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Chapter 5

PLANETS AND SATELLITES OF THE OUTER SOLAR SYSTEM,

ASTEROIDS, AND COMETS 1

RAY L. NEWBURN, Jr. AND SAMUEL GULKIS

Jet Propulsion La_boratory, California Institute of Technology, Pasadena USA

OUTER SOLAR SYSTEM

The outer solar system beyond Mars, which
contains more than 99% of the nonsolar mass in

the solar system, is of major cosmogonic sig-
nificance. Here are most of the asteroids and

comets-the giant planets: Jupiter, Saturn,

Uranus, and Neptune, and their 29 satellites as

well as the planet Pluto which is more like a

satellite than a companion planet to the giants.

The giant planets and probably their satellites

differ markedly from the planets and satellites

of the inner solar system. In contrast to mean

We wish to thank the many people who, either directly

or indirectly, helped to compile quickly data used in this

chapter, in particular, J. D. Anderson, T. D. Carr, O. V.

Dobrovolskiy, F. P. Fanale, R. Goldstein, H. C. Graboske,

A. S. Grossman, M. Janssen, T. V. Johnson, G. Null, R. J.

Olness, E. Olsen, J. B. Pollack, R. Smoluchowski, V. G.

Teifel, L. Trafton, D. L. Watson, and S. K. Wong for material

for use prior to publication. B. Gary is thanked for assistance

in compiling radio brightness temperature data used in the

figures. We are especially grateful to F. Taylor who read the

entire manuscript and commented critically on its contents.

M. Owen and D. Mahoney are thanked for professional

assistance in typing and editing the manuscript. We also

thank the D. Reidel Publishing Company for permission to

use historical and descriptive material from an earlier articJ_

we authored [343] which they published.

This paper presents results of one phase of research

carried out at the Jet Propulsion Laboratory, California

Institute of Technology, under NASA Contract No. NAS

7-100, sponsored by the National Aeronautics and Space
Administration.

197

densities near 5 g/cm 3 for the terrestrial planets,

mean densities of the major planets range from

0.7 g/cm 3 for Saturn to 1.6 g/cm s for Neptune.

The giant planets are large with radii ranging

3.7-11.2 times that of the Earth; all rotate rapidly

with periods from ca 10-ca 15 h. This rapid

rotation produces a pronounced oblateness,

particularly of Jupiter and Saturn. Rotational

effects are also important in determining the dis-

tribution of plasma in the Jovian magnetosphere.

Earth-type planets and the giant planets differ,

too, in the chemical nature of their atmospheres

which are, respectively, oxidizing and reducing.

The larger satellites of the giant planets also

appear significantly different from the Moon,

some of them, it is believed, being composed

of large fractions of various ices or at least ice

covered. Three satellites, Io, Ganymede, and

Titan, are thought to have atmospheres, with that

of Titan being quite substantial.

The major planets and their satellites are

considered to be of considerable biologic interest,

in addition to their importance toward under-

standing the formation of the solar system.

Sagan [404] and other workers have shown that

synthesis of complex organic compounds takes

place most effectively in a reducing atmosphere.

Major steps leading to the origin of life on Earth
are believed to have occurred when the Earth's

atmosphere was richer in hydrogen than at
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present. Large quantities of hydrogen would be
lost from the Earth during geologic time due to

the planet's inability to retain lighter gases.

In contrast, major planets could retain any gas,

including hydrogen. Their primitive reducing

atmospheres may therefore be of major exo-

biologic significance [404]. The satellite Titan,

for example, is a likely site of simple organic

compounds, having both a reducing atmosphere

and a solid surface on which complex molecules

can form and accumulate.

Numerous environmental differences between

inner and outer solar system objects are bases

for anticipating that atmosphere and surface

processes, totally different from those observable

on the planets of the inner solar system, may be

operative. In order to develop hypotheses about

these processes, an adequate understanding of

probable conditions on the planets and satellites

is needed.

The purpose of this chapter is to present the

best available knowledge of the outer solar system

in mid-1974 to serve as a guide for studying the

outer solar system. Only observational results

and direct interpretation are discussed, with

results _f a more speculative nature limited to
literature references. Emphasis is placed upon

planets and larger satellites of greatest biologic
interest; comets, asteroids, and the smaller
satellites are also discussed but in less detail.

The principal physical and rudimentary photo-
metric data for the five outer planets are pre-
sented in Tables 1 and 2; when using these, it is
useful to remember that some data are still un-

certain, especially for the outer three planets.
Such uncertainties are usually indicated in the
tables and, where important, are generally dis-
cussed in some detail.

Important information on planetary motions
is in Table 3; many of these quantities are known
to higher accuracy than those given, and addi-

tional figures can be found in the original refer-
ences. Sufficient information is included for

most calculations in physical planetology, but
not for studies in celestial mechanics.

JUPITER

Jupiter, being the largest and nearest giant

planet, is the most studied. With the flyby by

TABLE 1.- Physical Data

Parameter 1 Jupiter Saturn Uranus Neptune Pluto

Reciprocal mass 2 [128]

Mean error in mass 3 [128]

Mass (Earth) = 1) 2.4
Mass, kg 2,_

Equatorial radius (km)

Equatorial radius (Earth=l) s
Oblateness 9

Mean density, g cm -3,o

Equatorial surface gravity, m s -2''

Equatorial escape velocity, km s- 1,2

1047.357

±0.005

317.89

1.8989 × 10z_

71 600 [219]
11.23

1/16.7 [219]

1.314

22.88

59.5

3498.1

±0.4

95.18

5.6854 x 1026

60000 [120]
9.41

1/9.3 [120]

0.704

9.05

35.6

22 759

±87

14.63

8.739 × 1025

25900 [1023
4.06

1/100 [102]
1.21

7.77

21.22

19 332

±27

17.22

1.029 x 102e

24750 [152] s
3.88

1/38.6 [152]
1.67

11.00

23.6

3OOO0OO

--+500000

0.11

6.6 × 1023

ca 3 200 7

ca 0.5 7
Unknown

ca 4.9 7

ca 4.3

ca 5.3

Where the same source was used for all five planets, the

reference number is given in this (parameter) column. In all
other cases, it follows the individual datum. Additional in-

formation is given in footnotes.
2 Includes the mass of satellite systems and atmosphere.
3 Mean error from residuals of group means, groups being

formed from results having a common method of derivation.
The error for Pluto is estimated only.

4Calculated using 328 900.12 for the reciprocal mass of
the Earth-Moon system and 81.3025 for their mass ratio [128].

5Calculated using data above, G=6.673×10 -2° km 3 s -2

kg 1, and GMo=1.327125 × 10 u km 3 s 2 [320].

s Improved analysis by light curve inversion [491] requires

a larger scale height for Neptune's atmosphere. This would
decrease the radius to optical depth unity by about 200 kin.

No change was made because of comparable uncertainties
in several quantities.

7See discussion in section on PLUTO.

s Calculated using Re= 6378.160 km [320].
9 Oblateness or optical flattening is defined as (Requatortal--

Rpolar)/Requatoria).
lOCalculated assuming all are oblate spheroids.

l_including centrifugal term, g_= 9.78 ms z at the Equator.
12No rotational contribution included.
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Pioneer 10 on December 4, 1973, Jupiter also
became the first of the giants to be studied at

close range by spacecraft. In spite of this atten-

tion, knowledge of Jupiter still lags behind that of

Mars or Venus, and intensive study is scheduled

during the coming decade. In the pages that fol-

low, an effort will be made to present an overview

of current knowledge of Jupiter and to point out

gaps in fundamental data and understanding.

Atmosphere

Background Information

The first report on dark absorption bands in

the spectrum of Jupiter apparently was made by

Secchi in 1863. Shortly after the turn of the

century, Slipher photographed these bands in

some detail. In the early 1930s, Wildt suggested,

and the work of Dunham confirmed, that they

were due to the presence of methane and

ammonia. Pioneering measurements of tempera-

tures of the planets were made using vacuum

thermocouples, in the mid-1920s, by Menzel,

Coblentz, and Lampland at Lowell Observatory

and by Pettit and Nicholsen at Mt. Wilson Observ-

atory. These showed that Jupiter was definitely

a cold body, as Jeffries had argued in 1923 on

theoretical grounds. Model studies analogous

to the modern paper of Zapolsky and Salpeter

[534] indicated that the bulk of Jupiter must be
hydrogen and helium, since no other substances

have sufficiently low density at low temperatures

to explain the observed mean density. Baum

and Code [32], in 1952, observed photoelectri-

cally an occultation of the star o'-Arietis by Jupiter,

deriving from these observations a mean molec-

ular weight of 3.3 for the Jovian atmosphere.

Although recent studies have shown that large
errors are possible using Baum and Code's

curve-fitting technique [504], their basic conclu-

sion that Jupiter's atmosphere must consist

mainly of hydrogen and helium remains valid.

Actual spectroscopic detection of molecular

hydrogen was made by Kiess et al [248] in 1960.

The classic assumption was that gases in a

planetary atmosphere could be considered a

uniform transparent layer, except for pure

absorption at some discrete wavelengths, above a

TABLE 2.- Photometric Data

Parameter _ Jupiter Saturn Uranus Neptune Pluto

Mean opposition magnitude, Vo

[194]

Mean surface brightness at zero

phase 2 V,,,,o/(arc sec) 2

Mean surface brightness at zero

phase (Earth = 1 )

Color index 3 B-V [194]

Bolometric bond albedo,/_

Calculated effective temperature 4
oK

-2.55

5.6

3.98 x 10 -z

0.83

0.45 [454]

105

0.75

6.9

1.20 × 10 2

1.04

0.61 [495]

71

5.52

8.2

3.63 × 10 -3

0.56

0.33 [532] 5

57

7.84

9.6

1.00 × 10 _3

0.41

0.33 _

45

14.909

ca 18.2

ca 3.6 × 10 -7

0.80

0.14? 7

42 s

1 Photometric data in this table are in the widely used UBV

photometric system. The broad passbands of this system were

designed for stellar work, but the V-band gives a fair approxi-

mation to naked eye response. Detailed photometric proper-

ties are given in the main body of the text from modern narrow-

band photometry.

Calculated from Vo and data in Tables 1 and 3.

3 Color index of the Sun is 0.63 [194].

4 Calculated from A, data in Tables 1 and 3, and a value for

the solar constant of 1353 Wm 2. This is the effective tempera-

ture each planet would have, if solar insolation were the only

energy source.

5 Original value scaled to radius in "Fable 1.

6Estimated as discussed in the subsection, Visible Surfaces,
under URANUS AND NEPTUNE.

7 Harris' [194] value for the visual albedo. It assumes a

phase integral equal to that of Mars and a radius of 0.45 times
that of the Earth.

SEffective temperature of a rapidly rotating body with the

(very uncertain) properties listed. Pluto rotates slowly enough

so that a relatively large difference between dayside and night-

side temperatures can be expected. The effective temperature
ofa nonrotating body would be 50.5 ° K.

9 Andersson and Fix [12] have shown strong evidence of long

period change in this mean magnitude; they find 15.07 for

1972 at zero phase. See discussion in the section, PLUTO.



200 PART 2 PLANETS AND SATELLITES OF THE SOLAR SYSTEM

well-defined reflecting layer (clouds or solid

surfaces). Abundances were determined from

absorption line strengths, with allowance for

mean path length through the atmosphere. The

early Jovian models of Kuiper [261] were of

this reflection-layer type, for indeed, with infor-

mation available even 20 years ago, no other

assumption was feasible. Many atmospheric abun-

dances are still quoted as though this assumption

were vahd, even while recognizing that in most

cases it is not.

In a dense atmosphere, especially such as

that of Uranus, Rayleigh scattering begins to

contribute significantly to atmospheric opacity

in visible light. As long as scatterers and ab-

sorbers are homogeneously mixed, and the

properties of the scatterers are constant with

height, and known, the abundance and atmos-

pheric albedo problems are still quite tractable,

although in reality this is never the case. When-

ever a condensable gas is a minor component

in saturation equilibrium, scattering density

changes independently of gas density as a

function of altitude. Spectral line formation and

continuum albedo values in the resulting in-

homogeneous atmosphere require a major

numerical effort in a large computer.

While theory is adequate for most parts of the

direct problem of predicting the behavior of radia-

tion interacting with a simple, static, one-dimen-

sional (vertical) atmosphere of known properties,

the inverse problem, requiring definition of an

atmosphere from observed radiation, is far more
difficult. Solution of this "atmospheric sounding"

problem for Jupiter definitely requires data over

a wide range of wavelengths and from point

to point on the disk, which can only be obtained

with adequate spatial resolution by special

spacecraft experiments [456]. Up to the present,

most work has consisted of solving the direct

problem for families of "reasonable" models

and comparing these to observations.

Further complications are of two types. One,

already implied, is that Jupiter does not have

a uniform atmosphere (nor does Saturn). There

are obvious belts, zones, and spots (to be dis-

cussed later), and even the limited quantita-
tive information now available indicates definite

variation in many physical parameters from point

to point on the Jovian disk. Attempts at tempera-

ture sounding with Earth-based spatial resolu-

tion, such as the recent work of Ohring [346],

at best can give only an average over large areas

of a very nonuniform planet. The second compli-

cation is that Jupiter is a dynamic body with

obvious changes from month to month visible

on even the poorest photographs.

Improvements in knowledge of planetary

atmospheres follow a sort of iterative process,

hopefully one which ultimately converges to the
correct answer. The general procedure is to

calculate preliminary models based upon the

best estimates of atmospheric composition and

temperatures. Data are then interpreted in terms

TABLE 3.- Mechanical Data

Parameter Jupiter Saturn Uranus Neptune Pluto

5.203 9.539 19.182 30.058 39.439Mean heliocentric distance,
AU [341] '

Orbital eccentricity [341]
Orbital inclination [341] t
Sidereal period [341] z
Mean orbital velocity, km s i [400]
Orbital angular momentum, kg kmz

s- 1, calculated
Inclination of Equator to orbit
Period of rotation

0.0484
1° 18'
11.862
13.06
1.929 x 103r

3.07° [369]
(see 4)

0.0557
2° 29'
29.458
9.65
7.813 × 1036

26.74° [369]
(see 3)

0.0472
0 ° 46'
84.013
6.80
1.700 × 103"

97.93 ° [369]
10.8 h [328] 3

0.0086
1°46 '

164.793
5.43
2.514 × 1038

28.80° [3691
15.8 h [327] 3

0.2502
17° 10'
247.686

4.74
ca. 1.8×1034

>50 ° [12]
6.3874 d [342]

1Mean elements for the epoch 1960 January 1.5 ET.
2Tropical years.
3Tfiese periods are not accurately known. See subsection,

The Visible Surfaces, under URANUS AND NEPTUNE.
4See subsection, The Visible Surfaces, under JUPITER.
5See subsection, The Visible Surfaces, under SATURN.

REPRODUCIBILITY OF THE

.._,.±=_.f:',AL PAGE IS POOR
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of suchmodels.Specifically,visibleandthermal
(infrared) opacities, which control energy
transfer,are calculatedfor the best available
abundances,andanattemptismadeto studythe
energybalanceof the atmosphereandderive
temperatureandpressureprofiles,perhapsfor
auniform,one-dimensionalatmospherein radia-
tive equilibrium.Trafton publisheddetailsof
this majorstepin 1967[465]for thefourgiant
planets.Analysisof spectroscopicdataandlimb-
darkeningcurves,usingimprovedmodels,con-
firmed the inadequacyof the reflecting-layer
theoryand that an inhomogeneous model was

required, at least to explain the observed center to

limb variations. With resulting improvements

in one-dimensional models, progress is now being

made toward understanding the real, three-

dimensional, dynamic Jupiter and toward models

of the Jovian ionosphere, but these areas con-
stitute the research frontier and are discussed in

following sections.

Composition

Molecular hydrogen is the major constitutent

of the Jovian atmosphere, and theoretical under-

standing of its properties is the best of any

neutral molecule. Since it is a homopolar mole-

cule, H2 has no normal dipole spectrum. A

dipole moment can be induced by sufficient

pressure but the resulting lines are broad, with

small central intensity, and their equivalent

widths are difficult to determine. Only the

fundamental induced band at 2.4 /zm has been

seen on Jupiter by Stratoscope II [99]. Molec-

ular hydrogen does have a small quadrupole

moment, and hydrogen abundances on Jupiter

result largely from studies of lines in the second

and third overtone (3-0 and 4-0) quadrupole
rotation-vibration bands. These tines are in-

trinsically very weak and appear only because

the Hz abundance on Jupiter is very large. An

additional observational problem is introduced

because these lines undergo observable colli-

sional narrowing before ordinary pressure

broadening sets in, making it difficult to deter-

mine accurate shapes and therefore pressures.

The correct shape of such a line, narrowed by

weak collisions, is believed to be given by

[__

the Galatry profile [221, 233]. Unfortunately,

such lines saturate while still very weak, and

the highest possible resolution is required to

obtain reasonable precision in abundance. The

best H2 abundance available presently is about

65 km-amagat above a pressure near 1.7 atm [301].

Methane has a rich dipole rotation-vibration

spectrum extending from 7.8 /an well into the

visible. Unfortunately, easily observed high
overtones in the visible and near infrared are

so complex that they have yet to be theoretically

analyzed. No rotational quantum number

assignments exist for any overtones higher than

the 3v3 band at 1.1 /zm, and only the R branch

of that band has been analyzed, by Margolis

and Fox in 1968 [299]. Laboratory line strengths

are available from Bergstralh and Margolis
[46], the Lorentz half-width from. Bergstralh

[45]. Abundance of methane appears to be

about 45 m-amagat above a pressure level near

1.7 atm [220, 298, 301]. An independent result,

using the technique of Fourier spectroscopy,
which averaged over a large part of the visible

disk, gave 38 +8 m-amagat above a pressure of

about 2 atm [295].

Ammonia also has a rich dipole spectrum.

Vibrational quantum numbers have been as-

signed to 42 bands in a recent analysis by

McBride and Nicholls [314], who also carried out
a rotational analysis of the 5v_ band of ammonia

at 6450 _ [315]. The 5vl band is quite complex,

with many blended features, and it is not clear

that accurate abundance and temperature

results for Jupiter can be obtained from assign-

ments at available laboratory and observatory

resolution. An empirical curve-of-growth analysis

by Mason [310] suggests an abundance of

13+3 m-amagat and appears to be the best

published result. This abundance should refer

to the level above about 1.7-2.0 arm pressure

as in methane and hydrogen, since a dense cloud

deck is believed to be at that level (see section,

Atmospheric Structure). The recent much

higher abundance of Ohring [346] seems

incompatible with other observations and with

models assuming a solar abundance of nitrogen

[506]; (see section, Atmospheric Structure).

This result may be due to neglecting the clouds

in the analysis.
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MeasurementsofJovianthermaldisktempera-
tures at radio wavelengthsprovidedata on
ammoniaabundancebelowtheammoniaclouds
[115, 137,184,525] as well as abovethem
[183,525].Ammoniamanifestsitself through
inversion-splittingof the molecule'srotational
energystates.Thesetransitionsarebelievedto
providetheprincipalsourceof radioopacityin
theJovianatmosphere.GulkisandPoynter[184]
havederivedan ammoniamixingratio of ca
1.5×10-4 belowthe clouds,basedon the ob-
servedtemperaturespectrum(seenextsection,
Temperature). This value is close to that expected

for an atmosphere which contains a solar cosmic

abundance of elements [278], thereby support-

ing the view that Jupiter's atmosphere is com-

posed of primitive solar nebula material.

Direct spectroscopic detection of helium on

a cold body is not possible from Earth's sur-

face and is very difficult even from an Earth-

orbiting satellite. The traditional assumption

has been that helium is present on Jupiter in

near solar abundance, but the first direct

observational evidence of its presence was
detection, by Pioneer 10 [239], of the 584._

helium resonance line with a strength of 10-20

Rayleighs. Unfortunately, this measurement

cannot be converted easily to a deep atmospheric
abundance. Two crude abundance values for the

region below the turbopause became available

recently, however. Light curve inversion of multi-

wavelength observations of the occultation of the

star /3-Scorpii by Jupiter allowed Sagan et al

[406] to derive a helium fraction of 0.16 +°"19_0.16

by number. The solar fraction is He/(Hz+He) =

0.12 [73]. A helium fraction can also be deter-

mined from the pressure effects of helium on the

H2 rotation and translation spectrum in the far

infrared [223]. The Pioneer 10 infrared radiom-

eter experiment thus definitely indicated the

presence of helium, the preliminary ratios being

given as He:Hz = 0.6 in the south equatorial belt

and 0.8 in the south tropical zone [88]. Until

more complete experimental results including an

error analysis are available, continued use of

the solar fraction, ca 9 km-amagat, seems
reasonable.

Three new molecules have been identified

recently on Jupiter by Ridgway, using a Fourier

spectrometer on the 150-cm McMath solar

telescope [392]. He estimates 10 cm-amagat 2

ethane (CzHr) and 0.2 cm-amagat acetylene

(C2H2) as preliminary values from available data

[392]. Roughly 0.9 cm-amagat phosphine (PH3)

was also detected [393]. Presence of nonequilib-

rium species such as C2H_, C2H2, and PH:_

in these abundances strengthens the possibility

that more complex organic species are also

present.

Two isotopes have been detected on Jupiter.

Beer and Taylor [34] found 1.3 +--0.3 cm-amagat

CHaD in their Fourier spectra of the 4.65 /xm

region. With allowance for deuterium fractiona-

tion, they derived the ratio D:H=4.8×10 -5

with error bounds of roughly +-50% [34].

Their results are somewhat model-dependent, that

being the source of most of the probable error.

Fox et al [148] reported the probable detection

of _3CH4 in Jupiter with an isotopic abundance
ratio tzc:_aC = 110--+35.

All the abundances quoted in the previous

paragraphs are some form of mean in both time

and space. An attempt is always made to reduce

the data to a one atmosphere path. Average limb-

darkening results are discussed in a section, The

Visible Surface. However, an entire series of

papers at the 1974 annual meeting of the Division

of Planetary Sciences, American Astronomical

Society, gave evidence of additional spatial and

temporal variations in the strengths of various

Jovian atmospheric components. For example,

variation in the strength of the 3-0 S (1) line of Hz

by 40% in a week was reported [479]. Until such

changes are clearly understood and reported, all
abundance data must be treated with caution.

A number of rocket and satellite studies have

been made of Jupiter at ultraviolet wavelengths.

Atomic hydrogen has been detected several

times by means of its Lyman-a emission at

1216 _. In a recent rocket study by Rottman et al

[399], a disk brightness of 4.4 krayleighs in this

line was found, while Pioneeer 10 found 1 kray-

leigh [239]. The difference may be a real time
fluctuation or could be due to interference in the

rocket experiment from the bright hydrogen

torus in Io's orbit (see section, SATELLITES

2 Later corrected to 1 cm-amagat (Astrophys. J. 192:L51,
1974).
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AND RINGS).Other featuresexist in these
and other spectra(seeJenkins[235]), but
resolutionisstill lowandidentificationuncertain.

Spectroscopicsearcheshave placedupper

limits on other species in Jupiter's atmosphere.

The limits depend upon the molecular band

wavelength as well as its intrinsic strength,

since the Jovian atmosphere is much more

transparent in some regions (near 5 /zm, for

example) than others. More than one upper

limit is given in Table 4 to provide informa-

tion corresponding to different spectral regions.

Large-scale computer calculations have

been carried out on the probable molecular

composition of the Jovian atmosphere, assuming

it is in thermodynamic chemical equilibrium.

The most extensive work has been undertaken by

Lewis and coworkers. Beginning with cosmic

abundances, Lewis [278] showed that at temper-

atures from the freezing point of water to above

1000 ° K, virtually all oxygen is contained in

HzO molecules, all carbon in CH4, all nitrogen

in NH3, and all sulfur in H2S. At lower temper-

atures, HzO freezes out and HzS is removed

through the formation of NH4SH clouds [506].

TABLE 4.--Upper Limits on Undetected Gases in
the Jovian Atmosphere

Gas

CzH,(ethylene)

CHzNHz
(methylamine)

HCN (hydrogen
cyanide)

EzN_(cyanogen)

H2S (hydrogen
sulfide)

SiI-l,

(silane)

Wavelength,
/xm

10.5
5.3
0.8715

12.8
1.52
1.0325

14
4.75
1.53
1.0385

4.7

8.0
1.58
0.22

10.5
0.9738

Upper
abundance,

limit
cm atm

0.5
5

200

0.05
2

30O

1
7O
5

2O0

30O
25
0.08
1

2OOO

Reference

[163]
[163]
[354]

[163]
[98]
[354]

[163]
[1631
[98]
[354]

[1631

[1631
[981
[9]

[1631
[3541

Molecules such as PH3, CzH2, and C2H6 are dis-

tinctly nonequilibrium species, however, and

indicate the occurrence of dynamic processes to
some extent.

Temperature

Fundamental improvements in detectors of

middle- and far-infrared radiation became

available in the early 1960s; during this same

period, the sensitivity of radio telescopes to milli-

meter waves was also improved, making studies

of Jupiter practical at these wavelengths. Tem-

peratures at wavelengths shorter than 1 mm are

given in Table 5 in two groups: disk brightness

temperatures and subsolar-point blackbody tem-

peratures from thermal maps.

Thermal radio radiation from Jupiter was

first detected at 3.15 cm wavelength in 1956

and 1957 [313]. These early observations

gave a temperature of 145°-4-26 ° K which was

reasonably consistent with the estimated equilib-
rium temperature of Jupiter and with infrared

measurements. Subsequent observations of

Jupiter at longer wavelengths revealed rapid

increase in temperature with increasing wave-

length. It was suggested by Drake [125] and
later confirmed by observations that the longer

wavelength radiation from Jupiter is generated

by high energy electrons trapped in the magnetic

field of Jupiter in regions similar to those of the
Van Allen belt around Earth.

