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Introduction and Acknowledgments

Throughout the night Jupiter appears as a bright starlike object,
moving eastward relative to the background stars at a rate of
about thirty degrees per year. Even with the earliest telescopes
this curious object could be resolved into a pearly banded disk,
and although observations span more than 380 years, this giant
planet continues to fascinate and challenge amateur and profes-
sional observers.

Since the advent of space probes the scope of the available
data has expanded to such an extent that researchers are drawn
from a broad spectrum of scientific and technical fields. As-
tronomers, chemists, engineers, geologists, meteorologists, and
plasma physicists collaborate with computer and telemetry ex-
perts to interpret the data. Because the jovian system is com-
plex and its consideration requires many areas of expertise, any
survey of our knowledge of it is a formidable task.

Jupiter is a rapidly rotating gas-giant located five times far-
ther from the sun than our earth and receiving effective solar
heating equal to 4 percent of that incident on the earth’s atmo-
sphere. It has an atmospheric environment so frigid that ammo-
nia ice crystals form an opaque cloud which blocks our line of
sight into the atmosphere. Below this cloud deck pressures in-
crease rapidly with depth, compressing the gases more and
more until, deep below, the compressed material behaves more
like a liquid. Nevertheless, a penetrating probe would not en-
counter a liquid ocean or a solid surface, but would instead
eventually be crushed as the pressure increased.

Formed in the outer solar system, the planet and its surround-
ing environment differ greatly from ours. Even though Jupiter is
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318 times as massive as the earth, its average density is less than
one-fourth that of the earth. This fact and spectroscopic and Gali-
leo probe observations indicate that the chemical composition is
similar to that of the sun—consisting mostly of hydrogen and
helium. Even though the planet is so much more massive than the
earth, it is still only one-thousandth the mass of the sun. Further-
more, infrared observations have revealed that Jupiter is radiat-
ing more than one and a half times as much heat as it gains from
the sunlight it absorbs. Thus Jupiter plays two roles: the domi-
nant sibling among the planets and a substellar companion of the
sun. In either role, Jupiter is looked upon as a laboratory within
which the extremes of any physical model for understanding the
past and present conditions of planet and star formation may be
tested.

The jovian system has the characteristics of a miniature so-
lar system (the distance between the sun and Jupiter is about
1000 times greater than that between Jupiter and the inner-
most large satellite, Io). Jupiter’s “planetary system” consists of
an equatorial ring of debris and 16 moons which include the 4
small inner satellites, the 4 large Galilean satellites, and two
sets of 4 small satellites located about 30 to 60 times farther
from the planet than Io. The 12 inner satellites revolve around
the planet in the same sense that the planet rotates on its axis,
and of these, the 8 innermost satellites orbit nearly in the equa-
torial plane. The 4 outermost satellites appear to be leftover
debris formed by a collisional process and revolve about the
planet in reverse relative to Jupiter’s rotation. Like their 4 near-
est siblings, their orbits are inclined to Jupiter’s equator. Over-
all, the degree of order that we see in this system suggests that
although episodic events may have occurred, at least the inner-
most set of bodies formed as an original complement and that
long-term processes throughout the ages have molded the sys-
tem into its present state.

The fact that Jupiter is transferring heat from its interior and
is rotating rapidly allows it to sustain a magnetic field. At the
level of the visible cloud deck, this field is 20 to 30 times as
strong as the earth’s. Charged particles streaming out from the
sun do not bombard Jupiter’s cloud tops; instead they are cap-
tured and forced to co-rotate with its magnetic field. As the
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planet rotates, these particles are swept past the inner satellites,
creating a system far more complex than our own. Again, this
planetary giant provides us with a unique arena for testing our
understanding of the principles that underlie the generation and
maintenance of our own magnetic field, our shield from the
high-energy particles with which the sun bombards us.

In this book I have divided the complex jovian system into
logical units: the atmosphere and interior of the planet, the satel-
lites and ring system, and the magnetic field. In each case I have
attempted to present a brief review of the history and enough
detail for the reader to appreciate our current state of knowl-
edge. In the interest of readability I have limited the detailed
description of Jupiter’s cloud structure and of the extensive map-
ping and nomenclature assigned to surface features on the jo-
vian satellites.

The last part of the book reviews our understanding up to the
point where high resolution data from the Galileo orbiter was
received. This edition can be compared with articles appearing
in popular publications and professional journals and will serve
as a basis for appreciating the impact of the Galileo Mission on
our understanding of the processes that have acted over time to
shape this ever-changing, dynamic system.

As this edition goes to press, the early release of results from
the first close encounter with Ganymede and of images of Eu-
ropa with higher spatial resolution than was obtained by Voy-
ager promises that a major revision will be required following
the culmination of the nominal Galileo Mission in December
1997. The current health of the system, the amount of reserve
fuel, and the fact that the craft will be in a position for multiple
encounters to search for steam venting on Europa and to obtain
high resolution observations for sulfur volcanism on Io has led
team members to present a cost-effective plan to NASA head-
quarters to utilize this orbiting observatory beyond December
1997 to gain the maximum amount of knowledge possible.
Whether this happens or not depends on the continuing health
of the spacecraft and budgetary decisions. Personally, I truly
want to see the last possible drop of science wrung out of this
mission. It will be at least another jovian year before we can
expect to return.
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2', Chapter 1

From Mythology to
Robotic Exploration

Jupiter is the largest of all planets and its system of sixteen
satellites is impressive. But even before these things were known
this bright, moving object had been given the Roman name for
the lord of the sky. Because Jupiter revolves about the sun in an
orbit with a radius more than five times that of the earth, it can
be seen in our night sky for most of the year. Each year Jupiter’s
orbital motion causes it to appear to shift about 30° eastward
against the background stars. This eastward motion creates a
twelve-year cycle, so that each year when Jupiter is visible on
your meridian (a line connecting the north point on your hori-
zon, the point directly over your head, and the south point on
your horizon) at midnight, it can be associated with a different
sign of the zodiac. The predictability of this cycle and the bril-
liance of the planet relative to nearby stars suggests control and
dominance and implies how this planet came to be named for
the Roman god Jupiter.

As more became known about the physical nature of the plan-
ets, Jupiter lived up to its name. Not only is this planet more
than three times as massive as Saturn, the next largest planet,
but also it possesses four of the largest satellites, or moons, in
our solar system (see appendix 1). These large satellites are
readily seen with ordinary binoculars and are collectively re-
ferred to as the Galilean satellites, in honor of their discoverer,
Galileo Galilei (1564—1642). The common names of these four
are Io, Europa, Ganymede, and Callisto.

According to Roman legend, Io, Europa, and Callisto were
beautiful females who were victims of Jupiter’s lust. When Jupi-
ter’s interest in Io enraged Juno, Jupiter’s wife and sister, Jupiter
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changed Io into a heifer to conceal his infidelity. This did not fool
Juno or deter her from seeking revenge. She sent a gadfly to
harass Io for eternity.

Callisto’s legend is strikingly parallel. This time it was Juno
who changed the lovely arcadian nymph into a bear to spite
Jupiter. When Callisto’s son encountered his mother during a
hunting trip, Jupiter cast a spell and saved Callisto by placing
her in the northern sky. Later he changed the son into a bear cub
and placed him next to his mother. They are known as the con-
stellations of Ursa Major and Ursa Minor, the Great Bear and
Lesser Bear.

In still another legend the ever-lustful Jupiter appeared at the
seashore as a great white bull and kidnapped Europa, daughter
of Agenor, king of Phoenicia. Jupiter carried Europa off to the
isle of Crete, where she bore him four sons. According to some
legends she was also the mother of the Minotaur.

In contrast, the name of Ganymede comes from Greek sources.
Why? We do not know. Ganymede was a Trojan lad whose beauty
was so pleasing to Zeus (Jupiter’s Greek counterpart) that he sent
an eagle to bring the boy to Mount Olympus, where he became
Zeus’ cupbearer. Homer called Ganymede the most beautiful of
mortal men. This brief review illustrates the internationally ac-
ceptable tradition of naming the satellites of a planet for associ-
ated mythological characters.

Even in small telescopes Jupiter appears as a banded disk; the
four bright accompanying satellites look like small stars in orbit
about it, revolving parallel to the bands. Careful inspection re-
veals distinct clouds that appear on the western edge of the disk
and move eastward; they indicate that the planet rotates rap-
idly, completing one full rotation in less than ten hours (plate
la). Jupiter’s easy visibility has made it a favorite target of as-
tronomers and amateur observers over the years.

Changes in color and texture of the bands led early observers
to suspect that these were a changing cloudscape overlying the
planet’s surface. Their desire to know more about the planet’s
surface caused them to pay special attention to the appearance
of darker areas, which they thought were breaks in the brighter
clouds. Their efforts proved futile, and by the time spacecraft
exploration began, astronomers were convinced that the outer
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regions of this planet contained layer on layer of frigid clouds
and that a solid earthlike surface did not exist.

Although Jupiter is 318 times more massive than the earth, its
average density is less than one-fourth the earth’s. Such low
average density means that the amount of dense rocky and me-
tallic material that can be present within the planet’s cloud-
shrouded interior is severely limited and that, like the sun, Jupi-
ter must be composed mainly of hydrogen and helium. Because
this planet is so unlike earth, it presents a major challenge to
investigators.

Within the twenty years before the arrival of Galileo, the Na-
tional Aeronautical and Space Agency (NASA) has sent Pioneer
and Voyager spacecraft to Jupiter for closeup views of it and its
moons. In all four of these flybys much of the data collected
concerned only the outer few hundred kilometers of the 71,500-
km radius (equivalent to 11.3 earth radii). Even though the
clouds have frustrated efforts of investigators to probe deeper,
the knowledge gained from these missions indicates that the
gaseous atmosphere must extend for tens of thousands of kilome-
ters below the visible cloud layer. The dense core is buried so
deeply below this huge obscuring atmosphere that it is impossi-
ble to reach. Investigators are forced to resort to indirect meth-
ods to learn more about the planet’s interior.

Jupiter has had an important historical role in the astronomi-
cal developments that paved the way to modern investigations.

Modern Astronomy

As early as the mid-1500s astronomers were questioning the con-
cept of an Earth-centered universe, and much current knowledge
is rooted in the work of the seventeenth-century astronomers
Kepler, Newton, Galileo, and others.

In the year of his death Nicolaus Copernicus (1473-1543) pub-
lished his final scientific contribution, De Revolutionibus Or-
bium Caelestium (On the Revolutions of the Celestial Spheres).
This work stimulated a series of scientific accomplishments that
led to an understanding of gravitational forces and eventually to
planetary exploration. Unlike his contemporaries, who accepted
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the Earth-centered Ptolemaic model, Copernicus placed the sun
at the center of the solar system. His new model stimulated
scholars to question how the sun could dominate the system.
Although Copernicus’s model, which assumed circular orbits,
had cbvious deficiencies, it predicted the positions of planets
more accurately than previous models.

Twenty years later in Denmark Tycho Brahe (1546-1601), a
sixteen-year-old novice playing hooky from academic pursuits,
observed a predicted alignment of Jupiter and Saturn. He care-
fully recorded August 18 as the date when the minimum dis-
tance between the planets occurred. He was surprised to learn
not only that the prediction based on the old Ptolemaic model
was in error by a month but that the predictions of the Coperni-
can model were also off by several days.

Intrigued by the failure of both these models, Brahe under-
took to learn more, and in the process became a first-class as-
tronomer. When he secured title to the Danish Isle of Ven, he
constructed an observatory at Uraniborg and made frequent po-
sitional measurements of the planets. Because telescopes had
not yet been developed, Brahe used sextants and quadrants simi-
lar to those used at the time for ocean navigation. He observed
the planets and stars as points of light and determined the time
that a selected object crossed his meridian.

Tycho’s efforts were interrupted by the death of his benefac-
tor, King Frederick 1I, in 1588. Shortly thereafter Brahe was
forced to leave Ven. In 1599 Brahe moved to Prague, where he
acquired a German assistant, Johannes Kepler, a mathematician
twenty-five years younger than he. Before Brahe died in 1601, he
named Kepler as his successor. Kepler, who was familiar with
Brahe’s data, began a concentrated effort to fit the paths of the
planets with a self-consistent model. Kepler’s persistence and
faith in the accuracy of Tycho's observations led to a major
breakthrough. The mathematical relationships he developed
form the basis that modern-day engineers use to calculate well
in advance the path that space probes will follow through the
solar system.

Kepler’s major contribution was to show that the planets or-
bit the sun in elliptical paths at predictable velocities. Using the
size of the earth’s orbit and the length of the earth’s year as units
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of distance and time, Kepler derived a relationship between the
period of revolution of the planet and its average distance from
the sun. He assumed that the relationship was the same for all
planets, and deduced the size of the orbits relative to the size of
the orbit of the earth. He also showed that when a planet is close
to the sun it speeds up and when it moves away from the sun it
slows down, thus providing a clue to the nature of the attracting
force. With Kepler's simple model, future locations of the plan-
ets could be predicted with much greater accuracy than ever
before. No one had obtained any information about the actual
distance between any of the planets, however, and despite the
advances made by Brahe and himself, Kepler still had no idea of
the immensity of the solar system.

