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Abstract. In seeking to understand the formation of the giant planets and the origin of their atmo-
spheres, the heavy element abundance in well-mixed atmosphere is key. However, clouds come in the
way. Thus, composition and condensation are intimately intertwined with the mystery of planetary
formation and atmospheric origin. Clouds also provide important clues to dynamical processes in the
atmosphere. In this chapter we discuss the thermochemical processes that determine the composition,
structure, and characteristics of the Jovian clouds. We also discuss the significance of clouds in the
big picture of the formation of giant planets and their atmospheres. We recommend multiprobes at
all four giant planets in order to break new ground.
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That the Planets are not without Water, is made not improbable by the late Observations:
For aboutlupiter are observ’d some spots of a darker hue than the rest of his Body, which
by their continual change show themselves to be Clouds: For the spaigitef which

belong to him, and never remove from him, are quite different from these, being sometimes
for a long time not to be seen for these Clouds; and again, when these disappear, showing
themselves. ...

Christianus Huygens, IKosmotheoros 1698

1. Introduction

Ever since the invention afcchiale (telescope) by Galileo Galilei nearly four
centuries ago, Jupiter’s clouds have fascinated amateur astronomers and plane-
tary scientists alike. With the availability of modern observing techniques, it has
been possible to determine the morphology and characteristics of the upper visible
clouds of Jupiter and Saturn. However, the cloud structure of the four giant planets
is complex, extending deep into their atmospheres. Galileo Probe is the only entry
probe ever deployed at a giant planet. But, the probe entered a meteorologically
anomalous region — the Sahara Desert of Jupiter — one of the driest places on
the planet. Hence, information on only the very tenuous clouds in the entry site
could be gleaned from the Probe nephelometer measurements. These observations
could not reveal anything about the cloud structure elsewhere on Jupiter. On the
other hand, a good picture of the structure of Jovian clouds has begun to emerge by
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combining existing data (nephelometer, mass spectrometer, and remote imaging)
with thermochemical models. The model predictions are for a three-layer cloud
structure at Jupiter and Saturn, and a 4-5 layer cloud structure in the atmospheres
of the icy giants, Uranus and Neptune. We will first discuss the cloud formation
model, then compare the results with existing observations. We will then discuss
the significance of clouds in the models of formation of the giant planets and their
atmospheres, and finally make recommendations for future work.

2. Thermochemical Cloud Model

The equilibrium cloud condensation models (ECCM) of Jupiter date back to the
pre-Voyager epoch. The model was first developed by Weidenschilling and Lewis
(1973), and has undergone further development as described in Atreya and Romani
(1985) and Atreya (1986). The lifting condensation level (LCL), i.e. the base of
the cloud, is calculated by comparing the partial presseraid the saturation
vapor pressure={) of the condensible volatile. The LCL is reached at the altitude
where relative humidityd/e;) of 100% is attained. The amount of condensate in
the ECCM is determined by the temperature structure at the LCL and vicinity. The
release of latent heat of condensation modifies the lapse rate, hence the temperature
structure, of the atmosphere. Thus, the composition and structure of the clouds
depend on the composition of the atmosphere, and in particular the distribution of
condensible volatiles.

Thermochemical equilibrium considerations suggest thag,MHS and HO
are the only species likely to condense in the atmospheres of Jupiter and Saturn, if
the composition were solar. The presently known “elemental” abundance informa-
tion for Jupiter, Saturn and the icy giants is given in Table 1, and also illustrated
for Jupiter in Figure 1. As shown in Table I, N (from NHand S (from HS)
are enriched relative to solar, but O (from®) is subsolar even at the deepest
level in the region of the Galileo Probe entry on Jupiter. O/H is expected to be
enriched by a similar factor as the other heavy elements, He13Owenet al.,
1999; Atreyaet al., 1999), since current ideas of the formation of Jupiter favor a
core accretion model in which cold planetesimals are the original carriers of heavy
elements (heavier than helium). If the heavy elements were delivered by clathrate
hydrates, then the water abundance would be more thasofar in Jupiter’s well-
mixed atmosphere (Gautietal., 2001a; b). In either case, condensation of water
both as ice and droplets is inevitable.