Thermal emission from Jupiter's atmosphere

and radiation belt (synchrotron) emission are

now known to contribute equally to Jupiter's

total emission near 7-cm wavelength. Presence

of the synchrotron emission component makes it

difficult to measure accurately the planet's

thermal disk spectrum. Attempts have been

made to separate disk from nonthermal emissions

by using radio interferometric techniques and

by making certain assumptions about the polar-

ization properties of synchrotron emission. The

interferometric method of separation is the most

reliable of the two methods although there are

few measurements using this technique. Berge

[39, 40], Branson [63], and Olsen have used the

interferometric technique to derive atmospheric

emission at wavelengths from 2-21 cm. Dickel

[115] combined his polarimetric observations of

574-269 0 - 76 - 15
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Jupiter with interferometric results and atmos-

pheric modeling to derive the thermal spectrum

from short millimeter wavelengths to 21 cm.

The resultant disk spectrum of Jupiter is shown

in Figure 1. (For data used in this figure see

[179, 343, 483]). The observed spectrum (after

removal of synchrotron emission) rises from a

value near 140 ° K at 1.25 cm to over 350 ° K at

21 cm. The generally accepted interpretation of

this spectrum is that it is due to a deep convec-

tive atmosphere, in which ammonia exists as a

trace constituent and is the principal source of

radio-opacity.

A large number of rotational temperatures

have been derived for Jupiter. Since the atmos-

phere is not isothermal, temperatures so derived

are obviously a form of weighted mean over the

absorbing region. The Curtis-Godson approxi-

mation is frequently employed to determine the

appropriate weighting factor in a vertically

inhomogeneous model atmosphere, so that the

model can be compared directly to observations.

This is a valid procedure, even for the collision-

narrowed lines in the quadrupole spectrum of

H2 [301]. In applying it to Jupiter, however,

proper allowance must be made for the effects

of absorption and scattering in the cloud layers,

which requires that these be modeled also.

Margolis [298] showed that a simple reflecting

layer model could be used for temperature, pres-

sure, and abundance determinations as long as

observations were strictly limited to the center

of the disk. Apparently, this is because the upper

cloud deck is strongly forward scattering and of

moderate optical depth in the infrared, while the

secono cloud layer is very dense and behaves

like a reflecting layer [301]. Explanation of

center-to-limb variations requires a full inhomoge-

nous atmosphere treatment, however. Therefore,

most of the rotational temperatures reported

are of little quantitative value, since they combine

data taken all over the disk. It can be stated,

however, that temperature at the second (main)

cloud deck must be higher than any of the

measured rotational temperatures, and several

of these are /> 180°K [300, 358].

The width of the pressure-induced fundamental

band of H2 required a temperature of 200 °-
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Calibrated with ct Boo and ct Her but Jupiter observations made at large air mass

Pioneer 10 result for the South Tropical Zone



OUTER SOLAR SYSTEM PLANETS AND SATELLITES 205

225 ° K, according to Danielson [99]. Since

absorption in such bands varies as the square of

the density, this temperature presumably would

refer to a better defined level near the main

cloud deck. The meaning of all temperature

measurements is understood much more plainly

in terms of the models discussed later in this

section.

The Visible Surface

Clouds. The surface of Jupiter is shown to

consist of alternating bright "zones" and dark

"belts," even through a small telescope, with the

zones generally whitish or yellowish and the
belts more often brownish or reddish. The

better photographs taken from Earth and those
of Pioneer 10 show an intricate structure of

spots, festoons, plumes, and waves [146]. Grays,

blues, and blacks show up locally. The overall

impression is onc of pastels, although local
areas can have considerable saturation.

The clouds of Jupiter have been "known"

for many years to be of ammonia cirrus, i.e.,

clouds of small frozen ammonia particles. It will

be indicated in the discussion of atmospheric

structure that indeed, there must be a layer of
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FIGURE l.--Microwave spectrum of Jupiter's disk radiation.

ammonia cirrus clouds, but recent work indicates

that this layer must be rather tenuous. At longer

wavelengths, one apparently sees through these

clouds, at least near the center of the planetary

disk, and through a clear region below them to a

second, more substantial cloud deck that is

perhaps made up of ammonium hydrosulfide

particles.
The source of colors and cause of the banded

appearance of Jupiter are not known in detail,

although there are a number of hypotheses about

the former. For example, Owen and Mason [356]

suggest that the dominant yellowish color might

be caused by a dilute mixture of (NH4)2S in the

NH4SH cloud deck. Lewis and Prinn [282] added
the suggestion of (NH&Sx, or elemental sulfur.

A detailed study by Prinn of ultraviolet

(h _<2700 _) radiation transfer and photolysis

in the Jovian atmosphere [374] indicates that

some radiation of wavelength _reater than 1600/_,

should penetrate through the atmosphere to the

clouds and may result in photolysis of NH3 and

H2S. He suggests that these begin chain reac-

tions which may result in a freezing out of such
colored material.

Sagan and Khare [246,405] reported on labora-

tory experiments in which various mixtures of

CH4, CzHs, NH3, H2S, and liquid Hz0 were

irradiated by mercury emission at 2537 or 2537

and 1849 _. Reaction products included a high

molecular weight reddish-brown polymer and

various amino acids. Another nonequilibrium

process, electrical discharge, may result in com-

plex organic molecules. Ponnamperuma and

coworkers [81,325, 523] studied the products of

electrical discharges in mixtures of CH4 and

NH3. Hydrogen and nitrogen were liberated, and

HCN and various nitriles were found among the

volatile products, which was of considerable

biological interest because nitriles hydrolyze to
amino acids. A reddish nonvolatile reactant was

also formed which yielded, upon acid hydrolysis,
a number of amino and imino acids.

If the Jovian atmosphere is convective to great

depths, as suggested by radio data, then the high

temperatures will tend to destroy any complex

organic molecules. Whether a steady state is

possible, with sufficiently rapid production by

photolysis and/or discharge to maintain visible
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amountsof them,dependsonanumberofcom-
pletelyunknownfactors.Theprominentideasof
a decadeago,that colorsarecausedby free
radicalsor solutionsof sodiuminammonia,have
fallenintodisfavorastheatmosphericstructure
ofJupiterhasbecomebetterknown.

The detailedstructureand motionsof the
Joviancloudsaredirectevidenceof extremely
complexdynamicbehavior.Althoughthey re-
mainin alternatingdarkbeltsandlight zones
parallelto the Equatorof the planet,complex
phenomenaoccur,particularlyat the edgesof
the belts.A tremendousamountof dataon the
visibleappearanceof Jupiterovera longperiod
hasbeencollectedanddescribedbyPeek[361];
his bookshouldalsobeconsultedfor standard
nomenclaturefor thevisiblesurface.

Informationontherotationperiodwithinindi-
vidualbeltsand zoneshasbeengatheredby
Chapman[831,Reese[383],andInge[224].For
example,thesedatashowthat since1917,the
northtemperatecurrentatthesouthedgeof the
north temperatebelt has rotatedevenmore
rapidlythantheequatorialbelt.Overtheyears,
there havebeenmanyattemptsto correlate
solaractivitywithactivityin Joviancloudbelts
or theGreatRedSpot,asvariouslydefined.A
samplingof recentpapersseemsto sayyes[25],
no[144],andmaybe[26,376,377].

It isnotabsolutelycertainwhichphenomenon,

if either, belts or zones, lies higher in the atmos-

phere. There is agreement that the upper cloud

deck is nonuniform; but Teifel [460] finds more

absorption in the h-6190 methane band above

dark belts, and Owen and Westphal [357] find less

absorption in the even stronger h-8940 methane

band above the belts. The hottest spots on the

planet are in belts, localized blue to black areas

showing temperatures of 300 ° K or greater [508],

although these may be holes where radiation

from deeper regions easily penetrates. Tempera-

ture maps indicate that belts have higher tem-

peratures than zones, however, even where there

are no hot spots, which may indicate they are

lower than the light-colored zones. The origin of

belts is a complex hydrodynamic problem [for

example, see 159, 207, 447, 477], and even an

empirical description of them still lacks physical
detail.

Rotation. One of the interesting problems of

Jovian meteorology is that clouds making up the
visible surface rotate as two rather distinct sys-

tems. Points within about 10 ° of the Equator

constitute System I, whose standard meridian

rotates with a period of 9 h 50 min 30.003 s. Points

lying more than 10 ° from the Equator in either

hemisphere constitute System II, whose standard

meridian rotates with a period of 9 h 55 rain

40.632 s [361]. Cloud motions relative to standard

meridians make a choice of period completely

arbitrary; however, some exact standard is
needed for reference, and the numbers used

have historical significance. The so-called equa-

torial jet which constitutes System I has been a

particularly vexing meteorologic problem. It

rotates more rapidly than any other visible sur-

face part (except for the small north temperate

current), and apparently more rapidly than the

body of Jupiter (System III).

A true rotation period is difficult to define

unless a body has a solid surface for reference,

and Jupiter may not have such a surface (see

section, Body Structure). The most likely true

period seems to be that in which the mag-

netosphere rotates. This rate has been measured

by radio astronomers at both decameter and

decimeter wavelengths, and it is generally re-

ferred to as System III. A modern value of

the System III period, based upon both deci-
meter and decameter studies, is 9 h 55 min

29.75 s ±0.04 s [78]. If Jupiter should be fluid

throughout, the concept of average or body

rotational period will be difficult to define and of

little use.

Great Red Spot. The most permanent feature

of Jupiter's visible surface is the famous red

spot. An elongated area of some 38500 km in

length by 13 800 km in width when at its largest

in the 1880s [382], the Great Red Spot was

probably seen 300 years ago and definitely noted
in observations made more than 120 years ago

[361]. The spot became most famous during

the period 1879-1882, when its color was quite
intense. Since that time, its visibility and color

have waxed and waned, and even though the

color has disappeared entirely at times, the loca-

tion of the spot, the so-called red-spot hollow,

has always been obvious. The red spot was very
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prominentduring1962and1963,andremained
quite"healthy"through1965.It startedtofade
in 1966,and by February1968wasextremely
weak.Then,it suddenlybeganto strengthenand
soonwasbackto its oldprominenceof 4 years
earlier[382,384,388,435,436,437].Thiscan
beseenfromthe isodensitometryof Banosand
Alissandrakis[27].During1969,itssizeaveraged
about28200by 13700km[382].

The remarkablefeatureof the spotis thatit
doesnotseemto besolidlyattachedtoanyfixed
surfacebuthaswanderedthrough1200° of longi-

tude during the past century. (movement with

respect to a mean motion of Jupiter which mini-

mizes the red spot motion). There have been

numerous short-period oscillations in regard to

the steadier motion. Solberg [436] found a 3-

month periodicity in these smaller excursions,

and data for 7 consecutive years now give the

oscillation a mean amplitude of 0.8 ° and a period

of 89.89--+0.11 d [382]. The circulating current

has had a rotational period of 90 d with respect

to System II during this time and may be driving

the red spot in this oscillation. Meanwhile, the

spot's center latitude remained nearly fixed, as

always. During 1968-69, it had a mean value

of --22.250-- + 0.03 ° and always remained between

--22.0 ° and -22.5 ° [382]. New data for 1969-71

have been given by Reese [384, 386].

It is interesting that at 5/xm and at 8-14 ttm,

the red spot is cooler than its surroundings

[241, 515]. This is compatible with several ob-

servations showing less absorption above it

[53, 329, 356] and suggests the feature penetrates

to a high atmospheric level.

In January 1966, a small dark spot moving

along the north edge of the south temperate belt

approached the red spot, started around its south
side, and circled it almost 1.5 turns before it

disappeared [387]. Its period of circulation was

9 d. During the following year, four other dark

spots, at least two from the south equatorial

belt, showed similar behavior, though seen

through only part of a turn around the red spot.

These four spots had a circulation period of 12 d.

Reese and Smith [387], reporting these fascinat-

ing observations, suggest that perhaps different

atmospheric levels were involved.

Older hypotheses on the nature of the red

spot were variations of a solid island floating in

dense atmosphere [361], but increased knowledge

of physical conditions in the Jovian atmosphere

has made such theories highly improbable

[402]. No known substance can be both solid and

have a lower density than the Jovian atmosphere

at temperatures and pressures thought to exist

there. If the floating object is supposed to have

sufficient vertical extent to reach a depth where

phase changes offer a level in which to float, then

it would almost certainly be disrupted by the
stresses at pressure levels of 0.1-10 Mbar

[208]. Furthermore, an object floating in a

density discontinuity would tend to be moved in

latitude (toward the Equator) by the Ei_tviis

force [4021.

It was proposed by Hide in 1961 that the red

spot might be the upper end of a Taylor column,

a stagnant column of fluid caused by a two-

dimensional atmospheric flow unable to surmount

a topographic feature [202, 203]. The gross longi-

tudinal motion is attributed to actual change in

the rotation period of Jupiter's mantle caused

by hydrodynamic motions in the core [202]. Of

course, if Jupiter has no solid surface, then addi-

tional hypotheses must be invoked to save the

Taylor column, such as the topographic feature

being a magnetic loop or the upper end of an

internal convection cell. Smoluchowski [431]

has suggested that the topographic feature,

causing the Taylor column, could be nearly pure

solid hydrogen floating in helium-rich liquid

hydrogen. However, there would still be the

problem of explaining the latitude constraint.

There have also been fluid-dynamic objections

to the Taylor column hypothesis. The "original"

Taylor column was considered as an application

of the Taylor-Proudman theorem for a homo-

geneous fluid. Such columns, which have been

produced in the laboratory [208], are completely

stagnant with no vorticity or exchange with their

surroundings. The question arises whether a
similar structure can exist in a real baroclinic

atmosphere and perhaps have some exchange

with its surroundings. Hide [206] considers it

likely, while Stone and Baker [448] consider it

unlikely, as do Sagan [403] and Kuiper [265,266].

In part, this becomes a question of semantics:

Should the resulting structure be called a Taylor
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columnevenif it exists?Hide[204,206] continues

to study the problem while viewing his hypothesis

cautiously.

Golitsyn [170] suggests that the characteristic

period for major changes in Jovian circulation

may be 3 x 105 yr or more, and, therefore, the

red spot may simply be "a large long-lived eddy."

Streett et al [450] have been studying the so-

called Cartesian diver hypothesis in which a

mass of hydrogen-rich solid floats in neutral

buoyancy in a stratified fluid mixture of hydro-

gen and helium deep in the atmosphere and

changes the surface appearance, perhaps through

its effect on atmospheric convection or even

creation of a Taylor column. Kuiper [266] studied

a model of "organized cumulus convection" for

the red spot and made persuasive arguments in

its behalf, although Maxworthy [312] found con-

siderable fault with the dynamics of his

description.

The Great Red Spot of Jupiter is, at present,

a fascinating, mysterious object, unique in its

size and stability among atmospheric phenomena

in the solar system. Until some hard, quantitative

knowledge of Jovian atmospheric dynamics is

obtained, it will remain one of the solar system's

intriguing puzzles.

Photometric properties. Acquisition of photo-

metric data on Jupiter is not an easy task. Com-

plex atmospheric absorption and scattering cause
rapid changes in photometric properties with

wavelength. Rapid rotation limits the time

available for detailed study and secular changes

in the visible surface alter even disk-integrated

properties as well as detailed properties. Finally,

the phase angle of Jupiter, as observed from

Earth, never exceeds 12°, so it is not possible

to measure the phase function, phase integral,

or complete photometric function. Jupiter's mean

opposition magnitude has ranged over 0.45 mag-

nitude at various oppositions since 1862 [194].

The value in Table 1 is the mean of these, although

during 1963-65 [529] the actual value was

Vo =- 2.70, 0.15 magnitude brighter. Harris [194]

suggests that a phase coefficient of 0.005 magni-

tude/degree is appropriate at small phase angles

for visual data. This implies that current observa-

tions will always be needed whenever the best

possible photometric data are required.

A group associated with Harvard College

Observatory carried out extensive photometry

of Jupiter and Saturn from 1962 through 1965 in

southern France and South Africa [230, 231],

using 10 narrowband filters as well as UBV. Their

detailed response curves are given by Young and

Irvine [529]. The effective wavelengths and

geometric albedos which resulted for the 10

narrow passbands are given in Table 6, having

been corrected to agree with data in Table 1

and a visual solar magnitude of--26.8. The magni-

tudes given are an average of South African [231]

and French [230] data. When tabulated chrono-

logically, these data show a change in Jovian

color from 1963 to 1965 [210].

TABLE 6.-

Passband

v

u

s

P

m

1
k
h
g

e

rovian Geometric Albedos

Effective Geometric
wavelength, _ albedo

3147 0.261
3590 0.305
3926 0.350
4155 0.404
4573 0.449
5012 0.483
6264 0.547
7297 0.415
8595 0.305

10635 0.295

Good reflected light, integrated photometry of

Jupiter at wavelengths beyond 1.1 /xm does not

exist, one reason being that the extensive absorp-

tions by CH4 and NH3 beyond that wavelength

leave only a few windows through to the con-

tinuum. Spectra at longer wavelengths have

been taken [35, 98, 99, 163, 236], but none give

absolute integrated results (although Danielson's

[99] wide-slit measurements come close).
Satellite and sounding rocket studies of the

Jovian ultraviolet spectrum have been made,

in addition to the Pioneer 10 experiment, but

calibration has been a difficult problem; many of

the early results are not mutually compatible.

Recent photometry, benefiting from improved

measurements of the solar ultraviolet, has been

obtained by Wallace et al [496]. Their Orbiting

Astronomical Observatory (OAO-2) results

covered the wavelength region from 2100 to
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3600 _ at a resolution of 20 ._ and showed a

radiance factor of 0.25 at 3000 _ and 10 ° phase,

rising to 0.31 at 2500 _,, and dropping back to 0.25

between 2000 and 2100 _. True geometric albedos

would perhaps be 5% larger, while corrections

to the solar absolute magnitude and Jovian radius

used in this document would decrease the final

result by about 7%. Fluctuations in ultraviolet

flux within about 0.05 magnitudes occur in one

10-h rotation of Jupiter, the planet being faintest

when the red spot is on the central meridian

[408]. There are no accurate albedos below about

2000 A because the solar continuum is falling

rapidly to nearly zero below 1800 /_. Rocket

spectra show some faint emission, due possibly
to H2, throughout the region from 1250 _ to about

1600 _ [399].

Since the phase angle of Jupiter never ex-

ceeds 12°, the phase integral q cannot be meas-

ured from Earth. Limb-darkening curves have

been used to derive approximate values for q:

q(U) = 1.55, q(B) = 1.60, and q(V) = 1.65, but

there is no unique relation between limb darken-

ing and phase integral, and these values could be

grossly in error [194]. Taylor assumed a phase

integral of 1.6 at all wavelengths, to derive a

bolometric Bond albedo of 0.45 [454]. The

uncertainty in the latter was considered to be
about ___0.07.

Limb-darkening curves have been derived by

a number of observers both in and out of specific

molecular bands [24, 201, 329, 337, 354, 459,

460]. Infrared equatorial and meridional limb-

darkening curves have been taken from 0.6 to

2.0 gm [56]. Detailed photoelectric photometry
has been carried out in 24 bands from 0.30 to

1.10 /zm [364], in which the north and south

tropical zones have been compared with the

combined north equatorial belt and equatorial

zone, with sizable differences found. Even more

detailed work has been done [53], using 8 bands

from 1.4 to 1.63 /.Lm, taking data at 41 points
on the Jovian disk and at three phase angles,

from which an NH3 absorption map of Jupiter,

limb-darkening coefficients, and some CH4 dis-
tributional data have been derived.

Polarimetry is a rather neglected technique

for atmospheric study. Morozhenko and Yano-

vitskiy studied the entire disk of Jupiter as well

as the disk center in seven passbands [330, 331].

They derived a refractive index for atmospheric

aerosols (1.36), which is that of ammonia, and

particle diameters ca 0.4 /zm. In detailed

polarimetry, much stronger polarization was

found at Jupiter's poles than near the equator,

for example [187], and even considerable asym-

metry is found between the two poles [154, 156].

At short wavelengths near the Equator, the po-

larization is typical of molecular scattering, while

at longer wavelengths, there is evidence for

aerosols. Much larger optical depths appear to

be reached near the poles, perhaps indicating
fewer ammonia particles there. With careful

interpretation and improved models of the

Jovian atmosphere, polarization measurements

should offer fairly direct, local information on

cloud heights and atmospheric aerosol content
at the time of observation; this is information

difficuh to obtain in any other way.

The recent report of circularly polarized visible

(6800 _) light from Jupiter [243,244,245] was un-

expected. At first, polarization was positive in

the south polar region, and twice as large and

negative in the north polar region, with frac-

tional values a few times 10 -5. Then, as Jupiter
approached opposition, magnitude decreased

to zero; after opposition, it increased but with

opposite sign, indicating atmospheric multiple

scattering to be responsible for the effect.

Energy Balance

An apparent discrepancy between solar energy

absorbed by Jupiter and energy emitted by the

planet was emphasized by Opik [349]. A bolo-

metric albedo for Jupiter of 0.45 implies that the

effective temperature should be 105 ° K [454].

Brightness temperatures have been measured at

virtually every wavelength in the infrared, and

an effective temperature as low as 105 ° K seems

impossible. The very broadband measurement

covering 1.5-350 gm yielded a temperature of

134 ° K [23] which is revealing, since more than

99% of the energy of a 105 ° K blackbody is

emitted in this wavelength range. It can be argued

that the bolometric Bond albedo for Jupiter could

be seriously in error (see subsection Photometric

properties), but even if Jupiter were a blackbody
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(withzerobolometricalbedo),whichit clearly
is not,its effectivetemperaturewouldonly be
121° K. Only 15% (or 0.45+0.07) total un-

certainty in the bolometric Bond albedo is esti-

mated [454]. An albedo of 0.38 would raise the

effective temperature to 109 ° K.

Jupiter rotates in less than 10 h. If the thermal

relaxation time of the radiating "surface" of

Jupiter is long compared with 5 h, it must radiate

effectively from the total surface of the planet.

If it relaxed to a very low temperature in much

less than 5 h, then it would effectively radiate

only from the lighted hemisphere, whose radia-

tion balance temperature could be a factor of

as much as 20.25 greater than 105 ° K (or 124 ° K).
In fact Pioneer 10 showed that there is no

difference between day and night side tempera-

tures [88], as was expected from theoretical

calculations and from thermal limb-darkening

curves.

An effective temperature of even 125 ° K
implies contribution from an internal energy
source of 7 × 10-4 W cm-2, an amount of power

equal to that absorbed from the Sun (assuming
the Bond bolometric albedo of 0.45 is correct).

An effective temperature of 134 ° K corresponds
to an internal source of 1.2 × 10 -3 W cm -2.

This internal source has large effects upon
both models of the Jovian interior and model

atmospheres.

Atmospheric Structure

Models

Pressure-temperature-altitude profiles for the

Jupiter atmosphere have been calculated by a
number of authors. These models are based on

many simplifying assumptions, meant to be

representative of average conditions. Local

variations of atmospheric parameters (weather)

are ignored. Dynamics are included in calcula-

tions only insofar as they determine the average
static structure.

Standard model atmospheres generally consist

of a tropospheric region in which the deep

atmosphere is in convective equilibrium with an

upper troposphere in radiative equilibrium. An

accurate model of the thermal opacity of the

upper atmosphere is required to compute models

of the radiative region. The dominant source of

thermal opacity in this region has been shown

to be pressure-induced translational and rota-

tional absorption by molecular hydrogen [465].

Ammonia furnishes some additional opacity,

the greatest amount coming from the u2 rotation-

vibration band at 10/xm [160, 467]. Other sources

of atmospheric opacity are the u4 methane band

at 7.5/xm, cloud layers, and any aerosols present

in the atmosphere. The methane band provides

complete absorption of more than 100 cm -1

of spectrum even above the effective tempera-
ture level of 134°K in the Jovian atmosphere

[455], but this is a very small fraction of

total opacity. Polarization measurements of

Morozhenko and Yanovitskiy [331] noted only

small concentrations of aerosols but may have

referred to strictly high atmospheric levels.

Stratoscope II observations of the 3.0/xm bands

of NH3 require many larger solid particles for

satisfactory explanation of the observed band

strengths [4091.

Almost two-thirds of the energy enters the

Jupiter troposphere by convection, driven by the

internal energy source. About 45% of incident

solar energy is reflected, more than 10% is

absorbed fairly high in the atmosphere in strong

methane bands [476], a very small amount is

absorbed in gaseous ammonia and molecular

hydrogen, and the remainder-slightly more
than 40%- must be absorbed by clouds at various

levels.

A model atmosphere for Jupiter was published

recently which includes thermal opacity of

molecular hydrogen and ammonia and takes

proper account of dynamic effects [477]. This

model is reproduced as Table 7. It assumes an

effective temperature of 135 ° K, He:H2=0.1;

CH4:H2=3× 10-3; maximum NH3:H2= 1.7 ×

10-4; and surface gravity 2500 cm s -2. Omission

of cloud layers is the model's most obvious

deficiency. Methane was also not included;

hence, there is no atmospheric heating or opacity

and no modeling of the temperature inversion

region of the atmosphere above the tropopause.

Also, there is still some disagreement as to best

values for the pressure-induced opacity of H2

[426], and changes could result.

It is necessary to mention at this point that

REPRODUCIBILITY OF TI_

ORiC-;Z:-:AL PAGE IS POOR
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temperature and pressure profiles were ob-

tained from the S-band (2.3 GHz) occultation

experiment [250] on Pioneer 10, which produced

measurements deep into the neutral atmos-

phere, reaching a level of 2.8 atm for daytime

entry and about 2.4 atm for nighttime exit.

Assuming a composition of 85% Hz and 15% He,

atmospheric temperature at these pressures

was found to exceed 700 ° K, considerably higher

than convective equilibrium models and ground-

based infrared and radio observations had

predicted. This result now appears to be in-

correct; the discrepancy is believed to be due to

an incorrect inversion procedure which resulted

from neglecting the oblateness of the planet.

For example, the Trafton-Stone model has a

temperature of 180 ° K near 1 atm whereas

the occultation result gives a temperature near

500 ° K at this same pressure level. Most infrared

and radio measurements from Earth have in-

dicated a temperature about 130°-150° K at

pressure levels about 0.3-1 atm, whereas the

Pioneer 10 occultation result yielded tempera-

tures between 3000-450 ° K over this pressure

range.

