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Introduction

I received my first telescope, a 60 mm (2.4 in) Unitron refractor, as a surprise
Christmas gift from my father when I was 10 years old, and over the next several
years, I spent countless hours exploring the heavens, seeking out virtually every
celestial object I could find with this small aperture. I consider myself quite fortu-
nate to have been blessed with a dark, unobstructed observing site for most of my
childhood, unlike many of my astronomical friends who were always trying to get
to a remote location away from city lights to do worthwhile deep-sky observing. I
only had to carry my telescope and star charts just a few feet away into my
backyard.

By the time I entered high school, the night sky had become a delightfully famil-
iar place.I had tracked down virtually all of the galaxies, nebulae, and star clusters
within reach of my little instrument, and I split most of the double stars that were
theoretically possible with its exquisite optics. Eventually, I earned sufficient funds
working part-time jobs (and saving school lunch money) to purchase a premium
10.2 cm (4.0 in) refractor, another Unitron that I quickly put through its paces,
once again surveying my favorite deep-sky objects. Despite the fact that I could see
all of them much better with increased aperture, I soon recognized how virtually
changeless they were, so I started expanding my observational pursuits. Taking
advantage of the increased resolution of the new refractor, my interests evolved
almost exclusively to observing the moon and the brighter planets. The wealth of
detail I could see on the moon, Jupiter, and Saturn at 250x thoroughly fascinated
me, and countless evenings were occupied watching variations in their appearance.
Undeniably, why I ended up being chiefly a planetary observer had more to do with
the continually changing aspect of the moon and planets than anything else. Now
that I had substantially improved aperture at my disposal, as well as a growing
collection of eyepieces and accessories, I naturally wanted to observe the moon
and planets more often. I soon realized, however, that one of the drawbacks of a
larger instrument is decreased portability. Yet, having to carry my clock-driven
telescope from place to place never became much of an issue, except when I wanted
to view comets or asteroids, for experience had taught me that lunar and planetary
observing did not necessarily require dark skies or even an absolutely clear
horizon. Like I had done so many times in the past, all I needed to do was step right
outside my door to observe. And so, I routinely followed the moon and most of the
brighter planets throughout many wonderful observing seasons. Saturn, though,
ultimately became my favorite solar system object, and it was not long before I
adopted the practice of making careful drawings and writing down all of my
observational notes in a logbook for future reference.

My interest in lunar and planetary astronomy followed me well into my college
years. The rather gloomy outlook at the time for potential employment opportuni-
ties in astronomy forced me to select a major in physics and the environmental
sciences, but I always made sure I was never far away from my telescopes on clear
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nights! By the time I completed my undergraduate studies, my interest in lunar and
planetary astronomy had become a virtual obsession, partially ushered in by the
unprecedented events of July 20, 1969, when Apollo 11 touched down on the moon
in the Sea of Tranquility. The following year I attended my first astronomical
convention, where for the first time I met Walter Haas, the founder and then exec-
utive director of the Association of Lunar and Planetary Observers (ALPO). I
discussed with him my deep interest in contributing worthwhile lunar and plane-
tary observations, and his enthusiasm, encouragement, and guidance helped stim-
ulate my involvement in many ALPO activities. For a few more years, however, the
rigors of graduate school occupied much of my available time as I pursued
advanced degrees, but I still somehow managed to set aside a few hours a week to
spend time at my telescopes recording observations systematically.

The congenial, informal atmosphere of the ALPO proved to be refreshing and
wonderfully captivating, and I soon developed a real appreciation for the great
diversity of backgrounds and experience of the people I met and corresponded
with. Sharing many different philosophical and scientific viewpoints about instru-
mentation and observing proved to be very meaningful over the years. Although I
often found serious observing endeavors to be challenging work, they were also
enormous fun. I enthusiastically welcomed the opportunity to contribute all of my
own observations to a collective pool of data that had the potential for enhancing
our knowledge about Saturn and the solar system as a whole. Through an active
exchange of information and ideas in a collective forum, many individuals
improved as observers, including myself, and some even went on to become profes-
sional astronomers. In addition, I had not been a member of the ALPO for very
long before I discovered that the The Strolling Astronomer (also known as the
Journal of the Association of Lunar and Planetary Observers) was essential reading.
Most of the information contained within its pages seldom existed elsewhere, and
this publication for many years has helped establish and preserve a vital link
between the amateur and professional astronomical communities that might not
otherwise exist. Annual conventions, often held jointly with other national and
international groups, were always enjoyable events as much as they proved to
be intellectually stimulating. I can attribute many lasting friendships to such
meetings.

In 1971 I was appointed coordinator of the ALPO Saturn Section. I was truly
honored to be selected to serve in such a role, and I valued the confidence placed
in me by my mentor, Walter Haas, and other ALPO colleagues. Any small contribu-
tion that I have been able to make to what we know about the planet Saturn from
the standpoint of observational astronomy has come as a sincere labor of love,
something I have never grown tired of even after nearly 34 years of recording,
analyzing, and publishing detailed apparition reports. But whatever success the
ALPO Saturn Section has achieved, none of it would have been possible without
the enthusiasm and perseverance of many dedicated observers too numerous to
mention here.

Like many of my contemporaries, I consider myself very fortunate to have grown
up during the Space Age, witnessing firsthand the enormous revelations and
progress made in planetary science. It has been fascinating to watch the marvelous
transformation of our nearest celestial neighbors from virtually unknown and
inaccessible objects into much more familiar worlds over little more than three
decades. With such rapidly occurring advances, I suppose it may be tempting to
conclude that the work of amateur astronomers long ago passed into obsolescence



from our fixed and limited vantage point in space. And, yes, it is obvious that lunar
explorations by the Apollo astronauts or the close surveillance of planets and satel-
lites by orbiting, impacting, or roving spacecraft are clearly beyond the domain of
the Earth-based amateur astronomer. But make no mistake about it: there are still
many areas of lunar and planetary observation where the work of amateur
astronomers has not been outmoded by the onslaught of prohibitively expensive
and imposing equipment. Unlike many of their professional counterparts, amateur
astronomers continue to enjoy the virtual freedom and advantage of being able to
study their favorite solar system objects for extended periods of time and precise-
ly when they want to. Indeed, the greatest potential visual observers have for
making useful contributions to science is a systematic, long-term, and simultane-
ous monitoring of the moon and planets at wavelengths of light to which the eye
has greatest sensitivity. An enduring advantage that trained eyes of skilled
amateurs have is the unique ability to perceive, at intermittent moments of excep-
tional seeing, subtle detail on the surfaces and in the atmospheres of solar system
bodies that frequently escapes normal photography with considerably larger aper-
tures. And while being careful not to abandon fundamentally important systemat-
ic visual work, more and more observers are employing sophisticated electronic
devices such as charged couple devices (CCDs), specialized video cameras, and
webcams to record impressive, detailed images of the planet, far surpassing what
had been previously possible by astrophotography. Furthermore, well-organized
systematic work by dedicated amateurs has increasingly caught the attention of the
professional community, evidenced by several invitations extended to them for
participation in specialized research projects. Simultaneous observing programs
and close professional-amateur alliances have already carried over into the 21*
century and will undoubtedly grow in the coming years.

