 152 162 163
P 0.66 1.39 6.74 7.62
a 30 100 300 1000
N 1.4 8 X 1072 4x1072 4x10™*
T 2X10° 2X10° 3x10? 3x10°
o 6 X 10° 3 x 108 2 X 107 1.5 X 107
LWC 0.16 0.33 1.5 1.7
NH,SH T 209 215 233 237
4 2.01 4.18 29.1 420
a 100 500 1000 3000
N 0.1 4x10™* 3x 107 6 X 107°
T 2% 10° Ix 10 10* 104
o 3 X 10 3 X 10° 3 X 10° 4% 10°
LWC 0.2 0.2 1 6
H,O T 274 284 328 348
P 4.85 104 181 526
a 60 100 200 300
N 2 1 2 12
T 10? 10? 10? 50
¢ 1 X 108 2 X 108 1 X107 2 X 108
LWC 5.3 11 170 450

reach ~50 um in about 100 s. The mass density of
this cloud, ~5 g m~3, is larger than the lower limit for
precipitation on Earth, ~1 g m™> and is comparable
to very dense cumuliform clouds on Earth. Significant
latent heat effects on dynamics are probable. The rapid
formation of precipitation will significantly reduce the
actual mass densities attained in these clouds, unless
the updraft velocities are large.

- The cloud systems discussed thus far are similar to
water clouds on Earth and exhibit two key features:
the size attained by the cloud particles in these con-
densate clouds is relatively insensitive to the cloud and
atmospheric properties, while the onset and size of pre-
cipitation particles is more sensitive to the cloud mass
density and vertical extent. In a nonprecipitating cloud
(Teond = Trat < Teon), the cloud particle size is determined
by the balance between condensation growth and sed-
imentation. In a precipitating cloud (7cona = Teoal
< 1), the cloud particle size is set by a balance between

condensation growth and the conversion of cloud par-
ticles to precipitation particles by coalescence. These
balances lead to expressions for the cloud particle radius
in terms of & and a*, by equating Eq. (1) to Eq. (11)
and Eq. (6), respectively. However, the second balance
does depend weakly on the cloud mass density and
vertical extent; hence, denser, deeper clouds produce
precipitation more readily. The size of precipitation
particles is determined by the balance of coalescence
growth and sedimentation; equating Eqgs. (6) and (11)
shows that the size is proportional to cloud mass density
and vertical extent. Thus, while the values of the time
constants are only order of magnitude estimates, the
uncertainty of the cloud particle size is much lower.

¢. Heavily-precipitating clouds

One example of this type of cloud is the methane
cloud on Uranus. Figure 4 shows the variation of the
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microphysical time constants with mean particle size.
Condensation results in growth to sizes ~10 uym in
times ~10 s. This cloud is much more massive than
the H,O clouds on Jupiter, with a cloud mass density
of ~45 g m™3, ten times that of large cumulonimbus
clouds on Earth. The mean particle size attained
through condensation growth processes is larger than
the lower size limit for effective collisional growth. The
size to which the particles grow through coalescence
depends on the value assumed for the sticking effi-
ciency. Since CH, forms as an ice near its freezing tem-
perature, like water on Earth, the sticking efficiency
may be near one, in which case, growth to 5000 pm is
possible. As a lower limit, if we assume that the particles
cannot grow through coalescence, growth by conden-
sation to 100 um still occurs before removal by sedi-
mentation. In either case, large particles are produced
in times ~10% s. Such rapid precipitation formation,
again, implies that a significant depletion of the cloud
mass occurs. If the mean vertical motions on Uranus
are weak, much smaller mass densities might be the
norm; however, the latent heat and density feedbacks
on the dynamics may still produce local violent mo-
tions. If coalescence growth is effective, the cloud par-
ticle size would be ~10-30 um; if, however, coales-
cence does not occur, then cloud particle sizes could
be ~100 um.

A more extreme example of this type of cloud is the
H,0 cloud on Uranus. The variation of the micro-
physical time constants for this cloud are shown in Fig,.
5. As a result of the large pressure encountered at the
cloud base, collisional processes become important at
much smaller particle sizes and sedimentation times
are much slower. Collisional growth becomes faster
than condensation growth at sizes ~5 um; subsequent
coalescence growth is limited by collisional disruption
to a mean size of 200 um. An additional limit on the
size of liquid droplets is given by their stability against
hydrodynamic pressures generated by falling; for Ur-
anus conditions this limit is 1 cm in radius. This cloud
produces precipitation sized particle in times ~10? s.
The large mass density of the cloud, 170 g m™3, is two
orders of magnitude larger than those typically found
on Earth; however, the rapidity of precipitation for-
mation will significantly deplete the actual cloud, leav-
ing cloud particle size of only ~10 um.