For Saturn, tentative information on only one condensible speciesg, SH
available, indicating perhaps a greater enrichment factor compared to that at Jupiter
(Table I). In fact, C/H also seems greater than at Jupiter. The progressively larger
enrichment in the heavy elements from Jupiter to Neptune is consistent with the
predictions of the core accretion model (although this fact is reflected also in Sat-
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Figure 1. Elemental abundances (relative to H) in Jupiter's atmosphere compared to the solar values.
The Jupiter results are those measured by the Galileo Probe Mass Spectrometer (GPMS). Solid
horizontal line shows that direct gravitational capture would result in elemental abundances (ratioed
to H), same as in the Sun. However, heavy elements, Ar, Kr, Xe, C, N, and S are all found to be
enriched by a factor of & 1. Figure updated from Owest al. (1999).

TABLE |
Elemental and relevant isotopic abundances

Elements Sun Jupiter/Sun Saturn/Sun Uranus/Sun  Neptune/Sun
He/H 00975 0807+ 0.02 0.56-0.85 0.92-1.0 0.92-1.0
Ne/H 123x 1074 0.10+0.01 ? 20-30 (?) 30-50 (?)
Ar/H 3.62x 1076 25+05 ? 20-30 (?) 30-50 (?)
Kr/H 161x 1079 27405 ? 20-30 (?) 30-50 (?)
Xe/H 168x 10710 26+05 ? 20-30 (?) 30-50 (?)
C/H 362x 1074 29405 4-6 20-30 30-50

N/H 112x 104 30£1llhs 2-4 (?) 20-30 (?) 30-50 (?)
O 851x104  029+01hs ? 20-30 (?) 30-50 (?)
S/H 162x 10~ 275+ 066hs ? 20-30 (?) 30-50 (?)
P/H 373x10°7 082 5-10 20-30 (?) 30-50 (?)
Isotopes Sun Jupiter Saturn Uranus Neptune
15NN <28x107°% 23+03x10°3

D/Hx10™° 21+05 26+0.7 225+£035 55732 6.57-2

After Atreya (2004). See also Atreyhal. (2003), Atreyaet al. (1999) for references. O/H at Jupiter

is from Wonget al. (2004a). The solar values are taken from Anders and Grevesse (1989) in order to
maintain a standard reference. The heavy element ratios for Uranus and Neptune are taken to be the
same as C/H from Cldmeasurements on these planets. Note: hs is 5-micron hotspot.
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urn’s (5—=10x solar P/H, being a disequilibrium species, phosphine is not a good
indicator of the heavy element enhancement factor). Thus, for purposes of cloud
structure modeling, it is reasonable to assume a factor of 5 enhancement over solar
for all of Saturn’s condensible species, ammonia, ammonium hydrosulfide, and
water.

The lapse rate, cloud structure and bases, and the cloud density in the outer
planet atmospheres can be derived using thermodynamic equilibrium principles.
The lapse rate depends both on latent heat released upon condensation and the heat
of formation if a gas phase chemical reaction results into a condensate. Whenever
the partial pressure of a constituent exceeds its saturated vapor pressure, conden-
sation occurs. This process releases latent heat of condensation, thereby changing
the local lapse rate. An expression for the wet adiabatic lapse rajelf}ican
be derived using the principle of energy conservation for adiabatic expansion of a
mole of gas.

