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FOREWORD

Many amateur astronomers have a fascination for the objects of the Solar System.
This is not surprising; some of these objects are bright enough to observe from
urban skies and can look interesting even in small telescopes; also, unlike many
vaster and further-distant objects, the bodies that we share our sun with move
and change in appearance.

A person becomes an amateur ‘planetarian’ because the planets and their
cousins the asteroids, meteors and comets interest that person. By definition,
amateurs receive no pay, neither do they need formal certificates to pursue their
interest. These self-motivated amateur students of the Solar System belong to at
Jeast three categories (often overlapping) and I think that The planet observer’s
handbook offers something for each:

The armchair amateur Many amateur astronomers have no telescopes. They
educate themselves about the history of this field, perhaps through the most
current developments. This book pays due attention to the work that has
gone on before from Galileo’s 30-power telescope to Voyager II, unlike many
amateur and most professional works in this field.

The intelligent observer This amateur probably has a telescope, but he or she
wishes to know what to look at and to understand what is seen. This
observer may well be interested in challenges — finding the rare, the elusive
or the transitory object or event in the heavens. Such targets may include
eclipses, occultations, faint asteroids, comets or satellites, or perhaps simply
something like Jupiter’s Great Red Spot. This book can tell you what to turn
your telescope (or binoculars, or even your eyes) toward.

The amateur planetary scientist This person wants to contribute to the human
knowledge of our Solar System. This is demanding work, but well within
the reach of the well-prepared and dedicated amateur. This book describes a
variety of scientifically-useful observing projects and how to go about them.

This la‘st ff)rm of amateur astronomer is probably the rarest of the three types.
The novice in amateur Solar System research needs to understand that many
:;r)t(uliil;ght people ha.\«'e already bel.en.carefully studying the Solar System for
L s,h ;E\:,centlyd\.arlth very ’sophls.hcated’ apd expensive equipment. They
i casial ¥ l;a not ‘lsco.vered everythmg .there is to be discovered, but it is true
e servation is no longer sufficient for the scientific study of the Solar

ystem, if indeed it ever was. What the scientifically-inclined amateur most

n i isation; i i
deeds IS perseverance and organisation; in particular the ability to follow a
emanding observing schedule.

xi



Foreword

What the amateur has above all is telescope time. What type of telescope is less
important than the dedication to use it effectively. For example, even the
unaided eye is a valuable tool in meteor observing. Binoculars can be used to-
advantage for the brighter asteroids and comets. The next step up, a small
telescope in the 4- to 8-inch range, allows its owner to take part in the great.
majority of the planetary programmes of the Association of Lunar and Planetary :
Observers or the British Astronomical Association. :

Speaking of organizations, the advanced amateur (armchair or observing)
needs to become part of the amateur-astronomer information network. First, our
knowledge of the Solar system is not static; there are always new discoveries to '
be aware of and upcoming events to plan for. Even the best books go out of date.
Thus, in order to keep abreast, a person needs to subscribe to at least one of the
major astronomy magazines, and to belong to an observing-oriented organisa-
tion as well. You can obtain first-hand knowledge about instrumentation by
attending star parties and the meetings of your local astronomy club. Finally,
knowledge must flow both ways; the other purpose of magazines and organisa--
tions is as recipients of your observations. However well they are made, observa-
tions are useless unless communicated to others. ]

If you want to observe, you need some equipment, but don’t get carried away.
This book describes the basic equipment you will need, and this may be all that
you will ever need. If, after serious observing, you find that you have exhausted
the capabilities of your telescope and its accessories, that is the time to move up,
not before. Upgrading may mean a larger telescope, or one of better optical or
mechanical design. Or it may mean joining the electronics revolution that is
sweeping amateur (and professional) astronomy. Many amateurs own and use
photoelectric photometers now. Others are experimenting with telescopic video
recording. Still others are beginning to experiment with digital CCD cameras.
What is exciting about these newer techniques is that they allow the amateur to:
make quantitative observations that are of professional quality, even with mod-
erate-sized telescopes. .

Amateur study of the Solar System is experiencing profound changes. Some
once feared that space-probe observations of the planets would make earth-
based studies obsolete. However, spacecraft really are just another form of
scientific instrument, and every new instrument ends up raising more questions
than it answers. So there is a continued need for ongoing amateur scrutiny of the
Solar System; to discover, for example, lunar transient phenomena, storms in
planetary atmospheres, and new comets, to give a few examples. In addition,
new instruments and techniques allow the dedicated amateur routinely to make
professional-level observations. 1

The planet observer's handbook is also of use to those who are not interested in
spending their leisure time in directed research. There is plenty of room for the
casual or even armchair observer in amateur astronomy. The idea is to do what
one wants to do. Whatever form your interest in our Solar System takes, I thi
this book will help you to pursue it.