If we considered the planet only as a globe, Saturn would be a somewhat smaller,
dimmer, and relatively quiescent replica of the giant Jupiter. But, with its broad
symmetrical rings, Saturn is an object of exquisite and unsurpassed beauty,
holding a particular magnetism for the visual and photographic observer alike.
Aside from its obvious aesthetic qualities, the planet exhibits numerous features
requiring persistent and meticulous observation, plus eight satellites that are
readily accessible to moderate-size telescopes if observers know where to look. In
this book, the reader will learn about how to observe Saturn, its rings, and brighter
moons using methods, techniques, instruments, and accessories that are readily
available to amateur astronomers. One of the major objectives I hope to accom-
plish is to first acquaint the reader with some fundamental, up-to-date information
about Saturn as a planet, then focus on the basics involved in recording useful data
and reporting observational results, plus offer suggestions for more advanced and
specialized work. Observers will discover how they can take part in well-organized
Saturn research programs conducted by international organizations such as the
ALPO or the British Astronomical Association (BAA), which share data with the
professional community regularly and publish detailed observational reports. As
readers utilize the methods and techniques described in this book, the need for
even more comprehensive information on certain endeavors will undoubtedly
arise. Accordingly, I will always be delighted to correspond with interested parties
and provide guidance and advice, including recommendations for more in-depth
observational pursuits. For added convenience, the two Internet links—ALPO
official Web site: http://www.lpl.arizona.edu/alpo; and ALPO eGroup: Saturn-
ALPO@yahoogroups.com—are international sites that readers can visit to access
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(and download) observing forms and instructions, ephemerides, special alerts and
bulletins, results of recent observations, and a wealth of other timely information
about Saturn, including ways to interface with professional astronomers. These
sites also have abundant sub-links to a host of other important professional and
amateur web sites of interest to the Saturn enthusiast, and observers can partici-
pate as they desire in discussion forums and promptly exchange information with
one another. In addition to the above web sites, I have provided at the end of this
book a fairly comprehensive list of references, including well-known astronomical
periodicals and authoritative texts that should help readers learn more about the
history of amateur observations, as well as the latest developments in planetary
science, in particular our rapidly growing knowledge about Saturn.

Julius L. Benton, Jr.

Coordinator ALPO Saturn Section
Association of Lunar and Planetary Observers
c/o Associates in Astronomy

305 Surrey Road

Wilmington Park

Savannah, GA 31410

E-mail: jlbaina@msn.com



Saturn as a Planet

A Simplified View of the Solar System

In a hypothetical spacecraft looking down from far above our solar system, the
luminosity of the sun would totally overwhelm that of the nine planets, all of which
shine mostly by reflected light. Even the giant Jupiter would be hopelessly
immersed in the solar glare. Consider also the fact that the mass of the sun is over
99.8% of the total mass of the known solar system—in contrast with our own
geocentric perspective—which essentially relegates the planets, including Earth, to
little more than orbiting debris! Yet, it is notable that the orbital motion of the
planets comprises nearly 99% of the angular momentum of the solar system. The
sun and planets are quite different, too. The sun is mostly plasma generated by
nuclear fusion, while the planets are fundamentally solid rocky bodies composed
of silicates, metals, ices, as well as varying amounts of liquid or gaseous
constituents.

Of the nine planets that compose our solar system (Fig. 1.1), Mercury and Venus
move around the sun in smaller orbits than that of the Earth—thus their
classification as inferior (or sometimes “interior”) planets. The rest of the planets
revolve about the sun along orbits that are external to the Earth’s orbit and are
referred to as superior planets. In another nomenclature scheme, Mercury, Venus,
Earth, and Mars are designated terrestrial planets because of their compositional
similarity and relatively slow rotation. They are all mostly rocky and metallic
bodies with fairly high bulk density, sporting diameters of 4878 km (Mercury),
12,100 km (Venus), 12,800 km (Earth), and 6878 km (Mars). Terrestrial planetary
surfaces exhibit varying numbers of craters caused by meteoritic or cometary
impacts since the solar system formed 4.6 x 10° years ago, as well as evidence of
tectonic activity, such as faulting and volcanism. Their atmospheres are either for
the most part nonexistent or are comparatively thin, made up of variable concen-
trations of gases like carbon dioxide (CO,), nitrogen (N,), and oxygen (O,). Only
two of the terrestrial planets have satellites, Earth and Mars, although our singular
moon, with a diameter of 3474 km, is considerably more significant than the
diminutive two rocky bodies, Phobos and Deimos, orbiting Mars. The Earth, of
course, is unique with its ubiquitous life forms and oceans of liquid H,O.

The giant planets Jupiter, Saturn, Uranus, and Neptune, with diameters of
143,000 km, 120,600 km, 51,100 km, and 49,500 km, respectively, belong to a differ-
ent class known as the Jovian planets. They have strong magnetic fields, rotate
rapidly, and their compositions are dominated by 75% to 90% hydrogen (H,) and
10% to 25% helium (He), with varying amounts of water (H,0), ammonia (NHj,),
methane (CH,), and other trace substances. All four Jovian planets have a rather
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1. Saturn as
a Planet

Figure 1.1. In this solar system montage of recent spacecraft images, the ferrestrial planets
(Mercury, Venus, Earth and its moon, and Mars) are roughly to scale with each other; likewise,
the Jovian planets (Jupiter, Saturn, Uranus, and Neptune) are nearly fo scale. Pluto does not
appear in this assemblage of images. North is at the top in this image. (Credit: NASA and Jet
Propulsion Laboratory, Pasadena, California.)

large number of accompanying satellites ranging in size from tiny moonlets, barely
a few kilometers across, to exotic worlds, many sporting impact craters of all sizes,
ice fields and wrinkled terrain, active volcanoes, and a host of other unique char-
acteristics. A few are even larger than Mercury and our moon, and at least one,
Saturn’s Titan, has a fairly substantial atmosphere. Another distinguishing attrib-
ute of the giant planets is the presence of rings, most of them made up of rocky or



icy debris, but none of the other Jovian planets has rings that come even close to
rivaling the broad, majestic system that encircles Saturn.

Lastly, there is Pluto with a diameter of 2274 km, which presumably is composed
of 70% rocky material and 30% icy substances, accompanied by a satellite Charon
that is about half its size. There is a continuing dispute among astronomers as to
whether Pluto should truly be considered a planet or demoted and thought of only
as one of the larger asteroids or cometary bodies.

In addition to the nine planets and their natural satellites, there are two
classes of smaller bodies orbiting the sun, the asteroids and comets, which
represent material left over following the formation of the solar system. Most
asteroids exist in orbits between Mars and Jupiter, but may also occupy gravita-
tionally stable regions 60° ahead of and 60° behind major planets like Jupiter
(e.g., the Trojan asteroids). Asteroids have diameters less than 1000 km, are
composed mostly of rocky or metallic substances, and most have roughly circu-
lar orbits that generally lie within several degrees of the plane of the solar
system. Comets are icy bodies a few kilometers across that can produce gaseous
haloes and long wispy tails of considerable size and brightness when they
approach the vicinity of the sun. Most comets are situated in the O6rt cloud well
beyond the major planets, but a few orbit near Neptune in the Kuiper belt, and
they can have orbits of varying eccentricity and inclination. When they are far
from the sun and very faint, it is sometimes extremely difficult to distinguish a
comet from an asteroid.

Saturn: Basic Characteristics and
Terminology

With a diameter of 120,600 km, Saturn resides at a mean distance from the sun of
9.54 astronomical units (AU), where 1 AU is equal to 1.43 x 10° km (the Earth’s
mean heliocentric distance), and completes one orbit in 29.5%. It has a mean
synodic period of 378¢(the time elapsed between one conjunction of Saturn with
the sun to the next), so one apparition of the planet lasts slightly longer than one
terrestrial year. Saturn’s annual eastward motion relative to the background stars
is approximately 12°; thus, it can remain in one constellation for quite some time.
From perihelion to aphelion, Saturn’s distance from the sun varies from 9.01 to
10.07 AU, respectively, which translates into a moderate orbital eccentricity of
0.056. Saturn’s orbit is inclined to the ecliptic by 2.5°.