Figure 5 shows that the sedimentation time constant
is almost five orders of magnitude larger than the time
required to attain collisional equilibrium. This re-
markable situation implies that the cloud particle size
distribution is determined solely by collisional pro-
cesses, a condition likely to produce a very broad size
distribution containing some very large particles. Such
large cloud mass densities may not be sustained by the
atmospheric motions, but even updrafts of 1 cm s~}
can produce heavily precipitating clouds. The very
small microphysical time constants mean that the cloud
properties immediately adjust to any changes in dy-
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namics. The importance of latent heat exchanges and
the drag exerted by large falling droplets suggest the
probability of significant feedback effects on the general
circulation; cloud processes may completely dominate
vertical heat and momentum exchanges at these levels.

Table 5 summarizes the cloud properties on Jupiter,
Saturn, Uranus and Neptune for “typical conditions”
(i.e., mass density ~1x, and vertical extent ~41H) by
displaying the bottom temperature, pressure, the mean
particle radius, number density, mass density and the
time required to attain this mean size. For clouds where
coalescence is possible, the sticking efficiency is set to
unity; the mean size attained is for the whole popula-
tion (cloud plus precipitation). If precipitation is
formed, the cloud particle size is about 10 um for all
cases. If coalescence is ineffective in the ice clouds,
condensation growth still produces mean sizes of 30~
100 um. The particle sizes in the more massive H;O
clouds are limited by collisional disruption, whereas
the sizes of ““snowflakes” may not be limited. The mi-
crophysical balance attained in these clouds could vary
with location.

Referring to Egs. (1)~(13), we see that the conden-
sation and sedimentation time constants are indepen-
dent of cloud base pressure (as long as Kn < 1, Re
< 70), whereas the coalescence growth time decreases
at high pressures. Since large precipitation particles are
formed in a solar abundance cloud, for which Re > 70,
the sedimentation time actually increases as P'/? [Eq.
(12)]; however, this does not affect the balance much
since collisional disruption dominates the large-size
part of the size distribution. These changes in the time
constants mean that the deeper clouds initiate precip-
itation at smaller particle sizes in shorter times than
the shallower clouds, suggesting increased horizontal
contrast may be more characteristic of deeper, more
massive clouds. Moving clouds upward inhibits pre-
cipitation, making the clouds more haze-like.

d. Uncertainties in the thermal structure

Uncertainty in the atmospheric temperature profile
arises from 1) unknown, but real variations in the tem-
perature structure as a function of location or time, 2)
data uncertainties and systematic errors in the retrieval
algorithm used to infer the temperature, and 3) ex-
trapolation of the temperature profile to levels below
the region where the temperatures are derived directly.
Uncertainties from items 1) and 3) for the atmosphere
of Jupiter are estimated, based on a comparison of the
IRIS (Gautier et al. 1981) and Orton (1981) profiles,
to be of order 5°-10°C. An error analysis pertinent to
2) above was performed by Orton (1981). He estimated
a lo uncertainty of +2.3°C, considering 2°C uncer-
tainty in the radio occultation results and 1.1°C un-
certainty due to bulk compositional uncertainties. The
uncertainties associated with the IRIS experiment are
expected to be at or lower than this level, considering



2074

the vertical smoothing of one-half to one or more scale
heights implicit in the retrieval process.

For Saturn, real variations of temperature across the
disk are likely to be larger than those found for Jupiter,
at least in the stratosphere, owing to extremes of in-
solation to which the polar regions are subject. An error
analysis similar to the one performed for Jupiter can
be made by considering the 2.2 to 3.3°C uncertainty
by which Lindal et al. (1985) characterize their tem-
peratures (cf. their Fig. 4, right panel), irrespective of
compositional uncertainties, between 100 mb and 1
bdr. Independent compositional uncertairities are
equivalent to about 1.3°C in temperature (Conrath et
al. 1984), making the total 1¢ uncertainty in the range
2.6-3.6°C.

Our calculations were made with the Orton et al.
(1986) profile prior to the recovery of the temperature
structure near the equator on Uranus from the Voyager
2 Radio Science occultation experiment (Lindal et al.
1987). There are few significant differences between
them for pressures of about 100 mb or greater. Even
at pressures greater than the 2.3-bar maximum extent
of the radio occultation experiment, our temperature
is approximately consistent with their assumption of
adiabatic conditions with a CH, volume mixing ratio
0f 2.3%. Our profile is cooler than theirs by about 10°C
. near 10 mb and warmer by as much as 20°C at pres-
sures between 0.3 and 3 mb. Stratospheric temperature
changes from seasonal variations of insolation are ex-
pected to be small (Wallace 1984), although Voyager
IRIS observations detected variations of the zonal-
mean temperature in the 60- to 200-mb range of 8°C
(Flasar et al. 1987). One might expect similar differ-
ences between the profile we adopted for Neptune and
the real one, particularly in the poorly constrained
stratosphere. While Neptune’s obliquity is similar to
Saturn’s, insolation-dependent stratospheric temper-
ature variations are likely to be smaller, owing to longer
radiative time constants for slightly colder conditions.
As is the case for Uranus, dynamics may produce
somewhat larger changes.

