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PREFACE

The Saturn system is the most complex in the solar system and this book
is to summarize it all: the planet, rings, satellites, the magnetospheres, and
the interaction with the interplanetary medium. The effective date of the ma-
terial is approximately November 1983.

The book is dedicated to Marshall Townsend who was until his retire-
ment the Director of the University of Arizona Press. He came in 1965 to a
small struggling Press and in his eighteen years of service developed it into a
leader among University Presses in this country. Likewise his vision made this
Space Science Series possible. The idea to develop a new type of advanced
textbook, as described in the Introduction of “Protostars and Planets,” ap-
pealed to Marshall from the beginning and he helped us execute it.

We are grateful for the essential support given for the production of the
book by the Planetary Program Office at NASA Headquarters, by the Voyager
Program Office at the Jet Propulsion Laboratory, and by the Pioneer Program
Office at the Ames Research Center.

Tom Gehrels
Mildred Shapley Matthews

[ xi]






PART |
Introduction






THE SATURN SYSTEM

E. C. STONE
California Institute of Technology

and

T. C. OWEN
State University of New York, Stony Brook

Saturn is a giant planet surrounded by numerous rings, many satellites, and a
large magnetosphere. Although the Saturn system bears a general resemblance
to the Jovian system, it has many unique attributes which provide new insight
into the formation and evolution of planetary systems. This introductory chap-
ter provides an overview of the results of recent studies of the Saturn system
which are described in detail in the following chapters.

Saturn was the most remote planet known to man when it became a unique
object of scientific study with the discovery of its rings by Galileo in 1610
(see the chapter by Van Helden). By the 1970s, when the first space probes
were launched toward the outer solar system, Saturn was already known to be
a giant gaseous planet encircled by three main rings containing centimeter-
sized ice-covered particles and surrounded by at least ten satellites. Titan, the
largest of these, was known to be a planet-sized body with a substantial atmo-
sphere containing methane, and five others were known to be intermediate-
sized icy satellites. It was not yet known, however, whether or not there was a
planetary magnetic field with the associated plasmas, trapped particles, and
radio emissions.

With the Pioneer and Voyager flybys of Saturn in 1979, 1980, and 1981,
the last of the planets visible to the naked eye was visited by spacecraft. As

(3]



4 E. C. STONE AND T. C. OWEN

described in the various chapters in this book, these flybys, in conjunction
with improved groundbased observations and increasingly sophisticated theo-
retical analyses, have greatly increased our knowledge and understanding of
the Saturn system. In the following sections we briefly summarize those chap-
ters, indicating what is known about the planet, the magnetosphere, the rings,
the satellites, and the origin of the Saturn system. Extensive discussions and
references will be found in the relevant chapters.

I. THE PLANET

The spacecraft encounters with Saturn altered previous ideas about the
significance of apparent similarities between Saturn and Jupiter. These two
giants share many characteristics, yet there are basic differences between
them that have become more apparent from the detailed scrutiny provided by
the spacecraft. Saturn’s special qualities seem to be associated with its smaller
mass and greater distance from the Sun.

A. The Interior

We encounter these differences as soon as we begin studying models for
Saturn’s internal structure (see the chapter by Hubbard and Stevenson). Both
Saturn and Jupiter are composed predominantly of hydrogen by mass, unlike
Uranus and Neptune where compounds of carbon, nitrogen, and oxygen
dominate. Yet the heavy-element core of Saturn is proportionately larger than
that of Jupiter, and the hydrogen-helium envelope is thinner. On Saturn, the
transition from molecular to metallic hydrogen occurs deeper in the envelope
than on Jupiter.

The ratio of Saturn’s thermal emission and that which it absorbs from the
Sun is 1.79 %= 0.10. Although Jupiter has a similar radiation excess, the en-
ergy sources probably differ in part. On Saturn, the precipitation of helium in
metallic hydrogen is possible, and this process will lead to the liberation of
thermal energy through viscous dissipation. This situation arises because Sat-
urn’s smaller mass has allowed this planet to cool more rapidly than Jupiter,
which is still radiating primordial heat. The review in the chapter by Hubbard
and Stevenson suggests that there is also a significant contribution from pri-
mordial heat to Saturn’s thermal flux.

The rotational period for the conducting region of the core of 10 hr 39
min 24 * 7 s is derived from observations of Saturn kilometric radiation. The
composition and structure of the core are still poorly defined. Models with
rock and rock plus ice with various ratios of He/H in the envelope or in a fluid
outer core can all satisfy available constraints.

B. The Atmosphere

Composition. 'The composition of Saturn’s atmosphere (see the chapter
by Prinn, Larson, Caldwell, and Gautier) offers immediate support to the idea
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of helium differentiation in the planet’s interior. The helium mass fraction is
only 0.13 * 0.04 for Saturn compared with the 0.20 = 0.04 for Jupiter,
which agrees with the solar value. This depletion of helium in the observable
envelope of Saturn is consistent with predictions based on the observed ther-
mal flux, assuming the latter is augmented by raining out of helium in the
interior. Other elements in Saturn’s atmosphere appear to be enriched com-
pared with solar values. The situation is clearest for carbon, since methane,
the dominant carbon-containing gas, does not condense. This enrichment in
turn suggests a heterogeneous model for Saturn’s formation, in which the ac-
cretion of a core of ~ 10 My, is followed by very rapid contraction of the
surrounding envelope of nebular gases.

All of the gases found on Saturn are present on Jupiter, but the reverse is
not yet true. In particular, the observability of GeH, and CO on Jupiter but
not on Saturn despite the detection of PH3 on both planets may imply signifi-
cant differences in the interiors of these two planets. On the other hand, PH,
was detected near 10 um, where there is high signal-to-noise ratio in the in-
frared spectra, whereas GeH, and CO must be observed at 5 um, where the
lower temperature of Saturn makes it much more difficult to observe than on
Jupiter. Photochemical models can successfully predict the abundances of
nonequilibrium species at higher altitudes, although the vertical distribution
of PH; remains a problem. A value of D/H = 2.673:} X 105 has been de-
rived from Voyager observations of CH;D. This is similar to the value found
on Jupiter, suggesting that this is likely the value of D/H in the primordial
solar nebula. This number can thus be used to constrain models for “big-
bang” nucleosyntheses.

Cloud Properties. The clouds of Saturn (see the chapter by Tomasko,
West, Orton, and Tejfel) are less colorful and form fewer discrete features
than on Jupiter. Nevertheless, the Voyager cameras were able to record a va-
riety of cloud systems including a wave-like feature at 46°N, several ovals
with white, brown, and reddish colors, and tilted filaments. It is commonly
assumed that frozen ammonia is the main constituent of the visible clouds, but
an unambiguous spectral identification to support this assumption is still lack-
ing. As for Jupiter, compounds containing sulfur or phosphorus as well as
carbon-nitrogen compounds have been invoked to explain the observed col-
oration. Again there is a lack of spectral signatures. There is an ultraviolet-
absorbing layer of small aerosols (» ~ 0.1 mm) at high altitudes (pressures ~
20 mbar) which is particularly prominent over Saturn’s poles. These aerosols
may have the same composition as a similar layer found on Jupiter, where
charged particle precipitation was invoked to explain the association with
the poles.

Structure and Dynamics. The thermal structure of Saturn’s atmosphere
(see the chapter by Ingersoll, Beebe, Conrath, and Hunt) has been studied
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from a variety of Earth-based and spacecraft observations. It is now possible
to define the mean vertical structure with some authority, and to discuss dy-
namical structures with horizontal scales from 60 to 60,000 km. Motions in
Saturn’s atmosphere are dominated by the strong, axisymmetric, predomi-
nantly eastward zonal flow. Saturn’s east-moving equatorial current is twice as
broad and four times as fast as Jupiter’s. These differences in the currents in
the observable cloud layers may be caused by differences in the deep circula-
tion of the atmosphere. In such a model the zonal flow patterns of the cloud
motions on both planets may actually extend to great depths, the rotation rate
being constant on coaxial cylinders. The dimensions of these cylinders are
established by the depth of the molecular envelope in each case.

On the other hand, models for shallow circulation have been proposed
that can also account for the observations. Studies of the time-dependent be-
havior of vortices may prove to be an important diagnostic tool in distinguish-
ing among the various models used to explain the dynamics and in constrain-
ing assumptions about flow in the deep interior. At present there are two
schools of thought about these vortices: one suggesting they are solitary
waves or solitons, the other that they are strongly interactive features called
modons. The average eddy velocities on Saturn are less than half as large as
those on Jupiter. The planets are further distinguished by the presence of a
strong north-south thermal asymmetry in Saturn’s upper troposphere, indicat-
ing the effect of a seasonal difference in insolation owing to Saturn’s higher
obliquity (2627 vs. 3° for Jupiter).

There also appears to be atmospheric lightning as evidenced by Saturn
Electrostatic Discharges (SED), which may emanate from the equatorial at-
mosphere which has a rotation period of 10 hr 10 min (see the chapter by
Kaiser, Desch, Kurth, Lecacheux, Genova, Pedersen, and Evans).

C. Upper Atmosphere and Ionosphere

The atmosphere of Saturn appears to be well-mixed up to a level of about
1072 bars (1 nbar), the homopause. The thermosphere and exosphere encom-
pass the region above 10 nbar (see the chapter by Atreya, Waite, Donahue,
Nagy, and McConnell). Voyager studies yield an exospheric temperature of
600 to 800 K, some 400 K lower than the comparable temperature on Jupiter.
The average temperature of 140 K in the stratosphere and mesosphere is simi-
lar to the Jovian value. The vertical transport of species in the upper atmo-
sphere is governed by the eddy mixing coefficient, K. At the homopause on
Saturn, K ~ 108 cm? s~!. This is similar to the value derived for Titan, but
two orders of magnitude larger than the Jovian value for reasons that are not
yet clear.

The Pioneer and Voyager measurements of the peak electron density in
Saturn’s ionosphere yield values near 10 cm 3, ten times smaller than the
predictions of a variety of theoretical models. A likely explanation of this dis-
crepancy involves a new loss mechanism for H* by collisions with vibra-
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tionally excited H,. The primary transfer of energy to the thermosphere ap-
pears to be Joule heating caused by the departure of the magnetospheric
plasma from corotation with the planet. Unlike Jupiter, the energy from
charged particle impact in Saturn’s auroral zone does not make a significant
contribution to the heating of the thermosphere/exosphere region. Saturn’s
upper atmosphere thus shares the characteristic of the other regions of the
planet in appearing similar but being distinctly different from that of Jupiter.

II. THE MAGNETOSPHERE

The Pioneer 11 encounter in 1979 and the Voyager encounters in 1980
and 1981 revealed a magnetosphere similar to that of the Earth or Jupiter, but
with physically significant differences ranging from the unusual symmetry of
the Saturnian magnetic field and the sources and sinks of plasma and energetic
particles to the generation of kilometric radio waves.

A. Magnetic Field

Saturn has an internal planetary magnetic field (see the chapter by Con-
nerney, Davis, and Chenette) which is confined and distorted by the dynamic
pressure of the impinging solar wind, resulting in an extended magnetotail.
Saturn’s internal dipole moment produces a 0.21 Gauss magnetic field at 1 Rg
(60,330 km), similar to that at the Earth’s surface. However, the Saturnian
magnetic field is unusual in that it is highly axisymmetric with no measure-
able tilt (<1°) between the dipole and rotational axes. There is, however,
hemispherical asymmetry due both to a northward offset of 0.04 Rg of the
dipole and to higher-order zonal harmonics. Models of the field yield esti-
mates of surface fields of ~ 0.83 Gauss and ~ 0.69 Gauss for the north and
south polar regions.

Although the in situ observations indicate an axisymmetric magnetic
field, observations of periodicities in the burst activity of Saturn’s kilometric
radiation (SKR) and in the formation of spokes in the B Ring suggest that
there may be longitudinal asymmetries closer to the planet. Both phenomena
occur preferentially at the same longitude of ~ 115° SLS (Saturn longitude
system) with the same periodicity, but at different local times. A local anom-
aly in the field could not be too localized, however, since the SKR originates
in the auroral zone at high latitudes and the spokes occur on mid-latitude mag-
netic field lines.

In addition to the internal magnetic moment, there is an equatorial ring
current of ~ 107 A which contributes to the observed magnetic field. The ring
current is modeled by an eastward flowing current confined to a 5-R ¢-thick
ring at distances between ~ 8 and ~ 15 Rg. The total kinetic energy in the
ring current is 5 X 1074 of the magnetic energy in the field beyond Saturn’s
surface, a ratio similar to that for Jupiter and Earth.
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Beyond ~ 15 Rg the subsolar magnetic field is noticeably modified by
the presence of the magnetopause current system. For typical solar wind con-
ditions, the nose of the magnetopause is expected to be at ~ 24 Rg. As the
dynamic pressure p of the solar wind varies, the location of the magnetopause
varies as p /%, similar to the response of the Earth’s magnetopause and much
stiffer than the p!’3 response of the plasma-dominated Jovian magnetodisk.

In the antisolar direction, the magnetotail current system becomes in-
creasingly important beyond ~ 10 Rg, and by 25 Rg the magnetotail diameter
is typically 80 Rg and the tail lobe field is ~ 3 nT. The corresponding region
of open field lines in the polar region extends down to an auroral zone at lati-
tudes between ~ 75° and ~ 80°.

B. Plasma and Plasma Waves

Several general characteristics of magnetospheric plasma at Saturn re-
semble those of Jupiter rather than Earth (see the chapter by Scarf, Frank,
Gurnett, Lanzerotti, Lazarus, and Sittler). For example, at Saturn the icy sat-
ellites and Titan are significant internal sources of plasma which essentially
corotates with Saturn, forming an equatorially confined plasma sheet rather
than a plasmasphere. However, the rate at which the Saturn sources load mass
onto the corotating magnetic field is = 1072 of the mass-loading rate provided
by lo, so that a plasma-dominated Jovian-like magnetodisk does not form.

The plasma sheet at Saturn consists of at least three distinct regions: an
inner plasma torus (= 7 Rg), an extended plasma sheet (7 = R < 15 Ry), and
a hot outer magnetosphere (= 15 Rg). There is a systematic increase in elec-
tron temperature with radius, ranging from = 1 eV at 4 Ry in the inner plasma
torus and increasing to = 500 eV in the hot outer magnetosphere. There is a
corresponding increase in the thickness of the disk, with scale heights ranging
from 0.2 Rg at the inner edge of the inner plasma torus to ~ 3 Rg in the outer
magnetosphere.

Although the exact nature of the sources and sinks of plasma is unre-
solved, several possibilities have been suggested for the different regions. In
the inner plasma torus the abundance of 0%, and possibly 02* and 037,
reaches a maximum between Dione and Tethys, consistent with the icy satel-
lite surfaces being a plasma source. There is an indication that the high-energy
tail of the oxygen plasma may extend above 30 keV.

The inner torus region also contains significant plasma-wave activity, the
strongest being chorus emission at = 1 kHz. However the amplitudes of the
waves are insufficient to cause strong pitch angle diffusion or major precipita-
tion of keV electrons. The prevalent waves are electrostatic electron cyclotron
harmonics with frequencies greater than several kilohertz. These emissions
occur within the inner torus where the plasma density is high enough so that
the plasma frequency is greater than the electron gyrofrequency. These waves
may be driven by suprathermal plasma electrons.

The inner plasma torus cannot be the sole source of the extended plasma
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sheet, since the total plasma content in the torus is smaller than that of the
plasma sheet. The inner edge of the extended plasma sheet coincides with that
of the cloud of neutral hydrogen which has escaped from Saturn’s or Titan’s
atmosphere. The cloud is ~ 16 Rg thick and extends out to ~ 25 Rg. Ioniza-
tion of the cloud provides a source of 2 X 102 H* s~! in the region beyond
8 RS.

The extended plasma sheet also contains heavy ions, although it is
not clear whether they are nitrogen or oxygen. Titan would be a likely source
for nitrogen, but oxygen would have to originate from the icy satellites, the
rings, or Saturn’s ionosphere. At least some ionospheric contribution is re-
quired by the observation of energetic molecules of H, and Hj; in the outer
magnetosphere.

In the outer magnetosphere there is considerable variability in plasma
density and temperature on short time scales, possibly resulting from the
onset of contrifugal instability at the outer edge of the extended plasma sheet
and the subsequent outward radial flow of blobs of colder plasma sheet ions
and electrons. Titan also sheds a plume of cold nitrogen ions which contrib-
utes to the complexity of the outer region. Ionization of the neutral hydrogen
cloud can provide the warm hydrogen ions in this region, but the source of the
hot electrons (up to 800 eV) is not known. There are also significant fluxes of
energetic ions (>>40 keV) in the outer region with energy densities approach-
ing that of the magnetic field.

The flow of the plasma is essentially corotational, with little evidence for
convective or radial flows. Beyond ~ 8 Rg, the plasma velocity falls 10% to
20% below full corotation, consistent with a modest, but nonnegligible, esti-
mated mass-loading rate of ~ 7 kg s™! from Titan’s atmosphere. Thus, coro-
tation in the outer magnetosphere may be only marginally maintained by the
torque supplied by Saturn’s ionosphere.

C. Energetic Particles

The nature of the trapped radiation is determined by the sources, sinks,
and motions of the energetic particles (see the chapters by Van Allen and by
Schardt, Behannon, Lepping, Carbary, Eviatar, and Siscoe). The principal
source for electrons and protons with energies of 30 keV to 2 MeV is in the
outer magnetosphere, possibly thermalized solar wind or solar energetic par-
ticles. The fluxes of these particles are highly variable in the hot outer
magnetosphere (= 15 Rg). Inside this radius, the particles diffuse inward
across the region of the extended plasma sheet, undergoing few losses until
reaching the satellites in the inner magnetosphere (= 8 Rg).

In the inner region (see the chapter by Van Allen) the particles undergo
significant losses as they diffuse inward and are swept up by the succession of
satellites, resulting in phase space densities at 4 Rg that are = 1073 of those
beyond 8 Rg. Electrons with ~ 1 MeV are less attenuated, however, because
their drift velocities relative to Saturn nearly match the orbital velocities of
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the satellites. As a result, they are less likely to collide with a satellite in the
time it takes to diffuse across its orbit. Thus, the system of satellites behaves
as a bandpass filter. The particles that do diffuse past the inner satellites with-
out loss are totally absorbed upon reaching the outer edge of the A Ring.

The average rate of loss of particles to satellite sweeping can be used to
estimate the radial diffusion rate, as can the rate at which particles fill in the
void created by individual satellites. Estimates of diffusion coefficients range
from 1078 to 10~ 1°R% s~ ! in the inner magnetosphere. Although the nature of
the diffusion process is not known, the derived radial dependence of the diffu-
sion coefficient (~ L3) in the 4 to 8 Rg region is more consistent with diffusion
driven by ionospheric winds than with centrifugally driven diffusion as occurs
in the lo plasma torus.

Particle absorption effects can also be used for other studies, such as de-
termination of the tilt and offset of the magnetic field (see the chapter by Con-
nerney et al.) and the search for previously unknown satellites and rings. Ab-
sorption signatures provided the first evidence for several such objects (see the
chapter by Van Allen).

Although inwardly diffusing particles are totally absorbed by the A Ring,
the rings are also sources of trapped particles. Significant fluxes of trapped
high-energy (= 16 MeV) protons result from cosmic ray albedo neutron de-
cay (Crand). The energetic albedo neutrons are produced in the interaction of
cosmic ray nuclei (E = 20 GeV) with the icy ring material; they decay during
flight, becoming trapped protons with typical energies of ~ 40 to ~ 100 MeV.

There is also evidence for other sources of particles in the magneto-
sphere. In the inner region, there are indications of sources of low-energy ions
(~ 30 keV) and electrons (~ 500 keV), although the nature of such sources is
unknown. There are also indications that 200 keV electrons are accelerated in
the magnetotail as at Earth and Jupiter, although the observations are again
too limited to determine the acceleration process. The magnetotail may also
be involved in the acceleration of MeV ions (H, H,, Hs, He, C, O) observed
in the outer magnetosphere. The molecular ions are likely of ionospheric ori-
gin, while the He, C, and O ions are of solar wind origin.

D. Saturn’s Kilometric Radiation (SKR)

Kilometric radiation is the principal radio emission from Saturn, occur-
ring over a frequency range from 3 kHz to 1.2 MHz, with peak intensity at
175 kHz (see the chapter by Kaiser et al.). The strongest source is in the
northern auroral region, with maximum intensity occurring when a particular
range of longitudes (100° to 130° SLS) is near local noon. There is evidently
an anomaly in the magnetic field at this longitude which allows access of solar
wind plasma electrons deep into the polar cusp where radiation is generated
near the local electron gyrofrequency. There is a similar, but weaker, source
region in the southern auroral zone. Radiation observed in the northern hemi-
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sphere is right-hand polarized, probably circular, while that in the southern
hemisphere is left-handed.

The localization of the source region in both longitude and local time
results in the occurrence of SKR episodes with an average periodicity of 10 hr
39 min 24 = 7 s, which is presumed to be the period of rotation of Saturn’s
magnetic field and deep interior. This SKR period is the basis for a new Saturn
longitude system (SLS).

The energy source for SKR is the impinging solar wind, and changes in
solar wind pressure or speed produce marked changes in SKR power. For ex-
ample, a pressure increase by a factor of 150 results in a 10 times increase in
SKR. The typical SKR power is 200 MW, corresponding to ~ 5 X 1073 of
the average solar wind power incident on the magnetosphere. Peak SKR
power ranges up to 50 GW.

There was a period of 2 to 3 days immediately following the Voyager 2
encounter, however, when the SKR was undetectable (< 10~* of nominal),
possibly due to the absence of solar wind flux resulting from the immersion
of the Saturnian magnetosphere in the extended Jovian magnetotail. The
magnetosphere was observed to be greatly inflated during this time and
Jovian-like continuum radiation was detected. These observations of solar
wind control of SKR are consistent with a model involving transfer of solar
wind particles deep into the magnetosphere via the cusp region.

E. Titan Magnetosphere Interaction

The immersion of Titan in Saturn’s corotating magnetosphere provided
the opportunity for a unique study by Voyager 1 of the interaction of a plasma
wind and a planetary atmosphere (see the chapter by Neubauer, Gurnett,
Scudder, and Hartle). The incident magnetospheric plasma velocity of ~ 120
km s~! was transalfvénic (M, ~ 1.9) and subsonic (M, ~ 0.57), a condi-
tion under which no bow shock occurs and which had not been previously
observed.

In the resulting smooth flow around Titan, the ambient Saturnian mag-
netic field is loaded with H*, N+, and N§ or H,CN* ions from Titan’s exo-
sphere. The mass loading from the heavy ions slows the regions of the mag-
netic field lines closest to Titan down to < 10 km s~!, causing them to drape
behind Titan in a comet-like tail. The induced magnetotail has a neutral sheet
separating northern and southern lobes which are surrounded by a magneto-
pause plasma of heavy ions.

Mass loading is most effective on the sunlit side of Titan, resulting in an
asymmetric plasma flow and magnetotail. The plasma interaction with the
colder nightside atmosphere may be somewhat similar to that of the solar
wind with Venus, while that with the hotter day side may resemble more the
interaction of the solar wind with a comet.
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III. THE RINGS

Since they were first observed by Galileo in 1610, the nature of Saturn’s
rings has been a continuing challenge to observation and theory (see the chap-
ter by Van Helden). The structure of the rings is determined by their origin
and by dynamical processes which depend upon the sizes and collisional prop-
erties of the ring particles, on the gravitational effects of the satellites and of
Saturn’s oblateness, and on electromagnetic processes (see the chapters by
Esposito, Cuzzi, Holberg, Marouf, and Porco, and by Mendis, Hill, Ip,
Goertz, and Griin). Determining the origin of the rings depends on under-
standing these dynamical processes and physical properties.

A. General Properties

The classical ring system consists of three broad rings (A, B, and C) oc-
cupying the region between 1.23 Rg and 2.67 Rg in Saturn’s equatorial plane
(see Table I). With the exception of the E Ring, the others are too diffuse or
too narrow to be observed from Earth. The D Ring fills much of the region
between the C Ring and the top of Saturn’s atmosphere, while the E, F, and
G Rings lie beyond the main rings. Both the F and G Rings are relatively
narrow, while the E Ring occupies an extended region about the orbit of
Enceladus.

The optical albedo of the A Ring and B Ring is ~ 0.6 and the microwave
albedo is nearly unity. The C Ring and the Cassini Division have a somewhat
lower optical albedo of ~ 0.2. The color of individual particles in these re-
gions may be similar, although the thinner C Ring and Cassini Division appear
to be less reddish. The particles in the main rings have icy surfaces, consistent
with an assumed bulk composition of water ice. They range in size from milli-
meters up to ~ 5 m in radius, with particle numbers decreasing approximately
as a3 with increasing radius a. It is estimated that the mass of the rings is
~ 6 X 1078 Mg, about that of an icy satellite such as Mimas. However, this
mass is somewhat uncertain, since the bulk of it is in the B Ring for which the
relevant particle-size distributions have not yet been directly determined.

The observed segregation of the main rings into large, distinct regions is
a result not only of the primordial distribution of the matter, but also of the
dynamical processes which have maintained the segregation. As described
below, satellite resonances form an effective barrier to the outward diffusive
flow of particles. There is, however, no known physical mechanism which
prevents the inward flow of particles into adjacent ring regions.

B. Specific Properties

A Ring. This outermost of the classical rings is relatively unstructured
with a typical normal optical depth of ~ 0.5. Although most of the opacity is
due to particles with radii @ > 1 cm, of which there are typically ~ 20 m~2,
about one quarter is due to a larger number of millimeter-sized particles.
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TABLE I
Dimensions of the Rings of Saturn

Feature Distance from

Saturn Center Rg)?
D Ring inner edge 1.11
C Ring inner edge 1.23
Maxwell Gap 1.45
B Ring inner edge 1.53
B Ring outer edge 1.95
Huygens Gap 1.95
Cassini Division 1.99
A Ring inner edge 2.02
Encke Gap 2.21
Keeler Gap 2.26
A Ring outer edge 2.27
F Ring center 2.33
G Ring center 2.8
E Ring inner edge 3
E Ring outer edge 8

21 Rg = 60,330 km. Distances are given for the center of gaps and divisions.

The outer edge of the A Ring occurs at a radial location where the orbital
period of the ring particles is 6/7 that of Janus. This orbital resonance pro-
vides a mechanism for exchanging angular momentum between the ring par-
ticles and Janus, effectively forming a barrier to their outward motion. It is not
understood, however, why this exchange has not forced Janus outward, since
its angular momentum should noticeably increase in < 107 yr.

There are many other locations in the A Ring where there are weaker
orbital resonances, most of them with S15 and S16, the small shepherd satel-
lites of the F Ring. Perturbations in the density of ring particles are generated
at the locations of these weaker resonances, launching outward-moving spiral
density waves. The wavelength of the waves depends on the surface mass den-
sity, which is typically ~ 50 g cm™2.

There are also spiral bending waves in the A Ring generated by Mimas
which has a slightly inclined orbit and therefore perturbs the motion of the
ring particles perpendicular to the ring plane. The vertical amplitude of these
waves (~ 0.7 km) could be a major factor in the apparent thickness of the
rings when viewed edge on. The rate of damping of these waves indicates that
the dispersion velocity of the particles is ~ 4 mm s~!, leading to a dynamical
ring thickness of ~ 35 m which is consistent with the upper limit of 200 m
determined at sharp boundaries in the ring.
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There are two narrow gaps in the outer portion of the A Ring which are
not due to resonances with external satellites, but are likely due to undiscov-
ered moonlets within the gaps. The Encke Gap has wavy edges and contains a
kinky ringlet, further indications of several imbedded moonlets.

B Ring. This ring, which is separated from the A Ring by the Cassini
Division, is the largest and brightest of the three classical rings, with opti-
cal depths ranging from 0.7 to > 2. Almost half of the opacity is due to
subcentimeter-sized particles, indicating their greater relative abundance than
in the A Ring. The surface mass density of the B Ring is not well known, but
is estimated to average ~ 100 g cm~2, twice that of the A Ring.

The outer boundary of the B Ring, which occurs at the Mimas 2 : 1 reso-
nance, has a double-lobed pattern that precesses with Mimas’ angular velocity
as expected theoretically. Thus, the outward diffusion of particles in the
B Ring is inhibited by the resonant transfer of angular momentum to Mimas,
which subsequently transfers it to Tethys through another 2: 1 resonance (see
the chapter by Greenberg).

Although there are few other significant resonances within the B Ring, it
displays much more structure than the A Ring. The structure is essentially
chaotic on all scales < 15 km. There is currently no physical model for the
structure, although diffusional instability may have some role. Since there are
no gaps in the B Ring, the structure is not that of numerous discrete ringlets.
Plasma instabilities and meteoroidal erosion may contribute to the largest
scale structure (see the chapter by Mendis et al.).

Spokes are another B Ring phenomenon for which a complete physical
model is lacking, although their tendency to occur with the rotational period
of the magnetic field and at the same longitude as Saturn kilometric radiation
suggests that electromagnetic processes are involved. A number of proposed
models are discussed in the chapter by Mendis et al. The spokes are cloud-like
distributions of micron-sized particles that appear sporadically in the region
between ~ 1.75 Rg and ~ 1.9 Ry and are most often apparent in the morning
sector of the rings. Some of the spokes appear to form radially over thousands
of kilometers in < 5 min, with subsequent Keplerian motion producing
wedge-shaped patterns.

C Ring and Cassini Division. There are a number of similarities in
these two regions. Both have typical optical depths of ~ 0.1, with several
clear gaps and eccentric opaque ringlets, and both have relatively fewer par-
ticles with radii @ < 1 cm. The Cassini Division contains five broad, diffuse
rings separated by narrow gaps. The wider Huygens Gap occurs at the inner
edge of the division and contains an opaque eccentric ringlet that precesses at
a rate governed by Saturn’s oblateness. The maintenance of such a gap and
narrow ringlet would seem to require imbedded moonlets, although none have
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been found. Similar opaque ringlets are located in the Maxwell Gap in the
C Ring and in a gap at the Titan apsidal resonance at 1.29 Rg. There are sev-
eral other dense ringlets in the C Ring at the boundaries of gaps occurring at
resonances with Mimas. No mechanism is known at present for producing
such ringlets.

Other Rings. The E Ring is broad and diffuse, composed predomi-
nantly of micron-sized particles. It occupies the region between 3 Rg and 8 Rg
and is several thousand kilometers thick. The optical thickness of the ring is
only ~ 1077, and it can be observed from Earth only when viewed edge on.
The maximum density occurs near Enceladus’ orbit, suggesting that this satel-
lite is the source of the E Ring. Such small particles have lifetimes of < 10* yr
before being destroyed by charged particle sputtering and must be resupplied,
possibly by meteoroidal impacts (see the chapter by Mendis et al.).

The F Ring also contains numerous micron-sized particles which are dis-
tributed in multiple narrow strands over a region several hundred kilometers
wide. The core of the F Ring does include centimeter-sized particles, and
there is evidence for larger objects or clumps. The ring particles are shep-
herded between S15 and S16, receiving angular momentum from the inner
shepherd and transferring it to the outer shepherd. However, the processes re-
sponsible for the multiple strands and for the occasional kinkiness of the
F Ring are not yet understood.

Much less is known about the D Ring and G Ring. Both have very small
optical depths and cannot be seen from Earth. The broad D Ring has relatively
few micron-sized particles, while the optical depth of the narrow G Ring is
dominated by such small particles. Neither the structure in the D Ring nor the
narrowness of the G Ring are understood.

IV. SATELLITES

Saturn has 17 satellites with orbits that are currently well known (see
Table II), as well as several others that have been less well determined (see the
chapters by Morrison, Johnson, Shoemaker, Soderblom, Thomas, Veverka,
and Smith, and by Cruikshank, Veverka, and Lebofsky). The group of seven-
teen appears to contain four distinct classes of objects. Only Titan is a major
satellite, comparable in size to Ganymede, but with the distinctive attribute of
a dense atmosphere. Six others, Mimas, Enceladus, Tethys, Dione, Rhea, and
Iapetus, represent a new class of intermediate-sized icy satellites, with radii
ranging from 197 to 765 km. Except for Phoebe, the remainder comprise an-
other new class of objects that probably are icy fragments of larger bodies.
Phoebe is the only one thought to be a captured object. As described in the
chapter by Greenberg, orbital resonances have been important in determining
the structure of the satellite system.
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TABLE 11
Satellites of Saturn

a R

Satellite (Rs) (km)
S17 Atlas 2.276 20 X ? X 10
S16 1980827 2.310 70 X 50 x 37
S15 1980826 2.349 55 x 45 X 33
S10 Janus 2.51 110 X 95 X 80
S11 Epimetheus 2.51 70 x 58 x 50
S1 Mimas 3.08 197 = 3
S2 Enceladus 3.95 251 =5
S3 Tethys 4.88 530 = 10
S13 Telesto 4.88 1S X 10 X 8
S14 Calypso 4.88 12 X 11 X 11
S4 Dione 6.26 560 = 5
S12 1980S6 6.26 17 X 16 X 15
S5 Rhea 8.73 765 * 5
S6 Titan 20.3 2575 £ 2
S7 Hyperion 24.6 205 x 130 x 110
S8 Iapetus 59 730 = 10
S9 Phoebe 215 110 = 10

A. Intermediate-Sized Icy Satellites

As a class, Mimas, Enceladus, Tethys, Dione, Rhea, and lapetus share a
number of common characteristics. All have average densities between ~ 1.2
and ~ 1.4 g cm3, indicating an ice/rock mixture which is likely 60% to 70%
H,O0 ice, consistent with the spectral identification of H,O ice on their sur-
faces and with a high albedo of ~ 0.4 to 1 for all but the dark side of Iapetus.
Generally, there appears to be more frost on their surfaces than on Ganymede
and Callisto and variations in albedo are thought to result partly from differ-
ences in the admixture of neutrally colored dust. Unlike the Galilean satellite
system, there is no indication of major changes in bulk composition with ra-
dial distance. There is, however, an increase in size with distance from
Saturn.

The five inner intermediate-sized satellites show varying evidence for
endogenic activity such as surface flooding, troughs, ridges, and grooves,
most having occurred in the first few hundred million years of the satellites’
geologic history. It has been suggested that liquid magma resulted from a low-
density water-ammonia eutectic with a low melting point (173 K), since it
would be more readily melted by the limited amount of radioactive heating
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in such small, icy bodies and would naturally rise through fractures in the
denser ice.

Endogenic activity has been even more vigorous on Enceladus, with the
most recent activity occurring in the last 10° yr, possibly even during the last
108 yr. The high albedo of this satellite (py ~ 1.0) and its association with the
E Ring also suggest internal activity which produces fine particles that popu-
late the ring and keep the surface bright. Five distinct terrains have been iden-
tified, with the youngest plains regions containing grooves which may be ex-
tensional fractures similar to those on Ganymede. The degree of relaxation of
impact craters also differs markedly in different regions, indicating large dif-
ferences in viscosity due to differences in composition and heat flow. The only
known source of heat sufficient to cause the level of activity on Enceladus is
tidal dissipation, although the current rate of dissipation is inadequate to
cause melting (see the chapter by Greenberg) and may be only marginally
adequate to maintain a liquid interior that might have been melted during an
earlier epoch.

The dark side of Iapetus may also result from endogenic processes which
bring a dark magma (albedo < 0.05) to the surface of the icy satellite. How-
ever, the symmetrical placement of the dark material with respect to lapetus’
leading hemisphere seems to require either that the distribution of endogenic
material is controlled by impacts or that the dark material is of external ori-
gin. Currently the origin of the dark material remains undetermined.

The surfaces of the intermediate-sized satellites also indicate the impor-
tance of exogenic processes in the Saturnian system. All six satellite surfaces
show extensive impact cratering, with at least two crater populations pro-
duced by different groups of impacting objects: population 1, containing a
relatively large abundance of craters with diameters D > 20 km, and popula-
tion 2, containing an abundance of craters D < 20 km and few larger.

Population 1 craters are thought to have been created during the tail-off
of a postaccretional bombardment, possibly by bodies of external origin. Sub-
sequently, population 2 craters may have been created by secondary objects in
orbit about Saturn, possibly the debris from earlier collisions. There is an
abundance of population 1 craters on Rhea, Dione, Tethys, and the bright side
of lapetus. The younger plains regions on Dione and Tethys contain popula-
tion 2 craters, as does most of the surface of Mimas. Enceladus shows only
population 2 craters, indicating that its entire surface has been modified since
the postaccretional bombardment.

The abundance of population 1 craters on Iapetus has significant implica-
tions for the history of the inner satellites if the impacting bodies were of ex-
ternal origin and if their size distribution extended to larger diameters. In such
a case, gravitational focusing would have resulted in several impacts that were
large enough to disrupt the inner satellites which would then have subse-
quently reaccreted. Although the small satellites and the rings may be the re-
mains of such disruptive collisions, the implied flux of impacting objects is
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much larger than is currently estimated for comets, the only known external
source. If, instead, the impacting objects were lower-velocity objects associ-
ated with Saturn, then disruptive collisions might not have been prevalent. In
this case, population 1 and 2 craters may result from different temporal be-
havior of large and small objects in orbit about Saturn.

B. Small Satellites

With the exception of Phoebe, the small satellites are irregularly shaped
objects which are likely fragments of larger bodies. Hyperion is the largest of
the small satellites with a major dimension only slightly smaller than the di-
ameter of Mimas. Although Hyperion is not heavily cratered, the presence of
population 1 craters indicates a relatively old surface consistent with fracture
of the parent body near the end of postaccretional bombardment. Although
Hyperion’s density is unknown, there is dirty water ice on its surface, suggest-
ing an icy bulk composition like that of the larger satellites. The uniformly
reddish color of Hyperion’s surface is similar to, but brighter than, the dark
side of lapetus, possibly resulting from similar carbon-bearing materials. Hy-
perion’s lack of hemispherical asymmetry such as is observed on lapetus is
now understandable with the recognition that the pendulum-like motion asso-
ciated with its elongated shape results in chaotic rotational motion. Thus, it is
possible that some of the dark material swept up by lapetus has also coated
Hyperion, if the exogenic origin of Iapetus’ albedo asymmetry is indeed
correct.

The other irregularly shaped satellites are smaller and are closer to Sat-
urn. All have relatively bright surfaces with albedos greater than 0.4 and col-
ors like those of the intermediate-sized icy satellites, suggesting a similar sur-
face composition of dirty water ice. The presence of impact craters indicates
the surfaces are at least several billion years old. Both Epimetheus and Janus
show heavy cratering which is characteristic of the end of the postaccretional
bombardment.

These smaller satellites are in dynamically interesting orbits (see the
chapter by Greenberg). For example Calypso and Talesto are located in the
two stable regions associated with the Lagrangian points in Tethys’ orbit, S12
resides in a similar region in Dione’s orbit, Janus and Epimetheus are coorbi-
tals which periodically exchange energy so as to avoid collision, and S15 and
S16 are shepherd satellites, dynamically constraining the narrow F Ring be-
tween them. As described above, several of the smaller satellites have impor-
tant dynamical effects on the A Ring.

Phoebe’s retrograde inclined orbit is also of interest because it indicates
that Phoebe is likely a captured object and may be fundamentally different
from the other Saturnian satellites. Although small, Phoebe is approximately
spherical, and its surface is dark and somewhat patchy with a reddish color
suggestive of that of a C-type asteroid and unlike that of the dark side of
Iapetus. However, the lack of knowledge of Phoebe’s bulk composition and
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uncertainties in its surface properties preciude a determination of the nature
and origin of this intriguing object.

C. Titan

The Voyager encounters with Titan have effectively added a new world to
the solar system (see the chapters by Hunten, Tomasko, Flasar, Samuelson,
Strobel, and Stevenson, and by Sagan, Khare, and Lewis). This satellite pos-
sesses a predominantly nitrogen atmosphere denser than Earth’s, in which a
fascinating variety of chemical and physical phenomena are occurring. The
surface pressure on Titan is 1.5 bar, the temperature 94 = 2 K. While meth-
ane was first detected in Titan’s atmosphere by G. P. Kuiper in 1944, the exact
abundance of this gas is still poorly known. There is apparently not enough
methane in Titan’s lower atmosphere to permit the formation of a global meth-
ane ocean, but lakes and seas of this hydrocarbon cannot be ruled out. A
global ocean of ethane is more likely, however. Argon 36 and 38 may also be
present, at a level of a few percent, since the uncertainty in the mean molecu-
lar weight derived from the radio occultation and infrared experiments would
permit a significant amount of some very volatile, cosmically abundant spe-
cies that is heavier than nitrogen and spectroscopically undetectable. Argon
satisfies all of these constraints and would be expected if the main source of
Titan’s atmosphere is the decomposition of clathrate hydrates.

Currently, twelve other species besides molecular nitrogen and methane
have been identified in Titan’s spectrum. With the possible exception of car-
bon monoxide (which may be primordial), all of these compounds are pro-
duced by chemical reactions in Titan’s atmosphere. Solar ultraviolet and the
bombardment of electrons from Saturn’s magnetosphere furnish the necessary
energy. These trace constituents include hydrogen cyanide, an important
compound in simulations of prebiological organic chemistry on the early
Earth.

The atmospheric chemistry produces increasingly complex molecules
that comprise the ubiquitous aerosol totally hiding Titan’s surface from view.
The uppermost particles in this aerosol layer have mean sizes of a few tenths
of a micron. Their composition remains uncertain; both theoretical calcula-
tions and laboratory simulations point toward a mixture of organic polymers.
The surface of Titan must therefore be covered with a layer of aerosols de-
posited from the atmosphere as well as solid and liquid hydrocarbons. If
ethane is the dominant end product, a global ethane ocean with a depth of
1 km could be present. The concomitant destruction of methane implies a
source of this gas on or in the satellite. Seas of liquid methane or an ocean of
ethane with dissolved methane may buffer the system. A steady-state con-
centration of H,, another product of methane photochemistry, is present in
Titan’s atmosphere, while photochemically-produced hydrogen continually
escapes the satellite’s weak gravitational field, contributing to a torus around
Saturn.
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The absence of features in the aerosol layers has prevented any mapping
of atmospheric winds. The temperature gradient in the atmosphere implies a
cyclostrophic circulation and the north-south asymmetry in the aerosol bright-
ness is another clue that motions are in fact occurring in the atmosphere. At
the surface, a modest greenhouse effect maintains a nearly-uniform tempera-
ture ~ 10° above the solar equilibrium value.

The mean density of Titan indicates the presence of a rocky core sur-
rounded by ice. This ice could include clathrate hydrates and/or ammonium
monohydrate. The size of the rocky core indicates an enrichment of silicates
compared to predictions from cosmic abundances. Models for the formation
of Titan include the possibility of a hot, postaccretional phase in which a mas-
sive atmosphere containing ammonia could exist. If this phase lasted suffi-
ciently long, it could provide another pathway toward the formation of the
present N, atmosphere by photodissociation of the NH;.

V. ORIGIN AND EVOLUTION

Many authors have suggested that both Jupiter and Saturn formed as
a result of the condensation of giant, gaseous protoplanets from the solar
nebula. In recent years, this hypothesis has been challenged and support has
grown for a heterogeneous accretion model in which all four of the giant plan-
ets formed by the same process: accretion of a core dominated by rock and/or
ice followed by hydrodynamic collapse of an envelope of nebular gases (see
the chapter by Pollack and Consolmagno). The model predicts that all four
planets should have cores of approximately the same size (10-20 M), in-
dicating the mass at which instability is induced in the nebula. The smaller
masses of Uranus and Neptune are then the result of a smaller “captured”
nebular envelope, perhaps because the collapse phase took place at a time
when much of the nebular gas had been dissipated. Furthermore, the enrich-
ment of heavy elements in the atmospheres of all four planets—manifested
most clearly by the value of CH,/H,—is also consistent with this model.

There are, however, many differences between Jupiter and Saturn. Chief
among these are the larger relative core size of Saturn, the probable domi-
nance of helium precipitation as a source of internal energy, and the ubiquity
of ice in the system of icy satellites and the magnificent icy rings. All the
satellites except Phoebe presumably formed with the planet. Phoebe’s retro-
grade orbit and great distance from Saturn both suggest that it is a captured
object. Capture would be easiest at a very early stage in the system’s evolu-
tion, when a greatly extended “atmosphere” was present to slow down an
object passing through it.

The nature of the internal source of heat as well as the relative impor-
tance of ice in the Saturn system seem closely related to the smaller mass of
the planet. Whatever process led to its formation, Saturn evidently originated
from a region of the solar nebula with less total mass available to the forming
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planet than was available at Jupiter. Model calculations suggest that at the end
of the hydrodynamical collapse (either of the condensing protoplanet or the
nebular envelope onto the accreted core), the radius of Saturn was several
times the present value and a nebular disk existed in the equatorial plane. The
regular satellites and perhaps the rings developed from this disk, some 108 yr
after the planet began to form. From this point, further contraction first led to
an increase in luminosity, then to a decrease as the planet cooled down. Ho-
mogeneous contraction and thermal cooling produced excess internal energy
that adequately explains the infrared flux observed from Jupiter, but the value
predicted for Saturn is only marginally compatible with the observations.
Hence the preference for the helium precipitation theory, which is further sub-
stantiated by the observed depletion of helium in the planet’s atmosphere.

Formation of the rings and satellites in the nebular disk left in the equa-
torial plane will be determined by local pressure and temperature. Unlike
Jupiter’s satellites, Saturn’s moons show no evidence of a radial gradient in
mean density, thereby providing a useful constraint on models of this disk.
Given the predicted luminosity of Saturn, it is possible to construct models
that allow the progressive condensation of ices as temperatures fall in the
nebular disk in response to the cooling of the planet. An example of such a
model predicts water ice at Mimas and Enceladus, ammonium monohydrate
at Tethys and Dione, with a mixed clathrate of methane, argon, nitrogen (and
possibly CO) becoming likely at the distances of Titan and lapetus. This con-
densation sequence would not affect the observed mean densities (rocky mate-
rial would be available throughout), but does provide the wherewithal for
Titan’s atmosphere. The latter is certainly not a captured remnant of the pri-
mordial nebula since it contains less than one percent neon. The smaller sizes
of Mimas and Enceladus may result from later accretion owing to the delay in
cooling of the inner region of the nebula.

The observed modification of the surface of Enceladus remains an
enigma. The existing orbital resonance between Enceladus and Dione will not
produce enough tidal heating to cause melting, even if an ammonia eutectic
composition is invoked. Either the forced eccentricity of the orbit was greater
in the recent past (<10° yr), or some other energy source must be identified.