At opposition, Saturn can approach the Earth as close as ~8.0 AU and attain a
maximum brightness of —0.3 m, (where m, denotes visual magnitude), and it can
outshine every star in the sky except Sirius and Canopus. Even so, because of its
comparatively large distance from the sun, it is considerably fainter than Jupiter or
Mars (when Mars is near opposition), but this is not the only factor that affects the
brilliance of Saturn as seen by observers on Earth. Because the majestic ring
system is so highly reflective, the brightness of the planet as a whole is substan-
tially controlled by the orientation of the rings to our line of sight. So, at opposi-
tion, and when the rings are open to their maximum extent, Saturn is at its bright-
est. When the rings appear edge-on to us, however, the visual magnitude of the
planet may never surpass +0.8 m, at opposition. Saturn has a Bond albedo, which
is the total percentage of sunlight reflected by a planet in all directions, of 0.33. It
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a Planet

Figure 1.2. Saturn displays its familiar banded structure, with haze and pastel colors of
NH;-CH, (ammonia-methane) clouds at various altitudes in this Hubble space telescope (HST)
image taken on March 22, 2004. The magnificent rings, seen here near their maximum filt of
26.7° toward Earth, exhibit subtle hues suggesting chemical differences in their icy composition.
North is toward the top in this image. (Credit: NASA, European Space Agency, and Erich Karkoschka,

University of Arizona.)

has a visual geometric albedo, p, or percentage of sunlight reflected at 0° phase
angle (full phase), of 0.47.

The tilt angle between Saturn’s axis of rotation and the pole of its orbit, or oblig-
uity, is 26.7° (the Earth has the familiar value of 23.5°). Although the planet’s rota-
tional axis maintains roughly the same orientation in space, it is obliquity that
causes one hemisphere of Saturn to be tipped toward or away from the sun at
certain points in its orbit. So, just like the Earth, Saturn exhibits seasons.

In almost any telescope, Saturn is a magnificent, enchanting object, but this is
chiefly because of its best-known feature, the exquisite ring system (Fig. 1.2). In the
eyepiece of a moderate-size telescope, the planet has a distinctly yellowish color,
and at opposition (when Saturn is opposite the sun in the sky and can be seen virtu-
ally all night) the globe may reach a maximum angular equatorial diameter of 19.5”.
As Saturn orbits the sun (as seen from the Earth), the most dramatic consequence
of the Saturnian seasons is the varying presentation of the rings. Because the ring
system is precisely in Saturn’s equatorial plane, when the planet’s North or South
Pole is tipped toward the sun, summer occurs in that hemisphere. During Saturnian
summer, the rings reach their maximum opening of 26.7° to the sun and to our
vantage point on Earth, and they are at their brightest. Winter occurs in the oppo-
site hemisphere of Saturn, which is tipped away from the sun and Earth, and most
of that region is typically hidden from view by the rings as they pass in front of the
globe. It is during spring and fall on Saturn that the rings can be oriented edgewise
to the sun and to our line of sight, sometimes even disappearing for a period of
time, even in a large telescope. These are periods during the Saturnian year when
equal portions of the Northern and Southern Hemispheres of the planet become
visible in our telescopes. The oblateness of Saturn’s globe, or deviation from a
perfect sphere because of rotation, is immediately obvious and amounts to 0.108.



SHADOW OF ON RINGS

CASSINI'S
DIVISION
ENCKE'S DIVISION

4 STeB EH
STrZ
wa SEBs #a
SEBZ
% SEBn %
EZs
—_—— EB S,
L EZn e,
" NEBs °

Figure 1.3. Diagram of the major features of Saturn’s globe and rings, South is toward the top
and east is to the left in this normally inverted view as seen in most astronomical telescopes, and
features move across the globe from right to left (west to east) in the International Astronomical
Union (IAU) convention. (Credit: Julius L. Benton, Jr., ALPO Saturn Section.)

Similar to Jupiter, Saturn displays a series of dark-yellowish to tan cloud belts
and white to pale-yellowish zones extending across the globe roughly parallel to
the equator and plane of the ring system. On occasion, discrete detail is visible in
the belts and zones on the globe of Saturn. Any features seen on the planet may be
similar in form to those on Jupiter, but a greater depth of overlying haze makes
them poorly visible most of the time. Projections or appendages from belts, some-
times leading into extended dusky festoons, or bright spots in the zones, comprise
the most frequently recorded types of phenomena. Figure 1.3 is a diagram of
Saturn’s globe and rings (as seen in a typical inverting astronomical telescope)
with the major atmospheric features and ring components that are sometimes
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Table 1.1. Nomenclature and characteristics of major saturnian global features*

Feature
SPR

SSTeZ

SSTeB

STeZ

STeB

STrZ

SEB

EZ

NEB

NTrZ

NTeB

NTeZ

NNTeB

NNTeZ

Description

South polar region

South south temperate zone

South south temperate belt

South temperate zone

South temperate belt

South tropical zone

South equatorial belt

Equatorial zone

North equatorial belt

North tropical zone

North temperate belt

North temperate zone

North north temperate belt

North north temperate zone

Notes

This is usually the most southerly part of the globe,
sometimes differentiated into a SPC (south polar
cap) in the extreme south. The SPR is usually quite
variable in appearance, usually quite dusky but
can be bright on occasion.

This zone typically separates the SSTeB and the
SPR; it is usually much duller than the other
southern hemisphere zones.

Infrequently visible, but even when seen, it is a
very thin, ill-defined feature.

This zone is usually quite bright, sometimes
showing faint wispy dark features and occasional
bright spots at the threshold of vision.

This belt is usually visible, and it has occasionally
displayed some poorly defined dark spots.

Like the STeZ, this zone is also quite bright, and it
periodically may exhibit dusky phenomena and
small, diffuse bright spots or regions.

This belt is often quite dark, easily seen, and
usually is differentiated info the SEBs and SEBn
(southern and northern components, respectively),
separated by a brighter SEBZ (south equatorial
belt zone). The SEB frequently displays more
activity than do the other belts in the southern
hemisphere of Saturn’s globe.

Almost without exception, the EZ is the brightest
zone on the planet’s globe, and dusky defails and
white spots have been observed in this zone with
a greater frequency than in other global regions.
The very thin and rarely seen EB (equatorial belt)
separates the EZ into the EZs and EZn (southern
and northern components, respectively).

Exhibits many of the same characteristics of its
counterpart in the southern hemisphere of Saturn,
the SEB, including differentiation into an NEBs,
NEBn, and NEBZ.

Like the STrZ, this feature lies between two dusky
belts and is often quite bright, showing activity
occasionally in the form of festoons or whitish
mottlings.

Usually visible, this belt has shown activity from
time to time in the form of dark spots or
disturbances.

A fairly bright zone, similar in characteristics and
periodic activity to the STeZ.

Seldom reported, but under optimum
circumstances, it may be barely perceptible as a
delicate, linear belt crossing the globe.

A somewhat dull zone sometimes seen separating
the NNTeB and the NPR.



Table 1.1. Continued

Feature ~ Description Notes

NPR North polar region This is the northernmost part of the globe, often
quite dusky in its overall appearance, but
sometimes it can brighten; at the extreme northern

limb, a NPC (north polar cap) can occasionally be
seen.