One hundred years after Copernicus had been a student in
Padua, another resident of the city, Galileo Galilei, studied Jupi-
ter and its moons with a telescope. He observed Jupiter as a disk
on January 7, 1610. Galileo’s telescope was constructed with
small, simple lenses made of poor quality glass. He was neverthe-
less able to see Jupiter’s four largest satellites. The small starlike
objects revolved around Jupiter in the equatorial plane at dis-
tances 6 to 26 times the planet’s radius. Because the periods of
revolution ranged from 1.8 to 16.7 days, the shifting positions of
the small objects relative to each other and to the center of the
visible disk of the planet made it readily apparent that this was
a system where small bodies orbited around a larger body. Gali-
leo seized this as significant evidence for justifying the Coperni-
can heliocentric model of the solar system and published his
discovery in a small book entitled Nuncius Sidereus (The Starry
Messenger).

Isaac Newton (1642—-1727), born thirty-two years after Gali-
leo’sdiscovery,attended Cambridge University and became famil-
iar with Kepler's work. As a youth Newton became fascinated
with predicting the motions of interacting moving objects. As his
work progressed, he became convinced that all changes of speed
and direction of any moving body were the result of the action of
forces. In the case of the planets, he assumed that the motion was
due to an attractive force between the sun and each of the planets
and attempted to derive the nature of such a force. He found that
if he postulated that the force (now called gravity) increased as



12 A Historical Review

the product of the masses of the bodies and decreased as the
square of the distance between them, he could explain in detail
the relationships that Kepler had derived from Brahe’s data. In
fact, he showed that Kepler’s proportionality constant in his rela-
ticn between period and orbit size actually contained informa-
tion about the masses of the two attracting bodies.

A general philosophy for explaining natural phenomena was
developing at the same time that Newton was formulating the
theory of gravitation. A search for cause and effect became the
acceptable mode for understanding physical processes. One
thing this led to, among others, was an understanding of mass
and acceleration within the context of simple everyday tasks.
Based on these insights, investigators realized that until some
distance separating the planets could be measured directly, no
one could determine the mass or velocity of any body within the
solar system.

Giovanni Domenico Cassini (1625-1712) was aware of this
when he became superintendent of the Observatory of Paris in
1671. He decided to attempt to measure the distance between
Mars and Earth. When Earth, in its orbit around the sun,
catches up and passes a planet, the alignment is called opposi-
tion and the planet appears on the observer’s meridian at mid-
night. At that time Earth is between the planet and the sun, and
the distance between it and the planet is at its minimum.
Cassini realized that during the coming Martian opposition
Mars’ elliptical orbit would also place it at a minimum distance
from the sun and bring about an exceptionally close approach of
Earth to Mars. Because the shapes and relative sizes of the two
orbits were known from Kepler’s and Newton's work, Cassini
argued that measuring the distance between the two planets
would enable astronomers to determine the scale of the solar
system and thus the actual dimensions within it. He realized
that if two individuals located at widely separated latitudes on
earth could carefully measure the north-south displacement of
the apparent location of Mars relative to nearby stars at mid-
night, the observations could be combined to determine the ap-
parent shift of the planet among the stars. Then the distance
between Earth and Mars could be determined by triangulation.

With this in mind, in 1671 Cassini arranged for John Richer to
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go to Cayenne, an island at 5° north latitude off the northern
coast of South America. Richer’s observations were combined
with those of Cassini and others at the Observatory of Paris to
calculate the distance between Earth and Mars, and from that,
to determine the scale of the solar system. Although the measure-
ments had limited accuracy, this was the first time the average
distance between the earth and the sun (the Astronomical Unit)
had been determined. It was revealed as more than 20,000 times
the earth’s radius.

The dimensions of the solar system had thus been determined
by 1666, and it was possible to convert the angular measure-
ments within the jovian system to actual distances. A reasonable
value of the mass of Jupiter could also be obtained from the
motion of the Galilean satellites around the planet. Measure-
ments of this sort, based on Newton’s formulation of Kepler’s
laws, indicated that the mass of Jupiter was more than 300
times the mass of the earth and that in comparison to Jupiter the
masses of the satellites were very small.

These facts were interesting, but once the distance to Jupiter
was known, an even more perplexing property of the planet was
revealed—its density. When the apparent angular size of the
disk of Jupiter was converted to a linear diameter and the total
volume of the planet calculated, the resulting volume was more
than a thousand times the volume of the earth and the average
density was about one-fourth that of the earth. Logically, the
more massive planet should be more compressed than the earth.
Our forebears therefore entered the era of modern telescopic
observations aware that our giant neighbor could not have the
same internal constitution or composition as the earth but must
instead be composed of low-density material. By the end of the
seventeenth century astronomers had obtained baffling clues
about the composition of the solar system and knew that Jupiter
was not similar to the earth.

Planetary Astronomy

In the seventeenth century the manufacture of lenses was primi-
tive and the resolution that astronomers could achieve with
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their instruments was poor. But in the eighteenth century Wil-
liam Herschel (1738-1822), who discovered Uranus in 1781, be-
gan to construct larger telescopes with mirrors in place of lenses
and to use these telescopes to observe faint objects. As telescope
makers became more proficient at grinding mirrors, construc-
tion became cheaper and amateur astronomers could afford to
buy reflecting telescopes with mirrors that had diameters of 8 to
12 inches.

This diameter seems small by modern standards, but it is
adequate for observing details in the cloud deck of Jupiter. Ir-
regular heating and mixing of the earth’s atmosphere create
eddies that randomly deflect incoming light, creating a rapid
jiggling of the various parts of the visible disk. This effect, called
seeing, causes stars to “twinkle” and generates an overall smear-
ing of planetary images. Because Jupiter is a bright object and
the distorting cells in the earth’s atmosphere are usually about
10 inches in diameter, telescopes with larger apertures do not
yield greater spatial detail for visual observations.

As the quality of telescopes increased, a growing interest in
stellar astronomy and faint objects led many professional as-
tronomers to ignore the planets. As a result, during the late
1800s and early 1900s much of the information concerning sea-
sonal changes in Jupiter’s clouds was recorded by amateur
astronomers.

During the mid-1900s planetary astronomers consolidated
their ideas and carefully considered what they did know about
the solar system. A more complete understanding of the nature of
the earth and access to improved experimental tools led them to
concentrate on gleaning as much as possible from the sketchy
information that was available about the nature of the other plan-
ets. The knowledge that detailed measurements of the positions
of the satellites could reveal how the mass was distributed within
the planet encouraged investigators to believe that they could
learn more about Jupiter. A growing awareness of how cold this
remote pianet must be and the fact that a spectrograph could be
used to obtain information about its chemical composition led to
systematic efforts to determine the nature of the atmosphere. By
1950 Gerard Kuiper and his students at the University of Arizona
had determined the abundance of ammonia and methane in Jupi-
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ter’s freeze-dried environment. Seymour Hess at Florida State
University had considered the general atmospheric circulation
and compared these extreme conditions to those found on earth.
In 1958 Bertrand Peek, the director of the Jupiter Section of the
British Astronomical Association, published an observer’s hand-
book that catalogued the variable aspects of the atmosphere.
Thus the understanding of the planet had progressed to the point
that investigators were more than ready for a closeup view.

Robotic Spacecraft

By 1950 progress in the field of rocketry and technology in gen-
eral led to a renewed interest in planetary observations. The
possibility of obtaining high-resolution data with robotic space-
craft and of eventually sending manned missions and colonizing
other planets led to increased interest in and rapid expansion of
knowledge of the solar system.

During the 1950s both the Soviet Union and the United
States worked to develop earth-orbiting spacecraft, and the
launch of Sputnik I (Russian for satellite) on October 4, 1957,
marked the beginning of the space age. Explorations of Earth,
Mars, and Venus and of the moon were forerunners of missions
to the outer solar system. As plans were formulated to explore
the outer solar system, Jupiter was the prime target. Two pairs
of spacecraft, Pioneer 10 and 11 and Voyager 1 and 2, have now
flown by Jupiter, and an orbiting craft, Galileo, is in orbit about
the planet. We will discuss the Pioneer and Voyager missions
here and use the interpretations of the data acquired by them
throughout the book. In chapter 17 we will review the state of
the Galileo Mission.

Pioneer and Voyager represent two different types of space-
craft. Pioneer, as its name implies, is designed to make prelimi-
nary explorations. This type of spacecraft is stabilized against
tumbling in space by spinning about its own axis. The instru-
ments rotate with the spacecraft and scan the planet as the craft
passes it; thus the types of observations that are possible are
limited. The Mariner-type Voyager spacecraft is more complex.
Its stabilizing system is equipped with three detectors: one
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points toward the sun, a second to the planet of interest, and the
third locks onto a preselected bright star about 90° away from
both sun and planet. Once the sensors find their targets, the ship
moves through space without rotating. This stability allows for
more complex instruments, all of which share a steerable plat-
form and point to the same spot to obtain timed exposures. The
Voyager spacecraft costs more, so the two Pioneer craft were
sent to Jupiter first. When the Voyager Mission followed, it took
advantage of information obtained by the Pioneer.

Pioneer 10 and 11

The Pioneer Mission to Jupiter was officially approved at NASA
headquarters in February 1969 and was undertaken by the Ames
Research Center at Moffett Field, California. The initial goal of
the mission was to fly two spacecraft by Jupiter. As the mission
progressed, however, it became apparent that Saturn could also
be visited, and planning for the mission was extended to encom-
pass this possibility.

Pioneer 10 was launched on March 2, 1972, by an Atlas-
Centaur launch vehicle, and Pioneer 11 followed on April 5,
1973. These spacecraft flew through space with their large dish
antenna pointed back toward Earth, spinning at a rate of about
five revolutions per minute. The instruments, sweeping across
target areas, could be commanded to systematically step perpen-
dicular to the direction of spin, thereby mapping the planet. But
the instruments could not stay in one place for a time exposure
of any region because they were constrained to a fixed rate of
rotation. For this reason no camera was placed on board either
Pioneer 10 or 11. Instead the images were obtained with a scan-
ning photometer, an instrument that consisted of a single light-
sensitive cell that could be stepped perpendicular to the direc-
tion in which the spacecraft was spinning. In this way an image
could be scanned line by line. Because the scanning port had to
be large enough to allow sufficient light to be collected in the
scanning mode, the spatial resolution of the images was limited.
It took a long time to acquire each image, and only 23 were
transmitted to the earth by Pioneer 10 in the twenty-four hours
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Figure 1. The Pioneer and Voyager Spacecraft. The Pioneer (right) ro-
tates about an axis through the main communications antenna. The
Voyager (left) locks on to the sun, a star, and a planet and does not
rotate. (Adapted from NASA SP-439 and NASA SP-446)

before its nearest encounter with the planet. Pioneer 11 obtained
17 images during a similar interval. Pioneer images, small in
number and with limitations of resolution, revealed little new
information about atmospheric motions.

Nevertheless, during these 1973 and 1974 encounters new in-
formation concerning the temperature and pressure within the
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atmosphere was obtained from infrared detectors and from the
craft’s radio signal. The signal grew weaker as the spacecraft
flew behind the planet; then it was lost entirely until the space-
craft emerged on the other side. The manner in which the trans-
mitted signal faded was used to determine how the atmosphere
varied with height. The results were consistent with those gath-
ered by the infrared instrument, and as astronomers had sus-
pected, indicated a hydrogen-rich atmosphere similar to that of
the sun.

Voyager 1 and 2

During the 1970s the positions of the outer planets in their orbits
were such that a spacecraft could travel from one to the next,
taking full advantage of gravitational assists to allow cost-
effective visits to all five outer planets: Jupiter, Saturn, Uranus,
Neptune, and Pluto. Such an Outer Planets Grand Tour would
have required several separate craft, with launches in 1976 and
1977 to send ships by Jupiter, Saturn, and Pluto and launches in
1979 to use Jupiter to reach Uranus and Neptune. A scaled-down
version of this project finally emerged in 1972 when the Voyager
Mission, with two Mariner-type spacecraft, was approved. Origi-
nally only Jupiter and Saturn were included in the plans, but
later the Voyager team was allowed to extend the Voyager 2
trajectory to include Uranus and Neptune. Pluto could not be
attained with this limited effort.

In the pre-Shuttle days of 1977 Titan III-E/Centaur assemblies
were used to launch the two Voyager spacecraft. Because Voyager
spacecraft were three-axis stabilized, data could be collected
more easily with a variety of instruments. Areas of investigation
included ultraviolet spectroscopy; infrared spectroscopy and ra-
diometry; imaging science, with two boresighted cameras; and
photopolarimetry. Magnetic field and particle detectors were de-
signed to obtain data concerning the interaction of the solar wind
with Jupiter’s magnetic field and upper atmosphere.

In addition to the advantages of a more sophisticated space-
craft, considerable improvements had been made in the area of
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communication. The Pioneer Mission was able to transmit in the
S-band (with a frequency of 2295 MHz or a wavelength of 13 cm;
see appendix 2), while the Voyager could transmit at that fre-
quency as well as in the X-band (8418 MHz or 3.6 cm), which
allowed a data rate of 115,000 bits per second. This higher trans-
mission rate resulted as much from improvements in the earth-
based Deep Space Network (DSN) facility as in the spacecraft
communication system. As recently as 1965 the Mariner 4 Mis-
sion to Mars had been limited to the crippling rate of 8.33 bits
per second.