John E. Westfa!l:
Executive Director,
Association of Lunar and Planetary Observers

xii

PREFACE

Many books have been written about practical amateur astronomy which cover
the entire field of observational astronomy — the planets, sun and moon, stars,
galaxies, comets and so on. The space allf)cate(.i to planetary observation in 51.1ch
books is thus necessarily limited which is a pity because planetary observation
has a special appeal and fascination unique to itself. The keen planetary observer
deserves something more than a few brief notes about what to look for on each
planet. I believe that there is a need for a book-length work on planetary
observation that goes much further than this. In compiling this book, which is an
attempt to meet this need, I have striven to remedy some of what I perceive to be
deficiencies in the sections devoted to planetary observation in the usual books
on general amateur astronomy.

First, I believe that an intelligent planetary observer should have a good
background knowledge of the relevant observational aspects of each planet (as
opposed to the planet’s internal structure and composition, mass, presence of a
magnetic field, for example). This can, of course, be obtained from the compre-
hensive treatises dealing with these matters but I consider that it is better to have
the relevant information together with the practical observational aspects under
one cover in the observer’s handbook, for convenient study and reference.

Second, as well as detailed descriptions of observing equipment, accessories
and methods of observation, the detailed chronological history of observation of
each planet is given so that the significance of results of the observer’s own
telescopic research can be better appreciated and evaluated.

Third, plentiful illustrative material in the form of planetary drawing by
observers of the past and present, using telescopes large and small, is provided.
This enables the planetary observer not only to gain a good idea of what he can
expect to see when starting out but also to assess the significance and value of his
observations on becoming experienced in planetary work.

The first three chapters briefly review the basics of the Solar System, the
celestial sphere and celestial coordinates, observing equipment and accessories.
In the.la‘tter chapter is described the construction of an easily and cheaply made
tEIGScol_:uc accessory - the apodising or antidiffraction screen — which signifi-
cantly improves the clarity and contrast of planetary images and reduces the

effects of atmospheric turbulence without reducing the working aperture of
the telescope.
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Preface

The effect of local atmospheric conditions on planetary observation and the
assessment and recording of atmospheric ‘seeing’ and transparency at the time
of an observation are described in chapter 4. '

Chapters 5 to 13 inclusive treat each individual planet. The telescopic char-
acteristics of each, visibility, best times for observation and recording of observa.
tions are described. In addition the text gives a detailed history of observation of
each of the planets, the phenomena recorded by the great observers of the past
and the history of discovery where applicable as in the case of the planets
Uranus, Neptune and Pluto. The planetary observer of today will thus b
enabled to put his own observations into better perspective and will thereby b
helped to decide what is worth pursuing and what will be merely repetitive.
addition, each planet chapter is illustrated with many drawings made b
various observers with telescopes of various apertures. The practical planetary
observer will thus gain a good idea of what he may expect to see with his o n
telescope and also to compare what he sees with observations of other observers
of the past and present. The book concludes with a chapter each on planetary
photometry, photography and videography.

Although knowledge of the planets of our Solar System has been grea
increased by close-up photography by space probes and in some cases by cra
actually landing on planetary surfaces as in the case of Mars and our own Moo
this does not mean that Earth-based telescopic observations of the planets
obsolete or futile. It is certainly true that no Earthly telescope, however large, can
hope to compete with the highly detailed views of planetary surfaces and atmo-
spheres that are possible with these space probes. However, planetary resea '
is not entirely a matter of resolving finer and finer detail; the long-term study _'
the major atmosphere phenomena of the planets Jupiter and Mars and th
seasonal and secular changes undergone by the dusky markings on the surfa
of Mars, for example, are obviously not feasible by orbiting spacecraft. In fact,
would be wasteful to do so. It is best to think of Earth-based telescopic obse
tion of the planets and close-up studies from space probes and orbiting craft not
as being in competition but as complementary. The advent of the electron
microscope with its great resolving power and the enormous magnifications
microscopic objects thus made possible did not make the light microsc
obsolete. The two instruments are complementary and each is adapted to
different kinds of microscopic investigation.

If, in writing this book, I succeed in convincing even a few of my readers to
take up planetary observation as a scientifically worthwhile pursuit and
fascinating hobby, then it will have been well worth all the time and effort thatl
have put into it.