Hydrogen sulfide does not condense by itself in the atmospheres of Jupiter
and Saturn. In the gas phase, it can combine with ammonia to form ammonium
hydrosulfide (NHSH), or ammonium sulfide ([NH.S) which is less likely, i.e.,

NH3(g) + H2S(9) = NH,SH. )

With the inclusion of this “chemical condensation”, the energy conservation
equation (from first principle of thermodynamics) is

dQ=0=CpdT —vdP + ) LidXc+ Lo dXpys 2
k

where Cp is mean molar heat capacity at constant pressureT is differen-

tial change in temperature, is molar volume of the gas,X| is the differential

change in the number of moles of thk& gas due to condensatiohy is molar

enthalpy of condensation (latent heat) of #f& gas, and_ is the molar heat of
reaction/formation for the Reaction (1).

Ammonium hydrosulfide (or ammonium sulfide, if formed) would condense
as a solid in the environmental conditions of all giant planets. The “chemical’
condensation of kB results in the heat of formation, similar to the latent heat of
condensation. The equilibrium constalt;, for Reaction (1) is given by:

4705
10g10 K = 1482 — —== = 10G10( P, Phs) (3)

from International Critical Tables, wherg is the partial pressure expressed in
atmospheres ant is the temperature iK . Also,

PuHs = PXNHgs Phos = PXu,s, dXnp; = dXu,s 4)
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since the rate of concentration change of all species is the same in a mixed atmo-
sphere. Differentiating Equation (3) and employing Equations (4) gives

X X dT dP
Zrss F AN s = 108344, — 2 (5)
XstxNH3 T P

Using the standard gas laRv = RT (whereR is gas constant per mole),
dP = —gp dz (wherep = m/v is mass density, andh is mean molecular weight),
mixing ratio definitionXy = Px/P, and Clausius-Clapeyron equatioRddT =
L/ TAv ~ Lg/Tug, we obtain

1 P Ly dT
dX, = =dP, — —sdP = X
TP KT P2 (g2

gm

Substituting Equations (5) and (6) into Equation (2), the following expression for
the wet adiabatic lapse rate of the atmosphere is obtained,

2(XH,sX )Lrx
14+ & [; Ly X + #}

daT mg XHo5+XNHg
dZ CP 1+ 1 Z Lﬁxk + 10834XH25XNH3)L|»X
CpT?2 | 4= R XHys+XNHg

NHj3 could also dissolve in kD, resulting in an “agueous solution cloud” in the
atmosphere. If the concentration of the solutiol€igdue to NH condensation),
then for every mole of solution, (£ C) mole of H,O is condensed out, i.e.,

dngO
1-C°

(8)

dxsolution =

In Equation (2),LcdX, term should therefore reflect the heat due to condensation
in solution, i.e.,

LS dXHzO

1-0C) " ®)

wherel g is the average heat of condensation of the solution. This will affect the
lapse rate in Equation (7) and subsequently the atmospheric temperature.

The average density of the condensltbetween two closely spaced atmo-
spheric leveld andJ is given by

me(X} — XJ)P
mg Az

D= (10)

wheremy is the mass frac_tion of thkt" condensateAz is the height interval
between the two levels, arfélis the mean atmospheric pressure.
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3. Cloud Model Results and Observations

3.1. Q.OUDS OFJUPITER AND SATURN

Based on the above considerations of equilibrium thermodynamics, it is possible to
construct the ECCM for Jupiter and Saturn. Figure 2 shows results of ECCM calcu-
lations for Jupiter, with X solar and X solar condensible volatile abundances in
the left panel, and greatly depleted condensible volatiles in the right panel in order
to simulate the LCL of the clouds detected in the Galileo Probe Entry Site (PES).
Since the Galileo Probe entered a dry region, the condensible volatiles were found
to be greatly depleted to levels well below their expected condensation levels. It
has been proposed that the depletion is caused by a giant downdraft extending
to at least the 22 bar level or 160 km below 1 bar (Atreyal., 1997; Owen