* Sequence follows that in Fig. 1.3; visibility of some global features is affected by the
location and orientation of the ring system.

visible. Table 1.1 gives brief details on the nomenclature and some rough (not
necessarily typical) characteristics of the main belts and zones of Saturn’s globe.

The equatorial regions (NEB, SEB, and EZ; see Table 1.1) have a sidereal rotation
period of 10"14™00°, and this region is designated system I. The remainder of the
globe of Saturn is called system II with a sidereal rotation period of 10"38™255,
although the SPR and NPR are sometimes excluded and assigned a rotation rate
that is equal to system I. A system III radio rate of 10"39™22° has also been deter-
mined for the interior of Saturn. Latitudes of belts and zones on the globe are not
appreciably altered by rotation, and as shown in Figure 1.3, features move across
the planet from right to left (in the normal inverted view) in a West-to-East, or
prograde, fashion. Note that west and east here corresponds to true directions on
Saturn as adopted by the International Astronomical Union (IAU), which are oppo-
site normal sky directions when viewing Saturn from Earth, and we will adopt this
convention without exception throughout this book. In addition, readers should be
aware that the preceding (p) limb of Saturn is to the east and the following (f) limb
is to the west in the IAU sense in the normal inverted view of an astronomical tele-
scope.

By terrestrial standards, Saturn is a giant planet, despite the fact that it is a little
less than a third the mass of Jupiter. As determined by interactions of the planet
with its family of natural satellites, the mass of Saturn has been determined to be
5.68 x 10% kg. The mean density of 700 kg/m? for Saturn is the lowest of the major
planets, and realizing that water (H,O) has a density of 1000 kg/m?, Saturn would
float on a sufficiently large hypothetical ocean!

Even though Jupiter, Uranus, and Neptune are now among the family of planets
known to have rings encircling them, those of Saturn are clearly in a class all by
themselves. The Saturnian ring system is considerably brighter and more complex
than any of the others throughout the solar system, with an albedo higher than that
of the globe. So the rings contribution to the total brilliance of Saturn as a planet
is substantial. Across their major axis, the rings have an angular extent of as much
as 44.0”. The ring system lies in the equatorial plane of Saturn, so they are inclined
by the same obliquity of 26.7°. As Saturn orbits the Sun in 29.5¥ (with the planet’s
axis of rotation maintaining the same orientation in space) the intersection of
Earth’s orbit and the plane of the ring system occur twice, at intervals of roughly
13.75Y and 15.75Y. The two periods are of unequal duration because of the elliptic-
ity of Saturn’s orbit. The orbital intersection points signify times when the rings
appear edgewise to our line of sight. In the shorter period, the southern face of the
rings and southern hemisphere of the globe of the planet is inclined toward Earth,
and Saturn passes through perihelion during this interval; the tilt of the rings, as
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Figure 1.4. These Hubble space telescope images captured from 1996 to 2000 show Saturn’s
rings open up from just past edge-on to nearly fully open as it moves from autumn towards winter
in its northern hemisphere. Saturn’s equator is tilted relative to its orbit by 26.7°, very similar to
the 23.5° tilt of the Earth. As Saturn moves along its orbit, first one hemisphere and then the other
tilts toward the sun. This cyclical change causes seasons on Saturn, just as the changing orienta-
tion of Earth’s tilt causes seasons on our planet. North is at the top. (Credit: NASA and Hubble space
telescope [HST] Heritage Team [STScl/AURA].)

we see them on Earth (as shown in Fig. 1.4), varies from 0° to —26.7° and back to
0° again. In the longer period, Saturn passes through aphelion, and the north face
of the rings and the northern hemisphere of the globe are exposed to observers on
Earth, and the tilt of the rings to our line of sight changes from 0° to +26.7° and
then back to 0°. Because the rings are no more than ~100 m thick, they become
extremely hard to see, or they may seem to disappear entirely, when edge-on.

The rings lie inside Saturn’s Roche limit, or within the minimum distance from
the planet where a body with no appreciable gravitational cohesive forces can exist
without disruption. The classical ring system is composed of three major ring
components. The first is ring A, the usually seen outermost component with an
inner radius from the center of Saturn of 122,200 km, an outer radius of 136,800 km,
and a width of 14,600 km. Next is ring B, the central, broader, and brighter ring with
an inner radius of 92,000 km, an outer radius of 117,500 km, and a width of 25,500
km. Last is ring C, the dusky inner Crape ring with an inner radius of 74,658 km,
an outer radius of 92,000 km, and a width of 17,342 km. Taken together, the classi-
cal ring system from tip to tip extends 273,600 km. Rings A and B are separated by
a dark gap roughly 4800 km wide, known as Cassini’s division. It is visible in small
telescopes with good optics and cooperative seeing conditions. About halfway
between the inner and outer limits of ring A is Encke’s complex with a width of



~320 km, but it is not as well defined as Cassini’s gap. About 3200 km from the
outer edge of ring A is Keeler’s gap, with a width of about 35 km, and although it is
visible from Earth, it requires very large apertures to be seen to advantage. All of
the aforementioned major ring components and major divisions (including the
faint Keeler’s gap), which are usually observable from Earth, are illustrated in
Figure 1.3.

Ring D, an extremely faint component internal to ring C, has an inner radius of
~67,000 km, an outer radius of 74,510 km, and a width of 7,510 km, and seems to
extend downward nearly to the cloud tops of Saturn’s atmosphere. Situated just
outside ring A is a very narrow ring component, ring F, with an inner radius of
140,210 km, an outer radius of 140,600 km, and a slender width of no more than
390 km or so. Beyond ring F is the extremely tenuous ring G with a radius of
165,800 km, an outer radius of 173,800 km, and a width of 8000 km. Finally, there
is the extraordinarily diffuse ring E with an inner radius of 180,000 km, an outer
radius of 480,000 km, and a width of 300,000 km, and is the outermost ring compo-
nent. The rings of Saturn will be discussed in greater detail later, including their
interaction with some of the satellites. With perhaps the exception of ring E, it is
generally held that these ring components are beyond the reach of the Earth-
bound visual observer.

The Atmosphere of Saturn

The composition of Saturn’s atmosphere is ~93% hydrogen (H,) and ~5% helium
(He). Minor constituents include methane (CH,) and ammonia (NH;), but the
greatest percentage of the latter is in liquid or solid form in Saturn’s extremely
frigid upper atmosphere where temperatures are ~95 K. Traces of water vapor,
ethane (C,Hg), and other compounds occur as well (Table 1.2). Saturn has the
lowest mean density of all of the planets at 700 kg/m’, another indication that the
planet has a very H-rich interior with few rocky materials.

Although H, and He dominate in the atmosphere of Saturn, accounting for
~98.0% of the gaseous constituents, the amount of He is significantly less than that
found in the atmosphere of Jupiter. During Saturn’s early history, it is likely that the

Table 1.2. Main constituents of Saturn’s atmosphere

Hydrogen H, 93%
Helium He 5%
Methane CHy, 0.2%
Water vapor H,O 0.1%
Ammonia NH; 0.02 %
hene CHe 0.0005%
Phosphine PH; 0.0001%
Hydrogen sulfide H,S <0.0001%
Methylamine CH;NH, <0.0001%
Acetylene C,H, Trace
Hydrogen cyanide HCN Trace
Ethylene C3Hy Trace
Carbon monoxide CO Trace

The Atmosphere
of Saturn

13



1. Saturn as
a Planet

14

200
Stratosphere
100 -
ok 40.1
Tropopause Haze
Altitude (km) Pressure (bar)

Ammonia (Ice)

100 F 1

Troposphere

Ammonium Hydrosulfide (Ice)
-200

-300
0 100 200 300

Temperature (K)

Figure 1.5. Simplified vertical structure of Saturn’s atmosphere. (Credit: Julius L. Benton, Jr., ALPO
Saturn Section.)

more massive He sank toward the center of the planet during the differentiation
process, leaving the outer atmospheric layers rich in H, and relatively depleted in
He. Figure 1.5 is a very simplified diagram of the vertical structure of Saturn’s
atmosphere.