Another important difference between the

models and occultation data is the temperature

lapse rate. Pioneer 10 measured a temperature

lapse rate of about 2.5 ° K/km which is sub-

stantially greater than adiabatic for the assumed

composition. It is not currently understood how

these discrepancies can be reconciled. Kliore

et al [250] suggest that the presence of cloud

or dust particles in the 1-30 mbar pressure

altitude range could confuse interpretation of

infrared data. However, they correctly point out,

this would not explain observatiohs at micro-

wave frequencies.

TABLE 7.--Radiative Dynamical Model Atmosphere for Jupiter t

Depth, Temperature, Pressure, Density, H2 abundance, Optical depth

km °K log dynes era-= gem -3 km-amagat at 520 cm -1

0.0

14.4

22.3

29.7

34.2

41.0

46.3

53.1

57.0

60.2

63.7

67.2

69.9

71.1

73.8

76.7

79.2

81.5

85.7

89.0

95.2

100.4

109.1

116.1

122.1

127.3

131.9

105.6

105.6

106.1

106.8

107.5

109.4

111.8

115.7

119.9

123.3

127.6

132.4

136.9

139.0

144.8

150.9

156.2

160.9

169.7

176.5

189.1

199.5

216.6

230.3

241.9

252.1

261.1

3.843

4.231

4.444

4.643

4.764

4.945

5.083

5.270

5.349

5,425

5.505

5.582

5.639

5.664

5.717

5.773

5.819

5.859

5.930

5.984

6.079

6.153

6.269

6.356

6.427

6.486

6.537

1.694(-6)

4.263(-6)

6.927(-6)

1.008(-5)

1.430(-5)

2.129(-5)

2.862 (- 5)

4.215(-5)

4.933(-5)

5.707(-5)

6.636 (- 5)

7.624(- 5)

8.422(-5)

8.768(-5)

9.521(-5)

1.039(-4)

1.116(-4)

1.188(-4)

1.362(-4)

1.444(--4)
1.677(--4)

1.885(--4)

2.268(--4)

2.606(--4)

2.922(--4)

3.212(--4)

3.487(--4)

0.26

0.63

1.03

1.63

2.16

3.27

4.49

6.91

8.30

9.87

11.9

14.2

16.2

17.1

19.3

22.0

24.5

26.8

31.6

35.8

44,5

52.8

69.0

84.3

99.2

113.7

127.8

0.000

0.003

0.008

0.020

0.035

0.080

0.15

0.30

0.50

0.70

1.08

1.40

1.80

2.00

2.61

3.37

4.16

4.95

6.88

8.65
13.3

18.2

30.1

42.6

55.8

69.7

84.3

l From Trafton and Stone [477].
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A two-cloud layer model for that part of the

Jovian atmosphere accessible to optical astron-

omy is now almost unanimously accepted.

Although suggested at least as early as 1966

by Savage and Danielson [409], the theoretical

studies of Lewis [277, 278] gave a firm physical

basis for two distinct cloud layers. The Lewis

models have strongly influenced interpretations.

All current models show the upper cloud layer

as ammonia cirrus in saturation equilibrium with
its base near 150 ° K (the exact value a function

of ammonia abundance) and extending upward

with rapidly decreasing density to the tropo-

pause (ca 106 ° K). In simple one-dimensional

models, such as we are considering here, the

optical depth of this upper cloud layer in visible

light is 1.5-3.0 [220]. Therefore, much of Jupiter

seen through a telescope is this upper layer,
and the obvious two-dimensional structure of

belts, zones, and so forth, implies the strong

possibility of considerable variation in its thick-

ness over the disk. The lower layer is usually

assumed to be a classic reflecting layer of great

density, probably NH4SH as suggested by Lewis

with a base near 225 ° K [277]. The latest results of

Weidenschilling and Lewis [506] for the Trafton

and Stone model [477] suggest that the base may
be near 200 ° K and the clouds no thicker than

the upper deck of NI-I_ clouds. Thus, it may be
possible to see to even deeper levels in the

Jovian atmosphere in areas where NH3 clouds

may be very thin, perhaps to water ice clouds

with a base near 270 ° K. The 5 gm radiation

in dark belts may, in large part, come from these

lower levels. Abundances, base pressures, and

even crude rotational temperatures given in the

composition section are in general agreement

with the Trafton-Stone model. The greatest
uncertainties remain the lack of aerosol data and

poor spatial resolution of most observations over

an obviously inhomogeneous planet, although

continued improvement in all optical parameters

for atmospheric gases also can be expected.
Above the tropopause, there is a minimum of

observational data at present. There is a tempera-

ture inversion caused by methane band absorp-

tion, especially at 3.3 gin, heating the upper
atmosphere. Clearest observational evidence is

in the 7.9 /._m limb brightening observed by

Gillett and Westphal [165]. The light curve in-

version of data from fl-Scorpii occultation by

Jupiter [406] indicates a temperature near 180 ° K

at 10 _ molecules cm -3 density and rising to
220 ° K near 5 x 1013 molecules cm :3.Theoretical

models by Wallace et al [497] tie onto the Trafton-

Stone model nicely at the 30 mbar level and
show a rise to 140 ° K at 3 × 10 -2 atm and 155 ° K

above 10 -3 atm. There are a number of theoretical

studies on the ionosphere above the 10 _3molecule

cm -3 level [76, 319, 420, 451].

The radio brightness temperature disk spec-

trum of Jupiter (Fig. 1) provides data on the

thermal structure and composition of Jupiter's

atmosphere beneath the clouds in the region in-
accessible to optical and infrared observations.

Although interpretation of radio data is model-

dependent, these observations provide important

constraints on possible models. For example,

an atmosphere with a temperature profile which

is isothermal immediately beneath the clouds

is inconsistent with the observed spectrum.

Gulkis and Poynter [184] have shown that the

observed spectrum is consistent with a Hz-He

convective model atmosphere in which tempera-
ture rises to at least 400 ° K and in which am-

monia is present in solar cosmic abundance.

Gulkis et al [183] analyzed pressure-broadened

ammonia absorption in the Jovian microwave

spectrum and derived a pressure of 0.48 atm at
130 ° K.

Dynamics

The banded structure of Jupiter is clear

evidence that dynamic forces play an important
role in its atmospheric structure. Evaluation

of the problem by Stone [446] has shown that

the mean temperature structure (previously

indicated) is very near radiative-convective

equilibrium. He finds static stability very low,
advection a very weak, large-scale effect because

of the internal heat source and size of the planet,

and departures from equilibrium damping out
with a time constant of decades [446]. The nature

of the instability which causes Jupiter to take

on its observed zonal flow pattern is still un-

known. Trafton and Stone [477] have discussed

various dynamic modes, suggesting three not

ruled out by observation, which singly or in
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combinationmay be responsiblefor Jupiter's
behavior:"an inertial instabilityregime,"con-
sideredbyStone[445];a"radiation-condensation
instabilityregime,"discussedbyGierasch[159];
and"a forcedconvectionregime"whichappears
nottohavebeenstudied.Thus,eventhecauseof
the basiczonalstructureof Jupiterremainsun-
knownindetail,whilethecausesofsuchfeatures
as the equatorialjet and GreatRedSpotare
totally speculative.Dynamicsis a frontier of
Jovianresearch.

Body Structure Interior Models

For two major reasons, in a few decades the

interior of Jupiter may be better understood than

any planet except, possibly, Earth. Jupiter must

be composed almost entirely of hydrogen and

helium, since only these gases can make up a

structure of suffcient!y low density at nonstellar

temperatures. These are the simple species most

likely soon to be described quantitatively in the

difficult range of pressure and temperature imme-

diately beyond easy laboratory attainment.

Further, Jupiter has a large internal energy

source. The explanation of this source and the

means by which its energy is transported to

mean optical depth unity in the atmosphere

provide additional strong boundary conditions

not present in most planets. As the equation of

state and transport properties of hydrogen and

helium mixtures improve and are coupled with

accurate boundary conditions of energy flux,

atmospheric composition and state, magnetic

field, and gravitational potential obtained from

future space missions, a unique structure is

likely to result.

There are two basic types of Jupiter models,

both linked closely with two basic ideas about the

planet's origin. The gravitational instability hy-

pothesis assumes fluctuations in the primordial

nebula occurred which were of suffcient magni-

tude that self-gravitation became comparable to

disruptive solar tidal forces in some areas and

materials in the nebula began to collapse [75].

The process of collapse is essentially that of

stellar formation, except that bodies with 0.07

solar masses or less never start nuclear fusion, and

just continue to collapse and cool [175]. Initial

evolutionary studies of a homogeneous body of

Jovian mass showed that, after reaching an early

maximum temperature of 40000 ° K, the body

would rapidly cool and collapse, reaching the

present Jupiter's state of radius and luminosity
(energy production) in just under 2 x 109 years

[172,173]. A more realistic calculation, including

Smoluchowski's [433], recommended changes to

include stratification and heating effects caused

by hydrogen and helium immiscibility, is expected
to stretch this time out to ca 4 × 10 "_years: :_

Static models of Hubbard [215] which fit into

this lo_cal framework, are homogeneous, com-

pletely convective (adiabatic) models for current

Jovian boundary conditions. Temperature, pres-

sure, and hydrogen to helium ratio at any point

completely specify the model [216]. The hydrogen

to helium ratio required is about 2 (by mass),

however, which is considerably smaller than

solar abundance (of more than 3), though not

obviously in conflict with present crude observa-

tions of atmospheric ratio.

The second origin hypothesis assumes gravita-

tional capture of gas by a high-density core [75].

Such theories commonly assume a solar ratio of

hydrogen to helium, since it is difficult to under-
stand how these could have been fractionated in

the outer planets [75]. Models, such as Hubbard's,

can be applied equally here, simply by terminat-

ing the convective calculation at the core surface,

which gives more freedom for change in the

hydrogen-to-helium ratio by picking a proper core
size.

All homogeneous models can be subject to the

criticism that they ignore complex details of the

phase diagram of the H2-He system which are

now becoming available. Hydrogen and helium

have very limited mutual solubility in the liquid

and metallic states [432,449]. Smoluchowski [432]

expects stable boundaries to exist between

phases, with heat flow across the boundaries by
conduction and within each phase by convection.

If the central temperature is a "cool" 7500 ° K, he

then expects the sequence of phases shown in

Figure 2 [432]. A "hot" model with a 10 000 ° K

central temperature would be fluid throughout but

would consist of a helium rich core (containing

a H. C. Graboske, Jr., private communication.
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dissolved hydrogen) topped by a metallic hy-

drogen mantle (containing dissolved helium), and

finally a supercritical molecular hydrogen atmos-

phere (containing helium, perhaps with separa-

tion of hydrogen and helium phases) [432, 433].
To either of these, a heavy element core could

also be added. Thus, the question remains open

of Jupiter having a solid surface anywhere. The

complex hydrogen-helium phase diagram, which

remains quantitatively uncertain, is today's

major source of uncertainty in Jovian models.

The ultimate source of the internal energy radi-

ated from Jupiter may be largely gravitational.

Several authors have pointed out that straight

gravitational contraction of ca 1 mm yr -_ with

a current central temperature ca 10 000 ° K could

supply the observed luminosity [143,215, 430]. If

gravitational unmixing occurs, perhaps resulting

in formation of a core, then the present luminosity

is possible with a lower central temperature, but

the core must grow each year by about 2 ×10 -n

of Jupiter's total mass [143]. Separation of the

H 2 rich fluid

He rich fluid

H 2 rich solid
plus

He rich solid containing H2

H rich metallic solid

plus
He rich solid containing H

H rich metallic fluid

~ 0.8R

~ 0.45R

r He rich fluid containing H
0

T,P

FIGURE2.-Schematic ordering of H and He phases in the
interior of a cool model of Jupiter. (After [4321)

hydrogen-rich and helium-rich layers is con-

sidered a likely contributor to luminosity [407,

432], although its importance relative to straight

contraction cannot be assessed quantitatively.

Any actual phase changes are also contributing to

the overall energy balance in some manner. At

present, simple cooling may well be the major

contributor to the energy production [218]. Yet

the high interior temperatures, which probably

exist today to make this true, ultimately are

themselves most likely gravitational in origin.

The primordial nebula itself was probably very

cool at Jupiter's distance from the Sun [280].

Detailed physics of model building is complex,

largely because the equation-of-state and trans-

port properties of the material involved are not
well-understood and rely almost entirely on theo-

retical derivations. A comprehensive outline of

most of the theoretical methods has been given

by Hubbard and Smoluchowski [218], and details

of the theory behind evolutionary calculations

have been provided by Graboske et al [173]. A

typical Jupiter model [218] is in Table 8; it fits no

particular set of boundary conditions, and does

not include the complex hydrogen-helium phase

details. It does show the general trend of pressure

and density in the interior of Jupiter.

Magnetosphere

The existence of a Jovian magnetosphere, first

inferred from Earth-based radio observations [79],

was confirmed by the first in situ measurements

[186] of Pioneer 10. The Jovian magnetosphere,
as inferred from Pioneer 10 magnetic field and

particle measurements, is substantially different

from the Earth's. In particular, the magnetic

field exhibits a large outward extension, approach-

ing a disk-shaped configuration, at distances

greater than 20 R_. Figure 3 is a schematic dia-

gram of the disk model of Jupiter's magne-

tosphere [486]. Highly energetic electrons and

protons exist throughout the magnetosphere,

concentrated in a thin disklike configuration at

radial distances greater than 20 R_. Inside 20 R_,

the magnetic field becomes more dipolar in form

and energetic particle-trapping appears to be

similar to Earth's Van Allen belt.

In the following sections, nonthermal radio
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emissionsfromJupieraredescribed,followedby
discussionsof magneticfield,energeticparticles,
andplasmacontainedwithinthemagnetosphere.

Nonthermal Radio Emission

Radio emission from Jupiter has been observed

over the wavelength range from 1 mm to ca

650 m. A representative flux density spectrum

of the observed emission is shown in Figure 4.

The observed spectrum at wavelengths greater

than 7 cm is dominated by nonthermal radiation;
at shorter wavelengths the emission is dominated

by atmospheric thermal radiation. Details of the

thermal portion of the spectrum are shown in

Figure 1 and discussed in the sections on Com-

position and Temperature. The nonthermal

portion of the spectrum has at least two clearly

distinguishable components, a centimeter and

decimeter component, extending from ca 0.1

to ca 1 m, and a decametric and hectometric

component, important at wavelengths longer than
7.5 m.

The centimetric/decimetric component is due

to synchrotron emission from high-energy

electrons trapped in Jupiter's magnetic field.

The origin of the hectometric/decametric com-

TABLE 8.- "'Typical" Model of Jupiter 1

Radius, Fractional Pressure, Density,
104km mass Mbars gcm - n

6.9
6.5
6.0
5.52
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.99
0.97
0.90
0.80
0.70
0.60
0.40
0.30
0.20
0.10
0.06
0.03
0.01
0.001
0.0

0.004
0.24
1.1
2.5
4.5
7.6

11
15
2O
24
28
32
35
36
37

0.03
0.4
0.7
1.1
1.6
1.9
2.3
2.6
3.0
3.4
3.7
3.9
4.1
4.2
4.2 s

1From [218].
2Approximate radius at which the molecular hydrogen-

metallic hydrogen transition is assumed to occur in most
models.

3Not including a possible dense core.

portent is not yet well-understood. Current

knowledge of Jovian nonthermal radiation has

been summarized [79, 444, 502, 503]. Dickel

et al [115] summarized all available brightness

temperature observations of Jupiter's microwave

spectrum.

Decametric and Hectometric Radiation

The behavior of decametric radiation has

become quite clear in the 20 years since its dis-

covery, although understanding of its mechanism

generation is still vague. Decametric activity has

been detected at ground-based observatories at

frequencies between 3.5 [533] and 39.5 MHz [501],

with possible detection at 43 MHz [255]. Recent

observations of Jupiter with Earth-orbiting radio-

telescopes tuned to frequencies well below the

ionospheric critical frequency have extended the

range of frequencies at which Jupiter has been
detected from 3.5 MHz downward to 450 kHz

[114]. Unlike synchrotron emission which is

continuous, the decametric component is emitted

sporadically, with intense bursts lasting short

intervals. The flux density spectrum of the bursts

shows rapid increase in flux density with decreas-

ing frequency over the range from 40-10 MHz

(7.5-60 m), peaks near 10 MHz, and then de-

creases at still lower frequencies.

On Earth reception, decametric radiation

usually consists of noise which is intensity-

modulated to form randomly occurring bursts

characterized by a hierarchy of time structure.

An entire activity period containing many bursts
is known as a Jovian noise storm, which ordi-

narily lasts from several minutes to several hours.

Quiescent periods between storms may last for

hours, days, or weeks. Bursts generally have

durations of 0.5 to 5 s, but occasionally bursts are

much shorter or much longer. The bandwidths of

individual bursts are usually between 0.05 and

2 MHz. Bursts with durations of 0.5 to 5 s are

known as "L" bursts, while those of shorter

duration are called "S" bursts. The L-burst

waveform is believed to be due to diffraction

effects in the interplanetary medium [124]. The

S-burst waveform, on the other hand, is presuma-

bly of Jovian origin.

Measurements of all four polarization param-
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eters have been made by Sherrill [419], and

Barrow and Morrow [29]. Sherrill concluded that

the degree of polarization is usually at least 0.8

above 15 MHz and is practically 1.0 above 20

MHz. Polarization is always right-handed at

22.2 MHz and higher frequencies. The left-

handed circular component becomes relatively

more prominent as frequency is reduced, but the

right-handed component is still predominant

down to 10 MHz. The average axial ratio of indi-

vidual bursts is approximately 10.5 I, but occasion-

ally bursts appear to be purely circular, with an

axial ratio of unity. The true meaning of polariza-

tion data is not known at this time, although

a likely interpretation is that radiation is being

emitted into some characteristic mode of polariza-

tion at the point of origin and is modified sub-

stantially as it propagates out through the
Jovian magnetosphere on its trip to Earth. Thus,

polarization measured on Earth probably reflects

both initial conditions of polarization at its point

of origin and superposed propagation effects.
A characteristic feature of Jovian bursts is

their tendency to recur at nearly the same

central meridian longitude (CML), measured in

System II. Characteristic histograms of oc-

currence probability as a function of CML are

shown in Figure 5 for two different frequencies.

In the vicinity of 18 MHz, emission appears to

originate from at least three longitude zones,

generally referred to as sources A, B, and C (as

indicated in Figure 5), or as the main source, the

early source, and the late or third source. The

characteristic structure of histograms allows

definition of a rotation period for Jupiter. In

1962, the International Astronomical Union [225]

adopted the rotational period of 9 h 55 min 29.37 s

as the "best-fit" period to histogram data. This

period has been named System III (1957.0). It

has become clear more recently that this period

is incorrect [78, 80, 180, 443]. The mean value of

Jupiter's decametric rotation period is estimated

[78] to be 9 h 55 min 29.75 s -+0.04. This period is
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FIGURE 4.- Schematic appearance of Jupiter's observed radio
snectrum.

Bow shock is at 108Rj
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Magnetopause is at 96Rj

\

FIGURE3.--Magnetodisk model of Jupiter's magnetosphere. (Adapted from [486])
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0.4 s longer than System III (1957.0). Such cor-
rection implies that features on Jupiter in the
System III (1957.0) longitude system will drift to
higher longitudes at a rate of ca 3.6°/yr.

Upper limits on source sizes of individual
Jovian emission events have been determined

with long baseline interferometers. Dulk [126],
using baselines up to 487 000 h, obtained an upper
limit to the size of an incoherent source of 0.1"

(400 km at Jupiter) at 34 MHz. Carr et al [80]
observed individual S-bursts at 18 MHz with

interferometers having baselines up to 450 000 h.

Their preliminary results indicate that if S-burst
sources are incoherent, at least some of them

must be smaller than 0.1". Despite the high

angular resolution achieved, the positional
uncertainties of the source of emission are still

very great.
An unusual property of decametric emission

discovered by Bigg [52] is the modulating effect
of the satellite Io. Recently Desch and Carr [114]
reported a similar modulating effect of the

satellite Europa, which shows up at frequencies
less than 1.3 MHz. Bigg found that the majority
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FIGURE 5.-- Histogramsof occurrence probabilityas a functionof central meridian longitude(CML);
CMI. valuesof magneticpoles are indicated byverticaldashed lines[79]. (See text)
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of the stronger source B emission events occur

when the orbital position of Io is within a few

degrees of 93° from superior geocentric conjunc-

tion, and that most source A events occur when

Io is near 246 °. This effect has been well-verified

[79, 502]; however, it is now apparent that while

many source A events depend on Io's position,

many do not.
Conseil et al [91] have recently shown a

close relationship between solar wind velocity

and the phase of Io during radio bursts from

Jupiter. Most source B emission is Io-dependent.

The Io effect is apparently much les's pronounced

at 10 MHz [127, 389] than at higher frequencies.

There is no widely accepted theory which ex-

plains how Io modulates emission, although a

number of ideas have been advanced [71, 132,

140, 167, 168, 308, 410, 502]. Gurnett [185] has

recently suggested that photoelectrons are
emitted from Io's surface and accelerated in a

sheath surrounding Io. This suggestion is inter-

esting in light of the Io ionosphere detected by
Pioneer 10.

Understanding of the complete mechanism of

creation of decametric radiation is still highly

speculative. Two phenomena probably occur:

(1) generation of an anisotropic distribution of

particles or waves; and (2) generation of dec-
ametric radiation by them. Measurements of

true source positions relative to Jupiter's disk

would help to eliminate a number of the many

conflicting theories.

Centimetric and Decimetric Radiation

Jupiter emits a nearly constant flux density

of about 6.0_+ 1.0× 10-26 W m -z Hz -2 (4.04 AU)

at wavelengths from about 5 to 300 cm. Inter-

ferometric observations at wavelengths of 10 to

20 cm indicate that radiation is coming from an

area much larger than that of the planetary disk.

Figure 6 shows Berge's [39] suggested bright-
ness contours of the 10-cm radiation. An inter-

esting result of this study is that the disk tempera-

ture for the thermal component at 2880 MHz

appears to be ca 260°K, nearly twice the effective

temperature of Jupiter. Branson [63] obtained

brightness temperature maps of emitting regions
at 1407 MHz at each of three values of CML

spaced 120 ° apart. They illustrate strikingly the

large emitting region, and its rocking as the planet

rotates. At wavelengths above 21 cm, the belt

structure has not been measured accurately, and

there is considerable disagreement in available

experimental data as to whether or not the
overall extent of emission increases with in-

creasing wavelength [178].

Throughout most of the decimetric spectrum,

radiation is linearly polarized, the degree of

linear polarization reaching a maximum of ca

25% at 21 cm and decreasing toward longer and

shorter wavelengths [115]. The direction of the
electric vector rocks back and forth _ 10 ° rela-

tive to the rotational Equator as the planet rotates.

Radiation also shows a small degree of circular

polarization [38, 252,413]. Observations of circu-

lar polarization provided information about

polarity of the dipole and magnetic field strength

within the Jovian magnetosphere. Circular

polarization measurements of Komesaroff et al

[252] have been used to derive a field strength
in the radiation belts between 0.4 and 1.9 G.

These measurements agree well with the mag-
netic field model based on Pioneer 10 measure-

ments, predicting a field strength of 0.7 G at

1.8 Rj. The results also confirm that Jupiter's

magnetic dipole is antiparallel to that of the Earth,

which was first pointed out by Warwick [500] and

corroborated by Berge [38].
Accurate position measurements of decimetri-

centroid emission relative to the optical disk

have been made [40, 317,394,443] which indicate

that the Jovian magnetic field is well-centered
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FIGURE 6.--Brightness temperature model of Berge [39]:
contour interval is 20° K; CML (System III) is 20°.
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andreasonablysymmetric.Resultsruleoutdis-
placementsgreaterthan severaltenthsof a
diameter.

The possibledependenceof decimetricflux
densityonsolaractivityhasbeendiscussedby
manyauthors(e.g.,[79]).Investigationof the
possibledependenceoftotalfluxdensityonsolar
activitywascarriedout by Gerard[158]from
December1967to August1968;he foundevi-
dencefor positivecorrelationbetweenthe 11.13
cmJoviantotalfluxandsolaractivityasmeasured
bythe10.7cmsolarflux.Measurementsmadein
19,1at _,,.,cmwavelength_h-w,_,t......... that Jupiter's

flux density had varied by ca 20% over a period
of 8 years [249], although this change could not

be correlated with solar activity.

A mean rotation period of Jupiter can be

determined at decimetric wavelengths by com-

paring longitudinal distribution, of either polariza-

tion angle or total intensity, with similar distribu-

tion obtained several years later. More precise

decimetric results are given in Table 9. The

weighted mean of decimetric measurements is

estimated to be 9 h 55 min 29.71 s-4-0.07 s [78],

which is not notably different from the period

obtained at decametric wavelengths, but is a

significant departure from System III (1957.0).

There is no indication that the period has changed
over the interval for which observations have been

made. Decimetric determinations of the rotation

period are as shown in Table 9.

TABLE 9. -- Decimetric Determinations of Jupiter's
Rotation Period

Reference

Bash, Dr_ike,Gundermann, and
Heiles [31]

Davies and Williams [105]
Komesaroff and McCulloch

[2513
Whiteoak, Gardner, and Morris

[514]
Gulkis, Gary, Klein, and

Stelzried [181]
Stannard [443]

Rotation period

09 h 55 min 29.70 s--+0.04s

09 h 55 min 29.50 s--0.29 s
09 h 55 min 29.83 s-0.16 s

09 h 55 min 29.69 s ---0.05 s

09 h 55 min 29.74 s z0.05 s

09 h 55 min 29.74 s_+0.03 s

In summary, the distinguishing characteristics

of this component are its flat nonthermal spec-

trum, the large, distinctive shape of the emitting

region, relatively high degree of linear polariza-

tion, very small degree of circular polarization,

and variations of all of these with rotation. Shortly

after discovery of this component, it was sug-
gested [125] that synchrotron radiation from

relativistic electrons was the source of this radia-

tion. A number of authors can be credited for

having laid the groundwork which proved

conclusively that the synchrotron mechanism

was indeed responsible for this radiation [82, 137,

138, 139, 463]. In 1974, previous models were

reviewed and a new model developed for electron

and proton fluxes in radiation belts [444], based

on knowledge of Jupiter prior to the Pioneer 10

encounter with Jupiter.