The formation of the rings is viewed as a special case of the same con-
densation and accretion processes that produced the regular satellites. They
would have begun to form as soon as the temperature in the disk at the posi-
tion of the rings fell below about 240 K, some 5 X 106 yr after the termination
of the collapse phase. Since the ring material was inside the Roche limit, the
gradient of Saturn’s gravitational field was larger than the mutual gravity be-
tween any two ring particles, preventing the formation of large objects. Addi-
tional studies of the rings are required to set an upper limit on the sizes of
objects that did form within this limit. Possible imbedded satellites remain an
attractive explanation for some of the observed gaps in the rings, but no such
satellites have yet been observed.
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VI. CONCLUSION

The chapters in this book describe in detail the current state of knowl-
edge of the Saturn system. Not only has there been a great increase in our
understanding of this unique system, but enough is now known to be able to
pose basic questions which previously would have been based on little more
than speculation. Further analysis of available data and new theoretical con-
siderations will address some of these questions, as will new groundbased and
Space Telescope observations. However, the answers to many of the new
questions will have to await the eventual return to the Saturn system by orbit-
ing spacecraft and atmosphere probes.



SATURN THROUGH THE TELESCOPE: A BRIEF HISTORICAL
SURVEY

ALBERT VAN HELDEN
Rice University

This chapter is a survey of telescopic studies of Saturn, its ring system, and its
satellites, from 1610 to about 1900. It covers early observations of the Saturn
system and the changing beliefs concerning the constitution of the rings. It
shows that what an observer sees in the heavens depends not only on the quality
of his instruments, but also to a surprising degree on theories and expectations.
Thus, as early as 1616 Galileo was drawing what could easily be interpreted as
a ring, but the ring solution to the problem of Saturn’s appearances was not
Sfound until 1655/56 (by Huygens) when the rings were invisible. Because he
believed the rings to be solid, William Herschel did not recognize the crepe ring
and saw no trace of it in the ansae, but when the notion of solid rings fell out of
Javor half a century later his successors easily saw and recognized the crepe
ring. They found it hard to believe that Herschel with his large reflectors did not
recognize something so manifest to them, and so they thought that the crepe
ring itself had become more noticeable. Likewise, Laplace’s theory of many
solid rings led many observers to see permanent divisions, while Maxwell’s par-
ticle theory led their successors to see more subtle, less permanent, maxima and
minima of particle densities.

The history of astronomy can be divided into three epochs: naked-eye

astronomy, from the dawn of civilization to 1609; telescopic astronomy, from
1609 to about 1960; and space craft astronomy (with continued groundbased
astronomy), since about 1960. Whereas the origins of the first epoch are lost in
preliterate culture, the beginning of the second, the subject of this survey, can
be dated rather precisely. On 2 October 1608 the States-General of the Nether-
lands discussed the application of Hans Lipperhey of Middelburg for a patent
on a device for seeing faraway things as though they were nearby (Van Helden

1977, pp. 20-21,36). The news of this gadget spread very quickly, and by

August of the following year Thomas Harriot (1571-1628) in London was

[23]
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observing the Moon through a six-powered spyglass (North 1974, p. 136);
early in December of that year Galileo Galilei (1564—-1642) in Padua was
doing the same with a 20-powered instrument (Drake 1978, pp. 137—-146).
Early in January 1610 Galileo discovered four satellites of Jupiter, and his
Sidereus Nuncius, which appeared in March, was the first publication of the
new science of telescopic astronomy (Drake 1978, pp. 146—154,157—158).
As the other planets came into convenient positions, Galileo extended his in-
vestigations to them as well.

I. THE RINGS

A. Early Observations

Galileo directed his telescope to Saturn for the first time in the middle of
July 1610, and to his surprise he saw the planet not round and single, but triple.
In order to protect himself from false claims of priority by others, he hid his dis-
covery in an anagram, smaismrmilmepoetaleumibunenugttauiras,
and he asked others to come forward with discoveries of their own (Carlos
1880, p. 88; Galileo 1890—-1909, vol. X pp. 409-410). In November of that
same year he gave the solution to the riddle (Galileo 1890-1909, vol. X,
p. 474):

The letters, then, combined in their true sense, say thus: Alfissimum
planetam tergeminum observavi. [I have observed the highest planet to
be triple-bodied.] This is to say that to my very great amazement Saturn
was seen by me to be not a single star, but three together, which almost
touch each other. They are completely immobile [with respect to each
other] and are situated in this manner,

oo

the one in the middle rather larger than the lateral ones. These latter are
situated one to the East and the other to the West in the same straight line
to a hair.”

These lateral bodies were very different from Jupiter’s moons; they were
large and motionless with respect to the central body. The ring system was
approaching its edgewise aspect, and Galileo was observing with a 20-
powered instrument with an aperture of perhaps 2 cm and very imperfect op-
tics (North 1974, p. 149). Not knowing what he was supposed to see, he saw
this triple-bodied image.

So unchanging was Saturn’s appearance, that Galileo lost interest in the
planet and observed it only occasionally. In the autumn of 1612, however, when
he had not observed Saturn in several months, he found to his surprise that the
planet was “solitary without the assistance of the supporting stars, and, in sum,
perfectly round and clearly defined like Jupiter” (Galileo 1890-1909, vol. V,
pp. 237-238). Although he could not offer an explanation of this disap-
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pearance of the lateral bodies, Galileo did predict their return and went on to
give a complicated sequence of disappearances and reappearances for the next
several years (Galileo 1890—1909, vol. V, pp. 237-238; Drake 1978, p. 198).
The lateral bodies did reappear in the summer of 1613, but they did not disap-
pear and reappear again as Galileo had predicted.

Neither Galileo nor any of his contemporaries observed Saturn fre-
quently enough to notice gradual changes in its appearance. In September
1616 he was, therefore, again surprised to find that the lateral bodies had
grown so that the entire formation now appeared quite different. He wrote
(Galileo 1890-1909, vol. XII, p. 276; Van Helden 19744, pp. 109—-110) that
the

two companions are no longer two small perfectly round globes . . . but
are at present much larger and no longer round . . . that is, two half
eclipses with two little dark triangles in the middle of the figures and
contiguous to the middle globe of Saturn, which is seen, as always, per-
fectly round.

The best sketch (drawn that same year) that can be associated with this de-
scription is found elsewhere in Galileo’s manuscripts and can easily be inter-
preted by the modern reader as representing Saturn and its ring system. At
this stage Galileo’s telescopes, poor as they were, could obviously give an ob-
server the correct information; henceforth, the problem was the interpretation
of this information. The appendages seen in this form were often referred to
as “handles” (L. ansae).

Although many observers examined Saturn from time to time through
their telescopes, the planet’s appearances remained a curiosity more than a
scientific problem for some time. Thus, although we can point to a fair num-
ber of observations between 1610 and 1642, we cannot find any development
or progress. If the disappearance of the lateral bodies in 1612 had surprised
astronomers, the solitary appearance of 1626 was hardly noticed and did not
lead to an understanding of the periodicity of the phenomena. Not until the
solitary appearance of 1642 (the year of Galileo’s death) did astronomers be-
gin to take an interest in the sequence of appearances. Saturn then became a
worthy subject of research.

Fig. 1. Saturn as sketched by Galileo in 1616 (Galileo 18901909, vol. xii, p. 276, note 1).
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B. Theories

Between the solitary appearances of 1642 and 1656 a systematic body
of observations was accumulated by several astronomers, notably Pierre
Gassendi (1592-1655) (Gassendi 1658) and Johannes Hevelius (1611 —1687)
(Hevelius 1647, pp. 41-44;1656). Although this information was incon-
sistent and often contradictory (Figs. 2—7), it became the basis for several
theories.

Gassendi died in 1655, leaving many observations of Saturn but no idea
as to the causes of its varying appearances (Gassendi 1658) ibid.; Van Helden
19745, pp. 111-112,118). Hevelius in Gdansk published the correct peri-
odicity of the phenomena in 1656 and tried to explain the appearances by pos-
tulating an ellipsoidal central body to which two crescents were attached (Fig.
8). The entire formation rotated on its minor axis with respect to the Earth
(Hevelius 1656; Van Helden 1974b, pp. 156—157). A similar hypothesis was
published the following year by Giovanni Battista Odierna (1597—1660) in
Sicily. Odierna suggested that Saturn had an egg-shaped body with four dark
spots on it (Odierna 1657).

A more interesting theory was formulated by Christopher Wren (1632—
1723) in 1658. In an unpublished tract Wren argued that an elliptical corona
was attached to Saturn, and that planet and corona rotated or librated about
the major axis of the corona, as the planet traveled through the zodiac (see
Fig. 9). The corona was so thin that it was invisible when only its edge was
presented to the Earth (Van Helden 1968). Over the next decade several other
astronomers arrived at much the same theory independently (Van Helden
1974b, pp. 163,166,169).

The geometrical problem of explaining the appearances was related to
the physical problem of how such shapes could exist in the heavens. Wren
believed that the corona was a fluid structure caused by vaporous emanations
from the planet’s equatorial or “torrid” zone. The mathematician Gilles Per-
sonne de Roberval (1602—-1675) likewise invoked exhalations: for every ap-
pearance there was an appropriately shaped cloud about Saturn (Huygens
18881950, vol. XV, pp. 288-290).

Christiaan Huygens (1629-1695) began his study of Saturn early in
1655 with his first good telescope, a 12-foot astronomical telescope with a
simple ocular and a magnification of 50. In March of that year he discovered
a satellite of the planet (see Sec. II). His first recorded observation of the
planet, as it was approaching its solitary appearance again (Fig. 10), showed
Huygens that it was not the length of the ansae that diminished, but rather
their width (Huygens 1888—1950, vol. I, p. 322; vol. XV, pp.228-230,
238-239). In the winter of 1655/56, when the rings were invisible, Huygens
arrived at his theory by the following reasoning process:

1. As a follower of Descartes (1596—1650), he believed that each planet was
the center of its own vortex of matter.
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Fig. 6. Observation of Eustachio Divini, 1649 (Govi 1887).



Fig. 3. Observation of Francesco Fontana, 1638 (Fontana 1638).

Fig. 4. Observation of Francesco Fontana, 1645 (Fontana 1646, p. 141).
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Fig. 7. Observation of Giovanni Battista Odierna, 1657 (Odierna 1657, title page).
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Fig. 8. Hevelius’ theory of Saturn’s appearances (Hevelius 1656, p. 30).
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Fig. 9. Wren’s theory (Huygens 1888-1950, vol. III, p. 424).

==

Fig. 10. Christiaan Huygens’ first recorded observation of Saturn, March 1655 (Huygens 1888—
1950, vol. I, p. 322).
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2. In the vortex of the Earth, the Moon has a period of a month while the
Earth turns on the same axis in one day. Saturn’s newly found moon had a
period of 16 days. Therefore, by analogy, Saturn must turn on the same
axis in a much shorter period (say, half a day), and all the matter in be-
tween Saturn and its moon must circle the planet in its vortex in intermedi-
ate times.

3. The axis in question was perpendicular to the ansae, but no changes could
be seen in the ansae in 16 days or less. Therefore there had to be rotational
symmetry about this axis, and a ring was the obvious shape to satisfy this
requirement (Huygens 1888—1950, vol. XV, pp. 294-297).

Huygens announced his ring theory in the form of an anagram in March
1656 in De Saturni Luna Observatio Nova, the tract in which he finally
published his discovery of the satellite (Huygens 1888-1950, vol. XV,
pp. 172—177). Although he privately communicated the solution of the ana-
gram to some colleagues, his ring theory did not become generally known
until the appearance of Systema Saturnium in 1659.

While a number of scientists accepted the ring theory quickly, there was
also a great deal of opposition centered on two aspects of Huygens’ theory,
the thickness of the ring and its inclination. Huygens argued that the ring was
a solid structure of perceptible thickness, whose edge was invisible either be-
cause it absorbed all light or because it was so smooth that it reflected the
Sun’s light from only one point (Huygens 1888-1950, vol. XV, pp.318-
320). On this issue he rapidly became isolated. Those who accepted the ring
explanation believed the ring was so thin that an edgewise presentation made
it invisible. Huygens insisted on a thick ring until his death. In his posthu-
mously published Cosmotheoros (1696) he assigned it a thickness of at feast
600 German miles, more than 2500 English miles (Huygens 1888—1950, vol.
XXI, p. 786).

By analogy with the Earth, Huygens gave the axis of the ring an inclina-
tion of 2375 with Saturn’s orbital plane. This value was too small and it led to
errors in predicting the width of the ansae at their greatest inclination. Not
until Huygens made an adjustment to the inclination in 1668 were other as-
tronomers entirely happy with his model of the ring (Huygens 1888—1950,
vol. XV, pp. 483—484). The prediction given in Systema Saturnium for the
next edgewise appearance in 1671 turned out to be reasonably accurate, and
when the ansae disappeared only to reappear quickly and disappear again,
Huygens’ ring theory could explain this phenomenon elegantly (Cassini
1671a,b). By 1671 Saturn’s ring had become a scientific fact.

C. Constitution of the Ring

Huygens’ thick ring was a solid structure, stable because of its rapid ro-
tation about the planet (Huygens 1888—1950, vol. XV, pp. 298—-300). Most
other scientists rejected the thick ring for two reasons: it required an ad hoc
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hypothesis to explain its periodic invisibility, and the physics of the configura-
tion did not feel right. (Note that Newtonian dynamics would not appear until
1687.) A very thin structure would explain the periodic invisibility much
more elegantly, and Wren had already made his corona so thin that it could be
considered “a mere surface” (Van Helden 1968, pp. 221-222). As astrono-
mers transferred this thinness to Huygens’ ring, the question of the stability of
a very thin ring arose.

Two solutions presented themselves: to consider the ring a cloud of
vapor or milky liquid (Van Helden 1973, pp. 251-253); or to suppose that it
was made up of a large number of very small satellites. The latter notion was
first suggested by the French poet Jean Chapelain (1595-1674) in 1660
(Huygens 1888—1950, vol. III, p. 35), and it grew in popularity during the
rest of the century.

Huygens’ thick ring did not fit well with new discoveries. In 1664
Giuseppe Campani (1635—1715), the Roman telescope maker, published an
engraving (Fig. 11), showing the outer half of the ring less bright than the
inner half (Campani 1664, pp. 8, 18; Huygens 1888—1950, vol. V, p. 118). It
was with Campani telescopes that Giovanni Domenico Cassini (1625-1712)
made many discoveries, including four satellites of Saturn (see Sec. II be-
low). In 1675 Cassini discovered that the brighter and dimmer portions of the
ring are separated by a dark band, which he interpreted as a gap (Cassini
1676,1677). This meant that there were two rings, and the idea that they
could be solid spinning disks was not very appealing. Thus, by the end of the
century, the consensus was that Saturn’s rings consisted of a large number of
very small satellites revolving around the planet. In the words of Christopher
Wren (Gregory 1702),

. . . the Ring of Saturn is a number of small moons like a swarm of Bees
and which for their swift motion look like an united body like a burnt
stick quickly circumrotated.

By 1700 the pace of celestial discoveries had fallen off. The refractor,
uncorrected for chromatic and spherical aberrations, with lengths approach-
ing 200 feet and aperture ratios of /200 and more, had reached its limit of
usefulness. Further increases in magnification and light-gathering power,
leading to new discoveries in the heavens, did not come until the introduction
of the reflecting telescope in the second half of the eighteenth century.

William Herschel (1738-1822) began his study of Saturn in 1774. Since
Newton had been silent on the construction of Saturn’s ring, Herschel took his
cue from Huygens and believed that the ring was solid and of perceptible
thickness. In his opinion it had a bevelled edge that did not reflect much light.
He clearly saw the dark band on the ring discovered by Cassini, but believed it
to be a feature of the ring’s northern surface only (W.Herschel 1790a,
pp- 3—5). When after the edgewise appearance of 1789 he found the same
zone on the southern face, he was finally convinced that it was a true division
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Fig. 11. Giuseppe Campani’s observation, 1664 (Huygens 1888—1950, vol. V, p. 118).

(W. Herschel 1792, pp. 1-6), but he would not allow other divisions. The
telescope maker James Short (1710-1768) claimed to have seen many divi-
sions in the brighter inner ring, and Herschel himself had seen faint dark lines
on four separate occasions; however he considered such other divisions un-
proven (W. Herschel 1792, pp. 7—11).

In spite of Herschel’s great authority, multiple divisions in the ring sys-
tem were accepted in the first half of the nineteenth century, because of the
work of Pierre Simon de Laplace (1749—1827). In a memoir written in 1787
and published two years later, Laplace investigated the stability of Saturn’s
rings and concluded that Cassini’s Division could by no means be the only
division. The ring system had to consist of a large number of thin, concentric,
solid rings, irregular in width and density, so that their centers of gravity did
not coincide with their geometric centers. These centers of gravity could then
be considered as so many satellites moving about Saturn with their appropri-
ate speeds (Laplace 1878-1912, vol. XI, pp.275-292). Laplace repeated
this mathematical argument in his very influential Exposition du Systéme du
Monde (Laplace 1878—-1912, vol. VI, pp. 290-292), and Mécanique Céleste
(Laplace 1878—-1912, vol. II, pp. 166—177).

It would seem a small step from Laplace’s many thin hoops to a system
of rings consisting of particles or a fluid. Laplace himself had found the equi-
librium conditions by supposing that the ring system was covered by an infi-
nitely thin film of fluid that remained undisturbed. He had also put forward his
tremendously influential nebular hypothesis on the origin of the solar system,
in which Saturn’s ring represented the unique case of rings of nebular material
solidifying without disintegrating. This could only be the case if a fluid ring
was stable during the cooling phase (Laplace 1878—1912, vol. VI, pp. 498
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509; Jaki 1976). Yet he insisted on solid rings, and the consensus among as-
tronomers in the first half of the nineteenth century was that, however many
rings made up the system, they were solid. J. H. Schroter (1745—1816) and
his assistant K. L. Harding (1765— 1834) near Bremen, Germany, even went
so far as to claim, in 1808, that Saturn was surrounded by a single, solid ring
that did not revolve; they had observed a stationary bright spot on one of the
ansae (Schroter 1808, pp. v—vi, 65—-66; Moller 1819, p. 6).

As can be seen in the case of Huygens’ Cartesian convictions, theory
influences observations. Laplace’s theory of many narrow solid rings directed
the attention of observers to possible divisions in the ring system. In 1825
Henry Kater (1777-1835) saw three divisions in the A Ring, the middle one
much wider than the other two. One of his companions saw no fewer than six
divisions (Kater 1830,1831). Neither John Herschel (1792—-1871) with his
large reflectors, nor Wilhelm Struve (1793 -1864), director of the Dorpat Ob-
servatory with its 9.5-inch Fraunhofer refractor, could verify Kater’s obser-
vation (Kater 1831; Struve 1826). However, in 1837 Johann Franz Encke
(1791-1865), director of the Berlin Observatory, observed with a 9-inch
Fraunhofer refractor a dark band on the ring that matched the division claimed
by Kater (Encke 1838). The existence of the gap, now known as Encke’s Divi-
sion, was quickly verified by others (De Vico 1838, p. 10), although it was
not always visible even with the best telescopes.

The number of markings on both the A and B Rings reported by astrono-
mers from Rome to Boston to St. Petersburg now increased rapidly, reaching a
high point in the second quarter of the century. In 1856 Warren De la Rue
(1815-1889), a very fine observer and later a pioneer of astronomical pho-
tography, circulated an engraving of Saturn (Fig. 12) showing a large number
of divisions in the ring system, as he had observed them in the spring of that
year (De la Rue 1856). The ring system appeared here as though it had been
designed by Laplace himself, and it bears a striking resemblance to the re-
cently obtained close-ups of Saturn.

In 1856, however, Laplace’s theory had already fallen out of favor. Sev-
eral observers had noticed that the inside edge of the B Ring was not sharply
defined. In 1837 Encke’s assistant Johann Galle (1812—1910) had commented
on this and had shown a dark band across the planet’s body immediately ad-
jacent to the interior edge of the B Ring (Encke 1838). In November 1850
William C. Bond (1789-1865) and his son George P. Bond (1825-1865) at
the Harvard College Observatory saw the same dark band with the 15-inch
Merz refractor. Charles W. Tuttle (1829—-1881), their assistant, suggested that
this appearance might be caused by a dusky ring inside the B Ring (W. C.
Bond 1851,1857, p. 48). Two weeks later the sharp-sighted William R.
Dawes (1799-1868) in Wateringbury, England, independently came to the
same conclusion using a 6.75-inch Merz refractor (Dawes 1850). The dusky
or crepe ring had, in fact, been seen but not recognized as early as 1664 by
Giuseppe Campani (see Fig. 11) and 1665 by Robert Hooke (1635-1703)
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Fig. 12. Observation of Warren De la Rue, 1856 (Chambers 1867, p. 122).

(Hooke 1666). Otto W. Struve (1819-1905) first suggested the system in
which the rings are designated by the letters A, B, and C (Lassell 1852).

In drawings of Saturn published by W. Herschel, his successors could
now see the crepe ring as a dark belt on the planet, but even with his largest
telescopes Herschel had apparently never noticed any trace of this dark ring in
the ansae themselves. Moreover, measurements of the widths of the rings
made at different times did not agree with each other. All this suggested that
changes in the ring system had made the crepe ring more noticeable since
Herschel’s days. Such changes strongly contradicted Laplace’s theory of
many solid rings, but they did fit his nebular hypothesis. As early as 1848,
Edouard Roche (1820—1883) had reexamined the question of the constitution
of the rings and had concluded that a fluid satellite had approached Saturn so
closely that it had been torn apart by tidal forces, thus forming the ring system
(Roche 1849). Roche’s ideas which directly contradicted the nebular hypothe-
sis, did not become influential until later.

By about 1850, then, solid rings were beginning to fall out of favor for
various reasons, and the question of the constitution of the rings was again
open. In 1850 G. P. Bond reexamined Laplace’s theory and concluded that a
system of narrow solid rings could not be stable; the rings had to be fluid. The
many different divisions seen by various observers were, in all likelihood,
temporary phenomena (G. P. Bond 1851). His Harvard colleague, the mathe-
matician Benjamin Peirce (1809-1880), confirmed Bond’s conclusions in
1851, after his own investigation (Peirce 1851,1856,1866). When in 1852
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several observers noticed that the limbs of the planet could be seen through
the C Ring, any belief in solid rings became very difficult to defend (Lassell
1852; Jacob 1853).

In 1855 the University of Cambridge made the stability of Saturn’s rings
the subject of the Adams Prize Essay. The prize was awarded in 1857 to James
Clerk Maxwell (1831-1879). In his essay Maxwell disposed of both solid and
fluid rings: the ring system could be stable only if it consisted of an indefinite
number of particles (Maxwell 1859). Maxwell’s treatment was definitive for
several generations, and from 1859 onward his results ruled the astronomical
community. They were verified observationally in 1895 when James E. Keeler
(1857—-1900) at the Allegheny Observatory, obtained two spectrograms of Sat-
urn and its rings, showing that the outside of the ring system moves more
slowly than the inside (Keeler 18954,b). Within weeks Keeler’s results were
confirmed by William W. Campbell (1862—1938) at Lick Observatory (Camp-
bell 1895), and H. A. Deslandres (1853 1948) at Meudon (Deslandres 1895).

With the particle view of the rings firmly established after 1859, an ex-
planation was needed for the gaps like Cassini’s Division and the many other
dark bands like Encke’s Division. In 1866 Daniel Kirkwood (1814—1895)
pointed out that a particle with one-third the period of Enceladus would re-
volve about Saturn exactly at the distance of Cassini’s Division. The major
application of this resonance theory, the mechanism of which remained in
doubt, was to account for the gaps in the asteroid belt between Mars and Jupi-
ter. For Kirkwood, both the asteroid belt and Saturn’s ring system were evi-
dence for the meteoric origin of the solar system in his modified version of the
nebular hypothesis (Kirkwood 1866). In 1872 he associated both Cassini’s Di-
vision and Encke’s Division with resonances of all four interior satellites,
Mimas, Enceladus, Tethys, and Dione. Although apparently Kirkwood sup-
plied a rationale for other possible permanent gaps, he in fact only allowed the
permanence of Cassini’s Division. According to him, it was probable but not
certain that Encke’s Division was never entirely closed, and extremely doubt-
ful that other gaps were permanent (Kirkwood 1872).

In his influential book Saturn and its System (Proctor 1865, lst ed.;
1882, 2nd ed.), Richard A. Proctor (1837— 1888) presented a fully elaborated
explanation of the nature of the rings. According to the particle theory, the
C Ring was relatively dark because the particle density was lower there than
in the brighter parts of the ring system. Likewise, the temporary dark bands
were annuli of low particle densities, not true gaps. Their temporary nature
was explained by invoking wave phenomena due to collisions of the particles,
or perturbations by satellites and even other planets. This explanation, which
allowed only one true gap, Cassini’s Division, but many temporary dark min-
ima which might sometimes be considered gaps, became the reigning consen-
sus (Proctor 1865; 1882, Ch. 4).

Observers now began to describe features of the ring system differently.
Where before they had reported gaps, now they saw darker and brighter, or
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rarer and denser circles. Although all considered Cassini’s Division a true
gap, there was now room for some particles in it. Encke’s Division remained
controversial. In 1888, using the new 36-inch Lick refractor, Keeler saw it as
a broad feature bounded on the outside by a very thin but sharply defined dark
line (Keeler 1888,1889). Using the same instrument, in 1889 E. E. Barnard
(1857-1923) saw it as “a rather feeble dark line on the ring”; in 1894 he
could not see it at all; and in 1895 he saw it as a faint broad band almost as
wide as Cassini’s Division (Barnard 1895; Osterbrock and Cruikshank 1983).
Various other lighter and darker bands continued to be seen in both the A and
B Rings.

By the second decade of the twentieth century the particle nature of the
ring system with its varying density had led to expectations of the translu-
cency of even the bright A and B Rings. This was supported by Barnard’s
photographs taken with the Mount Wilson 60-inch reflector in 1911, in which
the planet was visible through the A Ring (Alexander 1962, p. 339). Rare
occultations of stars by Saturn’s rings in 1917 and 1920 proved this trans-
lucency dramatically. In 1920, even as the ring system was approaching its
edgewise aspect, a seventh-magnitude star whose light passed very obliquely
through the B Ring remained clearly visible except for one momentary flicker
(Alexander 1962, pp. 338-351).

Several trends in twentieth-century astronomy have affected the visual
study of Saturn and its rings. With the rise of astrophysics, interest in the
planets lagged, and planetary observations at major observatories became less
frequent and systematic. Even with the best instruments, observers who ex-
amine the planets only occasionally will not see much subtle detail. Moreover,
as it became clear that no canals exist on Mars, the legitimacy of the visual
search for delicate planetary details was called into question (Hoyt 1976). The
objective evidence of a photograph, even if it showed little detail, was to be
preferred over the subjective impressions of a single observer shown in a
drawing. One important exception to these two trends was the planetary work
done by Bernard Lyot (1897-1952) at the Pic-du-Midi Observatory. His
drawing of Saturn and its rings, as seen in 1942 with the 24-inch refractor is
shown in Fig. 13.

II. THE SATELLITES

Until dry-plate photography revolutionized the search for new bodies in
the solar system, at the end of the nineteenth century, satellites of Saturn were
discovered only when the rings were at or near their edgewise aspect. At those
times the brightness of the rings does not interfere with the visibility of ob-
Jects near the planet, and the satellites’ back and forth motions along the line
of the ansae make them easier to recognize. Moreover, as the rings approach
their edgewise aspect, observers often interrupt other projects in order to wit-
ness the disappearance of the rings and to make observations best done at this
time, e.g., measuring the diameter of the planet.
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Fig. 13. Observation of Bernard Lyot, 1943 (Dollfus 1961, plate 41).

Huygens’ 12-foot refractor with a magnification of 50, with which he
discovered Titan in 1655, was his first research telescope, and it was by no
means exceptional in power and quality. The satellite had, in fact, been per-
ceived earlier by Hevelius in Poland and Wren in England, but in the absence
of any clues as to its nature they had taken it to be a fixed star (Hevelius 1659;
Huygens 1888—1950, vol. II, p. 306). Huygens, a neophyte at this business,
directed his telescope to Saturn on 25 March 1655 and saw a little star 3 min
from the planet on the line of the very narrow ansae. He immediately guessed
that it was a satellite and confirmed his guess within a few days (Huygens
1888-1950, vol. XV, pp. 173-176).

Cassini was doubly lucky in 1671. When he observed Saturn late in Oc-
tober, Iapetus was not only on the extension of the narrow ansae within a few
minutes of the planet, but also to the west of the planet where it is brightest.
When Cassini tried to observe it near its greatest eastern elongation in 1672,
he could not see it, even though he knew where it was. To explain this myste-
rious behavior, he postulated that this satellite has a lighter and a darker hemi-
sphere and that it always keeps the same face turned to Saturn, just as our
Moon always presents the same face to us. His discovery of Rhea, late that
same year, and Tethys and Dione just before the edgewise appearance of
1684, were made possible by the lack of interfering brightness of the very
narrow ansae (Cassini 1673a,b,16864,b). Rhea, Tethys, and Dione were ex-
tremely difficult to see with the long refractors of that period. Between Cas-
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sini and Herschel, a century later, only a handful of observers were able to see
them (e.g., Pound 1718). Huygens never saw Tethys and Dione (Huygens
18881950, vol. XXI, pp. 193-194,302,778~779), and there is no evidence
that John Flamsteed (1646—1720), the first Astronomer Royal, ever saw any
satellite of Saturn except Titan.

In 1787 W. Herschel suspected that he had observed a new satellite of
Saturn with his 20-foot, 18.5-inch aperture reflector. He did not, however,
pursue the matter until near the edgewise appearance of 1789, when he had
also finished his 40-foot reflector with its 48-inch aperture. With this new in-
strument he verified the existence of the satellite now known as Enceladus,
on 28 August. Two weeks later he found another satellite with the more
convenient smaller instrument and confirmed its existence with the larger
(W. Herschel 1790a). Enceladus and Mimas, nearer to Saturn than Tethys and
Dione, were extremely difficult to see even with the largest telescopes. J. Her-
schel could not see Mimas with his 20-foot reflector even with the better
seeing conditions at the Cape of Good Hope (Evans et al. 1969, p. 301). Not
until the middle of the nineteenth century did observation of Mimas become
at all routine with the best instruments.

Up to this point the identification of satellites had presented few prob-
lems. Although Galileo named the four Jovian satellites collectively the Medi-
cean Stars after his patrons, he did not name them individually. Instead, he
numbered them beginning with the satellite closest to Jupiter (Drake 1960,
p. 1). This system became standard until the second half of the nineteenth
century. As early as 1614, however, Simon Marius (1570-1624) had sug-
gested several alternatives, one of which he outlined as follows (Prickard
1916, p. 380):

Jupiter is much blamed by the poets on account of his irregular loves.
Three maidens are especially mentioned as having been clandestinely
courted by Jupiter with success. Io, daughter of the River Inachus, Cal-
listo of Lycaon, Europa of Agenor. Then there was Ganymede, the hand-
some son of King Tros, whom Jupiter, having taken the form of an eagle,
transported to heaven on his back, as poets fabulously tell . . . . I think,
therefore, that I shall not have done amiss if the First is called by me
Io, the Second Europa, the Third, on account of its majesty of light,
Ganymede, the Fourth Callisto. . . .

This fancy, and the particular names given, were suggested to me by
Kepler, Imperial Astronomer, when we met at Ratisbon fair in October
1613. So if, as a jest, and in memory of our friendship then begun, I hail
him as joint father of these four stars, again I shall not be doing wrong.

In the case of Saturn, from 1684 onward the five satellites were num-
bered starting with the one closest to the planet, following the example of
Jupiter. But the two satellites discovered by W. Herschel were both interior to
the five known before, and confusion now set in. Should one number the sat-
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ellites in order of discovery or in order of their distance from the planet?
W. Herschel himself mixed the two approaches by keeping the existing num-
bers of the five previously known and assigning the newly discovered interior
satellites the numbers 6 and 7, in order of their discoveries, so that starting
from the planet the satellites were numbered 7, 6, 1, 2, 3, 4, 5 (W. Herschel
1790a, Table III). When, in 1847, J. Herschel published the results of his
observations at the Cape of Good Hope, made the previous decade, he sug-
gested that an end be put to the confusion in the numbering system of Saturn’s
satellites by assigning them individual names. Referring to the example of
Marius, he proposed that Saturn’s satellites be named after deities associated
with the god Saturn (J. Herschel 1847, p. 415):

As Saturn devoured his children, his family could not be assembled around
him, so that the choice lay among his brothers and sisters, the Titans and
Titanesses. The name of lapetus seemed indicated by the obscurity and
remoteness of the exterior satellite, Titan by the superior size of the Huy-
ghenian, while the three female appellations [Rhea, Dione, and Tethys]
class together the three intermediate Cassinian satellites. The minute in-
terior ones seemed appropriately characterized by a return to male ap-
pellations [Enceladus and Mimas] chosen from a younger and inferior
(though still superhuman) brood.

His proposal was favorably received by the astronomical community.
William Lassell (1799—1880) began using the nomenclature immediately
(Lassell 1848a), and when G. Bond at Harvard and Lassell in Liverpool inde-
pendently discovered a new satellite in September 1848 (as the rings were
approaching their edgewise aspect), Lassell proposed the name Hyperion
(Lassell 1848b) and Bond agreed (W. C. Bond 1848; Everett 1849). J. Her-
schel now included the new satellite under that name in his nomenclature,
which he systematically advocated in his influential Outlines of Astronomy
starting in 1849 (e.g. J. Herschel 1859, p. 367).

An entirely new era of solar-system discovery was inaugurated in 1891,
when for the first time an asteroid was discovered by means of photogra-
phy; in 1892 a new comet was discovered photographically (Clerke 1893,
pp. 347,447). In 1896 the 24-inch Bruce astrograph began its career of pho-
tographing the southern skies at Harvard’s southern station in Arequipa, Peru.
On plates taken in August 1898, W. H. Pickering discovered, in April 1899,
an outer satellite of Saturn, and named it Phoebe (E. C. Pickering 1899a,b).
Confirmation of this object did not come until 1904, when it was found on
other plates taken with the Bruce telescope, and when it was finally detected
visually by Barnard with the 40-inch Yerkes refractor (E. C. Pickering 1904;
W. H. Pickering 1905a). It turned out that Phoebe’s motion around Saturn is
retrograde, the first instance of retrograde motion found in the solar system.
Throughout the nineteenth century the direct motions of all planets and satel-
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lites had been cited as strong evidence for the nebular hypothesis; Phoebe’s
retrograde motion now cast doubt on that theory.

The new method was, however, not perfect. In 1905 W. H. Pickering an-
nounced the discovery of yet another satellite of Saturn. He assigned it a pe-
riod of 21 days (about the same as Hyperion) and named it Themis (W. H.
Pickering 1905b; Alexander 1962, p. 268). Although this satellite was in-
cluded in the literature for some time (e.g., Newcomb 1911), confirmation of
its existence remained lacking, and it was eventually disowned by the astro-
nomical community.

III. THE PLANET

A. Shape

During the early days of telescopic observations, the planet itself was
often rendered in anomalous shapes due to the poor optics of the instruments
as well as the confusing brightness of the appendages. Francesco Fontana
(d. 1656) sometimes showed the central body prolate (Fig. 3), while Hevelius
showed it oblate (Figs. 5,8). Hevelius developed a theory in which the central
body was, in fact, egg-shaped. When the ansae were invisible, however, this
body appeared perfectly round. Not until after the micrometer was introduced
into the telescope was the flattening of Jupiter at its poles detected by Jean
Picard (1620-1682), in 1673 (Le Monnier 1741, p. 28), and not until a
century later did W. Herschel diagnose the same condition in Saturn (W. Her-
schel 1790a, pp. 17-18). The delay was due in part to the smallness and dim-
ness of Saturn’s disk compared to Jupiter’s, and in part to the ring which usually
obscures much of the outline of the planet; only at or near the edgewise position
of the ring can the planet’s oblateness be securely discerned.

W. Herschel first suspected that Saturn’s polar diameter was less than
its equatorial diameter in 1776. However, he had to wait until 1789, when
the ring was again approaching its edgewise aspect, before he could be cer-
tain. In September 1789, when the rings were nearly invisible, Herschel mea-
sured Saturn’s polar diameter to be 20761 and its equatorial diameter 22"81
(W. Herschel 1790a, p. 17). His measurements were confirmed by Friedrich
Wilhelm Bessel (1784 —1846) at Konigsberg in a series of measurements from
1830 to 1833 (Bessel 1835) and Robert Main (1808—-1878) at Greenwich in
1848 (Main 1853).

Bessel, Main, and others did not, however, confirm another contention
of Herschel’s. In 1805 he published a paper in which he argued that “[t]he
flattening of the polar regions [of Saturn] is not in that gradual manner as with
Jupiter, it seems not to begin till at a high latitude, and there to be more sud-
den than it is towards the poles of Jupiter” (W. Herschel 1805, p. 274). In this
so-called *square-shouldered” appearance, shown in Fig. 14—in fact an op-
tical illusion caused by the belts and zones—the polar regions and the equa-
torial regions were flattened and the longest diameters were to be measured
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Fig. 14. “Square shouldered” appearance seen by William Herschel, 1805 (W. Herschel 1805,
p- 280).

diagonally from 45 north or south latitude (W. Herschel 1805, p. 280). The
measurements made by Bessel and Main proved this to be illusory.

B. Surface Markings and Rotation

In a brilliant series of observations, using Campani telescopes in the
1660s, Cassini found surface markings on both Mars and Jupiter and deter-
mined their rotation periods (Cassini 1665a,b,1666a,b). But Saturn was a
much more difficult subject. Not until the mid 1670s did he manage to find
any surface details on this planet, an equatorial belt (Cassini 1676,1677). And
although he might agree with Huygens that Saturn must turn on its axis in a
period comparable to Jupiter’s, he could not make an actual determination.

W. Herschel finally managed to determine a rotation period for the ring
as well as the planet. He had seen luminous points on the ring, and after elim-
inating satellites, the remaining points supported a period of revolution of
10 h 32 m (W. Herschel 17905, pp. 481-487,494). Since these luminous
points are illusory, however, we may speculate that Herschel unconsciously
manipulated his data to yield a rotation period predicted by Kepler’s Third
Law. He was on firmer footing when it came to the rotation of the planet itself.
Late in 1793 and early in 1794 he kept careful track of small irregularities on
what he called the “quintuple belt,” and from their returns deduced a rotation
period of 10 h 16 m (W. Herschel 1794). In both cases Herschel made ex-
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tremely difficult observations at the limit of discrimination of his very power-
ful telescopes. The first determination was, in the long run, rejected by the
astronomical community. It was not until the last quarter of the nineteenth
century that delicate spots on the globe came within the reach of the best tele-
scopes. The first rough confirmation of Herschel’s value came in 1876/7,
when Asaph Hall (1829-1907) determined a rotation period of 10 h 14 m
23.8 s from a bright spot near the planet’s equator (Hall 1878). In the 1890s
several observers were able to make determinations of the rotation periods of
a number of spots, further confirming these values (Williams 1894,1895;
Flammarion 1901). Lingering doubts about the validity of these observations
were dispelled in 1895 by Keeler’s calculation of the tangential velocity of the
planet’s limb, ~ 10 km s~!, from the Doppler shift of the spectrum of Sat-
urn’s globe (Keeler 18954, p. 425).
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We summarize the principal observational data that constrain interior models of
Saturn, and explain why they are relevant. We discuss the behavior of hydro-
gen, Saturn’s major constituent, at pressures on the order of 0.1 to 10 Mbar and
temperatures on the order of 10* K. Possible behavior and distributions of
minor constituents are also considered, along with processes for their trans-
port. We interpret Saturn’s external gravitational and magnetic fields in terms of
interior structure, and discuss the relationship between atmospheric zonal flows
and the deep interior. The constraint imposed by tidal evolution considerations
is evaluated. Calculations for the thermal evolution of Saturn are presented,
both with and without consideration of possible gravitational unmixing. Possi-
ble scenarios for Saturn’s mode of origin and their implications for presently
observed atmospheric abundances are discussed.

From the point of view of interior structure, Saturn occupies an inter-

mediate position among the four giant planets. Like Jupiter, Saturn appears to

be predominantly composed of hydrogen by mass, but it also contains a mass
fraction of denser substances substantially larger than the corresponding frac-

tion in Jupiter. This trend is continued in the lower-mass giant planets Uranus

and Neptune, in which hydrogen only comprises a small fraction of the to-

tal mass and the predominant constituents are probably water and methane

(Fig. 1).

[ 47 ]
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Fig. 1. Plot of equatorial radius a (in units of Earth radius, ag) vs. mass M (in units of Earth mass
ME) for zero-temperature metallic spheres of hydrogen, helium, magnesium, and iron, and a
curve for H,O computed using an empirical equation of state. Observed values for the giant
planets (J, S, U, N) are shown. For reference, the figure also shows a radius-mass curve for
spheres of solar composition (hydrogen-helium) having an adiabatic temperature distribution
starting at 140 K at 1 bar. Dashed curves show corrections to the hydrogen-helium curve for
rotation periods of 10 hr 39 min (near Saturn point) and 9 hr 55 min (near Jupiter point). The
figure shows that Saturn is primarily composed of hydrogen.

Nevertheless, Saturn’s structure is analogous in many ways to Jupiter. A
substantial interior energy source argues for relatively high internal tempera-
tures, and suggests that convective heat transport may be important in the
interior. The appropriate temperature regime appears to require that most
likely components of Saturn’s outer layers be in the liquid state, but at the
same time, temperatures may be low enough for immiscibility of major com-
ponents to play a role in the planet’s secular energetics. Comparison of the
thermal evolution of Jupiter and Saturn suggests that Saturn’s evolution may
be qualitatively different from Jupiter’s, less star-like and more planet-like.

The goal of interior modeling of Saturn is to synthesize a large number of
disparate observational data points on heat flow, gravity field, magnetic field,
atmospheric abundances, and satellite characteristics into a coherent picture
of the planet’s present and past interior state. We are still some distance from
achieving this, for there are still differences of opinion on substantial issues.
Yet, consensus does exist on a number of points. We will discuss the present
state of synthesis of our knowledge of Saturn’s interior, indicating those as-
pects which are considered to be relatively certain and those which are still
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controversial, and how further observational measurements or calculations
may resolve existing uncertainties.

We first review the observational boundary conditions on Saturn interior
models (Sec. I). In Secs. II and III we discuss relevant high pressure thermo-
dynamics and transport processes within Saturn. Section IV is a review of
static models, and in Secs. V and VI we discuss use of the gravitational and
magnetic fields, respectively, to constrain models. In Sec. VII we discuss
tidal dissipation in Saturn’s interior, and in Sec. VIII we consider evolutionary
models of the planet.

I. OBSERVATIONAL BOUNDARY CONDITIONS

A. Atmospheric Abundances

1. Major Expected Constituents. We will consider various models of
the interior and evolution of, Saturn. To constrain such models one would like
to have the planetary mass fraction of each important chemical constituent in
Saturn, relative to the corresponding mass fraction in the primordial solar
nebula. Fig. 2 shows the most important (according to mass) constituents in
the primordial nebula and schematically indicates how they may be re-
distributed in primordial Saturn. We want to determine how these proportions
have been mapped onto the present structure of Saturn.

~90% lost

Hp, He, Ne (x0.1)

H,0 ? % lost

] NH5
IIROCKII
/
&
INITIAL NEBULA PRIMORDIAL SATURN

Fig. 2. Bars on left show major constituents of the initial solar composition nebula from which
Saturn presumably formed. Models indicate that most of the initial hydrogen and helium was
not incorporated in the planet. Some smaller fraction of the H,O, CH4, and NH3 may also
have been lost, not necessarily in equal proportions for all three.
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Obviously, the mass fraction detectable in the atmosphere will differ in
general from the bulk mass fraction in the planet. Here we will define Saturn’s
atmosphere to be that part of the planet for which the pressure equation of
state is well approximated by the ideal gas law. For the expected temperature
regime in the atmosphere, a few of the constituents should maintain a con-
stant mixing ratio at least up to the tropopause, due to their noncondensibility
and the mixing effects of tropospheric convection. These constituents are H,,
He, and CH,.

Determination of the most fundamental abundance ratio in Saturn’s at-
mosphere, the He/H, number ratio (this molecular number ratio will be sim-
ply denoted by He/H,, and a similar convention will be followed for other
molecules), has been accurately carried out recently on the basis of data from
the Voyager infrared spectrometer. This result gives He/H, as 0.06 (Hanel
et al. 1981a), compared with a typical solar value of 0.13 * .02 (see also
Gautier and Owen [1983a] and chapter by Prinn et al. in this book). Since
there are no known processes for fractionating He with respect to H, in Sat-
urn’s atmosphere, a discrepancy between the observed value and the pre-
sumed primordial value may indicate that processes leading to atmospheric
helium depletion are occurring in the nonideal bulk of the planet. For com-
parison, the Jupiter value for the same ratio, obtained with the same instru-
ment (Gautier et al. 1981), is 0.13 = 0.04. The best prior measurement of the
Saturnian He/H , ratio was derived from Pioneer 11 data and gave a value of
0.11 = 0.04 (Orton and Ingersoll 1980). This result is approximately consis-
tent with the subsequent Voyager measurement, though the uncertainty in the
Pioneer measurement is somewhat too large to reveal a difference between
Jupiter and Saturn.

Results for CH4/H, are enigmatic. Recent measurements of CH4/H,
give values of (4 % 2) X 1073 (Buriez and de Bergh 1981) and (2.0 + 1.0,
—0.8) X 1072 (Encrenaz and Combes 1982), compared with a solar CH,/H,
ratio of 0.9 X 1073 (Lambert 1978). We conclude that there is good evidence
for an enhancement over the primordial ratio, but not by a large factor. The
enhancement ratio is on the order of 2, and is thus similar to the CH,/H,
enhancement observed in Jupiter’s atmosphere (Gautier et al. 1982). Because
of the relatively low temperatures required to condense methane in the pri-
mordial solar nebula, it seems plausible that CH 4 should be present in primor-
dial Saturn in solar proportions relative to H,. Atmospheric enrichment of
methane, if it is present, is probably not the result of differentiation processes
at high pressures (see Sec. II); extra methane was probably added by subse-
quent accretion of planetesimals that formed farther out in the solar system.

NH ; is not readily observable in Saturn’s upper atmosphere, for it con-
denses at higher pressures than in the warmer Jovian atmosphere. However,
microwave brightness temperatures are consistent with an approximately so-
lar ratio of NH3/H, and an adiabatic temperature profile in Saturn’s tropo-
sphere (Gulkis and Poynter 1972; Marten et al. 1980). This constraint is so
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crude, however, that at best it only rules out departures from the solar ratio of
more than about an order of magnitude.