Saturn’s clouds are not sufficiently transparent to most wavelengths of light to
permit detailed studies of the deeper levels of the planet’s atmosphere.
Examination of the planet’s thermal radiation at infrared (IR) wavelengths shows
that the temperature diminishes by about 10 K from equator to pole, although
recent IR data suggest a warm polar vortex exists in the upper atmosphere precise-
ly at Saturn’s poles. It is interesting that polar vortices occurring on Earth, Venus,
Mars, and Jupiter are all colder than their surroundings, so these IR “hot spots” at
the poles of Saturn appear rather unique and demand further study. In addition,
the temperature structure of Saturn’s troposphere is generally symmetrical with
respect to equatorial regions. This is very curious, indeed, because with an oblig-
uity of 26.7°, the expectation would be a marked seasonal effect on Saturn. But
apparently the planet’s response to variations in insolation is markedly slow at a
distance of 9.54 AU from the Sun. It is worthwhile to mention also that, when the



ring shadow obstructs the influx of sunlight in the equatorial regions of Saturn’s
globe, there appears to be no measurable effect on the planet’s weather pattern!

In Figure 1.5, because Saturn does not have a definitive solid surface, the
tropopause is the designated frame of reference at an altitude index of 0.0 km, and
the top of the clouds reside about 50 km beneath the tropopause. A temperature
inversion occurs at the level of the tropopause and in the still-higher stratosphere
of Saturn heating of the upper atmosphere is due to the absorption of ultraviolet
(UV) radiation from the sun by CH, (on Earth, an analogous absorption is accom-
plished by ozone). Above the stratosphere, the planet’s ionosphere is exceedingly
rarefied, containing mostly ionized hydrogen (H*).

Layering occurs in the clouds of Saturn’s atmosphere, as shown in Figure 1.5,
and proceeding downward, there are layers of ammonia ice (NH;) that condenses
at temperatures lower than 145 K,ammonium hydrosulfide (NH,HS) ice, and water
(H,0) ice. Unlike analogous regions on Jupiter, which amount to some 80 km in
overall thickness, the three Saturnian layers (in addition to being individually
thicker than their Jovian counterparts) are about 200 km in cumulative depth. The
reason for this difference in cloud layer thickness is that more compression occurs
in the atmosphere of Jupiter as a consequence of the planet’s stronger gravitation-
al attraction. The cloud layers are overlain, in the vicinity of the tropopause, by a
blanket of haze formed by the interaction of sunlight with the upper Saturnian
atmosphere. The deeper cloud layers of Saturn exhibit multiple hues resulting

Figure 1.6. Subtle, yet colorful, detail is visible in this excellent image taken with a 23.5-cm
(9.25-in) Schmidt-Cassegrain (SCT) telescope and a Philips ToUcam webcam on December 11,
2004, at 02:26 Universal time (UT) in good seeing conditions by Damian Peach of Norfolk, UK.
South is at the top of this image. (Credit: Damian Peach, ALPO Saturn Section.)
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from essentially the same chemistry as on Jupiter, mostly due to reactions involv-
ing sulfur (S) and phosphorus (P), but organic compounds could possibly be
involved, too. Unfortunately, on Saturn the global haze enveloping these regions
obscures their colorful attributes, making the globe appear quite uniform much of
the time. Anyone who has regularly viewed Saturn through a telescope will recall
this distinctly less colorful aspect of the planet, but as mentioned earlier in this
chapter, white or pale-yellowish zones and yellowish-to-tan belts (Fig. 1.6) are
recognizable by persistent, careful observers, despite the haze layer. In addition, as
a rule, the complex color changes that dramatically accompany storms on Jupiter
do not commonly occur on Saturn.

Figure 1.7 is a simplified diagram of the convective structure of Saturn’s belts
and zones. It is clear that zones are bright, upwelling clouds in the cold upper
atmosphere of the planet, their ascent driven by convective energy from below,
while belts are more colorful descending regions exposing deeper, warmer areas of
the atmosphere. Jet streams, moving rapidly eastward or westward on Saturn,
induce complexities in the morphology of belts and zones because of Coriolis
forces, which cause turbulent, rotating eddies to develop and evolve with time
(Fig. 1.8).

Of all the atmospheric disturbances associated with Saturn’s belts and zones, the
zonal white spots (although rare) have traditionally been the most conspicuous,
long-lasting features. The spectacular white appearance of these spots (as shown in
Fig. 1.9) is probably due to NH; ice crystals, freshly formed as a plume of warm
upwelling gas intrudes into the much colder upper cloud layers and not yet altered
by chemical reactions that would induce coloration. With time, these bright spots
can spread out and dissipate longitudinally within the zone(s) in which they
appear.

In an analysis of Saturn’s atmospheric wind patterns, it has become clear that
the planet exhibits a predominantly equatorial eastward zonal flow, reaching veloc-
ities as much as 420 m/s at less than 30° latitude, almost four times the speed of the
same region on Jupiter! Ascertaining exactly why there is such a difference between
flow patterns on Saturn and Jupiter is a subject of intense current research. The
velocity of the eastward flow diminishes somewhat as the distance north or south
of the equator increases (e.g., 150 m/s at Saturnigraphic latitudes above 30°). The



Figure 1.8. This is a representative close-up image of Saturn’s atmosphere depicting colorful
complexities in the morphology of belts and zones (taken by Voyager during the 1980s). North
is af the top. (Credit: NASA, Jet Propulsion Laboratory, Pasadena, California.)

flow does not shift to a westward direction until latitude 40°N or S; then, in
adjacent bands, an alternating eastward and westward circulation occurs toward
the poles from these middle latitudes. Massive atmospheric flows and smaller scale
disturbances or storms get most of their energy from a combination of convective
motion from Saturn’s interior and the planet’s rapid rotation rate (Fig. 1.10). Unlike
on Jupiter, there seems to be little or no correlation between the appearance of the
visible cloud bands (bright zones and dark belts) on Saturn and the zonal easterly
or westerly high-velocity winds at any given latitude or atmospheric level.
Ultraviolet (UV) aurora emissions also occur near the top of Saturn’s atmosphere
within 12° or so of the poles (Fig. 1.11).
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Figure 1.9. A brilliant white spot is clearly visible in the equatorial zone (EZ) of Saturn in this
HST image taken on October 1998. Such features are due to NHj-ice crystals forming and then
rising upward into more frigid atmospheric regions and later spread longitudinally along the EZ.
North appears at the top of the image. (Credit: NASA and Hubble space telescope [HST] Heritage Team
[STScl/AURA].)

Figure 1.10. This stunning Cassini image shows that Saturn’s atmosphere is an active and
dynamic place, full of storms of varying dimensions and powerful winds. The smaller ones lie at
the extreme threshold of vision of Earth-based observers. This view is of the planet’s southern hemi-
sphere and shows dark storms ringed by bright clouds. North is at the top. (Credit: NASA/Jet
Propulsion Laboratory/Space Science Institute.)