Magnetic Field

A single bow shock crossing was observed with

the Pioneer 10 magnetometer [428} at 108 Rj

during the inward passage of the spacecraft.
Magnetic field strength increased from 0.5 to

1.5 y (1 T=10 -5 G) at the bow shock. The

magnetopause was first observed at 96 Rj as a
well-defined boundary, with the magnetic field

strength increasing to 5 y. Magnetic field strength

remained near 5 y from 90 to 50 R_ but was very
irregular, frequently dipping to 1 T- As evidence

for the large variability of the outer magneto-

sphere, the magnetopause boundary first en-

countered near 96 Rj appeared to move in past the

spacecraft as it neared 50 Rj. Similar multiple

encounters with the magnetopause boundary
were seen on both the inbound and outbound

spacecraft passage.

The field strength rises monotonically begin-

ning at about 25 Rj and going inward, and the

direction becomes more dipolar. Data acquired

between 2.84 and 6.0 R j, enabled Smith et al

[429] to fit an eccentric dipole model to the data.

The dipole has a moment of 4.0 G R.3 and a tilt
J

angle with respect to Jupiter's rotation axis of

11 °. The-System III (1957.0) longitudes of the

magnetic pole in the northern hemisphere are

222 °. The field is directed in the opposite sense

to that of Earth. The dipole is displaced from the

center of Jupiter by 0.11 R_ in the direction of

latitude 16 ° North and System III (1957.0) longi-

574-269 O - 76 - 16
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tude 176 °. The dipole tilt and longitude of the pole

are in reasonable agreement with values inferred

from radio astronomy measurements.

The large outward extension of the magnetic

field is evident by comparing measured field

strength between 50 and 90 Rj with the 4 G

surface dipole field measured inside 6 Rj. The

latter would yield a field which varied as the

inverse cube of the radial distance from the dipole

with a strength of 3.2 T at 50 R j, whereas the

measured field was ca 5 T throughout the region,

which suggests that the magnetic field is inflated

or being pulled out away from the planet. The

inflation is probably due to stress produced by a

corotating plasma in a magnetosphere dominated

by centrifugal forces. The view that additional

pressure must dominate magnetic pressure is

supported by the observation that magnetic

energy density just inside the magnetosphere

(10-10 erg/cm 3) is less than the estimated solar

wind energy density (5 × 10-1° erg/cm3).

Energetic Particles

Prior to the first detection of the Jovian bow

shock by Pioneer 10, energetic particles were

detected by the spacecraft when it was about

360 Rj from the planet [421]; the particles ap-

peared in the form of sudden increases in elec-

tron fluxes, with energies ranging from about 1
to 30 MeV. Peak intensities were _> 100 times

interplanetary quiet time levels and events

lasted about 2 d. These particles, it is believed,

escaped into the interplanetary medium from

the bow shock or magnetosphere of Jupiter.

Within the magnetosphere at Jovicentric

distances from ca 20 to 100 R j, high-energy
electrons and protons, like the magnetic field,

are concentrated in a disklike region near the

magnetic equatorial plane. Stable trapping of

particles in this region is doubtful, so that some

authors refer to this region as the quasi-trapping

region. Inside ca 20 Rj, where the magnetic

field becomes more dipolar, energetic electrons

and protons appear to be stably trapped. Particles

are not tightly confined near the magnetic Equator

in this region. Detailed spectra of electrons and

protons in the trapped particle region are not

available at this time, although individual experi-

reenters have given preliminary values. Simpson

et al [422] find that the peak omnidirection

electron flux greater than 3 MeV is ca 2.5 × l0 s

electrons cm -2 sec -1 (at L=3.1). Peak omni-

direction flux of protons greater than 35 MeV is

6×10 s protons cm -2 sec -1 at L=3.4. Van

Allen et al [485] give the following provisional

expression for omnidirectional intensity J0 of

electrons with energy/> 21 MeV within the region

3.5<L< 12Rj

ILlJ(E_ > 21 MeV) =3 × 10 s exp --

c°s6 A
_/4--3 cos2A

,,/2 (1)

In this expression, J is in electrons/cm 2 s, L

is the magnetic shell parameter in units of

Rj, A is the magnetic latitude, and m=3.5+

(3"86) sT is the pitch angle parameter.

Plasma Density

A "thermal plasma" must also exist in addition

to energetic particles contained with the magneto-

sphere. Plasma density is an important parameter

in theories of satellite-magnetosphere inter-

actions, decametric and decimetric radiation,

and configuration of the magnetosphere itself.

The Pioneer 10 payload was not able to provide

direct unambiguous data on this plasma distribu-

tion; hence it is necessary to rely almost solely
on theoretical considerations to determine this

quantity [64, 167, 226, 321,322]. These theories

have recently been reviewed by Mendis

and Axford [322], who reached the general
conclusions:

the thermal plasma should corotate with the

planet,

thermal plasma should be concentrated

toward the equatorial plane,

centrifugal forces due to rotation of the

planet are important in determining

distribution of plasma,

a nonthermal component of plasma in the

ionosphere is responsible for populating

the magnetosphere,
recombination sets the limit of maximum

plasma density.

:' "='[_DUCIBILITY OF THE
4 "[._=.:,,_JPAGE IS POOR
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Both Ioannidis and Brice [226], and Mendis

and Axford [322] derived models in which maxi-

mum plasma density is ca 30 cm -3. This occurs

around L= 10 (10 Rj in the equatorial plane).

SATURN

Saturn appears similar to Jupiter in many

ways, with the obvious exception of its ring

system. A magnetic field has not yet been de-
tected on Saturn but this could have escaped

detection thus far. With mean density of only

0.70 gcm -a, the bulk of this planet once again
must be dominated by hydrogen and helium as,

presumably, is its atmosphere, although no meas-

urement of its mean molecular weight exists.

Theoretically, the problems of atmosphere and

interior are essentially the same as those dis-

cussed for Jupiter, and will not be repeated.
Ground-based observation of Saturn is much

more difficult; Saturn has only one-third the

surface brightness of Jupiter, and all means of

detection relying upon surface brightness require

at least three times the exposure or integration

time. The planet is nearly twice as far from the

Sun as Jupiter and twice as far from Earth, so
that the total flux received from Saturn on Earth

is down by a factor of roughly 16 from that

received from Jupiter. Also, geometric resolution

of Saturn's surface seen from Earth is only half

as great as that for Jupiter. It is not surprising

that knowledge of Saturn is less extensive.

Atmosphere

Composition

Molecular hydrogen was first positively

identified in the Saturn atmosphere through
detection of two lines of the 4-0 overtone in its

quadrupole spectrum by Miinch and Spinrad in

1962 [336]. Lines in both the 3-0 and 4-0 overtones

have since been used to derive abundances,

temperatures, and pressures in the usual way.

The most recently published work suggests an

abundance of 76±20 km-amagat of H2 at an

effective pressure 4 of between 0.4 and 1.0 atm

4The effective pressure is half the base pressure in a
• . " . at 6450

[133]. A study of 14 plates [47], each containing

the S(0) and S(1) lines of the 3-0 band, taken over

a 3-month period suggests that the apparent

abundance is variable between perhaps 75 and

140 km-amagat or more.

Detection of methane on Saturn followed the

same historical sequence as on Jupiter. There

have been three recent high-dispersion studies

of the R branch of the 3u3 methane band at 1.1

/.tm: photographically recorded slit spectroscopy

[44], photoelectrically scanned slit spectroscopy

[471], and Fourier spectroscopy of most of the

disk [106]. Each took reasonable care to exclude

the ring. Trafton's result is larger by a factor of

3 than Bergstralh's for the same half-width,

while the result of de Bergh et al falls in between.

There is some indication of temporal variation,

as in the H2 lines. Part of the variation is probably

due to differences in techniques used to locate

the continuum. The best choice at present ap-

pears to be using the result of de Bergh et al

[106], 42±11 m-amagat above a reflecting layer

base pressure of 2.8 ±0.6 atm, recognizing that

this is a planetwide average and that the reflect-

ing layer model is very questionable for Saturn.

All results are much smaller than the early esti-

mate, 350 m-amagat (of Kuiper [261]) made

empirically using shorter wavelength bands.

The difference is certainly caused in part by

comparison of Kuiper's spectra with laboratory

results originating at far higher temperatures,

but it may also be, in part, an indication of a

complex inhomogeneous atmosphere.

The abundance of NH3, on Saturn remains a

matter of considerable debate. Dunbar reported

its presence in an amount "probably not more

than 2 m at atmospheric pressure" [130]. Later,

when ammonia could not be detected [351,440],

it was suggested that there had been confusion

with weak methane lines. Ammonia was again

reported [166] in 1966, the lines being about

0.15±0.06 the strength of the corresponding

band (6450 A) in Jupiter. Small temperature
changes on Saturn would cause considerable

change in the amount of gaseous ammonia in the

atmosphere "above the clouds." There is "fairly

impressive evidence for short-period changes

(occurring in a few years) in the atmosphere of
taken in
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December 1970 [97] showed no ammonia, and an

upper limit of 7 m-atm was derived.

Cruikshank [97] also reported that observa-

tions of the strong 1.5 /xm ammonia band in

1969 by Kuiper, Cruikshank, and Fink failed to

detect ammonia, and allowed an upper limit in

abundance of only 20 cm-atm above optical

depth unity to be set at that wavelength. An

upper limit of about 2 cm-amagat was reported

from studies [309] in the 4150-cm -1 region

during 1973-74, while in the X6450 band, an

amount was detected "an order of magnitude

less than on Jupiter ''5 (ca 1 m amagat?). These

observations are not as different as they might

seem, since apparent abundance on Jupiter in
the former band is 50-100 times less than in the

latter, and none of these measurements is

precise.

There is a hint of the strong v., band of am-

monia at 10.5 /.tm in the spectrum of Gillett

and Forrest [161]. Measurements of the thermal

disk temperature of Saturn at radio wavelengths

provide strong support for the presence of

ammonia in its atmosphere. Interpretation of

radio data implies a relative concentration of

ammonia beneath the clouds of 3 × 10 -5 [269]

to 1.5×10 41184].
There is no observational evidence for helium

on Saturn, but with proof of its presence on

Jupiter, confirming earlier theoretical expec-

tations, there is little doubt that it will be found
eventually on Saturn as well.

The medium resolution spectrum (AX/X_-

0.015) of Saturn in the 7.5-13.5 region [161]
gives a hint of two other species found on

Jupiter, perhaps 2 cm-amagat of phosphine

(PH3) and a small amount of ethane (C2Hs).

High-resolution spectra will be required for

definite proof that these gases are present.

Temperature

Modern temperature measurements on Saturn,

in the infrared and microwave regions of the

spectrum, were first made at about the same time

as those on Jupiter. A compilation of infrared

results is given in Table 10. Radio emission

5 E. Barker, D.P.S. Meeting, Palo Aho, 1974.

from Saturn has been observed over the wave-

length range from ca 1 mm longward to ca 94

cm. Figure 7 shows disk brightness temperatures

at radio wavelengths [343, 483, 528]. A distinct

feature of Saturn's spectrum is the wavelength

dependence of the measured temperature. The

temperature increases from near 130 ° K at milli-

meter wavelengths to close to 540°K at 94 cm,

this behavior is qualitatively similar to the thermal

radio spectrum of Jupiter.

Suggestions have been advanced to explain

the marked increase in temperature with wave-

length. Excess radiation may be due to (1)

nonthermal emission from a trapped radiation

belt, (2) thermal radiation from Saturn's rings,

(3) free-free emission from Saturn's ionosphere,

or (4) emission from Saturn's atmosphere.

There is little experimental evidence so far to

support the first three mechanisms. Interfero-

metric measurements have been made [41,

43, 66] over the wavelength range 3.7 to 21 cm

which rule out strong emission from either a

radiation belt or the rings. It is estimated [41]

that at 21-cm wavelength no more than 6% of

TABLE lO.--Saturn Brightness Temperatures to
1 mm

Wave-

length,

/xm

5

7.7-7.9

8.5-11.5

10-14

10-14

17-25

30-45

45-80

65-110

125-300

30-300

45-300

1.5-350

Brightness

temperature, 1

oK

ca, 120

t29

ca. 103

100 -+ 3

c99--3

c 97.3 --+2

89 --+4

94 +-- 2

97--+5

93_+4

88+ 1

91-+1

97--+4

Refer-

ence

[286]

[161]

[161]
[5]
[5]

[338]

[16]

[16]

[16]
[161
[16]
[16]

[23]

Remarks

15%of disk obscured

by rings

Do.

Measures actually refer

to + 17°latitude

Limb was 95.5 ° -+ 2 ° K

All of rings as well

as disk

Do.

Do.

Do.

Do.

Do.

Do.

t Values preceded by a "c" are center of disk temperatures.

Others refer to averages over most or all of the disk. Pos-

sible ring contributions are noted in the remarks column.
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the total radiation can come from visible rings,

nor more than 5% from a radiation belt.

In order to explain the spectrum on the basis

of free-free emission from Saturn's ionosphere,

an emission measure many orders of magnitude

larger than expected for Jupiter would be re-

quired [182]. Since solar ionizing flux is less at

Saturn than at Jupiter, and their compositions

are similar, it is expected that the emission

measure of Saturn's ionosphere is less than

Jupiter's. Therefore, it is unlikely that free-free

emission from a hot ionosphere can explain

the observed spectrum, A nnmber of authors

[182,269,524] have shown that the gross features

of Saturn's centimeter wavelength spectrum

can be explained in terms of thermal emission by

an atmosphere whose opacity is wavelength-

dependent and in which ammonia is assumed to

be the principal source of opacity at radio wave-

lengths. A deep convective atmosphere is re-

quired to explain the observations. Saturn's

spectrum was also measured [524] in the vicinity
of the 1.25-cm inversion band of ammonia;

evidence was found of ammonia as a constituent

gas in the upper atmosphere.

Three studies of the 3ua methane band on

Saturn [44, 106, 4711 resulted in rotational

temperatures between 130 ° and 140 ° K in spite

of diverse abundances. A rotational temperature

ca 80 ° K from hydrogen quadrupole lines was

found [133], and departures from equilibrium

700
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_'IGURE 7.--Microwave spectrum of Saturn. Error bars are
only shown for longest wavelengths where there are few

measurements.

by hydrogen at these temperatures were noted.

This problem is probably even more acute on

Uranus. Any apparent hydrogen rotational

temperature in a region where kinetic tempera-

ture is under 100 ° K likely cannot be given the

usual interpretation as an equilibrium thermo-

dynamic temperature.

The Visible Surface

The clouds on Saturn appear to be in a state

of differential rotation, the period increasing

from 10 h 2 min (-_+4 min) at the Equator to

6% greater at 27 ° latitude, 8% greater at 42 °

latitude, and 11% greater at 57 ° latitude, as

determined from Doppler spectroscopy [326].

Saturn has a so-called equatorial band, which is

dark in blue light and bright in red light, six

named cloud belts in each hemisphere, and light

zones between these, for a total of at least 25

distinct degrees of shading under optimum ob-

serving conditions [385].

White spots appear on Saturn on rare oc-
casions, persisting for a few days or weeks,

never achieving the prominence or lifetime of

the sporadic spots on Jupiter [1]. A recent spot

at latitude --57.3 ° set a record for both per-

sistence and high south latitude. Its motion

during a 490-d period from October 1969 to

February 1971 appeared to be a damped 169-d

sinusoid about a mean rotation period of 10 h

36rain 27.9 s+0.2 s [385]. The spot measured

8000 km north and south by 6000 km east and
west.

Data were collected [117] on motions of eight

earlier, well-observed spots which showed that

three high-latitude objects (+57 ° , +36 °, and

-36 °) had rotation periods around 10 h 38 min,

while four spots within 8 ° of the Equator had

periods between I0 h 12 min and I0 h 15 min.

A spot at -12.3 ° had a period of 10 h 21 rain.

Thus, spot motions are not in good agreement

with the spectroscopic rotation period. Moore

recognized possible sizable errors in his work.

Also, it is known that typically a spot may be

driven at a distinctly atypical rotation rate (or at

least such is true on Jupiter), so perhaps the

results are not surprising. Nine spots and one

spectroscopic study are not sufficient data to
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suggest a firm hypothesis. Hide [205] suggests

that better observations will show a discrete

equatorial jet similar to the one on Jupiter.

Shades of orange, blue, and so forth have been

reported on Saturn by experienced observers,

but all colors are extremely subtle, except for

predominating variations from white to pale

yellow to brownish yellow [1]. Their origin is

unknown, but speculation is similar to that

about Jupiter. Visible clouds are probably

ammonia cirrus but somewhat more dense than on

Jupiter (see section, Atmospheric Structure).

It is extremely difficult to obtain good inte-

grated (full disk) photometry of Saturn because

of the rings. Utilizing the 3 years of Harvard

photometry [230, 231] obtained with the ring

inclination varying relative to Earth, Irvine and

Lane [228] reduced it to "no-ring" data. The re-

suiting geometric albedos are in Table 11. These

authors also derived approximate no-ring phase

coefficients of 0.013__0.007 mag deg-l fi_r

hh3500-5000 and 0.035___0.010 mag deg -_ for

hh6200-10600. In the infrared from 2-3.2 /xm,

Saturn has a higher reflectivity than Jupiter, while

from 3.2-4.2/zm the reflectivity of both planets is

very low [236]. The combined reflectivity of planet

and ring is about 30% higher at 2500 than at

3500/t and seems to decline at still shorter wave-

lengths [496].

Much of the detailed photometry for Saturn is

in the form of polar or equatorial scans. Binder

and McCarthy, [56] in particular, have furnished

both equatorial and meridional limb-darkening

curves in nine passbands from 0.6-1.55 tzm.

Normal albedos (or close approximations) as a

function of wavelength for the center of the

disk, at a resolution of about 500, were obtained

by Teifel in 1968 [461]. Selected values from

this work are in Table 12. In yellow and red

light, the equatorial band is the brightest region

on Saturn, and the north polar region, the

darkest [461]. In blue to violet light, the polar

region becomes quite bright and the equatorial

band fades [461]. Both weak and strong methane

bands show decreasing absorption from center to

limb along the Equator and increasing absorption

from center to pole along the central meridian

[354, 461]. Methane absorption at -20 ° latitude

is 25-28% greater than at the Equator, much

more than a straight air mass (secant) effect

[461]. These effects can be interpreted in terms

of varying density of ammonia aerosols with

latitude.

Energy Balance

Photometry of Saturn is far more difficult than

for Jupiter, because of the rings. No near-

infrared, integrated photometry has been pub-

lished beyond 1.06 /zm: many energy balance

studies have simply used the bolometric Bond

albedo of Jupiter, although existing data tend to

indicate a somewhat higher value for Saturn.

Calculations in this chapter are based upon

Walker's [495] unpublished value of 0.61, re-

suiting in a calculated effective temperature of

71 ° K. A rapidly rotating body of zero albedo at

Saturn's distance from the Sun would have an

effective temperature of 90 ° K. The broadband

measurement of Aumann et al [23] is 97 ° K. Thus,

it appears that Saturn, like Jupiter, is radiating

more energy than it receives from the Sun- three

and a half times as much, accepting the 0.61

bolometric albedo and the 97 ° K temperature. It

TABLE 11. --Integrated Photometry of Saturn 1

Passband

U

B
V

3590
3926_

4155

Geometric

albedo

0.169

0.302

0.436

0.184

0.199

0.240

Passband

4573_

5012_

6264_

7297

8595_

10635_

Geometric

albedo

0.318

0.377

0.498

0.376

0.297

0.417

TABLE 12. --Detailed Photometry of Saturn

Wavelength,/t Normal albedo Wavelength, _ Normal albedo

4100

440O

480O

5200

5600

5850

0.26

0.31

0.42

0.48

0.52

0.67

6050

6200

6400

6600

68O0

0.67

0.50

0.72

0.71

0.67

1 Data from [228]. 1 Center of disk data from [461].
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has been pointed out that the rings are not as

cold as was once thought, and that the measure-

ment of Aumann et al undoubtedly includes a ring

contribution. However, at the time of that meas-

urement (Dec. 2, 1968) the rings were inclined

only 13.2 ° to the Sun and not intercepting as

much energy as in recent years.

Also, Murphy's recent work [338] indicates a

temperature for the disk center at 17-25 ttm

of 97.3 ° K, with little decrease toward the limb.

Thermal opacity in this passband is less than

immediately on either side of it, but it does not

appear that th_ 17-25 /xm brightness tempera-

ture could be sufficiently higher than the true

effective temperature of Saturn to otherwise

explain the apparent energy imbalance.

Atmospheric Structure (Models)

Thermal opacity in Saturn is dominated by

pressure-induced Hz absorption, as for Jupiter

[476]. Thermal structure is more uncertain

because the magnitude of the internal energy

source is less well-determined, the hydrogen to

helium ratio is unknown, and the temperature

lower (making the relative amounts of ortho- and

parahydrogen a factor). The NI-lz abundance is

also uncertain and has not been included as an

TABLE 13.--,4 Nominal

0.100
0.168

0.300

0.727

1.00

1.12

3.00

3.94

5.10

6.92

10.0

30.0

100.0

300.0

1000.0

oK
gcm 3

77.0 3.59 x 10 -5

77.0 6.04 x 10 -5

95.0 8.37 x 10 -s

130.0 1.55 x 10 -4

145.2 1.91 x 10 4
151.0 2.05 x 10 -4

210.0 3.95 x 10 4
230.0 4.74 × 10 -4

Density, Ahitude, z
km

81.1

67.1

49.8

15.3

0.0

-5.9
-67.5
-88.4

250.0

275.9

309.9

434.1

617.8

841.3

1166.2

5.64 x 10 -4

6.94 x 10 _4

8.93 × 10 -4

1.91 x 10 -3

4.48 x 10 -3

9.99 x 10-3

2.37 x 10- 2

--109.9

--138.1

--175.5

--317.0

--536.0

--813.7

--1232.1

opacity source in the existing radiative equilib-

rium calculations of Trafton and Miinch [476].

There is evidence of methane absorption in the

high atmosphere of Saturn as for Jupiter, the

7.7-7.9 /xm temperature rising to 129 ° K [161].

A nominal radiative-convective model con-

structed for Saturn [359] is given as Table 13. A

major difference between the structure of

Saturn's and Jupiter's atmospheres is caused by

much smaller local gravity, which greatly in-

creases scale height. Palluconi assumed a wet

adiabatic gradient wherever it exceeded the

radiative gradient, a good approximation to the

effects of dynamics [3591, especially when other

uncertainties are so much greater. His assumed

composition (footnote in Table 13) did not include

H2S, so no NH4SH clouds are shown. Actually,

such a layer might be expected at the very top of

the solid H20 cloud layer, which is shown. The

effective pressure of H2 and CH4 line formation

has been given as ca 0.5-1.5 atm. This is thc

region within the ammonia cloud layer and

matches the 130-140 ° K methane rotational

temperature in Palluconi's model. A 5-/xm tem-

perature of ca 120 ° K [286] fits well enough as the

temperature of the cloud tops. Microwave studies

in the NHa inversion line at 1.25 cm indicate

optical depth unity is reached at a temperature

Saturn Model Atmosphere x

n p_

km

26.9

26.9

33.1

45.4

50.7

52.7

73.4

80.3

87.2

96.3

108.1

151.5

215.6

293.6

406.9

Hp,

km

26.9

26.9

51.7

69.7

77.3

80.2

109.5

119.1

128.0

141.3

157.6

216.4

302.1

405.5

554.9

W,

mgl i

0.003377

0.0762

0.205

0.0743

0.574

4.82

Comments

Tropopause

Zero altitude 2

NH3 cloud base

Solid H20

Solution H20-NH3 cloud base

1From Palluconi [359]. The composition used is H2,
88.572%, He, 11.213%, H20, 0.105%, CH4, 0.063%, Ne.

0.013%, NH._, 0.015%, and others, 0.019% by number; H_ is

the pressure scale height, Hp is the density scale height, and
w is the mass of cloud per unit volume of gas.

2The zero altitude is arbitrarily selected at 1 atm pressure.
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near 135 ° K and a pressure of about 2/3 atm [524].

All of this fits together as well as can be expected,

given the present limited number of observations

upon which to base model calculations.

No optical observations show any evidence of

penetration of radiation from below the top cloud

deck, such as was true for Jupiter. Nor is thisany

surprise, given the greater cloud density ex-

pected. The previously discussed limb-darkening

curves for the equatorial belt would indicate that

a simple reflecting layer model for spectral line

formation is inappropriate, because they show

decreasing rather than increasing absorption

from center to limb. It may well be that a reflect-

ing layer model can be used for relative abun-

dances at the center of the disk, while scattering

must be included to explain limb darkening, as

for Jupiter. Finally, it must be remembered that

there is considerable spatial variation over the

disk of Saturn [56] and probably temporal varia-

tions as well. A single static atmospheric model

can hardly be expected to explain such changes.

Body Structure (Model Interiors)

The contemporary philosophy behind model

interiors of Saturn is the same as for Jupiter. In
practice, however, it is difficult to derive a com-

TABLE 14.--A typical Saturn Model

Radius, Fractional Pressure, Density,

104 km mass Mbar g cm -3

5.7

5.5

5.0

4.5

4.0

3.5

3.02

2.5

2.0

1.5

1.0

0.5

0.0

0.98

0.95

0.84

0.8

0.7

0.6

0.5

0.4

0.3

0.25

0.2

0.05

0.0

0.001

0.01

0.1

0.4

0.9

1.9

2.5

4

5

6

7

ca 10

ca 10

0.01

0.06

0.3

0.6

0.9

1.1

1.4

1.7

1.9

2.0

ca 3

ca 3

ca 3 3

1From Hubbard and Smoluchowski [218].

_Approximate radius at which the molecular hydrogen-

metallic hydrogen transition is assumed to occur in most
models.

3Not including a possible dense core.

pletely convective Saturn model. Even though

its mean density is much lower than Jupiter's,

Saturn's mass, and therefore its gravitational

compression, are sufficiently smaller that models

of Saturn have always required a much larger

helium-to-hydrogen ratio than Jupiter and often

a high molecular weight core as well [218].