Buffalo, NY, USA Fred W. Price, Ph.D:
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RODUCTION

hy observe the planets?

has always been a popular hobby with all kinds of people, especially
‘arrival of the ‘Space Age’. Telescope sales are brisk and books on
7 abound. Astronomy is a hobby that can be enjoyed even if the only
strument that you have is a pair of binoculars or a very small telescope.
re even been written on naked eye astronomy.
. something for everyone in observational astronomy. Some like to
the Sun or Moon, which are especially suitable for those owning
est telescopic equipment. Others prefer ‘deep sky” observing and love
e the depths of space with the largest telescopes that they can afford and
e satisfaction of locating and identifying bright and faint star clusters,

keep track of the brightness changes in variable stars, or plot the paths
ors (‘shooting stars’). Many who are also keen photographers couple
meras to their telescopes and delight in taking portraits of their favourite
bjects.

ho enjoy deep sky observing and the mind-boggling immensities of
ace, planetary observing must seem a little tame. The planets of the Solar
must seem like mere pebbles in their back yards when compared to the
s of the universe beyond the Solar System. So — why observe the
? The simple answer to that question is that planetary observation has a
ion of its own just as stellar astronomy has its own peculiar appeal. There
accounting for taste; we are all different and we must accept this. The
observer who gets a thrill from glimpsing a faint stellar object for the
r repeated unsuccessful attempts is not likely to get as excited over
se markings on the surface of a comparatively close planet — yet
\ly what thrills a planetary observer, who is not likely to feel a
ional or other response to a tiny wisp of faintly luminous nebulous
psed at the eye end of a telescope even if it does have a 30-inch
bject glass or on being told that what is seen is so many millions of
distant.

fascination of the planets of the Solar System is their nearness to
e our closest celestial neighbours. Also, they are worlds more or less
OWn and so there is a feeling of intimacy and kinship. The distances and

1



Why observe the planets?

sizes of these bodies are much easier to grasp and visualise than the unthinkap)
immensities of the universe beyond the Solar System.

Another reason why planetary observation has a special appeal is that you 3
never quite sure about what you are going to see, for the planets exhi
continually changing telescopic spectacle — the cloud belts of Jupiter, the ring
Saturn, the surface markings and atmospheric phenomena of Mars and
phases of Mercury and Venus to name the most prominent examples. '

Observation of the planets is rewarding because there is always somethin
new to see and record that may be added to the continually growing body
planetary knowledge. There is even a chance that a dedicated amateur 1
make a discovery. Stellar observation admittedly gives us a much greater va
and number of different objects to explore such as star clusters, double
galaxies, nebulae and so on, but apart from variable stars, novae and
System comets, the stellar heavens are virtually changeless, year after y
century after century. Deep sky observing can be frustrating too, because of
increasing problem of light pollution in and near urban areas so that enthusi
are continually yearning for bigger and bigger telescopes to collect as m
light, as possible from the remote faint objects that interest them so much
avoid light pollution deep sky observers often put up with the inconvenience g
driving with their telescopes into remote country areas at night in sea
darker skies. Because of this and in spite of the enormous cost of purchase or
time and effort required to build them, reflecting telescopes of up to 30 inche
aperture are not uncommonly found in the observatories of amateur astrong
ical clubs and societies and occasionally found in the hands of private ind
duals. In contrast, excellent views of the planets are obtained with even qui
small telescopes and light pollution poses no serious problems. :

Observing versus sightseeing
Because of the essentially unchanging nature of the stars and galaxies, thereis
one sense nothing new to see except the different appearances of this o
Messier object, say, in telescopes of different apertures under varying conditi
of seeing and light pollution. To say that a given galaxy was barely visible wi
particular telescope and that spiral arms were just glimpsed with a much la
telescope is interesting. However, this is not really observing. It is sight-seel
Telescopic deep sky study thus tends to become a sport (except for supern
searches) perhaps even involving friendly rivalry, rather than being a scien
pursuit. Telescope owners are really only comparing the performances of thel
telescopes with those of others, rather than making genuine observations.

What exactly do I mean by ‘observation’? When something is observed,
much more than merely look at it. We scrutinise it carefully, noting every detal
We ask questions about it. Finally, the observation is not complete until we h
recorded it either by taking notes, drawing it, or both and perhaps ph
graphing it as well. It goes without saying that observation requires pr
patience and perseverance. It is hard work. Some of the best astronomical seé
conditions occur on clear intensely cold winter nights so that observation ca
physically trying; observation under these conditions thus demands §
discipline. This book has been especially written for those prepared to go
and endure the rigours of winter evenings in devoting themselves to plan;

observing.
2

retina. For the forseeable f

Why observe the planets?