Figure 1.11. Saturn’s spec-
tacular UV aurora encircles
the north and south poles,
shown here as imaged by
the space felescope imaging
spectrograph  (STIS) during
October 1997 on board the
Hubble space telescope
(HST). These auroras occur
when energetic wind from
the sun sweeps over the
planet, much like the Earth'’s
nighttime auroral displays,
but Saturn’s auroras are only
visible in UV light. North is
up in this image. (Credit:
NASA and Hubble space tele-
scope [HST] Heritage Team
[STScl/AURA] )

Saturn’s Interior and Magnetosphere

We have already seen that the temperature at Saturn’s cloud-tops is roughly 95 K,
which is much warmer than the planet ought to be (i.e., 82 K is the expected
temperature) if the cause is merely re-radiation of sunlight. Saturn has its own
internal heat source, just like Jupiter, and it radiates considerably more energy than
it absorbs from the sun. Massive Jupiter probably retained some of its original heat
following gravitational contraction, but because of Saturn’s comparatively lower
mass and smaller size, its primordial heat would have long ago been radiated away.
Therefore, the source of the planet’s heat must be due to some other mechanism.
Low-frequency emissions at radio wavelengths that emanate from Saturn fluctuate
in a cyclic pattern inviting further investigations by spacecraft, and some of these
outbursts may accompany massive lightning discharges in the atmosphere of the
planet.

In a process that began in Saturn’s remote past (~2.0 X 10° years ago), conden-
sation of He into droplets takes place (and continues today) in the outer frigid
layers of the planet’s atmosphere, creating what is often called He precipitation.
These droplets shower down as He rain through liquid H in the planet’s interior to
much lower levels, depleting the outer atmosphere of He. Gravitational forces act
to compress the He, causing friction, and internal heat is released. From the begin-
ning of this process ~2.0 x 10? years ago, about 50% of the original He would have
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fallen inward (Saturn has about 50% as much He as the atmospheres of Jupiter and
the Sun). Figure 1.12 shows the internal structure of Saturn as derived from theo-
retical computer modeling.

Intuition suggests that Jupiter and Saturn ought to have similar interior compo-
sitions, and conjectural models indicate that Saturn’s interior is composed of 74%
H, 24% He, and 2% heavier elements, roughly approximating the composition of
the sun. As can be seen in Figure 1.12, at a level of ~30,000 km beneath the clouds,
a transition occurs from molecular H to metallic H, where the pressure is 3.0 Mbar
(3.0 x 10° atmospheres). The point at which molecular H becomes metallic H lies
much deeper inside Saturn than it does in Jupiter because of Saturn’s compara-
tively lower mass and density (i.e., there is a slower increase in internal pressure
inside Saturn as one progresses toward the center of the planet). At the center of
the planet there may exist a core of silicate rock with a mass some 20 times that of
the Earth.

In an earlier discussion, it was noted that Saturn has an internal rotation rate of
10"39™22%, and coupled with the planet’s electrically conducting interior, a strong
magnetic field results along with an extensive magnetosphere. Unlike Jupiter and
the Earth, the planet Saturn has a magnetic field that is not inclined to the axis of
rotation, with a strength that is ~1.0 x 10° that of the Earth’s, but only 1/20th
Jupiter’s field intensity. Saturn’s magnetic field, however, is still sufficient to
produce a substantial magnetosphere and Earth-like radiation belts. The magne-
tosphere of Saturn, shown in Figure 1.13, extends 1.25 x 10° km in the direction of
the sun, and it is large enough to encompass the ring system and many of the
smaller innermost satellites. It also captures fewer particles than does the magne-
tosphere of Jupiter, probably due to the lack of an Io-like source of charged parti-
cles near Saturn, and the extensive ring system is very efficient in sweeping the
inner magnetosphere clean of charged particles. At the outer edge of the rings, the
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Figure 1.13. Saturn’s magnetosphere, an envelope of charged particles surrounding some
planets, including Earth, appears in this image taken by the Cassini spacecraft on June 21, 2004.
Invisible to the human eye, the emission from these H atoms comes primarily from regions far from
Saturn, well outside the ring system, and perhaps beyond the orbit of the largest moon Titan.
(Credit: NASA/Jet Propulsion Laboratory/John Hopkins University.)

charged particle density increases rather dramatically, achieving a maximum at 3.0
X 10°km to 6.0 X 10° km from Saturn’s center. In this region, the charged particles
are tightly coupled to the rapidly rotating magnetic field, which gives rise to a
plasma layer that is an estimated 1.2 X 10°km in thickness and extending as much
as 9.0 x 10° km. At this point, the solar wind controls the extent of the Saturnian
magnetosphere, where it may fluctuate between distances of 1.2 x 10° km and 1.8
x 10° km as the solar wind pressure changes. Note that the satellite Titan orbits
Saturn in this region, and sometimes it may lie inside or outside the planet’s
magnetosphere depending on the intensity of the solar wind.

Saturn’s Ring System

Natural scientific curiosity leads one to ponder why a ring of particles should exist
around Saturn, how they got there in the first place, and what keeps them there.
Two theories exist for the origin of Saturn’s spectacular ring system, and a
definitive answer to which theory is correct remains to be found. First, the rings
may represent residual material from the formation of Saturn 4.6 x 10° years ago,
or perhaps in an alternative view, a body roughly 250 km across might have drifted
within the Roche limit of Saturn and was disrupted. It is interesting that Saturn’s
ring system has a total mass of 1.0 x 10'¢ kg, which is approximately the mass of a
satellite of this size.
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There is growing evidence that collisions among constituent ring particles
would bring about the destruction of the ring system in a period considerably
less than the age of the solar system. So, bodies making up the rings are obvi-
ously being replenished by some mechanism. Meteoroid bombardment of
Saturn’s satellites may be one possible source of this ring material, or maybe
some relatively recent catastrophic event among the satellites contributed parti-
cles to the rings.

We have already established in a previous discussion that all of Saturn’s rings
reside within the planet’s Roche limit, and we have seen that the orbital velocity of
the bodies making up the rings decreases with increasing distance from the globe
(e.g., a body on the inner edge of ring B orbits the planet in ~8", while one at the
outer edge of ring A revolves around Saturn in ~14"). Mutual collisions among ring
particles have a tendency to sustain orbits that are co-planar and circular with
prograde orbital motion, and the gravitational field of Saturn keeps the plane of
the rings coincident with the planet’s equatorial plane. As a result, the rings are
extremely thin, no more than about 100 m thick, and brighter stars can be seen
through most of the ring components from Earth in favorable conditions and with
adequate telescopic aperture.

The Roche limit chiefly affects bodies that have enough mass to be held togeth-
er by their own gravitational forces, not those where the dominant cohesive force
is interatomic attraction. It is obvious, therefore, that very small bodies can exist
within the Roche limit, and some of the largest ones are classified as moonlets. The
vast majority of particles comprising the rings have a Bond albedo of 0.8, their
high reflectivity suggesting a substantial icy content, and indeed, studies of the
rings at IR wavelengths confirm that a major constituent is H,O-ice, with an
admixture of rocky material. With a surface temperature of 70 K, the ice making up
ring particles is stable and does not evaporate (note that ring particles are some-
what shielded from solar radiation by other nearby particles, as well as sometimes
by the shadow of Saturn’s globe). The dominant size of ring particles is several
centimeters across, with a range that encompasses objects with submillimeter
proportions up to bodies tens of meters across.

Saturn’s rings also exhibit an exquisite and immensely complex system of many
thousands of ringlets with alternating regions of high and low density across their
breadth, with a few gaps in addition to Cassini’s and Encke’s divisions (Fig. 1.14).
Also, the extremely fine structure of the rings is not constant with time because
gravitational interactions among ring particles cause spiral waves of varying
density to emerge and evolve throughout the rings.