The three-axis stabilization accommodated the use of a video
camera with timed exposures and the improved telemetry al-
lowed Voyager to send a high-resolution image home via X-band
every 48 seconds. In early December 1978, four months before
encounter, the Voyager images began to show better spatial reso-
lution than the best earth-based photography, beginning one of
the most successful harvests of spatially resolved astronomical
information ever carried out.

As the Voyager 1 spacecraft approached the planet, good ob-
servations with the other instruments became possible and it
was prime time for all the experiments on board. An exploratory
effort revealed a faint ring about Jupiter’s equator. The small
potato-shaped inner satellite Amalthea came into view as the
spacecraft approached the planet, but due to the arrival time
and the trajectory, high-resolution views of Io, Ganymede, and
Callisto were not obtained until after closest approach to the
planet. Volcanoes on o, giant impact patterns on Callisto, and
evidence of flooding and stress in Ganymede’s crust were evi-
dent. Voyager 1 cameras were unable to scrutinize Europa
closely, however, and that satellite remained an enigma.

On April 24, 1979, six weeks after the Voyager 1 encounter,
Voyager 2 began making observations. This time closest ap-
proach to Callisto and Ganymede, as well as the first high-
resolution view of Europa, occurred before nearest encounter
with the planet on July 9, 1979. This encounter was as successful
as the first. Encouraged by the success of the Voyager-Jupiter
encounters, NASA continued its efforts to carry out the Galileo
Mission to explore the jovian system more completely.
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Jupiter’'s Atmosphere

Through the eyepiece of a telescope Jupiter glows with a pastel
pearl-like luster. Against the night sky, the color differences are
so subtle that many individuals detect little variation, even
when the Great Red Spot is visible. Yet this muted coloration
indicates a balance of composition and physical conditions in
the visible cloud deck which, together with an impressive assem-
blage of winds, holds the key to knowledge of the atmosphere.
Over the past several centuries astronomers have sought to un-
derstand this mystery.

Historical Observations

As early as 1610 observers viewed Jupiter as a luminescent disk
with a diameter slightly less than about one-hundredth of a
degree. When we consider that Jupiter would appear to be about
fifty times smaller than the moon when it is overhead, it is easy
to see that reasonably good optics are needed to study the atmo-
spheric details visible on the face of the planet.

The first patterns that early observers discerned were east-
west parallel bands extending across the planet. These have
been recorded throughout history and are visible in small tele-
scopes. The intensity and color of this banding of Jupiter’s at-
mosphere vary subtly with time and position on the planet. The
colors range from pale yellow and brown to bluish and white,
and when seen through the earth’s unsteady atmosphere, the
changes appear like the play of colors in an opal. This contrasts
with our current mental picture of Jupiter that has been in-
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fluenced by high-resolution Voyager images with much sharper
spatial definition and so strongly color-enhanced to accentuate
the cloud structure that the published colors have little relation
to reality (compare plates 1 and 2).

Early observers were also able to track dominant features
across the planet, noting, for example, that a specific cloud
would cross its face in less than five hours. In 1692, at the Obser-
vatory of Paris, Giovanni Cassini reported that equatorial mark-
ings moved faster than features at higher latitudes. Observa-
tions of this type yielded periods of rotation at low latitudes of 9
hours 50.5 minutes and at mid-latitudes of about 9 hours 55.6
minutes, corresponding to rotation rates of 36.58° and 36.27° per
hour, respectively. This difference in rotation rates causes an
eastward displacement of equatorial cloud systems of about 7.5°
in twenty-four hours relative to clouds located near 20° latitude.
If this relative motion is due to clouds drifting in the local
winds, the implication is that equatorial winds are blowing east-
ward at a speed of about 390 km/h (240 mph) relative to the mid-
latitudes. Such strong eastward motion near the equator of Jupi-
ter is totally unexpected. Although the earth has prevailing
winds, there is no equivalent wind pattern in the equatorial
region when it is viewed from a spacecraft.

The Clouds

As early observers became more aware of weather and climate
here on earth, they began to wonder about the nature of Jupi-
ter’s clouds. They reasoned that because Jupiter is more than
five times farther from the sun than the earth and the area over
which the light spreads is the entire sphere surrounding the sun,
the solar energy per unit area at Jupiter is diluted more than 25
times. Although Jupiter is larger than the earth and presents a
larger absorption cross-section to the sun, it also radiates energy
from its larger surface area, canceling this advantage. If the
absorption of the dilute radiation from the sun and the amount
of energy radiated to space is in equilibrium, the average cloud-
top temperature must be colder than —150°C (Celsius). If the
planet’s atmosphere was anywhere near that cold, early observ-
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ers wondered, what material could form the clouds? Not water:
in such a frigid atmosphere, water could not melt and the clouds
could not change in the ways observed. Chemists who study ice
formation tell us that these low temperatures are so extreme
that all the oxygen should have combined with the plentiful
hydrogen, forming crystals of water ice that would have sunk
well below the visible cloud layer. Chemists predict that the
upper level of the planet’s atmosphere is completely desiccated,
and that the clouds are composed of white ammonia ice crystals,
formed when hydrogen and nitrogen combine.

In an effort to understand the chemical composition of the
clouds, astronomers began to study the reflected spectrum of
the planet. But because it is easier to understand the clouds’
chemistry after considering the global circulation of the atmo-
sphere and the nature of the interior of the planet, we will
delay this discussion until chapters 5 and 6. Here we will re-
view the winds and their interaction with long-lived cloud sys-
tems. In chapter 3 we will look at the Red Spot and similar
cloud systems, and in chapter 4, consider the interior of the
planet. We will close the section on the planet in chapter 7 by
reviewing general models that attempt to explain the winds
and long-lived spots.

Cloud Variability

During the first half of the twentieth century an amateur group,
the British Astronomical Association (BAA), generated a valu-
able data bank. Using visual observations, its members col-
lected measurements of the rotation periods and made drawings
of Jupiter’s cloud structures. Their results were published in the
memoirs and journals of the society, and many of the drawings
are preserved in libraries of the BAA and the Royal Astronomi-
cal Society in London. Along with the publications of the sister
organization in the United States, the Association of Lunar and
Planetary Observers (ALPO), and reports from the Observatory
of Paris, this work formed the historical basis for the photo-
graphic observations that followed.
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At the same time the BAA and sister societies were recording
the variability of Jupiter’s clouds, they were developing a sys-
tem of nomenclature to designate different regions of the atmo-
sphere. They based it on the terminology used for climatic
zones on the earth. The broad band extending about 6° on ei-
ther side of the equator—which tends to be whiter than the
nearby regions-—was named, reasonably, the Equatorial Zone.
This region is bounded on either side by darker regions called
the North and South Equatorial Belts. But the nearest regions
poleward of these belts, which tend to be white, were given the
unlikely names of North and South Tropical Zones. These zones
were bounded on the poleward side by another pair of belts
and more poleward zones dubbed the North and South Temper-
ate Belts and Zones. This set of belts and zones span about 70°
on the planet, extending 35° north and south of the equator. For
our purposes, if we are willing to accept terms such as tropical
and temperate to describe frozen ammonia ice clouds with tem-
peratures lower than —100°C, this nomenclature is fairly unam-
biguous. But at higher latitudes the banding is less distinct and
such terms as North-North Temperate Belt are cumbersome.
Therefore we will not use the BAA nomenclature for higher
latitudes, and instead describe them and the polar regions gen-
erally or designate a specific latitude.

The Photographic Record

By 1890 photographic emulsions on glass plates were in use, and
during the first half of the twentieth century photographic obser-
vations were carried out at Lick Observatory, Mount Wilson Ob-
servatory, and Lowell Observatory. The planetary archive at
Lowell Observatory has copies of much of this early jovian data,
including the Lick Collection. It is somewhat disappointing be-
cause much of the data is recorded on a yellow-to-green—
sensitive emulsion, a range of color within which the cloud deck
of Jupiter has the least contrast. Either blue or red reveals more
detailed cloud structure. Nevertheless, when these collections of
data are compared with more recent records, they reveal long-
term changes.
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Figure 2. Traditional Nomenclature.

In the recent past observational programs at New Mexico
State University Observatory, Lowell Observatory, and Pic du
Midi Observatory in France have concentrated on high-resolu-
tion color sequences of the cloud deck. By selecting color sensi-
tive photographic emulsions and filters that transmitted broad
bands of color, observers could obtain images of Jupiter in near
ultraviolet, blue, green, red, and near infrared light with short
enough exposure times to capture the planet during intervals
when distortion by the earth’s atmosphere was at a minimum.
These techniques made it possible to obtain a permanent photo-
graphic record of large-scale cloud structures in Jupiter’s atmo-
sphere. These systematic observing programs contain hundreds
of thousands of images that were obtained under controlled,
documented conditions. Currently they provide a historical
database for a detailed analysis of motions of cloud systems
that are larger than 2000 km in diameter.

Electronic cameras are now available that utilize charge-
couple devices (CCDs), semiconductor chips with two-dimen-
sional arrays of elements that respond to near-infrared as well as
visible light. These cameras are more sensitive than photo-
graphic emulsions and allow shorter exposures, making use of
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Figure 3. Jupiter over a Span of Twenty-eight Years. From the upper left
to lower right, blue-filtered images show Jupiter’s variable appearance
in 1965, 1968, 1974, 1980, 1986, and 1993. (New Mexico State University)

brief intervals when turbulence in the earth’s atmosphere is
minimal. Such a capacity enhances the investigator’s ability to
obtain higher resolution ground-based observations. In addi-
tion, the Pioneer and Voyager spacecraft have flown by the
planet. Now the total collection of long-term low-resolution im-
ages taken from the earth and the short-term high-resolution
records from the Voyager spacecraft are being augmented with a
long-term series of intermediate-resolution observations with
the Hubble Space Telescope. Capabilities of the space telescope
and the Galileo orbiting spacecraft will be discussed further in
chapter 17.

High-resolution observations like the Voyager data set also
serve to enhance the historical ground-based observations from
which the long-term atmospheric responses can be tracked. An
example is the increased understanding of the nature of the
winds and of the manner in which the winds influence long-
lived storm systems such as the Red Spot.
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Figure 4. Six Color Images Obtained on March 8, 1993. In the upper
row, from left to right, blue, green, and red filters were used. In the
lower row, from left to right, respectively, narrow-band filters are cen-
tered in regions of weakly and strongly absorbing methane and near IR.
(New Mexico State University)

The Global Circulation

Based on their knowledge of the earth’s atmosphere, climatolo-
gists are aware that a thorough understanding of global wind
patterns is fundamental to understanding the energy balance
within any atmosphere. Three fundamental mechanisms can
contribute to generating winds in Jupiter’s atmosphere: the man-
ner in which the sun’s energy is absorbed; the transport of en-
ergy from the lower regions by convective mixing or vertical
upwelling; and the rate at which heat is lost to space. Because
the rate of heat loss is controlled by the ease with which infrared
radiation can pass through the atmosphere, infrared (IR) data is
needed to help meteorologists interpret visual images. Conse-
quently, astronomers have used the Voyager IR instrument and
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new IR detectors at ground-based telescopes to measure Jupi-
ter’s heat loss.

Jupiter is more strongly illuminated at the equator, therefore
the difference in heat absorption from equator to pole should
generate a temperature gradient. At the same time the rapid
rotation of the planet should interfere with the motion of rising
convective bubbles and deflect them into a cylindrical flow
around the planet. A combination of these two effects should
generate a global circulation with characteristic wind patterns.

Early observers of Jupiter’s visible cloud deck obtained mea-
surements of east-west motions of the cloud systems that re-
vealed a complicated variation of the rotation rate with latitude.
When the longitudinal positions of other isolated clouds in the jo-
vian atmosphere were compared to the position of the Red Spot,
it was apparent that characteristic velocities varied substantially
with latitude. Efforts to interpret this complex pattern were ham-
pered by the fact that there was no observable solid surface to pro-
vide a reference for measuring the horizontal winds. Without that
sort of reference, observers could not understand the general cir-
culation of the atmosphere. Astronomers have found a natural
frame of reference in the period of variation in the radio signals, 9
hours 55.5 minutes. These signals are caused by the interaction of
the incoming charged solar particles with the planet’s magnetic
field. This magnetic field should be deeply rooted in the planet;
using it as a frame of reference, the circulation of the atmosphere
relative to the interior can be studied in much the same way as
meteorologists would study the earth’s winds relative to its sur-
face.(See appendix 3 for definition of rotation rate and chapter 14
for a description of the magnetic field.)

Ground-based observers were aware that individual clouds
appeared to be sheared apart both north and south of certain
latitudes, indicating the existence of narrow wind jets at these
latitudes. These jets appeared to occur near the edges of the
belts and zones, outlining the regions of differing reflectivity.
After the longitudinal displacements of all the well-defined
clouds in the northern hemisphere were carefully monitored
over days and weeks, four eastward jets were identified, located
at 6°, 20°, 32°, and 38° planetocentric latitude. (A second system
of latitude, called planetographic, has been traditionally used
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by professional and amateur astronomers, based on the local
vertical direction on an ellipsoidal planet. In this system the jets
would be at 7°, 22.5°, 35°, and 42° latitudes, respectively. For
general clarity, we will use the planetocentric system, which is
analogous to the latitudinal system on earth. See appendix 3 for
conversion between the systems.)