et al., 1997; Atreyaet al., 1999; Atreyaet al., 2003), or a giant wave whose
trough extends to at least the same level (Showman and Dowling, 2000). Neither of
these hypotheses can completely explain the volatile distribution in the PES, thus
additional investigation is needed. Note that the cloud densities calculated by the
ECCM (Figure 2) represent upper limits and are much greater than any densities
that would actually be expected in the Jovian atmosphere. This is due to the fact
that atmospheric dynamics would not normally support a continuous wet adiabatic
ascent through the entire atmospheric column, and microphysical processes lead
to a reduction of the cloud density through precipitation. On the other hand, the
ECCM s accurate in predicting the LCLs of the condensible volatiles, i.e. the cloud
bases. This is clearly evident from a comparison of the ECCM calculations shown
in Figure 2 and the observation of clouds.

The Galileo Probe Nephelometer detected a tenuous cloud layer at 1.3 bar, and
more tenuous ones at 1.6 bar and 0.55 bar (Rageaht 1998). Although the biS
and HO mixing ratios in the PES at pressures less than 9 bar are unknown, their
extrapolated values from the measured mixing ratios at pressures greater than 9 bar
(Niemannet al., 1998; Atreyaet al., 1999; Atreyaet al., 2003), together with the
NH; profile inferred from the attenuation of Galileo Probe radio signal (Folkner
et al., 1998), are consistent with those required to simulate the PES cloud bases
(Figure 2). This is a strong evidence that the three cloud layers detected in the PES
most likely represent the clouds of Nkte, NH;SH-ice, and HO-ice, with their
bases at, respectively, 0.5, 1.3, and 1.6 bar level (Ateegh, 1999).

Outside the Galileo Probe entry site, only remote sensing observations exist.
Extensive observations of Jupiter's upper visible clouds at relatively high spatial
resolution were done with the Galileo orbiter imaging system at visible and near
infrared wavelengths (727, 756, 889 nm). From an analysis of the low-mid latitude
data, Banfieldtt al. (1998) identified a nearly ubiquitous cloud cover with its base
at 7504 200 mb, and cloud optical depth varying between 0 and 20. The atmo-
spheric pressure range of the observed cloud bases is consistent with the range
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Figure 2. ECCM for Jupiter.Left panel: Elemental abundances of condensible volatiles are taken
at 1x solar eolid area) and 3x solar @ashed lines) values.Right panel: as left panel, but with the
following depleted condensible volatile abundances relative to sofaD: H.01%; NH: 1%; HoS:

0.5%. The cloud concentrations (in grams per liter) represent upper limits. The temperature profile
used in the ECCM is from Seitlt al. (1998) for the Galileo PES in right panel, and modified due to
condensation in left panel. (After Atreygaal., 1999.)

predicted by the ECCM for .01x solar < NH3 < 4x solar, which spans the
range of ammonia abundance on Jupiter, as measured by the Galileo Probe. The
ECCM calculations show that ammonia would condense to ammonia €6

mb for 0.01x solar N/H, at 600 mb for &x solar N/H, at 720 mb for & solar

N/H, at 750 mb for 12x solar N/H, at 840 mb for 8 solar N/H, and at 1000

mb for 4x solar N/H (see Figure 2 for some cases). The Galileo Near Infrared
Mapping Spectrometer (NIMS) near IR observations (Iretil., 2001) and the
Galileo Probe and HST observations for the north equatorial belt (Sromovsky and
Fry, 2002) indicate cloud opacity variations in the 1-2 bar region. This variability
is most likely due to an ammonium hydrosulfide cloud predicted by the ECCM.
The belts represent relatively dry, downwelling regions where the cloud locations
are expected to be similar to those in the hot/warm spots.

The robustness of the ECCM is further strengthened by the observations of
thunderstorms and lightning from the Galileo (Gierasthl., 2000; Ingersolkt
al., 2000) and Cassini (Dyudiret al., 2003) orbiters, attributed to the presence of
water cloudsleeper than 4-5 bars. Indeed, the ECCM calculations show that only
water clouds can form in this pressure region (Fig. 2), and that at leasblar
H,0 is required for the cloud to be at 5 bar level. But, thébase of the water
clouds cannot be determined by the above remote sensing observations. Hence the
water abundance in well-mixed atmosphere of Jupiter is still unknown.