No results for H,O/H, are currently available. As is predicted by at-
mospheric models (Lewis 1969), H,O is essentially unobservable in Saturn’s
presently accessible atmosphere and thus offers no direct constraint on inte-
rior models.

As Fig. 2 indicates, we have now accounted for the principal expected
constituents in a collapsing proto-Saturn. The main constraint on interior
models presented by these abundance measurements is that we must account
for the observed helium depletion and methane enhancement either by dif-
ferential processes at the time of planetary accumulation, or by processes of
differentiation within a planet with an overall solar value for He/H, and
CH,/H,.

2. Minor Constituents. Beside the elements mentioned above, the only
additional element detected in Saturn’s atmosphere is phosphorus in the form
of PH; (Larson et al. 1980). The observed PH/H, ratio of ~ 1079 is on the
order of the solar value or perhaps a factor of 2 larger (Larson et al. 1980).
From the point of view of interior models, the abundance of this molecule in
the observable atmosphere may need to be interpreted in a manner similar to
the methane abundance.

Other cosmically abundant elements include silicon and iron. Silicon has
been sought in Saturn in the form of SiH 4, but was not detected; Larson et al.
(1980) conclude from this that its mixing ratio in the accessible part of Sat-
urn’s atmosphere is ~ 5 orders of magnitude below the solar value. This result
is not surprising from the point of view of interior modeling, as essentially all
the silicon and iron in Saturn is expected to be bound up in a dense iron and
magnesium-silicate inner core.

3. Isotopes. Both deuterium (2H = D) and !3C have been identified in
Saturn’s atmosphere. Neither isotope at present offers a strong constraint on
Saturnian interior structure. Hubbard and MacFarlane (1980a) have shown
that if H,O was condensed at the time of Saturn’s formation and if the deu-
terium concentration was able to equilibrate between the gas and the coexist-
ing vapor, then one would expect at least an order of magnitude enhancement
of D/H (in the form of HDO/H,O0) relative to the primordial D/H value of
~ 2 X 1073 (Black 1973). If temperatures were low enough for NH5 to con-
dense, the equilibrium concentration of deuterium in the condensate would
become even higher, and it would become higher still if CH4 could condense
(which is unlikely). If the deuterium thus captured in the condensed core of
proto-Saturn is then able to re-equilibrate with the hydrogen-helium en-
velope, one would expect an enhancement of the atmospheric values of
CH;D/CH, and HD/H ,, with the enhancement factor depending on the mass
ratio of the core to the envelope. However, for plausible values of this ratio,
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discussed in Sec. IV.B, the predicted enhancement is a factor of < 2, and is
therefore not expected to be detectable at the present level of precision: the
observed values for D/H in Saturn are ~ 2 X 105 (Fink and Larson 1978)
and (5.5 = 2.9) X 1073 (Macy and Smith 1978).

The 13C/12C ratio in Saturn’s atmosphere seems approximately equal to
the values in Earth and in Jupiter (Combes et al. 1977). Interior modeling
gives no reason to expect otherwise.

B. Atmospheric Structure and Dynamics

For interior modeling, the outer thermal boundary condition is a speci-
fied entropy. This is appropriate because the interior is expected to be close to
adiabatic (see Sec. III). It is convenient to characterize the entropy by a speci-
fied temperature at 1 bar. The chosen pressure reference level is suitable be-
cause it is deep enough that adiabaticity probably applies, yet shallow enough
to be accessible by remote sensing. Voyager infrared data (Hanel et al. 1982)
constrain the temperature at 0.5 bar to be 110 = 5 K and indicate that adia-
baticity is likely at deeper levels. The slight extrapolation on an adiabat yields
135 + 5K at 1 bar. The radio occultation data (Tyler et al. 1982a) are consis-
tent with the infrared data but extend to a slightly deeper level, indicating 143
* 6 K at 1.2 bar (equivalent to 135 K at 1 bar). All these data show that
latitudinal temperature gradients are small at the 1 bar level. Interior models
should therefore conform to T = 135 = 10K at P = 1 bar. (A doubling of the
error bar from 5 K to 10 K is warranted because the extraction of temperature
profiles from the data requires a modeling effort and assumptions about
composition.)

To relate this observation to an interior adiabat, we must allow for the
latent heat of constituents which condense at P = 1 bar, especially water. If
the mass fraction of water in Saturn’s envelope is x, then the effective bound-
ary condition at 1 bar (defined as the dry adiabatic extension of an interior
adiabat) is (135 — 200 x) K. A water-rich envelope implies a colder interior,
other factors being equal. Since x could be as large as 0.1, this latent heat
correction is potentially significant. There may also be small corrections asso-
ciated with disequilibrium of ortho and para populations of H, (Massie and
Hunten 1982; Gierasch 1983). Further discussion of the thermal structure can
be found in the chapter by Ingersoll et al.

Saturn, like Jupiter, possesses a strong, stable zonal wind structure. The
prograde equatorial jet has maximum velocity of ~ 500 m s~ ! (relative to the
SKR-defined rotation of 10 hr 39.4 min) and extends to * 35° in latitude.
Weaker jets (~100 m s~1) are found at 45—50° and 60—65° in both southern
and northern hemispheres. These flows are observed by tracking cloud fea-
tures that form at a few tenths of a bar pressure. There is no consensus or
observational information concerning the depth to which the zonal flows ex-
tend. Busse (1976) proposed that the atmospheric structure of Jupiter may be
the surficial manifestation of deep-seated thermal convection, constrained to a
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columnar structure by the Coriolis effect (Taylor-Proudman theorem). A simi-
lar argument would apply to Saturn. Ingersoll has quantified the depth of the
zonal winds (Smith et al. 1982; Ingersoll and Pollard 1982) by showing that
the computed height of constant pressure surfaces near Saturn’s cloud tops
decreases by two scale heights from equator to pole. Since the equator-to-pole
temperature gradient is small at this level, it follows that the heat capacity of
the mass involved in the zonal motions is large compared to the mass of the
atmosphere at and above the cloud tops. This is consistent with the hypothesis
that the zonal winds extend into the interior on cylindrical surfaces. It is also
consistent with the thin-layer meteorology provided there exists a large reser-
voir of latent heat in the atmosphere (e.g., the water clouds at P ~ 10 bar);
this has been proposed by Allison and Stone (1983).

The zonal wind structure is relevant to interior modeling in two respects.
First, differential rotation extending into the deep interior modifies the gravi-
tational moments (J,, J,4) and therefore must be included in analyzing the re-
lation between internal density structure and external gravity field; this is con-
sidered further in Sec. V. Second, the latitudinal extent and structure of the
zonal winds, if they extend downward into the interior on cylinders, are re-
lated to the magnetic field and electrical conductivity within the planet. A
wind with velocity 100 m s ~! and characteristic radial length scale ~ 102 km
can be hydromagnetically affected even if the conductivity of the fluid is ten
orders of magnitude less than that of a good metal. The latitudinal extent of
the equatorial jets on both Jupiter and Saturn may be determined by hydro-
magnetic effects (Kirk and Stevenson 1983).

C. Heat Flow

The previous evolutionary history of Saturn, and models for the present
state of its interior, are strongly constrained by the observed value for the in-
trinsic luminosity of the planet. Two parameters are important for this pur-
pose. First, it is necessary to determine the total thermal infrared luminosity
of Saturn,

L, + L; = 4mag?aT? ¢))

where ag is Saturn’s mean radius defined in terms of the surface area and 7, is
effective temperature. L, is the infrared luminosity resulting from the conver-
sion of part of the incident solar flux into thermal radiation, and L; is the
intrinsic energy flow from deep in the planet’s interior. L, can be readily deter-
mined by measuring Saturn’s luminosity at visual wavelengths due to re-
flected sunlight L,, and then subtracting this quantity from the total solar en-
ergy incident on Saturn L

Ly=L, +L,. @)
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If L; = O then the effective temperature reduces to 7, defined by Eq. (1) in
terms of L, alone. The ratio (7,/7;,)* is just the ratio (L, + L;)/L,. Now, the
structure of Saturn’s atmosphere in the vicinity of the photosphere (at pres-
sures on the order of 1 bar) is determined by 7, i.e., by the total energy flow
through the atmosphere; in turn, the interior temperature distribution may be
strongly affected by the temperature distribution around 1 bar pressure. Thus,
we need to know not only the intrinsic energy flow but also the total energy
flow in order to model the planet’s thermal state.

Once the crucial parameters for constraining Saturn’s interior thermal
structure become known, we can address the fundamental questions of the
origin of the intrinsic heat flow, and of whether continuous chemical differen-
tiation of Saturn’s interior is implied by the measurements. As we shall dis-
cuss, the earliest measurements of Saturn heat flow parameters implied that
chemically homogeneous models of Saturn with simple cooling were un-
realistic, for they typically evolved through the presently observed heat flow
state in a short time compared to the age of the solar system. The existence of
additional heat sources such as gravitational differentiation was therefore
strongly implied. However, as in the case of Jupiter, the more recent deter-
minations of Saturn’s intrinsic heat flow have tended to be scaled down with
respect to the earlier measurements, and the discrepancy between observa-
tions and the homogeneous cooling models has been reduced. Rieke (1975)
obtained 7, = 95.6 = 5 K with T, = 76 *+ 4K, yielding (L, + L,)/L, = 2.50,
while more recent measurements from the Voyager 1 spacecraft (Hanel et al.
1983) find 7, = 95.0 = 0.4 K, consistent with Rieke’s value, but obtain 7, =
82.3 = 0.9 K. Thus, although the total infrared luminosity of Saturn has not
been substantially revised, the component due to intrinsic luminosity is now
found to be substantially lower, such that (L, + L;)/L, = 1.78 = 0.09. In Sec.
VIII we will discuss the implications of this downward revision of Saturn’s
intrinsic luminosity for interior thermal models.

D. Gravity Field

The external gravitational potential of Saturn, which satisfies Laplace’s
equation, is expressed in the standard form:

vV, = (GM/r)[l - eélJze(a/r)”Pzg(cos 0)] (3)

where G is the gravitational constant, M is the total mass, r is distance from
the center of mass, the J, are the dimensionless zonal harmonic coefficients, a
is an arbitrary normalizing radius taken to be = ag, P,, are Legendre poly-
nomials, and @ is the colatitude measured from the rotation axis. For a liquid
planet in hydrostatic equilibrium (generalized to include the case of perma-
nent differential rotation on cylinders; see Sec. V.B), the external potential is
independent of longitude and invariant with respect to exchange of the north
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and south hemispheres. Thus, Eq. (3) is the most general expansion of such a
potential. In the following, we will use a = 60,000 km to normalize Eq. (3).
This is to be distinguished from the equatorial radius of Saturn at 1 bar pres-
sure; the latter has been taken to be 60,330 km by the Voyager project.

The most recent determination of Saturn’s zonal harmonics is by Null et
al. (1981), who used spacecraft Doppler data from the 1979 Pioneer 11 Saturn
flyby along with Earth-based observations of Saturn satellites. They found J,
= 0.016479 = 0.000018 and J, = — 0.000937 = 0.000038, for an assumed
value of Jg = 0.000084. As we shall discuss, these results provide fundamen-
tal constraints on acceptable interior models, because the zonal harmonics are
proportional to various multipole moments of the interior mass distribution,
or equivalently, in the pressure-density equation of state in the planet’s deep
interior.

E. Magnetic Field

The existence of an intrinsic magnetic field on Saturn is significant for
study of the interior in two respects. First, the revolution of the magneto-
sphere and its trapped particles provides a precise reference for the rotation
period of Saturn, needed to interpret the gravity field via potential theory. Ac-
cording to Desch and Kaiser (1981a), this period is 10 hr 39 min 24 = 7 s.
Since the magnetic field is presumably tied to the rotation of the conducting
core of Saturn, this period should be representative of the bulk of the planet’s
mass.

Second, the Saturnian magnetic field must be excited by dynamo action
in the conducting core. The strength and geometry of the field thus provide
constraints on the dynamo parameters. In particular, an interior model for the
dynamo must be able to explain the remarkable symmetry of the field (with
tilt angle << 1°) and its weakness (by about an order of magnitude) compared
with the Jovian field (Smith et al. 1980b).

II. HIGH PRESSURE THERMODYNAMICS

Thermodynamic variables are best determined from a free energy func-
tional since this ensures thermodynamic consistency and enables one to choose
the phase(s) with lowest Gibbs energy. From a practical standpoint, however,
interior modeling depends primarily on pressure P, Griineisen parameter v,
and specific heat Cy, each of which are functions of temperature T, density p
and compositional variables {x;}. The pressure function P(p,T, x,) enters di-
rectly into the equation of hydrostatic equilibrium; y = (8ln 7/d1n p),4 is used
to determine thermal gradients in convective regions, and Cy is needed to
evaluate total thermal content and thermal evolution time scales. Although we
emphasize the practical parameters (P, p, Cy), it is important not to lose sight
of the fundamental role of the free energy, especially in determining the state
of matter (liquid vs. solid, homogeneous vs. phase separated).
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Consider an element of matter of cosmic composition that undergoes
adiabatic compression from a starting state corresponding to that of the deep
atmosphere of Saturn (T ~ 135 K at P = 1 bar). For a convective planet, this
compression would represent approximately the locus of thermodynamic
states in the interior. The initial state would consist primarily of an almost
ideal H,—He gas. The small amount of condensed material (e.g., water ice)
would vaporize upon adiabatic compression. For the first few decades of pres-
sure increase, the fluid element is close to an ideal gas and highly compress-
ible. Since y ~ 0.4, the temperature rises to > 103 K and no first-order phase
transition of the major constituents is encountered. At kilobar pressures, non-
ideal effects become increasingly important as the molecule orbitals begin to
overlap. Temperatures are high enough to prevent freezing and to excite
vibrational modes within molecules. At P ~ 10° bar the thermal pressure be-
comes less important than the interaction pressure, and substantial reduction
of the entropy of molecular rotation may occur despite the high temperature.
As P approaches 106 bar, T approaches 104 K, and the combined effects of
pressure and temperature may lead to a significant occupation of conduction
levels and dissociation of H, molecules. Eventually a metallic state occurs,
possibly though not necessarily associated with the complete dissociation of
H, molecules. At much higher pressure (P > 1083 bar; not encountered in Sat-
urn) the fluid element may be well approximated by a dense Coulomb plasma,
i.e., nuclei immersed in a degenerate electron gas.

The most important issues for Saturn concern the thermodynamics for
0.1 Mbar = P =< 10 Mbar, a regime which encompasses = 70% of Saturn’s
mass and is unfortunately poorly understood. We will describe asymptotic
states (low P, high P) and then consider interpolation schemes and bounds on
their uncertainties, with emphasis on physical principles rather than on de-
tailed parametrizations. Since earlier work has been covered well in other
publications (see Jupiter [Gehrels 1976] in this series of books; Zharkov and
Trubitsyn 1978; Stevenson 1982b), particular attention is given to recent de-
velopments including aspects of the thermodynamics not yet incorporated in
interior models, which must be kept in mind when assessing the accuracy of
interior models.

A. Hydrogen

Consider an assemblage of protons and electrons. One could imagine
many different states of this system: bound molecules, bound atoms, an alkali
metal, an antiferromagnetic insulator, a dense molecular state in which con-
duction could occur by band overlap, or even a polymerized state in which
n-mers of hydrogen atoms form. The thermodynamic ground state is well es-
tablished only in the limits of zero pressure and infinite pressure. At zero
pressure, it is clearly the well-studied molecular state. At infinite pressure, no
state can be envisaged that has significantly lower energy than the simplest
imaginable monatomic (alkali metal) state: protons immersed in a uniform
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electron gas. We consider each of these limiting cases and discuss how one
might interpolate or make the transition between them.

1. Molecular Hydrogen. -The full, many-body problem of an assem-
blage of H, molecules is often replaced by that of spherical entities which
interact only in pairs. The interaction energy is then evaluated by performing
lattice sums, for a solid, or by Monte Carlo simulation (Slattery and Hubbard
1976) or liquid perturbation theory (Ross 1974; Stevenson and Salpeter 1976)
in the more relevant fluid state. Despite recent shock-wave data (Nellis et al.
1983) there are still uncertainties in the H, pair potential, corresponding to
*15% uncertainty in the density at P=1 Mbar. The models reported by Hub-
bard and Horedt (1983) (see Sec. IV) employ a pair potential consistent with
the shock-wave data (Ross 1974). Ab initio theoretical potentials (Ree and
Bender 1979,1980) tend to be harder (more repulsive) than the effective po-
tentials inferred for shock-wave data, and are consequently of limited useful-
ness. There is no simple parameterized form for the equation of state, either
theoretical or empirical. The parameter (3lnP/dlnp),q increases steadily with
pressure from ~ 1.4 (the ideal gas limit) to ~ 3 (at P ~ 1 Mbar) and is ~ 2
over a substantial pressure range. The polytropic equation of state P = Kp?,
with K = 2 %X 10'? in cgs units, is a convenient crude approximation.

Low-temperature data obtained statically, mostly in a diamond cell, pro-
vide additional constraints on the pair potential and essential insights into the
rotational and vibrational degrees of freedom. The P—p relationships found
(Shimizu et al. 1981; van Straaten et al. 1982) are compatible with shock-
wave data. The rotational degrees of freedom are frozen out at room tempera-
ture at P > 100 kbar, and the H-H bond softens at P > 300 kbar (Sharma et
al. 1980; Wijngarden et al. 1982). This is important for y and C,. Using a
simplified high-temperature free energy (cf. Landau and Lifshitz 1969), it is
simple to show that

CV = (CO + E)k,

1 3
Y= (Covo Toyr T 7w)/<co + 7),
YRV = dlIn OR,V/d In P, (4)

where Cj is the translational contribution to the specific heat in units of
Boltzmann'’s constant per molecule, vy, is the translational contribution to the
Griineisen parameter, and 6p, 8y are charactéristic rotational and vibrational
temperatures. At low density, 8 — 85 K and 6, — 6100 K, but at high den-
sity (p ~ 1 g cm™3) one expects 8z — 6, ~ 2000 K because all modes are
strongly coupled. It follows that v could be as large as 2.5 and yy as low as
—1in the 0.1 to ~ 3 Mbar pressure region. For likely values of y, ~ 0.6 and
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Cy ~ 2.5, it is probable that y ~ 0.7-0.8 and Cy ~ 4 k. However, we argued
below that dissociation or semiconduction may substantially modify these es-
timates. Note also that the imprecision (as in “y, ~ 0.6,” rather than “y,
= 0.63” or something) is deliberate.

The melting curve of H; at P < 0.1 Mbar is well constrained by diamond
anvil experiments and associated theoretical calculations (Mao and Bell 1979;
Young and Ross 1981). Extrapolation based on the potential of Eq. (4) and
liquid perturbation theory indicates that the melting temperature 7,, < 1000 K
at 1 Mbar, comfortably lower than the actual temperature within Saturn.

2. Metallic Hydrogen. The high-pressure limit of protons immersed in
an almost uniform, degenerate electron gas has no experimental data base but
has received extensive theoretical attention. Unlike the molecular limit, the
free energy can be formulated from first principles in a relatively simple form,
at least for a rigid lattice (see Ross and McMahan 1976).

Thermal corrections for the fluid phase can be obtained from Monte
Carlo simulations (DeWitt and Hubbard 1976) or fluid perturbation theory
(Stevenson 1975). The former is more accurate for linear screening, whereas
the latter is intrinsically less accurate but has the advantage of including
higher order terms; for most purposes, the differences are too small to have a
serious impact on interior models. Simulations (Slattery et al. 1982) of the
unscreened limit (referred to as the one-component plasma) indicate that the
melting temperature of metallic hydrogen is bounded above by 1500 p!/3 K,
so the fluid state is clearly most relevant.

The equation of state for T = 6000 K can be approximated as

P =995p5 (1 - 0.909 p~13 + 0.614 p23 — 0.021 p1)  (5)

(Stevenson 1975) where P is in Mbar. This should be accurate within 1 -2%.
The Griineisen parameter vy is remarkably insensitive to 7, and lies in the
range 0.60 to 0.65. The similarity of this result to the Fermi gas value of 2/3
is fortuitous. The specific heat Cy is also rather constant and within 10% of
2k/proton. Pressures at other temperatures can be deduced from Eq. (5) using
the thermodynamic identity (dP/3T)y = yNCy, where N is the number den-
sity of protons.

3. Molecular-Metallic Transition. Many estimates have been made of
the pressure at which hydrogen transforms from diatomic (molecular) to mon-
atomic (metallic). The most recent estimates are ~ 3 Mbar (see, e.g., Nellis
et al. 1983) but values as high as 5 Mbar and as low as 1 Mbar have been
suggested. The problem with all these estimates is that they assume the elec-
tronic natures of the two phases. It is not known, for example, to what extent
a mixture of atoms and molecules is possible, nor to what extent a band over-
lap (i.e., divalent) molecular metal is possible. Band structure calculations
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(Friedli and Ashcroft 1977) indicate that such a state may occur at 1 Mbar, a
lower pressure than for the transition to the monatomic (monovalent) metal.
Density functional calculations (Chakravarty et al. 1981) provide additional
support for the possibility of two transitions. At the high temperatures en-
countered in the giant planets, the situation is further complicated by the like-
lihood that these transitions are continuous (i.e., supercritical) rather than
first-order.

A number of arguments for or against the first-order character of H, —
2 HatT ~ 10*K, P ~ 3 Mbar have been made. The most recent attempt to
resolve this issue is by Robnik and Kundt (1983). As with previous analyses,
the conclusions for or against first-order character are sensitive to the assumed
form of the interactions. The following novel argument is not rigorous but
suggestive. The emplacement of H, molecules in a monatomic, metallic en-
vironment is a less severe perturbation of the electron gas than the emplace-
ment of helium atoms. (A hydrogen molecule is just like a helium atom, ex-
cept that the nuclear charge has been split. Thus the perturbation of the
electron gas is reduced. To be precise, the Fourier transform of the nuclear
potential is 8772 sin(q-d)/q-d, where q is the wavevector and d is the H-H
bond length. This is weaker than 87/42, the a-particle potential.) If one treats
H, as a weakened He, then it is straightforward to show, from an extension of
the theory for H-He discussed further in the next section, that the critical tem-
perature for the first-order character of H, — 2H is much lower than that for
immiscibility in H-He. This would suggest that the pure hydrogen transition
is continuous for the conditions encountered in the giant planets.

If the transition is continuous, then constraints can be placed on the na-
ture of the equation of state in the interpolation region (¢.g., 0.6 < p < 1.5
g cm™3). Details will be presented elsewhere (Stevenson, in preparation) but
the point is that the actual free energy must be lower than any trial free energy
such as that obtained by assuming the hydrogen to be either entirely molecular
and insulating or entirely monatomic metal. Consequently, the pressure must
decrease below that predicted for the pure molecular phase as one enters the
interpolation region, and must be higher than that predicted for the pure mon-
atomic metal as one leaves the interpolation region on the high-pressure side.
In other words, the parameter (3lnP/dlnp),q is anomalously low in the inter-
polation region. The specific heat and Griineisen parameter may be even more
anomalous, because of the entropy arising from a mixed state of molecules,
atoms and electrons. The specific heat may be larger than usual and -y may be
smaller, possibly even negative. None of these potential effects has yet been
incorporated in giant planet models.

B. Hydrogen-Helium Mixtures

In molecular H,~He fluids, it is straightforward in principle to evalu-
ate the free energy and all thermodynamic properties by an extension of the
techniques discussed in Sec. II.A.1 above. Three interparticle potentials



60 W. B. HUBBARD AND D. J. STEVENSON

(hydrogen-hydrogen, hydrogen-helium, helium-helium) are needed. The un-
certainties in the free energy obtained from Monte Carlo sirnulations (Slattery
and Hubbard 1976) or liquid perturbation theory (Stevenson and Salpeter
1976) are greater than for pure hydrogen, because the hydrogen-helium inter-
action is unconstrained by high-pressure (shock-wave) experiments and must
be chosen from theoretical estimates. However, the shapes of the three poten-
tials are expected to be very similar, and the helium mole fraction is quite low
in a cosmic mixture (~ 12%), so the form of the equation of state is very
similar to that for H,. The values of y and Cy are also rather similar at high
density, except for a slight reduction due to the additional degrees of freedom
(rotational and vibrational) available to H, but not to He.

Helium is known to have limited solubility in liquid molecular hydrogen
at low pressure and temperature (Streett 1974), and theoretical calculations
(Stevenson and Salpeter 1977a) suggest the persistence of limited miscibility
at high pressure. However, the critical temperature above which H, and He
can mix in all proportions is a few thousand degrees at most, and almost cer-
tainly less than the actual temperature within Jupiter or Saturn.

The behavior of hydrogen-helium mixtures at P = 1 Mbar is less well
understood, but helium is probably less soluble in metallic hydrogen than in
molecular hydrogen. This possibility and its implications were first noticed by
Smoluchowski (1967). Pure helium does not undergo pressure metallization
until ~ 100 Mbar (Young et al. 1981) and a helium atom immersed in metallic
hydrogen is likely to retain localized states (i.e., states lower in energy than
the bottom of the hydrogen conduction band) until about this pressure. For
Thomas-Fermi screening, Lam and Varshni (1983) find that the ionization en-
ergy of a helium atom in a plasma goes to zero at r; ~ 0.8 (P ~ 80 Mbar).
Closed shell atoms are highly insoluble in metals of high electron density, and
helium is probably not an exception.

Stevenson (1979) considered a pseudopotential model in which the he-
lium atom is only weakly perturbed from its free state but interacts strongly
and repulsively with the conduction electron sea of metallic hydrogen, essen-
tially because these conduction electrons must orthogonalize their wave func-
tions to the helium core states. In the low electron density limit, the immer-
sion energy required to insert a helium atom in an electron gas of density #, is
given by the Born approximation:

AE = n,<0[V,,|0> (6)

where V, is the helium-electron pseudopotential and <0| denotes a low-
energy plane wave state. This energy is experimentally measurable as the po-
tential barrier of liquid helium to electrons (in which case AE = 1.3 eV; see
Jortner et al. 1965). At higher electron densities AFE is overestimated by Eq.
(6) and actually begins to decrease at r; ~ 1, from a peak value of ~ 5 eV.
This behavior is shown in Fig. 3. The solubility of helium in an electron gas is
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Fig. 3. Energy required to immerse a helium atom in an electron gas, as a function of the electron
gas density. The slope as n, — 0 is experimentally determined and the asymptote as n, — « is
theoretically well established. The intermediate maximum is suggested by pseudopotential cal-
culation (see text).

given approximately by exp(—AE/kT) where AE is strictly the Gibbs energy
of immersion (i.e., allowance is made for volume changes as well as internal
energy changes).

In the high-pressure limit in which a helium atom enters as an «-particle
and two free electrons, immiscibility still persists and the critical temperature
has been estimated at ~ 10% K (Stevenson 1975; Hansen and Vieillefosse
1976; Straus et al. 1977; Pollock and Alder 1977; Firey and Ashcroft 1977).
The critical temperature is extremely sensitive to the electron distribution,
however, and 3-dimensional Thomas-Fermi calculations by MacFarlane and
Hubbard (1983) for a solid, ordered H-He alloy even admit the possibility of
no immiscibility. Although the relevance of this calculation to Saturn is un-
clear, it serves as a caveat: it is not yet possible to precisely quantify the solu-
bility of helium in metallic hydrogen. One interesting feature does emerge
from Fig. 3; the least solubility of helium occurs for an electron density less
than that encountered in pure metallic hydrogen, but comparable to that en-
countered for an intermediate, partially metallized state. The insolubility
within Saturn may be localized to a rather narrow range of pressure and radius
within which the hydrogen is undergoing transition. Under these circum-
stances, a phase separation into a metallic helium-poor and an insulating (or
semiconducting) helium-rich phase would occur. The possible evolutionary
implications for Saturn are discussed in Sec. VIII.
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C. Other Constituents

1. Solubility in Hydrogen: Thermodynamics. Ina cosmic mixture, con-
stituents other than hydrogen and helium have too low an abundance to mark-
edly change the thermodynamics. However, Saturn is clearly not cosmic (see
Sec. IV) and water, especially, may be as abundant by mass as helium. Since
these constituents could either be present as a separate core or layer or be
mixed with hydrogen, it is necessary to consider their behavior both as pure
components and as impurities.

Water is a complicated substance. Shock-wave data (Mitchell and Nellis
1982; Lyzenga et al. 1982) can be interpreted in terms of dissociation of
water, perhaps to a state similar to an ionic melt, H;0* + OH~ (Hamann and
Linton 1966; Stevenson and Fishbein 1981; Ree 1982). However, the equation
of state inferred from shock wave data is not consistent with low-temperature
diamond-anvil data at P < 500 kbar (Liu 1982), indicating the difficulty of
constructing theoretical models when the electronic state is poorly charac-
terized. Existing giant planet models use the shock-wave data (see Hubbard
and MacFarlane 1980b), an appropriate choice since actual temperatures are
close to shock-wave temperatures. At much higher pressures, water is ex-
pected to metallize and the equation of state should eventually approach the
Thomas-Fermi-Dirac or Quantum Statistical limit (Zharkov and- Trubitsyn
1978). However, interpolations between shock-wave data and this high-
pressure limit have much greater uncertainties than the corresponding uncer-
tainties for hydrogen. The mixing properties of water with hydrogen are also
poorly known. Existing systematics and theory (Shmulovich et al. 1980; Ste-
venson and Fishbein 1981) indicate that water has probably the lowest solu-
bility in hydrogen of any plausible constituent. Even so, the adiabat within
Saturn is likely to be supercritical (i.e., the only phase separation of water is
the expected water cloud formation at P ~ 20 bar). Phase separation of water
from hydrogen is more likely in Uranus and Neptune, where the temperatures
are lower and the water abundance is higher.

Shock compression data for methane (Nellis et al. 1981) can be inter-
preted as indicating dissociation into elemental carbon (diamond or metal)
and molecular hydrogen at P > 100 kbar (Ree 1979; Ross 1981). These data
can also be interpreted to indicate the formation of a more compact carbon-
hydrogen mixture. In any case, the important point is that phase separation of
carbon or methane from hydrogen is unlikely within Saturn because of the
small carbon abundance. If the energy favoring separation is AE, then the
solubility of carbon in hydrogen would be exp(—AE/kT). For this to be less
than the observed (atmospheric) mole fraction of ~ 2 X 1073, AE would have
to exceed ~ 4 eV at P ~ 0.3 Mbar (kT ~ 0.6 eV). This is highly unlikely;
estimates based on the extrapolation of shock-wave data suggest AE ~ 2 eV
at most (AE could also be ~ 0).

Ammonia has some characteristics in common with water. It tends to dis-
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sociate (NHJ ion formation), as indicated by high electrical conductivity un-
der shock compression (Mitchell and Nellis 1982). In any phase separation,
ammonia is likely to follow water. Its low relative cosmic abundance (~ 1/6
that of water) makes it less important in modeling, but since it can be more
readily measured in the atmosphere it could be an important diagnostic of in-
ternal processes and mixing ratios.

The remaining constituents, loosely characterized as rock, are primarily
magnesium, silicon, iron and whatever oxygen and sulfur these elements in-
corporate and retain at high pressure. Neither the composition nor the equa-
tion of state for a given composition are well known for the rock component.
However, this is probably not a serious problem for Saturn models because the
rock component is likely to be a small fraction of the total mass. The mixing
properties of rock in the ices or hydrogen are also poorly known, although
there are theoretical arguments to suggest that iron, at least, is soluble in me-
tallic hydrogen (Stevenson 1977).

Rock layers (or cores) and ice layers are usually modeled by assuming
volume additivity. The density of the mixture is then assumed to be given by

p(P)~! = X .x;pi(P)"! (7

where x; is the mass fraction of constituent i which has equation of state
pi(P). The errors associated with this procedure could be substantial (~
10%), even at Mbar pressures, but no better procedure exists.

2. Liquid or Solid Core? The question of whether Saturn’s core is solid
or liquid is relevant to at least one observable phenomenon. Dermott (1979)
has shown that a possible mechanism to produce a value of the effective tidal
Q on the order of ~ 107 in a Jovian planet is dissipation of elastic strain en-
ergy in a solid core. Since there appears to be no chance of significant tidal
dissipation in the present liquid envelope of Saturn if the envelope is exactly
homogeneous, we must consider the possible existence of a solid core with
the required elastic properties.

A rigorous calculation of the stable phase for a given core layer would
require knowledge of the composition of the layer and the Helmholtz free en-
ergies F(T,V,N;) for both the solid and liquid phases. At present we cannot
calculate these thermodynamic quantities accurately enough to hope to derive
solidus and liquidus curves. In any case, the information sought is much
cruder: Are plausible temperatures in Saturn’s core above or below the range
of plausible melting temperatures of likely core constituents?

Figure 4 shows estimates of melting temperatures as a function of pres-
sure for pure atomic species, obtained using the Thomas-Fermi model of a
compressed solid and the Lindemann melting criterion (Hubbard 1981). Al-
though this model is crude, the results should be qualitatively correct at pres-
sures approaching 50 Mbar. Also shown is a temperature profile for Saturn
from a recent model calculated by Hubbard et al. (1980). The temperature in
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Fig. 4. Melting temperatures of pure elements, estimated using the Thomas-Fermi and Lindemann
approximations. Dashed line shows the approximate course of Saturn interior temperatures.

this model is assumed to follow an adiabat in a solar composition mixture of
hydrogen and helium from 140 K temperature at 1 bar pressure down to the
surface of an outer core composed primarily of H,O, CH4, and NH;. The
temperature is assumed constant from this point to the center of the planet,
although it must actually continue to rise with a smaller slope. The melting
temperature of a mixture of atomic species will depend upon the molecular
state of the mixture, but we will assume that it is in any case unlikely to be
higher than the highest meiting temperature of the individual atomic constitu-
ents. Thus, Fig. 4 shows that any outer core composed of H,O, etc., is almost
certain to be molten, and that it is reasonable to assume that such a core would
differentiate from the much denser rock-iron component. A pure iron inner
core is predicted to be solid in this model, while magnesium silicates are bor-
derline. Continuation of this model down to a pressure of only 1.4 Mbar (well
below its range of validity) would predict that the surface of the Earth’s core
should solidify before the bottom of the mantle, contrary to observation.
However, the Earth’s outer core is liquid because of the eutectic properties of
the core-forming alloy.

HI. TRANSPORT WITHIN SATURN

A. Convection

The existence of an intrinsic heat flow comprising 2000 erg cm? s~ ! at
the surface of Saturn has important implications for the interior temperature
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profile. We first conclude that internal temperatures, at least in the hydrogen-
rich zones, must substantially exceed melting temperatures, so that essen-
tially all the hydrogen is present as a strongly coupled supercritical liquid.
Arguments concerning this point are given by Hubbard et al. (1974), and are
based upon two lines of reasoning: (a) the ordinary thermal conductivity of
dense hydrogen is so low that the initial accretional heat should be largely
preserved in the planet up to the present, in the form of a temperature profile
produced by adiabatic compression, unless the planet can efficiently transport
the heat by convection; (b) convection is demanded by the low conductivity,
low viscosity, and large amount of stored heat in Saturn, thus leading in any
case to a nearly adiabatic temperature profile in much of the interior. A dis-
cussion of this point in the context of Jupiter given by Stevenson and Salpeter
(1976) is largely applicable to Saturn as well. Note that the argument hinges
on the values of the relevant thermal conductivities (due to both molecular
and radiative transport), which are well known in the metallic hydrogen phase
but not in the molecular hydrogen phase. However, a higher conductivity is
not conceivable for molecular hydrogen (Stevenson and Salpeter 1977a). As-
suming negligible viscosity, the condition for convective instability is

| (AT/dr) e | > | (AT7dr)yg | 8

where d7/dr is the radial temperature gradient. Thus the maximum heat flux
which could be carried by conduction without exciting convection is

Qmax =K | (dT/dr)ad l (9)

where K is the thermal conductivity and (d7/dr),q is the temperature gradient
for an adiabatic temperature distribution. Assuming an adiabatic temperature
profile in Saturn, a typical value of | (d7/dr),q | would be ~ 1.7 X 1076 K
cm™!. Thus, to assure the existence of convection in extensive regions of the
planet, we need K < 10° erg K~! cm™! s~!. This condition appears to be
satisfied in metallic hydrogen (Stevenson and Ashcroft 1974) and in impure
molecular hydrogen (Stevenson and Salpeter 1977a).

B. Relationship of Atmespheric Zonal Structure to Interior

If Saturn’s interior is largely liquid and convective, how closely does the
temperature profile follow the adiabatic distribution? The deviation is conve-
niently measured in terms of the quantity

¢ =[I(dT/dr>acmall —I(dT/dr>ad|] | I@Tidrygl. (10)

€ has been estimated using mixing-length theory, which provides a dimen-
sional relationship relating € to the heat flux via a poorly known parameter,
the mixing length. Taking the effects of planetary rotation into account but
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neglecting differential rotation, Ingersoll and Pollard (1982) have shown that
the mixing length is on the order of 60 km, the mean convective velocity is on
the order of 2 cm s, and € ~ 1075 to 1076, With such a small value of €,
any differential rotation must take place on coaxial cylinders (see Sec. V be-
low), but the velocity and mixing length imply a very large eddy viscosity,
sufficient to quickly obliterate deep differential rotation. Ingersoll and Pollard
therefore propose that the lifetime of a convective element is in fact limited by
the shear time associated with observed mean zonal flow in Saturn’s atmo-
sphere. With this assumption, the convection velocity is reduced to 0.1-1 cm
s~ and € increases to ~ 1072. This value of € still implies that deviations
from an adiabatic gradient in Saturn’s interior are only ~ 1%. If we then as-
sume that the near-adiabatic region in Saturn extends from the tropopause at
least to the core boundary, typical deep interior temperatures on the order of
10,000 K are implied.

Thus the zonal flow pattern seen in Saturn’s atmosphere may extend deep
within the planet, with the rotation rate being constant on coaxial cylinders.
The convective circulation pattern takes the form of columnar eddies with the
axes of the columns parallel to the rotation axis (Busse 1976). According
to this picture, energy is fed info the large-scale zonal flows from such
convection.

C. Convective Redistribution of Minor Constituents

The superadiabaticity parameter € defined above has a compositional
analog x, defined as

x = ~(triap) (32) (5). an

where Hy = Cp/ag is the (adiabatic) temperature scaleheight, « is the coeffi-
cient of thermal expansion, and x is the mass fraction of minor constituents.
The sign convention is chosen so that x > O denotes a stabilizing gradient,
and the definition is constructed so that € = x represents a neutrally stable
situation. A generalization of mixing-length theory (Stevenson and Salpeter
1977b) shows that the heat flux now scales as € (€ — x)!2, rather than the
usual €32, so that € must increase for a given heat flow if x is positive. More
importantly, the ratio of work done against gravity in redistributing the heavy
minor constituents upwards is of order (£/Hy)F, where F is the heat flux and
€ is the mixing length. For £ ~ Hy, the available work can be large and many
Earth masses of minor constituents can be redistributed during the planet’s
thermal evolution (Stevenson 1982a).

This formulation breaks down if the planet is layered. Suppose, for ex-
ample, that the primordial state of Saturn included a fluid ice layer overlaid by
a less dense hydrogen-helium fluid mantle. Assuming that the ice is fully
soluble in the overlying mantle, the upward mixing is limited by the diffu-
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sivity of the ice, in accordance with the well-studied phenomenon of double-
diffusive convection (Turner 1973; Stevenson 19824). The physical picture is
that in a time 7, heat diffuses upwards from the interface by a distance (K'7)!/2
(K' is the thermometric conductivity, equal to K/pCp), whereas ice diffuses
upwards by a distance (D7)"/2 (D is the diffusion coefficient). This diffusive
boundary layer then becomes unstable (typically for 7 ~ minutes), carrying
away thermal buoyancy and compositional (negative) buoyancy in the ratio
K'12/DV2_ The whole process is then repeated. In consequence, the available
work for redistributing the minor constituents is reduced by a factor (D/K")!/?
=< 107! relative to the mixing-length prediction (or, equivalently, the upper
bound predicted by the Second Law of Thermodynamics).

The implication of this inefficiency of double-diffusive convection is that
a core of rock or ice could persist throughout the age of the solar system,
despite being soluble in an overlying hydrogen-helium mantle. If the envelope
of Saturn is water-rich then this is probably an indication of icy planetesimals
accreted during or after the collapse of a gaseous envelope, rather than the
upward mixing of a primordial, icy nucleus. It is very likely that Saturn pos-
sesses both these ice reservoirs.

IV. STATIC MODELS OF SATURN
A. Earlier Work

Many investigators have contributed to the development of static models
of Saturn’s interior, but the modern era of Saturn interior models essentially
began with the classical paper by DeMarcus (1958), who showed that the
mass and radius of Saturn (as well as of Jupiter) were roughly consistent with
a zero-temperature object having approximately solar composition overall.
DeMarcus’ model was among the first to incorporate modern concepts about
the behavior of dense hydrogen, and he showed that his proposed interior den-
sity distribution could be used to closely predict the planet’s response to its
large rotational perturbing potential, as expressed in the external gravitational
harmonics and surface figure. His model has a substantial dense core overlain
by an extensive hydrogen-rich envelope comprising most of the mass, and is
mostly in the solid phase except for a thin gaseous atmosphere.

The major revision to Saturn models since DeMarcus’ work has come
from the realization first made by Peebles (1964) that internal temperatures
must be quite high, on the order of 10* K, and that substantial thermal effects
must be taken into account in the equations of state. As discussed in the previ-
ous section, this is a natural consequence of the existence of an internal en-
ergy source. Recent models of Saturn (e.g. Podolak and Cameron 1974,
Podolak 1978; Slattery 1977, Zharkov et al. 1974a,b; Zharkov and Trubitsyn
1978; and Grossman et al. 1980) incorporate numerous experimental and the-
oretical advances in the equations of state of dense hydrogen-rich liquids at
the appropriate temperatures and pressures. These models differ in detail, but
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have many common features. First, all are calculated for the liquid phase of
dense hydrogen, and all assume that the temperature distribution follows an
adiabat throughout the hydrogen region, beginning at a point close to the
planetary photosphere. We note, however, that the temperature distribution
may not follow the same adiabat across the molecular hydrogen-metallic hy-
drogen interface if the latter involves a first-order phase transition (see Steven-
son and Salpeter 1976). This complication, which involves several poorly
known factors, has not yet been included in a detailed modeling study.

Second, all models postulate the existence of a dense, massive central
core with a mass of 10-20 Earth masses (or ~ 10—-20% of Saturn’s total
mass). Such a core seems to be required in all models, to obtain a satisfactory
fit to Saturn’s gravitational quadrupole moment. A chemically homogeneous
mixture of hydrogen and other elements can be contrived to yield a coreless
model which fits Saturn’s mean density, but the quadrupole moment is then far
too large. Since a rocky or rocky-icy core in a Saturn of solar composition
could have at most a mass of ~ 2—3% of Saturn’s mass, all models agree that
Saturn is not precisely of solar composition, but has an enhancement on the
order of = 10 in at least some elements other than hydrogen and helium.

Third, all the models agree that, as in Jupiter, some of the hydrogen in
Saturn attains sufficient pressures to be converted to the metallic state. The
pressure or range of pressures over which this transition occurs is still very
uncertain, so there is corresponding uncertainty about the mass of metallic
hydrogen in Saturn. In a typical model, the transition region occurs at ~ 50%
of the planetary radius, compared with ~ 80% of the planetary radius in
Jupiter.

B. Current Models

The principal uncertainty in current static models of Saturn concerns the
relative composition of the core and envelope. Figure 5 shows three conceiv-
able distributions of components in the interior. Figure 5(a) is the simplest
case: only the most refractory, rocky components are differentiated into a
core. The rest of the components are uniformly distributed throughout the
planet’s mantle, although the transition from H, to metallic hydrogen (H*)
takes place at about the location of the dashed line. If the latter is a first-order
transition, however, then abundances of the other chemical constituents must
change across it and case (a) is inadmissible. Figure 5(b) shows a more com-
plicated model in which liquid metallic hydrogen undergoes a first-order
phase transition into a hydrogen-rich liquid phase and a helium-rich liquid
phase. The helium-enriched layers accumulate above the rocky core. Finally,
in Fig. 5(c) it is assumed that the core consists not only of rocky components
but also of materials that would condense as ice under nebular conditions
(H,0, NHa;, and at sufficiently low temperature CH,). It is assumed that not
all the latter components can redissolve into the hydrogenic envelope, for if
they could their mass would rival that of a solar complement of helium, sig-
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Fig. 5. Three conjectural models for the present distribution of chemical constituents in Saturn’s
interior.

nificantly enhancing the density of the envelope. Obviously, many other mod-
els can be generated by incorporating various combinations of elements from
these three models and others.

One of the major goals of static modeling is to provide guidance about
which class of interior models most closely fits all available constraints. To be
acceptable, a model of one Saturn mass must have the correct equatorial and
polar radius at 1 bar pressure, must reproduce, within the error bars, the
observed values of J,, J, (and perhaps eventually J¢), and must have a com-
position and thermal structure in its outer layers consistent with observational
constraints. There has recently been substantial improvement in all these con-
straints, and some earlier Saturn models may now be inadmissible.

The modeling technique just described might be called a direct approach.
One computes a planetary model and then accepts or rejects it according to its
agreement with observational constraints. Alternatively, one may use an in-
verse approach by solving for particular density distributions that are in exact
agreement with the constraints. This approach makes it easier to assess the
degree of uniqueness of a given class of solutions.
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Table I presents a recent interior model of Saturn (Hubbard and Horedt
1983) which exactly satisfies the gravitational field and rotation period con-
straints given in Sec. I. The model also includes corrections for deep differen-
tial rotation on cylindrical surfaces, as discussed in Sec. V.B. The helium
mass fraction in the hydrogen-rich envelope is assumed to be constant and
equal to 0.11, consistent with the Voyager result given in Sec. 1. Certain other
parameters in this model have been adjusted to provide an exact fit to observa-
tional constraints. These parameters include the total mass of a dense core,
and two parameters that adjust the form of the pressure-density relation in the
hydrogen-rich envelope at pressures > 13 kbar. Thus the pressure-density re-
lation is basically empirical, obtained by requiring a fit to the gravitational
constraints. The P(p) relation can be independently tested by comparing it
with experimental data on compressed hydrogen, and with theoretical rela-
tions for metallic hydrogen. Figure 6 shows the inferred P(p) relation (solid
curve) for the model of Table I, together with some points (crosses) computed
from the theory of liquid metallic hydrogen-helium mixtures (for P = 1
Mbar) and from Monte Carlo runs using intermolecular potentials derived
from shock data (for P < 200 kbar). These points are in good agreement with
the inferred P(p) relation. The other curve and points shown in Fig. 6 are
discussed below.