In the southern hemisphere, an eastward jet near —6.5° and a
westward jet at —17.5° were also mapped. However, it was diffi-
cult to detect small rapidly moving clouds between —22° and the
pole. Although the banded aspect of the two hemispheres was
similar, the southern hemisphere contained large well-defined
oval cloud systems such as the Red Spot, centered at —20° and
the White Ovals, at —30°. Their presence reduced the contrast
and masked evidence of any high-speed east-west flow, but their
shape and variations in their motions suggested that the wind
jets should be there. Thus the Voyager imaging team members
planned to collect evidence to solve the problem of the missing
wind jets.

Horizontal Winds

Improved measurements of the horizontal wind speeds were ob-
tained from the Voyager images. Because the planet was rotat-
ing in front of the cameras, the time interval between images
that revealed the same region of the cloud deck was about ten
hours, the period of rotation of the planet. Images could be con-
verted to a time-lapse movie, much like those of cloud develop-
ment in the earth’s atmosphere. Image-processing techniques
could be used to analyze the archived images and determine the
longitude and latitude of every pixel, or data point, on the
planet. Therefore it was possible visually to select a set of dis-
tinct cloud structures in the images and to determine the longi-
tude and latitude of each cloud feature within each image.

If the dimensions of the planet were included, the difference in
longitude of the cloud features in a pair of images separated by a
known interval of time could be used to trace an east-west, or
zonal, wind. In a similar manner, the difference in latitude could
be used to compute the north-south, or meridional, wind. To
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those of us who studied the Voyager images and carried out this
analysis, it was apparent that almost all the cloud motion was in
the east-west direction. Using images that spanned the planet
from pole to pole, my colleagues and I confirmed that these winds
are much stronger than the winds near the earth’s surface. Winds
in the equatorial region of Jupiter blow from west to east with
velocities as fast as 170 m/s (almost 380 mph) relative to the rate
that the core is rotating. The maximum equatorial winds are
found at 6° to 7° north and south of the equator. The speed of the
east wind decreases steadily in the direction of the poles, until at
15° north latitude the clouds are moving westward at speeds of 25
to 70 m/s. North of this latitude the wind speed decreases to zero,
then shifts to an eastward direction, reaching another eastward
maximum of more than 150 m/s near 20° north latitude. These
prevailing zonal winds shear the clouds apart and the strong east-
west smearing yields the banded appearance that is seen with
earth-based telescopes.

During the early analysis of the Voyager data at the Jet Propul-
sion Laboratory my colleagues and I became aware of large
local variations in the cloud motion that indicated a great deal
of turbulence. This turbulence was the result of large cloud
masses expanding and rolling in the winds. If all the clouds were
sheared apart immediately, there would be little variation in the
wind measurements, but this was not the case. When a cloud
system forms as the result of strong vertical convection that
carries a parcel of gas upward in the atmosphere, the parcel
must expand to reach a local pressure balance. This expansion
will result in local cooling and formation of fresh white ammo-
nia ice. Analysis of the Voyager data showed that the convective
structures tend to form cloud systems that rotate in the wind
and translate eastward or westward as a unit until they are torn
apart by the local wind shear. The random motion generated by
this process confuses the situation, and even though vertical and
meridional mixing must play a large role in maintaining the
observed cloud structures, these motions are not easily detected
in this data. Thus the team was left with a map of the variation
of the zonal wind with latitude within a single thin layer of this
giant atmosphere and with some information concerning the
response of isolated cloud systems to that wind field.
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Figure 5. Average East-West Winds Versus Latitude. Positive wind val-
ues imply the clouds are rotating eastward faster than the planet’s core
while negative values represent local westward winds. Differences in
speeds and locations of jets in northern and southern hemispheres are
apparent.

It is important to remember that the Voyager measurements
span only two jovian weeks, and therefore represent a brief snap-
shot in a jovian season. Even so, the degree of north-south asym-
metry in the magnitude of the east and west winds at similar
latitudes is surprising. Jupiter is tilted only 3.2° on its rotational
axis relative to its path around the sun, and its orbit is only
slightly elliptical. With this small latitudinal variation of solar
heating with season, it is not obvious that there should ever be
such large differences in wind speed in the two hemispheres.

To approach this problem, investigators need to understand
how these winds vary with time. My students and I, in collabora-
tion with James Westphal and Ed Danielson from California Insti-
tute of Technology, have derived zonal winds from early Hubble
Space Telescope images and have found no differences between
the Voyager and Hubble measurements. Interestingly, these data
were obtained almost twelve years apart and represent the same
season in consecutive years. This lack of variation in the winds is
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necessary but not sufficient evidence to conclude that the magni-
tude or latitudinal position of the zonal winds does not change. To
evaluate the extent of the wind variation, it will be necessary to
view the planet in all seasons for several years and to use data
from historical ground-based records, the Voyager Mission, the
earth-orbiting Hubble telescope, the Jupiter-orbiting Galileo
spacecraft, and the anticipated flyby of the Cassini spacecraft on
its way to Saturn. Planetary scientists hope that careful analysis
of all this information will allow them to obtain a better under-
standing of how the climate of this gas giant differs from our own.

Although astronomers have obtained no direct information
about how energy is transported from the equatorial to polar
regions or about wind speeds below the clouds, meteorologists
are confident that a careful study of cloud systems such as the
Red Spot will provide clues. These large cloud systems rotate in
the wind, and their existence requires that the conditions be
such that they are not destroyed. In chapter 3 we turn to the
oldest known phenomena in Jupiter’s atmosphere in our search
for clues to understand its dynamics.
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The Red Spot and
Other Cloud Systems

The Great Red Spot is centered at 20.5° south planetocentric (23°
planetographic) latitude and spans about 23,000 km in the east-
west direction and 12,400 km in the north-south direction (the
diameter of the earth is 12,750 km). The spot is bounded on the
south, or poleward, side by a relatively mild eastward wind and
on the northern side by the strongest westward wind on the
planet. These driving winds are deflected around the Red Spot,
and it rotates about its center in approximately seven days, gen-
erating the well-trimmed shape that has fascinated ground-
based observers for decades (see plate 2b).

Early observers speculated that the Red Spot was locally gen-
erated and marked the site of a large obstacle on the buried
surface. The British Astronomical Association (BAA) archives
contain records of times when the Red Spot was visible. The
BAA observers viewed the Red Spot as a whole and were inter-
ested in how it moved relative to other clouds. They recorded its
apparent size and noted when it was on the central meridian of
the planet for many consecutive days each year. They used these
data to determine the period of rotation of the Red Spot about
the axis of rotation of the planet. I have used the BAA data and
my own recent measurements to determine the longitudinal
shift of the Red Spot across the face of the planet (see figure 6).
From this figure it is clear that the spot was moving faster in
1920-1940 than it does now and that it behaves like a free float-
ing body. Consequently it cannot be associated with any fixed
feature on a submerged rigidly rotating surface. The Red Spot
drifts at a nearly constant rate for an interval of time spanning
twenty to forty years; then, in a matter of months, it accelerates
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Figure 6. Longitudinal Drift of the Red Spot within a System Rotating
at a Constant Rate. Note that in 1910-38 the spot was drifting eastward
toward smaller longitudinal values. In the late 1930s the spot slowed
down, and since 1960 it has drifted at a variable rate. (The reference
system has a rotational period of 9"55740.6°.)

or decelerates and settles down to move at another drift rate
until it again undergoes a major change in rate. Whatever the
mechanism that maintains this feature, such a pattern of motion
can only be associated with an atmospheric phenomenon.

These observations do not rule out the possibility that local
superheating deep in the atmosphere originally generated a dis-
turbance that pumped heat into the upper atmosphere, where
the resulting large-scale turbulence evolved into the Red Spot.
At this point observational evidence offers no clue to the origin
of the spot but simply indicates that the visible cloud system
must have sustained itself without interruption over a period of
at least 150 years.

Minor accelerations and decelerations of the Red Spot occur
over time spans of a few days to weeks. If a series of measure-
ments of the longitudinal position of the Red Spot are made in
the weeks following such an acceleration, a plot of the data will
reveal that the spot slows down as if it were suffering a local
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drag. The spot will tend to return to its former drift rate, indicat-
ing that its motion is the result of interaction with the local
winds.

When a terrestrial storm forms around a ground-level low-
pressure area, the air moves toward the center and generates a
central rising column. At the top of the column the material will
expand and cool and an equalizing downward flow will tend to
develop around the perimeter of the weather system. As the top
of this rising column expands, the equatorial side of the high
level cloud will have to travel farther to encircle the earth than
the part of the cloud that is expanding poleward. Unless the
cloud can readily gain energy from its local surroundings, the
equatorial part will be moving more slowly than the poleward
side and the cloud will tend to rotate about its center. In the
southern hemisphere the rotation would be counterclockwise
for a rising system.

This comparison to terrestrial storms hints that the Red Spot
may have formed when an extra large convective cell, or warm
bubble, was carried up from below. If this were the case, how-
ever, the analogy provides no assistance in determining the rates
of flow, the amount of material being transferred, or the depth to
which the feature extends. In addition, the similarity between
the Red Spot and terrestrial cloud systems does not rule out the
possibility that a comet or asteroid may have collided with Jupi-
ter. The energy of the impact would have heated the atmosphere
locally, causing it to expand and interact with the prevailing
winds. If the impact occurred near 20° south latitude, the local
winds could constrain the disturbance and cause it to evolve
into a cloud system like the Red Spot.

A major difference between the Red Spot and terrestrial
weather systems is that the storm centers in our atmosphere are
not constrained by strong east-west winds but can drift north or
south as local conditions vary. These terrestrial storms are
driven by evaporation of water at the earth’s surface and conden-
sation at higher levels in the atmosphere, and are strongly influ-
enced by placement of oceans and continental land masses. In
comparison, the Red Spot exists in a desiccated atmosphere so
cold that all water has condensed out well below the visible
clouds. The spot is not free to drift in a north-south direction, it
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is trapped within the prevailing wind field. Photographs in the
Lowell Observatory collection illustrate that even though the
east-west dimension of the Red Spot has varied by a factor of
two during the twentieth century, its north-south dimension has
remained nearly constant, extending from 15.4° to 25.4° south
latitude.

The recent discovery of the Great Dark Spot in the atmosphere
of Neptune reminds Red Spot analysts of another baffling trait of
the Red Spot. Voyager movies of the Great Dark Spot reveal that
its north-south and east-west dimensions expand and contract,
generating a huge “flopping” structure. The Red Spot behaves in
a much more constrained manner. In the late 1560s Gordon Sol-
berg and Elmer Reese, at New Mexico State University, reported
that the entire Red Spot oscillates back and forth one degree in
longitude over an interval of about ninety days. No process capa-
ble of provoking such a response has yet been identified. Such
baffling behavior is one of many characteristics of Jupiter’s cloud
features that remains unexplained.

Brightness Variations

Reports of pink or red spots in Jupiter’s southern hemisphere
date back to the seventeenth century: a drawing by Cassini,
displayed at the Observatory of Paris, provides evidence that the
Red Spot is more than three hundred years old. But gaps in the
eighteenth-century chronological database make it impossible
to establish that the spot did not dissipate and then re-form
during those intervals. Further, the ability to distinguish the
Red Spot from its surroundings varied greatly, leading to con-
fused reports in the historical records. Some sources state that
the Red Spot was discovered in 1879, at a time when it was
surrounded by white clouds and was very well defined. The ob-
servers’ excitement led to a sharp increase in published material
concerning the nature of the Red Spot, especially during the
decade following 1879. But individual drawings and records pre-
served in the London archives of the Royal Astronomical Society
leave little doubt that from 1830 to 1870 the Red Spot was pres-
ent and looked very much as it did during the Voyager encoun-
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Figure 7. Page From the Observing Log of the Rev. W. P. Dawes on Nov.
27, 1857. In this sketch south is at the top, as seen in the telescope. The
Red Spot is to the left with white clouds following, much the same as

seen in Voyager images. (The Royal Astronomical Society, MS Dawes 3
folio, 154 Verso)



40 Jupiter’s Atmosphere and Interior

ter. The baffling longevity of this feature has led to a great deal
of speculation.

Historically the appearance of the Great Red Spot has varied
between two extremes, from being readily apparent because of
its color and location to being obscured and white. The Red Spot
is most apparent when the adjacent South Equatorial Belt is
highly reflective and apparently homogeneous. At these times
detection of individual clouds in the westward jet that separates
the South Equatorial Belt from the poleward South Tropical
Zone is difficult, and the Red Spot is entirely encircled by the
highly reflective cloud deck. This contrast is greatest when the
spot is observed through a blue filter.

When the South Equatorial Belt is brown and the contrast of
the Red Spot is low in blue light, smaller closed eddies with east-
west dimensions on the order of 5000 km form in the westward jet
at 17.5° S. These eddies move westward relative to the Red Spot
and encircle the entire planet in about three months. As they
approach the Red Spot from the east, they are swept around its
north side. When they arrive at the west end of the spot, the
motion of some of the eddies carries them into the flow around
the poleward side and into the general circulation around the Red
Spot. These eddies carry fresh white ice into the spot, forming a
collar of white clouds that is particularly bright in blue light. In
1968 Elmer Reese and Bradford Smith, working for Clyde Tom-
baugh at New Mexico State University, measured eddies of this
kind on photographic plates and verified the counterclockwise
rotation of the spot.