Recall that tiny moonlets, with diameters on the order of 10 to 25 km, can
successfully reside without disruption inside Saturn’s ring components (inside the
Roche limit), and unlike the ringlets just described, the 20 or so true gaps in the
rings probably arise from the clearing actions of these small bodies. For example,
Saturn’s 18th satellite, Pan, is located in Encke’s division in ring A. The existence of
small moonlets within the rings continues to remain as the most favored explana-
tion for the presence of thin gaps. Small resonances among ring particles and these
diminutive bodies fuel spiral density waves and sometimes distort ring compo-
nents to a small degree.

Even Cassini’s division is not completely devoid of particles, but the particle
density in this gap is substantially lower than the concentration of material in
either ring A or ring B. While the spacing within Cassini’s division may arise from
embedded tiny moonlets, the division as a whole arises from a 2:1 resonance of



Figure 1.14. The brightest part of Saturn’s rings, curving from the upper right to the lower left
in this image by the Cassini spacecraft on June 21, 2004, is the ring B (north is at the top of the
image). Many bands throughout the B ring have a pronounced sandy color. Other color varic-
tions across the rings can be seen. Saturn’s rings are made primarily of H,O-ice, and since pure
H,O-ice is white, different colors in the rings may be due to different amounts of contamination
by other materials such as rock or carbonaceous substances. (Credit: NASA/Jet Propulsion
Laboratory/Space Science Institute.)

minute particles in the gap with the satellite Mimas. Resonant perturbations
significantly decrease the concentration of material in Cassini’s division.

The combined effect of resonances and the clearing influences of embedded
moonlets bring about other ring phenomena. For instance, the sharpness of the
outer edge of ring A is sustained by a 3:2 resonance between bodies orbiting in the
outer edge of the ring and Mimas, plus the action of the small satellite Atlas (also in
resonance with Mimas) helps ensure that material does not gradually escape
outward. Furthermore, exclusive of Mimas, a 7:6 resonance of ring particles in the
outer regions of ring A with the pair of satellites Janus and Epimetheus helps
contribute to the sharply defined edge of ring A. It has been shown theoretically that,
in the absence of such “favorable” perturbations, collisions and other interactions
between ring particles would induce a gradual spreading out of the ring system.
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Figure 1.15. A detailed view of Saturn’s rings. The view is high above Saturn’s north pole,
looking down on the rings. (Credit: Julius L. Benton, Jr., ALPO Saturn Section.)

Look at the diagram in Figure 1.15, which presents a detailed view of Saturn’s
rings, showing components, embedded satellites, known gaps, etc., while Table 1.3
lists basic data for Saturn’s ring components and divisions.

The following subsections describe each ring component and any associated
gaps or divisions in a little more detail in order of distance from the center of
Saturn.

Table 1.3. Saturn’s ring system: basic data

Name Inner radius (km)* Outer radius (km)* Width (km)*
Ring D 67,000 74,510 7,510
Guerin gap 74,510 74,658 148
Ring C 74,658 92,000 17,342
Maxwell division 87,500 88,000 500
Ring B 92,000 117,500 25,500
Cassini’s division 117,680 120,600 4,800
Huygens gap 117,680 122,200 ~4,520
Ring A 122,200 136,800 14,600
Encke’s complex 126,430 129,940 3,500
Keeler’s division 133,580 133,905 ~325
Ring F 140,210 140,600 ~390
Ring G 165,800 173,800 8,000
Ring E 180,000 480,000 300,000

*Distances are in kilometers from Saturn’s center.



Figure 1.16. Voyager 2
took this picture of Saturn’s
exceedingly faint inner D
ring August 25, 1999. Ring
D is very tenuous and has
an extremely small optfical
depth. North is up in
the image. (Credit: NASA,
Jet  Propulsion  Laboratory,

Pasadena, California.)

Ring D

Ring D appears to exhibit no well-defined inner edge. It is actually a very faint
series of ringlets, at least one of which is eccentric (Fig. 1.16). It may begin just
above Saturn’s cloud-tops at a distance of 67,000 km from the center of the planet
(~7000 km above the clouds). Ring D is extremely dark, with relatively few parti-
cles in it, and because of the overwhelming glare of Saturn’s globe and the rest of
the rings, it is not considered to be visible from Earth (except maybe indirectly
when stars are occulted by the rings). Ring D has an orbital period (center of ring
component) of roughly 5.5". At the outer edge of ring D (at 74,510 km) is the
exceedingly narrow Guerin gap, about 148 km wide.

Ring C

Sometimes called the Crape ring (typically when it is visible in front of the globe
of Saturn), ring C begins at the outer terminus of ring D and the Guerin gap, some
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Figure 1.17. This view of Saturn’s outer C ring by the Cassini spacecraft on October 29, 2004,
shows the extreme variations in brightness, along with subtle, large-scale wavy variations (north
is up in this view). The notably dark Maxwell gap (near upper right) contains the bright, narrow,
and eccentric Maxwell ringlet. (Credit: NASA/Jet Propulsion Laboratory/Space Science Institute.)

74,658 km outward from Saturn’s center (some 24,500 km above the cloud-tops),
extending to the inner edge of ring B (at 92,000 km from the planet’s center). Ring
C has an orbital period of 5.8" (inner edge) to 7.9" (outer edge). In Earth-based tele-
scopes, ring C is quite dark and more readily detected at the ansae when the rings
are wide open.

Across its width of some 17,342 km, ring C has numerous concentric ringlets
not appreciably altered in position by resonance factors, as clearly shown in
Figure 1.17. The Maxwell division, which is 500 km wide, extends from 87,500
km out to 88,000 km from the center of Saturn in ring C. Extremely narrow
ringlets apparently occur within this gap, a few of which appear to be eccentric.
The eccentricity of such ringlets is probably the result of dynamic forces
imposed on them by small moonlets, or caused by gravitational interactions
producing spiral density waves.



Ring B and Cassini’s Division

Brightest of all of the ring components, ring B begins at the outer edge of ring C at
92,000 km (where no apparent gap exists) and extends for some 25,500 km out to
a distance of 117,500 km from the center of Saturn. The inner edge of ring B has
an orbital period of 7.9, while the outer edge of the component orbits in 12" Visual
observers are well aware that the inner two thirds of ring B is usually dimmer than
the outer third. Ring B is composed of thousands of ringlets and numerous minor
divisions, with a higher number of gaps in the inner two thirds of the ring (Fig.
1.18). While ring B seems to be the most opaque component from Earth, it seems
thickest in the outer third and at its innermost edge, and it has been noted that the

Figure 1.18. In this close-up image of ring B and Cassini’s division made by the Cassini space-
craft on October 29, 2004, many subtle wavelike patterns are visible, along with hundreds of
narrow features resembling “grooves” of a phonograph record. There is a noticeable abrupt
change in overall brightness beyond the dark gap near the right. To the left of the gap is the outer
ring B, with its sharp edge maintained by a strong gravitational resonance with the satellite
Mimas. To the right of Huygen's gap are the plateau-like bands of Cassini’s Division. The narrow
ringlet within the gap is called the Huygens ringlet. North is at the top. (Credit: NASA/Jet Propulsion
Laboratory/Space Science Institute.)
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thickness of the overall ring system reaches a peak of ~100 km in ring B.
Extraplanar particles of rarefied H occur above and below rings A and B, but it is
questionable whether this extremely tenuous haze can be seen from Earth at edge-
wise ring presentations. The fragments making up ring B range from several
centimeters up to a few meters across, and spectroscopy reveals that they probably
have a slightly redder appearance (different composition?) than particles in adja-
cent rings C and A.