ECCM calculations for Saturn are shown in Figure 3, with the condensible
volatiles taken as st solar and & solar. The & solar enhancement of the heavy
elements is the more likely scenario for Saturn, as discussed in Section 2. Since
the atmosphere of Saturn is colder relative to Jupiter, the condensation of the same
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Equilibrium Cloud Model for Saturn (5 x Solar O, N, S)
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Figure 3. ECCM of Saturn, assuming a five-fold enrichment of the condensible volatiles, so that N/H,
S/H, and O/H are eachx&solar. The cloud concentrations (in gram/liter) represent upper limits.

species occurs at much greater pressure levels on Saturn compared to Jupiter. For
example, with solar O/H, the base of the water cloud on Saturn (12.6 bars) is at
nearly twice the pressure it is at Jupiter (5.7 bar); fer $olar, the Saturn water

cloud begins at 21 bars!

An important consideration of the cloud properties is the presence of a solution
cloud on both planets. A droplet cloud due to an aqueous solution of ammonia in
water becomes increasingly significant with greater and greater enrichment of am-
monia and water, as can be seen for tlves®lar case for Jupiter andSsolar case
for Saturn (Figures 2 and 3). The solution cloud provides a ready loss mechanism
for ammonia, followed by its loss in the ammonium hydrosulfide cloud higher up in
the atmosphere. There are indications that even outside the hotspots the ammonia
mixing ratio may be depleted by up to a factor of two down to the 2—-3 bar level,
i.e. below its expected condensation level (e.g., de Pater, 1986). The ammonia
loss in NH,SH discussed here can explain some of this loss, but additional loss
mechanisms may be necessary.

3.2. Q.oub CONTAMINANTS

The agreement between the ECCM results on the locations of (i) all cloud lay-
ers in a dry region (Galileo PES), (ii) the upper cloud layers (Galileo imaging),

and (iii) the purported water clouds (Galileo and Cassini imaging) is a strong
evidence for ammonia ice as being the material of Jupiter’s visible cloud layer.
With the exception of relatively dry regions such as belts and hotspots, clouds
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are present everywhere on Jupiter. Yet, ammonia clouds have not been identified
spectrally over most of the planet. In fact, Galileo/NIMS (Baieeal., 2002) and
Cassini/CIRS (Composite Infrared Spectrometer; Wetrag., 2004a) observations

find spectrally identifiable ammonia clouds only in certain locations, covering just
~1% of Jupiter (Bainest al., 2002). In the case of Saturn, spectral identification

of ammonia clouds is non-existent. It has been suggested previously that the lack
of spectral identification of (ammonia) clouds on Jupiter and Saturn may be due
to dusting by photochemical haze (Tomaskal., 1984; Westet al., 1986). In

that case only the short-lived, freshly made plumes (Ba@es., 2002) or high
altitude (ammonia) haze (Worgg al., 2004a) could remain uncontaminated and

be identified spectrally as ammonia ice. Note that observations with the Infrared
Space Observatory (ISO) in the 2.74#8n range also indicated the presence of
spectrally-identifiable ammonia clouds on Jupiter (Broeikal., 1998). However,

the ISO data provide little information on the actual spatial distribution of the
spectrally-identifiable ammonia clouds since the instrumental field-of-view covers
some 60 in latitude and 40in longitude (Bainet al., 2002). Another factor in

the spectral obscuration of the upper visible cloud layer of these planets could be
cloud properties, including ammonia aerosol particle size effects.