During times when the Red Spot is obscured, traditionally
called the Red Spot Hollow aspect, the spot will tend to be white
and have the same reflectivity as its surroundings. But even at
these times the northerly deflection toward the equator is visi-
ble as a hollow in the south side of the South Equatorial Belt.
The size of this visible feature indicates that the Red Spot does
not shrink, but only ceases to be an effective absorber of ultravio-
let, violet, and blue light. A comparison of the Pioneer data with
Voyager data indicates that the contrast of the Red Spot relative
to its surroundings is controlled by the level of turbulence in the
westward jet and the rate that the spot is ingesting small white
eddies. The Red Spot was darkest in 1878 to 1882, 1927, 1936 to
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1937, 1961 to February 1966, and November 1968 to July 1975.
In 1989 the South Equatorial Belt became bright for a short
time, but returned again to the aspect photographed by Voyager,
where the belt is brown and active sites generate bright clouds
that expand and sheer apart in the local winds. By late 1992 the
belt had brightened again and the Red Spot was well defined
and quite dark in blue light; but again, on April 9, 1993, a South
Equatorial Belt Disturbance began that led to increased turbu-
lence and a return to the brown, less reflective condition.

The Red Spot Color

The color of the Red Spot is different than that of the equatorial
region, another reddish area. The Red Spot absorbs more of the
blue, violet, and ultraviolet light than most other features. How-
ever, there are small short-lived ovals that occur at similar north-
ern latitudes that share this characteristic. These structures
form in a region where only anticyclonic cloud systems like the
Red Spot would be stable.

Although small oval features in this northern region display a
morphology that is consistent with a rotation where the east-
ward end is rotating toward the equator (clockwise), the orienta-
tion of their main axis always remains tilted in the wind shear
and they fail to grow and develop into great northern red spots.
Disappointingly, they disappear after two to three years. The
imaging system on board the Pioneer spacecrafts recorded a
small oval at this latitude. This spot was bright in red light, and
like the Red Spot, dark in blue light. Ground-based observations
in ultraviolet to near-infrared light verified that the manner in
which this little Pioneer red spot absorbed light was very simi-
lar to that of the Great Red Spot. Although several oval struc-
tures were visible in the zone in the Voyager images, none were
as large as the Pioneer spot, nor did they display the same strong
ultraviolet absorption. This agrees with historical records that
reveal red, brown, and white short-lived oval structures to be
characteristic cloud systems within this northern zone.

The fact that some oval-shaped clouds near 18° north and
south latitude are darker in blue and ultraviolet light than other
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clouds has been interpreted as evidence that they contain a trace
constituent that absorbs blue light, giving them a reddish ap-
pearance. This material could be carried up from the lower at-
mosphere. At this latitude the vertical mixing could extend
deeper, dredging up a particular compound, or the upward mo-
tion could be faster, carrying the compound up to visible heights
before chemical reactions destroy it. The identity of this ab-
sorber is unknown, but my colleagues and I are currently using
the ultraviolet spectrographs on board the Hubble Space Tele-
scope in an effort to identify it.

Similar Storm Systems

In 1939 the South Temperate Belt was abnormally bright and
contained three brown regions that appeared to be breaks in the
encircling band of clouds at 30° south latitude. The intervening
white regions extended for tens of degrees of longitude along the
belt. As the planet rotated, observers recorded the longitudes of
the leading and trailing edges of the darker regions as A-B, C-D,
and E-F. The brighter regions attracted little attention until, in
1948, observers realized that the white regions were evolving
into well-defined cloud systems. The east-west extent of these
three systems continued to decrease and their shapes became
more oval.

In the mid-1950s Elmer Reese submitted his observations of
the ovals to Bertrand Peek, who was director of the Jupiter Sec-
tion of the British Astronomical Association (BAA). At that time
Reese was still labeling the leading and following edges of the
White Ovals as F-A, B—C, and D-E, an artifact from the earlier
notation where the limits of the brown regions were A-B, C-D,
and E-F. When Peek included Reese’s measurements into his
database, he confirmed that the regions that had contracted to
form the ovals had been consistently observed since 1939, when
the first brown breaks in the South Temperate Belt had been
reported. The unlikely names FA, BC, and DE were accepted by
the BAA and are still used.

As the length, or the east-west dimension, of the White Ovals
decreased, the rate of their eastward motion also decreased.
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Even so, they are still drifting eastward relative to the Red Spot.
Therefore each oval catches up and passes to the south of the
Red Spot once in about 2.6 years. Because the velocity of the
individual ovals varies, they drift in longitude and interact with
each other. In 1975 BC approached FA to within 50° of longitude.
When this occurred, the region between them brightened and
remained bright during the 1979 Voyager encounters. Following
this close approach, FA accelerated relative to BC, and by Au-
gust 1986 FA was leading BC by 165° and had approached to
within 60° of DE. By the fall of 1989 DE had drifted to within 17°
of BC, a closer approach distance than ever before; but again BC
accelerated and began pulling away from DE.

Voyager images indicated that the three ovals extended for
about 9000 km in the east-west direction and spanned about
5000 km, from 27.7° to 32.5° latitude. Like the Great Red Spot,
the three ovals rotate about their centers in a counterclockwise
direction, rotating once in about five days. The images also re-
vealed turbulent weather systems similar to the structure west
of the Red Spot. These cloud systems lie to the northwest of the
ovals, and like the clouds west of the Red Spot, rotate in a clock-
wise direction.

Although the current White Ovals formed in 1939, earlier rec-
ords reveal that during the preceding years there were two, not

Figure 8. White Ovals FA and BC. A Voyager 2 view of the ovals, sepa-
rated by 70° longitude, with similar smaller features to the south of the
ovals. (JPL, NASA)
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.hree, similar features at this latitude. With the onset of the
brightening that formed the current three ovals, the eastward
drift rate of the whole latitudinal region increased. Therefore it
was not possible to link either of the former storm centers with
FA, BC, or DE. However, the earlier storm systems provide evi-
dence that these large long-lived systems are characteristic fea-
tures of the southern hemisphere of Jupiter.

internal Motions

Little was known about the circulation within the Red Spot and
White Ovals until Voyager 1 approached Jupiter. The motion of
small eddies around the perimeter of the Red Spot had estab-
lished that it was rotating counterclockwise, suggesting that ma-
terial was rising from the center and expanding outward. In
addition, the placement of the oval weather systems with re-
spect to the belts and zones supported the hypothesis that these
ovals were regions of upwelling. Measurements of variable longi-
tudinal velocities of the Red Spot and of the ovals had estab-
lished that they were atmospheric features that responded to
their surroundings. Various simplified models were thus created
to consider the behavior of closed eddies in a system that in-
cluded shear in the zonal winds; the predicted behavior for the
eddies in the models was then compared with what happens in
the Red Spot and White Ovals.

When high-resolution Voyager images were analyzed, the
counterclockwise circulation of the Red Spot was confirmed,
and that of the White Ovals as well. Rotational winds as high as
100 m/s (almost 200 mph) were measured in the outer portions
of both the ovals and the Red Spot. In the ovals, the magnitude
of the winds decreased steadily toward the center, but the Red
Spot showed a different pattern. There the strong winds were
limited to the outer region, or collar, and the motions in the
interior, redder part of the spot were small and chaotic, showing
small-scale convection, or local mixing. No outward flow was
detected inside either the Red Spot or the White Ovals. Measure-
ment of the White Ovals revealed that they were highly similar
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in size and structure and that, like the Red Spot, all three were
swallowing small eddies that approached them from the east.
Like large healthy eddies generated in controlled laboratory en-
vironments, these great eddies feed on little eddies. Is this how
they maintain themselves? Progress toward solving this prob-
lem is slow because there are no direct measurements of the
physical conditions that exist below the cloud deck and few data
concerning how energy is transported upward above these giant
eddies.

Some information about the conditions above the Red Spot
has been gained from analysis of the infrared data. By selecting
portions of the spectrum where the hydrogen or methane mole-
cules absorb the infrared radiation, it is possible to derive tem-
peratures at various altitudes in the upper atmosphere. Michael
Flasar and other members of the Vovager infrared team at the
Goddard Space Flight Center showed that the gases above the
center of the spot were colder than those above the surrounding
clouds. These results indicate that the center of the Red Spot is
rising to a higher altitude than the surrounding clouds. Because
the pressure is lower, the top of the Red Spot expands and su-
percools. However, much is still not understood.

Dark Clouds

Large brown features are observed near 15° north latitude in the
North Equatorial Belt. At the time of the Voyager encounters
four brown ovals (traditionally called barges by ground-based
observers), were present in the belt. A. Hatzes, D. D. Wenkert, A.
P. Ingersoll, and G. E. Danielson, at the California Institute of
Technology, determined that the largest barge is rotating in a
counterclockwise direction. This motion is consistent with a
cloud system rotating in the local winds. If a large cloud system
in the earth’s northern hemisphere displayed this motion, the
storm center would have a central downflow.

Assuming the same is true in Jupiter’s atmosphere, the charac-
teristic dark-brown color of these systems can be explained as a
deficiency of ammonia ice particles caused by melting as the ices
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descend to lower, warmer regions. The color of reflected light is
determined by the absorption properties of the atmosphere.
There is evidence that a brown haze extends over a wide range of
altitudes. If the highly reflective ammonia ice particles are re-
moved from the upper regions, most of the light will be absorbed
by the haze, forming a dark-brown oval pattern in the surround-
ing clouds. These holes, or barges, are typical of the North Equato-
rial Belt, but no equivalent structure has been observed in the
southern hemisphere. From time to time ground-based data re-
veal similar large brown regions in the North Temperate Belt
located at 24° north latitude.

The area of the largest brown oval is 10 million km? (3.8 mil-
lion mi?). The feature not only moves eastward at a rate of 2.5 m/
s relative to the planet’s core, but its east-west and north-south
dimensions also oscillate in a manner such that when the length
increases, the width tends to decrease. Thus the visible surface
area remains constant as the system drifts eastward. (In con-
trast, the ninety-day oscillatory motion of the Red Spot occurs
in a manner such that the entire cloud system moves as a unit,
oscillating back and forth over one degree of longitude.)

Because the four brown barges did not share a common trans-
lational velocity, their relative positions changed between the
Voyager 1 and 2 encounters. The smallest feature, located east of
the others, moved most slowly and was nearly overtaken by the
nearest trailing brown barge. Historically, the large barges move
faster and overtake smaller ones. When this occurs, the large
spot swallows the small one and continues on its way with
scarcely a burp. This is typically what happens when a large
eddy consumes a small eddy in laboratory studies of turbulence.

At this stage, when investigators consider the asymmetry in
the detailed structure of the horizontal wind pattern in the two
hemispheres, they ask a chicken-or-egg type of question. Did the
presence of the large anticyclonic features in the southern hemi-
sphere modify the local circulation or did the original southern
circulation differ from that in the northern hemisphere in such a
way that it was conducive to the formation of large anticyclonic
storms in the south and large cyclonic systems at lower northern
latitudes? It is also possible that the asymmetry in both winds
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Figure 9. Brown Barge. This Voyager image shows a westward jet located
to the north of the barge along the south side of the North Tropical Zone
(bright). The wind increases eastward to the south of this jet, generating
a strong counterclockwise shear across the belt. (JPL, NASA)

and cloud systems is the result of a more fundamental characteris-
tic of the planet, such as irregularities in the outward flow of the
internal heat source. This last possibility, however, is not based on
firm observational evidence. Although there are longitudinal
variations in the heat flow, no difference in the total heat flow
from the northern and southern hemispheres has been observed.
If the Red Spot and the ovals are due to a large hot spot that is still
in existence, asymmetric heat flow would be expected.

With these phenomena in mind, it is time to turn our atten-
tion to the interior of the planet.
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Jupiter’s Interior

Knowledge of Jupiter's internal structure and its chemical
makeup would greatly enhance the understanding of how the
solar system formed. Although there is no way to make direct
observations of the interior, indirect clues, such as the 400 km/hr
equatorial winds, can provide connections between the planet’s
interior and its visible cloud layers. These winds cannot be ex-
plained by scale models of the atmosphere of the earth, where
winds are caused by uneven solar heating of the atmosphere and
crust. If Jupiter were like the earth, sunlight would be deposited
in the outer layers and the resulting equatorial winds would be
pleasant breezes.

New insight was provided in the 1960s when detectors re-
vealed that Jupiter was brighter in the infrared than had been
expected. The energy flowing out of the top of the atmosphere
was more than one and a half times the amount Jupiter was
receiving from the sun. The excess energy had to originate at
deeper layers, perhaps even at the planet’s core. At last a possi-
ble driving mechanism for the winds had been found, but fur-
ther knowledge of the interior was needed to understand how
winds could be generated by this outward transfer of heat.

As is usually the case, finding a partial answer to a problem
creates a new question. What is the source of this non-solar
energy? The question is interesting in itself, suggesting as it does
that by providing its own energy source, Jupiter has some stellar
traits. But both question and answer are also part of a set of
interlocking pieces of information that can teach us about the
unfathomable depths of the planet.