Hubbard's completely convective models [214]
required a mass fraction of only 27% hydrogen

and a very high central temperature. If the in-

ternal energy source is somewhat smaller than
previously thought, because of confusion with

flux from the rings (see section, Energy Balance),

and a core is included, then a perfectly satis-

factory hydrogen-to-helium ratio can presumably

be accommodated, whatever the ratio may be.

A typical Saturn model interior by Hubbard and

Smoluchowski [218], in Table 14, is only meant to

show the general trend of probable physical

conditions inside Saturn. (Refer to the original

literature for specific models.)

URANUS AND NEPTUNE

Uranus and Neptune have proven rather

intractable bodies, for obvious reasons. Uranus

has a visual surface brightness less than 1/10

Jupiter's. Its total visual flux at opposition is less

by a factor of more than 1000, while Neptune's

visual flux is less by an even larger factor. Infra-

red and microwave flux densities are also less

than for Jupiter. Nevertheless, steady improve-
ment in optical and microwave instruments has

made possible significant progress in understand-

ing these unique bodies, especially during the

past 5 years.

Atmospheres

Composition

The existence of hydrogen on Uranus and

Neptune was first inferred observationally by

Herzberg [200] in 1952 by comparing a planetary

feature seen by Kuiper [261] in Uranus and Nep-

tune with laboratory spectra showing the h8270

pressure-induced dipole Sa(0) line of H2. In 1963,

Spinrad [439] reported observation of the first n2

quadrupole line in Uranus, S(0) of the 4-0 band,

and finally in 1973 the quadrupole lines in

Neptune were detected by Trafton [473].

REPRODUCIBILITY OF THE

:-_3:,_AL PAGE IS POOI_
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There are now several sets of observations at

present of the Uranian quadrupole lines, and

these do not agree particularly well. It is not
now clear whether these differences could be

caused by real variations, as for Jupiter and

Saturn, or whether they reflect observational

difficulty, since it is particularly hard even to

locate the continuum accurately on Uranus and

Neptune. Because attempts to derive actual

abundances are strongly model-dependent, only

equivalent widths are given in Table 15, and the

abundance problem is considered in the section,

4tmospheric Structure (Models). The pressure-

induced dipole lines of H2 are all very broad,

shallow features, and particularly difficult to

measure accurately in a spectrum with strong

CH4 absorption everywhere. Approximate equiva-

lent widths for three of these lines in each planet

have been given by Belton and Spinrad [36].

Th_ first to report absorption bands in the

spectrum of Uranus was Secchi, in 1869. Wildt

suggested in 1932 that these might be caused by

CH4; in 1933, Dunham proved this for an infra-

red band on Jupiter; and by 1934, Adel and

Slipher showed it to be true for Uranus. Slipher's

work in the first decade of the 20th century con-

firmed earlier conjectures that Neptune's spec-

trum was very like that of Uranus, except that

absorptions seemed even stronger. The work of

Wildt, Dunham, Slipher, and Adel therefore

confirmed the presence of methane on Neptune.

Eachlaboratory study of CH4 at increased path-

length and resolution seems to result in identifica-

tion of previously unexplained features in the

spectra of Uranus and Neptune. Owen's 1967

study [353] of the _7500 (Kuiper) CH4 bands at

path-lengths of 5.15 km-amagat suggested the

presence of 3.5 km-amagat of methane on Uranus

and 6 km-amagat on Neptune. These numbers

were necessarily crude because of unknown

effects, on the line equivalent widths, of tem-

perature differences between laboratory and

planet. Laboratory spectra of methane at 8.45

km-amagat and new spectra of Uranus in the

_7500 band by Lutz and Ramsay [290] gave line

strengths and improved wavelengths, suggesting

even greater methane abundance on Uranus.

It has been shown very recently [355] that the

_6420 feature usually attributed to an induced

dipole transition in H., was at least largely caused

by methane. Even a 10.1 km-amagat laboratory

column of CH4 was inadequate to match this and

other Uranian features. Assuming spectra result

from a mean atmospheric path in the Uranian

atmosphere of three times a vertical column again

suggests even more than 3.5 km-amagat of

methane. The actual abundance is both tempera-

ture- and model-dependent but is certainly very

large. Many very high overtone bands show con-
siderable strength even below 5000 _&,which can

be seen in the spectra of Galkin et al [153].

Photometry by Wamsteker [499] suggests that

methane abundance on Neptune may be smaller

than on Uranus, rather than larger as is usually

assumed. Additional observations of both planets

are acutely needed.

TABLE 15.--Equivalent Widths (m A) of H2 Quadrupole Lines in Uranus and Neptune

Planet Uranus Neptune

Observer and Giver & Spinrad Lutz Price Trafton Encrenaz & Owen Trafton
reference [166] [289] [373] [472] ' [133] [473]

Dateline Dec. Mar. May-July May 3-0 1972 Feb. 1973 May-July
1964 1965 1971 1972 4-0 1972-73 1973

SI0), 4-0 _,.6435 26 -+ 10 37 -+ 12 62 -+ 19 30 -4-3 30+_ 28 -+4
Silk 4-0 _6368 37+_ 49 + 15 58 -+ 13 29 ---3 29+36 31 -+4
SI0), 3-0 _8273 95 "4-25 170-+ 18
St1), 3-0 _8151 114-+ 15 167-+20

Also private communication.
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Ammonia has not been identified in optical

spectra of Uranus or Neptune. Its presence is
expected theoretically, but only deep in their
atmospheres [280]. There is some observational
evidence of its presence in the rather uniform
brightness temperatures of all the major planets
near the ammonia inversion band at 1.25 cm [184].

There is no direct observational evidence of

helium on Uranus and Neptune. The thermo-
spheric temperature of Neptune (discussed in the
next section) suggests that helium abundance car,
be no higher than 50% by number.

Trafton [475] has found a number of strong
unidentified lines in the spectrum of Uranus
between 1.04 and 1.07 /zm. It is suggested that
these might be caused by a methane isotope or
one of the simple hydrocarbons produced from
methane, although they may equally be caused by
some other new atmospheric gas.

Temperatures

Low [284] made the first thermal infrared meas-
urements of Uranus in 1966, reporting a tempera-
ture of 55o-4-3° K in the 17.5-25 /xm window.

Harper et al [193] found a value of 45° K for the
350 /xm region and Low et al [288] measured
490+3 ° K between 28 and 40 p.m. Recently
working at the high altitude (4200 m) Mauna
Kea Observatory, Morrison and Cruikshank
were able to measure the flux from both Uranus

and Neptune between 17 and 28/xm. They report

54.7°+--1.8 ° K for Uranus and 57.2°+1.6 ° K for

Neptune [333]. These temperatures are all based
upon slightly different planetary radii, but a one
percent change in radius causes a temperatur e
change of only about 0.1°K at these temperatures

and wavelengths.
Radio emissions from Uranus and Neptune

have been observed over the wavelength range
1.4 mm to 11 cm. The representative disk bright-

ness temperature spectra for these planets are
given in Figures 8 and 9. Most of the data used to
compile these figures are in references [179,343,
483]. Similar to Jupiter and Saturn, brightness
temperatures of these planets are near 130° K
near 1 cm wavelength, and increase at longer
wavelengths. Based on solar heating alone, these

planets would have a temperature near 50° K. A
simple explanation for these planets being so
warm at radio wavelengths is that radio emission

originates deep in the atmosphere where it is
warmer and denser than in the infrared radiation
level. Trace amounts of ammonia are believed

to provide atmospheric opacity [179]. While a
great number of molecules absorb near 1-cm
wavelength and become progressively more
transparent at longer wavelengths, only two, NH3

and H20, have very strong absorption lines in this
wavelength region and are likely constituents
of the major planet atmospheres. Hydrogen (H2)

and helium may also contribute to the opacity
through their induced dipole moments.

The only spectral lines observed on Uranus
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or Neptune with definitely known quantum

numbers are the molecular hydrogen lines.

Rotational temperature can be derived for each

pair of lines in a given band (listed in Table 15)

if H,, is assumed to be equilibrium hydrogen

rather than normal hydrogen. These temperatures

generally fall in the 110-120 ° K range. Scatter in

measurements and the peculiar behavior (already

discussed) of the more extensive Saturn data

suggest cautious interpretation.

Tentative quantum number assignments by

Owen in the _6800 band of methane suggest a

rotational temperature of 600_-+ 15 ° K [352]. Since

this is some 25 ° K lower than the temperature to

be expected for the observed amount of methane

in saturation equilibrium, its meaning is quite
uncertain.

The star BD-17 ° 4388 was occulted by Neptune

in 1968, observations being made in Australia

and Japan. The original results from Australia

were reported by Freeman and Lynga [152], from

Japan by Kovalevsky and Link [254]. A complete

analysis of the Australian observations by means

of light curve inversion, recently published

[491], indicates an upper atmospheric scale

height of 55-58 km. This implies a temperature

of 150 o K for a pure Hz atmosphere and higher

yet in direct proportion for larger values of

molecular weight. Veverka et al [491] suggest

that the large methane abundance on Neptune

should assure effective radiative cooling of the

thermosphere, implying that the H:He ratio can

be no greater than 50% by number density.

Uranus is unique in the solar system in its
axial inclination of 98 ° . The axis of Uranus was

practically in the plane normal to the solar

radius vector in 1966, all parts of the planet

exposed to the Sun during one 10.8-h rotation.

In 1985, the north pole of Uranus (assuming

north is defined by the angular velocity vector)

will face the Sun continuously, and temperatures

in this visible hemisphere might rise as much as

20%, assuming no effective heat exchange

between northern and southern hemispheres.

Stone [447] suggests the radiative relaxation time

for Uranus is so long that substantial seasonal

effects are unlikely. He predicts that the polar

regions, receiving more heat from the Sun per

orbit, will be hotter than the Equator.

The Visible Surfaces

Uranus normally appears as a small bluish-

green disk, even through a large telescope, and

is featureless except for a reasonable amount of

limb-darkening. The Stratoscope II balloon

telescope during its flight of March 26-27, 1970,

found no surface features, i.e., an upper limit of

5% contrast on any beltlike feature at wave-

lengths ;_,3800-5800 [102]. Yet the best of the

classic visual observers, using large refracting

telescopes (aperture > 50 cm) at times of superior

"seeing" [2], usually reported two faint equatorial

belts on either side of a bright equatorial zone

and darker poles. Almost all observers found

these belts inclined somewhat to the plane of

the satellites [2]. Perhaps the belts vary in
contrast.

Neptune is almost always described as a

small, featureless bluish-green disk when seen

through a moderate to large telescope. Dollfus

described it as showing pronounced limb darken-

ing and very weak spots of irregular shape, but

no band structure [116].

In determining rotation periods, astronomers

turned to spectroscopic and photometric tech-

niques, since there were no obvious surface

features to use. In spectroscopy, rotational

velocity is measured from the Doppler shift of

spectral lines. In 1930, Moore and Menzel [328]

published a spectroscopic rotation period for

Uranus of 10.8 h (the period generally quoted

today). They noted it could be in error by as much

as a half hour, although it was in substantial agree-

ment with the 1912 spectroscopic result of Lowell

and Slipher. Similarly, Moore and Menzel [327]

published in 1928 the rotational period still

quoted for Neptune, 15.8_+ 1.0 h.

Campbell [2]6 reported that in 1916 the light

from Uranus fluctuated by 0.15 magnitudes in a

period of 10 h 49 min 26.4 s, although the varia-

tion seemed to disappear later.

A long list [194] _ves positive and negative

reports on light fluctuations from Uranus since

that time. Whether any of these variations were

real, perhaps related to belt activity, or the prod-

uct of inadequate early photometry is still not

SThis is a secondary reference.
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certain,but variationsusinga modernphoto-
electricphotometerhavenotbeenreported.The
situationforNeptuneis similar.

The largeamountof methanein the atmos-
pheresof UranusandNeptunecausestremen-
dousabsorptionin theredandnear-infraredand
is at leastpartiallyresponsiblefor the bluish-
greencolorsof theseplanets.It appearsthat
somehydrogenpressure-inducedabsorptionis
alsorequiredto matchthe geometricalbedoof
each[499].Matchingthegeometricalbedodatais
the mostimportantconstraintavailablein con-
structingmodelatmospheres.

Therearethreeimportantsetsof albedodata:
Wamsteker[499]coverscompletely0.3-1.1/xm

at a resolving power )`/A)` ca 30 on both planets;

Appleby and Irvine [15] and Appleby [14] cover

10 wavelengths on Uranus and seven on Neptune

at slightly higher resolution; and Younkin [530]

covers completely 0.33-1.11/xm at 50 _ ()` < 0.7

p,m) and 100 _ ()`>0.7 /xm) resolution for

Uranus only. Scaled to the same planetary radii,

the three sets of results agree reasonably well.

Younkin's data have the highest peaks and

troughs in the red and infrared, of course, since

it has the highest resolution in this region of

strong methane bands. His geometric albedo

curve for Uranus scaled to the radius of Table 1

is shown in Figure 10. Neptune is shown to be

nearly identical to Uranus at wavelengths shorter

than 0.54/xm but with lower peaks and shallower

troughs in the region of methane absorption,

perhaps indicating broader methane bands [499].
The albedo of Uranus was measured at wave-

lengths of 1.26, 1.62, 1.74, 2.17, and 2.27/xm with
0.098 to 0.062/xm passbands, resulting in values

of 0.02 or less at each wavelength [55]. Ultraviolet

albedos have become available from the orbiting

astronomical observatory. The albedos for Uranus

and Neptune were found to be about the same at

),2590 as at )`4000, while Uranus appears to have

a still hegher albedo (ca 0.7) at )`2110 [408].

The bolometric geometric albedo for Uranus

has a value of 0.32 [530,532]. When scaled to the

radius of Table 1, this becomes 0.27. Adopting

Younkin's suggested value of 1.25 for the phase

integral at all wavelengths, a bolometric Bond
albedo h_r Uranus of 0.33 can be derived. The

existing photometry of Neptune is sufficiently

similar to that of Uranus to adopt the same value.

Since the maximum phase angle achieved by

Uranus is only 3.1 ° , as viewed from Earth, and

that of Neptune only 1.9 ° , it is obvious that

accurate radiation balance studies can only be

carried out from space probes.

The limb-darkening curve is one final impor-

tant type of data which furnishes an important

boundary condition on atmospheric models.

Difficulties in obtaining meaningful results on

bodies only 4 and 2.5 arc seconds in angular

diameter are obvious, and, in fact, no data exist

for Neptune. Danielson et al [102] obtained
excellent curves for )`)`3800-5800 from their

Stratoscope II photographs of Uranus. Sinton has
shown there is come limb-brightening at 8870

in the middle of a strong methane band where

the albedo is only lV/_-2% [424].

Atmospheric Structure (Models)

The thermal atmospheric opacities of Uranus

and Neptune are dominated by molecular

hydrogen, as are Jupiter and Saturn [465, 468].

Additional opacity induced by methane, as sug-

gested by Fox and Ozier [147], would become im-

portant only if either planet proved to have a large

internal energy source. The measured infrared

temperatures discussed above for Uranus all

seem compatible with expected effective tempera-

ture calculated from purely solar heating except

for the 300-500/xm result, which is anomalously

low. The 17-28/xm value for Neptune seems high,

however, and Trafton [474] suggests an internal

heat source which may be tidal dissipation caused

by Triton, Neptune's very large, close satellite.

Definite sources of visible opacity in the Uranus

and Neptune atmospheres include Rayleigh and

Raman scattering of H2, very weak quadrupole

and stronger induced dipole absorption of H.,, and

very strong methane absorption. A pure molec-

ular atmosphere containing only these opacities

cannot match measured geometric albedos and

H2 and CH4 line equivalent widths on either

planet [36, 499]. A dense cloud layer of solid

NH3 particles must form at about 170 ° K and

8 bars on Uranus, if that gas is present, as

expected [375], and if Trafton's temperature

profile from his thermal opacity work is area-
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sonablefirst approximation[465].Thereshould
alsobe a thin CH4hazewith a baseat about
60° K and 0.4 bar. Such a model is consistent

with the Stratoscope II limb-darkening curves

[102], and the amount of H2 above the NH3

cloud tops (_>370 km-amagat) is reasonably
consistent with measured equivalent widths of

H2 quadrupole lines [36] and with observed geo-

metric albedos [499]. Recent work indicates the

mixing ratio of CI-L cannot be above about 10 -2,

or too thick a CH4 cloud layer will result [100].
The case for Neptune is less clear because few

observations are available. With higher surface

gravity, pressure at the NH3 cloud deck would

be higher, the amount of H2 above this deck

larger, and any reflection from the deck less

important than on Uranus. There may be thin

argon clouds high in Neptune's atmosphere [475].
Detailed inversion of the light curve obtained

when Neptune occulted the star BD-17 o4388 in

1968 furnishes the only quantitative observational

data on the upper atmosphere of Neptune.

Veverka et al [491] found the "quasi-linear" scale

height to be 55-58 kin, although there is localized

structure showing swings between about 30 and

80 km. At a number density of 1015 era-a, the tem-

perature would be about 130 ° K in a pure H2 at-

mosphere, with a small positive temperature gra-

dient reaching to higher elevations. Any mixture of

heavier gases raises this temperature in direct

proportion to the mean molecular weight. No
analysis of the complex details of the refrac-

tivity profile has been made because too much

data is missing. The ionosphere of Neptune is

expected to be somewhat cooler than that of

Jupiter [491] because of the greater amounts of

methane and its photoproducts, which are etfi-

cient radiators, and the lower effective tempera-

ture of Neptune. No observational data exist for

the upper atmosphere of Uranus.

Body Structures

Real models, analogous to those for Jupiter and
Saturn, do not exist for the interiors of Uranus

and Neptune. Calculation of the unique mass-

radius relationship for homogeneous, cold bodies

[534] indicates that these planets probably con-

tain large amounts of lighter elements but are

not so hydrogen-rich as Jupiter and Saturn [217].

A number of models containing large amounts of
metallic ammonium (NH4) or a mixture of

CH4, NH4, H20, and Ne in solar abundances

were constructed during the 1960s [370, 380,

390], but recent radical changes (ca 10%) in

the best values for the radii of Uranus and Nep-
tune have rendered them obsolete, even as crude
models.

Makalkin [296] has reintegrated the cold

(equation of state at 0 ° K) Neptune models of

Reynolds and Summers [390] using the new
radius. The resulting best fit occurs in a model

with a larger fluid envelope and smaller solid

core of higher central density, although it
actually does not fit observed data well. Makalkin

[296] suggests a hot model as the best possibility
to improve the fit, although he notes that the

composition could also be juggled. Zharkov and

Trubitsyn [537] have run hot models for Uranus

and Neptune with adiabatic temperature gradi-

ents. In such models, heavy element cores must

be liquid, starting with atmospheric temperature

even as low as 50 ° K at 1 bar pressure level.

It is not possible to state at present if Uranus

and Neptune have solid surfaces, however, if they

do, the surfaces are probably at depths of at least

5000 km. Improved values for radius, oblateness

and higher order gravitational terms, rotation

period, and atmospheric composition and struc-

ture are all needed as boundary conditions before

interior model-building can produce convincing
results.

PLUTO

General Background and Physical Data

Pluto was discovered by Tombaugh on Feb-

ruary 18, 1930, after 25 years of deliberate,

intense search [464]. Its orbit is the most eccen-

tric and most highly inclined of any planet. Near

perihelion, which it reaches next in 1989, it is

nearer the Sun than Neptune can ever come,
and midway between its nodes, it lies a billion

and a quarter km above the ecliptic plane. Be-

cause of that inclination, there is no chance at

present of a catastrophic encounter with Neptune.

A special perturbation study covering 120 000

years was presented in 1965 by Cohen and
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Hubbard[90];it uncoveredanapparentlystable
librationin thePluto-Neptunecoupleover19670
years.The study indicatedthat Neptuneand
Pluto neverapproachnearer than about 18
astronomicalunits(AU)toeachother,andthatthe
closestapproachalwaysoccurswhenPlutoisnear
aphelion.More recentstudieshavereinforced
thisconclusion.WilliamsandBenson[520]carried
outa4.5x 10"yr integrationwhichconfirmsthe
20000-yroscillationoverthe longerperiod,and
whichhasuncoveredotherresonances,in partic-
ular,animportantonewithaperiodof 3955000
years.Thetotaleffectofthesetermsistoincrease
the minimumPluto-Neptunedistanceandthe
apparentstability of the outer solar system.
WilkinsandSinclair[517]havenotedthemini-
mum distance(16.7AU) betweenPluto and
Neptuneis muchgreaterthan the minimum
distance(10.6AU)betweentheplanetsPlutoand
Uranus.

ThesuppositionthatPlutomightbeanescaped

satelliteof Neptunewasoriginatedby Lyttleton
[291].The escapehypothesiswaslater cham-
pionedby Kuiper[264]andRabe[378,379]asa
likelyoutcomeof Kuiper'sprotoplanettheoryof
the originof the solarsystem.Thetwoescape
mechanismsproposedarecompletelydifferent,
however.Plutoseemsphysicallymorelikeasatel-
liteofagiantplanetthanoneoftheplanetsthem-
selves.Ontheotherhand,resonancestudiesnoted
inthepreviousparagraphseemtoindicateextreme
stabilityof Pluto'sorbit. It hasbeensuggested
asunlikelythatthe20000-yrlibrationbeganmore
recentlythanthetimeatwhichplanetarymasses
stabilizedat their presentvalues[520].The
currentstabilityandearlierescapefromNeptune
are not necessarilyincompatible,but these
studiesinevitablymakethe escapehypothesis
seem less attractive than previously.Only
detailedstudy and comparisonof Pluto and
Triton seemlikely to indicateif they might
havehadacommonorigin.
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Pluto appears as a point source in all but the

largest telescopes, and even in the largest

telescopes it can be resolved only under the

finest observational conditions. Kuiper made a

direct measurement in 1950 of 0.23" (about 5860

km) for Pluto's diameter [260], which may be

subject to uncertainties approaching 50%. A

far more accurate technique for measuring

such small angles is photometric observation of

a stellar occultation, but such occultations

occur rarely. A "very near miss" recently fixed

the extreme upper limit of Pluto's diameter at

6800 km [189].
The mass of Pluto has been difficult to deter-

mine, since it requires measuring perturbations

on a large body, Neptune, by a smaller one,

Pluto. Pluto has made only half a revolution

including all known prediscovery observations

back to 1846, further complicating determina-
tion of its mass. The best available mass figure

for Pluto presently is 0.11 that of Earth [414],

which, together with a 6400-km diameter, implies

density of 4.9 g cm-3. The history of attempts
to determine the mass of Pluto has been one

of continuous uncertainty, with the "best"

value being 0.91 that of Earth until as recently

as 1968. Halliday [188] suggested that a small

change in the mass of either Saturn or Uranus

could easily cause a large change in the mass

determined for Pluto. The safest conclusion may

be that of Ash et al [22], that "Pluto's mass

cannot be determined reliably from existing
data."

The rotation period of Pluto was first measured

photometrically in 1955 by Walker and Hardie

[494]. The latest period for Pluto obtained from

phasing more than 20 years of data is 6.38737___

0.00018 d [342]. Although the rotation period is

quite constant, amplitude and mean opposition

V magnitude of the light curves have not been.

Andersson and Fix [12] find that the mean bright-

ness of Pluto has decreased 0.20 magnitudes

and amplitude of the light curves increased from

0.11 magnitudes 20 years ago to 0.22 magnitudes

today. Attributing these changes to variation in

the sub-Earth point on a Pluto with albedo features

as the latter planet moves along its orbit, they

solved for the obliquity of Pluto's axis and found

it "probably greater than 50o. ',

Atmosphere

Pluto's low mass and temperature suggest

that it may not have an atmosphere. Many

potential atmospheric molecules, such as CO2,

H20, and NH3, would lie frozen on the surface,

while others, such as H2 and He, would escape.

The atmosphere might contain extremely small

amounts of CH4 and/or N2, but even at 50 ° K,

the vapor pressure of these species is extremely

low. Heavier inert gases, such as neon and argon,

could form a permanent atmosphere, but these

are difficult to detect spectroscopically. Hart

[196] finds that the .... t.. ,_r, ecL_op,,oLome,ry of Fix et

al [142] would allow 1 atm of neon but this seems

incompatible with 3 atm pressure because of
increase in ultraviolet albedo that would result

from Rayleigh scattering.

No evidence of an atmosphere could be

detected on Pluto in a low-dispersion (720 and
340 _ ram-l) spcctroscopic study of the visible

red [258]. Much higher dispersion is certainly

available today, but the best hope for detecting

an atmosphere, which might be largely inert

gases, would be by means of a spacecraft

occultation experiment.

Photometric Properties

As noted previously (in the discussion on rota-

tion period and axial obliquity), the magnitude of

Pluto reduced to mean opposition distance seems

to be increasing, as is the amplitude of its

diurnal variation. Pluto, because of its large

orbital eccentricity, would be more than a

magnitude brighter at perihelion than at its mean

distance, were it not for this effect attributed to

bright polar caps by its discoverers [12]. They [12]

also suggested a phase coefficient of 0.05 magni-

tude/degree be applied to all Pluto photometry.

The relative brightness of Pluto has been

measured between 3400 and 5900 _ in 21 pass-

bands having a full width of 128 _ at half-maxi-

mum transmission [142]. This work showed a

slowly increasing albedo toward the red from

h3800 as well as a steeper increase toward the

blue from that point and some hint of structure

at 4800 and 5800_&. Harris' photometry [194]

shows a body considerably redder than the Sun
at h6900 and 8200.
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The radiusof Plutois so poorlyknownthat
attemptsto quotea geometricalbedobasedon
the radiusarealmostmeaningless.Harris[194]
pickedaradiusof0.45thatofEarth,whichgives
pv=0.13.He thenchosea phaseintegralequal
to that for Mars(qv=l.04), to derivea visual
Bond albedoAv=0.14.The albedoof Pluto
seemsto changeonly slowlywith wavelength,
sothisvaluewasinsertedin Table1 asa guess
at thebolometricBondalbedo.It is obviousthat
an accurateradiusand phaseintegralfor at
least1wavelengthmustbemeasuredbeforesuch
numberscanhaverealmeaning.It seemslikely
that the bolometricBondalbedofor Pluto is
sufficientlysmaller than Neptune'sto give
Plutothehighereffectivetemperature.However,
Pluto'sslowrotationwill assureconsiderable
differencein actual daysideand nightside
temperatures,theformerreachingperhaps50° K.