Dusky radial spokes, which may be up to 20,000 km in linear extent, appear from
time to time within ring B, as seen in Figure 1.19. These transient radial features
are composed of micrometer-size dust that levitates several tens of meters above
and below the ring plane due to electrostatic forces, generated most likely by parti-
cle collisions within the rings. As they co-rotate with the rings through one revo-
lution, dispersal of the charged fields gradually takes place, resulting in disappear-
ance of the radial spokes. Although they are not permanent features, the radial

Figure 1.19. Evident here in this Voyager 2 image (north is at the top right) taken on August. 3,
1981, are numerous “spoke” features in Saturn’s ring B. Their very sharp, narrow appearance
suggests short formation times, and electromagnetic forces are probably in some way responsible
for these fi|0men’rdry features. (Credit: NASA, Jet Propulsion Laboratory, Pasadena, California.)



spokes associated with ring B are probably routinely recurring phenomena. It is
also thought that these features very rarely occur in ring A and probably not at all
in dusky ring C.

At a distance of 117,680 km from Saturn’s center is the inner edge of the well-
known Cassini’s division, strikingly depicted in Figure 1.18.It spans about 4800 km
out to 120,600 km, but out at 117,680 km is a subdivision in the material known as
Huygen’s gap, which roughly terminates near the inner edge of ring A at 122,200
km from the center of Saturn. In Earth-based telescopes in good viewing condi-
tions, Cassini’s looks almost black, but observations of stars as they pass behind
Cassini’s division show tiny fluctuations in brightness. This occurs because
extremely small debris, similar to particles making up ring C, exists inside this gap,
but most of it has been cleared by the 2:1 resonance with Saturn’s nearby satellite
Mimas.

Figure 1.20. In this view of Saturn’s ring system taken by the Cassini spacecraft on August 27,
2004, the diaphanous C ring appears at the upper right, followed by the multihued B ring (north
is up in this view). Next, Cassini’s division separates rings A and B. The outer edge of ring B,
which forms the inner boundary of Cassini’s division, is maintained by gravitational resonance
with the satellite Mimas. Near the outer edge of ring A is Encke’s gap, while Keeler's gap is barely
visible. The faint, thread-like ring F is discernible just beyond the main rings. (Credit: NASA/Jet
Propulsion Laboratory/Space Science Institute.)
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Ring A, Encke’s Division, and Keeler’s Gap

Considerably duller than ring B, ring A begins approximately at the outer bound-
ary of Cassini’s division at 122,200 km from the center of Saturn, extending
outward for 14,600 km, and then ending at 136,800 km. The inner and outer edges
of ring A have orbital periods of 12" and 14.4", respectively. Although Saturn’s rings
are generally uniform longitudinally, ring A sometimes displays an azimuthal
brightness asymmetry near the ansae (the east and west regions of the rings where
they are farthest from Saturn’s globe), attributed most likely to transient “density
wakes” caused by clumping of particles due to gravitational forces.

As Figure 1.20 shows, ring A exhibits minor divisions and ringlets just like ring
B, and the more distinct Encke’s complex some 3500 km wide occurs from 126,430
km out to 129,940 km from Saturn’s center (from 29% to 53% of the distance

Figure 1.21. An intriguing knotted ringlet within Encke’s division (located within ring A) is of
interest in this image made by the Cassini spacecraft on October 29, 2004. The tiny moon Pan
orbits within Encke’s division and maintains it. Many waves produced by orbiting moons are also
visible. View is from the north of the ring plane. (Credit: NASA/Jet Propulsion Laboratory/Space Science
Institute.)



between the inner and outer boundaries of ring A). Encke’s complex can be seen in
moderate-size telescopes from Earth in favorable conditions, but it is never as
conspicuous as Cassini’s, and it is made up of numerous ringlets, a few of which
appear to be eccentric (Fig. 1.21). About 80% of the distance out in ring A, at a
distance of 133,580 km from Saturn’s center, is the 325-km-wide Keeler gap
(marginally visible in Fig. 1.20), which also has several faint ringlets within it. We
have already discussed earlier how the satellites Mimas, Atlas (in resonance with
Mimas), Janus, and Epimetheus conspire in a complex way to keep the outer edge
of ring A very sharp.

Ring F

Perhaps the most bizarre Saturnian ring component is ring F (Fig. 1.22), which has
a distance range of 140,210 km to 140,600 km from the center of Saturn, with a

Figure 1.22. Saturn’s faint, narrow, “braided” ring F appears in this Cassini image during the
spacecraft’s initial approach to Saturn in mid-2004. North is up in this image. (Credit: NASA/Jet
Propulsion Laboratory/Space Science Institute.)
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width that spans 30 to 500 km and an orbital period of nearly 15". It is narrow and
faint, lying just barely inside Saturn’s Roche limit, roughly 3400 km outside ring A.
Ring F is very slightly eccentric, consisting of a number of strands intertwined. The
thinness and “braided” longitudinal structure of the ring seems linked to shepherd
satellites that orbit on either side of ring F, but the mechanism for production of
these irregular variations is still unclear. Shepherding satellites may also have
something to do with the existence of eccentric ringlets seen in gaps in other major
ring components. Refer back to Figure 1.15 and note that two tiny, dark moons
named Pandora and Prometheus orbit roughly 1000 km on either side of ring F,
and despite their small dimensions (each no greater than about 150 km across),
their gravitational influence on particles in ring F maintains it as a tightly
compressed thin component, as shown in Figure 1.23.

Figure 1.23. Two of Saturn’s moons, Prometheus (situated inside ring F) and Pandora (just
outside ring F), are seen here shepherding the planet's narrow ring F in this Cassini image made
on May 1, 2004 (north is up in this image). Prometheus overtakes Pandora in orbit around Saturn
about every 259, Slightly above the pair and to the right is another satellite, Epimetheus. Credit:
NASA/Jet Propulsion Laboratory/Space Science Institute.)



Ring G

In order of increasing distance from Saturn’s center, the next component is the
extremely faint ring G extending from 165,800 km out to 173,800 km (width of
8000 km). Ring G is situated between the orbits of Mimas and co-orbiting satellites
Janus and Epimetheus (Fig. 1.15) with an orbital period of about 20" This feeble,
optically thin ring component shows no internal structure.

At an inner radius of 180,000 km from the center of Saturn out to about 480,000 km
(width of 300,000 km) is ring E, the last and outermost of the currently known ring
components. This ethereal ring component is so extensive that it can sometimes be
seen by Earth-based observers near edgewise ring presentations. The orbital period
of ring E ranges from 22" at its inner edge to 95" (3.96%) at its extreme outer edge.
The inner portion of the ring is a little brighter than the outer part and this brighter
region of ring E lies just barely within the orbit of the satellite Enceladus. It has been
suggested that meteoroid erosion and volcanism occurring on Enceladus may be a
source of some of the material found in ring E.

The Satellites of Saturn

Although an extensive family of at least 33 known satellites (approximately 17
more small moonlets have been identified recently by spacecraft near Saturn)
accompanies Saturn, giant Titan overwhelmingly dominates the scene and is the
only moon in the solar system with a dense atmosphere. Probably all of Saturn’s
moons contain a relatively high percentage of H,0O-ice (as well as an admixture of
carbonaceous dirt on some), but there are a few interesting morphological differ-
ences among these exotic worlds. For example, Mimas has a huge crater occupying
nearly a third of the satellite’s diameter; the surface of Enceladus has a combina-
tion of smooth, 