If investigators knew the temperature, pressure, and composi-
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tion of the interior of the planet, they could compute how much
energy would be generated and convince themselves that they
understood the planet’s interior. Because this is not possible,
they must follow another approach. They could try to guess how
these quantities vary with depth and then make predictions con-
cerning how much heat their model would lose and whether it
would generate the winds that are observed.

Of course, guessing the details of Jupiter’s interior from core
to clouds would be a frustrating game. A more direct approach
can be taken. Careful consideration of all the available observa-
tions can be used to understand Jupiter’s interior. In this chapter
we will consider ways to use these constraining observations to
deduce conditions beneath the obscuring cloud layer. The atmo-
spheric “outer boundary,” where winds may lead to knowledge
about the deeper regions, has already been discussed. But there
are other constraints as well, including emission of infrared en-
ergy and the structure of the external magnetic field which, as it
does for the sun and earth, depends on internal processes. In
addition, the degree of flattening of this rapidly rotating giant
and the “shape” of its gravitational field can tell us something
about how the matter is distributed.

Before scientists can consider these constraints, they must
consider how to describe the structure of the interior. Their ap-
proach is to develop a computer program that formulates a nu-
merical model that starts at the atmosphere and ends at the
core. This is achieved by considering the planet as a set of layers,
nested like an onion. At each depth within the planet the tem-
perature, pressure (force per unit area), density (mass per unit
volume), composition (ratio of elements and the state in which
they are found), and anything else that may help to characterize
the nature of the material must be specified.

Observations over the past several decades have provided a
wealth of data, both space and ground based, and the speed and
storage capacity of computers have progressed at a rate that has
impressively outrun inflationary costs, allowing the develop-
ment of more complex numerical models. As a result, planetary
scientists now know a small amount about Jupiter’s inner do-
main. Like the sun, it is composed mostly of hydrogen and he-
lium, and in contrast to the earth, its gaseous region extends deep
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within the planet. The central temperature is about 20,000°K
compared with 7000°K for the earth and 15,000,000°K for the sun.
These results derived from the computer-based studies, along
with the run of accumulated mass with depth, provide modelers
with a framework for specifying the physical conditions within a
giant planet and set the stage for understanding the origin of the
outer planets. We will consider these points in this chapter and
follow with more detail about techniques and a discussion of the
insight we have gained through the use of numerical models.

Planetary Formation

Even though a detailed understanding of how heat is generated
and transferred to the atmosphere may solve some of the puzzles
associated with the jovian winds, there is a larger question to be
explored. If scientists understand the interior structure of this
planet, they may be able to choose between different scenarios
of how the solar system formed.

One possible mode of formation is a straightforward collapse
of the solar nebula from a cloud containing essentially solar
abundances of all components. If Jupiter formed in this way
from material that had the same chemical composition as the
sun, then a dense central core would bave formed as the heavy
elements settled to the center. For a planet of Jupiter’'s mass (318
earth masses), this core would contain 1 to 1.5 earth masses.

Another scenario for formation of the planets involves two
stages of formation. In the first stage, small rocky bodies and icy
chunks, composed mainly of water and ammonia ices, coalesce
to form an inner core, or protoplanet. In the second stage, the
growing protoplanet introduces gravitational instabilities in the
surrounding solar nebula that cause a collapse of the local re-
gion and the formation of a large hydrogen-helium rich enve-
lope. This scenario would lead to a planet with a dense core of
unknown mass that could be larger than that formed from direct
condensation of the solar nebula.

Various models of Jupiter that incorporate both these ideas
have been considered. These models yield differing predictions
for the mass distributions within the interior. If scientists are to
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choose from among the models and determine the correct chain
of events for the formation of the solar system, they need to
devise ways to determine the distribution of Jupiter’s internal
mass. Unlike the earth, where field scientists can install a world-
wide set of seismic stations and study the manner in which
shocks from earthquakes are transmitted through the interior,
investigators of Jupiter’s interior are limited to remote sensing
from a passing or orbiting spacecraft.

The Gravitational Field

Geophysicists have used spacecraft in near Earth orbit to deter-
mine the manner in which mass is distributed below the earth’s
surface. This is possible because the gravitational force that any
unit of mass can exert on a spacecraft depends on both the mass
and the distance from the spacecraft. Thus if a dense meteorite
were imbedded in the earth’s crust, the spacecraft would feel an
increased force as it passed over the site. It follows, in general,
that analysis of the motions of natural satellites or man-made
spacecraft can be used to study the shape and strength of the
gravitational field of any planet. The spacecraft must pass close
to the planet if this is to be accomplished because at large dis-
tances it will sense a gravitational field that appears identical to
that generated by a concentrated spherical mass. As a spacecraft
approaches Jupiter, an oblate planet, it will feel an extra force
tugging it toward the equatorial bulge. As it skims above the
clouds, it will also respond to any localized mass concentra-
tions. The total effect of these forces will control the motion of
natural satellites or of a spacecraft.

When the motions of the Galilean satellites are used to derive
the gravitational field of Jupiter, the field is found to be in close
agreement with that predicted by a rotating model with a dense
rocky core containing 10 to 20 earth masses. This analysis sug-
gests that if Jupiter formed from a single collapse of a gas cloud
of solar composition, then to have a core of this size, the planet
must have lost at least 90 percent of the original hydrogen and
helium since its formation. Planetary scientists must either pro-
pose conditions within the early stages of formation of the solar



52 Jupiter's Atmosphere and Interior

system that would allow for such a loss or interpret these results
to favor the two-stage scenario of planetary formation, with an
initial coalescence of a dense core followed by a collapse of
enough surrounding gases onto the core to create the outer por-
tions of the planet. Additional clues that would help to distin-
guish between these scenarios may be found when the current
comparison of jovian data with that from the other outer planets
has been completed.

Because the natural satellites of Jupiter revolve in nearly cir-
cular orbits near the equatorial plane at relatively large dis-
tances from the planet, they are not sensitive to mass distribu-
tions near the poles or to north-south asymmetries that could be
present if there were large internal circulation patterns. Disap-
pointingly, the limitations imposed by the flyby trajectories of
Pioneer 10 and 11 and Voyager 1 and 2 spacecraft have added
little to the characterization of the gravitational field. Careful
analysis of the slight changes in the frequency of the signals
transmitted by these spacecraft did not reveal any gravitational
anomalies that would indicate large internal convective cells or
north-south asymmetries in the field. The data sets from Pioneer
and Voyager have been combined to derive refined values of the
degree of polar flattening, but hopes for more sensitive data in
the near future are not high. The Galileo Mission will provide
little additional information concerning the internal mass distri-
bution of Jupiter because its orbit will be near the equatorial
plane and outside the orbit of Io.

Future missions that involve spacecraft in elliptical, inclined
orbits that pass close to Jupiter for extended durations would
provide valuable constraints on the mass distribution within the
planet, but no mission of this type is planned for the near future.
Thus the best hope is to develop more sophisticated computer
models. Let us look at the basic approach in order to understand
the nature of this task.

A Numerical Model

If it looks like a horse, feels like a horse, and smells like a horse,
you can probably ride it in a parade. This illustrates the philoso-
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phy that applies when a computer is used to formulate a numeri-
cal model to represent a real thing. The modelers make a reason-
able assessment of the problem and apply good working rules to
find a self-consistent solution and generate predictions that
agree with the nature of the thing being modeled. A numerical
model of a planetary interior is based on fundamental assump-
tions expressed as equations of constraint. The mass, radius, and
chemical composition characteristic of the planet are intro-
duced into the model and familiar physical laws are applied. An
example of how one of these laws was selected has to do with the
fact that the radius of Jupiter has not appeared to vary over the
last three hundred years. If the modelers assume that Jupiter is
neither shrinking nor expanding, they can incorporate the condi-
tion of hydrostatic equilibrium into the model by requiring that
the inward pressure imposed by the crushing force of gravity
must be balanced by an outward force exerted by the interior’s
resistance to compression. This would seem to be a reasonable
assumption since Jupiter is neither a black hole nor has it blown
away since the solar system formed over four billion years ago.
The outward expansional forces depend on the temperature and
the state of the matter within the planet’s interior. Therefore it is
easy to see that if the modelers can find enough realistic con-
straints and access an efficient computer, they should be able to
construct a numerical model.

A basic preblem in beginning a model is selecting the chemi-
cal composition. Spectroscopic observations reveal that the at-
mosphere of Jupiter is mostly hydrogen and helium, and its low
density suggests that this may be the case for most of the planet.
Even though the compression within a planet 318 times more
massive than the earth must be huge, an average density of less
than one-fourth that of the earth indicates that assuming Jupiter
is composed largely of light elements, hydrogen and helium, is
reasonable.

When equations of constraint and parameters have been de-
fined, a computer program that generates the model can be
written in a manner such that the temperatures and pressures
are adjusted to satisfy all the equations of constraint at all
depths within the model. When this is accomplished, the
model is complete and the values of the unknown variables—
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temperature, pressure, and density as a function of depth
within the planet—can be examined. The model can be tested
by calculating the heat flow through the outer regions and
comparing it to Jupiter’s heat loss. In addition, it is possible to
calculate the magnetic and gravitational fields that the model
generates and see if they are similar to those observed by Pio-
neer and Voyager spacecraft.

The construction of a model can be considered an experimen-
tal process in which the investigator begins simply and gradu-
ally develops more detailed representations of the planet in a
step-by-step manner. If the results are in reasonable agreement
with observations, the modelers may go back to the computer
and vary the conditions within the model slightly to determine
which observable quantities are sensitive to the specific assump-
tions within the model. This will allow them to decide which
aspect of the model to improve.

An area where considerable progress has been made recently
is referred to as “the equation of state.” This equation describes
the relation between temperature, pressure, and density. This
relation is simple for temperatures and pressures where the ma-
terial behaves as a gas, as the pressure of a gas is directly propor-
tional to the product of the temperature and density. But a given
layer within Jupiter’s interior must support all the mass above
it; therefore the compressive forces increase rapidly, reaching
huge values near the center. The modelers must worry about
how to describe the state of the matter and how to handie the
computations or deal with this rapid rate of increase of pressure
with depth.

Rotationai Effects

Up to this point we have ignored the distortions of the planet
due to its rapid rotation and assumed that the gravitational
force is directed toward the center. But telescopic observations
of Jupiter reveal that the equatorial radius of 71,400 km is
about 6 percent larger than the polar radius. This observed
distortion indicates that rotational forces must be considered.
The centrifugal, or distortional, force is directly proportional to



Jupiter’s Interior 55

the velocity of a particle. This force varies from a maximum
value at the equator to zero at the pole because a parcel of gas
in the atmosphere near the equator will rotate about the axis of
rotation at a rate of more than 45,000 k/h, or 28,000 mph (com-
pared to 1670 k/h for the earth), while the rotational velocity of
a particle circling the planet near the pole will be nearly zero.
Centrifugal force tends to throw the material outward, perpen-
dicular to the axis about which any small volume within the
planet is constrained to rotate. This force combines with the
gravitational force in a manner that, combined with the inter-
nal thermal pressure, allows the planet to expand into an ellip-
soidal shape.

Any model of the interior that includes the effect of rotation
must predict a response to the centrifugal force that is similar to
Jupiter’s. Because of the manner with which the centrifugal and
gravitational forces vary throughout the planet, adjustment of
the mass distribution within the planet will cause different dis-
tortions resulting in greater or lesser oblateness. The centrifugal
force increases in proportion to the distance from the axis of
rotation and does not depend on the internal mass distribution.
In comparison, the gravitational force is proportional to the to-
tal mass that is distributed interior to that location within the
planet and decreases radially outward. Therefore, for a planet
with a given mass, volume, and rate of rotation, the more the
mass is concentrated into a small dense core, the smaller will be
the rotational distortion. A good model will have a mass distribu-
tion such that there is enough material far enough from the
center to result in a 6 percent distortion. With this discussion in
mind let us take a brief look at the historical development of this
form of study.

Interior Models

The earliest models of Jupiter’s interior were developed by R.
Wildt, at Yale University, in the late 1930s. This early work,
which utilized simple models and was constrained by limited
computing capability, addressed the problems of determining
the central temperature and pressure of Jupiter. During the
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Figure 10. Effective Gravity on a Rotating Sphere. The centrifugal force
increases from zero at the pole to a maximum at the equator and com-
bines with the gravitational force to create an effective gravity that is
not directed toward the center of the planet. The ratio of gravitational
to centrifugal force is about 10 at the equator and increases to 20 at 60°
latitude.

1960s and 1970s more refined models were produced by Wil-
liamm B. Hubbard, at the University of Arizona, and P. J. E.
Peebles and Roman Smoluchowski, at Princeton. One of the
questions that arose during these investigations concerned the
extent to which the rapid rotation of the planet would tend to
divert heated cells of material that were carrying energy out-
ward into a cylindrical flow, symmetric about the axis of rota-
tion. The significance of this is that if such a flow were to form,
it could generate the observed equatorial winds and the planet’s
banded appearance. In addition, if this motion extended down
into the conductive region, it would generate a dynamo action



Jupiter’s Interior 57

that would produce a magnetic field in a manner similar to that
in the sun.