Throughout the atmospheres of Jupiter and Saturn, haze can be produced by
photochemical processes. In the stratosphere, haze results primarily from conden-
sation of polycyclic aromatic hydrocarbons (PAHs) and hydrazine
(N2H4-s). The PAHs are produced in a series of hydrogen abstraction-acetylene
addition (HACA) steps that involve, starting withgls, H-abstraction (by UV
photolysis, or reaction with H) followed by#E,-addition (Figure 4). Based on a
coupled photochemical-aerosol microphysical model (Frieégsah, 2002; Wong
et al., 2003) that includes the production rate of hydrocarbon haze particles, their
sedimentation, growth and diffusion through the atmosphere, a hydrocarbon haze
deposition rate of~10 um per year is calculated (one year is the average over-
turning time of the ammonia cloud particles; K. Baines, 2004, personal commu-
nication). The haze thickness is larger than then3 wavelength of observations
(Baineset al., 2002). Thus, masking of the ammonium spectral signature by the
grey hydrocarbon haze material is a distinct possibility.

In fact, the amount of the haze contaminant is expected to be much greater, since
the stratospheric hydrocarbon haze would mix with the hydrazine haze particles
produced in the photochemistry of ammonia in the region of the tropopause (Stro-
bel, 1973; Atreyeet al., 1977). Hydrazine haze is much more abundant than the
hydrocarbon haze. A production rate 086 10*° hydrazine molecules crd s is
calculated, which amounts to as much as 1.3 mMglen Jovian day of the hydrazine
condensate (Atreyat al., 1977). Being grayish, an admixture of the two can be an
ideal contaminant for the ammonia clouds of Jupiter, rather than the whiitg-8l
alone. The larger bulk of the admixture contaminant than of the PAH-condensate
alone is also important for another reason—it can prevent spectral identification of
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Figure 4. lllustration of important reaction pathways of haze formation on Jupiter. The pathways
beginning with GH»> and leading to polyyne polymerizatiohogver left branch) and the HCN
polymerization fight branch) are minor contributors to haze formation. In the auroral regions of
Jupiter, ion chemistry plays a decisive role in the hydrocarbon chemistry, so that nearly all of the
“auroral” benzene (precursor to PAH) is produced through the electron recombination of ring ion
c-CgH7 (Wonget al., 2003).

the clouds, even if the haze ends up in the core ofd particles, i.e. if it is
suitable as condensation nuclei for ammonia. It has been suggested that spectral
masking can occur if the contaminant is a significant fraction of the total mass
(Westet al., 1989), which is the case for the contaminant admixture. The same
type of admixture is expected to be present in Saturn’s atmosphere. Preliminary
calculations show that the PAH produced hydrocarbon haze is abundant on Sat-
urn also (Wong and Atreya, 2004), and the quantity of photochemically produced
hydrazine is also fairly large (Atreya al., 1980).

3.3. Q.oubs OFURANUS AND NEPTUNE

We show in Figure 5 an ECCM model for Neptune. Uranus is nearly identical. The
topmost cloud layer at-1 bar level is made up of methane ice, according to the
ECCM model. Voyager radio occultation observations did in fact infer a cloud layer
at~1 bar level. The base of the water-ice cloud $oar O/H is expected to be at
~40 bar level, whereas for the NHH,O solution clouds it is at approximately
twice this pressure. But, the heavy elements are most likely enriched relative to
solar. The C/H ratio at Uranus 4620—-30x solar, and between 30and 50« solar
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Figure 5. ECCM for Neptune, assumingxl(dashed lines) and 30< enrichment Igft panel), and

1x (dashed lines) and 50« enrichment (ight panel), of condensible volatiles (CH NHz, HoS,

H,O ratioed to H) relative to solar. Cloud bases fox3€olar, 50« solar cases are marked on right
ordinates. The cloud concentrations (in gram/liter) represent upper limits. The structure and locations
of the clouds at Uranus would be very similar due to similar thermal structure and atmospheric
density in the tropospheres of the two planets.