Polarimetry of Pluto by Kelsey and Fix [242]

indicates that the planet probably has a micro-

scopically rough surface, and their value of 0.27%

polarization at a phase angle of only 0.8 ° is cer-

tainly compatible with a low albedo, since it

hints at a deep negative branch for the polariza-
tion curve.

Body Structure

Since even density of Pluto is grossly un-

certain, meaningful work on the structure of the

planet is unlikely until a spacecraft has ac-

curately determined at least its basic physical

measurements with some accuracy. A large

magnetic field seems unlikely, since Pluto is

small and rotates slowly, but after Mercury,
who knows?

SATELLITES AND RINGS

Less than a decade ago, satellites of the solar

system (except the Moon) were in the backwater

of astrophysical research. The extensive photo-

electric photometry of Harris [194] and occasional

studies by Kuiper and his students constituted

the majority of modern knowledge, other than

that of their masses and motions. During the past

5 years, satellite study has burgeoned into one of

the most active fields of solar system physical
research, one which required 100 pages to en-

compass in the recent review of Morrison and

Cruikshank [335]. The emphasis here will be upon

the Galilean satellites of Jupiter, and Titan, the

bodies most likely to be of biological interest. The
aforementioned review is recommended for addi-

tional physical information. Reviews of celestial

mechanics are in papers by Wilkins and Sinclair

[517] and Porter [369]. No review of satellites,

however brief, would be complete without some

description of the innumerable small satellites

seen as the rings of Saturn, which will be dis-

cussed ahmg with Saturn's satellites.

Jupiter's Satellites

Jupiter has 12 known satellites, 5 near the

planet in circular orbits in the equatorial plane

and 7 in far out, highly eccentric, highly inclined

orbits. 7 The basic orbital elements are given in

Table 16, together with mean brightness and

change of brightness caused by rotation. JV,

sometimes called Amalthea, and the four large
Galilean satellites (discovered by Galileo in 1610)

appear to keep one face toward their primary

[237, 335], rotating on their axes in the same

period as they revolve about Jupiter. Almost

nothing is known about the other seven bodies,

or even Amalthea, which is so close to Jupiter

(1.54 radii from the planetary surface) as to

virtually prohibit accurate photometry.

The Galilean satellites are large, important

bodies in their own right. Ganymede is larger than

the planet Mercury, and all but Europa are larger

than the Moon. In understanding these bodies, it

is of great importance that accurate physical

data are finally becoming available. In 1971, Io

occulted/3-Scorpii C [219, 347,457], and in 1972,

Ganymede occulted SAO 186800 [77], giving

greatly improved radii for the two satellites. With

these radii forming a base, it became possible to

derive further data from mutual occuhations

occurring every 6 years when Earth is in the plane

of the satellite orbits [67]. Finally, new masses

have come from the flight of Pioneer 10 [8]. These

data and quantities derived from them are in
Table 17.

7A thirteenth satellite, lying just inside JVI, was discovered
in Sept. 1974.
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The occultation by Ganymede, besides an

improved radius, apparently gave the first direct

evidence of an atmosphere on a Galilean satellite,

suggesting a surface pressure on Ganymede of at

least 10 -6 bar but probably not as great as 10 -3

bar [77]. The star occulted was quite faint, how-

ever; and there are some questions on the

reliability of the pressure data. The Pioneer 10 S-

band radio occultation experiment [250] detected

an electron density of 6x104 cm -3 at 100_+40 km

above the surface of Io and a neutral atmosphere

corresponding to surface pressure of 10 -s to 10 lo

TABLE 16.-Jupiter's Satellites

Semimajor V magnitude Rotational
Satellite axis, Eccentricity i Inclination 1,2 Sidereal period at mean change in V

km opposition 5

JV 3

JI (Io) 3

JII (Europa) 3

JIII (Ganymede) 3

JIV (Callisto) 3

JVI 4

IVII 4

JX 4

fXII 4

fXI 4

JVIII 4

JIX 4

181 500

422 000

671 400

1 071 000

1 884000

0.0028

0.0000

0.0003

0.0015

0.0075

0027.3 '

0°1.6 '

0°28.1'

0°11.0 '

0°15.2 '

11 h 57 min 22.70 s

1 d 18 h 27 min 33.51 s

3 d 13 h 13 min 42.05 s

7 d 3 h 42 min 33.35 s

16 d 16 h 32 min 11.21 s

11 487 000

11 747 000

11 861 000

21 250 000

22 540 000

23 510 000

23 670 000

0.158

0.207

0.130

0.169

0.207

0.378

0.275

27.6 °

24.8 °

29.0 °

147 °

i64 °

145 °

153 °

250.57 d

259.65 d

263.55 d

631 d

692 d

739 d

758 d

ca 13.0

4.80

5.17

4.54

5.50

14.88

16.

18.6

18.8

!8.1

18.8

18.3

(7)
0.i6

0.31

0.15

0.15

U

N

K

N

O

W

N

1Eccentricities and inclinations for regular

slightly variable. Those for irregular satellites
variable.

2 To the equatorial plane of Jupiter.

3 From [400], except photometric data.

satellites are

are extremely

4 From [369], except photometric data.

5From [194], except JVI which is from [10, 11].

6From [335].

7 Possibly variable with leading edge brighter.

TABLE 17. -- Galilean Satellites: Physical Data

Parameter I Io (JI) Europa (JII) Ganymede (JIII) Callisto (JIV)

Mass (Jupiter = 1) [8]

Mass (Moon= 1) 2

Mean diameter, km

Mean density, g cm-3 4

Mean surface gravity, m s -24

Escape velocity, km s-14

Bolometric Bond albedo [335]

Effective temperature, K s

Maximum temperature, K 7

4.696 × 10 -5

_+0.06

1.213

3636 _+ 5 [347]

3.54

1.80

2.56

0.62 + 0.13

96

135

2.565 × 10 -5

±0.06

0.663

2980 _+ 1003

3.51

1.46

2.09

0.74 ± 0.14 5

87

123

7.845 × 10 5

± 0.08

2.027

_+30 [77]5270 -2oo

1.94

1.43

2.75

0.35- + 0.08

109

155

5.603 × 10 5

-+0.17

1.448

5000 _ 150 [119]

1.63

1.14

2.38

0.11 -+ 0.03

118

167

1Where the same source was used for all four satellites,

the reference number is given in the parameter column. In

all other cases, it follows the individual datum.

2Calculated from value above, mass of Moon = 7.347 × 1022

kg [190], and mass of Jupiter=l.8985 × 10 zT kg [8]. Unlike

the figure in Table 1, this does not include the satellites' mass.

aThis figure is the average of three values from mutual

occultation observations reported at the 1974 AAS Division

of Planetary Sciences Meeting, Palo Alto, Calif.

4Calculated from mass and diameter given above. G=

6.673 x 102o km 3 s-2kg-l.

5Corrected from 0.68 for new value of radius given above.

6Calculated from F=4(1-A) -1 o" T_, assuming the flux

F= 1353 Wm 2 at 1 AU and the Stefan-Bohzmann constant

o-=5.669× 10 -s Wm -2 deg 4. A is the bolometric Bond

albedo.

7Calculated from F= (l-A)-1 _ T 4. This is the maximum

equilibrium temperature that a body of the given albedo,

normally illuminated, can have at 5.203 AU from the Sun
without an internal heat source.

574-269 0 - 76 - 17
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bar (depending upon composition) on that satel-

lite. The Io optical occultation observations had

only resulted in an atmospheric upper limit of

about 10 -7 bar [30,427].

In 1964, Binder and Cruikshank [54] reported

an apparent excess brightness on Io of about

0.1 magnitude as it reappeared after solar eclipse

by Jupiter, the excess disappearing in about 15

min. It was suggested that this might be evidence

for an atmosphere condensing during eclipse and

evaporating in sunlight. It was estimated that

about 2 × 10 -7 bar of evaporate would be required

to satisfy the observations [279]. Since 1964,
there have been many photometric studies of Io

eclipses, some positive, some negative. If the

phenomenon is real, it is certainly intermittent,

and the Pioneer 10 results on atmospheric

pressure would indicate it is not caused by

atmospheric condensation. The results for 1973,

using photometers specially designed to reject

scattered light from Jupiter, were all negative

(no brightening) [151,324].

The discovery by Brown [69] of sodium D-line
emission from the satellite was the most unex-

pected and spectacular result on the atmosphere
of Io. Confirming observations were soon reported

by Brown and Chaffee [70], and then Trafton

et al [478] found that the sodium radiation came

from a large area around Io (more than 10 arc

seconds in radius). The amount often averaged ca

10" atoms cm -2, assuming it to be uniform and

optically thin over the field of view, although it

apparently is variable in time. Meanwhile, Judge

and Carlson [239] reported an apparent torus of
hydrogen around Jupiter in the orbit of Io with a

surface brightness of 10 kilo-Rayleighs (assuming

it is all Lyman a-radiation). Presumably, the torus
of hydrogen around Io is similar to the torus which

McDonough and Brice suggested would be found

around Titan [318]. The most acceptable explana-
tion so far suggested for the observations is sput-

tering of Io's surface by charged particles from

the Jovian magnetosphere, followed by resonance

fluorescence within the sodium and hydrogen

clouds thus created [311].

Photometry of the Galilean satellites has indi-

cated that their surface properties vary consid-
erably from satellite to satellite. This is well

illustrated by the broadband photometry of Lee

[274], shown in Figure 11 with Morrison and

Cruikshank's normalization [335]. More detailed

studies at higher spectral resolution have shown

that Europa and Ganymede are coated largely

with H20 frost [141,365] at a temperature near

150 ° K and of ca 0.1 mm grain size [247]. Kieffer

and Smythe [247] estimate fractional abundance

at 75% and 60% on JII and JIII, respectively,

while H20 frost is at most a minor constituent on

JI and JIV. Io retains its very high and largely

featureless albedo even at 5/xm [164]. Kieffer and

Smythe [247] suggest strongly hydrated minerals
as candidates for the JI surface.

Polarization results also indicate differences

among the Galilean satellites, with Callisto

standing out with a strong negative branch more

than twice as deep as any of its companions

[122,488].

A number of brightness temperature measures

have been made through the 8-14/xm and 17-28

/xm windows in Earth's atmosphere. Table 18 is

taken from Morrison and Cruikshank, with

Europa temperatures corrected for the new

radius given in Table 17. The 10 gm tempera-

tures are consistently 10 ° K higher than those at

20 /xm, a surprising result. Hansen [192] has

shown what appears to be a distinct emission

feature at 12 /_m on the three Galilean satellites

he observed (JI,JIII, and JIV), which may account

for the difference but this also needs explana-

tion. Flux curves during eclipse have been

obtained by Hansen at 10/_m [191], and Morrison

and Cruikshank at 20 /xm [334]. In general,

results can best be explained by a thin low-

conductive layer over a thick layer of high

conductivity for JI, JII, and JIII, with some

additional complexity for JIV.

The brightness temperatures of Ganymede and
Callisto at millimeter and centimeter short

wavelengths are given in Table 19. Temperatures

have been adjusted (where possible) to the

satellite radii given in Table 17; temperatures

in parentheses are those published. These

measurements are quite dimcult to make because

of the usual problem of detecting a weak signal

in the presence of a nearby strong signal. Of the

four measurements shown for Callisto, it is ex-

pected that interferometric measurements at

3.71 cm and high signal/noise measurements at

REPRrODUC_/.LITY OF THE

.... =,!z__L PAGE IS POOR
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2.82cm usingthe 100-mBonnradiotelescope
arethe mostreliable.Thesearealsothe most
interestingbecausethey indicatebrightness
temperaturessignificantlylower than infrared
temperatures.Also,the differencein brightness
temperaturesof the twosatellitesis largerthan
wouldbeexpectedfromtheiralbedos[360].

The low brightnesstemperaturescanbeex-
plained[360]byradioemissionoriginatingbelow
thesurface,wherethevariationof temperature
with phaseis lower.This implies,if correct,
that interiorof the satellitesis colderthanthe
surface.Brightnesstemperaturemeasurements
at3.55mmand8.2mm(incontrastto centimeter
wave measurements)are considerablyhigher
thanbothinfraredandcentimeterradiomeasure-
ments;their statisticaluncertainties,however,
arelarge.Theideahasbeenadvancedthathigh
brightnesstemperaturesare the result of a
nearlytransparenticesurfaceonthesesatellites

[271].In the Lewis[279]models,the lapserate
in the ice crustis ca 1° K/km, and a crustal
thicknessof ca 100km is requiredto explain
theobservations.Thistheorypredictsthatbright-
nesstemperaturedoesnot dependon wave-
length,whichis inconsistentwithavailabledata.

Theformation,internalstructure,andchem-
istry of the Galileansatelliteshavebeencon-
sideredbytwogroups[279,280,281,368].These
studiesindicatethatall fourbodiesarelikely to
havea coreof hydratedsilicates,andGanymede
andCallistomay well havethick mantlesof
frozenor liquidwater(liquid,if thereis evena
smallamountof radioactivedecayin their in-
teriors).Eachshouldhaveat leasta thin solid
crust,possiblyice on all but Io, althoughon
Callisto,the low albedoobviouslyrequiresan
additionaldarkmaterialonthesurface.

All theGalileansatellitesareveryinteresting,
apparentlyquitedifferentfrombodiesnearerthe

1.0
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O
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FIGUREl l. -- Geometric albedo of the Galilean satellites, 0.4-3.4/_m. (Adapted from [274]as normalized

by [3351)
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Sun. Only Io and Europa have densities similar

to the terrestrial planets (or perhaps the aster-

oids), and their albedos are many times higher
than nearer, airless bodies. Io also exhibits a

number of unique phenomena apparently asso-

ciated with the Jovian magnetosphere. These
satellites are sure to receive increased attention

from space probes and ground-based observers

during the next decade.

Saturn's Rings and Satellites

The Rings

Saturn has 10 satellites, all but the outermost

(Phoebe) in fairly regular orbits, and a glorious

set of rings. The rings around Saturn, which

appear to be unique in the solar system, were

first seen by Galileo in 1610 as queer appendages

on either side of the planet. The real nature of

the appendages as part of a flat ring around the

planet was discovered by Huygens in 1655. In the

1670s, Cassini found that the ring was double,

a dark line separating it into two concentric

rings. The dark line is now called Cassini's divi-

sion, the outer ring A, and the inner ring B. In

1850, Bond at Harvard and Davies in England

independently discovered a very tenuous

third ring, a "crape ring" or Ring C, inside

the first two. For many years, there has been

considerable controversy about the existence of

a fourth, extremely tenuous ring outside the A

ring. Some positive evidence of this D ring's

existence was obtained by Feibelman during the

most recent [136] edge-on aspect, and was re-

cently confirmed by Kuiper [267] who found

evidence of material extending nearly to Dione.

Similarly, there have been reports of material

inside the crape ring [60, p 382]. Guerin has

presented most convincing evidence of this [96,

176, 1771 from photographs of Saturn which seem

to confirm the presence of at least a small amount

of ring material almost to the planet's atmos-

phere. He calls this material, which is separated

from the C ring by a dark division, the D ring.
To avoid confusion with material external to the

A ring, it has been suggested that any material

external to the A ring be called the D' ring [149].

Radial dimensions of the rings are given in
Table 20.

The thickness of the rings is not easily deter-

mined, since they are very thin. The only times

the rings have been observed when Earth was

exactly in their plane occurred in October and

December 1966 [60]. Then, through large tele-

scopes, the rings did not completely disappear

as it sometimes had been predicted they would.

Photometry was undertaken at that time [61,145]
with somewhat discordant results. Both sets of

data were analyzed and each found internally
consistent. The thickness cannot be less than

500 m, nor is it likely to be greater than about

4 kin. Systematic errors seem likely to cause the

value to be underestimated [61], consequently a
value of 2-3 km seems best until additional

observations become available.

It is certain that the rings are not solid.

Maxwell showed theoretically in 1857 that a

solid ring rotating around a planet would not be

stable, and Keeler showed spectroscopically in

1895 that the rings were in differential rotation.

On at least six occasions, stars have been seen

through the A ring, even though of magnitude

7.2 or fainter [59], giving rather direct proof of

the rings' particulate nature. On at least two

TABLE 18. -- Galilean Satellite Temperatures 1

Authority

3illett, Merrill, and Stein

nansen

Morrison

Morrison, Cruikshank, and Murphy

nansen

Morrison

Wavelength,

_m

11-12

8-14

8-14

17-28

17-25

17-28

Io (JI)

139_+3

137---3

138_+4

128_+5

124_+4

130_+3

Europa (JII) 2

132_+3

131_+3

130_+4

123+5

122_+4

123 _+3

Ganymede (JllI)

142 _+3

142 ± 3

145 _+4

138 ±5

132 _+5

143 ±4

Callisto (JIV)

157 ± 3

152 _+ 4

153 _+ 5

151 ± 7

142_+ 6

155 _+ 5

1From Morrison and CruiKshank [335]. 2 Corrected for new radius of Europa, 1490_+ 50 kin.
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occasions, eighth magnitude stars were seen

part of the time during passage behind the

brighter, more dense B ring [59]. The trouble-

some problem of the mechanical stability of the

ring will not be discussed here. (See references

[60, 92, 93,527] for further information.)

Additional information on the rings has come

from four sources. Only photometry has been

available for a considerable time; infrared

radiometry, microwave radiometry, and radar

information are very new. The large body of

photometric work (reviewed by Morrison and

Cruikshank [335]) will only be summarizcd here.

The visual surface brightness of the B ring and

parts of the A ring are somewhat higher than

the mean surface brightness of Saturn [95],

indicating individual particles of very high albedo,

since the rings are not optically thick. Several

studies of ring optical depth converge on values

of 0.7-1.0 for the B ring and 0.4-0.5 for the A

TABLE 19.--Microwave Brightness Temperatures

of Ganymede and Callisto

Wavelength
[reference] Ganymede Callisto

3.55 mm [171] 276 (255_+80)

8.2 mm [272] 233 (280--_ 120)

2.82cm [360] 55_+14 (55_+14_ 88--+18 (88+_18)

3.71 cm [42] 101 (101_+25)

TABLE 20.--Saturn's Rings, Dimensions

Parameters Radii, km Saturn radii

Equatorial radius, Saturn

Outer edge, ring D
Guerin division

Inner edge, ring C

Inner edge, ring B

Outer edge, ring B

Cassini division

Inner edge, ring A

Outer edge, ring A

Semimajor axis, orbit of

Janus

60000_+240

72 600 _+2000 2

Width ca 4200 km 2
76 800 -+2000

92 000 _+850

117800-+350

Width ca 2600 km

120 400 _+400

136 450 _+350

168 700 2

I

1.00

1.21

1.28

1.54

1.97

2.01

2.28

2.81

1From [120], except where otherwise indicated.
2From [149].

3The edges of A and B rings are not sharp. Direct measure-
ments of the width of the Cassini division often result in much

larger values (i.e., ca 3500 kin. Dollfus, [120]).

ring [335]. There is a very large opposition effect

of 0.2 magnitude in the yellow up to 0.4 magnitude

in the infrared and ultraviolet [229]. Since large

opposition surges are usually identified with dark

surfaces, the effect in Saturn's rings classically

(since the 1880s) has been associated with mutual

shadowing of the particles but such an effect

should be independent of color, which is not what

Irvine and Lane observed. The effect may be a

combination of shadowing and backscattering.

Recent infrared spectrophotometry has shown

that ring particles are largely ice or at least ice-

covered [363]_ accounting for high yellow, red,

and infrared albedo. However, a sharp drop in

the ring albedo below 6000 A, very much like

the Io's behavior [28, 273], is not the behavior

of ordinary pure ice.

Radiometry in the 8-14/xm windows is given in

Table 21. It seems clear that ring temperature

has increased with increasing Sun angle, implying

shadowing was occuring at h)w angles. Most

surprising is the high temperature for bodies of

such high albedo. The effective temperature of a

blackbody at Saturn's distance from the Sun is

only 90 ° K. This would be raised to about 94 ° K

for the B ring by including radiation from Saturn

[338]. Estimates of the bolometric Bond albedo

for ring particles generally lie between 0.5 and

0.8 or higher [335], implying fairly large, non-

isothermal particles which are much warmer on

the Sun-Earth side.

Recently, Goldstein and Morris demonstrated

that the rings of Saturn are remarkably efficient

radar reflectors by transmitting and receiving

strong echoes from the rings at 12.6 cm [169].

The measured Doppler spread of echoes matches

that expected from the particles in the bright

TABLE 21.--Temperature of Saturn's Rings

Wavelength,
/xm

2O

12.7

2O

2O

11

2O

Saturnicentric
latitude

of the Sun

_,5 °

18°

26 °

26 °

26 °

26 °

Ring Brightness Refer-
observed temperatureoK ence

A and B?

A and B

A

B

B

B

<60 [23]

82.7 [5]

89 [338]

94 [338]

91 [335]

96 [335]
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inner ring, thereby strongly supporting the

results. The received radar echo power was
62 _ 6% of what would have been received from

an isotropic reflector, without loss, in the same

projected geometric cross section as the A and B

rings and at the same distance-an entirely

unexpected result. This reflectivity compares

to 6% for Mercury, 12% for Venus, 8% for Mars,

and 5 to 15% for the asteroids, Icarus and Toro.

Interpretation is still very speculative, although

it is generally agreed that radar observations

require that reflecting objects be a centimeter-

size or larger.

Goldstein and Morris [169] hypothesize that

the scattering objects are likely to be rough with

diameters on the order of a meter or larger.

Pollack et al postulate that centimeter-sized

particles of high albedo yield the observed high

reflectivity through multiple scattering [367],

and it is pointed out that radio brightness tem-

peratures of the rings provide important con-

straints to the models. A third hypothesis pro-

posed does not require a large single-scattering
albedo. Penengill and Hagfors [362] point out

that backscanering from transparent spheres can

show considerable gain over simple external

reflection from the front surface of an equivalent

sphere. Such gain results from internal scattering

processes. For Saturn's rings, it is proposed,

smooth ice fragments larger than 8 cm in radius

will reproduce the radar result.

There are a number of single antenna and a

few interferometer brightness temperature meas-

urements of Saturn and its rings. Single antenna

measurements yield the combined radiation from

the Saturn-ring system, whereas interferometric

measurements allow the ring brightness contribu-

tion to be separated and measured directly. One

method of studying the ring influence is to

observe dependence of the single disk antenna

brightness temperatures on the planetocentric

latitude of Earth (relative to the plane of the
rings). A second method is to estimate the disk

contribution from atmospheric models and attrib-

ute the residuals to the rings.
In a recent compilation of single antenna data

[234] which relate to brightness temperature of

the rings, it is shown that, with the exception of

data at 1-mm wavelength, there are no statisti-

cally significant variations of brightness tempera-

ture with planetocentric angle. Measurements

are consistent with absence of the rings, thereby
showing that brightness temperatures of the rings

must be low. Observing at a wavelength of 1 mm,

Rather et al [381] measured a brightness tempera-

ture for Saturn that is 45 ° ___15 ° K larger than that

observed for Jupiter, inferring a brightness tem-

perature of 35 ° +__15 ° K for the rings. Because of

the large size of the scatterers implied by radar

observations, Pollack et al [367] infer that low

brightness temperature must be due to emissivity

effect. Janssen [234] combining the Rather et al
data with earlier data, finds that the 1-mm data

are consistent with an emissivity of 0.4. Briggs

[66] estimates an upper limit of 80 cm to the

particle size by assuming they are pure water ice.

High resolution interferometric observations of

Saturn have been carried out at 3.7, 11, and 21

cm wavelengths [41, 43, 66] showing that nearly

all of Saturn's emission originates from the

planetary disk. Berge and coworkers estimate

brightness temperature of the rings to be less

than 10 ° and 40 ° K at 20 cm and 10 cm, respec-

tively. Briggs, in agreement with Berge, found

that average ring brightness temperature is less

than 20 ° K at 3.7, 11, and 21 cm. Further, he

found that when his interferometric fringes were

perpendicular to Saturn's polar axis, the apparent
size of the planet decreased. Such effect was not

seen when the fringes were aligned with the polar

axis. Briggs interpreted these data by a model

in which the rings obscure part of Saturn's disk,

thereby reducing the apparent size of the disk.

Ring particles which are good scatterers and poor
emitters can diffuse radiation from the disk while

having a low brightness, which is consistent with
both radio and radar data.

Several lines of evidence have converged to

indicate that ring particles must be at least a few

centimeters in diameter. Two not previously

mentioned are the Poynting-Robertson effect

which would sweep the ring free of all original

particles smaller than about 3 cm in 5 × 109 years

[61,505], and sputtering which would erode several
centimeters of ice in a similar time [195]. Thus

any small particles would have to be of more
recent origin, nor can the rings be a monolayer,

since shadowing and multiple scattering appear
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to be required.Thusa numberof "classical"
modelssuggestingmicron-sizedparticlesor a
monolayerof variousthicknessesapparently
havebeenruledoutbyrecentstudies.Nocom-
pletelyconsistentringmodelsexistasyet,how-
ever,andtheremaystill besurprisesinphysical
studyof oneof themostbeautifulobjectsof the
solarsystem.

The Satellites

The satellites of Saturn are laid out fairly

regularly except for Phoebe, which is in an

elongated retrograde orbit. The basic orbital

elements are given in Table 22. Janus was dis-

covered in 1966 when Saturn's rings were "edge-

on." Even with the ring lights almost zero, Janus

is difficult to see, with a magnitude of only 13.5

or 14, located next to a very bright planet [118,

425, 462]. Absolute confirmation that the object

observed is indeed a satellite and not a ring

condensation will probably have to wait until

the rings are again edge-on, although the best

of the photogrephs are very convincing.
The satellites of Saturn are rather substantial

bodies, for the most part, all larger than the seven

irregular satellites of Jupiter, and at least five

(perhaps seven) of them of greater size than the

largest asteroid. Titan (to be discussed in detail)

is more massive and somewhat larger than the

Moon. The basic physical data for all the satellites

(except Janus) will be found in Table 23. Addi-

TABLE 22.--Saturn's Satellites i

Satellite Semimajor
axis, km

anus a 168 700
Vlimas 185 800
Z.nceladus 238 300

Fethys 294 900
Dione 377 900
Rhea 527 600
"itan 1 222 600

Hyperion 1 484 100
[apetus 3 562 900
Phoebe 12 960 000

Eccen- Inclina-
tricity tion z

ca 0
0.0201
0.00444
0
0.00221
0.00098
0.029
0.104
0.02828
0.16326

caO
1°31.0'
0°01.4'
I°05.6'

0°01.4'
0o21'
0o20'

(17-56')
14.72°
150.05°

Pefiod, d

0.815
0.942422
1.370218
1.887802
2.736916
4.517503

15.945452
4 21276665

79.33082

550.45

1From [369], except
To plane of ring.