We investigate the effect of uncertainties in the ther-
mal profile on our model results by considering the
most extreme case using two different profiles for the
atmosphere of Uranus. A comparison of the Orton et
al. (1986) and the Appleby (1986) P-T profiles for the
atmosphere of Uranus is shown in Fig. 6. Using a
methane mixing ratio of 2.3 X 1072, corresponding to
the Voyager-determined value (Lindal et al. 1987), we
find that use of the colder Appleby profile shifts the
cloud base to 1.7 bar from the 0.9 bar location obtained
using the Orton et al. (1986) profile. The shift of the
location of the cloud base to higher pressure changes
the mass density of the cloud from ~40 g m™ to 85
g m~ but produces very little effect on the cloud prop-
erties because of the dominance of collisional growth.

Since the location of condensate clouds is essentially
independent of pressure, small changes in the temper-
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FIG. 6. A comparison of P-T profiles for the atmosphere of Uranus.
The dashed line corresponds to radiative-convective model results
(Appleby 1986) while the solid line is the profile determined by Orton
et al. (1986). :

ature profile serve only to shift the cloud location
slightly. The weak dependence of the microphysical
time constants on pressure means that the consequent
changes in the cloud structure are due primarily to the
change in cloud mass density with location. The dom-
inance of collisional growth processes in all the tro-
pospheric clouds makes the cloud relatively insensitive
to such changes in cloud base location. Even the ex-
treme case considered here does not exhibit much
change in the cloud properties.

e. Variation of abundance

Since the location of the clouds is controlled by at-
tainment of vapor saturation with respect.to the con-
densed phase, changing the assumed abundance shifts
the cloud basé in a similar fashion and with conse-
quences similar to changing the temperature. Since the
saturation vapor pressure is an exponential function
of temperature, however, abundance changes must be
very large, orders of magnitude, to shift the cloud base
pressures significantly. We consider the consequences
of several recent suggestions for altering the assumed
abundances of the condensible species.

Observations of the NH; abundance on Jupiter have
suggested a range of mixing ratios. Analyses of ground-
based data (e.g., Sato and Hansen 1979) suggest NH;
mixing ratios (2.8 = 1.0) X 107 at the 1 bar level. This
value is consistent with the value (1.78 + 0.89) X 10~*
determined by Kunde et al. (1982) for the 1 bar level

"from their analysis of Voyager IRIS spectra from the

North Equatorial Belt (NEB). A slightly larger value
(2.2 £ 0.8) X 107 was inferred by Lindal et al. (1981)
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from their analysis of the Voyager RSS signal atten-
uation. Depleted NH; abundances have been inferred
by de Pater and Massie (1985) and de Pater (1986)
from observations of Jupiter at radio wavelengths.
Their analysis suggests that the NH; abundance is de-
pleted to ~3 X 107 in the region from 0.5 to 1.5 bar.
At pressures larger than 2 bar, their analyses require
an enhanced NH; abundance of 1.5-2 times solar.

Figure 7 shows a comparison between the micro-
physical time constants for two ammonia clouds
formed with the upper and lower limits on the am-
monia abundance at the | bar level determined by
Kunde et al. (1982). The lower ammonia abundance,
8.9 X 1073, results in a thinner, non-precipitating cloud
with a base at 0.6 bar (143 K). The mass density of
this cloud is ~0.08 g m™>. The upper limit on the
ammonia abundance, 2.67 X 107, produces a cloud
that is marginally able to produce precipitation on time
scales ~10*s. The cloud base is shifted to higher pres-
sure, 0.7 bar (150 K). The mass density of this cloud
is ~0.2 g m™~3. Both of these clouds resemble cirrus
clouds on Earth. Although variations in dynamics may
produce some precipitation, even if the cloud density
is at the upper limit, these clouds are expected to be
haze-like and exhibit more vertical than horizontal
variations. :

Recent determinations of the water abundance
(Bjoraker et al. 1986; Kunde et al. 1982) suggest that
the abundance of water on Jupiter may be substantially
depleted with respect to solar values. Both of these in-
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FIG. 7. An illustration of the effects of the variation of abundance
on the microphysical time constants for the NH; cloud on Jupiter.
The curves shown here correspond to the range of abundance as
determined by Kunde et al. (1982). The lower limits for each time
constant correspond to an NH; abundance of 2.7 X 1074, while the
upper limits correspond to an abundance of 8.9 X 1075,
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FIG. 8. An illustration of the range of variability in the microphysical
time constants from the top (righthand curves except for 7y) to the
bottom (lefthand curves except for 7¢y) of a hydrazine cloud that
extends from the lower stratosphere to the upper troposphere on
Jupiter.