Other characteristics of the model of Table I are as follows. Of a total
planetary mass 95 Mg (Mg = Earth mass), the dense core comprises 19 Mg.
This core is subdivided into two regions, an inner core with a rock-like P(p)
relation and an outer core with an ice-like P(p) relation (Hubbard et al. 1980).
The mass ratio of the former to the latter region is constrained to be Y3, as
would be approximately true if the core contained all abundant constituents in
a solar composition mixture, such as Fe, Si, Mg, O, C, and N. Now if helium
is depleted in the hydrogen-rich envelope of Saturn, it must be enriched else-
where in the planet. The total mass of H in the envelope is 68 Mg. The solar
composition complement of He to this amount would be ~ 17 Mg, but the
model only includes 8 Mg in the envelope, which implies that ~ 9 Mg of
helium must be present in the core. The outer core, with total mass ~ 14 Mg,
therefore includes substantial amounts of He as well as substances such as
H,0, CH,4, and NHj3. All these constituents have roughly similar P(p) rela-
tions, so the assumption is not inconsistent.

How unique is the model in Table I? In order to investigate this problem,
Hubbard and Horedt (1983) calculated a model similar to this one in all re-
spects except that the envelope helium mass fraction was required to be 0.26,
substantially greater than the Voyager result for the atmospheric helium abun-
dance and only just within the error bars of the Voyager result for the Jovian
atmosphere. This abundance was imposed by requiring the inferred P(p) rela-
tion to match the computed hydrogen-helium adiabat at pressures < 13 kbar
and > 5 Mbar. The relation which yields an exact fit to the gravitational mo-
ments, mass, and 1-bar surface is shown in Fig. 6 (dashed curve). Compari-
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TABLE I

Saturn Interior Model Optimized to Fit Gravitational Field Constraints?
Bb P (Mbar) plgem™3)
0.0 47.8 19.7
0.05 43.4 19.0
0.10 31.6 16.8
0.1275 235 15.0
boundary between inner “rock” core and outer “ice” + He core
0.1275 23.5 7.69
0.15 20.3 7.24
0.20 14.2 6.28
0.25 9.03 5.29
0.2693 7.26 4.88
boundary between “ice” + He outer core and H-rich envelope
0.2693 7.26 1.73
0.30 6.39 1.65
6.35 5.24 1.54
0.40 4.29 1.43
0.45 3.49 1.33

approximate location of boundary between metallic-hydrogen
inner envelope and molecular-hydrogen outer envelope
(the transition may be a gradual one)

0.50 2.80 1.22
0.55 2.19 1.11
0.60 1.66 0.99
0.65 1.21 0.87
0.70 0.84 0.74
0.75 0.54 0.60
0.80 0.31 0.45
0.85 0.16 0.32
0.90 0.062 0.20
0.95 0.012 0.094
1.00 0.000001 0.00018

aModel envelope is composed of 89% hydrogen and 11% helium by mass and is chemically uni-
form and isentropic. Temperatures in the metallic-hydrogen region can be approximately com-
puted from the relation T = 7000 K %64, where p is in g cm™3.

bThe parameter 8 is the average radius of a level surface, in units of the average radius of the one-
bar pressure level.



72 W. B. HUBBARD AND D. J. STEVENSON

8 T T T ¥ l T T T T [ T T T T
, £, =10 /ﬁ
—_—— e, = .26 72 ]
™~ 72
2 =z
T 6 . i
(L]
S
S -
4 1 i 1 1 l 1 1 1 1 | 1 i )
-1 -5 0 .5

" L0G (p)(g/em®)

Fig. 6. Two barotropic relationships for Saturn’s envelope which yield an exact fit to its external
gravity field. Also shown are points calculated from high-pressure theory (right) and from ex-
perimental and theoretical data on intermolecular potentials (left). Solid curve represents the
inferred P (p) relation for the model of Table I. (+) represent some points computed from the
theory of liquid metallic hydrogen-helium mixtures (for P = 1 Mbar) and from Monte Carlo
runs using intermolecular potentials derived from shock data (for P < 200 kbar). Dashed curve
represents the high-helium model of Hubbard and Horedt (1983) (see text) and the (®) are
points computed from theory similarly as for the (+).

son points obtained from theory and experiment, as before, are also shown
(dots). Although the inferred relation is not in quite as good agreement with
the comparison points as is the low-helium model, we cannot argue that this
model is unacceptable. The largest disagreement with the comparison points
occurs at density 1 g cm™3, where the inferred pressure is ~ 25% greater
than the pressure calculated from theory. At this relatively low density, the
theoretical point could well be in error by this amount. Perhaps more impor-
tantly, when the gravitational harmonics (J, in particular) are permitted to
vary across their observational limits, the inferred P(p) for Saturn performs
excursions comparable in magnitude to the differences between the solid and
dashed curves, and between these curves and their comparison points.

In this high-helium model, the total core mass is reduced slightly to 17
Mg. The total mass of hydrogen in the planet is thus ~ 58 Mg, or ~ 10 Mg
less than in the helium-depleted model of Table 1.

In matching the mean density and gravitational harmonics of Saturn, we
are of course sensitive only to the density distribution in the planet and not to
the chemical composition. Thus, an enhancement or depletion of helium
could be compensated by a depletion or enhancement of some other dense
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component. The point made by Fig. 6 is that, given the current uncertainties
in the gravitational moments of Saturn and in the pressure-density relation for
hydrogen-helium mixtures at a pressure around 1 Mbar, it is not yet possible
to conclude, solely from static gravitational modeling, whether Saturn’s enve-
lope is enhanced or depleted in dense components. This is in contrast to the
case for Jupiter, where the gravitational field coefficients are known with
much greater precision and the poorly understood region of the equation of
state corresponds to a much smaller volume of the planet. For Jupiter, there is
some evidence for a density profile in the envelope which either corresponds
to solar composition or is slightly enhanced in density relative to it (Hubbard
and Horedt 1983). Further progress on Saturn can be made when more pre-
cise values of the gravitational harmonics become available.

V. SATURN’S GRAVITY FIELD

A. Effects of Equation of State on Higher Harmonics

Saturn has the most rotational distortion of any planet. This distortion is
conveniently represented in terms of a dimensionless parameter

q = o?a*/GM (12)

where w is the angular rotation rate of the planet’s deep interior and a is the
reference radius defined in Sec. 1.D, equal to 60,000 km. For a planet in strict
hydrostatic equilibrium, rotating as a solid body at a rate w, we then have
(Zharkov et al. 1972; Zharkov and Trubitsyn 1978),

Jz = AZ,Oq + Az’lqz + ... N (13)
—Js = Agoq® + Aspg® + .. ete, (14)

where the A’s are dimensionless coefficients that depend on the relative distri-
bution of mass within the planet. The more centrally condensed the mass dis-
tribution is, the smaller the coefficients (at least the initial ones). Only even
zonal harmonics appear in the external gravity field, and these alternate in
sign. Furthermore, the higher-order coefficients A,, ;, A,,,, etc., generally
form a rapidly decreasing sequence. In effect, the A’s are calculated when a
model planet is calculated. The parameter ¢ is clearly crucial to this process,
and so determining the fundamental rotation rate of the planet is very impor-
tant. As discussed in Sec. L.E, the rotation rate of Saturn’s magnetic field
seems appropriate for this purpose, and leads to g = 0.1527. For comparison,
Jupiter’s ¢ = 0.0888, and all other planets have much smaller values.
Ignoring higher-order terms in Eq. (13), one can estimate A, o = J,/¢g =
0.108 for Saturn. As we mentioned above, this parameter becomes smaller
with increasing central concentration in the planetary mass distribution. For
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Jupiter, the parameter is 0.166, while for a uniform-density sphere it increases
to its maximum theoretical value of 0.5. We thus conclude that Saturn is
much more centrally condensed than Jupiter; the simplest explanation of this
difference is to assume that both planets have dense central cores of roughly
the same mass, but that the remaining mass, composed mostly of hydrogen,
comprises a much more tenuous envelope in Saturn than in Jupiter.

The coefficient J, is also significant for constraining interior models.
The outermost layers of mass density are more heavily weighted in their con-
tribution to this coefficient than to the lower-degree coefficient J,, so that J,
primarily serves as a constraint on the form of the pressure-density relation in
the outer envelope. However, J; is strongly correlated with the value of J,,
which means that it must be known quite accurately to be useful as an inde-
pendent constraint. With a current error bar of ~ 4%, the uncertainty in J, is
~ 1/3 of the maximum possible excursion in J4 consistent with a fixed value
of J,.

B. Effects of Differential Rotation

As discussed in Sec. III, recent models of convective circulation in Sat-
urn’s interior imply that the strong differential zonal motions observed in Sat-
urn’s cloud layer may correspond to rotation on cylinders. Large amounts of
mass in the interior may therefore rotate with periods shorter than the mag-
netic field rotation period, and this effect must be taken into account to accu-
rately match models to the observed gravitational coefficients.

For a planet with an adiabatic interior temperature distribution, the pres-
sure is a function of the density only, and the planet is said to be a barotrope. It
is straightforward to show that for a barotrope, and for time-constant inviscid
fluid motions, all fluid motions must be constant on cylindrical surfaces cen-
tered on the rotation axis. The total force acting on a fluid element is then the
sum of the gravitational force exerted by the mass distribution and the cen-
trifugal acceleration due to the rotation of the element’s cylinder. This total
force can be obtained by taking the gradient of a potential determined from
the mass distribution and from the rotation law for the cylinders. Since the
rotation law for the cylinders is known from the atmospheric motions, it is
only necessary to find a self-consistent interior density distribution, or equiva-
lently an appropriate barotropic P(p) relation that yields the observed gravita-
tional moments and is consistent with the rotation law.

The first quantitative work on the effects of differential rotation on the
gravitational field of a planet in hydrostatic equilibrium was carried out by
Trubitsyn et al. (1976) and by Vasil’ev et al. (1978). A subsequent study by
Hubbard (1982) was based on detailed differential rotation measurements car-
ried out by the Voyager spacecraft. In the latter work Hubbard found that
inclusion of differential rotation increases all the gravitational coefficients in
absolute value above their values computed using the magnetospheric rotation
period. It also causes the planet to contract at the poles by a few km and to
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expand at the equator by several tens of km. The effect on the lower-degree
gravitational moments is small, despite the fact that the range in rotation peri-
ods is ~ 10%. Differential rotation on cylinders causes Saturn’s J, to increase
by ~ 0.5%, |J4| to increase by ~ 2.5%, and Jg to increase by ~ 10%. These
corrections turn out to be essentially independent of the interior pressure-
density relation, so that the observed values of the gravitational coefficients
could be reduced by these percentages for the purpose of comparison with a
model] rotating as a solid body with the magnetospheric period. Whether such
corrections are appropriate depends on whether Saturn is rotating on cylinders
as assumed, a question that requires further study by fluid dynamicists.

VI. SATURN’S MAGNETIC FIELD

The observed Saturnian field (described in Sec. I.E) provides important
constraints on internal dynamics and electronic state. Four issues are ad-
dressed here.

How is the field generated?

Where is it generated?

Why is the dipole tilt so small?

What time variability and relation to observable (atmospheric) dynamics
can be expected?

AW N =

The time history of the magnetic field H is governed by the induction
equation (often called the dynamo equation)

%=)\V2H+VX(VXH), (15)

where 7 is time, X is the magnetic diffusivity (= ¢%/4mo if c is the velocity of
light and o is the electrical conductivity in electrostatic units), and v is the
fluid motion relative to the rigidly rotating frame defined by the external mag-
netic field. If the induction term V X (v X H) is small, then the field under-
goes diffusive decay on a time scale ~ L?/m2\, where L is a characteristic
length scale of the field. For even the most optimistic estimates of the conduc-
tivity (Stevenson and Salpeter 1977a) this time scale is only ~ 108 yr, over an
order of magnitude less than the age of the solar system. It is therefore un-
likely that the present field is a diffusive remnant of a primordial field. It fol-
lows that, to maintain the field, the induction term must offset the degenera-
tive (Ohmic) effect of the diffusion term. Like all planets with substantial
magnetic fields, Saturn requires a hydromagnetic dynamo.

Several dimensionless numbers characterize a planetary dynamo (see
Stevenson 19834 for a review) but the most important is suggested by dimen-
sional analysis of Eq. (15) and is R,, = VL/A, the magnetic Reynolds number.
If R, > 10, then dynamo generation of the field is possible. For plausible
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convective velocities v ~ 0.1-1 cm s™!, suggested by mixing-length theory
or modifications to this theory (Sec. III.B), dynamo generation is possible for
A < 107 cm? s~1. Liquid metallic hydrogen has A ~ 4 X 102 cm?2 s~! (Steven-
son and Salpeter 1977a) and semiconducting molecular hydrogen may have
A ~ 10* ~ 106 cm? s~! at P ~ 1 Mbar. Since diffusion is needed for a dynamo
(see Moffatt 1978, p. 112) the metallic region may not be the best region for
dynamo generation because R,, is too large. However, turbulence may reduce
the length scale L, so the importance of metallic hydrogen in the dynamo pro-
cess remains an open question. The possible role of the molecular region was
first suggested by Hide (1967) and subsequently supported by Smoluchowski
(1975). If the dynamo region encompasses the metallic core only, then it ex-
tends to between 0.45 ag and 0.55 ag. If a substantial part of the molecular
region is sufficiently conductive, the dynamo region may extend to 0.6 ag or
even 0.65 ag.

In principle, the strength and multipolarity (but not the tilt) are related to
the radial extent of the dynamo region. A number of theoretical arguments
(see Stevenson 1983a) suggest that a characteristic field strength in this region
is (87pAw)!'?2 Gauss, where w is the planetary rotation and p is the fluid den-
sity. Since all the parameters entering into this estimate are essentially the
same for Jupiter and Saturn, the observed ratio of their dipoles (Jupiter:
Saturn 10:1) might be a measure of 13:m3, where the radial extent of the
dynamo region is m a, for Jupiter and ngag for Saturn. Even for n; = 0.9,
probably an overestimate, this would imply g = 0.33, suggesting a very
deep-seated source. However, there are many possible pitfalls in this argu-
ment; perhaps the biggest is our complete ignorance of the time variability of
the giant planet magnet dipoles. Another way of assessing source depth relies
on the empirical observation that higher-order multipoles may contribute a
field amplitude comparable to the dipole at the surface of the source region
(Elphic and Russell 1978). This argument has modest success when applied to
Jupiter and Earth. It cannot be applied with confidence to Saturn because the
existing field inversions disagree on the relative magnitudes of the multipoles.
The most recent analysis (Connerney et al. 1982b) allows for large axisym-
metric quadrupole and octupole components. A third method of assessing
source depth (Hide 1978) is potentially the most powerful, and is based on a
theorem which states that the total (unsigned) flux out of a conducting region
does not change over a time that is small compared with the magnetic diffu-
sion time. This theorem cannot be applied yet, since it requires observing
field changes on a convective time scale (years or decades).

The small dipole tilt of Saturn’s magnetic field is its most intriguing fea-
ture. Since axisymmetric and nonaxisymmetric dipole components both de-
cay as r~2 outside the conducting region, the magnitude of the tilt has nothing
to do with the depth of the conducting core. It is also not directly related to the
value of R,,. While it is true that a large R,, allows the possibility of a nearly
axisymmetric dynamo (Braginskii 1965; Todoeschuck et al. 1981), there is no
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plausible way that the relevant R, could be much larger for Saturn than for
Jupiter, whose dipole has a large tilt ~ 10°. The small dipole tilt is also proba-
bly not a chance alignment since the a priori probability of aligning the dipole
and rotation axis to within an angle & (in degrees) is ~ 1072 §2.

A possible explanation for the small tilt is the electromagnetic skin
effect. Suppose that Saturn’s dynamo region, like Jupiter’s and Earth’s, gener-
ates a field with a tilt ~ 10°, but that only Saturn has a spin-axisymmetric
differentially rotating, conducting layer between the dynamo region and the
planetary exterior. This layer would preferentially filter the nonspin axisym-
metric components of the field and leave the spin axisymmetric components
unaltered.

This layer could be present for Saturn because of phase separation of he-
lium from hydrogen (Stevenson 1980,1982¢). In the region of helium rain-
drop formation, a stable conducting layer forms which is expected to undergo
differential rotation because of an equator-to-pole temperature difference.
From the point of view of a fluid element in the differentially rotating region,
the nonspin axisymmetric components of the field look like a time-varying
field and undergo attenuation as in the conventional electromagnetic skin
effect.

The consequences can be quantified approximately (Stevenson 1982c¢)
by considering a local Cartesian coordinate representation of the field H =
(f.g,h) eP*, where x is azimuthal, y is meridional, and z is vertical. The dy-
namo equation for a purely zonal flow v = zw(y)x becomes

62
A on, -0, (16)
3% (g g
A2 (8] ») = 0.
aﬂ{h,,} lpwz{hp} 0 (17)

The azimuthal field f can be amplified, but the p # 0 contributions to the
poloidal field are decaying Bessel functions of order 1/3 and undergo ex-
ponential attenuation in the radial direction by an amount dependent on
wpL3/\, where L is the thickness of the shear zone. For plausible parameter
choices, the attenuation is one or two orders of magnitude, more than enough
to explain the dipole tilt of =< 1°. This model predicts that higher order
azimuthal harmonics (m = 2, where m is the azimuthal order in a spherical
harmonic expansion) undergo even greater attenuation than the m = | terms
responsible for dipole tilt.

Although the helium differentiation is an attractive (albeit indirect) ex-
planation for axisymmetrization, it is not unique. Any region that is conduct-
ing, stable (not having the vertical motions needed for a dynamo), and under-
going spin-axisymmetric differential rotation can achieve the same effect. The
weakly conducting molecular region (above the level at which phase separa-
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tion might occur) might have important hydromagnetic effects. The zonal
winds observed in the atmosphere may extend to deep levels (see Sec. 1.B)
and provide an axisymmetrization. In this case, the difference in dipole tilts
between Jupiter and Saturn could arise because the zonal winds on Saturn are
stronger and more nearly axisymmetric. Clearly, observations over a period of
years‘to decades are needed to establish whether atmospheric dynamics and
magnetic field are correlated.

VII. TIDAL DISSIPATION IN SATURN

The tidal bulge raised on Saturn by satellites involves a fluid flow that
extends into the deep interior. The dissipative nature of this flow can provide
additional constraints on the internal properties. A measure of the tidal dissi-
pation is the quality factor Q, defined as

0= 27 (peak energy stored)
(energy released per cycle)

(18)

The lower bound on Q is ~ 5 X 10% (Goldreich and Soter 1966), based on the
requirement that the orbital evolution of the satellites not be excessive. An
upper bound is more difficult to establish, but the evidence for tidal heating of
Enceladus indicates a Q close to the lower bound (Yoder 1981). If the com-
mensurability relation of the orbits of Enceladus and Dione was formed by
tidal evolution, then Q << 106,

Although this Q is much greater than the value for Earth (~ 10), imply-
ing much lower specific dissipation, it is not easy to find a sufficiently dissipa-
tive process in an essentially fluid planet. One possibility is to invoke pro-
cesses near or within the rocky core, which may be solid or partially solid.
The same inelastic processes responsible for dissipation of solid Earth tides
would, if applicable to the innermost region of Saturn, provide a Q ~ 10—
109 (Dermott 1979). Turbulent skin friction at the surface of this core (a modi-
fied application of a suggestion by Goldreich and Soter 1966) might also be
important. These possibilities cannot be quantified with any confidence be-
cause of our ignorance concerning conditions near the center of Saturn.

Dissipative processes involving large-scale fluid motions are unpromis-
ing. Turbulent eddy viscosity arising from convection (Hubbard 1974) can
only provide a Q ~ 100, because the convective time scales are much longer
than the tidal period (Goldreich and Nicholson 1977). Excitation and subse-
quent dissipation of inertial gravity waves in the atmosphere (Houben and
Gierasch, personal communication) is also inadequate. Excitation of large-
scale inertial oscillations is conceivable but has not been quantified.

The most recently suggested mechanism for Q (Stevenson 1983b) in-
volves the consequences of helium raindrop formation. If helium raindrops
are forming in a metallic hydrogen zone, because of the limited solubility of
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helium their radii grow and diminish by diffusion as the oscillatory tidal pres-
sure perturbation is applied. The same phenomenon occurs as a sound wave
passes through a water fog (Epstein and Carhat 1953). The associated time-
variable diffusive effects cause irreversible entropy production. (An equiva-
lent way of quantifying this effect is to evaluate the time delay between
application of a pressure pulse and the reestablishment of thermodynamic
equilibrium between droplet interior and the surrounding fluid.) The resulting
dissipation E is dominated by the effects of finite solute diffusivity D and is
given by

- _ o 2
E anD<ax)”|vx| av, (19)

where 7 is the droplet number density and w is the chemical potential of the
solute of concentration x. If the tidal frequency (2 is high enough so that each
droplet can be considered independent, yet low enough that the droplet size s
is small compared to (D/€)"2 the characteristic diffusion length, then E is
independent of frequency and Q « €}. However, if the frequency is very low
then diffusion can “saturate” the interdroplet medium, [Vx| — 0 and Q «
Q-1 The optimal frequency (i.e., minimal Q) is given by the criterion that
the diffusive effects of all particles within one diffusion length should affect
the interdroplet medium concentration by an amount comparable to the os-
cillatory component of concentration at the surface of a single droplet. Under
these circumstances, E is still near its maximum value and the effects of satu-
ration are only beginning to be important. Since |Vx| ~ Ax(s/r) where Ax is
the oscillatory contribution to x and r > s is the distance from the droplet
center, the minimal Q occurs when

(Dm)uz

4mr? dr (s/r) ~ 1. (20)

The “resonant” frequency implied by this equation is €}y ~ 47 Drs5,
where § is the average droplet radius. If the region containing droplets is a
substantial fraction of the planetary mass, then Q({}) ~ 102 — 103, indepen-
dent of the raindrop characteristics and population dynamics. The big uncer-
tainty is in €}, since neither n nor ¥ are well constrained. Several arguments
based on rainfall velocities and thermal evolution suggest § ~ 1072 — 1073
cm, with small regions of the two-phase medium being near resonance and
other regions being away from resonance. An interesting consequence of this
mechanism is that Q may be noisy (i.e., the value at any frequency may fluc-
tuate on a convective time scale). Since the tidal heating of satellites depends
on the planetary Q, this may have implications for their thermal evolution.
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VIII. EVOLUTIONARY MODELS OF SATURN

A. Homogeneous Evolution

The simplest evolutionary models of Saturn’s interior assume that the
planet evolves essentially as a low-mass sub-main-sequence dwarf. Such a
model is completely convective because of its high interior opacity, and the
interior temperature distribution follows an isentrope whose initial condition
is defined by the pressure-temperature location of the planetary photosphere.
The model evolves step by step from one isentrope to an adjacent lower one,
with the time step defined by the luminosity of the object and the energy
evolved in the course of the transition. The model is assumed to be homoge-
neous, meaning that although it may have layers of different chemical com-
position the mass and location of these layers do not change with time. The
intrinsic luminosity of the planet is then given by

_ de P dp
L= Jdm(dt-i-pz dz) Q1)

where E is the internal energy per gram, P is the pressure, p is the mass den-
sity, and the integral is carried out over the planet’s mass. In this class of
model the total luminosity L; + L, is related to the interior temperature distri-
bution because the latter is defined by an isentrope whose starting point is
established by the energy flow through the atmosphere. The specific relation-
ship can be obtained by computing a grid of model atmospheres with different
values of T, and surface gravity g. According to Hubbard (1977), the grid of
atmospheres calculated by Graboske et al. (1975) can be related to tempera-
tures in the deep interior by

T = 66.8 g1/ T1.2435y (22)

where T is the temperature within the planet in K, as a function of the mass
density p, and all quantities are expressed in cgs units. Here vy is the Grii-
neisen parameter, which can be taken as ~ 0.64 to good approximation for
either Saturn or Jupiter. Assuming an adiabatic temperature distribution
everywhere, Eq. (22) is fairly accurate for the metallic core, but somewhat
underestimates temperatures (by ~ 20% at 0.1 Mbar) in the molecular enve-
lope. Thus the result for the cooling time which we give below will be slightly
underestimated as well. Using standard thermodynamic identities and sub-
stituting Eq. (22) in Eq. (21), the differential equation governing the planet’s
evolution becomes (Hubbard 1977)

dmato(Té — TH)

= —[1.243(d In T,/d?) — é—(d In g/dt)]Jdm T (23)
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where Cy is the heat capacity at constant volume per gram, and T(7,,p) is
given by Eq. (22). To obtain an estimate of the time required for the planet to
cool from an arbitrarily high initial formation temperature to its present value
of T,, we will assume that Saturn cools at constant radius, which is not strictly
true but valid to within 5—10% during the last few 10° yr of planetary evolu-
tion. With this approximation, we may take ag to be constant and equal to its
present value, while the term in d In g/d¢ can be neglected. Eq. (23) is then
integrated to give the age of the planet as a function of T,, defined such that
t = 0 when 7, = oc. The result is expressed in the form

t= (@257 T, — 2.757 [1 +
0.41 (T/T,)* + 0.26 (T/T,)* + . . .1, (24)

where « is the planet’s thermal time constant, given by an integral over the
internal distribution of Cy and p. The heat capacity per gram for a hydrogen-
helium mixture is taken to be 1.66 k/my;, where k is Boltzmann’s constant and
my is the mass of a hydrogen atom. This result is accurate to within ~ 10%
for both the metallic hydrogen and molecular hydrogen phases (the latter re-
gion is much more important in Saturn than in Jupiter). The constant a was
evaluated numerically using an interior model! of Saturn, with the dense core
included in the calculation but assumed to be isothermal, with the result, in
cgs units

a = 7.32 x 102, (25)

From an analogous calculation, Hubbard (1977) found & = 2.79 x 10%% in cgs
units for Jupiter.

Eq. (24) then yields r = (3.9 = 0.1) X 10° yr for the cooling age of
Saturn, using the values of T, and 7, obtained by Hanel et al. (1983). The
uncertainty in ¢ reflects the uncertainty in the observational parameters, not
the uncertainty of the theoretical calculation, which is considerably greater.

Previous investigations of the homogeneous evolution of Saturn models
(Pollack et al. 1977; Grossman et al. 1980) have found values for ¢ substan-
tially smaller than the above estimate, typically around (2 to 2.5) X 10? yr.
These earlier calculations include a considerably more elaborate treatment of
the planetary evolution, taking into account the effects of variable radius and
interior density distribution. Part of the discrepancy is attributable to the lat-
ter’s use of an older and smaller value of T, and a slightly larger value of 7,
but some of the discrepancy may be due to other causes. Using T, = 75 K, the
analytic theory indicates that the time required to cool from 7, = 123 K to 7,
= 97 K is 1.8 x 10° yr, while Grossman et al. obtain a corresponding time
interval of ~ 1.0 X 10° yr. In this interval, they find that the radius changes
by = 5%, so the assumptions of the analytic theory should be valid. This sug-
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gests that there are substantial differences, perhaps approaching a factor of 2,
in such critical thermodynamic variables as the heat capacity.

Our conclusion from the analysis of homogeneous cooling models of
Saturn is that such models appear to evolve somewhat too fast to adequately
explain the observed heat flow, but this shortcoming may not be as large as
some previous results suggest, and could conceivably be absorbed into the
uncertainty in our knowledge of the finite-temperature thermodynamics of
Saturn’s large molecular hydrogen envelope. Although energy release mecha-
nisms other than homogeneous cooling may now be occurring in the interior
of Saturn, we may not need to postulate such mechanisms to explain the heat
flow.

B. Heterogeneous Evolution

The thermal energy output of Saturn can be greatly modified by re-
distribution of constituents. Increased energy output can arise if a heavy con-
stituent such as helium becomes insoluble and rains out in the gravitational
field, creating thermal energy by small-scale viscous dissipation. Decreased
energy output can arise if a stable, primordial layering is partially homoge-
nized by convective dredging of soluble constituents. The latter is discussed
in Sec. II1.C and by Stevenson (1982a). The emphasis in this section is on the
former result.

Consider a Saturn that formed hot, with the hydrogen and helium uni-
formly mixed. As the planet cools through geologic time, losing thermal en-
ergy in the way described in Sec. VIII.A, a time will be reached when helium
becomes supersaturated in metallic hydrogen. The hydrogen-helium phase
diagram is not known precisely enough to predict when or even whether this
occurred, but the inferred atmospheric depletion of helium (Sec. I.A) sup-
ports this possibility. The onset of insolubility would occur first in the upper-
most “metallic” (not necessarily monatomic) region at P = 1-2 Mbar,
in accord with the arguments presented in Sec. II.A. This probably occurs
at temperatures for which the molecular-metallic hydrogen transition is
continuous.

Droplets of helium-rich fluid form, growing by diffusion until they are
large enough to sink at Stokes velocities that exceed local convective veloci-
ties. For velocity ~ 1 cm s™!, this implies droplets ~ 0.1 c¢m in radius. For a
likely phase diagram (Fig. 7), the droplets probably dissolve at some deeper
level in the planet. The hydrogen-helium envelope of Saturn develops a
3-layer structure: a helium-depleted molecular envelope; a stable metallic or
semi-metallic intermediate zone; and a helium-enriched metallic core region.
The outer part of the envelope, including the atmosphere, can continuously
supply more helium to the intermediate rain-forming region because of con-
vective circulation. The energy released by this process can be found by cal-
culating the change in total (gravitational plus internal) energy as the differen-
tiation proceeds.
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Fig. 7. Likely phase diagram for the hydrogen-helium system if conditions within Saturn are
appropriate for phase separation. A helium concentration profile is superimposed. This situa-
tion corresponds to Fig. 5(b).

Although detailed evolutions have not been calculated, energy differ-
ences between homogeneous and differentiated static models indicate that the
energy released per unit mass of displaced helium is ~ 0.4 gH, where g is the
average gravitational acceleration in the region, H is the distance between
the centers of mass of the helium-depleted and helium-enriched zones, and
the droplets are assumed to be twice as dense as the coexisting fluid. In an
n = 1 polytropic model, g is similar to the surface g and is ~ 1000 cm s~2 for
Saturn. However, the presence of a central high density core increases this
value significantly to ~ 1500 cm s=2. The value of H is ~ 2 X 10% cm and the
specific energy release €, is consequently (1.5 = 0.7) X 1012 erg (g-He)™ .
If we suppose that the outer half of the planetary mass has undergone differen-
tiation from an initial helium fraction of 0.2 by mass to a present fraction of x,
and assume that this has occurred over a period 7, then the average resulting
surface heat flow F, or from gravitational energy release alone is

Fy = 0.5(0.2 = x)€,M/4mair. (26)
The solubility of helium is dictated by a formula of the form x =

exp(—T,/T) with T = 10*and T; = 2 X 10* K. The change in x during time 7
is therefore related to the change in thermal energy. It is important to realize
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that F o cannot be added to the heat flow predicted by homogeneous cooling
models, because differentiation changes the cooling rate. In fact, the deeper
regions of the planet can even heat up during differentiation, because the in-
termediate rain-forming region is stably stratified and may be superadiabatic
(Stevenson and Salpeter 1977b). The conservative assumption adopted here is
that only the cooling required in the outer envelope to reduce x is a contribu-
tion to the total average internal heat flux F;. We then find that

F.=F

gr + Fthv
1

F o~ 1_ - 2
Fp = (m <+ o x) € M/dmalr, 27)

where €4 = 4 X 10! erg g~!. The total intrinsic heat flux given by Egs.
(26) and (27) is an average over the time 7. To obtain the present intrinsic heat
flux from these values, a multiplicative correction factor is needed to allow for
the higher heat flow at earlier times. This correction factor is approximately
1-3 (0.2 — x).

The present-day internal heat flux is shown in Fig. 8 for differentiating
models, as a function of present atmospheric helium content and time since
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Fig. 8. Present-day internal heat flux as a function of present-day helium mass fraction in the
envelope of Saturn, for three theoretical models labeled by 7. This time scale is the time elapsed
since the onset of helium differentiation. The Voyager IRIS results for heat flow and atmo-
spheric composition are shown to be consistent with 7 ~ 2 X 10% yr.
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onset of differentiation. The observational values are indicated, and the dif-
ferentiating model is clearly consistent provided 7 is ~ 2 X 10° yr. A precise
theoretical determination of 7 is not possible because of uncertainties in the
thermodynamics and phase diagram for the deep interior, but this value is
plausible in the sense that it is not so large as to be inconsistent with the lack
of substantial differentiation inferred for Jupiter, nor so small that one would
have to argue that we are living at a special time.

There are a number of potential difficulties with this approximate analy-
sis. First, the helium droplets may not be twice as dense as the coexisting
metallic hydrogen fluid, because they may contain substantial amounts of mo-
lecular hydrogen. In a helium-rich fluid, the creation of occupied conduction
electron states may be energetically prohibitive (see Fig. 3); this would reduce
the energy output. Second, there may be other constituents (especially water)
which partition during the droplet formation and modify the differentiation
process. For example, water, methane and ammonia might partition upwards
(decreasing the energy output because work must be done to mix them up-
wards) or even partition downwards (increasing the energy output). Third, the
phase diagram could be much more complicated than that shown in Fig. 7
(Stevenson and Salpeter 1977b). More accurate abundances in the atmo-
spheres of both Jupiter and Saturn will be needed to understand the heteroge-
neous aspects of evolution.

C. Implications for Origin

The above summaries of both homogeneous and heterogeneous evolution
assume that Saturn started out much hotter than at present. Although this is
not demanded by the observations, it is reasonable because there is no known
way to efficiently eliminate all the heat generated during formation, and only
~ 10% of this heat needs to be retained to give Saturn an initial internal tem-
perature twice its present value. The most interesting clues to the origin of
Saturn are compositional. The central core of rock and/or ice is on the order
of ten Earth masses, similar to Jupiter’s and about equal to that required to
nucleate a hydrodynamic collapse of the primordial solar nebula (Mizuno
1980; Stevenson 1982a).

As discussed in Sec. III.C, convective redistribution of these constitu-
ents is likely to be inefficient. However, the envelopes of Saturn and Jupiter
are probably enriched in some constituents (especially water) relative to cos-
mic abundance. This suggests accretion of icy planetesimals after the forma-
tion event.

The following scenario (Stevenson 1982a) is consistent with these
inferences.

1. A rock/ice planet is formed in the presence of the solar nebula. (This must
occur quickly, in < 10% yr. No dynamical model is currently available to
explain this step.)
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2. When this planet reaches ~ 10 Earth masses, the greatly extended but
gravitationally bound atmosphere becomes unstable and collapse begins.

3. A proto-Saturn is formed, and angular momentum conservation implies
formation of a gaseous disk from which the satellite system forms.

4. Proto-Saturn has an initial heat content two or three times the present heat
content, and therefore has a much higher luminosity. It is also near the
rotational limit, but is despun to its present rotation by “viscous” (actually
turbulent) and hydromagnetic effects.

5. In the subsequent few 108 yr, there is continued accretion of icy planetesi-
mals scattered into the Saturn zone from beyond Neptune. This material,
together with a small amount of convective dredging and mixing from the
central core, causes the outer envelope to be enriched in heavier constitu-
ents (notably ices) relative to cosmic abundance.

6. After ~ 2 X 109 yr, differentiation of helium from hydrogen may be initi-
ated, causing a further slight redistribution of minor constituents.

Although this scenario is consistent, it may not be unique. It is offered as a
focus for debate and analysis.

IX. CONCLUSIONS

Despite the complexity of Saturn’s interior structure, certain common
features emerge from all proposed models. We shall summarize these features
before passing on to more controversial aspects of interior studies.

DeMarcus’ original conclusion that Saturn is predominantly of hydrogen
but not of solar composition has been supported by all subsequent investiga-
tions. The external gravity field, along with the general properties of the hy-
drogen equation of state, demands the presence of a massive, dense core. The
precise mass and composition of the core remain uncertain, but typical values
for its mass are ~ 15 Mg. Thus there is an enhancement in Saturn of the ratio
of heavy materials to hydrogen by ~ | order of magnitude relative to solar
composition.

It is generally agreed that the most plausible class of interior models in-
volve hot (7 ~ 10* K) liquid hydrogen mantles, with the temperature gradient
close to adiabatic through much of the mantle but possibly not throughout.
Observed zonal motions in the atmosphere may extend deep within the inte-
rior, and such flows may produce a small but detectable effect in the external
gravity field.

Under Saturnian interior conditions, the major transition of hydrogen
from the molecular to the metallic phase may not be first order. If this is the
case, certain thermodynamic parameters such as the heat capacity and Gri-
neisen parameters may exhibit anomalous behavior. Such effects are difficult
to quantify, but would have a major effect on thermal models.

The most uncertain aspects of Saturn interior studies involve quantitative
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comparison between predictions of interior models and observations of the
atmospheric chemical composition and heat flow. A priori, it is not hard to
appeal to high-pressure phase transitions and immiscibility behavior to ac-
count for departures of atmospheric chemical ratios from solar values. The
best-studied process of this type involves the system of metallic hydrogen and
helium, but even here, quantitative prediction of phase boundaries requires
much more accurate statistical-mechanical calculations than does the calcula-
tion of lower-order quantities such as pressure and heat capacity. Thus, we
cannot say with certainty that hydrogen-helium immiscibility is occurring in
Saturn, although a number of calculations indicate approximate correspon-
dence between expected critical temperatures for liquid-liquid phase separa-
tion and Saturn interior temperatures.

It is not difficult to account for the Saturn heat flow in terms of interior
models, and the recent downward revision of this quantity makes the task
easier. Typical models involving phase separation of hydrogen from helium
require the differentiation process to have occurred over a reasonable period
of ~ 2 X 10° yr. Separation of other constituents possibly nearly as abundant
as helium in Saturn could also play a role in the energetics. Finally, even ho-
mogeneous models that account for the heat flow by a simple cooling mecha-
nism now appear to be marginally viable.

Acknowledgments. Some of the work discussed in this review was sup-
ported by various grants and contracts from the National Aeronautics and
Space Administration.
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We provide a comprehensive discussion and review of the chemistry and com-
position of Saturn as determined by Earth-based, Earth-orbital, and Voyager 1
and 2 spectroscopic observations. The observations imply that there are impor-
tant differences between the actual composition of Saturn’s atmosphere and that
predicted for a homogeneous solar-composition planet. In particular, the H,,
He, CH,, NH;, and PH; volume mixing ratios differ by factors on the order of
1.06, 0.6, 2-5, 1-3, and 1-4, respectively, from the expected solar composi-
tion ratios. These results imply that during its formation Saturn accreted a sig-
nificant amount of ice and rock in addition to its solar-composition endowments
of these heavy materials. The depletion of He in the visible atmosphere suggests
that this element has preferentially differentiated toward the center of the
planet. The D to H ratio inferred from CH;D observations is ~ 2 X 1075 which
is similar to that on Jupiter and has important cosmological implications. Vol-
ume mixing ratios for C,Hg and C,H, are ~4 X 107% and 8 X 1078, respec-
tively, at pressures less than 20 mbar but decrease rapidly at higher pressures.

[ 88]
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This is consistent with the theoretically expected photochemical sources for
these gases. The mixing ratios of NH; and PH; decrease rapidly with altitude in
the stratosphere undoubtedly due to condensation and photochemical destruc-
tion, respectively. The visible clouds are probably predominantly ammonia
crystals but the evidence is not firm. The faint colors are likely due to various
allotropes of phosphorus produced from PH;3 photodissociation; however, the
evidence is again largely circumstantial. Both equilibrium and nonequilibrium
chemical processes are important on Saturn: equilibrium processes in the deep
warm atmospheric regions and nonequilibrium processes (photochemistry and
vertical mixing in particular) at higher cooler levels. The vertical eddy mixing
coefficient K = 10° exp[z/2H] cm? s™! where z is altitude above the Saturnian
tropopause and H is the density scale height. The observability of GeH, on
Jupiter but not on Saturn poses important questions concerning the compara-
tive state of the interiors of these two planets. Continued search for CO, H,S,
H,0, N;, and C;H on Saturn is worthwhile because their detection would lead
to further understanding of the chemistry of the atmosphere. The role played by
seasonal effects in atmospheric chemistry also needs further investigation.

In a remarkable two-year time span, Saturn was visited by three space-
craft: Pioneer 11 on 1 September 1979; Voyager 1 on 12 November 1980; and
Voyager 2 on 26 August 1981. The infrared and ultraviolet spectrometers on
board the two Voyagers have, in particular, enabled the analysis of the com-
position of Saturn’s atmosphere with spatial and spectral coverage and spatial
resolution not previously possible from Earth. These spacecraft observations
together with some notable prior and contemporary groundbased and Earth-
orbital observations have now, in sum, supplied us with at least a first-order
picture of Saturn’s atmospheric composition. This new compositional knowl-
edge has in turn provided renewed interest in studies of the atmospheric
chemistry of this giant planet.

Well before this spacecraft epoch it was realized that Saturn and Jupiter
were structurally and compositionally brethren planets, probably the two most
similar planets in our solar system. While this realization has not been altered
by the more recently obtained information, it is also very clear now that these
two giant planets are not identical. There are quantitative differences in the
fractional elemental abundances of He, C, N, and P in their atmospheres; in
the relative distributions and colorations of their clouds, in their respective
atmospheric temperature profiles; and in minor-species concentrations in
their visible atmospheres (e.g., the species C;H,, C;Hg, GeHy, PH3). Thus
while discussions of the composition and chemistry of Saturn will bear many
analogies to their Jovian counterparts, there will be important differences and
these differences can in principle provide excellent tests of our understanding
of the chemistry and evolution of both of these planets.

This chapter is devoted to the composition and chemistry of Saturn. It
begins with a brief review of the chemically and spectroscopically relevant
aspects of atmospheric structure. This is followed by an extensive, detailed
discussion and review of the gaseous composition of Saturn determined by
Earth-based, Earth-orbital, and Voyager 1 and 2 spectroscopic observations.
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The determination of the H to He ratio is given particular attention due to its
importance to discussions of the origin, internal structure and energy balance
of the planet (see chapters by Hubbard and Stevenson, Ingersoll et al., and
Pollack and Consolmagno in this book) and to its significant cosmological im-
plications (Gautier and Owen 19834). Observational constraints on the com-
position of Saturn’s clouds are then addressed. With these various composi-
tional observations as a suitable preface, chemical models of the atmosphere
are reviewed and further developed. We finally conclude this chapter with a
hopefully seminal review of what we perceive to be the outstanding problems
and questions, both observational and theoretical, that remain to be addressed
in future investigations.

I. ATMOSPHERIC STRUCTURE

There is now little doubt that the energy flux which Saturn emits as in-
frared radiation to space is greater by a factor of ~ 2 than the energy flux
which it absorbs as solar radiation. More specifically, Earth-based observa-
tions had indicated quite early that the latter factor was ~ 2.5 (Rieke 1975),
Pioneer 11 measurements were later interpreted to yield a factor of ~ 2.8 (Or-
ton and Ingersoll 1980), and most recently, Voyager 1 data indicate a factor of
~ 1.8 (Hanel et al. 1983). The nature of the implied internal energy source on
Saturn is discussed in the chapter by Hubbard and Stevenson. For our pur-
poses in this chapter, the requirement that the internal heat be transported up-
ward to the visible layers necessitates that the atmosphere be convective be-
tween the 1 and 104 bar pressure levels; the work of Stone (1973) further
implies that the vertical temperature gradient be close to adiabatic in this
region.

In the atmospheric region above ~ 10 bar the convective heat flux from
the deep atmosphere is supplemented by the deposition of solar radiation and
above ~ 1 bar infrared radiation begins to challenge convection as a mode of
upward heat transport. The atmospheric temperature profile above ~ 1 bar
can be measured remotely by observations of the Saturnian infrared emission
spectrum and also by radio occultation techniques. The inversions of Earth-
based infrared observations to obtain Saturnian temperature profiles by vari-
ous investigators have been reviewed by Tokunaga (1978). Analyses of radio
occultation and infrared observations by Pioneer 11 to yield temperature pro-
files were carried out by Kliore et al. (1980b) and Orton and Ingersoll (1980),
respectively. Finally, preliminary temperature profiles derived from Voyager 1
and 2 radio occultation and infrared spectroscopic data have been presented
by Tyler et al. (1981,19824) and Hanel et al. (19814,1982), respectively. The
latter Voyager 1 and 2 vertical and horizontal temperature profiles are summa-
rized in Fig. 1. In general, the tropopause or temperature minimum tends to
lie at ~ 100 mbar pressure level with the atmospheric vertical temperature
gradient approaching the adiabatic value of ~ 0.9 K km™! at pressures = 500
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Fig. 1. Spatial variations of temperature on Saturn determined from Voyager 1 (V1) and Voyager
2 (V2) observations. Vertical profiles in upper graph are from Hanel et al. (19814,1982) {solid
lines] and Tyler et al. (1981,19824) [dashed lines]. Horizontal profiles in lower graphs are
from Hanel et al. (19814,1982).

mbar. Temperatures at pressures of 10 to 300 mbar were generally a few to 10K
less at northern latitudes (which had just entered the ~ 7-yr-long Saturnian
spring at the time of the Voyagers) than at the same southern hemispheric lati-
tudes. The same trend is observed at the ~ 500 mbar level but with an anoma-
lously warm region superimposed at northern mid-latitudes.

In our discussions of the composition and chemistry in this chapter, these
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various predicted and observed temperatures are relevant to the interpretation
of spectroscopic data, to the determination of cloud condensation levels, and
to the prediction of chemical reaction rates. A more detailed discussion of the
observed temperature profiles and their important implications for the mete-
orology of the planet may be found in the chapter by Ingersoll et al.

II. ATMOSPHERIC COMPOSITION FROM SPECTROSCOPY

Spectroscopic observations of Jupiter, Saturn, Uranus, and Neptune
have and still do provide the only means of unambiguously analysing the com-
position of these four giant planets. Fortunately, our traditional spectroscopic
arsenal has been reinforced over the last 15 yr by the development and imple-
mentation for astronomical applications of very high resolution Fourier Trans-
form Spectrometers, by airborne (e.g., Kuiper Airborne Observatory) and
Earth-orbiting (e.g., IUE) observatories, and by the Voyager instruments. In
this section we discuss the application of spectroscopic techniques to the prob-
lem of definition of the composition of Saturn’s atmosphere. We first discuss
Earth-based and Earth-orbital investigations and then follow with Voyager in-
vestigations. In each case infrared, visible (Earth-based only), and ultraviolet
spectroscopy of Saturn are discussed with due attention to the apparent agree-
ment or disagreement among the conclusions derived from the various spec-
tral regions, observational platforms, and methods of interpretation. As noted
earlier, the H to He ratio and cloud composition are both selected for separate
attention.