Unfortunately, detailed modeling that will lead to a general
understanding of Jupiter’s magnetic field is in its infancy; huge
efforts will be required to develop the detailed computational
procedures to represent these interactions. Many of the physical
parameters, such as electrical conductivity of the material in
Jupiter’s core, are so little known that it is difficult to generate a
reliable model. This does not mean that progress will not be
made, only that it will be hard won and slow.

In order to fit Jupiter’s gravitational field, models must incor-
porate a central dense core that is 10 to 20 times more massive
than that of the earth. The remaining mass is hydrogen-helium
rich. The models require a central temperature of 20,000°K
(three times higher than that of the earth) to match the observed
rate of heat loss from the planet and to balance the gravitational
force.

The fact that Jupiter is losing a large amount of heat relative
to its solar supply requires that the planet have a compensating
energy source. One possibility is primordial heat that has not
been lost through the 4.6 billion years of the solar system’s exis-
tence. The initial heating would have resulted from the conver-
sion of the collisional energy to heat as smaller bodies coalesced
to form the planet. Just how much heat was generated depends
on the balance between accretion and rate of cooling to space,
and the maximum temperature reached during the early phases
is not known.

Even though primordial heat seems to be a plausible energy
source, investigators should look for other processes that could
have the same effect. If they assume that the dense core is par-
tially composed of meteoritic material, which seems reasonable,
then a possible heat source could be the decay of naturally occur-
ring unstable isotopes of heavy atoms. The use of laboratory
data and calculations of the expected yield from isotopic decay,
however, predicts a heat loss that is about one-tenth of 1 percent
of Jupiter’s actual heat loss.

There is yet another possible energy source, conversion of
gravitational potential energy to heat. Even slight deviations
from pressure balance would allow contraction of the planet.
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This would release energy through the conversion of gravita-
tional to kinetic energy. If all the energy lost through heat flow is
generated from potential energy released as the planet con-
tracts, the rate of contraction required to compensate for the
current energy loss is only a few centimeters per year. Thus the
decrease of radius that would have occurred over the last three
hundred years could not have been observed by ground-based
astronomers. This result does not rule out primordial heat as a
possible source of the observed infrared heat flow, but it does
indicate that models should be formulated to vary with time or
to evolve. These models must include physical relationships that
provide for transport of energy from the interior to the surface
and compensate for the loss of energy from the interior.

Planetary scientists’ understanding of the energy transport
yields the following model. In Jupiter’s outer atmosphere the
density is so low that little energy can be transferred convec-
tively and direct radiation of heat and light plays a large role in
determining the low cloud temperatures. This cold atmosphere
radiates primarily in the infrared, and the rate of cooling at any
level in the atmosphere is controlled by how transparent the
region is to infrared radiation. These processes dominate down
to a level where the local gas pressure is about 1 bar (a region
with pressures similar to those near the surface of the earth).

Deeper in the envelope that surrounds Jupiter’s interior the
material behaves as a gas, and temperature gradients are rela-
tively large. Convection, or turbulent mixing, transports the
heat efficiently. The more efficient this transport, the easier it is
to formulate a reasonable, simple equation of constraint. The
question of how energy is transported in the deep interior, how-
ever, is not as readily answered. Theoretical studies of the behav-
ior of hydrogen indicate that at the temperatures and pressures
of deeper levels, hydrogen ceases to behave as a gas and convec-
tion is sharply reduced. About a quarter of the way in toward the
center of Jupiter, at pressures of 3 million bars, the degree of
ionization and compression of the hydrogen becomes great
enough that its properties resemble those of a metallic liquid.
Still deeper within the rocky core, conduction processes would
control the rate of cooling.
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Figure 11. Schematic of the Interior of Jupiter. The central shaded re-
gion represents a dense core of 10 to 20 earth masses (pressure = 100
million atmospheres, temperature = 20,000°K). In the region between
the core and 0.78 radii the pressure ranges from 40 to 3 million atmo-
spheres. Convection will dominate in the outer envelope and rising
gases could be deflected into a cylindrical flow by the rapid rotation.

The best models indicate that Jupiter’s central pressure is
about 100 million bars and that the planet has a rocky core,
surrounded by a convective envelope composed mainly of mo-
lecular hydrogen.

Although investigators are not expecting a wealth of new ob-
servational data, there is stiil a great deal that can be done to
improve the general understanding of the structure of Jupiter’s
interior and the manner in which energy is transported into the
outer cloud layers. Laboratory studies and theoretical consider-
ations will improve knowledge of the characteristics of the com-






2. Chapter 5 '

Temperature and Cloud
Structure Versus Height

In chapters 3 and 4 it became apparent that ground-based and
Voyager images reveal very little direct information about the
conditions above or below Jupiter’s visible cloud layer. Fortu-
nately there are other ways to learn more about the upper re-
gions of the atmosphere. The manner in which the light from a
background star or the radio signal from a spacecraft is modu-
lated by the atmosphere as the star or craft disappears behind
the planet and emerges on the other side offers a clue concerning
how quickly the atmosphere thins above the clouds. Careful
analysis of these data yields information about how the tempera-
ture changes with height. In addition, analysis of infrared spec-
tra provide information about the composition and conditions
of this outer region. These two independent ways of probing the
atmosphere give planetary scientists confidence that they have
at least a tenuous knowledge of Jupiter’'s upper atmosphere.

In this chapter we will consider how ground-based astrono-
mers obtained information about atmospheric temperatures
when Jupiter occulted, or passed in front of, stars and how,
armed with that data, they used laboratory information and
numerical models to estimate where clouds of differing composi-
tion would form. We will also consider the results obtained
when the Pioneer and Voyager spacecraft disappeared behind
the planet. In chapter 6 we will consider the results from spectro-
scopic studies.

The way that temperature varies with height in a planetary
atmosphere will influence the pattern of circulation and is, there-
fore, basic information that meteorologists must have to under-
stand the weather. If atmospheric scientists have temperature
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distribution for Jupiter’s atmosphere, they can construct models
that allow them to determine how the solar energy is deposited
in the atmosphere. This understanding lets them compare Jupi-
ter’'s world with that of the earth and other planets.

Atmospheric Probing

Before the Pioneer and Voyager flights astronomers were aware
that if they could measure the light from a star as Jupiter moved
in front of it, these data could be used to determine the degree to
which the starlight was refracted, or deflected, as it passed
through Jupiter’s atmosphere. They knew that the extent of re-
fraction at any height depends on the density, and if they had the
density as a function of height, they could assume that the atmo-
sphere was in pressure balance and derive the pressure and tem-
perature distributions. To do this, they needed to know in ad-
vance when Jupiter’s motion around the sun would carry it in
front of a bright star. When such an event was predicted, several
groups of astronomers traveled to places where this occultation
could be observed. Using local or portable equipment, they at-
tempted to measure the star’s light as it was occulted by Jupiter.
Acquisition of these data was fraught with uncertainties such as
bad weather and unstable sources of power to drive the photome-
ters. Despite such obstacles, however, analysis of the observa-
tions revealed that the temperature of the visible clouds was
about 140°K (—130°C) and that the temperature increased in-
ward and decreased steadily with altitude above the visible
clouds (see appendix 4 for temperature scale). At still higher
altitudes, in a manner similar to that on the earth, the tempera-
tures increased again, forming a warmer layer at the top of the
atmosphere.

Chemical Equilibrium
These observational efforts were complemented by attempts to

develop computer models that would aid in determining the
composition of the cloud deck and the overlying atmosphere.
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Investigators used the observed temperature distribution, ex-
tending the inwardly increasing trend to below the visible cloud
level. They assumed that the atmosphere was in pressure bal-
ance and that all the atoms and molecules in the gas phase were
in thermal equilibrium with each other. Then they set up a
scheme that allowed them to use laboratory data to estimate
which molecules and ices would be present.

Calculations of this kind, carried out by John Lewis and Ron-
ald Prinn, at the Massachusetts Institute of Technology, and by
others, predicted a multilayered cloud system and indicated that
the visible clouds were ammonia ice, forming at a depth in the
atmosphere where the temperature was about 140°K (—-130°C).
Above these clouds the hydrogen-helium atmosphere contained
small amounts of methane and ammonia gas and traces of other
molecules composed of hydrogen, carbon, and nitrogen. Below
the ammonia layer two other regions of condensation were pre-
dicted. At a depth where the pressure is slightly higher than at sea
level in the earth’s atmosphere (1 bar), the models predict that
hydrogen sulfide (H,S) and ammonia (NH;) react to form ammo-
nium hydrosulfide (NH,SH) clouds. Still deeper, at a pressure of
nearly 5 bars, clouds of water ice should form.

These models assumed that the chemical composition of Jupi-
ter was the same as the atmosphere of the sun, and the calcula-
tions included the interaction of sunlight with the clouds and
the overlying gases. Below the cloud deck the atmosphere was
assumed to be actively convective. This was consistent with the
observed variability of the cloud structures.

These earlier studies provided a basis for interpretation of the
visible cloud deck even though their findings did not always
match with or explain ground-based observations. Ammonia,
ammonium hydrosulfide, and water form white ices, for exam-
ple; therefore the models offered little immediate insight into
the nature of the coloration of Jupiter’s clouds. Later spectro-
scopic observations turned up several conflicts with the predic-
tions of the models: hydrogen sulfide was not observed and wa-
ter vapor was much less abundant than predicted. In addition,
observations revealed that phosphine (PH,), carbon monoxide
(CO), and hydrocarbons such as acetylene (C,H,) and ethylene
(C,H,) were more abundant than the models indicated. Neverthe-
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less these models did provide a basis for understanding the local
jovian environment and for designing spacecraft experiments.

Color Variations

When attempting to understand Jupiter’s observed coloration,
it is important to remember that the variation of colors and
reflectivity is due to the interaction of sunlight with the upper
atmosphere and the underlying clouds. A region containing
both molecular and atomic hydrogen, atomic helium, and small
fractions of ammonia and methane with a sprinkling of small
particles, or hazes, lies above the clouds. Each of these constitu-
ents interacts with the solar radiation in an individual manner.
Molecules of hydrogen do not absorb visible light and they inter-
act very weakly with infrared light; however, hydrogen is so
abundant above the cloud deck that it still plays a significant
role in the infrared. Because helium does not absorb visible or
near-infrared light, its presence is also difficult to determine
directly. But laboratory studies indicate that it does collide
with hydrogen, causing hydrogen to absorb a broader band of
infrared colors. This allows spectroscopists to detect helium
indirectly. Less abundant hydrogen-rich molecules such as am-
monia and methane absorb in the infrared, red, and ultraviolet,
creating systematic, identifiable patterns in the spectrum.

In addition to absorbing specific colors of light in the jovian
atmosphere, molecules are strong scatterers of ultraviolet and
blue light, scattering the light out of the line of sight while allow-
ing a greater portion of the long wavelength red light to be
transmitted. If hazes, or aerosols, are present, they will scatter
the light differently than molecules. Small particles may exhibit
strong color dependence, preferentially interacting with bluer
light. These particles do not scatter radiation as symmetrically
as molecules, but tend to scatter strongly forward along the
direction that the incident light is propagating. Aerosols, or
hazes, of these particles may form high in the atmosphere as a
result of photochemical reactions that occur when molecules
interact with ultraviolet light. For example, ammonia is dissoci-
ated when it absorbs an incident ultraviolet photon. This reac-
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tion produces amidogen radicals (NH,), which react with each
other to form hydrazine (N,H,), which condenses in the atmo-
sphere. Condensation of hydrazyl (N,H;) also occurs. Similar
reactions convert methane (CH,) to acetylene (C,H,), ethylene
(C,H,), and more complex hydrocarbons. At Jupiter’s low atmo-
spheric temperatures these complex molecules form solids. The
solid particles will slowly settle; as they sink, they will encoun-
ter other particles, coalesce, and grow, creating an extensive
photochemical smog above the cloud deck. Light reflected from
naturally occurring smogs of this sort tends to be brown and
yellow. Various concentrations of these absorbers and the pres-
ence or absence of white ammonia ices along the line of sight
into an atmosphere will produce a wide range of tawny yellow-
brown shades (see plate la).

By the early 1970s investigators were convinced that they had
a rough idea of the chemistry of Jupiter’s atmosphere. The range
of yellows, oranges, and browns that the clouds displayed could
be loosely explained. However, problems remained with a few
cloud structures at mid-latitudes, such as the Red Spot, where
ultraviolet and violet light is strongly absorbed. As noted in
chapter 3, a larger rate of upwelling or a greater depth of circula-
tion could carry molecules up from below faster than they can
be destroyed locally. If this were the case, then phosphine, sulfur,
and other ultraviolet absorbing molecules become likely candi-
dates for explaining the short wavelength darkening of the Red
Spot. So far, however, none has been shown to be the culprit.

Radio Probing

Before more detailed models could be constructed, atmospheric
scientists needed a better understanding of the temperature as a
function of pressure (or height) and of the detailed structure of
the opaque cloud layers. With this goal in mind, several groups
designed experiments that would fly on board the Pioneer and
Voyager spacecraft.