vestigations have suggested that the mixing ratio of wa-
teris ~3 X 107> near the 4 bar level. Taking this abun-
dance as representative of the well-mixed water abun-
dance, we find that a cloud forms at 2.67 bar (229 K).’
This cloud most likely forms in the ice phase, but the
factor of 1.4 difference between the saturation vapor
pressures of ice and liquid allows for the possibility
that this cloud may form from supercooled liquid
droplets, depending on atmospheric dynamics. The
variation of the microphysical time constants with
particle radius for this cloud are intermediate between
those for the NH; cloud and H,O cloud on Jupiter
shown in Figs. 2 and 3. The mass density of this cloud
is 3.2 g m~3, still quite massive by Earth standards. The
average particle size is ~10 um. This cloud is mod-
erately precipitating and similar to the cumulonimbus
clouds on Earth.

The analyses of the 5-um spectrum of Jupiter by
Bjoraker et al. (1986) and Kunde et al. (1982) did not,
however, include the presence of such dense clouds;
they even differ by 2 bars in the pressure level at unit
optical depth for a pure gas atmosphere due to differ-
ences in the boundary conditions and treatment of the
sub-Lorentzian behavior of the far wings of the ab-
sorption lines. Abundances are assigned to a pressure
level based on the opacities of gas only. If, as suggested
by our microphysics results, cloud extinction is signif-
icant, the pressure associated with unit optical depth
would be significantly reduced. A complete analysis,
including the effects of the spectrally dependent ab-
sorption and scattering associated with NH; and H,O
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FIG. 9. Microphysical time constants for a stratospheric
acetylene cloud on Saturn.

ice clouds, is required to obtain better measures of
abundances at pressures greater than 2 bars.

Chemical processes may also alter the abundances
‘of the cloud-forming species or produce new conden-
sates. Results of thermochemical studies including the
effects of aqueous chemical reactions (Carlson et al.
1987a,b) imply that chemical reactions within the at-
mospheres of the giant planets deplete the NH; abun-
dance by 30%-40%. The effect of this depletion is to
move the cloud base to lower pressure and decrease
the extent of the cloud layer with only marginal changes
to the cloud microphysics. The thermochemically in-
ferred NH; abundances at the NH; cloud base are
within the observational constraints.

| Stratospheric clouds

Once a cloud has formed in the troposphere; the
mixing ratio of the condensate will decrease exponen-
tially with decreasing temperature following the satu-
ration vapor profile. The interaction of atmospheric
dynamics and precipitation can, in fact, produce an
undersaturated layer above the main cloud formation
level, as occurs in the Earth’s upper troposphere; how-
ever, turbulent mixing will maintain the relative hu-
midity at nearly 100% at upper levels where precipi-
tation is no longer efficient. If mixing processes were
to inject methane into the stratospheres of Uranus and
Neptune, then subsequent downward motion could
produce a cloud. A similar process has been suggested
to explain the ice clouds in the polar stratosphere on
Earth (McCormick et al. 1982). The injection of meth-
ane into the stratosphere of Neptune has been proposed
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as the mechanism responsible for the strongly inverted
thermal profile (cf. Appleby 1986). The results of mi-
crophysical model calculations for Uranus and Nep-
tune suggest that such an injection of CH, could pro-
duce a tenuous haze composed of submicron sized
particles. The presence of such a cloud would interfere
with remote sensing analyses, particularly thermal
soundings, by creating an additional opacity source.
Strobel (1973) and Atreya et al. (1977) have sug-
gested that the production of hydrazine, N,H,, from

- the in situ photochemical destruction of NH;, may be

a significant source of stratospheric aerosols on Jupiter.
No ultraviolet absorption features due to NH; have
been detected on Saturn (Caldwell 1977; Prinn et al.
1983) implying that only trace amounts of NH; are
present in the Saturnian stratosphere. Thus NH; pho-
tochemistry is probably not an important source of
stratospheric aerosols on Saturn. Deeper NH; cloud
base pressures in the colder atmospheres of the re-
maining giant planets imply more efficient precipita-
tion scavenging, making it unlikely that the products
of NH; photolysis contribute to their stratospheric
acrosol population (however, see Carlson et al. 1987b).