at Neptune, as derived from the measurement of methane. As in the case of Jupiter,
the enrichment factor for all other heavy elements is expected to be similar. Thus,
O/H, hence water, as well as the other condensibles(NbLS) are also expected

to be enhanced by factors of 20—30 or more relative to solar in the atmospheres of
Uranus and Neptune. For purposes of illustration, we present casesxwig0k,

and 50« solar enrichment of the condensible volatiles ¢CNHz, H,S, H,0) in

Figure 5 for Neptune. The NdHH,O aqueous solution cloud base is calculated to

be at 370 bars and 500 bars, respectively fox 3Md 50< solar cases, accounting

for van der Waals corrections. Some models (e.g. Ree, 1986; Paal@lihk1991)
predict the presence of a water-ammonia ionic ocean in the tens of kilobar region
(depth depending upon O/H and N/H). Such an ocean would be much deeper than
the aqueous solution cloud of the ECCM discussed above. Therefoyadiell

as HO will have been depleted well below their ECCM condensation levels.

3.4. Q.oub CHROMOPHORES

The brownish-orange-yellow colors of the visible clouds of Jupiter and Saturn
continue to be a mystery, as there are no measurements available to determine
the nature of the chromophore/s. Potential chromophores range from phosphorus
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o

0

(P,—yellow; P,—red) produced in the stratospheric photochemistry of, Ri-sulfur
species ($-yellow; ammonium polysulfide, (NHxSy—orange; hydrogen polysul-

fide, HSy—brown). In the atmospheres of Jupiter and Satug§ I3 sequestered

in the NH,SH cloud in the 2 and 5 bar region, respectively, where the dissociating
UV flux does not penetrate. Thus, the sulfur species are less likely to be respon-
sible for the cloud colors, unless,8 can be dissociated by other means, such
as high energy cosmic rays. The aqua-marine color of Uranus and Neptune, on
the other hand, is a direct consequence of the scattering of the Sun’s bluish-green
light by their atmospheres in which the Sun'’s red light is absorbed effectively by
the large quantities of methane. The white clouds on these planets are due to the
condensation of methane (Section 3.3).

4. Future

Much still remains mysterious about the clouds of the giant planets. It is only by
having access to the region well below the main cloud layers that the abundances
of key heavy elements can be determined. In the case of Jupiter, although the noble
gases, C, N and S have been measured in the well-mixed atmosphere, the water
mixing ratio, hence the oxygen elemental abundance, has not been determined (Ta-
ble I, Figure 1). The current status of the water measurement is shown in Figure 6.
The cloud models discussed in Section 2 show that outside the hotspots, water
clouds are expected at 5-8 bar level for (1-3kolar O/H. But in the Galileo
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PES, the water mixing ratio was still rising at the deepest level probed, 22 bars!

The thunderstorm and lightning observations on Jupiter (Section 2) are a good
indication that the water abundance in the deep well-mixed atmosphere of Jupiter
must be at least solar. But the results are not quantitative enough to be useful for
constraining models of the formation of Jupiter and its atmosphere.

Since water is presumably the original carrier of heavy elements to Jupiter, it
is the single most critical species remaining in order to constrain the formation
models of Jupiter. It is not known at Jupiter, and, unfortunately, Cassini orbiter
observations will not be able to yield the water abundance or, for that matter,
the abundance of the heavy noble gases and sulfur in Saturn’s atmosphere (there
is a possibility of measuring N/H, however). Future missions that can accurately
determine the water abundance in the deep well-mixed atmospheres of Jupiter and
Saturn will be most valuable. Considering the possibility that water may be variable
over these planets, it is imperative that measurements be carried out towelpths
below the expected condensation levels of 5-20 bars, i.e. to pressures of at least 50—
100 bars. Since the meteorology of the hotspot entry sites is poorly understood, it is
also important to carry owmultaneous measurements of other key species even if
their mixing ratios were measured previously (e.g. at Jupiter by the Galileo Probe).
Other supporting measurements for understanding the atmospheric compaosition
data are winds and cloud particle properties.