When a spacecraft disappears behind a planet, the signal from
the craft must pass through the atmosphere on its way back to
earth. As the craft moves behind the planet, the homeward-
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bound signal encounters denser and denser regions in the atmo-
sphere and undergoes more and more refraction. When a signal
enters an interface between regions of different density at an
angle, the extent to which the beam is deflected is proportional to
the difference in the local density. Because the lower layers of an
atmosphere must support the upper layers, the force of gravity
causes the pressure to increase rapidly (exponentially) with
depth. The density of the gas will increase in the same manner;
therefore, as a spacecraft moves behind a planet, the rays that
penetrate to greater and greater depths are increasingly re-
fracted. The result is that the signals follow curved paths through
Jupiter’s atmosphere and the signal from the craft is still detect-
able after the spacecraft has disappeared behind the planet.

The desire to take maximum advantage of this effect contrib-
uted to the trajectories that were selected for the Pioneer and
Voyager flybys. These preplanned paths were such that from the
point of view of the earth-based receivers, each spacecraft would
disappear behind the planet and reappear on the other side. Care-
ful monitoring of the modification of the homebound radio signal
would allow the engineers to measure the refractivity of the gases
as their line of sight moved down through the atmosphere.

This experiment was carried out on all four Pioneer and Voy-
ager spacecraft. But the conditions of the Voyager experiment
were more advantageous because the spacecraft transmitted at
a higher power and at two frequencies, the S-band at a wave-
length of 13 ¢cm, and the X-band at 3.6 cm. The stronger signal
allowed the radio scientists to track the spacecraft to greater
depths in the atmosphere, and the fact that refractivity is differ-
ent at different frequencies gave them a more reliable solution.

During the Voyager 1 occultation, on March 5, 1979, the space-
craft disappeared behind the planet at 12° south latitude and
emerged in the equatorial region. The Voyager 2 occultation
occurred on July 10, 1979, entering at 67° and emerging at 50°
south latitude. This near-grazing path provided information
about the upper atmosphere closer to the poles.

If the chemical composition is known, the extent of the refrac-
tion depends on how the temperature varies with altitude. G. F.
Lindal, from the Jet Propulsion Laboratory, and his co-workers
considered the fact that the density would be proportional to the
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Figure 12. Geometry of the Voyager 1 and Voyager 2 Occultations. The
dotted lines indicate the projection of the spacecraft’s path perpendicu-
lar to the observer’s line of sight. Voyager 1 passed within 6 to 8 jovian
radii (R;) and Voyager 2 from 18 to 20 R;.

local temperature and pressure and also included the atmo-
spheric oblateness due to the rotation of the planet. They as-
sumed that at a given latitude there were no horizontal varia-
tions in the atmosphere and the ratio of hydrogen to helium was
the same as in the sun’s atmosphere, 89 percent hydrogen and 11
percent helium. When these investigators compared the times of
arrival and strength of the signal to what would be predicted for
a solid airless planet of the same size, they were able to deter-
mine the extent to which the radio signal had been refracted.
From this they deduced the density as a function of altitude.
Then, assuming no vertical motion in the atmosphere, they
started at the top of the atmosphere and computed the force per
unit area, or pressure, that the gravitational field would exert on
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Figure 13. Temperature as a Function of Height in the Atmospheres of
Jupiter and Earth. Jupiter’s temperature profile was derived from the
Voyager 1 radio occultation at 12° south latitude. A typical profile for
the earth has been included for comparison.

all the material above a given point. Because this material is a
gas and the local pressure is directly proportional to the product
of the temperature and the density, the investigators could ob-
tain the temperature as a function of altitude in the atmosphere.

This analysis revealed that the temperature decreases with
height from about 150°K (—120°C) near the cloud level to 115°K
(—=160°C) at about 40 km above the clouds. Above 40 km the
temperature increases again. Because the upper layers of the
atmosphere should lose energy to space, it seems logical that the
temperatures below 40 km must be determined by the manner
in which heat from the interior is transported outward through
the atmosphere. But above 40 km, absorption of sunlight at ul-
traviolet, visible, and infrared wavelengths by methane mole-
cules and aerosols, or smog, must cause local heating and deter-
mine the temperature structure. Thus these results allow us to
consider the dual roles of an internal heat source and solar heat-
ing of the upper levels.

2
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Although this cold oxygen-free atmosphere seems alien, condi-
tions within the earth’s atmosphere are comparable. The trans-
parency of the earth’s atmosphere to visible light allows a major
portion of the sunlight to penetrate to the surface, where it is
absorbed and heats the atmosphere from below, creating the tro-
posphere, a region where temperature decreases with height. At
the same time our atmosphere absorbs ultraviolet and infrared
radiation, modifying the temperature at higher altitudes within
the stratosphere. Thus comparison of these data from Jupiter
with those from the earth moves us a little closer to understand-
ing the widely different family of atmospheres within the solar
system.



2', Chapter 6

Spectroscopic Analysis
of the Atmosphere

The science of spectroscopy began in 1814, when Joseph von
Fraunhofer became aware that a series of dark lines were visible
in the spectrum when sunlight was passed through a narrow slit
and dispersed with a prism. Because a spectrum consists of a
series of multicolored overlapping images of the slit, an excess
or deficiency of light at a specific color, or wavelength, results in
a brighter or darker image of the slit or a “bright or dark line” at
that color in the spectrum. Comparison of spectra of known
elements obtained in the laboratory with those of the sun re-
vealed that the cooler layers of the atmosphere of the sun con-
tained neutral and ionized atoms and small molecules of various
elements and that they selectively absorbed and scattered light
with specific wavelengths, or colors, from the radiation that was
flowing out from lower, hotter regions of the solar atmosphere.
By comparing the positions and relative strengths of the lines in
laboratory spectra with those in the solar spectrum, the atoms
and molecules that were absorbing the light as it passed through
the cooler atmospheric regions were identified and the composi-
tion of the solar atmosphere was determined. Spectroscopists
thus became aware that they could obtain information about
the composition of an atmosphere from a remote vantage point.

The sunlight that reaches the top of Jupiter’s atmosphere en-
ters and is transmitted through that atmosphere until it is ab-
sorbed or reflected. Therefore, by obtaining spectra of the sun-
light that Jupiter has reflected and comparing it with a solar
spectrum, spectroscopists can determine precisely which colors
or wavelengths are absorbed by Jupiter’'s upper atmosphere.
The pattern of the absorbed light indicates the composition of
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the planetary atmosphere. As early as 1863 Lewis Rutherford
reported absorption features in the red end of Jupiter’s visible
spectrum at wavelengths of 6190 and 6450 angstroms (the aver-
age human eye is sensitive to wavelengths ranging from deep
violet at 3500 A to red wavelengths at 7500 A; see appendix 2 for
definitions of wavelength and angstrom). These red absorption
features were neither present in the solar spectrum nor readily
identifiable in the laboratory.

The lines in the spectrum of an atom are formed when elec-
trons are stimulated to jump from one allowed energy level to
another. Molecules are composed of two or more atoms that share
electrons, forming atomic bonds between them. Although the
electrons within a molecule can become excited in a manner simi-
lar to those in atoms, molecules have other more efficient absorb-
ing modes. The energy carried by the photons of light can stimu-
late the molecules to rotate about their centers-of-mass and to
vibrate along the axes of their atomic bonds. The energy required
to cause the molecule to vibrate is about ten times greater than
that needed to induce rotation. Therefore, when a given photon of
light has sufficient energy to stimulate the molecular vibration,
photons of slightly bluer light, carrying slightly more energy, will
stimulate both the vibration and a series of associated rotations.
The resulting observable effect is that each molecule absorbs
unique wedges of radiation out of the spectrum and produces a
characteristic pattern at specific colors that can be used to iden-
tify the molecule that is absorbing the sunlight. The molecules
that caused Rutherford’s absorption features were not identified
until 1932, when Rupert Wildt showed that these features and
patterns that had been observed in the infrared were absorptions
due to molecules of ammonia and methane. The identification of
ammonia with three hydrogen atoms and methane with four hy-
drogen atoms strengthened the arguments that Jupiter’s atmo-
sphere was hydrogen rich.

The discovery that ammonia and methane exist in Jupiter’s
atmosphere, combined with the knowledge that these molecules
absorb even more strongly in the infrared, led ground-based
astronomers to develop spectrometers equipped with infrared
sensitive photoelectric detectors, forerunners of the infrared in-
strumentation on board the Voyager spacecraft. For this mission
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Rudolf Hanel and his team at the Goddard Space Flight Center
designed a dual instrument that consisted of a radiometer and a
Michelson interferometer, a type of spectrometer that is de-
scribed in appendix 5. Both instruments were fed by a compact
telescope with a 50-cm (20-in) highly reflective gold-coated pri-
mary mirror. A small secondary mirror, mounted in front of the
primary, focused the light through a hole in the primary, and
mirrors directed the light to the two instruments. The radiome-
ter responded to the visible and infrared light that was reflected
from the planet and was used to determine the magnitude of
Jupiter’s internal heat source and to map local temperature
variations on the planet. Its companion, the interferometer, was
designed to measure the chemical composition and temperature
structure of the atmosphere above the cloud deck.

Heat Loss

As the planet rotated, the infrared telescope scanned swaths
north-to-south across the planet, mapping it in infrared light.
The sunlit side was mapped on the inbound journey, and the
spacecraft was programmed to look back and scan the dark side
of the planet after nearest encounter. When the two data sets
from the radiometer were compared, there was very little differ-
ence in the local cloud temperatures on the daytime and night-
time sides. This is not surprising because Jupiter is cold and far
from the sun. The rate of heat loss is a strong function of tem-
perature (see appendix 6 for a detailed explanation), and during
Jupiter’s five-hour days and nights there is little chance of dras-
tic heating or cooling.

By comparing the intensity of infrared light that was ob-
tained during daylight and dark intervals, Hanel and his team
could separate scattered infrared sunlight from infrared radia-
tion that was emerging from below the clouds. They showed
that Jupiter emitted energy at a rate of 0.0033 W/cm?’. This
means that Jupiter is radiating 1.67 times as much energy as the
atmosphere absorbs from the incoming sunlight or that 0.67/
1.67, or 40 percent, of the total energy that Jupiter loses must
come from its interior.
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Spectrographic Results

The final form of the data from the infrared interferometer is a
spectrum that reveals how observed light varies as a function of
color. Infrared spectroscopists express the color, or related en-
ergy, of light in “wave numbers,” not wavelength as astronomers
have traditionally done for visible light. The wave number is
directly related to the energy of the photons and is the number
of waves over a unit distance; thus, the bluer the light, the
higher the wave number. The Voyager interferometer operated
at wavelengths 7 to 100 times longer that of green light (or 3000
and 200 wave numbers, which corresponds to wavelengths of 3.3
to 50 microns—see appendix 2).

The interferometer was designed so that the aperture spanned
a 0.25° field of view. Although this allowed far better resolution
of individual cloud features than is possible with the largest
ground-based infrared telescopes, the resolution was low when
compared with the narrow-angle camera. The infrared instru-
ment could obtain only four non-overlapping samples within
the field of view of the narrow-angle camera. Because of sensitiv-
ity limitations, the observations with the interferometer were
begun only three weeks before encounter. At closest approach
the most spatial detail was obtained when the field of view of
the spectrograph spanned about one-hundredth of the diameter
of the planet.

Before the arrival of the Voyager spacecraft the infrared sci-
ence team did a detailed study of the anticipated appearance of
a spectrum of Jupiter’'s atmosphere. Using solar abundances of
the elements and the best laboratory data available for the wave-
length and strength of absorption due to the various molecules,
they developed a computer program and predicted the spectrum
within the wavelength range of their instrument. This study
used the temperature versus height relationship that had been
derived from ground-based and Pioneer occultation measure-
ments. When Voyager 1 arrived at the planet, the spectra that
were returned were similar to what had been expected; the team
set to work to analyze the data and determine the chemical
abundance and variation of temperature over the disk.

When using high-resolution spectra to probe to various depths
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Figure 14. The Long Wavelength Infrared Spectrum. Voyager infrared
spectra are compared with a synthetic spectrum generated from a
model atmosphere. Spectral features due to absorption by atmospheric
constituents are identified. (Courtesy R. Hanel and Science, Vol. 204
[1979], 973; copyright 1979 by American Association for the Advance-
ment of Science)
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Figure 15. A Shorter Wavelength Spectrum of the North Equatorial
Belt. This five-micron region can be used to search for water vapor
absorption in the deeper regions from which the radiation is emerging.
(Courtesy R. Hanel and Science, Vol. 204 [1979], 973; copyright 1979 by
American Association for the Advancement of Science)

in the atmosphere, the basic idea is that the viewer is seeing
photons that are emerging from different levels in the atmo-
sphere. These heights vary as a function of color, or wavelength,
depending on how severely the atmosphere absorbs light at a
given color. When the line that is formed by absorption at a given
wavelength is very dark, the absorption is strong. Photons of this
color of light that are emerging from greater depths in the atmo-
sphere have little chance of avoiding absorption and surviving to
emerge from the top of the atmosphere. It follows, then, that the
photons that are emerging at wavelengths that are dark in the
observed spectrum have come from near the top of the atmo-
sphere. On the other hand, those wavelength regions that are
bright in the spectrum have less absorption and photons are
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emerging from deeper in the atmosphere. A careful analysis re-
veals that because the density, or number of absorbers, increases
rapidly (exponentially) with depth in the atmosphere, at a given
wavelength the em<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>