If photochemical production rates are enough to
cause N;H, vapor saturation in the stratosphere, then
a cloud will form over the entire near-tropopause re-
gion. Under Jovian conditions, the low value of the -
saturation mixing ratio is consistent with the less than
1 ppb (part per billion) upper limit on the hydrazine
abundance inferred from IUE data (Wagener et al.
1985). Figure 8 shows the range of the microphysical

150

Temperature (K)

,Lo«j Mixing Ratio

FIG. 10. A comparison of the saturation mixing ratio profiles versus
temperature for propane (CsHg, curve a), acetylene (C;H,, curve b),
ethane (C;Hg, curve c) and ethylene (C;H,, curve d). The dashed
lines indicate mixing ratios of 10~ (the methane abundance at the
tropopause) and 10~° (lower limit for detection).
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time constants from the top of an N;H, cloud in the
stratosphere (P ~ 10 mb) to the bottom in the upper
troposphere (P ~ 1000 mb): the mean particle size at-
tained varies from ~0.1-2 um over about one scale
height in the region of the tropopause. This size range
in the stratosphere is consistent with that inferred from
observations (West et al. 1986). Since NH; photolysis
occurs throughout this same region, the actual variation
of N,H, aerosol production rate and particle size with
altitude could be quite complex.

Since the condensation rate for low supersaturations
is low, rapid photochemical production of N,H, might
maintain much higher supersaturations, as occurs for

* sulfuric acid on Earth (R78). This would produce larger
particles; however, as with tropospheric clouds, the
particle size at which condensation growth balances
sedimentation is insensitive to the assumed cloud mass
density, vertical extent, and assumed supersaturation
[Egs. (2) and (13)]. The photochemical model of Strobel
(1973) and West et al. (1986) implies a large photo-
chemical production rate of N,H,, but they argue that
very large particles (>10 um) are formed that leads to
a removal of 99% of the N,H, and leaves behind the
tenuous, small particle haze inferred from the obser-
vations (West et al. 1986). Figure 8 shows that this sort
of balance is not possible, since the only process that
can produce a distinct separation of the condensing
substance into a small and large size fraction is co-
alescence, which is not effective at these cloud mass
densities. Thus, since the balance between condensa-
tion growth and sedimentation removal generally leads
to a relatively narrow particle size distribution (R78),
the larger particles produced, which still have sedi-
mentation times of hours, would be observable. Not

only is the observed cloud tenuous, but the upper limit

on the vapor abundance precludes the supersaturations
needed to produce such large particles (Syax > 1000%).

The results of our analysis indicate that acetylene,
C,H,, may condense in the stratospheres of some of
the giant planets. While the abundance of C;H, would
have to increase by a factor of 10%, from 1078 to 1074,
for C,;H, condensation to occur in the Jovian strato-
sphere, it is important to remember that these results
correspond to global mean conditions. Horizontal
temperature variation of order 10°C occur within the
Jovian stratosphere (Lindal et al. 1981). Furthermore,
as suggested by Caldwell et al. (1979) temporal varia-
tion in the stratospheric thermal structure may occur.
Seasonal variations could actually be larger than 10°C
for the polar regions at pressures of 10 mb or less (Be-
zanger et al. 1986). These temperature variations, cou-
pled with latitudinal variations in the C,H, abundance,
may be large enough for saturation to occur. More
detailed observations are required to explore this pos-
sibility fully.

The colder stratospheric temperature minimum on
Saturn allows C;H, to condense with observed abun-
dances. Using the mixing ratio, 2.1 X 1077, for C,H,
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determined by Courtin et al. (1984) from their analysis
of the Voyager IRIS spectra, we find that a cloud forms
near 0.06 bar. Unlike the situation for ethane (C,Hs),
where observational evidence suggests that the mixing
ratio decreases dramatically below the 20-50 mb level,
there is no strong observational evidence that the C;H,
abundance behaves similarly. Thus, although the con-
densation level is below the C,;Hg abundance cutoff,
acetylene condensation will occur provided the abun-

. dance is larger than 1077 at the 0.06 bar level. Larger

abundances of acetylene would shift this location to
lower pressures because of the temperature inversion.
A cloud at this location agrees with the location of the
stratospheric haze layer determined by Tomasko and
Doose (1984) and West et al. (1983) from their analysis
of visible and ultraviolet data.

Figure 9 shows the time constants for a stratospheric
acetylene cloud on Saturn. Since the abundance seems
large enough for vapor condensation to predominate
over coagulation, the growth of particles > 1 um ap-
pears possible. Although the time required to grow a
1 um sized particle is ~10*-10° s, this is still much
shorter than the time required to produce aerosols in
Earth’s or Venus’ stratosphere (R78). If the photo-
chemistry producing acetylene is more rapid than vapor
condensation, then large particles (~3-6 um) are pos-
sible, with a supersaturated layer nearly a scale height
in thickness. Such large particles could account for the
difficulties encountered in matching infrared and radio
occultation results for the Southern Hemisphere (Con-
rath et al. 1984). A thinner production region or slower
photochemical reaction rates would limit particle size
to ~1 um. The smaller particle sizes are preferred in
the analysis of the Pioneer polarimetry and photometry
(Tomasko and Doose 1984).