A. Earth-based Infrared Spectroscopy

In general the history of spectroscopic observations of Saturn closely
follows that for Jupiter, although progress has been slower because of Saturn’s
lower flux levels at all wavelengths compared to Jupiter’s. In the infrared
spectral region, defined here as 1 << A << 100 wm, this is a serious problem
because beyond ~ 2.5 um Saturn’s signal must be detected in the presence of
much higher thermal background flux levels that are emitted by our atmo-
sphere, the telescope, and the spectrometers themselves. Thus, the acquisi-
tion of high-quality, high-resolution spectra of Saturn has depended not only
upon the development of more sensitive detectors and very efficient spec-
trometers, but also upon the construction of telescopes optimized for infrared
observations and located on high-altitude sites where atmospheric interfer-
ence is minimized. This is clearly revealed in the summary of published spec-
troscopic observations of Saturn in Table I. In the near infrared (A < 2.5 um)
a low-resolution spectrum of Saturn was first produced in 1947, and by the
early 1970s much higher resolution data had been recorded at several conven-
tional optical telescopes. Not until 1974 was Saturn’s spectrum reported be-
yond 2.5 pum, and since ~ 1978 infrared data have increased dramatically.
Most of these observations were made from special high-altitude facilities
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TABLE 1
Infrared Spectroscopic Studies of Saturn’s Atmosphere
Spectral Spectral
Region Resolution  Instrument/ Spectral
(em™1) (em™1) Telescope?® Analysis Reference
4000—-13000 =80 Prism Kuiper 1947
6300-9100 =80 Grating/SAI CH,4, NH; Moroz 1966
1.2,2.6 m
4000-9000 1.7 FTS/OHP Connes et al.
1.9m 1969
2400-8300 8.0 FTS/UAO Johnson 1970
1.5m
9057-9133 0.36 Grating/Mc- CH, Bergstralh 1973
Donald 2.1 m
4000-12000 0.26 FTS/OHP CH,, *CH,, de Bergh et al.
1.9m H, 1973; de Bergh
et al. 1974;
Combes et al.
1975
9057-9133 0.46 Grating/Mc- CH, Trafton 1973
Donald 2.7 m
740-1330 =15 CVF/UCSD- NH3, PH;, Gillett and
Minn 1.5 m C,Hg¢ Forrest 1974
910-1000 =4 Grating/Lick PH, Bregman et al.
3m 1975
9001000 2.5 FTS/ESO C,Hy Encrenaz et al.
1.5m 1975
780860 1.0 FTS/SAO C,Hg Tokunaga et al.
1.5m 1975
6000-11800 0.2 FTS/Palomar NH;, H,S, H,,  Lecacheux et
5m CH, al. 1976; Owen
et al. 1977,
Combes et al.
1977; de Bergh
et al. 1977,
Buriez and
de Bergh 1981
4000-6000 0.5 FTS/Hawaii H, Martin et al.
2.2m 1976
400-590 22 FTS/SAO Thermal Tokunaga et al.
1.5m structure 1977
100-450 5.0 FTS/KAO Internal Erickson et al.
0.9 m luminosity 1978
1700-6500 2.0 FTS/UAO CH,D, PH;, Fink and Larson
1.5 m’ GeH 4, SiH4 1978; Larson et

al. 1980
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TABLE I (continued)

Infrared Spectroscopic Studies of Saturn’s Atmosphere

Spectral Spectral
Region Resolution  Instrument/ Spectral
(em™Y) (em™) Telescope® Analysis Reference
4000-15400 150 CVF/Hawaii Spectral Clark and Mc-
22m albedos Cord 1979
4000-12500 3.6 FTS/KPNO Spectral al- Fink and Larson
4m bedos, CHy, 1979
NH;, H,S,
COS, C,Hg,
C,H,, CH;0H,
CH;NH,
2800-6200 0.5 FTS/KAO PH;, C,Hg, Larson et al.
09m CH,, NH; (gas 1980; Bjoraker
and solid), et al. 1981
HCN
1700-2300 2.0 FTS/KAO H,0 Larson et al.
0.9 m 1980
930-1000 23 Grating/Shane PH ;, NH;, Tokunaga et al.
3m C,H, 1980¢
738-781 0.1 FPS/IRTF 3 m C,H, Tokunaga et al.
1980a
180-2500 4.3 FTS/Voyager H,, He, NH;, Hanel et al.
PH;, CH,, 1981a; Courtin
C2H2, C2H6, 19824
C3H4, C3H 8
1250-2000 =25 CVF/KAO C,Hg, NH; Witteborn et al.
0.9 m (gas and solid) 1981
1800-2200 1.2 FTS/IRTF 3 m  NH; (gas and Fink et al. 1983

solid)

2 Abbreviations: CVF—Circular Variable Filter, ESO—European Southern Observatory;
FPS—Fabry Perot Spectrometer; FTS—Fourier Transform Spectrometer; IRTF—Infrared
Telescope Facility; KAO—Kuiper Airborne Observatory; KPNO—Kitt Peak National Obser-
vatory; OHP—Observatoire d’Haute Provence; SAI—Sternberg Astronomical Institute;

SAO—Smithsonian Astrophysical Observatory; UAO—University of Arizona Observatories.

such as the Kuiper Airborne Observatory, from the Voyager spacecraft, and
from infrared telescopes at high altitude groundbased sites (Mt. Lemmon in
Arizona and Mauna Kea in Hawaii). In general the Voyager infrared spectra
provided an unprecedented combination of continuous spectral coverage with
moderate spectral resolution and high spatial resolution. Earth-based observa-
tions, on the other hand, often have higher spectral resolution and more inten-
sive coverage of specific spectral regions, but with only modest degrees of
spatial resolution.
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In Table I we list the molecules that were analyzed in each infrared spec-
trum of Saturn. The early work in the near infrared concentrated on the abun-
dant constituents CH, and NH;, while more recent studies have involved a
much broader range of trace constituents, either as detections or as upper lim-
its. Note the dominant use of Fourier Transform Spectrometers (FTS) for ob-
servations of Saturn, beginning with Connes et al. (1969). Their first high-
resolution spectrum of Saturn received little attention because of the even
more striking results for Venus and Mars, but adaptations of the technique
were subsequently responsible for exploring the entire 1 to 100 wm region of
Saturn’s infrared spectrum. In the following section we present the overall
characteristics of Saturn’s infrared spectrum, followed by a review of the
compositional information derived from Earth-based observations.

1. Overview of Saturn’s Infrared Spectrum. At very low spectral reso-
lution Saturn’s infrared spectrum resembles Jupiter’s because of the gross
spectral similarities of mixtures of H, and CH,, the spectroscopically most
active constituents in both atmospheres (see Ridgway et al. [1976] for a re-
view of Jupiter’s infrared spectrum). These gases produce a series of discrete
planetary transmission windows, much as H,O and CO, define regions of
transparency in our atmosphere at infrared wavelengths. Figure 2 illustrates
both of these characteristics. The composite spectrum of Saturn was as-
sembled from six independent, overlapping data sets, each converted to a
common spectral resolution (= 25 cm™') and photometrically scaled using lu-
nar and solar-type stellar calibration data. These data refer to the center of
Saturn’s disk with no contribution from its rings. Since the individual data
sets were obtained with various fields of view, these differences were removed
to first order by assuming a uniform disk brightness.

Figure 2 also includes a transmission spectrum of the Earth’s atmo-
sphere, itself a series of windows. Note the awkward placement of some of
the planetary windows, like the one at 2.7 um, with respect to regions of
transmission in our atmosphere. The high-resolution data in Fig. 3 illustrate
more dramatically what this means for compositional analyses of planetary
atmospheres. This comparison reinforces the previous comment that some in-
frared observations of the outer planets can only be conducted at special high-
altitude sites.

Saturn’s spectrum in Fig. 2 is produced by two very different mecha-
nisms of spectral line formation, reflected solar flux and planetary thermal
emission, each offering important opportunities for studying the composition
and structure of Saturn’s atmosphere at various levels. To illustrate this point,
curves denoting unit albedo and blackbody emission at various relevant tem-
peratures are shown in this figure. Between 1 and 3.3 pum Saturn’s five promi-
nent windows involve reflected sunlight. The shapes of the three high-albedo
windows between 1 and 1.6 um were derived from the groundbased observa-
tions of Fink and Larson (1979), while those between 2 and 3.3 wm come



96 R. G. PRINN ET AL.

microns
2.0

2.5x10°

2.0%10"

=8
L3XI0

-8
txio 7

INTENSITY W/CM%- SR - CM'

-9
3x10

0 ) + + v +
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

®

3000 4000 5000 6000 To00 8000 9000 0000
o
cm

§

ATMOSPHERIC TRANSMISSION
(S > >

Fig. 2. Composite infrared spectrum of Saturn (upper graph) and transmission of the Earth’s at-
mosphere (lower graph). See text for references.

from the airborne data of Larson et al. (1980). The relative intensities in each
data set were scaled to geometric albedos reported by Clark and McCord
(1979) for the visible and near-infrared spectral regions. These latter three
windows lie between strong H, and CH, absorptions, with solar flux appar-
ently penetrating to a cloud deck at the ~ P =0.5 atm, 7= 110 K level. The
compositional information derived from the near-infrared windows (A < 2.5
pm) concerns mostly the H, and CH, abundances. In spite of resolving pow-
ersup to ~ 5 X 104, no new trace constituents have been detected in this spec-
tral region. This somewhat disappointing return on major efforts to acquire
such data is due to several factors. The spectrum of planetary CH, itself is
complex and cannot be properly simulated in laboratory experiments, so there
is always uncertainty over assigning observed features on Saturn to CH, or to
new constituents. Also, most of the candidate trace species do not have strong
vibration-rotation bands at wavelengths below 2.5 um. On the positive side,
the planetary window centered around 3 wm has been more productive by
providing detections of PH; and C,Hg and by setting limits to the role of gas-
eous and solid NH; down to the level of the radiative-convective boundary.
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Beyond ~ 6 um Saturn’s spectrum involves planetary thermal radiation.
Most spectral features beyond 6 pwm appear in emission rather than absorption
because of the upper atmospheric temperature inversion noted in Fig. 1. The
data in Fig. 2 between 6 and 8 um are from airborne observations by Wit-
teborn et al. (1981), and the section from 8 to 50 um is from Voyager (Hanel
et al. 1981a). The prominent spectral features are assigned to H,, CH,, PH3,
and NH;. In addition, gaseous hydrocarbons produced by photodissociation
of CH, at stratospheric levels show prominent emission features even at low
spectral resolution. The thermal structure (see Sec. I) and H/He ratio (see
Sec. ILLF) in Saturn’s atmosphere were both first established from spectral
analyses in this wavelength region.

Between ~4 and 7 um there is an important transition region that by
analogy with Jupiter might present a similar opportunity on Saturn to probe
spectroscopically to greater atmospheric depths than at any other wavelength.
An essential condition is that there be breaks in Saturn’s cloud cover to permit
transfer of thermal radiation from lower depths. Observationally, the 5-pm
region of the thermal infrared is optimal for searching for these “hot spots”
because of the coincidentally high transmission of H,, CH,4, and NH; be-
tween ~ 4.7 and 5.4 um. The brightness temperature of Saturn at 5 um is, in
fact, quite high (190 K according to Rieke [1975]; up to 210 K estimated by
Hanel et al. [1981a]), but unlike Jupiter the flux is apparently not associated
with visual markings on the planetary disk. The shape of Saturn’s 5-um win-
dow in Fig. 2 was derived from observations reported in Fink and Larson
(1978) and in Larson et al. (1980) (see Fig. 4). Since these data extend into
the near infrared as well, the albedos of Clark and McCord (1979) were used
to provide absolute calibration of the 5-um flux. Using CH;3;D as a spectro-
scopic probe of Saturn’s 5-um window, Fink and Larson (1978) found that the
mean level of spectral line formation was at a temperature 7 =175 K and a
pressure P = 1.8 atm, thus confirming expectations that Saturn’s 5-um flux is
thermal emission from atmospheric levels below the cloud tops that cannot be
reached at other wavelengths by remote spectroscopic techniques.

2. Recent Compositional Analyses. Current efforts to interpret Saturn’s
spectrum are frequently limited by two problems endemic to studies of the
outer planets: lack of appropriate laboratory comparison data; and lack of an
atmospheric model that accounts for the observed presence and abundance of
constituents in different wavelength regions. Some insights gained from ad-
dressing similar problems in interpreting Jupiter’s spectrum can be applied to
Saturn, but, increasingly, the differences rather than the similarities between
these two planets seem the most interesting to understand. Thus, in order to
preserve as open a perspective as possible, the following discussion of results
is presented more in the spirit of a progress report than a critical review.

Hydrogen. Molecular hydrogen, the most abundant constituent in Sat-
urn’s atmosphere, is spectroscopically inactive under normal laboratory con-
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ditions of abundance and pressure. However, a variety of spectral features
appear as a consequence of the long absorbing paths in the atmospheres of the
outer planets including pressure-induced rotational spectra in the 10— 100 um
region, pressure-induced vibration-rotation spectra in the 1-2.5 um region,
and quadrupole lines in the 0.6—1.1 um region. These features are in princi-
ple highly diagnostic of many of Saturn’s atmospheric properties such as tem-
perature, density, collision partners, and thermal structure. It is especially im-
portant to relate the observed strengths of planetary H, bands to column
abundances above various atmospheric levels in order to express elemental
abundances as mixing ratios relative to H for comparison with solar and other
values. The measured H, abundances for Saturn are listed in Table II. We
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include in this table the Voyager observations of the H, pressure-induced rota-
tional lines S(0) at 17 uwm and S(1) at 28 wm which will be discussed later (see
Sec. I1.D and Fig. 10).

In general, the observed abundances summarized in the tables in this
chapter should not be used without reference to the original papers for details
concerning the spectral analyses. These measurements are model-dependent
and different values may be reported for the same observed spectrum when
different models are used. We indicate in Table II the general type of model
(reflecting, scattering, thermal) used for determining each entry, but the au-
thors employ so many variations that there is no succinct way to summarize
the results. Most of the entries in this table refer to a simple reflecting-layer
model even though it has long been considered inadequate. Two trends char-
acterize recent work; more realistic scattering models are being developed
with the help of improved observational and laboratory spectra, and more so-
phisticated computer techniques are being used (see Buriez and de Bergh
1981). Alternatively, Encrenaz and Combes (1982) have developed new crite-
ria for selecting spectral data for abundance analyses to render ratio measure-
ments less sensitive to a priori knowledge of aerosol distribution and vertical
structure in a planetary atmosphere.

Methane. This molecule is responsible for the positions and shapes of
most of Saturn’s atmospheric transmission windows in Fig. 2. It is important
as a source of opacity in establishing Saturn’s thermal balance, and as an im-
portant reactant in atmospheric chemical processes (discussed in Sec. III).
The abundance measurements from infrared spectra are also summarized in
Table II. All entries cluster around 1 um, the only wavelength region where
Saturn’s CH, band centers are not heavily saturated. As is the case for CH,
bands on Jupiter (see discussion in Ridgway et al. 1976) most attention has
been given to Saturn’s 3v; CH, band. This band is attractive for quantitative
analyses because of its relatively simple structure, known quantum number
assignments, and low degree of saturation. The spectra in Fig. 5 illustrate the
high quality of astronomical observations of this band. This section of Sat-
urn’s spectrum in the 1.1-um region displays strong, narrow absorptions in
the 3v; band of CH, and broad, continuum absorption by the 2-0 induced di-
pole spectrum of H,. These overlapping H, and CH, bands sample different
levels of Saturn’s atmosphere because their absorption coefficients depend
differently upon pressure. Thus, the abundances of H, and CH, on Saturn,
and especially its C/H ratio, cannot be measured directly from observations
without supporting laboratory calibrations and a realistic atmospheric struc-
ture model. As noted in the discussion below, these requirements generate
most of the continuing research and debate over measurements of abundances
in planetary atmospheres by remote methods.

As an example of one complication, it has long been recognized in spec-
tra of the outer planets that the weaker CH 4 bands at visible wavelengths (see
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Sec. I1.B) yield higher abundances than the 3v; band. Thus the 150 m-amagat
CH 4 determination at 0.6 uwm by Lutz et al. (1976) exceeds by a factor of 2.5
the average value of 60 m-amagat from the 3v; band at 1.1 um. This discrep-
ancy can be attributed to still unresolved interpretive problems associated
with the 3v; band, including saturation, line profile dependence upon pres-
sure, poorly defined continuum, and overlying planetary and telluric lines.
Fink and Larson (1979) investigated this possibility by searching for other,
weaker CH,4 bands beyond 1 pum that would share some of the presumably
more desirable characteristics of the weak visible bands. They found two
weak CH,4 bands at 1.27 and 1.56 pm exhibiting pressure-independent curves
of growth. Their analysis of these bands on Saturn gave a CH,4 abundance of
160 m-amagat, remarkably similar to that (= 150 m-amagat) from the visible
bands.

In addition to problems in choosing appropriate bands for spectral analy-
ses, the degree to which scattering processes affect the measurements has had
a long history of debate. Opinions on the need to include scattering mecha-
nisms in spectral analyses range from: unnecessary (Trafton and Macy 1975);
important at the base of the line-forming region (Macy 1976); essential up to
the inversion level (Buriez and de Bergh 1981); unnecessary when the pairs of
lines used in abundance ratio calculations are chosen judiciously (Encrenaz
and Combes 1982). It is clear that the CH, abundance on Saturn still repre-
sents an active area of research, and available measurements should not be
used blindly. This is particularly true for calculating Saturn’s C/H value. It is
not correct to construct this ratio from arbitrary combinations of the entries in
Table II. Rather, the ratio should be expressed in terms of measurements
made at the same wavelength and for similar mechanisms of line formation.
The published values of Saturn’s C/H ratio are included in this table. It may
be significant that all entries are approximately solar or higher, but it should
also be noted that none of these ratios may satisfy the criteria listed above.
Given all the problems surrounding the individual H, and CH 4 measurements,
a “best bet” C/H ratio on Saturn is not actually in Table II, but would use the
H, quadrupole lines of Trafton (1977) and the weak visible CH 4 lines of Lutz
et al. (1976). This ratio is 1.07 x 1073, Using similar, but more stringent
criteria, Encrenaz and Combes (1982) propose a C/H value of 1.05 X 1073,
Thus, it appears that the C/H ratio may be converging to the same value for
both Jupiter and Saturn, and is enhanced by at least a factor of 2.5 over
the solar value (Cameron 1982), consistent with predicted enhancements
(Podolak and Danielson 1977).

Ammonia. In principle, the ammonia molecule is another important
spectroscopic probe of some of the bulk properties of Saturn’s atmosphere. Its
abundance should be controlled at least in part by its saturated vapor pressure
in Saturn’s troposphere and stratosphere, and it should therefore serve as an
indicator of the depth of spectral line formation at different wavelengths. Am-
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TABLE III
Ammonia Abundances on Saturn
from Infrared Spectra

Wavelength Region Abundance

(pom) (cm-amagat) Reference

3.0 <0.5 Martin 1975

1.6 < 15 Owen et al. 1977

1.6 < 10 Fink and Larson 1979

3.0 < 0.1 Larson et al. 1980
10.3 < 0.05 Tokunaga et al. 1980c¢
50 — Hanel et al. 1981a;

Courtin 1982a
6.3 4 Witteborn et al. 1981
5.3 200 Fink et al. 1983

monia is also a probable candidate for hazes and clouds on Saturn, and its
opacity makes it important to Saturn’s thermal balance. The infrared and visi-
ble NH; abundances for Saturn summarized in Table 11 (and Table VII in Sec.
I1.B) confirm at least one of these expectations: they range over a factor of 104
between the largest detection and the most stringent upper limit, thus defining
a very model-dependent interpretive problem.

These disparate results can be understood qualitatively in terms of the
degree to which NH; condenses or is photochemically destroyed at different
levels of Saturn’s atmosphere. For example, observations at 10 wm probe Sat-
urn’s cold stratosphere where the NH; abundance may be greatly undersatu-
rated because of ultraviolet photolysis. This expectation is consistent with the
fact that the most stringent upper limit in Table III to NH; on Saturn is from
10 um data. In the upper troposphere photodissociation may become less
effective and the NH; abundance will be more closely controlled by its satu-
rated vapor pressure. Spectral lines formed in this region will yield widely
different abundances if the line-forming regions have different effective tem-
peratures for observations at different wavelengths. Thus, the upper limits at
1.6 and 3.0 um and the low abundance detected at 6.3 wm (see Table III) may
characterize different levels within this region of Saturn’s atmosphere. Fi-
nally, at deep tropospheric levels Saturn’s NH; abundance should approach its
bulk planetary value. The abundances measured at 0.645 um (see Table VII
in Sec. I1.B) and 5.3 um (Table III) and that inferred from inversion of micro-
wave data (Marten et al. 1980) are high enough to permit comparison of Sat-
urn’s N/H ratio to the solar value. In a more quantitative sense, however,
there is not yet available for Saturn an atmospheric model that uses thermo-
chemical, photochemical, and scattering processes to predict the observed
abundances of NHj; or, for that matter, any other trace constituent.
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TABLE IV
PH 3 Abundances on Saturn from Infrared Spectra

Wavelength Region Abundance Mixing Ratio

(pm) (cm-amagat) (P/H, X 1076)  Reference
10 2 1.0 Gillet and Forrest 1974
10 0.5 0.2 Bregman et al. 1975
3 167 0.9 Larson et al. 1980
5 3415 1.7 Larson et al. 1980
10 3.2-7.1 0.8-1.6 Tokunaga et al. 1980¢,1981b
10 — 1 Hanel et al. 1981a
10 — 2 Courtin 19824

Phosphine. Less than a decade ago, spectroscopically detectable
amounts of PHj; in the atmospheres of the outer planets were considered im-
possible according to the thermochemical equilibrium models discussed in
Sec. III. Now, however, independent observations support surprisingly high
PH; abundances on both Jupiter and Saturn. An overview of these results is
provided by Larson (1980). The PH; abundances for Saturn are summarized
in Table IV, and examples of PH; spectra are included in Figs. 3 and 4. All
PH; abundances are consistent with a mixing ratio equal to or larger than the
solar value. Although PH; is common to the atmospheres of Jupiter and Sat-
urn, its presence may require rather different mechanisms. On Jupiter the
high PH; abundance was attributed to rapid vertical convection that cycled
PH; upward from deep atmospheric levels on a time scale short enough to
minimize its chemical conversion to P4Og. This mechanism was supported by
other detections (e.g., GeH, and perhaps CO) that required a similar explana-
tion. On Saturn, however, neither GeH, nor CO have been detected. As dis-
cussed in Sec. III, the absence of these latter compounds may signal impor-
tant differences between the deep atmospheres of Saturn and Jupiter.

Gaseous Hydrocarbons. The simple gaseous hydrocarbons C,H, and
C,Hg have now been detected on Jupiter, Saturn, Titan, and Neptune. They
are seen in emission at wavelengths A = 6 um, strongly suggesting a strat-
ospheric origin above a thermal inversion. Their production mechanism ap-
pears to involve photodissociation of CH 4 by solar ultraviolet light. The vari-
ous studies of gaseous hydrocarbons on Saturn are listed in Table V. The
mixing ratios are poorly determined in part because of inadequate knowledge
of the thermal structure of the hydrocarbon production zone, but as discussed
in Sec. II.D.3 there is reasonable agreement between these observations and
photochemical model predictions. These latter models also predict a low
abundance of ethylene (C,H,); however, this species has not yet been detected



COMPOSITION AND CHEMISTRY OF THE ATMOSPHERE 107

TABLE V
Gaseous Hydrocarbons on Saturn from Infrared Spectra

Wavelength Region

Molecule (pam) Mixing Ratio Reference

C,H, 13.7 — Tokunaga et al. 1980a
C,H, 13.7 2 x 1078 Hanel et al. 19814
C,H, 13.7 (1.2+0.2) x 1077 Courtin 1982a

northern hemis.
(0.5+0.1) x 1077
southern hemis.

C,Hg 12.2 — Gillett and Forrest 1974
C,Hg 12.2 — Tokunaga et al. 1975
C,Hg 3.07 5% 1077 Bjoraker et al. 1981
C,Hg 12.2 5x 10 Hanel et al. 1981a
C,Hg 12.2 (6.0x1.1) x 107° Courtin 1982a

northern hemis.
(3.1+0.6) x 107°
southern hemis.

C,H 6.8 1074 — 107> Witteborn et al. 1981

on Saturn. The features tentatively assigned to C,H, on Saturn by Encrenaz et
al. (1975) were most likely due to PH; instead.

Only one study in Table V involved detection of a methane-derived hy-
drocarbon in absorption (Bjoraker et al. 1981). This work permitted a much
less model-dependent study of the vertical distribution of C,Hg from the
stratospheric production region down to the cloud tops. Photochemical mod-
els with constant mixing ratios or constant number densities were less consis-
tent with the observations than was a model incorporating height-dependent
mixing ratios and other parameters including the eddy diffusion coefficient.

Isotopic Species. Two isotopes have been detected from Earth at in-
frared wavelengths in Saturn’s atmosphere: 3CH, and CH;D. These repre-
sent useful opportunities for comparing abundance ratios of planetary isotopes
with cosmological theories. The '2C/13C ratio on Saturn is 89 7% (Combes et
al. 1975,1977). This ratio is very close to values derived from meteorites,
lunar samples, Mars, and terrestrial samples. However, it is quite different
from the '2C/13C ratio of 160 f‘s‘g recently derived for Jupiter from Voyager
spectra of the v, band of CH, (Courtin et al. 1983 a,c).

The analysis of CH3D by Fink and Larson (1978) yielded two results: a
D/H ratio on Saturn of 2 X 107%; and a rotational temperature 7 = 175 = 30K
for Saturn’s 5-um window. This D/H ratio is similar to the Jovian value, but
substantially lower than the terrestrial one. This result is consistent with Voy-
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TABLE VI
Upper Limits to Trace Constituents on Saturn from Infrared Spectra

Wavelength Region Upper Limit

Molecule (pm) (cm-amagat) Reference
H,0 5 15 (prec. um H,0) Larson et al. 1980
HCN 3 0.1 Larson et al. 1980
13.5 2.5 x 1072 Tokunaga et al. 19814
H,S 1.6 15 Martin 1975
1.6 10 Fink and Larson 1979
1.6 l Owen et al. 1977
COS 1.6 10 Fink and Larson 1979
SiH, 5 2.5 x 1072 Larson et al. 1980
GeH, 5 2x 1073 Larson et al. 1980
CH;0H 1.6 10 Fink and Larson 1979
CH;NH, 1.6 2 Fink and Larson 1979

ager data discussed in Sec. 1I.D and supports the idea that the D/H value for
these giant planets is closer to the primordial ratio with the higher terrestrial
and meteoritic values due to enrichment processes. The observed CH;D rota-
tional temperature T = 175 K is consistent with the high brightness tempera-
tures of Saturn at 5 wm (7 = 190 K: Rieke 1975; T = 210 K: Hanel et al.
1981a).

Upper Limits. A number of upper limits to trace constituents in Sat-
urn’s atmosphere have accumulated in the course of analyzing Earth-based
infrared spectra. These are collected in Table VI. Some of these species have
been detected on Jupiter (e.g., HyO, HCN, and GeH,), and their absence on
Saturn cannot always be explained by temperature differences between the
two atmospheres. The limit to GeH,, for example, suggests that vertical
transport may not be as vigorous in Saturn’s deep atmosphere as on Jupiter.
The limits to H,S place limits on the importance of colored sulfur compounds
as cloud chromophores. It appears that on both Jupiter and Saturn colored
phosphorus compounds may be more abundant at tropopause levels than col-
ored sulfur compounds.

B. Earth-based Visible Spectroscopy

In the visible part of Saturn’s spectrum, which for convenience here is
defined as the region from 0.3 to 0.8 um, three species have been observed:
H,, NH; and CH,. A selection of abundance estimates for these species is
provided in Table VII. Of the tabulated species H, is overwhelmingly the most
abundant, but in a sense it is also the least interesting. From observations of
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TABLE VII
Species Abundances on Saturn from Visible Spectra
Wavelength Abundance
Species (pum) (km-amagat) Reference
H, 0.63 173 Trafton and Macy 1975
0.63, 0.8 18 — 27 Macy 1976
0.63, 0.8 70 = 20 Trafton 1977
0.63, 0.8 77 = 20 Encrenaz and Owen
1973
0.63, 0.8 57 Caldwell 1977a
CH, 04 - 0.6 0.15 Lutz et al. 1976
NH; 0.645 0.002 = 0.0005 Encrenaz et al. 1974;
Woodman et al. 1977
0.645 0.0004 — 0.005 Smith et al. 1980

its 4-0 and 3-0 quadrupole lines at 0.63 and 0.8 wm, it is possible to derive H,
abundances, but such values are actually determinations of the depths of the
reflecting visible clouds on Saturn. The abundance results are highly depen-
dent on the scattering properties of the cloud particles in visible light, and in
the context of compositional analysis are mainly useful in determining the
ratio of other species to hydrogen.

One example of an analysis of an H, visible quadrupole line is that
of Encrenaz and Owen (1973), who derived an abundance of 77 * 20 km-
amagat, based on a reflecting layer model of their observations. Caldwell
(1977 a) found that the same data were consistent with a model having 57 km-
amagat of H, above a thick cloud, but with an isotropically scattering haze
permeating the bottom 19 km-amagat of H, above the cloud. Recent labora-
tory studies of the quadrupole line strength (Brault and Smith 1980) suggest
that these quoted abundances should be reduced by ~ 30%.

Observations of NH; in visible spectra are also somewhat difficult to in-
terpret. In Sec. 11.G evidence is cited to the effect that there is significantly
less gaseous NHj in the visible atmosphere of Saturn than in that of Jupiter,
with the missing gaseous NH; undoubtedly being in a condensed phase. The
observability of gaseous NH; on Saturn is further complicated by both spatial
and temporal variations (see a review by Trafton 1981). For example, Wood-
man et al. (1977) clearly detected the visible 645 nm band of gaseous NH;,
whereas Owen et al. (1977) did not detect the infrared 1560 nm band, al-
though the longer wavelength band is intrinsically stronger. This must be due
to some combination of temporal variability and the wavelength dependence
of the cross sections of particulate scatterers and continuum absorbers. The
effects of the cloud particle scattering are especially large because almost all
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of the small amount of remotely detectable gas phase NHj; exists in the same
altitude range as the clouds.

In any case, it is clear that condensation in the very cold Saturnian visi-
ble atmosphere dominates the observability of NH; in the visual and near in-
frared spectrum. To make progress on the cosmogonically significant question
of the departure, if any, of the Saturnian N/H ratio from the corresponding
solar value, it is necessary to make observations of the lower atmosphere
where NHj is not saturated. Because of the absence of prospects for a Satur-
nian entry probe within the foreseeable future, such observations are now
possible only with microwave radiometry.

Trafton (1981) has estimated that the NH;/H; ratio for Saturn’s deep at-
mosphere is = 3 X 1074, Trafton revised the conclusion of Ohring and Lacser
(1976), which came from an inversion of the microwave spectrum but which
depended on obsolete compositional information, to make his estimate. Klein
et al. (1978) determined a mixing ratio of NH3;/H, ~ 5 X 10 also from 1 to
100 cm wavelength observations. These authors were the first to consider the
emission of the rings in analyzing such data for atmospheric abundance pur-
poses, and so their resuits should be superior. The apparent conclusion from
the work of Klein et al. (1978) is that N/H is enhanced in the atmosphere of
Saturn by a factor ~ 3 with respect to the solar value (see Table VIII). How-
ever, if there exist microwave absorbers in addition to gaseous NH; on Saturn,
then this inferred NH; enhancement could be too high. Water droplets are a
possible additional absorber. Klein et al. (1978) found that a cloud of H,O
droplets at the level where they condense (~ 273 K) is, however, quantita-
tively incapable of producing agreement between observations at 21 cm and a
model containing approximately solar NH;; the model is too bright. If the
droplets were allowed to be mixed upward from the 273 K level by convection
in an attempt to increase microwave opacity at higher altitudes, they would
freeze (see Fig. 14 in Sec. III.A) and become much less efficient microwave
absorbers (see Fig. 3.7 of Klein et al. 1978). Although inclusion of ad hoc
opacities can certainly improve agreement between models with solar NH;
and observation, no completely convincing demonstration of this alternative
has yet been made.

Quantitative analysis of visible and infrared CH, observations must, like
NH;, also take account of scattering by cloud particles (Lutz et al. 1982).
Although some weak CH, bands near 725 nm show anomalous variations with
respect to stronger CH, bands in Saturn’s infrared spectrum, according to
Lutz et al. (1982) there are no outright contradictions analogous to the 645—
1560 nm case for NH;; i.e., there are no cases of observable weak CH, bands
and undetectable strong ones. This is presumably due to the fact that, unlike
NH;, CH; does not condense on Saturn. There are therefore significant
amounts of the gas above the haze and cloud layers so that while the scattering
properties of the cloud particles influence the CH, spectral features, they do
not overwhelm them.
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TABLE VIII
Ratios Relative to H, of the 30 Most Abundant Elements in a Solar-Composition
Planetary Atmosphere?

Element Cameron (1982) Cameron (1973)® Element Cameron (1982) Cameron (1973)?

(H,) ) 1) Cr 9.55x 1077 7.99 x 1077
He 1.35 x 107! 139 x 107! Mn 6.99 X 1077 5.85 x 1077
0 1.38 x 1073 1.35x 1073 P 489 X 1077  6.04 X 1077
C 835X 107% 7.42x107% (I 3.56 X 1077 3.58 x 1077
Ne 1.95 X 1074 2116 x 107* K 263 x 1077 2,64 x 1077
N 1.74 X 107% 235X 1074 Ti 1.80 X 1077 1.75 x 1077
Mg 7.97 x 1075  6.67 X 107> Co 1.65 x 1077 1.39 x 1077
Si 7.52 X 1075 6.29 X 1075  Zn 9.47 X 1078 7.82 x 1078
Fe 677 X 1073 522x 1075 F 5.86 X 1078 1.54 x 1077
S 3.76 X 1075 3.14 x 1075 Cu 4,06 x 1078  3.40 x 1078
Ar 797 x 1076 737x107% V 1.91 X 1078  1.65 x 1078
Al 6.39 X 1079 535x 107 Ge 8.80 x 1079 7.23 x 107°
Ca 470 X 1078 454 x 107 Se 504 X 1079 4.23 x 1079
Na 451 x 107 377 x 107 Li 451 x 1072 3.11 x 107°
Ni 3.59 X 1076 3.02 X 107%  Kr 3.11 X 1079 2,94 x 107?

2Values used in this chapter are based on Cameron (1982). Values used by Barshay and Lewis
(1978) and Fegley and Lewis (1979) are based on Cameron (1973).

bBoron is the 26th most abundant element in this 1973 compilation. Its abundance relative to
H, has now been revised downwards by a factor of 33 and it does not appear in the 1982
compilation.

If we combine the results of the study of the weak visible CH,4 bands by
Lutz et al. (1976) with the visible H, 3-0 and 4-0 quadrupole line analysis by
Trafton (1977), we obtain an estimate for the CH,/H, ratio of (2.173%) x
103 (error bars do not include uncertainty in CH, abundance). This resuit
may be compared with an analogous combination of the H, 2-0 induced di-
pole and CH, 3v; absorptions in the near infrared by Buriez and de Bergh
(1981). These workers had access to laboratory studies of a wide range of the
relevant spectral lines thereby enabling them to draw more accurate conclu-
sions than possible in the past. Their result is CH4/H, = (4 £2) X 1073,
where much of the quoted error is due to uncertainties in the effects of scatter-
ing. Nevertheless, the lower error bar still gives a C/H ratio which exceeds
the corresponding solar C/H ratio of 4.2 X 10~* by a factor of > 2. This and
other infrared studies of CH,4 on Saturn, with usually similar results, are
listed in Table II. The determination of the CH 4 abundance from Voyager ob-
servations is discussed in Sec. II.D.

To summarize the situation for NH; and CH,4 on Saturn, available visi-
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ble, infrared, and microwave spectroscopic evidence suggests that both of
these substances are enhanced by factors > 2 with respect to solar elemental
ratios of C and N to H. The evidence for this enhancement is stronger in the
case of CH, than that of NH;. Chemical and cosmogonical implications of
enhanced C/H and N/H ratios are discussed in Sec. III.

The relative abundance of deuterium to hydrogen is also of great interest
to studies of the origin and evolution of Saturn and to cosmology (see Sec.
I1.D). Two published measurements of the D/H ratio using visible quadrupole
lines (Trauger et al. 1977; Smith and Macy 1977) give a mean value of
6 X 1073. More recently, W. H. Smith (personal communication) has sug-
gested that a value of ~ 9 X 1073 is preferable, mostly because of a revision
in the intrinsic strength of the 4-0 S(1) H;, quadrupole line on which the ratio
is based. These D/H values may be compared to the D/H ratio of ~2 X 1073
derived from infrared observations of CH;D and CH, discussed in the previ-
ous section. Both estimates are less than the terrestrial oceanic D/H ratio of
1.4 X 1074,

C. Earth-Orbital Ultraviolet Spectroscopy

The region from ~ 160 to 300 nm contains electronic transitions of many
important molecules, and it is therefore potentially of great interest for com-
positional inferences through absorption spectroscopy. This part of the ultra-
violet spectrum of Saturn has been observed in some detail by a series of
Earth-orbiting satellites including OAO-2, TDI1A, and IUE. This spectral re-
gion is the subject of this section.

The long wavelength boundary of the 160—300 nm region is determined
by the onset of terrestrial atmospheric transmission, permitting groundbased
observations at wavelengths > 300 nm. The short wavelength boundary is
loosely set by the physics of Saturn. Below 160 nm, the reflected sunlight
component of Saturn’s spectrum is very weak, both because of the weakness
of the solar flux there and because of the preponderant absorption by CH 4.
The observed emission from Saturn below 160 nm is dominated instead by
auroral emission processes involving H, and H excited by Saturnian magne-
tospheric particles. Not coincidentally, that region is well covered by the Voy-
ager ultraviolet spectrometer (UVS) instrument.

The region between 160 and 300 nm is the one in which Rayleigh scatter-
ing from H, becomes the dominant continuum opacity source. At a wave-
length A = 300 nm, the Rayleigh scattering coefficient of H, is ~ 0.035 (km-
amagat)~! while at A = 160 nm it is ~ 0.6 (km-amagat)~!. The scattering
coefficient varies by a factor of seventeen due to its strong wavelength depen-
dence (A4 plus higher order terms).

At longer wavelengths, there is another continuum opacity source that
has not yet been identified directly. This source of opacity causes the reflec-
tivity to decrease from visual wavelengths down to ~ 350 nm, at which point
the decrease stops and the reflectivity increases again toward shorter wave-
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lengths (Caldwell 1977b). The short wavelength increase is due to Rayleigh
scattering from the layer of H, that lies above the absorber causing the longer
wavelength decrease in reflectivity.

The reflectivity minimum near 300 nm corresponds to a geometric al-
bedo of ~0.2. A conservatively scattering atmosphere would have a geo-
metric albedo of ~ 0.7. The absorber that causes this low reflectivity is proba-
bly distributed in altitude (although it cannot persist to the top) and it probably
scatters as well as absorbs incident sunlight. Nevertheless, an approximate
limit on its location can be estimated by assuming that the source of long
wavelength opacity forms a sharp, nonreflecting boundary in the atmosphere
of Saturn. In this simple approximation, the observed geometric albedo of 0.2
at 300 nm can be attributed to a Rayleigh scattering optical depth of 0.5, cor-
responding to an H, column abundance of ~ 14 km-amagat. More realistic
modeling of this absorber, including its scattering and its vertical distribution,
would tend to lower this number somewhat, thereby raising the altitude on
Saturn, for which ultraviolet photons provide remotely interpretable informa-
tion, to above the 14 km-amagat (~ 150 mbar) level. It should therefore be
kept in mind in the following discussion that quantitative results apply only to
approximately the uppermost ~ 10 km-amagat layer of the atmosphere of Sat-
urn, and that at wavelengths below 200 nm the results are relevant to even
thinner layers as the Rayleigh scattering cross section increases. A positive
aspect of ultraviolet remote sensing is that the results may be applied with
some confidence to a well-defined region of the atmosphere, without confu-
sion from lower altitudes. Furthermore, Rayleigh scattering is a tractable
problem which does not introduce multiple free parameters into models, in
contrast to other types of scattering. The negative aspect of remote sensing by
ultraviolet spectroscopy is that there is no information about lower altitudes in
the atmosphere.

Above 200 nm wavelength, most of the observed gases on Saturn (with
the exception of NH3) do not have well-defined absorption features. Rather, if
they are active spectroscopically above 200 nm, they generally have very
broad features, typically several tens of nanometers wide. For example, PH;
has recently been determined (D. Judge, personal communication, 1981) to
have a broad absorption maximum that peaks near 190 nm and decreases
monotonically to near zero at 230 nm. Winkelstein et al. (1983) have re-
cently used this feature to choose between two contradictory estimates of the
vertical distribution of PH; in Saturn’s atmosphere derived from infrared
observations.

The first of these estimates is by Courtin (1982a), who reduced Voyager
infrared observations near 10 um (see Sec. 11.D). He derived a mixing ratio
PH3/H, = 2.0 X 1079, which persists from low altitudes up to a pressure level
of 4 mbar (0.4 km-amagat H,) with essentially no PH; above this level (see
Fig. 6). However, when this amount of PHj is incorporated into an ultraviolet
reflectivity model it fails to match the observations, in this case from IUE.
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Fig. 6. Vertical distributions of the volume mixing ratios as a function of pressure for CHy,
CH3D, CH,, CyHg, PH3, and NH3. The C;H; and CyHg values are retrieved for both north-
ern and southern hemispheres from a selection of 512 spectra in the north (see Fig. 9) and 244
spectra in the south. The PH3, CH4, and CH3D mixing ratios are derived from the north hemi-
sphere spectra only. NH3 distributions are calculated following the saturation law using ther-
mal profiles retrieved from northern and southern hemisphere spectra (adapted from Courtin
1982a). Also shown are two PHj profiles derived by Tokunaga et al. (1980c,19815) denoted
here as T1 and T2 to distinguish them from the Courtin (1982a) profile denoted as C.

The disagreement is considerable as shown in Fig. 7. It is not possible to put
that much PH;, with an absorption cross section of ~ 10718 cm? at 206 nm, that
high in the atmosphere of Saturn, without causing too much absorption.

The second estimate by Tokunaga et al. (1980c¢,1981b) resulted in two
suggested profiles also shown in Fig. 6. These profiles were derived using a
thermal structure model together with groundbased observations of PH; at
wavelengths near 10 um that were very similar to the Voyager infrared data.
However, these profiles, while similar in the troposphere, are very different in
the stratosphere from the results of Courtin (1982a). The Tokunaga et al.
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Fig. 7. IUE observations of Saturn (solid line) from Winkelstein et al. (1983) compared to an
atmospheric model (broken line) containing the PH3 vertical distribution of Courtin (1982a)
shown in Fig. 6 (figure reproduced from Winkelstein et al. 1983).

(1980c¢,1981b) profiles have in particular much less PH; above the 100-mbar
level than does the Voyager infrared profile of Courtin (1982a), and they have
as much or more PH; at lower levels. Both of the profiles by Tokunaga et al.
(1980¢,1981b) are moreover consistent with the ultraviolet results because
the PH; in the stratosphere for these profiles is sufficiently depleted that
Rayleigh scattering from H, accounts for the observed reflectivity at 210 nm.

What is the reason for the differences between these two estimates? The
infrared observations on which both estimates are based must be simulated by
integrating the thermal emission of the atmosphere over a physical distance
that is more than an order of magnitude greater than the effective altitude
range of the ultraviolet observations. In this larger region, the vertical tem-
perature gradient changes sign (see Fig. 1) so the integrated emission as seen
from space includes segments where specific PH; transitions are seen in ab-
sorption and other segments where the same transitions appear as emission
features. It can be difficult to infer uniquely the molecular distribution from
the integrated line-of-sight infrared emission in this circumstance. Perhaps the
differences between the candidate PH; distributions evident in Fig. 6 result
from this lack of a unique solution to the infrared inversion problem. Ultravio-
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let observations have no such ambiguity and since the estimates by Tokunaga
et al. (1980c,19815b) are consistent with the IUE results these estimates are
preferred although not demonstrably optimal. In particular, latitudinal and
seasonal changes in PH; photodissociation rates and stratospheric vertical
transport rates could lead to significant variability of the PH; vertical profile;
this would make a comparison of the Courtin (1982a) and Tokunaga et al.
(1980¢,1981b) results that refer to different times and different parts of the
planet much more difficult to interpret. Strong seasonal changes in tempera-
ture are observed in the upper troposphere (e.g., Conrath and Pirraglia 1983)
and predicted in the stratosphere ( Carlson et al. 1980).

The data in Figs. 7 and 8 were obtained by IUE in 1979 and 1980. Ear-
lier observations from 1969 and 1970 with the OAO-2 were reported by Cald-
well (1977b, Fig. 6 therein). The earlier data covered a similar wavelength
range (200—350 nm) but the results were qualitatively different from those of
the TUE. The OAO-2 data showed an albedo maximum at 250 nm, below
which it quickly dropped by ~ 15%. It then maintained a level plateau to
~ 210 nm and dropped sharply at shorter wavelengths.
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Fig. 8. IUE observations of Saturn (solid line) from Winkelstein et al. (1983) compared to an
atmospheric model (broken line) containing the C;H; and C,Hg vertical distributions of Cour-
tin (1982a) shown in Fig. 6, as well as a trace of H>O. Auroral emission from H; at 1600 A has
not been removed from the observations (figure reproduced from Winkelstein et al. 1983).
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It has previously been impossible to evaluate the significance of this dif-
ference, because one data set (OAO-2) included light from the rings which
had to be removed by a model-dependent process, and the other data set was
independent of ring effects. In the earlier work, the ring reflectivity was sim-
ply assumed to be flat, following the expected reflectivity of H,0 ice between
200 and 300 nm (Pipes et al. 1974). However, there was no way to confirm
this model independently for Saturn’s rings in the ultraviolet until recently.
Now, preliminary reduction of as yet unpublished spatially resolved IUE spec-
tra of Saturn’s rings indicates that the ring reflectivity is indeed very flat be-
tween 200 and 300 nm. This in turn suggests that Saturn’s albedo near 200 nm
is intrinsically variable. Such variability could be due to a changing vertical
distribution of a minor constituent in the atmosphere. The effect could be sea-
sonal since the two epochs of observation differ by ~ 10 yr which is ~ 1/3 of
Saturn’s year.