A comparative study of the gas giants, when combined with a similar study for
the icy giants, can provide the most comprehensive constraints on the models of
formation of our solar system and, by extension, the extrasolar planetary systems.
But determination of heavy element abundances on Uranus and Neptune becomes
much more challenging than that at Jupiter and Saturn if the O and N elemental
abundance must be measured also. This is because the water droplet cloud is ex-
pected to form at nearly a kilobar level—the kind of pressure encountered at the
bottom of the Marianas Trench! But, in fact, even if the technological challenge
of the probe and payload survival to and data transmission from kilobar levels,
where the temperatures exceed 500 K, could be overcome, the O and N elemental
abundances may not be representative of their well-mixed atmospheric values due
to the formation of an ionic solution in the tens of kilobar region, as discussed
above. Fortunately, unlike Jupiter and Saturn, it is not imperative to measure the
N and O abundance at Uranus and Neptune in order to constrain their formation
models. The noble gases, C, S, D/H, @Ad/**N can provide all the constraints
one needs for developing the models of the formation of the icy giants and their
atmospheres. And these elements can be easily measured at shallower depths, i.e.
at pressures of only 50-100 bars maximum. Unlike Jupiter and Saturn, neon is
not expected to be depleted in the tropospheres of Uranus and Neptune, due to
the absence of condensation of helium into droplets in which Ne dissolves, or
by another fractionation process. In fact, the available measurements yield nearly
solar He/H in the atmospheres of Uranus and Neptune, unlike Jupiter (and possi-
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bly Saturn), as seen in Table 1. Thus, Ne/H is a critical measurement for Uranus
and Neptune. Although the N/H at Uranus and Neptune seems neither easy nor a
good discriminator of models, th&N/**N and D/H isotope ratios are important
measurements, as they would reveal the role of comets in the formation of these
planets, by comparing the value against the cometary value and the “protosolar”
I5N/*N and D/H already measured at Jupiter by the Galileo Probe.

In summary, the big questions of the formation of the giant planets and the
origin of their atmospheres require simultaneously addressing interrelated and in-
tertwined issues of composition and clouds. It is essential to measure the elemental
abundances below the cloud levels. For the gas giants, critical elements are: C, N, S,
O, He, Ne, Ar, Kr, Xe, D/H and®N/**N, whereas N and O are neither easily acces-
sible nor critical for the icy giants. Supporting information on cloud structure and
winds is essential also. Because of their disequilibrium naturg, RéHz, GeH,
and CO are not good indicators of heavy element enhancement, nevertheless, their
measurement on all giant planets is also desirable as they can reveal much about
the interior processes. A comparative planetology approach can provide the best
results. Multiple probes to the diverse multiple worlds of the giant planets are rec-
ommended for understanding the formation of our solar system and the extrasolar
systems. Either in a single grand tour mission or on individual identical spacecraft
missions, 2—3 probes deployed to 50-100 bars at each planet are recommended.
A grand tour would fully exploit the capabilities of the Prometheus spacecratft,
but celestial mechanics considerations might limit the mission to Jupiter, Saturn,
and one of the two icy giants. In that case Neptune would be the ideal final target
where, in addition to dropping the probes, a fully instrumented orbiter could also
be deployed. A visionary approach involving multinational partnership is most
desirable to accomplish the immensely challenging exploration of multiple planets
by multiple probes. In the shorter term, relatively modest microwave spacecraft
missions can help define the more ambitious probe mission/s to the giant planets.
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... And at the going off of these clouds, some spots have been taken notice of in him, much brighter
than the rest of his Body, which remin’d but a little while, and then were hid from our sight. These
MonsieurCassini thinks are only the Reflection from the Snow that covers the tops of the Hills in
Jupiter: but | should rather think that it is only the colour of the Earth, which chances to be free

from those Clouds that commonly darken it.

Christianus Huygens, IKosmotheoros 1698
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