It is again important to remember that both the
abundance of C,H; and the thermal profile used cor-
respond to global mean conditions. As shown by the
Voyager IRIS results (cf. Fig. 3, Hanel et al. 1981),
significant latitudinal variations in the stratospheric
thermal structure occur. These latitudinal variations
are coupled with or are the result of seasonal variations
produced by Saturn’s 27° obliquity (Carlson et al.
1980; Bezard and Gautier 1985). In light of this, acet-
ylene clouds are likely to display a complex and tem-
porally varying latitudinal structure; the latitudinal de-
pendence of the acetylene abundance as determined
by Courtin (1982) from his analysis of the Voyager
IRIS spectra suggests that such variations do indeed
occur.

Based on photochemical production rates, West et
al. (1986) suggest the production of diphosphine (P,H,)
from phosphine (PH3) photolysis as the source of
stratospheric aerosols on Saturn. The lack of vapor
pressure curves as a function of temperature for P,H,
prevents us from including it in this analysis. We note,
however, that the high production rates suggested by
West et al., as in the case of hydrazine, require that
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99% of the P,H, produced be removed by the conden-
sational growth of large (>10 um) particles and sub-
sequent sedimentation. Whether or not such large
particles can be produced depends strongly on the
thermodynamic properties of P,H, which control the
condensation process; but in any case the removal rate
of 10 um particles is not high enough to make them
unobservable.

Our investigation of other detected or proposed spe-
cies indicates that many of the photochemically-pro-
duced hydrocarbons [e.g., acetylene (C,H,), ethane
(C,Hg), ethylene (C;Hy), and propane (C;Hg)] may
condense in the atmospheres of Urdanus and Neptune
(cf. Pollack et al. 1987). Other hydrocarbons may con-
dense but vapor pressure/thermodynamic data are un-
available for them at this time (Pollack et al. 1987 in-
clude C4H,). Fig. 10 shows the variation of the satu-
ration mixing ratios of several hydrocarbons with
temperature for the atmosphere of Uranus. Since the
hydrocarbons are probably produced by methane pho-
tolysis, an upper limit on their abundance is simply
the methane abundance at the tropopause level, 10~
(This value is based on saturation and therefore in-
dependent of the methane abundance at depth pro-
vided that it is larger than 107°). From Fig. 10, one can
see that even if the abundances of these compounds
are only of order 107°, a photochemical hydrocarbon
haze layer is expected to extend downward from ~0.01
bar through the temperature minimum (Pollack et al.
1987, obtain aerosol from 0.0001 bar downward). Of
the hydrocarbons investigated only propane may re-
main saturated throughout the CH, cloud region. Even
if the abundances of some of the compounds are >107°,
their low saturation vapor pressures insure that their
vapor mixing ratios will remain at or below the current
levels of detectability.

Assuming that the abundances are of order 107, a
conservative estimate, the vertical column density of
aerosol is ~10% cm™2, Thus the aerosol layer is com-
parable to that observed on Jupiter in terms of the
vertical column density (West et al. 1986). If, however,
the actual hydrocarbon abundances are closer to the
Jovian values, then column densities of order 10'° cm™
are expected. (For reference, the vertical column den-
sity of stratospheric aerosol on Saturn is 10° cm™2 based
on West et al. 1983). The particle sizes would typically
be submicron, although near the base of the strato-
sphere, micron-sized particles are expected. Thus, it is
. likely that there are several overlapping layers of op-
tically significant aerosol extending from 0.001 to 0.01
bar down to the top of the tropospheric CH, cloud
layer (Pollack et al. 1987 provide a more detailed model
fit to Voyager observations with several aerosol layers).

As in the case of methane on Uranus and Neptune
and acetylene on Saturn, the presence of clouds adds
greater uncertainty to the abundances determined by
remote sensing. The mixing ratio of a condensate de-

termined from a gas phase feature depends strongly on .
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the pressure level sensed (i.e., above or below the cloud).
If the abundance is determined from the above cloud
region, the measured value represents a lower limit;
for some of these species at very low vapor pressures,
large supersaturations may be maintained by the pho-
tochemical production. Also, since the vapor mixing
ratio of a condensing species decreases rapidly above
the cloud base, measurements based on ‘“relatively
weak” absorption lines must look “through” much of
the cloud to see enough absorption; improper handling
of the vapor profile in this region can produce mis-
leading results. Neglect of aerosol opacity in the analysis
at some wavelengths can also lead to important errors.
Further observations and modeling of cloud vertical
structures may be required to unscramble these com-
plicated, layered atmospheres.