3From [149].

data for Janus.

tional photometric and radiometric data for a
number of Saturn's satellites are reviewed in

Morrison and Cruikshank [335] and will not be

repeated, except for mention of Iapetus and Titan.

Iapetus

Iapetus was discovered by Cassini in 1671, who

immediately reported a great brightness varia-

tion, suggesting . . . "but it seems, that one part

of his surface is not so capable of reflecting to us

the light of the Sun which maketh it visible, as

the other part is" [1]. That, indeed, has proved to

be the case. Murphy et al [339] found anticorrela-

tion between visible brightness and infrared flux,

with Iapetus having a temperature of 117 °-4- 4 ° K
and visual albedo of 0.04_0.01 near minimum

light, and a temperature of 110°+4 ° K and 0.25 -----

0.05 visual albedo near maximum light. They

suggest that the albedo at maximum is about 0.28.

Zellner's [535] polarization studies are consistent

v,ith a bright trailing hemisphere and a dark

leading hemisphere. Neither of the above studies

is consistent with an elongated shape.

The most detailed photometry of Iapetus (that

of Millis [323]) showed successive minima differ-

ing by 0.3 magnitude, which is attributed to

change in solar phase angle, the resulting phase

coefficient and opposition effect being com-

parable to that of the Moon, Callisto, and some

asteroids-all having dark surfaces. A much

smaller phase coefficient was found for the bright

side, comparable to bright Io and Europa. The

first good color curves obtained [323] showed 0.07

variation in B-V and 0.045 in U-B. Iapetus, then,

is truly a remarkable object with one hemisphere

six times as bright as the other. The best theory
so far, proposed by Cook and Franklin [94], is

that a thin ice crust was largely eroded from one

side by meteoroidal bombardment of its leading

hemisphere.

Titan

Titan is certainly the most interesting of
Saturn's satellites because of its extensive

atmosphere. In 1944 Kuiper [258] first dis-

covered methane on the satellite, empirically

estimating its abundance in a presumed pure

4Varies from 17' to 56' [400]. methane atmosphere at 200 m-amagat in 1952
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[261]. There the matter stood for 20 years until

Trafton's [469] surprising announcement of the

possible presence of H2 on Titan. He further

suggested [470] that even the spectrophotometric

observations of McCord et al [316] showed that

either methane must be an order of magnitude

more abundant than previously thought or a

minor constituent. Hydrogen observations [469]

suggested the presence of ca 5 km-amagat of H2

(with a very large uncertainty).

Very recent radiometry by Low and Rieke

[287], however, shows no evidence of the 17/xm

pressure-induced H2 feature, so the abundance is

probably much lower than 5 km-amagat. Trafton

also found [475] that there is at least one addi-

tional spectroscopically active gas on Titan

absorbing in the 1.05-1.1 /xm area. There is

evidence of an additional absorber near 1.65/xm

[297]. Further, there is a prominent emission

feature near 12 /xm [162], probably best ex-

plained as the 12.2 gm ethane (C2Hs) band [101].

Both ethane (C2H6) and ethylene (C2H4) have

bands in the 1.65 Ixm region, but Trafton [475]

was unable to find evidence for absorptions of

either in the 1.06 /xm region. He suggests an

isotope of CH4 as one possible explanation of

these lines [4751.

Evidence of clouds on Titan further compli-

cates spectroscopic interpretation. Polarization

observations [489,536] suggest the presence of an

opaque cloud deck. Further, there is a rapid

decrease in Titan's albedo through blue, violet,

and near ultraviolet [25, 72], entirely opposite to

the effect of molecular (Rayleigh) scattering.

Albedo decrease virtually requires the presence

of an aerosol, preferably a fine dust which absorbs

ca _ i [28].

A major boundary condition on models of

Titan's atmosphere is furnished by photometric

and thermal data. Younkin's [531] high resolu-

tion spectrophotometry from 0.50 to 1.08 /xm

permitted derivation of geometric albedos. With

TABLE 23.--Saturn's Satellites, Physical Data

Parameter _ Mimas Enceladus Tethys Dione Rhea

Mass (Saturn= 1) 2

Mass (Moon= 1) 3
Mean diameter, km 16

Mean diameter (Moon= 1) s

Mean density, g cm 3_'

V mag at mean opposition _0

Rotational change in V

6.59±0.15×10 s

0.00051

ca 400 _

ca 0.1

ca 1.0

12.1

Unknown

1.48+0.61 x 10 -7

0.001

550 ± 300 4
0.16

ca. 1.0

11.77

ca 0.412

10.95±0.22 × 10-_

0.0085

1200±200 4
0.35

0.7

10.27

0.16 .3

20.39±0.53 x 10 -:

0.0158

1150 ± 231

0.33

1.5

10.44

0.20 .3

3.2±5.6×10 -6

ca 0.025

1450 ± 200 4

0.42

ca 1.1

9.76

0.19 5

Parameter _ Titan Hyperion Iapetus Phoebe

2.4619 ± 0.0029 × 10 -4

1.905

4850 ± 300 4
1.40

2.34

8.35 15

0.00 5

ca 2.0 x 10 -7
0.0015

160 - 920 .3,7

14.16

Unknown

3.94±1.93× 10 _

0.02

1800 ± 200 s

0.52

ca 0.7

11.03

1.92 13

Mass (Saturn= 1) _

Mass (Moon= 1) 3
Mean diameter, km

Mean diameter (Moon=l) s

Mean density, g cm .3_*

V mag at mean opposition _°

Rotational change in V

Unknown

60-320 s, 7

All references are given in these footnotes.

2 From Duncombe, Klepczynski, and Seidelmann [128].
a Calculated using mass of Moon= 7.347 :x:10_2 kg (190).
4 From Dollfus [119].
s From Morrison and Cruikshank [335].

6From Murphy, Cruikshank, and Morrison [339].
¢ Lower limit assumes a geometric albedo of 1.0; the upper

limit, 0.03.

SCalculated using diameter of Moon=3475 km [190].
' Calculated from data above.

_oFrom Harris [194] except for Titan and Phoebe.

H From Andersson [10, 11].
i_ From Franz and Millis [150].
,3 From Millis [323]. (See discussion in text).

_4Phoebe is apparently not "locked' to Saturn. Its period
of rotation is apparently less than 1 d [10, 11].

15From Blanco and Catalano [58].
16Elliot, Vcverka, and Goguen reported new radii for five

satellites at IAU Colloquium No. 28, Planetary Satellites,
Ithaca, N.Y., Aug. 1974. These will cause major changes
in all physical data. For example, their values for Titan and

lapetus are 5832 ± 53 and 1595 ± 139 respectively.
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existing measurements from 0.30 to 0.50/xm and

a synthetic spectrum based upon similar Jupiter

and Saturn results from 1.08 to 4.0 txm, Younkin

[531] derives a bolometric geometric albedo of

0.21 and suggests using a bolometric Bond albedo

of 0.27 ± 0.04. The effective temperature of Titan
then is 84o±2 ° K.

Detailed thermal measurements (from l_ow

and Riecke [287]), given in Table 24, show a

surprising picture. Even a nonrotating blackbody

(zero albedos) normal to the Sun can reach only
127 ° K at Titan's distance from the Sun. It would

appear that there"_- must be eithcr a fairly effective

atmospheric greenhouse mechanism or an at-

mospheric uonequilibrium radiator in operation.

The peak at 8/xm is to be expected front methane

inversion as on Jupiter and Saturn. The peak at

12 p,m may be C2HG as noted above. The rest can

potentially be modeled in at least two ways.

A series of greenhouse models for Titan was

computed [366] in which the best fit to the data

then available suggested roughly a 50-50 mix of

H2 and CH4 with a surface temperature and

pressure of at least 150 ° K and 0.4 atm. The green-

house was created by pressure-induced transi-

tions in the gases, but there was visible opacity

from methane clouds. The biggest problem is that
the pressure-induced H._,feature that would then

fill the region near 17/xm simply does not seem

to be present [287].

Danielson, Caldwell, and Larach suggest that

an aerosol layer of micron-sized particles would

absorb a large part of incident thermal radia-

tion [101], but could not reradiate it effec-

tively at wavelengths several times their size,

hence creating thermal inversion and explaining

high 5 p,m temperatures. The surface would be

near 80 ° K, heated by direct solar radiation and

reemitted atmospheric radiation. The greatest

problem is that the Bond albedo appears to be

higher (0.27) than they assumed (0.20).

Low and Rieke suggest a slight modification:

retaining the particle inversion layer but adding

a bit of greenhouse would keep the surface tem-

perature up to 80o-90 ° K, as required to keep

too much CH4 from condensing out in spite of

the higher albedo [287]. Detailed calculations

have not yet been made for a combined _een-

house-inversion model of Titan's atmosphere, but

it seems plausible. Reliable quantitative models

must await radio surface temperatures and posi-
tive identification of the unknown absorbers in

Titan's atmosphere, s

The nature of Titan's crust is expected to be

the factor which determines the presence and

composition of the atmosphere. This problem and

that of hydrogen escape have been considered

by Hunten [222], who showed that a pure H2

atmosphere would escape extremely rapidly but

that 10-25% H2 could probably be retained in a

steady state, produced perhaps from photolysis

of NH3. Although an atmosphere on Titan may

have a sufficient velocity to escape from Titan,

it probably does not have a Saturn escape

velocity [318]. Consequently, atoms and mole-

cules lost by Titan are forced by the planet's

gravitational field to orbit Saturn until ionized,

or until recaptured by Titan.

There is no direct observational knowledge of

the surface and interior of Titan. For example,

in spite of very high precision photometry, no

variation in Titan's brightness has been de-
tected which could be attributed to rotation.

Titan is usually assumed to keep one face toward

Saturn, rotating and revolving synchronously,
but this is no more than an educated guess.

According to Lewis' models [279, 281], the

surface may be largely methane hydrate ice,

although obviously this is a function of what the

surface temperature proves to be. The interior may
contain a hydrous silicate mantle overlain with a

hydrous ammonia solution immediately below

the solid crust [279, 281], while there may be a
troilite (FeS) core. The uncomfortable fact

remains that the only real observational datum

on the interior of Titan is its density, and even

that is uncertain by perhaps 20% because of the

uncertainty in the satellite's radius, s

Satellites of Uranus

Uranus has five satellites which form an ex-

tremely regular system, for which basic data is

sThe new 5832 km radius for Titan (see Table 23) reduces
the temperature discrepancy significantly and decreases the
density by 60%.
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giveninTable25.Thesatellitesaretoosmallfor
directmeasurementof sizeat the distanceof
Uranus,andnonehasbeendetectedin themiddle
infraredto allowa radiometricradiusdetermi-
nation.If ice-covered,with a veryhighalbedo,
theycouldbeassmallas200km (Miranda)to
700km (Titania)in diameter.Givenextremely
dark surfaces,diameterscould be 1300km
(Miranda)to 4000km (Titania).If Kuiper'sun-
certainmasses(seeTable25)are takenliter-
ally, thetruediametersmustbenearthelower
limits to keep the densities above 1 g/cm 3.

Satellites of Neptune

Neptune has only two satellites. The apparently

large and massive Triton is in retrograde motion

in an orbit with no detected eccentricity, while

tiny Nereid is in direct motion in a large, highly
eccentric orbit. Basic data for the two satellites

are given in Table 26. Very rough mass and

diameter figures exist for Triton, 1.3+0.3 × 10 -3

of Neptune [253] and 3770-+-1300 km [119],

respectively.

Triton is apparently large enough to hold an

atmosphere, although none has yet been de-

TABLE 24.--Infrared Photometry of Titan i

_, gm TBa, °K

1.65
2.2
3.6
5.0
8.8

10.3
10.6
11.6
12.6
17
19
21
22.5
24.5
34

AX,/_m p2

0.3 ca. 0.01
0.6 0.05
1.0 0.01
1.0 _ 0.10
1.0 --
1.3 --
5.0
0.8
1.0
2 --
1 --

8 ----

5 ----

12 --

w--

165
136
125
124
128
129
101
97
93
91
86
82

i From [287].
Geometric albedo.

3Assumes a diameter of 5100 km rather than
4850 km as given in Table 23. The new value of
5832 km (see footnote 16, Table 23) will reduce
all of these significantly.

tected; an upper limit of 8 m-amagat of methane

has been set [441].
The maximum surface temperature on Triton

(assuming little atmospheric opacity) is noted at
below the condensation temperature of methane

hydrate [335], but above that of pure methane.

Any atmosphere may have to consist largely of

inert gases.

ASTEROIDS

Discovery and Logistics

A belief in basic order in the universe is

inherent in science. Especially strong in the past

was a corollary belief in simple mathematical

symmetry in all things as well. This led in 1766 to

Titius' discovery of a simple mathematical

progression describing the distances of the then

known planets from the Sun. The regularity

(highly publicized later by Bode) is often known
as Bode's law. Uranus, discovered in 1781, fit

the law very well with one exception: the law

predicted a planet at a heliocentric distance of
2.8 AU and none was known.

A cooperative search for the "missing planet"

was then proposed. Even before the letter asking

his cooperation reached him, Piazzi discovered

a small planet while working on a star catalog

[283]. This body was discovered January 1, 1801
and found to be at a mean distance of 2.77 AU.

It was named Ceres. The next year, while making

additional observations of Ceres, Olbers dis-

covered a second small planet which was named

Pallas [283]. He immediately suggested they

might be parts of a larger planet which had

exploded [283]. The same year, Huth suggested

that between Mars and Jupiter the matter which

formed the planets had simply collected into

many smaller bodies rather than one large one

[283]. In 1804, Harding found Juno; in 1807,
Olbers added Vesta; and in 1845 and 1847,

Hencke added Astraea and Hebe [283]. Two

more small bodies were found in 1847, and no

year since then has passed without at least one

discovery [400].

Astronomers agreed in 1851 to officially desig-

nate the small planets, minor planets [283], but
Herschel's term asteroid (starlike) has been

more commonly used. When an asteroid is

discovered and reported, it is given a provisional
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designation [157]. If recovered at a second appari-

tion, it is given a number in chronological order

on the list of confirmed objects and named by its

discoverer [157]. All names were feminized at one

time, but this convention is no longer followed

[157]. By early 1974, the list of numbered asteroids

had reached 1846. An annual ephemeris of the

numbered asteroids is published by the Institute

for Theoretical Astronomy in Leningrad, while

all minor planet observations, ephemerides of

objects which have not yet received numbers,

and hsts of orbital elements and residuals of

diffcrcntial corrections are published by the

Cincinnati Observatory in Minor Planet Circulars

[1981.

Statistics and Groups

There have been two systematic searches for

asteroids, from which statistical conclusions are

relatively free from the selection effects resulting

from using only the catalog of numbered objects.

The first was the McDonald Survey, from 1950

through 1952, with a 25-cm f/7 four element

photographic objective [268]. It reached to about

the 16th apparent magnitude (in the blue). The

second was the Palomar-Leiden Survey using

plates taken in 1960 with a 122-cm f/2.5 Schmidt

camera [212]. It reached through the 20th ap-

parent magnitude, but only in a small group of

selected areas which biased against high eccen-

tricity and high inclination objects [256]. The

total number of asteroids brighter than photo-

graphic (B) magnitude 21.2 at mean opposition

is 4.8 _+ 0.3 × 105 [157]. Schubart [411] estimates

the total mass of all asteroids to be only about

2.4× 1021 kg, which is 4 x 10 -4 of Earth's mass.

The great majority of asteroids have orbits

with semimajor axes lying between 2.17 and 3.3

AU, the lower limit apparently the result of

interactions with Mars. Williams [518] suggests

that the asteroid belt once extended to much

smaller heliocentric distances but was swept

clean by collisions and close approaches to Mars,

except for isolated groups. The upper limit of

the main belt is the 2:1 resonance with Jupiter,

the location where the mean daily motion of a

body is exactly half that of Jupiter. The average

inclination of asteroid orbits is about 4 ° near the

inner edge of the main belt rising to 11 ° near the

outer edge, with the larger asteroids less well-

confined to the ecliptic than the smaller ones

[157]. The mean orbital eccentricity of asteroids

TABLE 25.--Satellites of Uranus 1

Semimajor Inclination _, Mass 3 V magnitude at
Satellite axis, km Eccentricity deg Period, d (Uranus = 1) mean opposition 4

Miranda "_

Ariel

Umbriel

Fitania

Oberon

129 800

190 900

266 000

436 000

583 400

0.017

0.0028

0.0035

0.0024

0.0007

3.4

ca 0

caO
caO

caO

1.41348

2.52038

4.14418

8.70587

13.46325

1 x 10 -s

15 × 10 s

6 x 10-s

50 × 10-_

29× 10 s

16.5

14.4

15.3

14.01

14.20

Adapted from [263], except as otherwise noted.
ZTo what is thought the plane of Uranus" Equator. Dunham

[129] reports that small mutual inclinations, in fact, exist
for all the satellite orbits.

3Very uncertain values, derived with the assumption of

equal densities and albedos for all five bodies.
4Taken from [194].
s Orbital elements from [513].

TABLE 26.--Satellites of Neptune i

Satellite Semimajor
axis, km Eccentricity

l'riton 355 550 0

Nereid 5 567 000 0.74934

From [369], except as otherwise noted. 2 From [194].

Inclination, Period, d V magnitude at
deg mean opposition

159.945 5.876844 13.55

27.71 359.881 ca 18.7
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in the Palomar-I.eiden Survey is 0.147, the com-

plete range being 0 to 0.385 [212,256].
Numerous asteroid groups are of special

interest both within and outside the main

asteroid belt. The Trojan asteroids occupy the

1,4 and 1.5 l,agrangian solutions to the three-body

problem in the Sun-Jupiter system, following and

preceding Jupiter by roughly 60 ° in its orbit. A

special search of the preceding (Ls) point indi:

cated it contained about 700 members brighter

than mean opposition magnitude of 20.9 [213].

Preliminary results show only about 300 near

the following point. 9 There is a stable resonance

at the 3:2 commensurability with Jupiter (at

4.0 AU), which contains 23 numbered members

and 10 discoveries of the Palomar-Leiden survey

known as the Hilda group [211]. One asteroid

called (279) Thule is in the 4:3 commensurability

(at 4.3 AU) [211]; two asteroids (1362) Griqua,

and (1101) Clematis are librating about the 2:1

resonance [302]: and 24 known members (15
numbered) in the Hungaria group are in the 9:2

resonance (at 1.9 AU) [302].
Asteroids crossing Earth's orbit are called

Apollo asteroids after the first one discovered to

do this. Seventeen are known, but several will be

recovered only by chance [155, 305]. Apollo

itself was recovered in a deliberate search by
McCrosky in 1973, the first time it was seen

since its discovery in 1932 [305]. Asteroids coming
nearer than the perihelion distance of Mars

(1.38 AU) but not crossing Earth's orbit, are

called Amor asteroids [155]. Sixteen are known,

but at least one, and perhaps two or more are

lost [155]. One very special object is (944)
Hidalgo: at the greatest mean distance of any

known asteroid (5.8 AU) with an eccentricity of

0.66, it moves in to 2.0 and out to 9.7 AU [302],is

the only minor planet known to come closer than

1 AU to Jupiter; it reached 0.38 AU in 1673 [302].

Hidalgo's orbit is also at high inclination. 42.5 °,

the largest known for many years. Hidalgo shares

with Apollo and Amor aster,_ids the virtually

ubiquitous property of high-eccentricity orbits.

Only (433) Eros (eccentricity 0.22)of these groups

has an eccentricity less than 0.36; (1566) Icarus
holds the record at 0.83.

9T. Gehrels, private communication.

Most Apollo and Amor asteroids do not have

particularly high inclination orbits, but this

may have been a partially observational selec-

tion. Recent discoveries include Apollos 1973

EA at 40 °, 1972 XA at 41 °, and 1973 NA at 67 °

[305]. One Amor asteroid, (1580) Betulia, has an
inclination of 52 °. It was found that a number of

the lower inclination Apollo and Amor asteroids
are in resonance with. or librate about a reso-

nance witb Earth, ahhough the "captures" may

not be of very hmg duration [227].

In 1866, Kirkwood noted an apparent structure

in the main asteroid belt, notably gaps at com-

mensurabilities with Jupiter's period. The

"Kirkwood gaps" at 2:1, 3:1, and 5:2 are par-

ticularly prominent [84], ahhough (as previously

noted) there are occasional asteroids exactly in,

or librating about, a commensurability.

In a series of papers from 1918 through 1933,

Hirayama recognized families of asteroids within

the main belt with very similar "proper" orbital

elements. "Proper" elements represent the mo-

tions of a body freed from most secular perturba-

tions ([68], pp. 524-529). These Hirayama

families are generally assumed to be collision

fragments [211]. When clustering occurs in the

angular variables as well, Alfv6n has called the

result a "jet stream." A complete listing of the

Hirayama families and of many jet streams

among the numbered asteroids has been given by

Arnold [19]. Additional families were fimnd in the

Palomar-Leiden survey [211].

Origin and Evolution

Classical theories of the origin of asteroids

were those enunciated by Olbers and Huth within

a year after the discovery of Ceres. Kuiper [262]

consolidated these ideas, suggesting perhaps

100 (originally 5-10 [259]) bodies were formed

by accretion while the rest resulted from colli-

sions. In 1953, Kuiper [262] noted that some

accretion must still be continuing while Alfv6n,

going much farther, describes gravitational

focusing into "jet streams" as a major accretion

mechanism still operating to the present [3]. A
number of scientists have worked on the me-

chanics of the problem [33, 103, 480, 482]. A

recent comprehensi-e study by Napier and Dodd
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[340] indicates that collisions among some of

the original asteroids are the most probable

origin of the main belt.

The source of asteroids crossing into the inner

solar system and of meteorites recovered on

Earth is of great importance. There is evidence

that some, but probably not all, of the Apollo

asteroids may be nuclei of extinct comets [302,

303]. Evidence from spectrophotometry of aster-

oids (to be discussed) indicates that at least one

Apollo, 1685 Toro, shares characteristics with

main belt asteroids of the Flora group and with

common chondritic meteorites [86, 238]. There

has been a severe problem, however, that cosmic

ray exposure ages of stone meteorites are very

short compared to the time normally required to

perturb them from the main belt into an Earth-

crossing orbit without an extreme collision,

which would create an obviously shocked body.

Two mechanisms have been suggested very

recently which seem to supply sufficient stony

meteorites from low velocity collisions with low

exposure to cosmic rays [519, 538]. Both mecha-

nisms furnish material only from the immediate

vicinity of resonances, which would imply that all

stony meteorites may originate from a limited
number of asteroidal sources. Most iron meteor-

ites are old enough to come from several places in

the belt. Many meteors, entering Earth's atmos-
phere from well-known streams associated with

comets, appear generally to be quite fragile and

burn up long before reaching the ground. More

substantial bodies could exist in cometary debris,

however, and there is no problem dynamically
in bringing them to Earth. There is quite general

agreement, then, that meteorites originate in

the asteroid belt and/or comets, but which types
come from where is still a much debated and

researched question. Standard references on the

subject include [7, 17, 18, 197, 509, 510].

Physical Data

The masses and diameters of the asteroids

are of fundamental importance, but masses exist

for only three asteroids, and one of those is very

uncertain. In 1968, Hertz [199] published a mass

of 1.2-+0.1 ×10 -t0 solar masses for (4) Vesta

determined from a series of close encounters

with (197) Arete. In 1974, Schubart [412] reported

new masses for (1) Ceres and (2) Pallas derived

from their mutual interaction, that for Ceres being
5.9---0.3×10 -t° solar masses and for Pallas

1.3---0.4 x 10 -to solar masses. The mass of Ceres

is roughly half the total mass of the asteroid

belt [411].

Useful direct measurements of diameters have

been made only for the first four asteroids. There

are two other known methods to determine

diameters: one using both infrared radiometry
and visual photometry to determine albedo and

diameter [332], the other, polarimetry to determine

albedo, which, when coupled with visual photom-

etry, gives a diameter [490]. Results from all

three methods are compared in Table 27. Infra-

red and polarization results agree well but are

obviously systematically larger than direct
measures. Ceres has also been detected at 3.7 cm

]651. Use of the polarization diameter gives a

disk brightness temperature of 160°-+53 ° K,

which is in good agreement with the expected

temperature from solar insolation [65]. The larger

diameters for Ceres and Vesta imply densities

of 2-21/2 g cm -3, but uncertainty in both masses

and radii is sufficient to make this number of

little value. Diameters have been measured for

other asteroids and used to determine geo-
metric albedos (to be discussed).

A great deal of information about asteroids

has come from their light curves at one or more

wavelengths. Since most asteroids have either

an irregular shape or variation in reflectivity over

their surfaces (or both), it usually requires
careful photometry to find the period in which

light fuctuations repeat (to phase the light curve),
hence the rotation period. This has been accom-

TABLE 27.-Asteroid Diameters

Asteroid

(1) Ceres
(2) Pallas
(3) Juno
(4) Vesta

Direct
measure-

ment 1, km

77O

49O

195

39O

Infrared
measure-

ment 2,km

1000

53O

24O

53O

Polarization
measure-

ment 3,km

1050

56O

225

515

Barnard's values as quoted by Dollfus [122].

From Chapman and Morrison [84].

3 Zellner's values as quoted by Chapman and Morrison [84].
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ptished to varying accuracy for some 50 asteroids;

results through 1971 have been summarized by

Taylor [458]. Well-determined rotation periods

vary from 2.273 for (1566) Icarus to 18.813 for

(532) Herculina [458], but a few objects appear to
have much longer periods. Different aspects of

the asteroid are seen by observing over a rea-

sonable fraction of a revolution period-the

amplitude of the light curve decreasing as one

looks more at the pole.