Visual inspection suggests that the onset of the short wavelength absorp-
tion in the OAO-2 data occurs at a wavelength (250 nm) that is too long to
be associated with PH;. These data have been modeled approximately
with a hypothesized altitude-independent mixing ratio of (H,S]/[H,] = 1.4
X 1078 (Caldwell 1977b). Unfortunately, no attempt has yet been made to
model the ultraviolet characteristics of an atmosphere with depletion of H,S
toward higher altitudes. If observable amounts of H,S are indeed present on
Saturn, such high-altitude depletion would certainly be expected due to
photodissociation.

Turning now to other species, Caldwell (1977b) has shown that there is
no evidence for the characteristic predissociation bands of NH; near 210 nm
in high-resolution data from the TD1A satellite. The IUE data shown in Figs.
7 and 8 also provide no indication of an NH; influence. This is consistent with
the vertical NH; distribution shown in Fig. 6. Indeed, there are in fact no
identifiable molecular absorptions in the IUE data longward of 200 nm. The
IUE data do, however, extend below 200 nm where there is strong evidence
for high-altitude absorption.

Moos and Clarke (1979) were the first to explore the region below 200
nm, identifying the prominent absorption bands of C,H, (acetylene) between
170 and 190 nm. Clarke et al. (1982) later showed that C,H, absorption is
stronger on Saturn than on Jupiter. They attempted in particular to model the
Saturnian albedo with a homogeneous mixture of C,H,, but found it difficult
to match the observed depths of the absorption peaks with any value of the
mixing ratio. They suggested that the absorption coefficients they were using
might not be accurate and since the comparison laboratory observations were
made at room temperature, this is certainly a plausible source of error.

Winkelstein et al. (1983) have also modeled the region below 200 nm.
They began with the vertical distributions of C,H, and C,Hg determined by
the Voyager infrared data discussed in Sec. II.D, but excluded PH; as dis-
cussed above. With the C,H, providing absorption between ~ 170 and 200 nm
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and the C,Hg absorbing below 160 nm, the Voyager-derived abundances and
vertical distributions of these gases shown in Fig. 6 are consistent with the
IUE data. However, an additional major absorber is required at wavelengths
below 180 nm to bring the model albedos down to the level of the IUE albedo
observations; this conclusion is in basic agreement with the work of Clarke
et al. (1982).

In an effort to identify the above additional absorber, Winkelstein et al.
(1983) tried various hydrocarbons, including C4H, and C;H,, and also frosts.
For various reasons, each were unsatisfactory alone to make the model agree
with the observations (note that mixing ratios of ~ 10™? for gases like C4H,
and C;H, are not precluded by IUE data). These workers also tested to see
whether H,O vapor could be the unknown absorber. In particular, they found
that a column abundance of 6 X 103 cm-amagat of H,O at the top of the at-
mosphere, together with C;H, and C,Hg, produced the relatively good fit to
IUE data shown in Fig. 8. This amount of H,O does not violate spectral con-
straints at longer wavelengths; however, it is very unlikely that any H,O from
the interior is mixed upward through Saturn’s very cold tropopause (T
~ 80 K). If H,0 does contribute to the ultraviolet spectrum of Saturn, an ex-
ternal oxygen source is strongly suggested (which is why the H,O was placed
at the top of the above model). Perhaps icy particles from the rings and the
inner icy satellites are the required source. Further, an external source of oxy-
gen has been suggested to explain the infrared detection of CO, on Titan (see
chapter by Hunten et al.).

Finally, we note that the observations of Saturn in the ultraviolet accom-
plished to date do not represent the limit of what can be learned from this
spectral region. No spatial resolution across the disk has been achieved; the
spectral resolution has been low (generally ~ 1 nm) and the noise level has
been typically high. In all these areas we can expect major improvement when
the Space Telescope is launched later in this decade. Many questions concern-
ing the nature and distribution of upper atmospheric species may then be an-
swered with much greater certainty than is now possible.

D. Infrared Spectroscopy from the Voyagers

One of the objectives of the Voyager infrared investigation was to deter-
mine the atmospheric composition of the giant planets and of Titan (Hanel et
al. 1977). The Voyager infrared interferometer spectrometer (IRIS) has been
described by Hanel et al. (1980). The Michelson interferometer was designed
to cover the spectral range 200—4000 cm™! with a spectral resolution of 4.3
cm™!. In practice, the useful range is limited by the fast decrease of the plane-
tary thermal emission at the higher wavenumbers up to ~ 2500 cm™! for Jupi-
ter and to 1500 cm™! for Saturn, although for Saturn some information can be
obtained at 2000 cm™! from an average of several thousand spectra.

The Voyager IRIS measurements provide significant advantages over
previous infrared groundbased and airborne data. First, the wide spectral
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range of IRIS allows a simultaneous retrieval of temperature structure and
composition, thereby eliminating uncertainties due to temporal or spatial
variations or due to the use of a temperature model. Second, the absolute cali-
bration of the spectra is much more accurate than for groundbased measure-
ments (Hanel et al. 1980). Third, because of the high spatial resolution, a
large number of spectra can be obtained at various locations on the disk of the
planet, thus allowing the reliable detection of spatial variations. This third ad-
vantage, although fully exploited during the analysis of the Jupiter IRIS data
(Conrath et al. 1981a; Flasar et al. 1981qa; Gautier et al. 1981,1982; Marten
et al. 1981; Kunde et al. 1982) is, however, less exploitable in the case of Sat-
urn. This limitation is caused by the necessity for averaging many Saturn
spectra in order to improve the signal-to-noise ratio (since the thermal emis-
sion of Saturn is weaker than that of Jupiter). Below 600 cm™!, however, the
signal-to-noise ratio is sufficiently large to permit analysis from a small num-
ber of spectra. Significant spatial resolution is thus available for the derived
thermal structure (Hanel et al. 1981a,1982; Pirraglia et al. 1981; Conrath
and Pirraglia 1983) and the H to He ratio (Hanel et al. 1981a; Conrath et al.
1983).

For the determination of the abundance of very minor constituents, the
highest possible signal-to-noise ratio (and thus the addition of as many spectra
as possible) is desirable. However, Courtin et al. (19825) conclude, for rea-
sons detailed below, that the data from the northern and southern hemispheres
of Saturn must be analysed separately. An average of 512 individual spectra
in the northern hemisphere, recorded between 200 and 1450 cm™! is shown in
Fig. 9. In the 200—700 cm™! range, the main opacity is due to the pressure-
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Fig. 9. Average of 512 individual Voyager 1 IRIS spectra selected from the northern hemisphere
of Saturn between 10° and 30°N (from Courtin 1982a).
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Fig. 10. Comparison of north and south polar IRIS spectra of Saturn. The upper spectrum is an
average of 33 individual Voyager 2 spectra acquired at about 78°N. The lower spectrum is an
average of 30 individual Voyager | spectra grouped at 70°S and 88°S. The mean emission an-
gle for the north polar spectrum is 59° while that for the south polar spectrum is 76° (from
Hanel et al. 1982).

induced absorption arising in the collisions between H, and H, molecules, and
H, and He molecules (Birnbaum 1978; Birnbaum and Cohen 1976). In par-
ticular, the S(0) and S(1) lines centered at 354 and 588 cm™!, respectively,
appear in absorption on spectra located at mid-latitudes in both northern and
southern hemispheres. They also appear in emission for high emission angles
in the southern hemisphere, evident in Fig. 10, and in this case they provide
information on the lower stratospheric temperature.
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The pure rotational lines of NH; corresponding to / =9 and J = 10 ap-
pear as weak absorption features at ~ 197 and 217 cm™!. The »5 band of C,H,
centered at 729 cm™~! and the v, band of C,Hg at 821 cm™! are clearly seen in
emission (from the stratosphere). Above 900 cm™!, the absorption is domi-
nated by the v, and v, bands of PH; centered at 992 and 1118 cm™!, respec-
tively, while the core of the v, band of CH, appears in emission around 1305
cm™ L,

The strategy used to infer the gas distributions from the IRIS data (Cour-
tin 1982a; Courtin et al. 1983 b,¢) first involves the determination of the H to
He ratio from the 200—600 cm™! range (see Sec. II.F). Then, using the de-
rived value of the H,/He ratio, the tropospheric thermal profile is retrieved by
means of inversion techniques (Gautier et al. 1977b; Conrath and Gautier
1980) from the 200—600 cm™! range. Similarly, the stratospheric thermal
profile is retrieved from the core of the v, band of CH, at 1305 cm™!, for a
given value of the CH, mixing ratio. After the complete temperature profile is
thus established, the gas abundances are determined from a best-fit approach
by comparing the observed spectrum with the spectra calculated using the re-
trieved temperature profile and various assumed gas distributions. The strong
asymmetry between the temperature profiles in the northern and southern
hemispheres (Hanel et al. 1981a,1982; Pirraglia et al. 1981) necessitates sep-
arate consideration of the spectra in the two hemispheres. Courtin (1982a)
selected, in particular, 512 spectra between 10°N and 30°N and 244 spectra
between 20°S and 70°S. This represents only a fraction of the total number of
available spectra, so the results obtained by Courtin (1982a) should be re-
garded as preliminary and subject to future revisions. With these general com-
ments as a suitable preface, we will now discuss the derived results for minor
constituents under a few convenient headings.

1. Distributions of C,H,, C;Hg and PH;. The vertical profiles of the
PH;, C,H, and C,H¢ mixing ratios derived by Courtin (1982a) are shown in
Fig. 6. The sharp decreases in the mixing ratios of C,H, and C,H¢ below the
20 to 50 mbar pressure levels shown in Fig. 6, provide the best fits to the
observed profiles in the wings of the v band of C,H, and the vy band of C,Hg.
These decreases are also consistent with the photodissociation of methane
producing these hydrocarbons at high altitudes as discussed in Sec. III.

The best agreement in the Q branches of the observed bands of PHj is
obtained with a distribution strongly depleted above the 3 to 9 mbar pressure
level. As already noted and discussed in Sec. 11.C, this profile differs mark-
edly from the PH; profile of Tokunaga et al. (1980¢,19815) in the strat-
osphere. The tropospheric values of the PH; mixing ratio obtained by Courtin
(1982a) and Tokunaga et al. (1980¢,1981b) are, however, in reasonable agree-
ment and both suggest a P/H ratio significantly higher than the value corre-
sponding to solar composition (Cameron 1982). This result suggests that the
P/H value in the deep interior is also larger than the solar-composition value.
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An important difference is evident between the abundances of C,H, and
C,Hg in the northern and southern hemispheres. Error analyses show that the
observed difference cannot be attributed to a thermal structure effect in spite
of the uncertainties in the retrieved stratospheric temperatures. The produc-
tion of hydrocarbons seems thus to be different in the stratospheres of the
northern and southern hemispheres; perhaps this is a result of seasonal
effects. Further analyses of the IRIS data are in progress. Of particular con-
cern are the latitudinal variations of C,H, and C,Hg, the detection of possible
additional minor components, and the study of the upper tropospheric clouds.

2. Detections of NH;, C;H,; and C;Hg. The weakness of the spectral
features of NH; at 200 cm™! undoubtedly results from the strong depletion of
NH; by condensation in the Saturnian upper troposphere as a consequence of
low temperatures. A reasonably good fit to the NHj lines is obtained in the
northern hemisphere by using the relevant retrieved thermal profile together
with an NHj vertical distribution calculated according to the saturation law. It
1s not necessary to introduce an additional continuum opacity in the ~ 50 um
wavelength region as was the case for cloudy regions of Jupiter (Marten et al.
1981). On the other hand, the situation is somewhat obscure for the southern
hemisphere where the relatively low signal-to-noise ratio of the average spec-
trum prevents firm conclusions. Analyses based on a larger number of spectra
are in progress.

From presently available results by Courtin (1982a) we conclude that the
NH; vertical distribution in the upper troposphere of Saturn seems to follow
the saturation law, at least in the northern hemisphere (a result also consistent
with the ultraviolet observations discussed in Sec. I1.C). Also there is no evi-
dence of any infrared absorption due to clouds or aerosols above the 400 mbar
pressure level. In particular, temperature profiles retrieved from IRIS data al-
low a fit to the IRIS spectra without inclusion of particulate absorbers, even in
the spectral range not used to retrieve the temperature profiles. Moreover,
synthetic spectra calculated using the Voyager 2 radio occultation ingress pro-
file at 36°5 N (Tyler et al. 1982a) agree well with the IRIS spectra recorded in
the same region using only gas-phase absorbers; this good agreement is not
obtained using the egress profile at 31°S, but agreement here would be made
even worse if nongaseous absorbers were included (Conrath et al. 1983).

At pressures > 300—400 mbar, Conrath and Pirraglia (1983) note that
the temperature gradients derived from high spatial resolution IRIS data do
not correlate with the zonal jets as expected. They suggest that this could re-
sult from erroneously ignoring the presence of particulates below the 400
mbar (100 K) level and thus causing incorrect temperature retrievals for these
deeper levels. Examination of their Fig. 1 (Conrath and Pirraglia 1983)
implies that this is a distinct possibility at latitudes except those around
25-45°N where a cloud-free zone appears to extend down to at least the 730
mbar (120 K) level. As noted above, it is at 36°5N that good agreement is
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obtained with IRIS data using the ingress occultation temperatures without
inclusion of any particulate absorbers. In summary, the IRIS data are com-
patible with the presence of particulates up to the 400 mbar level except in the
25—-45°N region; however, the evidence is indirect and no correlation between
these high-level particulates and Voyager images is observed.

As far as other weak absorption features are concerned, Hanel et al.
(1981a) tentatively identify the presence of methylacetylene (C;H,4) and pro-
pane (C;Hg) from the weak features at 633 and 748 cm ™!, respectively. Addi-
tional calculations are in progress to test this possibility.

3. Determination of CHy and of CH;D. The mixing ratios of CH, and
CH;D can be determined in principle from a best fit of the Voyager IRIS spec-
trum in the 1200—1250 cm™! and 1400-1450 cm™! ranges as was previously
done for Jupiter (Gautier et al. 1982; Kunde et al. 1982). This determination,
however, is more difficult for Saturn because of the lower signal-to-noise
ratio. The preliminary results of Courtin (1982) obtained by degrading the
spectral resolution of IRIS lead to a CH4/H, ratio of (2.0 ﬁ(‘)jg) X 1073, if we
use the most recent determination by Brown (1982) of the intensity of the v,
band of CH, (namely, 125.3 =2 cm~2 atm™! at 300 K). Some improvement
in the accuracy of the determination of the CH4 abundance is expected from
selecting a larger number of Voyager spectra but the present results already
suggest that the visible atmosphere of Saturn is substantially enriched in car-
bon compared to solar abundance (the solar abundance value as given by
Cameron (1982) would correspond on Saturn to CH,/H, = 0.84 X 1073). The
existence of this enrichment was suspected prior to the Voyager encounter
(see Table 11) but there were large uncertainties and dispersions in the perti-
nent groundbased measurements. The present result can also be compared to
the determination of the Jovian C/H ratio from Voyager (Gautier et al. 1981).
These authors derived CH,/H, = (1.95 =0.22) X 1073, using the value of
140 = 14 cm~2 atm™! at 300 K (Chedin et al. 1978) for the intensity of the v,
band of CH,. Using the aforementioned more precise determination of this
intensity (Brown 1982), the CH4/H, ratio on Jupiter is thus (2.18 = 0.16) X
107 3. These observed enrichments in carbon in both Jupiter and Saturn favor
nonhomogeneous formation models for these giant planets involving accre-
tion of solid planetesimals from the primordial nebula (see e.g., Hubbard and
MacFarlane 1980a; Gautier et al. 1981).

The preliminary results of Courtin et al. (19835) on the Saturn CH;D/H,
ratio, obtained by analyzing the observed Voyager spectra in the 1100-1200
cm~! range, indicate a value of (2.6 %) X 10~7. The resulting D/H ratio in
Saturn is thus D/H = (2.6 114) x 1077/[(2.0 £)3) x 1073 x 4f] = (2.472%)
X 1073 assuming the fractionation factor f = 1.37 as derived by Beer and
Taylor (1973, 1978) for Jupiter. This result is close to the determination of the
D/H ratio by Fink and Larson (1978) from groundbased measurements of 2 X
1073, and also to the D/H value on Jupiter derived by Kunde et al. (1982)
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from Voyager of (3.2 t?:gs) X 1073 after correcting for the revised value of the
CH,/H, ratio mentioned above.

The cosmological implications of the determination of the D/H ratio in
the giant planets are considerable, in particular for the big-bang theory as dis-
cussed by Kunde et al. (1982) and Gautier and Owen (19834). The observed
D/H values on Jupiter and Saturn provide a value for the deuterium abun-
dance in the primitive solar nebula. Through models of the chemical evolution
of galaxies, it is then possible to obtain an estimate of the deuterium abun-
dance at the time the universe was created, and thus, through the big-bang
theory, a value for the ratio of baryons to photons in the universe. The baryon
density so derived is insufficient to close the universe. However, current esti-
mates of the helium abundance at the time of creation do not lead to the same
baryon density as that derived from the deuterium abundance unless a destruc-
tion of deuterium much stronger than commonly envisaged has occurred be-
tween the times of the creation of the universe and the formation of the solar
system. This difficulty could question the validity of the standard model of the
big-bang theory (Gautier and Owen 1983a).

E. Ultraviolet Spectroscopy from the Voyagers

Voyagers 1 and 2 carried two instruments relevant to ultraviolet wave-
lengths: the UVS experiment (Broadfoot et al. 1981; Sandel et al. 1982) and
the photopolarimeter (Lane et al. 1982b). The UVS experiment detected
emissions from H, He, and H,, and CH, concentrations were inferred from
absorption of 1200 A light from the ultraviolet star 8-Scorpii occulted by Sat-
urn at the time of Voyager 2 encounter. The photopolarimeter had a channel at
2640 A that is useful in probing particulate concentrations and properties in
the upper atmosphere. We will not discuss these experiments here (although
the UVS in particular is relevant to any discussion of Saturnian composition
and chemistry) since chapters by Atreya et al. and Tomasko et al. will address
these Voyager observations and their relevance to the upper atmosphere and
ionosphere and to the Saturnian clouds.

F. The Hydrogen-to-Helium Ratio

The determination of the H/He ratio in the atmosphere of Saturn is cru-
cial for understanding the internal structure of the planet (see chapter by Hub-
bard and Stevenson) as well as for its possible cosmological implications (dis-
cussed briefly in Sec. II.D). Basically, two hypotheses can be envisaged. In
the first, hydrogen and helium are uniformly mixed throughout the whole in-
terior of the planet and in this case a measurement of the helium abundance in
the outer atmosphere provides a determination of H/He in the primitive solar
nebula. Alternatively, the present visible atmospheric helium abundance on
Saturn may differ from the planet’s bulk composition because helium has dif-
ferentiated from hydrogen in the interior during the planet’s evolution. In par-
ticular, over a range of temperature and pressure relevant to Saturn’s interior,
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helium and hydrogen could become immiscible and droplets of helium thus
migrate towards the center of the planet. This would lead to an enrichment of
the deep interior and to a depletion of the outer atmosphere in helium. In such
a case, minor components could also be redistributed within the interior
(Stevenson and Salpeter 1977a,b).

Since the results of the Voyager measurements are consistent with a uni-
form mixing of hydrogen and helium within Jupiter (Gautier et al. 1981), a
comparison of the Saturn Voyager He/H measurement with that of Jupiter
permits a discrimination between the above two possible hypotheses. The de-
termination of the Saturn helium abundance is, however, somewhat more
complicated than Jupiter’s for reasons explained below.

As for Jupiter, two methods for determining He/H are available. The first
method involves comparing IRIS spectra to synthetic spectra calculated using
thermal profiles derived from radio-occultation measurements and various as-
sumed values of the H/He ratio. The true value of the ratio is that which pro-
vides the best fit to the observed spectrum (Gautier et al. 1981) in the range
where the absorption is due to hydrogen and helium only. For Saturn this
range is theoretically from 200 to ~ 700 cm™! but it is usually limited to
200 to ~ 600 cm™! by the experimental noise (cf. Fig. 10). This is a broader
interval than on Jupiter where the spectral range 200-280 cm™! cannot
be used because of the presence of significant gaseous NH; opacity in this
region relative to Saturn. The calculated spectra are highly sensitive to the
H/He ratio since the retrieved temperature and pressure are directly pro-
portional to the mean molecular weight and thus to the hydrogen mole frac-
tion g. Moreover, a change in g results in changes in both the temperature
profile and the atmospheric transmission which act in the same sense. This
method is thus very sensitive for the determination of the H/He ratio but
it requires a high accuracy in the radio occultation temperature profiles that
are obviously limited to only two points on the planet (Voyager spacecraft
ingress and egress).

The second method is far more subtle and deserves some explanation for
the case of Saturn. Initially proposed by Gautier and Grossman (1972), this
method takes advantage of the different spectral dependences of the H,—H,
and H,—He absorption coefficients in the far infrared range (see Fig. 11).
Within the broad S(0) and S(1) lines of the H, spectrum, several wavelength
ranges exist wherein the observed radiances come from essentially the same
atmospheric temperature levels and thus for which the atmospheric opacities
must be the same. The corresponding calculated opacities depend upon the
hydrogen mole fraction g and they are equal only for the true value of gq.
These opacities are determined by an inversion method described in Gautier et
al. (1981) which provides a set of thermal profiles for various values of q. The
best fit to the observed spectrum yields the best estimate of the thermal profile
and the best estimate of q.

Since a large number of spectra were obtained by the IRIS Voyager ex-
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Fig. 11. Pressure-induced absorption coefficients k for hydrogen-hydrogen collisions and
hydrogen-helium collisions at Saturn-like temperatures (top) and Jovian-like temperatures
(bottom) as given by Gautier et al. (1981).

periment at many locations on the disk of Saturn and with high spatial resolu-
tion, the second method described above permits us to infer in principle a
large number of independent estimates of ¢, which after averaging consider-
ably reduces the effects of random errors. This was the main advantage of the
second method for He/H compared to the first (radio occultation) method in
the case of Jupiter. Systematic errors may however still exist with the second
method, mainly due to the presence of aerosols or to uncertainties in absorp-
tion coefficients.

The fact that the whole 200—600 cm™! range is available to infer g by the
second method is an advantage for this method on Saturn compared to Jupiter
since from Fig. 11 the H,—He absorption coefficients predominate over the
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H,—H, coefficients below 300 cm™! which obviously improves the sensitivity

of this method for the determination of ¢g. However, some disadvantages also

exist compared to the Jupiter case. First, as evident in Fig. 11 the strengths of

the S(0) and S(1) lines at their formation temperatures on Saturn exhibit a

much smaller contrast than at Jovian temperatures. This behavior is amplified

by the small temperature lapse rate at the relevant levels of Saturn’s atmo-
sphere. As a result, the spectrum is rather flat in the range of the cores of the

S(0) and S(1) lines (see Figs. 9 and 10) making it more difficult to retrieve the

H,/He ratio independently from the thermal profile. In other words, the re-

trieval of g is more dependent for Saturn than for Jupiter on the initial guess

used to start the inversion process. This is a serious limitation on the accuracy
of the method for Saturn. A second disadvantage is the absence of emission at

5 pwm and the weakness of the NH; absorption at 50 um which precludes an

easy discrimination of cloud areas from clear areas as was possible for Jupiter

(Marten et al. 1981; Kunde et al. 1982). The presence of any infrared opacity

due to aerosols which was not taken into account in the inversion process,

would lead to an erroneous value of the helium abundance. Fortunately, as
mentioned in Sec. II.D there is no obvious evidence of solid particle absorp-
tion in the IRIS spectra of Saturn so this disadvantage may be minor. A third
disadvantage is that the theoretical calculations of the H,—H, and H,—He ab-
sorption coefficients assume that the hydrogen ortho-para ratio is determined
by equilibrium at the local temperature. In the conditions of Saturn’s atmo-
sphere, as analyzed by Massie and Hunten (1982), a significant departure
from equilibrium could occur in the upper troposphere. Introducing this de-
parture into the opacity formulation would lead us to derive a smaller helium
abundance from Voyager data than that derived with the “equilibrium” for-
mulation. As a consequence, the helium abundance could then be very small
or even negligible. However, a comparison of the shape of IRIS spectra at the

Voyager 2 ingress occultation point located in the northern hemisphere, with

spectra calculated using the radio-occultation temperature profile obtained by

Tyler et al. (1982a), seems to exclude a significant departure from the equi-

librium state for the ortho-para ratio in Saturn’s upper troposphere (Conrath

et al. 1983).

Taking into account the above considerations, the analysis of Voyager
data by Conrath et al. (1983) leads to the following conclusions:

1. The relative abundance of hydrogen by volume in Saturn’s outer atmo-
sphere derived from the radio-occultation method is (including all random
and systematic errors) ¢ = 0.932 £ 0.025 where q is specifically defined
as the ratio of the number density of H, to the number density of H, plus
He. The corresponding helium mass fraction y is related to g by y = (1 —
@)/(1 — 0.59) = 0.13 %= 0.04 (for Saturn). This result assumes an uncer-
tainty of = 2 K on the accuracy of the Voyager 2 radio-occultation ingress
profile at a latitude 3625 N (Tyler et al. 1982a). The value obtained from
the inversion method, using the radio-occultation profile as an initial
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guess, is very close to 0.135. All these results have been obtained from
data located in the northern hemisphere (the interpretation of southern
hemisphere data is not yet complete). The present determinations are com-
patible with the values ¢ = 0.9 = 0.03, y = 0.18 % 0.05 derived by Orton
and Ingersoll (1980) by combining Pioneer 11 broadband radiometer mea-
surements and radio-occultation data, particularly since the latter results
did not include any possible systematic errors.

2. The present derived value of y = 0.135 = 0.045 for Saturn is significantly
less than both the estimated helium abundance at the birth of the universe
(y = 0.21 to 0.22) and the helium abundance on the Sun for which y =
0.22 seems reasonable (for a detailed discussion see Gautier et al. [1981]
and Conrath et al. [1983]). There is a slight overlap of the Saturn value
with the Jovian value (Gautier et al. 1981) since a Jovian y value as low as
0.17 is possible once we take into account the final error bars on the radio-
occultation profile given by Lindal et al. (1981). However, values of y in
Jupiter < 0.18 to 0.19 would imply a depletion of helium in the outer at-
mosphere compared to its solar abundance. This would result in a pre-
dicted outward flux of internal energy from Jupiter greater than that deter-
mined from Voyager data (Hanel et al. 1981b). The present measured
luminosity of Jupiter is in fact in very good agreement with the predictions
of homogeneous evolutionary models of Jupiter. However, these models
do not agree with the observed luminosity of Saturn which requires an ad-
ditional source of internal energy. This additional source couid be provided
by the migration of helium droplets towards the center of the planet (Ste-
venson 1980). Helium differentiation would also provide an explanation
for the low He abundance measured in Saturn’s visible atmosphere and
perhaps for the observed characteristics of its magnetic field (Stevenson
1980).

G. Cloud Composition

Saturn’s internal energy source and its infrared opacity ensure that there
is a strong temperature gradient and convection between the interior and a
pressure level ~ 1 bar. Given the presence of NH; (and presumably of H,S
and H,O as well) one therefore expects to find a series of condensation
clouds, the bottoms of which occur where these volatile substances reach their
respective saturation vapor pressures over solid or liquid phases. Cloud parti-
cles are also mixed upward from the level at which they form to altitudes de-
termined by the particle sizes and by the vigor of the convective motions. In
this section we will address observations relevant to cloud composition; a de-
tailed discussion of the structure and physics of the clouds is provided in the
chapter by Tomasko et al.

Theoretical models based on thermochemical equilibrium discussed in
Sec. III suggest that the outermost cloud layer on Saturn consists of solid NH;
particles with a base for these clouds at a pressure ~ 1.4 bar in a solar-
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composition atmosphere. If, as discussed in Sec. II.E, these clouds extend up
to the ~ 0.4 bar pressure level, then they will be much thicker than the corre-
sponding NHj clouds on Jupiter. However, the evidence supporting this sim-
ple concept of a thick NH; cloud on Saturn is somewhat equivocal.

There are a number of observations which provide indirect evidence for
the presence of NH; clouds. Both ultraviolet observations near 210 nm (Cald-
well 1977b; Combes et al. 1981) and infrared observations from 40 to 50 um
(Hanel et al. 19814, Fig. | therein) indicate that the gas phase NH; abundance
is much reduced on Saturn with respect to Jupiter. The most straightforward
explanation for this difference is that most of the NH; in Saturn’s visible at-
mosphere is in a condensed phase. Witteborn et al. (1981) have observed ab-
sorption features on Saturn at 6.3 and 7.1 um, which could be compatible
with either gaseous or solid NH; (see Fig. 12). Fink et al. (1983) have inter-
preted absorptions seen in high-resolution spectra of Saturn at ~5.3 um as
due to gaseous NH; together with a small amount of solid NH;. Gillett and
Forrest (1974) observed that Saturn has a broad absorption feature at 9.4 um
and suggested that solid NH; might be the cause. Caldwell (1977a) was able
to model this feature quantitatively as solid NH; absorption, but pointed out
that various published absorption coefficients were very different from each
other. This led to the suggestion that the conditions of formation of solid NH,
could influence its observable spectral properties, and that one must be care-
ful to use formation conditions in the laboratory which correspond closely to
the planetary conditions that are being investigated.

An alternative explanation of the 9 to 11 um spectral region has been
given by Tokunaga et al. (1980c¢,1981b) who observed Saturn with a spectral
resolution that was an order of magnitude higher than that of Gillett and For-
rest (1974). The later investigators found clear evidence for seven spectro-
scopic features of the v, fundamental vibration-rotation band of PH; within
the spectral range of their observations (10.0 to 10.7 um). They were able to
achieve a good fit to the low-resolution data of Gillett and Forrest (1974) from
9 to 11 um using only gas phase PH; absorption. Gillett and Forrest also rec-
ognized this possibility qualitatively. The broad feature at 9.4 pm is due en-
tirely to overlapping P- and R-branch lines of the v, and v, fundamental bands
of PH; at 10.1 and 8.9 um, respectively, in this interpretation.

The gaseous PH; model of Tokunaga et al. (1980¢,19815b) removes the
absolute requirement for absorption by solid NH; particles on Saturn at 9.4
um, but the two models are not mutually exclusive. The PH3;/H, mixing ratio
for Saturn derived by Tokunaga et al. (1981b), of 0.8 — 1.6 X 107, exceeds
the value for that ratio found by Tokunaga et al. (1979) for Jupiter by a factor
of 4 and also exceeds the value corresponding to the solar elemental mixing
ratio by a factor of 1.2 — 2.4. A compromise model, with the two sources of
opacity each contributing partially to Saturn’s spectral character near 10 um,
could therefore reduce the amount of PH; required by Tokunaga et al. (1980c,
1981b) and bring Saturn’s PHs/H, ratio closer to that of Jupiter.
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Fig. 12. Saturn’s refiectivity observations from Kuiper Airborne Observatory communicated by
Witteborn. This figure has a modification in the ordinate scale compared to a similar figure
published by Witteborn et al. (1981). The reflectivity scale used here is equivalent to geometric
albedo so that thermal emission by CH4 near 8 um leads to a reflectivity which exceeds unity.

A serious objection to the NH; cloud model was first raised by Martin et
al. (1976). They pointed out that Saturn is bright at 3.0 um (Fig. 12) (see
Larson et al. 1980) in apparent conflict with various laboratory spectra of
solid NH; that show a strong absorption band at this wavelength. Mindful of
this dilemma and of the caution recommended by Caldwell (1977a) on possi-
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ble intrinsic variance of solid NH; spectra, Slobodkin et al. (1978) made lab-
oratory observations of the 3-um spectrum of solid NH; that had a thermal
history similar to that expected for cloud particles on Saturn. In particular,
they found that for a sample formed at 150 K, the strong 3-um feature was
shifted to 3.29 um, and that subsequent cooling to 100 K did not produce
further wavelength changes. This cooling sequence was designed to mimic the
formation of NHj; cloud particles at the cloud base followed by convective
upwelling of these particles to the higher, cooler altitudes where they are visi-
ble. According to Slobodkin et al. (1978) the 3-um absorption feature of solid
NHj; is not visible on Saturn because it is shifted and hidden by very strong
absorption by the v; fundamental band of gaseous CH, centered at 3.3 wm.

Later, Sill et al. (1981) showed that this wavelength shift was also found
in the ammonia hemi-hydrate, 2 NH; - H,O, formed by heating an NH;/H,O
condensate to temperatures > 146 K and then recooling. According to the
theoretical models discussed in Sec. IlI, condensation of ice crystals occurs
well below the visible clouds but it is conceivable that these ice crystals can be
convected up to the region where NH; condensation is occurring. This would
enable ammonia hydrate formation at temperatures > 146 K and thus am-
monia hemi-hydrate crystals could contribute conceivably to the reflectivity
of Saturn at 3 um. If this is the case, then NH/HS crystals which are also
predicted in the above theoretical models, should be investigated for their pos-
sible contribution to the 3-um albedo of Saturn.

In summary, there is some circumstantial evidence for the presence of
solid NH; clouds in Saturn’s atmosphere but to date there has been no unam-
biguous spectral feature observed that proves this conclusion. Further work is
needed on the reflection spectrum of solid NH; subjected to relevant tempera-
ture histories; some H,O contamination in the laboratory results of Slobodkin
et al. (1978) cannot be ruled out (Slobodkin, personal communication). The
idea that H,O and NH4HS particles can be mixed up to visible levels to com-
plicate spectral analyses (e.g., through ammonia hydrate formation) must be
explored. The degree to which laboratory frosts are valid analogues to plane-
tary clouds needs careful critical analysis; if they are not good analogues, then
laboratory measurements of particle shapes and bulk optical properties will
be needed as inputs to appropriate multiple-scattering models.

III. CHEMICAL MODELS

The atmosphere of Saturn, like that of Jupiter, is believed to be convec-
tive to great depths and to possess an adiabatic lapse rate for temperatures
below the tropopause. At sufficiently high temperatures, well beneath the vis-
ible portion of the atmosphere, the kinetic energy per molecule begins to ap-
proach the typical activation energies of thermochemical reactions and ther-
mochemical equilibrium becomes a reasonable assumption. The observations
discussed in the earlier sections suggest also that the elemental ratios of
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H:C:N:P on Saturn are close to (but not exactly equal to) the ratios expected
for a solar composition planet. In this section we will explore the implications
of an adiabatic model of thermochemical equilibrium, near-solar composi-
tion, for the deep Saturnian atmosphere. At the same time, for the upper
layers of the atmosphere we recognize that thermochemical equilibrium may
prove to be a hazardous assumption since several potentially disequilibrating
mechanisms including rapid vertical transport, photodissociation, and ener-
getic ion, electron, and neutral impact dissociation can be identified in these
upper layers. Indeed, the observed presences on Saturn of PH;, C,H, and
C,Hg at concentrations far exceeding their thermochemical equilibrium val-
ues, together with the observation of colored particulates which are not ex-
pected in equilibrium, are both clear manifestations of disequilibrating pro-
cesses on this planet. We will therefore also explore in this section the
implications of specific disequilibrium models for the visible portion of Sat-
urn’s atmosphere.

A. Thermochemical Equilibrium Models

Models for the origin of Saturn in the primitive solar nebula fall into two
general categories: a one-step process involving simultaneous collapse of both
nebula gases and grains due to gravitational instability forming the planet di-
rectly, or a two-step process involving accumulation of a massive solid pre-
planetary core followed by hydrodynamic collapse of nebula gases onto this
core. Both models presumably lead to a planet that is sufficiently massive
that it survives the subsequent dissipation of the nebula and prevents signifi-
cant escape of even the lightest element H over geologic time. Since the one-
step model can also subsequently capture solid material, both models lead to
the prediction that the bulk composition of Saturn is similar to that of the
nebula with varying degrees of enhancements of the condensible elements.
The magnitude of the possible enhancement can be gauged from the work of
Stevenson (1982a) who predicts that Saturn began as a rock-plus-ice core of
15-25 Earth mass compared to its total final mass of 95 Earth mass. The pos-
sible composition of such an ice-and-rock core can be gauged from the nebula
chemistry studies of Lewis (19725), Prinn and Lewis (1973), Lewis and Prinn
(1980), and Prinn and Fegley (1981); significant enhancements of both ice-
forming (O, C, N, etc.) and rock-forming (Si, Mg, Fe, S, O, etc.) elements
are plausible.

The elemental composition of the nebula has been largely inferred from
data on the composition of the Sun for the volatile elements and of type I
carbonaceous chondrites for the less volatile ones (e.g., Cameron 1973). Re-
cent estimates of elemental abundances in this so-called solar-composition
mix obtained by Cameron (1982) are given in Tabie VIII in Sec. I1.B. Models
of the giant planets which assume solar composition or near-solar composition
provide a useful basis for any discussion of the chemistry of the giant planets.

While detailed computations of thermochemical equilibrium assuming
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solar-composition and an adiabatic lapse rate are available for Jupiter (Bar-
shay and Lewis 1978; Fegley and Lewis 1979), similar calculations for Saturn
have not yet been published. The results from the above Jovian studies are
qualitatively but not quantitatively applicable to Saturn. First, the pressure at
a given temperature beneath the tropopause on Saturn is ~ 2.2 times greater
than that on Jupiter. Second (see Sec. 1I), the H, and CH,4 volume mixing
ratios on Saturn are, respectively, ~ 1.06 and 2.5 times the solar-composition
mixing ratios (the NH; and PH; mixing ratios may also be, respectively, <3
and =< 4 times the corresponding solar-composition ratios). Third, better esti-
mates are now available for some of the thermodynamic constants used in the
above Jovian calculations. Finally, the latest estimates of solar abundances
(see Table VIII) differ from those used in the Jovian calculations (also given in
Table VIII). We will therefore begin with a discussion of how the above
Jovian theoretical results should be scaled for application to Saturn.

For purposes of discussion we will assume that the CH,4/H , ratio on Sat-
urn is 2.5 times the value of 8.3 X 1074 in a solar-composition atmosphere.
The studies of nebula chemistry cited earlier suggest that enhancement of car-
bon on Saturn should be accompanied by similar enhancements in many of
the rock- and ice-forming elements. We will assume here that the ratios rela-
tive to H, of all elements other than the noble gases and carbon are either all
solar or all 2.5 times solar. The available observations of NH 3 and PH 5 imply
this is a reasonable assumption for nitrogen and phosphorus but no relevant
observations are available for the other elements.

For carbon-containing gases on Saturn, CH, is the dominant predicted
species at all temperatures 7 << 2000 K (as it is on Jupiter). On Jupiter, the
predicted next-most abundant carbonaceous gases are C,Hg when tempera-
tures 7 <900 K, and CO when T > 900 K. The relevant equilibria are

2CH, s CH, + H, (1)
CH, + H,0 < CO + 3 H, 2)

and imply that the Jovian C,H mixing ratio at a given temperature computed
by Barshay and Lewis (1978) should be multiplied by a factor of (2.5 X
1.13)2/1.06 = 7.5 for use on Saturn. For CO, the factor is 1.02 X 2.5 X
1.13/(1.063 x 2.22) = 0.5 for solar H,O and 0.5 x 2.5 = 1.2 for 2.5 times
solar H,O. The simple unsaturated hydrocarbons C,H, and C,H, are both
very minor and the equilibria

= C,H, + 2H, 3)
2CH, = C,H, + 3H, (4)

imply that the C,H 4 and C,H, mixing ratios on Saturn should be respectively
(2.5 X 1.13)2/(1.062 x 2.2) = 3.2 and 3.2/(1.06 X 2.2) = 1.4 times the
values computed by Barshay and Lewis (1978).
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For nitrogen-containing gases on Saturn, NH is predicted to dominate
at all temperatures 7 < 2000 K. The next-most abundant nitrogenous gas is
N,. The relevant equilibrium is

2NH; 2 N, + 3H, (5)

implying that the Barshay and Lewis (1978) N, mixing ratios at a given tem-
perature should be multiplied by 0.742/(1.063 X 2.22) = 0.095 and 0.095 X
2.52 = (.59 for solar and 2.5 times solar NH ; abundances respectively. A
minor nitrogenous gas is CH;NH, and the equilibrium

CH, + NH; =2 CH,NH, + H, (6)

dictates that the Jovian CH;NH, mixing ratios should be multiplied by 2.5 X
1.13/1.06 = 2.7 (solar NH3) or 2.7 X 2.5 = 6.7 (2.5 times solar NH ;).

On Jupiter, PH; gas, P,Og4 gas, and NH4H,PO, solid are the predicted
dominant phosphorus-containing compounds in the temperature ranges
2000-1000, 900-400, and 380-300 K, respectively. For 400 < T < 900 K
on Saturn the relevant equilibrium for determining the PH; abundance is

P,0s + 12H, = 4PH; + 6H,0 (7)

so that the Jovian PH; mixing ratios of Barshay and Lewis (1978) should be
multiplied by (0.81 X 1.06'2 x 2.23)14/(1.02)32 = 2 and 2/(2.5)>'* = 0.63
respectively for solar and 2.5 times solar P and H,O mixing ratios.

According to Barshay and Lewis (1978) the dominant oxygen and sulfur-
containing Jovian species for all 7 < 2000 K are, respectively, H,O and H,S;
the same result is expected for Saturn. For 1500 = 7 = 300 K the most abun-
dant gaseous halogen-containing compound expected on both Jupiter and Sat-
urn is HE. At T = 300 K, HF gas is quantitatively removed as NH4F crystals
on both planets.

Fegley and Lewis (1979) predict for Jupiter that the dominant selenium
compound at T = 500 K is H,Se gas followed closely by GeSe gas. They also
predict that the dominant germanium compound at T = 650 K is GeS gas fol-
lowed by GeH, and GeSe gases. For Saturn, the equilibrium

GeS + 3H, 2 GeH, + H,S (8)

implies that the ratio of GeH, to GeS at a particular temperature predicted for
Jupiter should be multiplied by 1.063 X 2.22/1.2 = 4.8 and 4.8/2.5 = 1.9 for
solar sulfur and 2.5 times solar sulfur, respectively. For selenium the two
equilibria

H,Se + GeS = GeSe + H,S 9)
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Fig. 13. Predicted compounds and their volume mixing ratios (mole fractions) in thermochemical
equilibrium given as a function of temperature and pressure in Saturn’s lower atmosphere (after
Fegley and Prinn 1984).

H,Se + GeH,; 2 GeSe + 3H, (10)

both indicate that H,Se will be more stable relative to GeSe on Saturn than on
Jupiter. Note that while GeH, has been observed on Jupiter, it has not yet been
observed on Saturn where it is predicted to have an even greater abundance.
Calculations based on the above considerations and including the latest
chemical thermodynamic data have recently been completed by Fegley and
Prinn (1984). The various predicted equilibrium concentrations for gases in
the deep Saturnian atmosphere are summarized in Fig. 13. It is immediately
apparent that, if chemical equilibrium applies, the only potentially observable
gases by a Saturnian entry probe penetrating to e.g. the 300 K level are H,,
He, H,0, CH,, NHj3, Ne, H,S, Ar, and HFE. The fact that we observe PH;,
C,H,, and C,Hg at even cooler temperatures in the visible part of the atmo-
sphere therefore provides direct evidence of disequilibrium chemistry.
Calculations of the expected cloud composition and vertical structure on
Jupiter assuming thermochemical equilibrium and a solar-composition atmo-
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Fig. 14. Predicted positions of cloud bases using Voyager observations of atmospheric tempera-
tures and assuming solar and twice solar NH3 on Saturn. Also shown are predicted cloud posi-
tions and concentrations using an earlier (arbitrary) temperature profile by Weidenschilling and
Lewis (1973).

sphere have been carried out by Weidenschilling and Lewis (1973); their re-
sults are shown in Fig. 14. However, their assumed mixing ratios for H,O,
CH,, and H,S were ~ 14% less than the Cameron (1982) ratios. They also
assumed a temperature 7 ~ 108 K at the pressure P = 1 bar level whereas the
subsequently observed temperature at this level was ~ 136 K;; i.e., assuming
a dry adiabatic lapse rate we have

€nP = 3.1€n(7/136). (11)

Using the Clausius-Clapeyron equation (see also Fig. 2 in Weidenschilling
and Lewis [1973]), we deduce that the pressures and temperatures at the
NH;, NH,SH, and H,O (ice or water) cloud bases in a solar or near-solar
composition atmosphere obey the approximate formula

P = 214n(T/Ty) (12)

where Ty = 150, 158, 198, 208, 252 and 262 K for solar NHj; 2.5 times solar
NH3; solar NH; and H,S; 2.5 times solar NH;3 and H,S; solar H,O and 2.5
times solar H,0, respectively. Equating (11) and (12), we thus conclude that
for solar composition the cloud bases on Saturn are at: 153 K, 1.4 bar (NH3);
211 K, 3.9 bar (NH4HS); and 280 K, 9.4 bar (H,0). For mixing ratios 2.5
times solar the bases instead lie at: 162 K, 1.7 bar (NH3); 224 K, 4.7 bar
(NH4HS); and 294 K, 10.9 bar (H,0). These levels are indicated in Fig. 14
where appropriate; we note that by using the updated Saturnian temperature
profiles the aqueous NH; clouds are much thinner.

As on Jupiter, the cloud materials predicted in equilibrium models
(namely, ammonia crystals, ammonium hydrosulfide crystals, ice crystals,
and aqueous NHj; droplets) are all colorless. The (albeit faint) colorations as-
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sociated with the belts and spots on Saturn (like C;Hq, C,H,, and PH3) must
therefore be a product of various nonequilibrium reactions which we discuss
next.

B. Nonequilibrium Phenomena

Some general considerations concerning nonequilibrium phenomena in
planetary atmospheres are provided by Prinn and Owen (1976). In general,
nonequilibrium conditions may be induced in an air parcel through the occur-
rence of irreversible chemical reactions or through the exchange of material in
the air parcel with its surroundings. The degree to which nonequilibrium ten-
dencies can prevail on Saturn is exemplified by the observation that PHj,
C,Hg, and C,H, have mixing ratios in the visible atmosphere, respectively,
some 24, 12, and 48 orders of magnitude larger than their mixing ratios pre-
dicted at the 300 K level in thermochemical equilibrium (see Fig. 13).