4. Discussion

The results of theoretical thermochemical equilib-
rium (cf. Carlson et al. 1987a,b) and cloud micro-
physical studies can provide an interesting context in
which to interpret planetary observations. Thermo-
chemical equilibrium studies are capable of providing
some useful constraints on the composition, potential
structure and chemical complexity of the clouds, as
well as the condensate abundance. Although these
models do not include the effects of dynamics, they do
provide some information on the cloud layers possible
within these planetary atmospheres. As indicated by
the results in Figs. 2, 3 and 4 and Table 4, the actual
locations are still somewhat uncertain because of un-
certainties in the thermal structure of these atmospheres
and condensate abundances. As the Voyager IRIS re-
sults have shown for Jupiter and Saturn (Pirraglia et
al. 1981), the temperature profile is latitudinally de-
pendent. There are also indications that condensate
abundances are latitudinally dependent (Hanel et al.
1979; Courtin 1982; Drossart and Encrenaz 1982).
Furthermore, the temperature profiles (Caldwell et al.
1979; Carlson et al. 1980; Bezard and Gautier 1985)
and condensate abundances are also temporally vari-
able (Drossart et al. 1984).

a. Cloud system analogs

Despite these uncertainties, many of the tropospheric
clouds we have examined can still be characterized as
having microphysical balances similar to water clouds
in Earth’s lower troposphere: the NH; clouds on Ura-
nus and Neptune and the H,0 clouds on Jupiter and
Saturn. The NH; clouds on Jupiter and Saturn are
more like dense cirrus and thin stratus, respectively.
The NH,4SH clouds are tenuous on Jupiter and Saturn,
but may form precipitation on Uranus and Neptune,
if sticking of the solid particles is possible. The CH,4
and H,O clouds on Uranus and Neptune are unlike
clouds on Earth, being 10-100 times as massive.
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The rapid formation of precipitation can have two
consequences: significant latent heat feedback on dy-
namics and “drying” of downdrafts. Those systems
with large mass densities, >1 g m™>, are expected to
exhibit significant horizontal and vertical structure
controlled by dynamics, but influenced by latent heat

feedbacks similar to deep convective clouds on Earth.-

This situation makes cumulus-style dynamics more
likely than stratus dynamics in the CH4 and H,O
clouds. In contrast, NH; clouds on Jupiter arid Saturn
are less dense than lower tropospheric H,O clouds, but
similar to cirrus on Earth, and only weakly precipitat-
ing. Consequently, horizontal contrasts may be muted
and vertical extent may be small in a weak dynamic
regime. However, in a weak dynamic regime jinterac-
tions between radiation, dynamics, and microphysics
become important and can lead to complex, multiple
layer hazes (cf. Curry 1986) as occurs in the Arctic. On
Uranus and Neptune, where the NHj; clouds are denser
and more strongly precipitating, there may be more
horizontal variations of cloud properties.

Solar abundance H,O clouds on Jupiter are denser
than H,O clouds on Earth and are expected to exhibit
more spatial variation than NHj; clouds, with a stronger
feedback on dynamics due to the latent heat effects.
H,O clouds on Uranus and Neptune reach conditions
unlike anything on Earth, where the droplet size dis-
tribution reaches complete collisional equilibrium,
even in very weak updrafts. The consequences of these
massive H,O clouds for the general circulation are
likely to be significant and complex.

The stratospheric clouds examined here are repre-
sentative of the types of clouds possible given the
chemical compositions of the giant planets. These
clouds can typically be regarded as hazes because of
their low mass densities. None of these systems are
massive enough to produce precipitation.

b. Vertical structure

The vertical structure of these cloud layers cannot
be predicted without a consideration of dynamics;
however, analogies to similar Earth systems can suggest
some possibilities. Low density clouds, such as the NH;
and NH,SH clouds on Jupiter and Saturn, are char-
acterized by slow growth processes which, in turn, can
produce only moderate sized particles (~10-100 um)
before sedimentation removes them. If sticking effi-
ciencies are low, as likely for solid particles, particle
sizes will be at the lower end of this range.

Gierasch et al. (1986) used the particle optical depths
at 45 and 5 um inferred from the Voyager IRIS data
to constrain the sizes of NH; ice particles in the at-
mosphere of Jupiter to be of the order 6 um. Note
however, that particle sizes inferred from remote sens-
ing observations can be considered to be cross section
weighted mean values; for typical size distributions
these sizes would be a factor of 1.5 to 2 smaller than
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the mass-weighted mean values we use. A more recent
analysis by Shaffer and Samuelson (1987) fitted particle
optical depths at 45 and 8.6 um and, including con-
straints on the suppression of resonant absorption fea-
tures in the spectrum, derived particle sizes in either
of two ranges, 1.25 or 2.9 um. Thus, although both
studies derived results from the same dataset, different
spectral regions were used, with a “consensus” being
in the approximate range of 3 um. Sustained updraft

" velocities < 1 m s™! will have little effect on these clouds

because the sedimentation velocity of 10 um sized par-
ticles is already 1 m s™! and increases as the square of
the particle radius [see Eq. (11)]. Only very much
stronger updrafts can alter the mean particle size at-
tained in these clouds.