Techniques have been developed for measuring
the coordinates of the pole and the sense of rota-

tion [458,487] and results have been summarized

by Vesely [487]. Some of the techniques used for

small amounts of data unfortunately do not lead

to unique answers when the shape is somewhat
extreme, which is true for many asteroids. De-

termination of shape as well as rotation axis is

considered by Dunlap [131]. In principle, albedo

variations on the surface can also be modeled

from light curves of sumcient detail and ac-

curacy. Here, curves at more than 1 wavelength

are useful, since albedo markings may vary

with wavelength while shape will not.

Some description of the composition of aster-

oids has become possible for the first time, with

the advent of precision spectrophotometry,

placed on an absolute scale by means of polar-
ization or infrared radius determinations. A

summary of work through mid-1972 has been

given by Chapman et al [87], while Chapman and

Morrison provide a popular account of more

recent work [84]. Two gross classes of asteroids
are: red objects with moderate blue geometric

albedo (0.1-0.2) and higher red geometric albedo

(0.14-0.23); and dark, neutral objects with nearly

fiat spectral response, having geometric albedos
from 0.09 down to 0.03. The latter sometimes

show slight slope or structure and a decreasing
albedo below 4000 /_. The former often show

distinct spectral features. The first (red) class is

of largely silicate-type material, and the second

(dark, neutral) class is of carbonaceous chon-

dritic-type material.

Chapman and Salisbury [85] have made de-

tailed comparisons of laboratory spectral reflec-
tivities between 41 meteorites and 36 asteroids.

Only the Earth orbit crosser (1685) Toro [86] and

(43) Ariadne [238] and (8) Flora [84] from the

inner edge of the main belt resemble ordinary
chondritic meteorites. Matches to enstatite

chondrites were found [85] for (16) Psyche and

(29) Amphitrite, to a basaltic achondrite for (4)

Vesta, to a carbonaceous chondrite for (2) Pallas,

and to Chantonnay (a shocked, brecciated L6

chondrite) for (192) Nausikaa. However, it is

most striking that many asteroids resemble no

known meteorite while many meteorites re-

semble no studied asteroid [85]. This is consis-

tent with the idea that most common stony

meteorites are derived from a very few atypical

asteroids. Research on asteroids is only be-

ginning to reach maturity. Detailed studies have

been under way for only 5 years and many im-

portant new geochemical results can be expected
in the near future.

COMETS

History and Nomenclature

Ancient Chinese records contain the earliest

clear reference to a comet, one which appeared

during a war about 1055 BC [209]. Records of

Halley's Comet go back, possibly, to 240 BC or

even to 467 BC [209, 304], and no apparition has

gone unreported since it was seen in 86 BC

[283,304].

Two schools of thought existed among the

ancient Chaldeans [283]: one group held that

comets were like planets but moving far enough
from Earth to be invisible most of the time; the

other group believed comets were "fires produced

by an eddy of violently rotating air." Aristotle

considered them atmospheric, the product of dry

and windy weather [283]. In peoples' minds they
soon came to be the cause of winds, and then of

things associated with winds, such as floods and

severe fires. At first they were omens, later only

bad omens, so that for 2 millennia people were

frightened of comets. As late as 1910, during the
appearance of P/Halley, confidence men did a

large business in comet pills and gas masks to

ward off "its noxious influence" [6l.

Comets had been "respectable" among

educated people for several hundred years before

1910. Tycho Brahe showed that the great comet

of 1577 was more distant than the Moon because

observations over all Europe clearly indicated

the comet's smaller parallax [2831. As early as
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1665,Borelliobservedthat the cometof 1664
hadapparentlymovedin anellipticalorbit "or
anothercurvedline" ratherthana straightline
[283].However,usingthenewgravitationaltheory
ofhisfriendNewton,it wasEdmondHalley,who
showedthatcometswererelativelywell-behaved
membersof the solarsystem.Hedemonstrated
that the cometof 1682had an orbit nearly
identicalto cometssightedin 1607and1531,and
that four earlier cometshad appearedat in-
tervalsofabout76years[283].Hethenpredicted
its reappearancein 1758,which, of course,
occurred.

In currentpracticeeachcomet,in orderof
discoveryor recoveryin a givencalendaryear,
is provisionallydesignatedby thatyearandsuc-
cessivelettersof thealphabet,i.e.,1974a,1974b.
In about2 years,after their orbitsare well-
determined,cometsare redesignatedwith the

year and a roman numeral in the order of their

perihelion passages, i.e., 1971 I, 1971 II. Each

comet is also designated by the name of its
discoverer(s) but not by more than three names.

If the comet's period is less than 200 years, the

name is usually preceded by P (for periodic),

and it may often be preceded or followed by its

most recent observed perihelion passage designa-
tion, i.e., 1910 II P/Halley. If tbe discoverer has

more than one periodic comet to his credit, the

name is followed by a number, i.e. P/Temple 1

and P/Temple 2. In a few instances, where a

comet has been lost for several returns, the name

of its recoverer has been added, thus P/Swift 1,

having been lost for eight successive apparitions

and recovered by Gehrels on the ninth in 1973, is

now designated P/Swift-Gehrels. At times a comet

has been designated by the name of a scientist

who has intensively investigated its orbit, the

most prominent being P/Halley and P/Encke.

Cometary Orbits

Edmond Halley proved that at least one or more

comets moved in orbits that were highly eccentric

ellipses. Other comets, apparently the great

majority, seemed to move in parabolas or

even hyperbolas. Comets were therefore desig-

nated periodic and nonperiodic, but as astrom-

etry became more precise, this dichotomy

began to seem more and more artificial. Mars-

den's recent catalog [304] lists 503 comets with

periods greater than 200 years. Of the 392

observed from 1800 through 1969, only 10

orbits were even formally hyperbolic when

traced back beyond Neptune and referred

to the solar system barycenter. Only 1899
I had a hyperbolic excess greater than three

times the formal standard error, and Marsden

feels this one would be removed from the hyper-

bolic list if allowance were made for nongravita-

tional effects [304]. Marsden, along with the

majority of orbit specialists (but by no means all)

believes that all comets are initially bound to the

solar system, although they may be lost (given a
hyperbolic velocity) through planetary perturba-

tions. Comets today are usually termed short

period (periodic) or long period, the split being at a

period of 200 years, although this is an arbitrary,
nonphysical distinction. Five known comets have

periods between 100 and 200 years and seven

between 200 and 300 years; but this does mean

the short period category includes all "comets
seen more than once.

A more physical distinction of comets could be

based upon orbital characteristics. Table 28

groups the inclinations and periods of all comets

seen at more than one return. Clearly, the vast

majority of short period comets are very short

period and show great preference forthe plane of

the ecliptic. No comet with a period of less than 13

years has an inclination greater than 32 ° . The

long period comets, on the other hand, show

absolutely no preference for the ecliptic orbit.
Their lines of apsides are located almost ran-

domly, though showing some clumpiness and a

slight (many say significant) preference toward

the galactic plane [292,521] (see also, Volume I,

Part 1, Chapter 1). Another significant difference

is that the median perihelion distance of the 503

TABLE 28.--Orbital Characteristics of 65 Comets
Appearing More than Once

Inclination

i< 30°
i < 60°
i < 90°

No.

55
6O
62

Period No.

P< 10yr 46
P < 20 yr 55
P < 50 yr 58
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longperiodcometsis 0.84AU, onlyabouthalf
that of the shortperiodcomets(1.5AU)[304].
Themeaningof thesedynamicaldifferenceswill
be consideredin the section,Origin and
Evolution.

Empirical Behaviorof Comets
A comet,atverygreatdistancesfromtheSun,

is usuallycompletelystellarin appearance,if
it canbeseenat all. Asit reachesheliocentric
distanceof about3 AU, it beginsto developa
small nebulosity,called the coma.Spectro-
scopically,the initial nebulosityis largelyemis-
sionfromthe(0-0) bandof thevioletsystemof
CN near3880_ [453].At about2 AU,emission
from thecomplex_,4050groupof C3beginsto
develop,asdoesthe c_-ammonia system of NH2

(with weak bands scattered throughout the

visible and near-infrared), but these bands are

seen only-in a much smaller area around the

nucleus than CN [453]. At 1.8 AU, the Swan bands

of C2 begin to develop (primarily (1-0) at _,4737,

(0-0) at _,5165, and (0-1) at _5636), having a

greater spatial extent than C3 but not so great

as CN [21,453]. By 1.5 AU, all radicals normally

present can be seen (OH, CH, NH), as well as

other overtones of C2 and CN (0-1 of CN usually

appears at about 2 AU) [453].

In 1970, Code et al [89] reported the presence

of a large corona of H about Comet Tago-Sato-

Kosaka, detected from its Lyman-a emission at

1216 _ by the Orbiting Astronomical Observ-

atory. Since that time, hydrogen has been

observed about comets Bennett, Encke, and

Kohoutek, and it is obvious that atomic hydrogen

is a major feature of all active comets, although

its time of onset has not been reported observa-

tionally. Lines of metastable oxygen [OI] in the

region _6300-6400 have been observed in comets

since the available spectral dispersion became

high enough to separate them from terrestrial

airglow lines and other cometary emissions.
These have now been observed at more than

1.5 AU [442]. At about 0.7 AU, the D-lines of Na

usually appear in emission [453]. Comets ap-

proaching very close to the Sun, such as Ikeya-

Seki 1965 VIII, also show emission lines of K, Cr,

Mn, Fe, Ni, and Cu, plus ionized Ca [372].

The coma, although brightening as it approaches

the Sun, generally shrinks in apparent size after
reaching a maximum near 1.4 AU [453]. Mean-

while, the continuum of reflected sunlight, com-

pletely dominant beyond 3 AU and corresponding

only to the stellarlike nucleus or occasionally

a small area around it [123, 257], may grow in

extent and dominate the entire central spectrum

(as for comet Bennett), or, it may remain so weak

as to be virtually undetectable (as for P/Encke),

making the spectrum seem to be pure emission
features.

The brighter comets nearer the Sun than 1.5

AU usually develop tails (type I) which seem to

be composed largely, if not totally, of ions, emis-

sion features of CO + and N._,+ being dominant

[453]. CO_-, CH +, NH ÷, and n20 + are also seen

in ion tails. On rare occasion, an outstanding ion

tail may develop even at a far greater distance.

Comet Humason 1962 VIII showed great tail

activity at more than 2.5 AU, with CO + and N_-

completely dominating the coma spectrum as well

as that of the tail [174,396]. Strong CO + emission

was seen even at 5 AU [452]. Normally, beginning

at about 1 AU, a comet may also develop a tail

(type II) which shows only a continuum of re-

flected sunlight, apparently scattered from very

small particles (ca 1 /xm). Apparent type II tails
have occasionally also been observed at very

great distances (3.95-5.0 AU) [350, 417]. The ion

tails usually appear very straight, often with

intricate filamentary structure and/or a turbulent

appearance, while the "dust" tails are more
featureless and often curved. Depending upon

geometry, the two tails may appear separate or

superimposed, in cases where a comet exhibits

both types.

Any attempt to discuss an "average" comet or
to predict its behavior is valid only in a statistical
sense. Comets are individual entities. Their

behavior is a complex function of dust-to-gas

ratio, gas composition, and age (number of times

they have come nearer than ca 4 AU to the Sun)

at the very least; many additional variables can

be hypothesized. The early attempts to forecast

the brightness of comet Kohoutek (1973f) near

perihelion are excellent examples. Long-period

comets almost always brighten less rapidly with

distance than short-period ones, and any hope
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thatKohoutekwouldbrightenasr-e,or even r -4,

all the way from 5 AU was extremely optimistic.

Long-period comets typically brighten at ca

r -2-s [123] to the extent that a simple power law

can describe their behavior. The complexities of

the situation have been well described by

Sekanina [416] for one comet, P/Encke.

Cometary Moclels

There is no universally accepted model of

comets. The most widely accepted one by far is

the icy conglomerate model of Whipp!c f_111t_'J- -L J,

which has been amplified considerably, especially

by Delsemme and coworkers [108] and Sekanina

[415]. It works well for the average comet, and

cometary observations will be discussed here in

terms of this model. Competing ideas about

comets will be discussed briefly in the section,

Origin and Evolution.

A comet has been pictured by Whipple [511]

as a solid, low-density structure of frozen gases

well-mixed with dust and larger debris. As it

approaches the Sun, volatile substances begin to

vaporize, forming a dust and gas atmosphere

which is seen as the coma. Streaming back

under the influences of radiation pressure and the

solar wind, the dust and ionized gases form tails.

The relatively sudden onset of activity at 3 AU
has been explained by the discovery that water

is the major component of comets, which con-

trois the vaporization rate [108]. Whipple

was led to the icy conglomerate model in order

to explain the apparent secular acceleration of

P/Encke. The nongravitational "jet propul-

sion" effect of gases vaporizing from part of

the sunward hemisphere of a rotating nucleus

seems quite an adequate explanation for Encke

as well as other comets [307]. Sekamina has

suggested that some or all comets may have a

rocky core [415]. Thus, as comets grow older

their activity would decline, being dependent

toward the end upon the amount of gas which

could diffuse to the surface. The end product then

might be an Apollo-type asteroid, as discussed

previously [303].

A major problem is the determination of the

parent molecules of all radicals and ions actually

observed in comets, that is, the composition of the

frozen gases in the nucleus. Observed abun-

dances and extent of H and OH are compatible

with photodissociation of an H20 parent [48].

Water was finally detected, at 22.23 GHz, in

1974 [232]. Microwave studies also revealed the

presence of two other stable, neutral species in

comet Kohoutek: methyl cyanide (CH3CN) [484]

and hydrogen cyanide (HCN) [434]. It is not clear

whether either can be the parent of CN, since the

photodissociation lifetime of CH3CN seems too

long [371] and that of HCN is unknown. The par-
ent molecules could be much more volatile than

watcr and still controlled by water vaporization if

trapped as clathrates, as suggested by Delsemme

and coworkers [110]. The interesting possibility

of releasing a halo of icy gains from the nucleus,

thereby increasing the effective area of release of

material, is considered by Delsemme and Miller

[110, 111, 112]. This has the added attraction of

explaining the photometric nucleus, an optically

thick region in the coma much larger than the

"real" nucleus could possibly be.
As soon as the radical or ion is formed, its

excitation is well-understood for most species.
It is resonance fluorescence excitation of a colli-

sionless gas [452], except possibly in the inner-

most region of the coma [297]. This has been

shown quantitatively in CN, for example, where

the strength of individual rotational lines in the

comet is completely dependent upon the helio-

centric velocity of the comet, as the Doppler

effect shifts the wavelength and therefore the

available intensity of exciting solar radiation, par-

ticularly when shifting through a Fraunhofer line

[21, 104, 297, 452]. The intensity shift with

changing velocity is known as the Swings effect.
The Greenstein effect is similar but much smaller,

resulting from the actual velocities (ca 1 km s-')

of the gases in the comet [21,297,452]. Rotational

temperatures for C2 are always quite high

(30000-5000 ° K) as compared to heteronuclear

molecules (200o-500 ° K) because a homopolar

molecule cannot make pure rotational transitions,
but there is no fundamental difference in excita-

tion mechanism [452[. Resonance fluorescence

works well for ions, too, as demonstrated by

Arpigny for CO + [20]. Only for metastable oxygen

does resonance fluorescence seem completely in-

adequate [452]. It is generally believed that this

574-269 0 - 76 - 18
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excitation results directly from the dissociation

of the parent [51].

The flow of hydrogen from comet Bennett

1970 II was measured after perihelion from 0.6

to 1.04 AU [48]. The flow rate followed roughly

an r -2 law (r = heliocentric distance), being

0.7 x 1029 H atoms s -1 sterad -1 at 0.81 AU [48].

P/Encke produced ca 5× 1026 H atoms s -1
sterad -1 at 0.715 AU before perihelion in 1970

[48]. Assuming that all hydrogen comes from

water and all water finally is completely broken

down (OH also dissociates), the number of water

molecules emitted by the nuclei was half these

values. An old periodic comet, Encke, a bit closer

to the Sun and before perihelion, was producing
less than 10 -2 as much water as a "new" comet,

Bennett, after perihelion. This clearly indicates
that either Encke is much smaller than Bennett,

or no longer "an infinite source" controlled only

by solar insolation, or both.

Limits on cometary nuclei size can be set by

measuring their apparent brightness at an in-

active time (beyond 3 AU) and assuming various

reflectivities. A compilation of such data by

Roemer [397] suggests P/Encke is between 1.2
and 7.0 km in diameter, for example, while

Humason is a giant between 19 and 110 km, and

Tuttle-Giacobini-Kres_k, a dwarf between 0.2

and 0.8 km. Studies by Delsemme and Rud [113]

suggest Bennet has a diameter of about 7.5 km

and a Bond albedo of 0.66, while the mean Bond
albedo of Encke must be much smaller, with

water-ice covering only a small fraction of the

surface or no longer controlling H production. A

nucleus of density 1 g cm-3 and 4 km in diameter

would have a mass of 3 x 1013 kg, one 50 km in

diameter, a mass of 5 × 1017 kg. The range 1012-

10 TM kg is about that usually given for the smallest

to largest possible comets.

Modeling of cometary tails has a long history.

The mechanical theory of dust tails was well-

developed by Soviets Bredikhin, Orlov, and

others many years ago. The problem is essen-

tially that of the motion of particles given various

initial conditions moving under the dual forces of

gravitation and solar radiation pressure [62], al-

though details of dust emission mechanisms are

still very much open to question [37,526]. Appar-

ent objections to the purely mechanical theory

stemming from observations [350] of nonradial

tails at great distances can be explained by emis-

sion of icy grains at very large heliocentric

distances [417].

Levin [275] has suggested that dust tails should

remain divided into two categories, Bredikhin's

type II and type III, and that one of these
contains a large amount of neutral gas as well as

dust, but this does not create a severe physical

theory crisis. Type I tails are altogether different.

Their structures appear to show accelerations

far too large to have been induced by radiation;

in fact, Biermann [49] was led to predict the solar

wind, long before its actual detection, to explain

these accelerations. A fairly detailed model of the

interaction of a typical long-period comet with

the solar wind has been presented by Biermann,

Brosowski, and Schmidt [50]. It predicts the exist-

ence of a shock front about 106 km in front of the

nucleus where the flow becomes subsonic and of

a contact surface at about 105 km inside which

the solar wind cannot penetrate. Wallis [498], on

the other hand, suggests a collisionless charge

exchange that slows the solar wind. Others

have suggested that the contact surface may be

unstable. Photoionization is insufficient to ex-

plain ion densities observed in a comet, and so

apparently is charge exchange [107]. A critical

velocity theory of ionization has been proposed

(e.g., [418]). No real understanding exists of the
mechanisms of interaction between a comet and

the solar wind, hence there is no generally ac-

cepted mechanism for the formation and behavior
of ion tails.

A discussion of comets within the framework

of the icy conglomerate model should not neglect

mention of a few of its problems. Some comets

(previously noted) show activity at a heliocentric
distance of 5 AU or more, much too distant to be

caused by H20 vaporization. If a comet has never

before been near the Sun, then it could easily

have a layer of more volatile species which would

be activated at great distance. A comet with an

excess ratio of volatile substances to water could

not trap them all as clathrates, and would exhibit

activity outside of control by water. These are the

explanations usually offered for "new" comets.

There are, however, "problem children," the best

known being P/Schwassmann-Wachmann 1,

_EPRODUCIBILITY OF THI_
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which is known to be in a nearly circular orbit

(eccentricity 0.132) beyond Jupiter (perihelion

5.54 AU, aphelion 7.21 AU). This object, normally

of magnitude ca 19, suddenly, in less than a day,

brightens by as much as 7 magnitudes (a factor of
more than 600) [391]. At least 20 outbursts were

observed between 1939 and 1950, and these must

be fairly common, since the comet is observed only

rarely [391]. Crude spectra obtained on two occa-

sions showed only a pure continuum of scattered

sunlight; the cause of these outbursts is unknown.

The only other comet in nearly circular orbit

at large distance, P/Oterma (e=0o!44_ q=3.39

until recent perturbations by Jupiter) has never

shown such activity [391]. There have been rather

extreme brightness fluctuations in a number of

comets nearer the Sun. P/Tuttle-Giacobini-

Kresfik flared by 8-10 magnitudes in less than

5 days in May 1973 [398], just a day or two before

its perihelion passage at 1.15 AU. It continued
lesser outbursts for several weeks. "Pockets of

gas," or sometimes solar activity are occasionally

used as explanations [13]. Even rather prosaic
objects such as P/d'Arrest cause occasional

problems. P/d'Arrest appears to have a well-

condensed photometric nucleus after perihelion,

but before perihelion, it is extremely difficult to

locate and is invariably faint and diffuse [492].

This behavior has no reasonable explanation in

terms of the icy conglomerate model. At least

three diffuse comets (P/Westphal 1913 VI, Ensor

1926 III, and Pajdusakova 1954 II) have disap-

peared as they approached the Sun. Perhaps they

simply "ran out of gas." It will be most interesting

to find if P/Westphal reappears on schedule in
late 1975.

Origin and Evolution

The nature and origin of comets has a long

if not too satisfactory history. The idea that

comets originate in interstellar space is often

called the Laplace hypothesis, since Laplace

made the first mathematical study of capture
probabilities. However, the idea of interstellar

formation goes at least back to Kepler [391].

The idea of formation within the solar system

by ejection from the major planets is usually

attributed to Lagrange [391]; at times all

forms of origin within the solar system are

termed Lagrangian, although Vsekhsvyatskiy
[493] is virtually alone in still championing the

Lagrangian hypothesis in its original form. Until

Whipple's icy conglomerate model, it was gen-

erally agreed that comets were a loose swarm of

separate particles with slight mutual gravitation

[400]. At about the same time as Whipple's theory

appeared, Lyttleton [292] presented a study of

origin by accretion from interstellar clouds. In

the resulting comet, mutual gravitation is un-

important near the Sun, and each tiny particle

pursues its own independent Keplerian orbit

except for collisions.

Respected scientists, during the past 6
years, have advocated all four combinations of

interstellar and solar system origin with "com-

pact" and "loose-swarm" nucleus, plus various

in-between theories. Witkowski supports a

compact nucleus of interstellar origin [522];
Lyttleton, a very loose swarm of interstellar

origin [292, 294]; Robey, a loose structure of

plasma created from the Sun [395]; Alfv6n,

current creation of compact structures from loose

ones by his jetstream mechanism [4, 481].

However, a large majority of comet specialists

now favor compact structures created somewhere

within the gravitational influence of the Sun,
and further discussion is limited to such theories.

There are apparently two distinct dynamic

families of comets (noted previously, under

Cometary Orbits). Everhart [134, 135] has shown

that there is no evolutionary path linking the two

families, but suggests that both distributions

(and a third group with very large perihelia, which

we could never observe) could be derived from

a source at near infinity (relative to solar binding

energy) with all comets entering the system in

near parabolic orbits [135]. Those with perihelia

near Jupiter and Saturn could then be perturbed
into short-period comets, while those with smaller

perihelia would remain almost unperturbed and

constitute the long-period family [135]. Between

3×104 and 105 comets would be required, with

perihelia near Jupiter at present, in order to keep

the supply of short-period comets in steady state
[1091.

The question then arises: What is the origin

and behavior of the possible source of comets

"near infinity?" Oort [348] proposed that comets
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originated at the same time and in the same

general region as planets, and that perturbations

threw them outward into a vast cloud between

30 000 and 100 000 AU. The orbits would there be

randomized by stellar perturbations so that all

sense of their origin in the ecliptic plane would

be lost [348]. Whipple [512], Safronov [401],

Nezhinskiy [344], and others have supported this

idea. One big drawback is the inefficiency of the

process. Another is that the resulting distribution

of comets in heliocentric distance apparently

would be completely unlike that observed today

[135]. Cameron [74] suggests that comets origi-

nated in independent subdisks of the solar nebula

already far beyond Pluto and reached even greater

aphelion distances as a result of mass loss in

the solar nebula and Sun during the Sun's T

Tauri stage. O'Dell [345] has considered an in-

teresting variation in which comets form as a

vast cluster (ca 10 :_:_) of small bodies (radius

ca 70 /xm) at great distance, accumulating

interstellar volatile substances on their surfaces.

Approaching the Sun, they 6ollapse into a struc-

ture not readily distinguishable from Whipple's

icy conglomerate comet.

Purported observational evidence for the

existence of the "Oort Cloud" [348] has been

strongly challenged by Lyttleton [293]. Improved

evidence of its existence [306] is based upon

improved orbital elements for comets of very long

period and with relatively large perihelion

distance (so nongravitational forces from escaping

volatile substances are insignificant), but even

the improved result isn't terribly convincing,

being based upon too few data points. In part,

the argument is semantic. Lyttleton has clearly

shown that there is no evidence for a "shell"

in which the number of comets per unit volume

is very high, but there does seem to be a grouping

in "binding energy space" (E cc l/a, where a

is the semimajor axis). Whether this is considered

a mathematical artifact or physically significant

depends upon the author.

The possibility of storing some comets nearer

the Sun, perhaps among the giant planets, has

been considered. The action on them by the giant

planets is so strong that such orbits are soon

transformed [135,240]. Everhart [135] estimates

that most orbits between Jupiter and Neptune

would be emptied in about 107 years with no

new supply available. The best theory at present,

then, seems to be one in which the comets

originated as a part of the primordial nebula,

at least in the region beyond Saturn, and more

probably beyond Pluto, and are kept in "cold

storage" most of their lives. Tb_y are never

seen at all unless their perihelion distance falls

below about 6 AU, and they are seen regularly

only if captured into short-period orbits by the

action of the giant planets.

The average short-period comet, with a period

of 10 years, may live 104 years or so before all

its volatile substances are lost. What becomes of

it then? It may totally dissipate, leaving nothing

but a meteor stream. In Sekanina's [415]

mantle-core model, there should be a rocky

remnant, however, perhaps appearing as an

Apollo asteroid [302, 303] (as discussed pre-

viously). Until there has been more study of

both. comets and asteroids, from the ground

and from spacecraft, there can be no final answer

to this question.
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