Prediction of concentrations of species under nonequilibrium conditions
requires solution of an inherently 3-dimensional continuity equation which
necessitates extensive knowledge of both vertical and horizontal atmospheric
motions. On all planets other than Earth we possess insufficient knowledge of
these motions to justify in general the use of a 3- or even 2-dimensional ap-
proach. One-dimensional models in which the globally-averaged vertical
transport is parameterized as a Fickian diffusion process are clearly the model
of last resort but fortunately have enabled at least first-order analyses of most
of the available observations of Saturn. In such models the continuity equa-
tion, for example, for a species with mixing ratio f; in an atmospheric region
where its chemical production is zero and its chemical destruction time 7 is
constant is

alil _ i, 9 afi
at T T ez <K[M]az)' (13

Here the square brackets denote molecular concentrations, M is any mole-
cule, and KX is the so-called eddy diffusion coefficient. In a steady-state d[i]/at
= 0 and chemical destruction is therefore exactly balanced by convergence of
the vertical flux of i. If f; is finite at large altitudes and prescribed at altitude z
= 0 the solution to Eq. (13) is

fi(2) = £,(0) exp | —z/hl
B 1 1 |\ V271
_[ s * (@ * &) ] (14)
where h is the scale height of f; and H the density scale height. If 7 <<

4H?/K then h = V K7 << H and f; decreases very rapidly with height while
if 7 >> 4H?/K then h = K7/H >> H and f; = £;(0). In other words, the
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vertical distribution of a particular species depends sensitively on both the
strength of vertical transport and on its chemical destruction rate.

In this chapter we will restrict our discussion to the chemistry of neutral
species below the turbopause. The latter level which lies at a pressure of ~ 4
% 1079 bar on Saturn (Atreya 1982) denotes the altitude above which molecu-
lar diffusion (measured by the molecular diffusion coefficient D) exceeds bulk
atmospheric motion (measured by K) for vertical transport of species. Vari-
ous a priori estimates of K on Saturn are possible. In the deep atmosphere
free convection is expected to be a dominant mode for vertical transport. If
we ignore Coriolis effects, the appropriate formula for X is

K= H(%)‘“ (15)

(=108 — 10° cm? s~!) where v is the ratio of the heat capacity at constant
volume to the gas constant, p is the atmospheric density, and ¢ is the upward
heat flux carried by the free convection (which is approximately 0.8 times the
solar constant at Saturn). By analogy with the discussion of Jupiter by Stone
(1976), we might expect in the region where solar energy is deposited on Sat-
urn (the cloud-containing region between ~ 11 bar and ~ 400 mbar) that free
convection dominates vertical transport at low latitudes while baroclinic
eddies with K given roughly by

2
K =023 1fTHRT (16)

(= 107 cm? s~!) dominate at higher latitudes. In Eq. (16) we have used values
for the Saturnian Coriolis parameter f and Saturnian atmospheric Richardson
number Ri as given by Stone (1973). Finally, above the tropopause (located
at ~ 100 mbar) we might hypothesize that transient vertically-propagating
internal waves dominate vertical transport (cf. Lindzen 1971 for Earth). For
these waves

- POy z
K—K(O)[p(z)]”?- 105exp[2H] (17)

incm?s™!, where z = 0 is the tropopause. This formula provides a reasonable
fit to estimates of K at the 30 mbar level (which we derive later {see Eq. 30])
and also at the turbopause (see Atreya 1982).

Our discussion of disequilibrium chemistry on Saturn is subdivided here
into three convenient headings: rapid vertical transport; photochemistry;
lightning discharges and other processes. As discussed by Prinn and Owen
(1976), for breaking chemical bonds there is on Jupiter ~ 103 times more en-
ergy available as solar ultraviolet radiation than as electric currents and acous-
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tic waves in lightning or as ion fluxes from the radiation belts. A similar state-
ment can be made for Saturn; the principal disequilibrating processes appear
to be the breaking of chemical bonds by photodissociation and rapid vertical
mixing of metastable species from the deep atmosphere.

1. Rapid Vertical Transport. As first noted by Prinn and Lewis (1975),
the discovery of PH 3 on Jupiter provided direct evidence that the oxidation of
this gas to P,Og¢ in the deep atmosphere must occur on a time scale well in
excess of typical vertical mixing time scales. The observation of PH; on Sat-
urn discussed earlier in this chapter leads us to a similar conclusion for Sat-
urn. In particular, referring to Fig. 13 we see that PH; in thermochemical
equilibrium attains an abundance similar to its observed abundance only at
pressures and temperatures exceeding 1000 K and 1300 bar. At lower tem-
peratures and pressures net oxidation of PH; begins. The overall reaction is

4PH; + 6H,0 — P,0¢ + 12H, (18)

and a possible mechanism for this reaction involves thermal decomposition of
PH; and H,O to yield PH and OH followed by the elementary reactions:

PH + OH — PO + H, (19)
PO + OH — PO, + H (20)

PO + PO, + M — P,O; + M Q1)
2P,0; + M — P,Og + M. (22)

An approximate method for treating disequilibration by rapid vertical
mixing has been devised by Prinn and Barshay (1977) and we can use their
method here. For purposes of discussion we will assume that Reaction (19) is
the slow or rate-determining step with a rate constant k at 7 > 1000 K of
10719 ¢m3 s71; a more definitive treatment will require laboratory studies of
the kinetics of Reaction (18) that are presently unavailable. The chemical life-
time of PHj is therefore

[PH;]
= 3
Ichem k[PH][OH] (2 )
resulting in == (4 or 11) X 10% s for T = 1250 K where we have used the
chemical equilibrium values for the concentration of OH and the ratio
[PH;]/[PH] at 1250 K and solar or 2.5 times solar H,0. This f.., value can
be compared to the time constant for vertical mixing defined by

H?2

conv K (24)



140 R. G. PRINN ET AL.

giving = 6 X 10° s (1250 K) where we have assumed a K value of 3 x 108
cm? s~! based on Eq. (15). Since fepem = feony at 1250 K, this temperature
level in the atmosphere is then the quench level for the oxidation of PH; to
P,Oq. At higher temperatures chemical equilibrium prevails. At lower tem-
peratures the mixing ratio of PH; decreases at a rate depending on the chemi-
cal scale height

PH;)t )
hchcm _ _ [ 3] chem (25)

d .
iz { PH: )k )

giving = 10 km for T = 1250 K. Since h. << H? then the solution to the
PH; continuity equation implies that the mixing ratio of PH; at T << 1250 K
remains essentially the same as that at 1250 K; in effect oxidation of PH; in
upward-moving air parcels at 1250 K is quenched by moving a distance much
less than the mixing length H. For this reason, we expect to observe PHj; in
Saturn’s visible atmosphere with an abundance appropriate to that at 1250 K,
i.e., with a ratio relative to H, of 4.9 X 1077 to 1.2 X 107 corresponding to
Saturnian P/H ratios of 1 to 2.5 times solar.

At present PH3 is the only nonequilibrium gas observed on Saturn whose
presence is interpreted as due to rapid vertical mixing from the deep atmo-
sphere. On Jupiter, CO and GeH, are observed in addition to PH; and their
presence, like that of PHs, is believed to be due to rapid mixing (see Prinn
and Owen 1976; Prinn and Barshay 1977; Barshay and Lewis 1978). In addi-
tion, Prinn and Olaguer (1981) have shown that the most abundant nonequi-
librium species expected in Jupiter’s visible atmosphere as a result of the
rapid mixing process is in fact Nj; while this gas is difficult to detect by re-
mote sensing, it is potentially detectable by the neutral mass spectrometer on
the upcoming Galileo entry probe.

On Saturn, nonequilibrium amounts of N,, CO, and GeH, are all ex-
pected to be present in the visible atmosphere. For N, the work of Prinn and
Olaguer (1981) for Jupiter can be roughly scaled for Saturn taking into ac-
count the equilibrium N, concentrations in Fig. 13. Mixing ratios for N, of 6
X 1078 to 6 X 1070 are predicted for Saturn depending on the precise values
assumed for the N/H ratio and the eddy diffusion coefficient K, and on
the presence or absence of effective catalysis of the overall N, destruction
reaction

N, + 3H, — 2NH; (26)

by metallic iron particles. For CO the Jovian results of Prinn and Barshay
(1977) when similarly scaled to Saturn imply a CO mixing ratio ~ (5—12) X
10719 (for solar to 2.5 times solar H,O) with at least a factor of three uncer-
tainty. For GeH, no quantitative studies have been carried out due to the total
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lack of kinetic data for its appropriate destruction reactions. Its observed mix-
ing ratio on Jupiter is 6 X 10710 (Fink et al. 1978). This GeH, mixing ratio is
expected on Jupiter in equilibrium at the 800 K level according to Fegley and
Lewis (1979). If we interpret this 800 K level as the quench level on both
Jupiter and Saturn, then the Saturnian equilibrium GeH, abundances in Fig.
13 imply a GeH, mixing ratio in Saturn’s visible atmosphere of ~4 X 1079,
The observed upper limit for its mixing ratio (see Sec. 1I) is, however, only
~ 10719 which appears to imply that vertical mixing rates in the deep Satur-
nian atmosphere may be an order of magnitude or so less than those on Jupi-
ter. Note that this would not affect our conclusions concerning PH3 on Saturn
given earlier; even if we decrease K from 3 X 108 cm?s~'to 3 X 105 cm?s™!
the PH; oxidation quench level only moves up from the 1250 K level to the
1100 K level and PH; from Fig. 13 is still the dominant P compound at the
latter level.

2. Photochemistry. The photochemistry of Saturn bears many resem-
blances to that of Jupiter but there are important differences which derive
principally from the lower temperatures on Saturn. We will specifically dis-
cuss here the neutral photochemistry of CH,, NH; and PH; and briefly ad-
dress the possible photochemistry of H,S. The photochemistry of H, and of
the ionosphere are discussed in the chapter by Atreya et al. Our discussion of
Saturnian photochemistry will emphasize the use of predictive models based
on reaction kinetics and those that include transport. The alternative approach
using laboratory simulations can also play a role but there are problems in this
approach which are discussed fully by Prinn and Owen (1976).

Methane photochemistry. The treatment of CH,4 photochemistry on
Jupiter by Strobel (1975) is also qualitatively applicable to Saturn. Methane is
dissociated by ultraviolet wavelengths < 1600 A with 70% attributable to the
solar H Lyman-« radiation alone. The latter radiation yields 'CH, 92% of the
time and CH 8% of the time. Subsequent reactions lead to the net production
of higher hydrocarbons including C;H, and C,H¢ in particular; as discussed in
Sec. II, both of these species have been observed on Saturn and their presence
there is directly attributable to CH,4 photodissociation. The chemical cycle for
CH, is summarized in Fig. 15 and calculations by Strobel (1978) for Saturn
assuming two different hypothesized expressions for the vertical K profile are
shown in Fig. 16. Strobel (1978) predicts mixing ratios at the 18 mbar level
(where [M] = 10'® molecule cm3) for C,Hg, C,Hy, and C,H, of 2 X 1076, 6
X 10712, and 6 X 1077, respectively. Since these predicted mixing ratios have
at least a factor of 3 uncertainty (associated with the uncertainty in K), the
agreement between these predictions and the C,Hq and C,H, observations
discussed in Sec. II should be considered good. These predicted mixing ratios
may also be compared to those predicted in thermochemical equilibrium
given in Fig. 13. In particular, the photochemical mixing ratios are not
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origin) and total molecular number density [M] (after Strobel 1978).
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Fig. 17. A summary of NHj3 photochemistry on Saturn (after Atreya et al. 1978).

equalled until 7 > 2000 K for C,H¢ and C,H; and until 7~ 1100 K for C,H,.
Since pyrolysis of these various hydrocarbons is expected at T > 1000 K, it is
apparent that downward-moving air parcels containing the photochemically
predicted mixing ratios of C,H¢ and C,H; (and to a lesser extent C,H,) will
have their C,H¢ and C,H, pyrolysed to recycle the CH, from which they were
derived. This recycling is therefore included in the Fig. 15 schematic.

Ammonia photochemistry. The photochemistry of NH; on Saturn has
been studied by Atreya et al. (1980). The important reactions are outlined in
Fig. 17 while the predicted concentrations of the various photochemical prod-
ucts as a function of altitude are summarized in Fig. 18. As expected, the
much lower temperatures at a given pressure on Saturn than on Jupiter should
severely restrict the amount of NH; gas in Saturn’s upper atmosphere; it is
largely precipitated out as NHj crystals beginning at the ~ 1.6 bar level as
seen in Fig. 14. However, Atreya et al. (1980) argue that the photons which
dissociate NH; at wavelengths < 2200 A will merely penetrate to somewhat
higher pressures (and temperatures) on Saturn than on Jupiter; a significant
amount of NH; photodissociation can therefore still proceed. This argument
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Fig. 18. Predicted mixing ratios of NH3 photochemical byproducts on Saturn are given as func-
tions of: altitude z above the cloud tops (see left-hand ordinate); and total molecular number
density and temperature (see two right-hand ordinates). Dashed lines denote calculations as-
suming NH3 and N>H4 do not condense above z = 0 and that K obeys Eq. (17) with K at z = 0
being 2 X 103 cm? s~ 1. Dotted line as for dashed line but with K = 104 cm? s~ ! throughout.
Solid and dashed-dotted lines denote calculations assuming NH3 and N;Hy4 condense above
z = 0 yielding saturation mixing ratios for both (figure after Atreya et al. 1980).

is however complicated by the fact that both PH; and colored cloud particles
will compete with NH; for absorption of the wavelengths < 2200 A. Atreya et
al. (1980) also suggest that NH; may be supersaturated in Saturn’s upper at-
mosphere. Both these assumptions provide the distinct potential for over-
estimating the rate of NH; photolysis and Fig. 18 should be interpreted with
this in mind. The principal predicted product of NH; photolysis is N, with
maximum mixing ratios between 1.8 X 10710 and 6 X 1078 with the lower of
these values applying if there is no supersaturation. Referring to Fig. 13,
these photochemical N, mixing ratios equal the thermochemical equilibrium
ratios in the 500—700 K region. Since pyrolysis of N, to recycle NH; is un-
likely at these temperatures, photochemically produced N, should slowly ac-
cumulate (in contrast to C;H, and C,H¢ discussed above). In any case, rapid
vertical mixing discussed in Sec. III.B.1 yields predicted N, mixing ratios in
the visible atmosphere of 6 X 1078 to 6 X 1079, significantly larger than the
photochemically predicted ratios.

Condensed hydrazine (N,H,) is an alternative to N, as the dominant
product of NH; photolysis provided particle nucleation is efficient in the Sa-
turnian stratosphere. On Jupiter, hydrazine particles may provide an impor-
tant source of opacity at near-ultraviolet wavelengths (see Prinn and Owen
1976). However, the lower stratospheric NH; abundances (and thus the lower
potential N,H, particle densities) on Saturn argue against hydrazine aerosols
being important ultraviolet absorbers on this planet.
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Phosphine photochemistry. Phosphine is dissociated by wavelengths <
2350 A and since only wavelengths > 1600 A (which are not absorbed by
CH,) penetrate to levels on Saturn where PH; is abundant, the principal im-
mediate products are PH, and H. The photochemistry of PH; was first studied
on Jupiter by Prinn and Lewis (1975). Their results are also applicable to Sat-
urn but with certain modifications.

First, the H produced from PH; photodissociation and the NH, produced
from NH; photodissociation can both increase the PH; destruction rate
through the reactions (Strobel 1977)

H + PH, — PH, + H,, 27)

For Saturn, Reaction (27) essentially doubles the PH; dissociation rate from
that predicted by photolysis alone leading to a PHj lifetime ~ 58 days in the
upper atmosphere (Strobel 1978). Reaction (28) is not as important on Saturn
as it is on Jupiter due to the lower NH; mixing ratios in Saturn’s stratosphere;
however, if NH; on Saturn is highly supersaturated as Atreya et al. (1980)
suggest, then Reaction (28) could play a role in addition to Reaction (27).
Note that on both Saturn and Jupiter PHj; is not depleted in the upper atmo-
sphere by condensation whereas NHj is.

Second, the mechanism of P, and P, formation suggested by Prinn and
Lewis (1975) which was based on the experiments of Norrish and Oldershaw
(1961) needs modification. In particular, Ferris and Benson (1981) have dis-
covered that P,H, is an important intermediate in the production of P, from
PH; photolysis. They suggest that subsequent destruction of P,H, (by a pres-
ently unknown mechanism) is the principal source of P, rather than the
reaction

Third, Ruiz and Rowland (1978) have suggested that C,H, may scavenge
some of the radicals produced by PH; photolysis thus inhibiting P, formation
presumably in favor of formation of organo-phosphorus compounds. How-
ever, since C,H, production rates on both Jupiter and Saturn are much less
than PH; photodissociation rates, this must represent a relatively minor path.
Finally, Howland et al. (1979) have suggested that recycling of P, to PH; may
proceed through reactions in the H,O-NH; solution clouds rather than deeper
in the atmosphere; we have no way to quantitatively test this suggestion at
present.

Our present understanding of the phosphorus cycle on Saturn is outlined
in Fig. 19. The principal product of PH; photolysis is elemental phosphorus
presumably in its red triclinic crystalline form denoted in this figure as Py(s),
although other forms are also likely (Noy et al. 1981). Elemental phosphorus
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Fig. 19. A summary of PH3 photochemistry and thermochemistry on Saturn with reactive radi-
cals enclosed in circles, more stable molecules enclosed in squares, and condensates enclosed
in double squares. Vertical transport is denoted by wavy lines. Reactions slow with respect to
vertical transport are denoted by dashed lines.

particles are a prime candidate for explaining the faint red or orange colora-
tions on Saturn. Recycling of elemental phosphorus through mixing down to
deep levels where it is pyrolysed yielding PHs is a likely way of closing the
phosphorus cycle. As noted earlier, conversion of PH3 in upward-moving air
parcels into P,O¢ and NH,H,PO, is apparently too slow, relative to vertical
mixing for oxidized phosphorus compounds, to play a significant role on
Saturn.

Equation (14) may be used to model the vertical distribution of pho-
tolysed PH; and, when combined with the observations of this distribution,
may be used to estimate the vertical eddy diffusion coefficient K in Saturn’s
stratosphere. In particular, the preferred distribution from Tokunaga et al.
(1980c¢) (marked T1 in Fig. 6) has & = 10 km at the 30 mbar level. Also from
our discussion above, 7 = 58 days, and H at the 30 mbar level is 30 km. Thus
rearranging Eq. (14) we have
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_hyp1 17
K—T[h+H] (30)

giving 1.5 X 103 cm? s~! which agrees with our suggested general expression
for K given by Eq. (17).

Hydrogen Sulfide. While hydrogen sulfide is potentially remotely ob-
servable through breaks in the NH; clouds on Jupiter, it is very unlikely that it
will ever be detected by remote sensing on Saturn. The mixing ratio of H,S
should decrease rapidly above the NH,SH cloud base which is situated at
~ 4.3 bar level according to Fig. 14. Using the formula derived by Prinn and
Owen (1976), its mixing ratio scale height 2 = 3 km just above the NH,HS
cloud base and its mixing ratio will therefore decrease by ~ 10 orders of mag-
nitude between the NH4HS cloud base and the NH; cloud base at 1.6 bar. If
the colored impurities in the upper ammonia clouds on Saturn do not totally
absorb the radiation between 2300 and 2700 A, then some fraction of this ra-
diation will be able to penetrate to depths where H,S abundances are appre-
ciable. As reviewed by Prinn and Owen (1976), H,S photodissociation is
expected to lead to particulates of elemental sulfur, and hydrogen and am-
monium polysulfides. In addition, irradiation of NH4HS particles themselves
can also lead to various particulate polysulfides. Such irradiation could occur
through upward transport of NH,HS particles into the visible atmosphere
where the required 2300—2700 A photons have high intensities. Some of
these particulate polysulfide compounds are colored yellow, orange, or brown
and upward mixing of the smallest particles may occur and thus provide some
coloration to the upper visible clouds. Detection of H,S on Saturn, and thus
any validation of this hypothesis will undoubtedly have to await an entry
probe mission to this planet.

3. Lightning and Other Processes. As noted earlier, lightning and en-
ergetic particles dumped into Saturn’s atmosphere from its radiation belts are
both minor factors in the bulk disequilibrium chemistry of Saturn relative to
ultraviolet radiation. They do, however, have potential for influencing the
chemistry in Saturnian auroral zones and thunderstorms, and for the produc-
tion of interesting chemical compounds including biologically interesting
compounds. Production of such compounds in experiments simulating light-
ning discharges and particle dumping (and also ultraviolet photolysis) also
lead to the controversial question of whether there is any biological activity on
Saturn. Since all these matters have already been addressed in detail by Prinn
and Owen (1976) for Jupiter, we will not attempt an extensive and largely
repetitive review here except for further relevant work since then which we
briefly review below.

The discovery of CO on Jupiter mentioned earlier led to suggestions for a
source for this species other than rapid vertical mixing. In particular, extra-
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planetary sources of oxygen in Jupiter’s upper atmosphere were proposed in
the form of micrometeoroids by Prather et al. (1978) and in the form of dump-
ing from the lo torus by Strobel and Yung (1979). The extent to which extra-
planetary sources are important in Saturn’s upper atmosphere is at present
unclear but the presence of the icy rings suggests that the matter should be
investigated further.

Borucki et al. (1982) have investigated the rate of lightning discharges
on Jupiter using optical and radio frequency detections of lightning from Voy-
ager 1. They conclude that the fraction of the total atmospheric convective
energy flux converted into lightning is (2.7-5) X 1073. In a study of the
chemistry of Jovian lightning discharges in which the above fraction was as-
sumed to be 1073, Lewis (1980) concluded that production of CO, N,, HCN,
and simple hydrocarbons in these discharges was unimportant when com-
pared to the photochemical and deep-atmospheric sources for these species.
For example, his predicted HCN mixing ratio from lightning was only ~ 3 X
10717 (this number should be increased by a factor of 2.7—5 to take into ac-
count the Borucki et al. [1982] results). It is therefore clear that lightning is
not playing an important role in producing biologically interesting com-
pounds on Jupiter. It is difficult to imagine why similar conclusions about the
role of lightning should not hold also for Saturn.

IV. CONCLUSION

Though our understanding of the composition and chemistry of Saturn
probably cannot improve as dramatically in the near future as in the past few
years, we can look forward to advances in several areas of research: the future
use of the Space Telescope; the Galileo entry probe into Jupiter; continued
improvements in spatial and spectral resolution and coverage from ground-
based and airborne observatories; acquisition of further laboratory data on the
spectra and kinetics of relevant species; and development of atmospheric line-
formation and chemical models which provide an optimal fit to all available
data. Each of these areas provides potential for important advances.

We can usefully review and pinpoint here some particular topics requir-
ing future resolution. We have noted the peculiar observability of NH; at visi-
ble but not at infrared wavelengths; what is this telling us about the clouds and
line-formation process on Saturn? Are the differences between the D/H ratios
derived from CH;D and HD real and if so, what does this tell us about D-H
exchange reactions? Can we identify CH4, NH;, PH3, and H; spectral lines
with sufficiently similar formation processes to better define the C/H, N/H,
and P/H ratios? We have emphasized the fact that PH; provides an ideal tracer
for vertical transport in Saturn’s stratosphere; which of the two very different
estimates of the stratospheric distribution of PH; is correct? Are the visible
clouds composed of NHj ice and if so, why is Saturn so bright at 3.0 um?
Germane (GeH,) is observed on Jupiter but not on Saturn despite the fact that
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its concentration in the deep atmosphere of Saturn is predicted to be greater
than that on Jupiter. What is this telling us about vertical transport and chem-
istry in the deep atmosphere? We do not know whether CO, H,S, H,0, or
C,H, are present in the atmosphere (CO, C,H,4, and H,O have all been ob-
served on Jupiter). Are the pale colors seen in Saturn’s clouds merely due to
various allotropes of phosphorus? How does the chemistry of Saturn change
from season to season? Are the Voyager data useful here and can further
Earth-based observations help?

We could continue this list much further but the point to be made is sim-
ply that despite recent progress, Saturn continues, as it has in the past, to
provide us with plenty of challenging scientific problems to test our wits. We
hope that this review will prove germinal in the future resolution of at least a
few of these problems.
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The physical properties and spatial distribution of aerosol and cloud particles
in Saturn’s atmosphere are important in many physical processes, but are still
only incompletely known. We begin by outlining the connections between the
observable radiation scattered or emitted by Saturn and the distribution and
optical properties of cloud and aerosol particles. Next we review the observa-
tions available for constraining the properties of the aerosols. These include:
continuum photometry from the ultraviolet to the near infrared at various spa-
tial resolutions and scattering geometries; photometry in gaseous absorption
features of various strengths at different locations on the disk in the near-
infrared; maps of the linear polarization of reflected sunlight at phase angles
Sfrom 10 to 150° in red and blue light, as well as at many wavelengths at small
phase from the Earth; maps of the planetary thermal emission as functions of
emission angle and wavelength; and infrared spectroscopy of the planet at high
spectral resolution. We discuss the implications of the observational data for
the vertical and horizontal distributions, single-scattering optical properties

{ 150 ]
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and, so far as possible, the composition of the various aerosol and cloud parti-
cles. A layer of small aerosols (radii ~ 0.1 um) which absorb strongly in the
ultraviolet is found at very high altitudes (pressures < 20 mbar) in the polar
regions, as well as at lower altitudes (pressures 30—70 mbar) at equatorial and
temperate latitudes. These particles are thought to be produced in photochemi-
cal reactions, and are probably similar to the aerosols seen at high altitudes on
Jupiter (and possibly Titan). At deeper levels (pressures >100 mbar), a diffuse
cloud is seen which may be partly composed of ammonia crystals. Within about
20° of the equator, where the zonal winds are especially strong, the cloud has
an optical depth (in red light) as great as 4 between the radiative-convective
boundary near 400 mbar and its top at about a pressure scale height above. At
latitudes >30°, the red optical depth above 400 mbar is only ~ 0.1. Over much
of the planet, the cloud seems most dense between 400 and ~ 700 mbar, reach-
ing optical depth ~ 5 by this level. Some data hint at a relatively clear region at
greater pressures until still deeper clouds are reached. We identify several
areas in which new planetary observations, laboratory measurements, or the-
oretical analyses could significantly advance our understanding of Saturn’s
clouds and aerosols.

Like those of its neighbor Jupiter and its moon Titan, the atmosphere of
Saturn contains a variety of particulate material. The aerosols and clouds on
Saturn play important roles in many physical processes. For example, the
Bond albedo of the planet is largely determined by the single-scattering prop-
erties of the aerosol and cloud particles and their distribution with height and
latitude. The ability of the stratospheric aerosols to absorb sunlight and emit
thermal radiation can be important in determining the temperature of the at-
mosphere at pressures < 100 mb. At deeper levels, the cloud particles can
play significant roles in the atmospheric heat budget through their thermal
opacity, latent heat, absorption or reflection of sunlight, and equilibration of
the ortho and para states of H,.

The variations in local heating or cooling rates with latitude provided by
the aerosols at high altitudes, or by the deeper clouds, act as forcing mecha-
nisms for atmospheric dynamics. They combine with the planet’s rotation and
the escape of internal heat to produce Saturn’s dramatic jet-stream winds in
ways that are still incompletely understood. In fact, the winds themselves are
tracked primarily by following the motions of the few distinct cloud features
seen on the disk. The vertical location of these cloud features is often poorly
known.

The importance of scattering to the determination of molecular mixing
ratios cannot be overstated. Regrettably, mixing ratios are often inferred by
calculating the apparent column abundance above a reflecting surface in a re-
flecting layer model atmosphere. Since scattering affects strong and weak
lines differently, the inferred mixing ratios will generally be incorrect unless
particular care has been taken in choosing the lines (Encrenaz and Combes
1982). Both the center-to-limb behavior of the absorption (West et al. 1982)
and the relative strengths of strong versus weak lines (De Bergh et al. 1977),
prove the obsolescence of the reflecting layer model and demand a more so-
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phisticated approach throughout the entire spectral region where scattered
sunlight is the dominant source of radiation. Scattering is probably important
in the 5 wm region as well.

Finally, the aerosols and clouds play a role in the chemistry of the atmo-
sphere. Considerable effort is being expended to understand the photochemis-
try of CH, in the atmospheres of the outer planets which leads to higher hy-
drocarbons in the observed abundances as well as solid aerosols with the
observed properties. Work is also needed on the physical chemistry of com-
pounds that could form Saturn’s condensation clouds and their coloring
agents.

Depending on its exact mixing ratio, a cloud of solid ammonia crystals is
expected to form with its base at a pressure level of ~ 1.4 bars, well into
Saturn’s troposphere. Convection could carry these particles at least as high
as the upper boundary of the convective region near 400 mbar (Appleby
1980), forming an extended hazy region. An extended haze is indicated by
many observations of Saturn, but it has proven difficult to obtain definite evi-
dence that the haze consists of NH; crystals. Even if NH; crystals are a major
constituent of this haze, they cannot be the only constituent because in their
pure form they do not have the colors observed for Saturn. The identity and
source of the coloring agent is a longstanding open question. Further, absorp-
tions predicted for some types of NHj; crystals have not been observed, lead-
ing some authors to question whether the visible haze contains NH; crystals at
all, or is primarily due to some other condensable constituent.

At the level of Saturn’s tropopause and above, solid particulates are
found which are not believed to be atmospheric condensation products. These
aerosols absorb strongly in the ultraviolet but are almost invisible at red wave-
lengths. At high latitudes, the absorption in the ultraviolet is considerably
stronger than in equatorial or temperate regions. Are the ultraviolet absorbers
the same in the two locations? How are the aerosols in Saturn’s atmosphere
related to the absorbers found in Jupiter’s polar regions? Are they similar to
the aerosols which are so predominant on Titan?

Obviously, we can raise many more questions concerning Saturn’s
clouds and aerosols than we can answer at the present time. Nevertheless,
with many new results from the recent space missions in hand it may be useful
to summarize the available observations which bear on the nature of aerosols,
and to attempt to outline the present information concerning the optical prop-
erties, distribution, and composition of this important component of Saturn’s
atmosphere.

Since there is yet to be a Saturn entry probe mission, our current knowl-
edge of the aerosol and cloud particles comes entirely from interpretation
of remote measurements of scattered solar radiation and thermal radiation
emitted from Saturn’s atmosphere. Accordingly, we begin in Sec. I with a
brief overview of the relations between particle properties and the scattered
and emitted radiation field. The longer Sec. Il contains a review of Saturn ob-



CLOUDS AND AEROSOLS 153

servations at wavelengths from the ultraviolet to the thermal infrared which
bear on the aerosol and cloud properties. In Sec. III we discuss the single-
scattering properties of the particles deduced from observations, and com-
ment on their possible composition. In Sec. IV we review the implications of
the observations for the vertical and horizontal distribution of the clouds and
aerosols. We summarize current information concerning the clouds and aero-
sols and outline several areas requiring further work in Sec. V.

I. INFLUENCE OF PARTICLES ON SCATTERED
AND EMITTED RADIATION

Before describing the observations and their interpretation, a discussion
of the relations between particle properties and the observable radiation field
is in order. An important parameter in radiative transfer is 7, the normal opti-
cal depth. The equation

dl(, p, Ko, ¢ — ©o)

dr
= W [— I(r, u, o, ¢ = @o) + J(7, 1, o, 9 — Sﬂo)jl (N

defines 7, where I is the four-element Stokes vector (erg cm™2 s™! sterad ™!
Hz™!) traveling in a direction 6 with respect to the surface normal (the vertical
direction). With sunlight impinging on the atmosphere at angle 6, with re-
spect to the surface normal, u = cos(f), ug = cos (6y), ¢ = azimuthal angle
of the scattered radiation projected onto the planetary surface, and ¢4 =
azimuthal angle of the incident radiation projected onto the planetary surface.

In Eq. (1) the first term in brackets accounts for energy loss by absorp-
tion and scattering out of the beam, and the second describes addition of en-
ergy into the beam from scattering. For wavelengths < 5 um, solar radiation
is much greater than the thermal radiation emitted by Saturn, and

Jr, 1, o, @ — @g)
2

I
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w
+ e e TrP(u, py, ¢ — @) K. (2)

In Eq. (2), the albedo for single scattering, @ = T/ (Tocar T Tabs)s Tscat =
scattering optical depth, 7,,, = absorption optical depth, 7F,; = incident solar
flux, and P = the 4 X 4 phase matrix which describes the single scattering
properties of the particle. (See Hansen and Travis [1974] for a detailed de-
scription of the treatment of scattering in planetary atmospheres.)
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Note that 7y, = T yq Jndz, and similarly for 7,,¢, where n is the number
of particles per unit volume and the integral extends over the altitude range
covered by the cloud. Often o, and o, are given as dimensionless effi-
ciency factors, Q.. and Q,, times the projected geometrical cross section of
the particle (w2 for spheres). For spheres, Mie theory can be used to evaluate
the efficiency factors and the phase matrix for particles of arbitrary complex
refractive index and for any size (usually given as a dimensionless size param-
eter x = 2mr/\, where X is the wavelength and r is the radius of the particle).
Thus, if observations at a range of scattering angles are used to constrain the
angular dependence of the phase matrix, comparison with phase matrices
computed from Mie theory can yield constraints on the size and refractive
index of the particles if the particles are spherical. For nonspherical particles,
comparison of the phase matrix with laboratory measurements or other types
of calculations (such as geometrical ray tracing for large particles) is neces-
sary before the physical properties of nonspherical particles (size, refractive
index) can be deduced.

The strength and center-to-limb behavior of molecular absorption con-
tains information on the vertical distribution of aerosols. As a rule of thumb,
the depth to which one sees in the atmosphere is about 7/ = 1, and depends
on wavelength. Thus, measuring the center-to-limb variation of reflected in-
tensity gives information on the vertical structure of the atmosphere as u
ranges between 0.0 at the limb and 1.0 at the disk center. For a purely absorb-
ing gas above a reflecting layer, Eq. (1) has the solution

I =1Iyexpl—7 - (I/pn + /o)l 3)

The amount of absorption grows exponentially with 1/u + 1/ from the disk
center to the limb. For a diffuse-scattering atmosphere, where particles are
uniformly mixed with gas, the absorption decreases from the center of the
disk to the limb because of the decrease in the ratio of multiply scattered light
to singly scattered light and the corresponding decrease in effective optical
path as the limb is approached. For Saturn, the observed center-to-limb be-
havior is intermediate between the reflecting layer and diffuse scattering
cases.

Scattering by molecules of H, and He is important at short wavelengths.
The total pressure and Rayleigh optical depth can be related by the equation of
hydrostatic equilibrium. With

P=Mg=AL,mg/N,and 7 = No = LyAc (€3]
we have
T = P N,o/(mg) &)

where P = pressure (dyne cm™?), A = column abundance (cm-amagat H, +
He), Ly, = Loschmidt’s number (2.68719 X 10! cm™3), o = extinction cross
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section, m = mean molecular weight = 2.12 for a 94%/6% H,-He mixture,
g = surface gravity, N, = Avogadro’s number (6.02486 x 102 gm-mol~),
and M = surface density (g cm™2) of gas above the level with pressure P. The
extinction cross section for scattering by H, is given by Dalgarno and Wil-
liams (1962). The effective gravity g is the sum of the gravity field due to the
mass distribution in the planet and the centrifugal term Q?R, where R is the
position vector from the axis of rotation. The gravity varies from ~ 900 to
1180 cm s~2 from equator to pole (see chapter by Hubbard and Stevenson).
The choice of g = 950 cm s72 yields

T =~ 0.0244(1 + 0.016 A=2)PA~* (6)

where A is in um and P in bar. In Eq. (6) we have neglected the term of order
A8 given by Dalgarno and Williams. At the one-bar level, the column abun-
dance of H, + He is 111 km-amagat, and the Rayleigh optical depth at 0.264
um (the wavelength of the Voyager photopolarimeter measurements) is
Tp = 6.2.

Photometric observations are usually reported as reflectivity (//F) as a
function of position (spatially resolved) or geometric albedo p for the inte-
grated disk at full phase (phase angle & = 0.0) where

1
P= o] 0 Ho e — 000, ™

Here o, is Saturn’s geometric area projected on the plane of the sky and the
incident solar flux is 7 F. At phase angles > 0, integrated disk brightness is
given by p ®(a) where the phase law ® () is unity at & = 0. The geometric
albedo and phase law can be calculated for a horizontally homogeneous scatter-
ing model from Horak’s (1950) cubature formulas. The total amount of solar
energy absorbed by the planet is fundamental in the heat balance equation, and
is given by

Ev = mFa, [AN)dN ®)

where A (M) is spherical albedo, A(N) = p(A) g(A), and g(A) is the phase integral
g(A) =2 f()(l) (o) sin a dax. 9)

At wavelengths = 5 um the thermal emission for Saturn greatly exceeds
the incident energy received from the Sun. Accordingly, the second term on
the right-hand side of Eq. (2), which refers to the incident solar flux, can be
ignored and replaced by the Planck function, B{T(P),\ ], at the temperature
of the pressure level at which optical depth 7 is reached. If the aerosols are
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sufficiently absorbing at the thermal wavelength considered, their ability to
scatter light will be small and the first term on the right-hand side of Eq. (2)
can be neglected as well. In this case the intensity emerging from the top of
the atmosphere at angle 8 to the vertical is given by

x

I(P=0,\0) = J’PLOB[T(P’), ANexp{—7(P', A, ®)]d7(P’, X, 0). (10)

Here the explicit dependence of optical depth 7 on 6 is retained because the
optical depth of the gas at thermal wavelengths is generally nonlinear in gas
abundance and hence slant path.

If cloud opacity is ignored, and the composition and hence opacity of the
gaseous atmosphere is known. observations of the emerging intensity at a va-
riety of wavelengths which reach 7 = 1 at different pressure levels can be
inverted for information regarding the T(P) structure of the atmosphere (see,
e.g. the chapter on atmospheric structure by Ingersoll et al.). On the other
hand, the optical depth 7 in Eq. (3) includes the optical depth of the clouds as
well as the gaseous atmosphere, and if the T(P) structure is known from other
information (such as infrared data at other wavelengths or a radio occulta-
tion), the emerging thermal intensity can be used to constrain the pressure
level and optical depth of cloud particles at the wavelength of the observation.

II. OBSERVATIONAL CONSTRAINTS

A. Ultraviolet Observations

The first measurements of Saturn and its rings in the ultraviolet below the
terrestrial cutoff near 0.32 um were reported by Bless et al. (1968) from
rocket filter photometry in the spectral region 0.245 to 0.295 um. Subse-
quently the unresolved Saturn-plus-rings system was observed from OAO-2
(Wallace et al. 1972; Caldwell 1975,1977b), and the TD1A satellite (Cald-
well 1977b). Spectra have been obtained with the International Ultraviolet
Explorer (IUE) (Winkelstein et al. 1983). Spatially resolved measurements
are available from instruments on Pioneer 11 (Judge et al. 1980) and the Voy-
ager 1 and 2 spacecraft (Lane et al. 1982b; Sandel et al. 1982b).

The ultraviolet measurements encompass a broad range of phenomena,
including auroral processes and physics of the exosphere in the extreme ultra-
violet (A < 1216 A), photochemistry in the stratosphere (primarily for A <
2000 A), and scattering and absorption of sunlight by gas and aerosols in the
stratosphere and upper troposphere for A > 2000 A. The extreme ultraviolet
observations are discussed in the chapter by Atreya et al. and will not be men-
tioned further, except to note that auroral processes may contribute to the
formation of ultraviolet-absorbing aerosols in polar regions. The spectrum
between 1500 and 2000 A obtained with IUE (Winkelstein et al. 1983) is
valuable in understanding the stratospheric composition (mainly the abun-
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Fig. 1. Ultraviolet spectrophotometry of the Saturn system. The observational points (X, e, +)
are described by the right-hand ordinate, which is the ratio of the brightness of the planet plus
rings divided by that of the Sun. Regular OAO-2 spectrophotometry (®), replotted from Wal-
lace et al. (1972), and long integration time spectrophotometry (X), are shown with error bars
only because of background uncertainty. The ring reflectivity (A) error bars are only due to the
uncertainty in extrapolating the total brightness to zero ring inclination. The Saturn broadband
filter photometry points (O) were used to normalize the geometric albedo scale on the left. This
scale is valid only shortward of 3500 A. The solid curve is a model with 7 km-amagat Hy above
a Lambert reflecting layer with reflectivity 0.17. The dashed curve includes the effect of ab-
sorption by 0.01 cm-amagat of H>S (from Caldwell 19775).

dance of the trace components CsH,, C,H¢, PHs, and NH;) and is discussed
in more detail in the chapter by Prinn et al. We wish to focus on the region A
> 2000 A where the aerosol properties dominate the reflectivity and center-
to-limb variations, both in the continuum and in molecular absorption bands.

Saturn’s geometric albedo in the spectral region from 0.222 um to 0.35
pm has been discussed by Caldwell (1977h) who summarized observations
from the OAO-2 and TDIA satellites; the results are shown in Fig. 1. The
geometric albedo has a relative minimum near 0.35 wm. The broadband
OAO-2 photometry measurement at 0.211 um is discordant with the OAO-2
spectrophotometry (0.002 pwm spectral resolution) which decreases below ~
0.260 um; the discrepancy is 30% at 0.211 um.

Saturn’s geometric albedo is similar to Jupiter’s, and is much lower than
that for a semi-infinite conservatively scattering molecular atmosphere. Axel
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(1972) showed that, for Jupiter, a stratospheric haze of small particles with a
strong wavelength dependence in extinction cross section could account for
the spectral variation in geometric albedo over a broad range in wavelengths
from the ultraviolet to the near infrared. More recently Macy (1977) and
Podolak and Danielson (1977) derived models of the altitude and optical
depth of a “Danielson dust” layer. The dust becomes monotonically more
strongly absorbing at shorter wavelengths, but the wavelength dependence of
the dust (A\™!) is not as steep as the A~* dependence of molecular Rayleigh
scattering from the gas above the dust, and in which the dust is mixed. By
choosing the correct optical depth, altitude, and wavelength dependence for
the dust, one can reproduce the wavelength dependence of the geometric al-
bedo for A > 0.25 um. Both Macy (1977) and Podolak and Danielson (1977)
were able to fit the ultraviolet geometric albedo of Caldwell’s broadband
measurements. As noted above, the OAO-2 spectrophotometry measure-
ments diverge from the broadband filter measurements (and therefore also the
models) below 0.25 pum.

More spatially resolved measurements of Saturn’s reflectivity are needed.
Caldwell (1975) estimated the effect of the rings in his spatially unresolved
measurements by fitting a straight line to the brightness as a function of sin
(B) where B is the mean of Saturnicentric declinations of the Earth and Sun.
Without spatially resolving the disk and rings, it is impossible to estimate the
contribution of latitudinal and temporal variations to the net change in bright-
ness during the 3.5 yr period when sin (B) changed from 0.2 to 0.45. Latitudi-
nal and seasonal variations are important in the ultraviolet.

The Voyager photopolarimeter experiment obtained spatially resolved
measurements of Saturn in 1981 in broadband (AX ~ 0.03 um) filters cen-
tered at effective wavelengths 0.264 um and 0.750 um. Preliminary results
for Saturn were reported by Lane et al. (1982b) and West et al. (1983a). A
comprehensive analysis of the data was presented by West et al. (1983¢). In-
cluded in the data are central meridian scans in the northern hemisphere,
which show latitudinal variations in the reflectivity and limb-to-terminator
scans for the northern hemisphere at spatial resolution ~ 8000 km at 10°
phase angle, and at higher spatial resolution and higher phase angles (< 68°)
for the Equatorial Zone. In the ultraviolet the polar region is very dark and the
North Equatorial Belt near 20° latitude is bright; the reflectivity at short wave-
lengths is anticorrelated to that at long wavelengths. The ultraviolet photome-
try and polarimetry data support the idea that small particles (Danielson dust)
in the stratosphere are responsible for the low ultraviolet albedo, but the verti-
cal distribution and total optical depth, discussed in more detail below, differ
from the distributions proposed by Macy (1977) and Podolak and Danielson
(1977). A tropospheric absorber is also important in the near ultraviolet.

Longward of 0.32 um, groundbased observations are possible and gen-
erally are made with spatial resolution. The absolute groundbased reflec-
tivities shortward of 0.37 pwm are fairly uncertain, with accuracies no better
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Fig. 2. Spectral reflectivity (I/F) of the equatorial region of Saturn according to the absolute
spectrophotometric observations: (1) — in 1971 by Bugaenko; (2) — in 1979 by Gajsin; (3) —
in 1981 by Cochran; (4) — in 1982 by Aksenov, Vdovichenko, and Solodovnik; (5) — in 1979
by Berstralh et al.

than 30% to 50%. Nevertheless, near the center of the disk the groundbased
measurements confirm the decrease in reflectivity to a minimum of 0.15 near
0.37-0.38 um, before increasing toward still longer wavelengths to values of
0.60—0.75 at 0.60 um (see Fig. 2). Some versions of the curve of spectral
reflectivity have a hint of a break at 0.52 um (McCord et al. 1971; Bugaenko
1972; Krugov 1972; Tejfel and Kharitonova 1974; Gajsin 1978,1979; Berg-
stralh et al. 1981; Cochran 1982). This peculiarity is also present in the spec-
tral reflectivity of Saturn’s rings (Kharitonova and Tejfel 1973).

The strong anticorrelation between the brightness of features at 0.264
pm and the visible washes out between the near ultraviolet and the blue re-
gion. In the ultraviolet, the equatorial regions appear as a dark belt at latitudes
=< 10 or 15°, while the temperate belts are the brightest parts of the planet. At
0.35 pum the temperate belts are still at least 30% brighter than the equatorial
regions, but by 0.43 um, the reflectivities are the same (Tejfel 1974a,b).
Some temporary or seasonal changes in the meridional brightness distribution
on Saturn were observed at the shortest groundbased wavelengths, in compar-
ing the photometric measurements in 1966 (Martin 1968) and 1980 (Price and
Franz 1980; Steklov et al. 1983).

The polar darkening observed by Voyager 2 at 0.264 um (Lane et al.
1982b) continues into the near ultraviolet. The same effect is observed on
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Jupiter, but the boundary of the dark polar regions there lies at latitudes of
~ 45-50° instead of 60—65° as on Saturn. The limb brightening observed in
temperate and equatorial regions at 0.264 um continues into the near ultra-
violet before being replaced by limb darkening at A > 0.38 um.

Thus we have clear evidence that material with strong ultraviolet absorp-
tion is present high enough in Saturn’s atmosphere to be visible as dark fea-
tures on the planetary disk at short wavelengths. The increase in reflectivity
into the ultraviolet in the presence of the limb brightening is due to increased
Rayleigh scattering by gas above the tropospheric cloud (Avramchuk and
Krugov 1972; Avramchuk 1973; Tejfel et al. 1973; Tejfel 1974a,b; West et al.
1983¢), as discussed in more detail below. In view of the strong brightness
contrasts with latitude, especially toward the poles, the altitude and probably
also the thickness of the haze are variable with latitude.