Therefore, these low mass clouds, by analogy to up-
per tropospheric cirrus clouds or Arctic stratus, will
exhibit a vertical variation of particle size that is gov-
erned by the region over which upward motions cause
condensation. In a weak circulation regime, these up-
drafts can be influenced by the radiation perturbation
caused by the clouds (see Curry 1986 for references for
Arctic and marine stratus clouds; see Starr 1987 for
references for cirrus clouds). Since the sedimentation
rate and condensation rate are relatively independent
of pressure and temperature (for small particles, <10
um, and pressures > 0.1 bar), the only factor influenc-
ing particle size is the dynamic control of Sp,.: weaker
updrafts tend to produce fewer and smaller particles;
however, mixing ‘processes in clouds produce much
more complex altitude variations (e.g., Paluch 1986).
Since vapor scavenging by precipitation is insignificant,
vapor presstres are expected to remain near saturation
unless horizontal mixing of different temperature air
masses occurs. In this case multiple haze-like layers
can occur.

Higher mass density clouds exhibit very rapid growth
of precipitation-sized particles, before sedimentation
removal occurs. CH, ice may exhibit significant stick-
ing, since it forms near its freezing temperature,
whereas NH3; and NH,SH do not. Collisional disrup-
tion limits sizes in the liquid H,O clouds, but may not
limit particle size in the CH, clouds. Strong updrafts
probably cannot affect this balance directly, buit rather
they influence the rate of vapor supply that balances -
the rapid scavenging of the condensate by the precip-
itation. Significant latent heat effects imply the possi-
bility on Earth for strong, but small-scale, motions with
large precipitation rates; however, strong large-scale
updrafts can also sustain persistent heavy precipitation,
The key relationship, that microphysical times are
much shortér than dynamical times, implies that “typ-
ical” conditions cannot supply vapor to cloud level as
rapidly as it is converted to precipitation. Thus, the
cloud mass density must be smaller “typically” and
ascending air dried effectively, producing larger hori-
zontal contrasts in cloud properties. Weakly precipi-
tating systems (NHj3 on Jupiter/Saturn) should not ex-
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hibit as large humidity and cloud density contrasts as
the strongly precipitating systems (NH; on Uranus/
Neptune and H,O on all of the planets).

The rapid depletion by precipitation of the conden-
sate in an ascending parcel does not preclude vertically
extensive layers of cloud, since horizontal dynamical
mixing can lead to multiple layers. Rapid condensation
growth, compared to dynamic transport times, pre-
cludes supersaturated vapor pressures. However, as the
mass density of a cloud decreases strongly with altitude
(mass mixing ratio declines exponentially, following
saturation profile), precipitation is no longer formed
in the upper level clouds as coalescence is no longer
effective. Without precipitation to act as a strong drying
process, even weak dynamic transports will eventually
raise the vapor pressure to near-saturated levels. Hence,
under the proper dynamical conditions other cloud
layers can form well above the main thermodynamic
layer. Analogy with Earth H,O clouds suggests, how-
ever, that predicting the properties or even the existence
of these upper hazes is difficult without knowledge of
the atmospheric circulation: a general theory of upper
tropospheric cloudiness on Earth does not exist (cf.
Starr 1987). The key point is that none of these con-
densible species can be assumed to be neatly confined
in a single, well-specified cloud layer. The classical pic-
ture of three or four, compositionally distinct cloud
layers on Jupiter (or any other giant planet) may not
be accurate.

¢. Scavenging and chemistry

The rapid cycling of condensible substances in the
precipitating clouds, together with the formation of
large particles that may fall as much as a scale height
before evaporating, has possible consequences on the
vertical distribution of other aerosols and any gases
which can react with the condensed phase. In partic-
ular, the dense H,O clouds likely to be present in all
of these atmospheres may serve as strong filters of some
chemical species mixed up from deeper levels (Carlson
et al. 1987a). Efficient scavenging of substances by
condensing H,O would also suggest that a large vertical
gradient in these substances would be maintained in
the vicinity of the lowest H,O cloud layer. The steep
vertical gradient in the NH; mixing ratio observed in
these atmospheres, combined with the observational
constraints on the H,S abundance, leads one to suspect

"the formation of an NH4SH condensate. From a mi-
crophysical standpoint the NH,SH clouds are inter-
mediate in nature, having mass densities and precipi-
tation rates between the NH; and H,O cloud values.
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