B. Visible Observations

The geometric albedo p of Saturn’s disk (without the rings) is essentially
unchanged from year to year in the visible spectral region (see Fig. 3). The
estimates of p from photoelectric photometry in 1963-1965 (Irvine and Lane
1971) and in 1980 (Tejfel and Kharitonova 1981) coincide within the probable
error limits (~ * 3—-5%). The peak value of p is observed at ~ 0.6 wm where
p = 0.48-0.50; the lowest value, p ~ 0.18, corresponds to the ultraviolet
reflectivity minimum at 0.36—0.38 wum (except for the centers of the strong
infrared methane absorption bands).

The reflectivity of individual cloud bands from 0.40—-0.70 um depends
strongly on wavelength and latitude. The yellow equatorial zone is the most
colored band on Saturn, and moderate latitudinal color differences are ob-
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Fig. 3. Geometric albedo of Saturn’s globe. (1) February 15-16, 1980; (2) February 18-19,
1980; (3) March 2425, 1980 (Tejfel and Kharitonova 1981); (4) 1963— 1965 (Irvine and Lane
1971).
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latitude

Fig. 4. Variations of the relative spectrophotometric gradients G| (A = 0.40—0.50 um) and G,
(A = 0.50-0.70 um) along the central meridian of Saturn in 1979 (Tejfel and Kharitonova
1982).

served over the entire disk. These differences may be expressed quantitatively
by the values of the relative spectrophotometric gradient

G = dén(I/L;)/d(1/X) (D

which should be determined separately for the spectral regions 0.40—-0.50
um and 0.50-0.70 um. Here [/ is the intensity of the region chosen as
the standard for comparison (near the equator, in Fig. 4). The shortwave
gradients G, decrease more abruptly with increasing latitude (Tejfel and
Kharitonova 1982).

The meridional variations of these gradients G, and G, (see Fig. 4) are
due to various effects: changes in the cloud and haze aerosol properties and
altitudes, the Rayleigh scattering in the atmosphere above the aerosol layers
and geometry effects (the spectral dependence of the limb-darkening coeffi-
cient which decreases towards the short wavelength).

The distribution of the intensity across Saturn’s disk may be well de-
scribed for each latitude by Minnaert’s formula
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Fig. 5. Latitudinal variations of the limb darkening exponent on Saturn in 1971 at three wave-
lengths (Grigorjeva and Tejfel 1979). (1) 0.620 um; (2) 0.556 um; (3) 0.434 pm.

IF = Ropbp*~! (12)

at u = 0.4, and the limb darkening exponent & is a very convenient parameter
to use together with the normal albedo R, (which is equal to I/F when u
= po = 1) for comparing the diffuse reflection properties of different bands
on Saturn, as well as for comparison of the cloud characteristics of the major
planets.

The latitudinal variations of & on Saturn (see Fig. 5) are significantly
smaller than its changes with wavelength (Lumme and Reitsema 1978; Gri-
gorjeva and Tejfel 1979). At all latitudes the limb-darkening exponents are
less than unity even in red light, i.e. the diffuse reflection from the cloud
cover is not Lambertian. It is especially important to take into account the
decrease of k toward the violet and ultraviolet when considering the simulta-
neous effects of the cloud reflectivity and Rayleigh scattering in the upper at-
mosphere on the observed optical properties of Saturn’s belts or the integrated
disk. Binder and McCarthy (1973) have found that the limb-darkening expo-
nents for three latitudinal bands on Saturn are smaller than on Jupiter. The
relation between k and R is also very different for the two planets (Tejfel
1975).

In contrast to groundbased observations, limited to phase angles < 64
for Saturn, measurements from space probes can be made to quite high phase
angles depending on the trajectory. The imaging photopolarimeter (IPP) ex-
periment on the Pioneer Saturn mission obtained maps of the brightness and
linear polarization of reflected sunlight in red and blue passbands at phase
angles from ~ 10 to 150°. The vidicon imaging system on the Voyager 1 and 2
missions and the photopolarimeter experiment on Voyager 2 also returned
measurements of the brightness and polarization of sunlight reflected over a
wide range of phase angles.
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Observations of the brightness and polarization of the multiply scattered
light at a range of phase angles « still contain information on the single-
scattering intensity or polarization properties of the clouds or aerosols at the
corresponding scattering angles (180° — ), although the structure of the
single-scattering functions is appreciably diluted by the relatively neutral
higher-order scattering. Nevertheless, sufficient structure remains in the pho-
tometry from the Pioneer Saturn mission to permit comparison with multiple-
scattering models to yield a single-scattering phase function for Saturn’s
cloud particles. This function has a significant forward-scattering peak and is
relatively flat at scattering angles > 70° (Tomasko et al. 19805; Tomasko and
Doose 1984; West et al. 1983¢). In contrast, the phase function derived for
Jupiter from similar data (Tomasko et al. 1978) has significant back scattering
as well as stronger forward scattering than derived for Saturn.

The photometry from the Pioneer Saturn mission was in two bands cen-
tered at ~ 0.44 and 0.64 um that are relatively free of gaseous absorption,
and therefore gives little direct information on the vertical distribution of the
cloud particles. However, the polarization produced by the gas molecules in a
single scattering at 90° phase is 100% and the Rayleigh scattering optical
depth is strongly dependent on wavelength, while the polarization produced
by large cloud particles tends to be much smaller and less dependent on wave-
length. Thus, the polarimetry in red and blue light near 90° phase provides
useful leverage for separating the effects of clouds and gas.

The Pioneer polarimetry in blue light appears to contain a strong compo-
nent due to Rayleigh scattering by the gas. The polarization at the center of
the disk is small at small phase, increases to a maximum value near 90° phase,
and returns to small values at large phase. The direction of maximum electric
vector is always perpendicular to the scattering plane (positive polarization).
The degree of polarization increases rapidly toward the limb and terminator
(with increasing slant path) about as expected for Rayleigh scattering from
clean gas above a neutral cloud deck.

In red light, the polarization at the center of the disk is relatively small at
all phase angles, and is negative (maximum component of the electric vector
in the scattering plane) near 90° phase, indicating that the cloud or aerosol
particles are much more important relative to the gas at this wavelength. Nev-
ertheless, the polarization even in the red increases very rapidly with large
slant paths—much faster than would be expected for the amount of gas ex-
pected above the clouds, based on the blue polarimetry. This effect is seen
as evidence for the presence of a thin layer of highly polarizing aerosols in
the gas above the clouds. A sample of the Pioneer polarimetry is shown in
Figs. 6 and 7, from Tomasko and Doose (1984). The constraints on the single-
scattering properties of Saturn’s cloud particles derived by these authors, and
a comparison of these functions with laboratory measurements of the single-
scattering properties of various candidate cloud crystals, are discussed below.

While polarimetry of Saturn from the Earth is confined to the small



164 M. G. TOMASKO ET AL.

PIONEER 11
PHASE = 50°
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Fig. 6. The polarization of Saturn in red light (0.64 um) measured by Pioneer at phase angle 50°,
represented by lines with length proportional to the degree of polarization and orientation in-
dicating the direction of maximum electric vector vibration. Vertical lines indicate vibration
perpendicular to the scattering plane (positive polarization), and horizontal lines indicate
vibration parallel to the scattering plane (negative polarization). Near the bright limb (toward
the left) the polarization is large and positive. Away from the limb the direction rotates toward
negative polarization except near 10°N. A small band near the equator is blocked by the rings
{from Tomasko and Doose 1984).

range of phase angles =< 6%4, such measurements have been made over a wide
range of wavelengths (Dlugach et al. 1983; Bugaenko and Galkin 1972;
Bugaenko and Morozhenko 1981a,b; Santer and Dollfus 1981). Several in-
vestigations concerning the size and possible nonspherical nature of the aero-
sols in the upper atmosphere of Saturn have been discussed by these authors,
as outlined below.

The brightness of Saturn in the methane bands of various strengths in the
visible and near infrared can be used to probe the vertical distribution of Sat-
urn’s cloud particles at pressure levels from ~ 50 mbar to 1 bar. Studies of the
variations of the strengths of these features over the disk—which are due both
to probing to different effective levels at the changing geometries of illumina-
tion and observation (center-to-limb variations) and to real physical changes
with latitude—can give additional information on cloud structure. Temporal
changes probably also exist (Kharitonova 1976; Trafton 1977; Trafton et al.
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Fig. 7. The center-to-limb variation in the linear polarization of the 7°S to 11°S latitude region on
Saturn in blue light at phase angles from 1625 to 148°8 as measured by Pioneer. The abscissa
indicates relative position across the disk (in terms of spacecraft rolls) with the bright limb
toward the left and the terminator toward the right in each map. The dots are observed values,
and the curves are models for clouds located beneath 150 mbar of Rayleigh scattering gas. The
model curves both use the correct photometric properties, but produce different amounts of
polarization in a single scattering. The dashed curve is for a cloud that is unpolarizing at ail
scattering angles. The polarization observed at phase angle = 90° requires some positive polar-
ization to be introduced by the cloud particles, as for the model shown by the solid curve,
whose polarizing propertics are given by the curve labeled *150 mb” in Fig. 12 (Tomasko and
Doose 1984).

1979) but the data are insufficient to determine accurately their amplitude and
regularity, particularly on seasonal scales.

The longitudinal variations were studied using temporally limited obser-
vational data for the equatorial belt and low latitudes (Kharitonova 1976;
Cochran and Cochran 1981). These variations are small and perhaps not sig-
nificant. Using dispersion analysis, Kharitonova (1976; personal communica-
tion, 1982) found the observed longitudinal variations of the methane absorp-
tion to exceed the expected noise level of the measurements by no more
than 1%.

The center-to-limb variations of the intensities in the methane bands are
more difficult to study for high latitudes than for relatively low latitudes
(equatorial and temperate belts) because of the increasingly limited range of
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incidence and emergence angles available toward the poles in groundbased
observations.

After the pioneering work of Hess (1953), investigations of the distri-
bution of molecular absorption on Saturn’s disk were resumed only in the 60s
(Younkin and Munch 1964; Avramchuk 1967,1968; Owen 1969; Tejfel 1967).
These first studies detected a clear distinction between the equatorial zone of
Saturn and temperate latitudes: the methane absorption near the equator was
noticeably smaller than on other regions of the disk.

More detailed study of the methane absorption bands and the morphol-
ogy of their variations on Saturn’s disk in the 70s (Tejfel and Kharitonova
1970,1972a,b,1974; Tejfel et al. 1971a,b,1973; Bugaenko et al. 1972;
Ibragimov 1974; Tejfel 1974a,1977a,b; Zasova 1974; Vdovichenko et al.
1979; Kuratov 1979) has allowed a general picture of the distribution of mo-
lecular absorption on Saturn to be constructed.

The smallest amount of absorption is observed in the equatorial region of
Saturn for the weak and moderate methane bands (at 0.543, 0.619 and 0.725
um) as well as for the strong near-infrared bands (at 0.886 and 0.899 wm).
The absorption sharply increases at temperate latitudes (> 30-40°) and re-
mains constant or decreases slightly toward the poles (> 60° latitude) as
shown in Figs. 8 and 9. The center-to-limb variations are weak. There is no
strong increase of absorption from the central meridian to the limb along fixed
latitudes according to the secant law. This shows directly that the formation of
the methane absorptions occurs not only in the atmosphere above the cloud
cover of Saturn but also within the clouds. The recent data of West et al.
(1982) indicate that the absorption in the weaker 0.619 um methane band de-
creases slightly towards the limbs in the equatorial and temperate regions,
while a noticeable increase of absorption toward the limbs is observed for the
stronger methane bands at 0.725 and 0.8996 um. The same effect of decreas-
ing intensity towards the limb was detected for a weak isolated methane line at
0.61968 pwm (W. H. Smith et al. 1981).

Latitudinal variations of the methane absorption are also not the same in
weak and strong bands, leading to difficulties in interpretation because it is
not easy to distinguish between several possible reasons for these variations,
especially at high latitudes.

There have been a few investigations of the variations of very weak ab-
sorption over Saturn’s disk in the quadrupole lines of H, and in the NH; band
at 0.645 um (Bugaenko et al. 1972; Woodman et al. 1977; Aksenov et al.
1978). The absorptions in these bands tend to decrease towards the limbs, but
detailed interpretations are made difficult by the relatively low accuracy of the
available data. Long-term variations of the H, line intensities are probably
very small or absent, as shown by Trafton (1979) from high-resolution spec-
troscopy during 1971 to 1975. Some more significant longitudinal variations
were noted by Cochran and Cochran (1981) for the NH; absorption band at
0.645 pm, and the real variations in these data amount to ~ 17% according to
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Fig. 8. Absolute brightness (J/F) in narrow spectral intervals (0.003 um) along the central me-
ridian of Saturn in three methane bands (0.619, 0.725, and 0.8996 wm) and three nearby con-
tinuum regions. A correction for blurring due to seeing was made, and the contribution due to
light from the rings was subtracted. The rapid decrease in brightness at latitudes > 20° in the
strong methane band at 0.8996 um indicates the increase in effective cloud-top pressure at
these latitudes (from West et al. 1982).

the dispersion analysis carried out by Kharitonova (personal communica-
tion, 1982). Some observations have been made of the equivalent widths
of the very weak blue and green methane bands on Saturn (Lutz et al.
1976,1982) but no information is available yet on their variations over Sat-
urn’s disk.
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Fig. 9. Latitudinal variations of the central depth R of the methane absorption bands at 0.619 um
(A) and 0.725 pm (B) on the central meridian of Saturn in 1971-72 and 1972-73 (Tejfel and
Kharitonova 1974; Tejfel 1977a). The scale along central meridian is linear with respect to w,
the cosine of the local zenith angle to the observer.

C. Infrared Observations

In principle, observations at longer wavelengths in the infrared are capa-
ble of providing substantial quantitative information about aerosols and
clouds in the atmosphere of Saturn. The large variation of gaseous opacity for
well-mixed constituents, like methane, can be used to gain very useful infor-
mation on particle size distributions. At wavelengths where there is much
more thermal emission than reflected sunlight emerging from the atmosphere,
additional information about the vertical distribution of particles can be ob-
tained using correlations with a known temperature structure.

However, only recently has any information become available for this
spectral region for Saturn, and the data are much scarcer than for shorter
wavelengths. This is especially true for observations capable of resolving
various regions across the disk of the planet. Fink and Larson (1979) pre-
sented a spectrum of the geometric albedo for the 0.8 to 2.5 um (4000-
12500 cm™!) region with resolution 40 cm™!, in addition to higher resolution
spectra without an absolute calibration reference. Higher resolution observa-
tions in the 2 to 6 um region have been presented by Larson et al. (1980),
Bjoraker et al. (1981), and Fink et al. (1983). While these high-resolution
spectra are useful in searching for gaseous constituents and estimating their
abundances relative to known absorbers, their lack of absolute calibration
makes them much less helpful for quantitative analysis of atmospheric
particulates.

Calibrated spectra at lower resolution have been obtained by Russell and
Soifer (1977) in the 5—-8 um region, and by Witteborn et al. (1981) in both
the 5—8 wm and the 1-3 um regions. The | -6 um spectrum of Saturn is
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dominated by the signature of strong CH, absorption bands with atmospheric
spectral windows centered roughly around 1.05, 1.38,1.9,2.5,2.7-3.2, and
4.7-5.4 pm. These windows are dominated by reflected solar radiation up
through the 5-um window, in which both thermal emission and reflected solar
radiation make substantial contributions. Spatially resolved observations of
Saturn in the 0.6~2.5 um region were obtained by Apt and Singer (1982),
and calibrated on an absolute scale by reference to the observations of Berg-
stralh et al. (1981) in the overlapping spectral region. These authors also pro-
vided the only quantitative modeling of the infrared reflectivity of cloud prop-
erties, although this involved only the 0.6—1.3 um region.

Further spatially resolved observations of the 5 wm region are available
from the Voyager 1 and 2 infrared interferometer spectrometer (IRIS) experi-
ment (see Hanel et al. 1981a) in which anomalously strong 5 um emission
appears in discrete areas over the disk, similar to the Jovian hot spots at the
same wavelength but greatly reduced in intensity. For these and other regions,
the analysis of relative contributions of reflected solar and planetary thermal
radiation in terms of a consistent physical cloud model are still in an early
stage (see e.g., Bjoraker et al. 1982).

Other regions at longer wavelengths in the thermal spectrum are possibly
also sensitive to the presence of particles in the atmosphere. A region near 9
pm might be sufficiently distant from lines of gaseous absorbers to be sensi-
tive to the presence of atmospheric particles, analogously to the atmosphere
of Jupiter (Orton et al. 1982). In fact, Caldwell’s (1977a) initial analysis of
the Gillett and Forrest (1974) spectrum of Saturn invoked a model with am-
monia ice particles forming an opaque cloud at the top of the convective re-
gion, overlain by an optically thinner haze of the same particles in order to
match the 9 um region of the spectrum. However, the influence of gaseous
absorption from CH;D and PHj lines was not included in the quantitative
analysis, which accounted only for CH, and NH; absorption near 9 um. Far-
ther in the infrared, at and beyond 40 um, again analogously to Jupiter, the H,
collision-induced absorption may become low enough that the outgoing ther-
mal radiation would be sensitive to the presence of particles of sufficient size.

No Earth-based spatially resolved observations of Saturn have been pub-
lished for the 9 wm region. Observations in one or both of these spectral re-
gions have been made, however, by the Voyager IRIS experiment and at 45
pm by the Pioneer Saturn infrared radiometer (IRR) experiment. In the analy-
sis of thermal radiation it is difficult to separate the spatially variable influ-
ence of cloud properties from those of gaseous absorbers and kinetic tempera-
tures. This is especially true when dealing with absorbers or scatterers that are
spectrally continuous. The wide spectral coverage of the IRIS observations of
Saturn should provide the best source of information for separating the effects
of cloud and gaseous opacity in the infrared. However, the analysis of IRIS
spectra of Saturn has not yet focused on the determination of atmospheric
aerosol properties.
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Fig. 10. Brightness of Saturn at 45 um wavelength. Raw data numbers are shown at left, bright-
ness temperature scale at right. Five values of emission angle are shown (from Orton and In-
gersoll 1980).

Some preliminary work has been done in this regard with the Pioneer
IRR data. There is an obvious depression in both channels (at roughly 20 and
45 pm) of the Pioneer Saturn IRR experiment which correlates extremely
well with the visible morphology of the planet. The region lies within ~ 10°
in latitude on either side of the equator, as shown by the 45 um data in Fig.
10, and its visible appearance is somewhat brighter than the regions imme-
diately adjacent. A similar appearance is indicated by the Voyager IRIS mea-
surements. This is superficially similar to Jovian zones that are probably areas
of substantial cloud concentration, which appear bright at visible wave-
lengths. The straightforward inference is that the thermal infrared equatorial
depression is largely due to cloud scattering and absorption rather than to a
drop in the true kinetic temperatures in this region. This view is substantiated
by near infrared measurements (Apt and Singer 1982) indicating roughly a
20% decrease in the cloud top pressure from mid-latitudes in the southern
hemisphere to the equatorial region.

III. DEDUCED CLOUD PROPERTIES
A. Single-Scattering Properties

It would be useful to convert the host of observational material into in-
formation regarding the single-scattering optical properties of the cloud and
aerosol particles. Such information could be used both to calculate the pene-
tration and absorption of solar and thermal radiation in various parts of Sat-
urn’s atmosphere with accuracy, and to constrain the physical properties of
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size, shape, refractive index, and eventually composition of Saturn’s aerosols
and clouds.

Several attempts to constrain the optical properties of Saturn’s particu-
lates from groundbased measurements have been made. However, because
several effects such as variation with depth of the albedo and phase function of
the particles, as well as the detailed shape of the particle phase function, com-
bine to produce the observed limb darkening at low phase, it is not possible to
determine unambiguously the single-scattering properties of Saturn’s aerosols
using only center-to-limb variation measured from the Earth. The only rele-
vant quantities which can be measured reliably are the phase behavior and
polarization in the phase angle range 0° < o = 6%4, and multiple scattering
models must be constructed to invert the observations to derive the single-
scattering phase matrix in the very restricted angular domain mentioned
above.

Linear polarization measurements have been reported by Lyot (1929),
Hall and Riley (1969,1974), Bugaenko et al. (1971,1975), Bugaenko and
Galkin (1973), Kemp et al. (1978), Sigua (1978), Bugaenko and Morozhenko
(1981a,b), Santer and Dollfus (1981), and Dlugach et al. (1983). Circular
polarization measurements were discussed by Swedlund et al. (1972) and
Smith and Wolstencroft (1983) (see also Kawata 1978).

While the groundbased polarization measurements are quite interesting,
they have not yet added to our understanding of the size or composition of the
aerosols. Some authors have derived particle size and refractive index from
comparison with spherical particles using Mie theory, but these results de-
pend on the particles being spherical or nearly so, which seems highly un-
likely. The observations may be helpful at a future time when laboratory mea-
surements are available for NH; ice crystals and Danielson dust candidate
aerosols at the observed scattering angles and wavelengths.

From the behavior of the polarization across the disk we have learned
that the polar regions differ from the rest of the planet. At yellow and red
wavelengths the linear polarization is much stronger in the polar region than
anywhere else. The sign of linear polarization is positive (the polarization
vector is perpendicular to the scattering plane at phase angles a > 3°, and
radial near « = 0°). An abundance of small (» < 0.1 um) absorbing haze
aerosols above the clouds would be consistent with the polarization and with
observations of polar darkening in the ultraviolet.

If scattering in the atmosphere occurs in a homogeneous medium, the
limb polarization at full phase (a« = 0°) will be radial for a Rayleigh-type
phase matrix, and tangential for a phase matrix which is negatively polarizing
over a broad range of scattering angles centered around 90°. This phenome-
non occurs because second-order scattering dominates the polarization at « =
0°, and photons scattered tangential to the limb have a higher probability of
scattering in the backward direction than do photons scattered in the radial
direction. The direction of polarization is indeed mostly radial at short wave-
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lengths (Hall and Riley 1969), suggesting that Rayleigh scattering is impor-
tant at those wavelengths.

The groundbased polarimetry is slightly peculiar. At short wavelengths
(A < 0.55 um) the polarization near the equatorial limb is inclined to the ra-
dial direction at ~ 20° within latitudes +30° (Hall and Riley 1969; Bugaenko
and Galkin 1973; Bugaenko and Morozhenko 1981a,b; Dlugach et al. 1983).
At A > 0.55 um the polarization is tangential, indicating negative polariza-
tion near 90° phase angle. The 20° difference from radial at short wavelengths
has been interpreted to indicate oriented nonspherical particles, but the orien-
tation mechanism proposed (alignment by winds) is not likely, since winds do
not align particles. Furthermore, it has not been demonstrated that the obser-
vations are inconsistent with detailed radiative transfer calculations including
vertical inhomogeneity.

While it is difficult to constrain the single-scattering properties of Sat-
urn’s aerosols from the groundbased observations, the spacecraft observations
should permit this to be done straightforwardly. The photometry and polar-
imetry of Saturn from the Pioneer spacecraft have been presented and dis-
cussed by Tomasko et al. (1980), and Tomasko and Doose (1984). These au-
thors used the observations of the multiply-scattered light at phase angles
from 10 to 150° to constrain the shape of the single-scattering phase function
at the corresponding scattering angles (170° to 30°). The phase function was
parameterized by a double Henyey-Greenstein function, P(6) = f P(g;,0) +
(1—f) P(g,,0), where P(g,0) = (1—g%/(1+g>—2g cos 6§)*2. Here the pa-
rameter g, controls the shape of the forward-scattering peak, g, (taken to be
negative) controls the shape of the back-scattering peak, and f controls the
relative amount of each. Multiple-scattering calculations based on the layer-
doubling and adding method were done for various trial values of g;, g., f,
and the single-scattering albedo for comparison with the observations at a
range of phase angles. The shape of the phase functions derived are shown in
Fig. 11.

This determination of the particle phase function leads directly to the
value of the phase integral gq. The zone phase functions give ¢ = 1.43 and
1.41 in blue and red, respectively, while in the belt the corresponding values
are 1.45 and 1.41. Hanel et al. (1983) adopted 1.42 as an estimate of the aver-
age phase integral over the globe and over wavelength to derive a Bond albedo
of 0.342 from their measured bolometric geometric albedo of 0.242. Together
with their measured effective temperature of Tz = 95.0 = 0.4 K for Saturn,
Hanel et al. (1983) concluded that Saturn radiates 1.78 = 0.09 times as much
energy as it absorbs from the Sun.

Measurements of the degree and orientation of the linear polarization in
the multiply-scattered sunlight can be used to constrain other elements in the
4 X 4 single-scattering phase matrix that relates the Stokes vector (1,Q,U,V)
of the radiation incident on an individual scattering particle to the Stokes vec-
tor (I',Q',U',V") of the light scattered through an angle 6. When measure-
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Fig. 11. Single-scattering phase functions Py (curves) as a function of scattering angle in red
(0.64 wm) and blue (0.44 pum) light from the Pioneer Saturn data in a relatively bright zone,
7°S to 11°S (solid curve) and in a darker belt, 15°S to 17°S (dashed curve). Because the pho-
tometry data used to determine these phase functions are at continuum wavelengths, the de-
rived curves are relatively insensitive to the cloud-top pressure; all curves were derived with
the cloud top at 150 mbar except for the blue belt model (tong dashes), where the cloud top was
at 250 mbar. The planetary observations were obtained at the phase angles marked at the top of
the plot and are not necessarily well described by the smooth functions at scattering angles
<< 30°. Also shown are measurements (dots) of the single-scattering phase functions of am-
monia crystals grown at 150 K. The red and blue curves are all displaced one decade for clarity
(from Tomasko and Doose 1984).

ments of the degree of circular polarization are not available, it has been
shown (Hansen 1971) that the phase matrix can be reduced toa 3 X 3 form by
dropping the fourth row and column with little loss of accuracy. Further, if the
particles obey fairly general symmetry laws (e.g. that there are equal numbers
of randomly oriented particles of arbitrary shape and their mirror images)
then the only nonzero elements of the single-scattering phase matrix, in addi-
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tion to the diagonal elements Py, P,,, and P33 are the elements P, and Py,
which are equal. For spheres the elements P, and P,, are equal, and P;; is
similar in magnitude. Tomasko and Doose assumed that these three elements
could be approximated as equal for a first analysis of the Pioneer Saturn data.
Thus, in addition to the phase function P, (described as the double Henyey-
Greenstein function shown in Fig. 11) the only other element to be obtained is
P;,. The ratio —P,(8)/P;,(6) is the degree of polarization introduced in a
single-scattering event for unpolarized incident light, and this function was
parameterized by straight-line segments between the phase angles of the Pio-
neer data.

Tomasko and Doose found a relation between the amount of single-
scattering polarization required of the cloud particles and the pressure level at
which the cloud top was reached. If the cloud is placed too deep, the cloud
particles must be very negatively polarizing at 90° scattering angle to com-
pensate for the positive polarization produced by Rayleigh scattering in the
gas above the cloud. As indicated in Fig. 12, it was generally possible to
choose the pressure level of the cloud so that the cloud particles could have
fairly neutral single-scattering polarizing properties. The family of solutions
relating the single-scattering polarizing properties of the cloud particles and
their vertical location can be narrowed by using measurements in molecular
absorption bands to provide independent constraints on the cloud-top loca-
tion, as discussed below.

The rapid increase in polarization from the center of the disk toward the
limb and terminator in blue light can be reproduced simply by the Rayleigh
scattering of the gas above the clouds. However, in red light the observed in-
crease is much too great to be accounted for in this way. A thin layer of highly
positively polarizing aerosols (optical depth of 0.02 at A = 0.64 um) seems to
be required in the gas above the cloud deck (which is slightly negatively po-
larizing at 90° scattering angle). Thus the Pioneer polarimetry, like the ultra-
violet photometry and the groundbased polarimetry, indicates the presence of
an optically thin (at red wavelengths) layer of aerosols in Saturn’s upper
atmosphere.

While the single-scattering phase function of the cloud particles has been
effectively determined in the visible by the Pioneer measurements, it can be
expected to change significantly toward the infrared as the wavelength be-
comes comparable to the particle size. The general problem of realistically
determining the scattering properties of irregular particles, NH; crystals in
particular, is severe in such a case. Several levels of approximation for the
single-scattering properties have been used in radiative transfer calculation
involving multiple scattering. One of the most common approaches is to as-
sume that the properties associated with spherical particles, as derived from
Mie theory, are sufficient for a first-order estimate. Such an approach was
adopted for the Jovian atmosphere by Marten et al. (1981) who also assumed
that the scattering function was isotropic. Another possible approach was
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Fig. 12. Single-scattering polarization, —P)|(8)/P|2(6), for the Saturn cloud particles in blue
light for the reflectivity bright zone at 7°S to 11°S, derived from the Pioneer Saturn data. The
curves indicate the family of solutions possible for different choices for the pressure at which
optical depth = 0.4 of the cloud is reached and for the ratio Hy/Hj of particle to gas scale
heights (from Tomasko and Doose 1984).

adopted by Orton et al. (1982) who used the semi-empirical irregular particle
theory of Pollack and Cuzzi (1980) as the basis for scattering properties. The
empirical parameters describing the irregular particle perturbation of Mie the-
ory were fit to the laboratory results of Holmes et al. (1980) and Holmes
(1981) for NH; ice particles at visible wavelengths, and subsequently used for
extrapolating to longer wavelengths. Orton et al. found that there were mini-
mal differences between calculation of the outgoing thermal radiance using
Mie theory and using the semi-empirical theory when the single-scattering al-
bedo was low (e.g. < 0.80).

However, these approximations are no substitute for laboratory measure-
ments or accurate calculations. Laboratory measurements of the scattering
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properties of NHj; ice are underway in the visible (Holmes et al. 1980; Holmes
1981; Tomasko and Stahl 1982), and are needed in the infrared. The existing
measurements indicate that NH; crystals tend to assume a tetrahedral shape.
Once the crystal shape is known, rigorous scattering calculations become pos-
sible, at least in principle. One approach to such calculation involves the
point-dipole array method to approximate the continuous surface of a di-
electric (see e.g., Purcell and Pennypacker 1973). However, larger particles
would necessarily imply 3-dimensional arrays of substantial proportions in or-
der to reduce phase shift errors.

B. Possible Composition

One of the long-standing unsolved problems of the Jupiter and Saturn
atmospheres is the composition of the aerosols which absorb visible and ultra-
violet light, and the chemical and physical processes responsible for their
creation and destruction. Since pure NHj; ice, which is thought to be the main
constituent of the upper cloud, is nonabsorbing in the visible and near ultra-
violet down to 0.220 um (Pipes et al. 1974), visible chromophores and ultra-
violet absorbers must be products of disequilibrating processes, i.e. processes
not in thermochemical equilibrium with the ambient atmosphere. The chapter
by Prinn et al. includes a review of the chemistry and possible compositions
of the absorbing particles.

The photometry and polarimetry observations place important con-
straints on the nature of the aerosols. At least three kinds of absorbing aerosol
populations are suggested (West et al. 1983¢). The first is a tropospheric chro-
mophore which absorbs at visible and ultraviolet wavelengths. The relatively
flat limb darkening at blue wavelengths implies that these absorbers are not
concentrated above bright lower clouds but are mixed in the clouds them-
selves (Tomasko et al. 19804). This component accounts for the contrast be-
tween belts and zones for A > 0.38 um and for the general decrease in plane-
tary albedo from the red to the bilue and near ultraviolet (West et al. 1983¢).
The source of the tropospheric absorber is probably within or below the NH;
cloud, and the aerosols may serve as condensation nuclei for NH; ice crystals.

Two stratospheric aerosols, separated in latitude and altitude, are also
present. The polar regions (above ~ 60° latitude) have an abundant ultraviolet
absorber which extends well above 20 mbar (West et al. 19834a). Lane et al.
(1982b) have suggested charged particle bombardment from the magneto-
sphere (Scattergood et al. 1975) as a possible contribution to the formation of
the polar aerosols, and Broadfoot et al. (1981) reported observations of polar
aurorae. A detailed mechanism for aerosol production from charged particle
precipitation has not been formulated, but presumably CH, destruction by
protons initiates the process. Some doubt has been expressed concerning the
energetics. The best supporting evidence for the process has been reported for
Jupiter by Caldwell et al. (1983) who observed temporally varying polar in-
frared emission in the 7 um CH, band.
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In mid-latitudes the stratospheric haze is concentrated in the 30 to 70
mbar region (West et al. 1983¢) and the optical depth in the Equatorial Zone
is > 0.4 at 0.264 pum, and decreases by at least a factor of 10 to 0.670 um
(D. W. Smith et al. 1981), supporting the small particle Danielson dust idea.
If the particles scatter as spheres with a real refractive index n, = 1.5, their
mean radius is near 0.1 wm and the imaginary refractive index must be quite
large (n; ~ 0.4) at 0.264 um. West et al. (1983¢) estimate a total column
density near 10° cm™2 above the tropopause in the Equatorial Zone. The de-
rived optical depth is below upper limits expected for photochemical pro-
cesses in Jupiter’s stratosphere (Prinn and Owen 1976; Gladstone 1982).

It seems likely that most of the high aerosols which have strong ultra-
violet absorption are due to photolysis or energetic particle impact on methane
(Scattergood and Owen 1977). It has been suggested that some portion of the
aerosols may result from the ablation or disintegration of micrometeoroid par-
ticles within the upper atmosphere of Saturn (Tejfel 1974a,b), but detailed
estimates of the properties and amount of aerosols that could result from this
process remain to be calculated.

Interpretation of the chromophores’ composition would benefit from a
comprehensive laboratory program to measure the spectral reflectivity and
scattering properties (including polarization) of candidate materials. For ex-
ample, P4(s) has been suggested (see the chapter by Prinn et al.) from photo-
dissociation of PH; which is observed spectroscopically. While P, may be a
good candidate for the stratospheric haze above 100 mbar, its role in the
troposphere is probably very minor. As Fig. 2 shows, the strongest gradient in
Saturn’s spectral reflectivity occurs in the wavelength range 0.4 to 0.6 um,
while the laboratory spectrum of red P, frost is flat in that region (J. Gradie,
personal communication). The strongest gradient in the laboratory spectra oc-
curs between 0.6 and 0.7 um where Saturn’s spectral reflectivity is relatively
flat. Of course, before P, can be dismissed as a candidate for the tropospheric
chromophore, we must measure the wavelength dependence of the scattering
from small particles rather than from a frost surface, and for a variety of P,
allotropes subject to formation conditions relevant to the atmospheric condi-
tions. Measurements of the complex refractive indices are insufficient be-
cause, as Huffman and Bohren (1980) show, Mie theory fails to account for
the spectral properties of nonspherical particles.

Deeper in the atmosphere, NH; is known to exist as a gas, and several
analyses of infrared measurements to date have concentrated on NH; as a can-
didate for Saturn’s clouds. NHj is expected to condense out of the gas phase
above the 1.4 bar level into particles of NHj; ice, provided that H,O is suffi-
ciently depleted at this altitude that hydrates of ammonia do not form instead
(Weidenschilling and Lewis 1973). This is expected to be the case, since H,O
is not detectable in spectral regions sensitive to the deep atmosphere where
NHj; is detectable in substantial quantities (Fink et al. 1983). Thus, clouds of
NHj are expected to form in the atmosphere in regions of upwelling convec-
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tion, with the cloud-bottom level determined by the local temperature and
mixing ratio of the gas in the deeper atmosphere. The cloud thickness and
cloud-top location depend on the local temperature lapse rate above the con-
densation level, the rate of particle size growth and precipitation, and the effi-
ciency of convection for moving the particles up to higher aititudes.

Figure 11 shows a comparison of the single-scattering phase function de-
rived from the Pioneer data with phase functions measured for scattering by
NHj; ice crystals grown at ~ 150 K in a laboratory cloud chamber (Tomasko
and Stahl 1982). The agreement is remarkable, although it hardly represents
proof of the composition of Saturn’s clouds. Several characteristics of these
curves such as the strength of the forward peak and relatively flat behavior for
scattering angles = 70° are found for several types of irregularly shaped parti-
cles. Still, it is interesting that the curves differ significantly from those de-
rived for Jupiter (Tomasko et al. 1978) and for those of hexagonal plates or
prisms computed by geometrical optics (Cai and Liou 1982) or measured in
the laboratory (Stahl et al. 1983).

More stringent constraints on composition should be possible using
other elements in the single-scattering phase matrix, such as the single-
scattering polarization (— P,/ Py;) shown in Fig. 12. The laboratory measure-
ments of NH; crystals to date show little single-scattering polarization (<
+20%), but do not have the detailed shape shown in Fig. 12. However, con-
siderable work remains to be done both in laboratory measurements (data are
needed at temperatures below 150 K) and in analysis of the Pioneer measure-
ments, in which the polarizing properties of the thin, upper stratospheric haze
must be separated from those of the lower tropospheric cloud. Models with
essentially unpolarizing cloud particles (similar to some of the NH; labora-
tory measurements rather than to the shapes shown in Fig. 12) are capable of
matching the Pioneer polarimetry at phase angles of =< 90°, and the data ob-
tained at larger phase angles are known to sample higher regions of the atmo-
sphere where the observed polarization may be caused primarily by photo-
chemical aerosols rather than NH; crystals.

On the other hand, ammonia ice has yet to be identified conclusively in
the spectrum of Saturn. Slobodkin et al. (1978) reported an identification of
NH; ice, on the basis of a correlation between features in the observed spec-
trum of Saturn and features in their laboratory frost spectra which are highly
dependent on the availability of certain particular temperature and deposition
rate conditions. Unfortunately, these features are not present in the NH; ice
absorption spectra (see e.g. Sill et al. 1980), which cover a wide spectral
range and from which the relevant indices of refraction for the ice are derived.
Given the lack of consensus on the reasons for the incompatible laboratory
observations and their applicability to the relevant astronomical observations
near 3 um (Witteborn et al. 1981), some degree of caution seems reasonable
regarding this putative identification.

Fink et al. (1983) report that the addition of NH; ice absorption would
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provide the additional atmospheric absorption, which appears to be unavailable
from gaseous absorbers, to fit their spectral observations near 5.3 um. On the
other hand, stronger absorption features are present near 28, 9.5, and 3.0 um.
Caldwell (1977a) continued the suggestion by Gillett and Forrest (1974) that
a broad absorption feature near 9.5 wm in their thermal spectrum of the center
of Saturn’s disk was due to NHj; ice absorption. Caldwell suggested a model
with a haze of NH; ice particles, small enough that purely absorbing proper-
ties can be assumed. These particles were distributed vertically with a scale
height equal to the gas scale height from 110 K down to 113 K. Below this
level, corresponding to the top of the convective region, he placed an op-
tically opaque cloud, presumed to be a very dense cloud of NHj ice particles.

However, Witteborn et al. (1981) do not consider the spectrum of NH;
ice, even under the conditions suggested by Slobodkin et al. (1978), to be
compatible with their own observations in the 3 um region. Similarly, no fea-
tures are obvious in the IRIS spectrum covering the relevant spectral region at
28 wm or at longer wavelengths where hydrogen absorption is much reduced
(see e.g. Hanel et al. 1981a). A more quantitative investigation of this region,
however, has not yet been made.

There are several possible reasons why NHj ice clouds, while present in
the atmosphere of Saturn, might not be positively identifiable. In fact, the
Jovian atmosphere presents a similar problem. For Jupiter, several lines of cir-
cumstantial evidence point to the existence of NHj ice clouds near the 600
mbar level, at least in zones (visibly bright, thermally cool areas), although
there has been no positive identification of spectral features belonging to NH;
ice anywhere on the planet, in spite of high-quality observations in spectral
regions where strong ice features exist, such as at 28 and 9.5 um. Marten et
al. (1981) have interpreted this as an indication of the large size of spherical
cloud particles. Large particles have the property of *“smearing” resonant ab-
sorption features in the ice, as shown, for example, by Fig. 3 of Taylor (1973)
in his spectral plots of scattering parameters for NH; ice, derived on the basis
of Mie theory. Marten et al. interpret the available IRIS spectra for Jupiter as
implying sizes of ammonia ice particles near 100 wm, although Orton et al.
(1982) demonstrated that this value is a strong function of the assumed thick-
ness of the cloud.

Another possibility has not been explored fully for a wide range of parti-
cle sizes. Huffman and Bohren (1980) demonstrated that, in the Rayleigh
limit, irregular particles suppress the resonant absorption features associated
with spherical particles of equal volume. The tetrahedral habit of NH; crystals
departs from sphericity enough to imply that spectral features could easily
be suppressed in particles much smaller than the wavelength. Whether this is
the case for particles larger with respect to the wavelength remains an open
question.

Finally, it is possible that NHj; ice features are missing because the parti-
cles are either coated or mixed with impurities which mask spectral features
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sufficiently to prevent identification. This consideration, while appealing in
its realistic assessment of probable atmospheric conditions, must somehow be
made consistent with the extremely high visible and near infrared single-
scattering albedos associated with the bright regions in the Jovian atmosphere
that are commonly interpreted as NH; clouds.

Again as in the case of the Jovian atmosphere, many of the clues for the
presence of NHj ice clouds in the atmosphere of Saturn are indirect, involv-
ing the expectation of solid NH; somewhere in the physical chemistry of the
atmosphere. The best evidence to date is inferred from the physical morphol-
ogy of the planet at thermal infrared wavelengths, from comparison between
the results of the Voyager radio subsystem (RSS) occultation experiment and
infrared results from the IRIS experiment and the earlier Pioneer IRR experi-
ment, and from models of the vertical cloud structure in absorption bands
formed in reflected sunlight. All these data indicate the presence of significant
cloud opacity in Saturn’s upper troposphere, where NH; is expected to
condense.

IV. DISTRIBUTION OF THE PARTICULATES

A. Vertical Distribution

Modern notions about the aerosol distribution in Saturn’s atmosphere are
based on the interpretation of the observational data in terms of various more
or less simplified models. It is now evident that the simplest models, consist-
ing of a reflecting cloud layer beneath an absorbing gas layer or a vertically
homogeneous distribution of scatterers, can only describe satisfactorily very
limited portions of the observations. The growth of observational information
has required a movement to more complicated models of both the vertical dis-
tribution of the aerosols and the spectral dependence of the optical parameters
of the clouds.

Apart from data in the molecular absorption bands, where the strength of
the absorption limits the level probed, there is a general tendency for observa-
tions at the shortest wavelengths to be sensitive to the uppermost part of the
atmosphere; longer wavelengths penetrate to progressively deeper levels. The
shortest wavelength data that have been analyzed in some detail are those ob-
tained by Voyager 2 at 0.264 um. West et al. (1983a,c) prefer a model with
optical depth > 0.4 at this wavelength at pressure levels of 30—70 mbar (cor-
responding to abundances of clean overlying H, of 3—7 km-amagat) at low
latitudes, which rises to pressure levels of < 20 mbar at latitudes > 60°.
Analyses of groundbased data in the near ultraviolet and visible indicate
greater estimates of the amount of clean H, above the stratospheric aerosols.
The abundance of H, above the aerosols at equatorial and temperate latitudes
has been estimated respectively as 8 = 12 and 12 = 3 km-amagat (Tejfel
1975), 13.5 = 1.0 and 19 * 2 km-am (Tejfel 1974a,b; Tejfel and Kharito-
nova 1974), 15 and 31 km-amagat (Price and Franz 1980), 19 and 27 km-



CLOUDS AND AEROSOLS 181

amagat (Macy 1977). These estimates are greater than those made by Voyager
partly because of the decrease in absorption caused by the stratospheric aero-
sol particles toward longer wavelengths, but a real decrease in scattering cross
section with increasing wavelength through the visible occurs as well. Such a
decrease in cross section would be expected for small particles, and particle
radii on the order of 0.1 um have been estimated for the aerosols in the pres-
sure region 30—70 mbar (Tomasko and Doose 1984; West et al. 1983¢).

The pressures derived for the effective top boundary-of the tropospheric
aerosol layer at low latitudes from groundbased photometry vary between 80
mbar and 300 mbar in various studies. This is somewhat higher than the upper
boundary of the convective region in Saturn’s atmosphere near 400 mbar, but
convective overshooting might be capable of lifting some of these particles as
much as a scale height above this level. Some of these aerosols undoubtedly
extend to pressures as low as 100 mbar near Saturn’s temperature minimum,
where the high static stability strongly inhibits further vertical motions.

In order to determine the vertical distribution of the cloud at deeper lev-
els, additional information is required which may be obtained from analysis of
the molecular absorption bands over different regions of Saturn. Reviews of
the molecular absorption investigations concerning Saturn and their inter-
pretation have been published by Hunt (1975), Trafton (1978), and Tejfel
(1980). All these studies reach the general conclusion that both the simple
reflecting layer model and the homogeneous scattering layer model fail to re-
produce the observed variations of the molecular absorptions over Saturn’s
disk.

Better agreement is obtained for reflecting-scattering models which con-
sist of a semi-infinite homogeneous diffuse cloud layer beneath an absorbing
pure gas layer. The formation of the molecular absorption occurs not only in
the upper gas layer but also by multiple scattering within the clouds, with
weak and moderately strong molecular bands being formed mostly within the
cloudy region of the atmosphere. Tejfel (19775) used such a model to derive
estimates of the optical thickness 7 of clear gas over the clouds and the spe-
cific abundance of methane Wy, in a2 mean free scattering path in the clouds
at different latitudes. The variations in altitude of the effective upper bound-
ary of the aerosol (cloud) layer derived from observations of the CH, absorp-
tion bands at 0.619 and 0.725 pum are very similar to the results of interpreta-
tion of the groundbased data in the near ultraviolet, but are greater than the
corresponding values derived from Voyager.

For some latitudes (such as 15°S to 17°S) the inclusion of the still
stronger methane band near 0.89 um results in some inconsistencies when
analyzed in terms of such a 2-parameter model. In these cases, the estimates
of methane abundance above the diffuse cloud obtained from center-to-limb
variations of the residual intensity in the centers of strong methane bands are
significantly less than for moderate and weak bands. This has been noted by
Tejfel (1976) and confirmed by the analysis of CCD observations of West et
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al. (1982) carried out in terms of a 2-layer model (Tejfel and Kharitonova
1983, in preparation; West 1983). The correlation of Wy, and other parame-
ters with the strength of the absorption band might be explained by the pres-
ence of a semi-transparent or optically thin aerosol layer (as required by the
ultraviolet dat