No one actually seems to look through the big professional observatory

o os these days; everything is automated, electronic and computerised and
tel_ﬁcf:gto raphic plate and charge-coupled device (CCD) replace the human
the p 6 uture these ‘giant eyes” will be trained almost exclu-
sively on stellar objects. No amateur with even a fairly big back-yard telescope
can hope to compete with the observatory giants in the field of astrophysics and
astrophOtograPhy or in attempts to contribute to Sl'E]](jll' research. But those same
big observatory telescopes which are hardly ever pointed to the planets can be
overtaken by the modest telescopes of backtyard amateur planetary observers
who have considerable potential to contribute to planetary knowledge in

addition to enjoying their fascinating hobby.

For those amateur observers working with modest telescopes who wish to

contribute something to our knowledge of the heavenly bodies, as opposed to

merely enjoying themselves, planetary observation therefore offers the greatest
bpporl'uniﬁes. In addition to the sheer love of doing it, which is the best of all
reasons for following any pursuit, the opportunity to contribute to astronomical
knowledge afforded by planetary observation is my best answer to the question

“Why observe the planets?”
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The Solar System

General

The Solar System consists of a central hot, massive and very large body;, the
which is a star, with numerous smaller bodies circling around it in orbits:
from nearly circular to very eccentric ellipses. The principal members
family of bodies orbiting the Sun are the nine planets of which our Earth
All of them move in approximately circular orbits (actually ellipses whic
only slightly from true circles) around the Sun and all in the same di
which is the same as the direction in which the sun rotates on its axis (fi
The orbits of the planets lie roughly in the same plane as the sun’s equator.
The planets rotate on their own axes in the same direction as the sun’s
only the axis of the planet Uranus having an unusual tilt (see chapter 11).
It is convenient to express the distances of the planets from the sun in f
astronomical units (AU). An astronomical unit is equal to the length of thesemisgg [/ /7 N\ \ |\ ____. Earth
major axis of the Earth’s elliptical orbit around the Sun which is 92.9 AT
miles (149.5 million km). The names of the planets, their distances fro

General

and their astronomical symbols are shown in table 1.1. | ) St )

=~ Venus
Table 1.1. The planets: names, symbols and distances from the sun (AU).
Planet Symbol Mean distance from s
Mercury o} 0.4 *\ Mercury
Venus ? 0.7 Solar System. For simplicity the planetary orbits are shown as circles. In reality they
Earth @ 1.0 liptical.
Mars d 1]
Jupiter 3 5.2
Saturn h 9.5 Pplanet is Jupiter with an equatorial diameter of 88700 miles
Uranus H 19.2 n) and the smallest is Mercury, diameter 3010 miles (4878 km).
Neptune o 30.1 data pertaining to each planet such as diameter, distance from the sun,
Pluto B 395 d and so forth are given individually in the chapters devoted to each

4

comparative sizes of the planets are shown in fig. 1.2.




The Solar System General
orbit of Saturn
Segment of the Sun
orbit of Jupite,
.§\ Orbits of:
2]
& Lo Mars
&
T EIFS Earth
OO 875
Venus
Neptune Uranus
Jupiter Saturn Mercury

Fig. 1.2 Comparative sizes of the sun and planets.
Asteroids

Between the orbits of Mars and Jupiter is a large gap within whichisas
of small bodies varying in size from a few hundred miles in diameter d
large boulders. These are the minor planets (planetoids) also kno
asteroids, because of their star-like appearance in the telescope. Most of
in a main belt with more or less circular orbits at mean distances from the s
2-4 AU but several of them have highly eccentric orbits which carry them
beyond the confines of the main asteroidal belt (fig. 1.3).

The planets fall naturally into two groups of four each:
nent system of rings which have been known since telescopic

tion of the planets began. Jupiter, Uranus and Neptune have much less
ped faint rings that were finally detected and then photographed
the ‘Space Age’ began.

of the Earth’s orbit is called the ecliptic and the orbits of the other
all nearly coplanar with it, the majority being tilted to the ecliptic
a few degrees at most. The planes of the planets’ orbits will therefore
plane of the ecliptic at two points. These are called nodes (fig. 1.4).
where the planet passes from south to north of the ecliptic plane is
ascending node and that where it passes from north to south of the
ane is the descending node. The line joining them is called the line of

(1) The terrestrial planets: Mercury, Venus, Earth and Mars. They are
tively small, have solid surfaces and are all of about the same orc
size. Their chemical compositions are all more or less similar.
they lie within the asteroid belt and are the planets nearest to the sun
are also called the inner planets.

(2) The ‘gas giants’: Jupiter, Saturn, Uranus and Neptune. These are a
larger than the terrestrial planets and do not have solid surfaces.
seen of them in the telescope is the top of a cloud-laden atmo
Because they lie outside the asteroid belt and are the furthest plane
the sun they are (together with Pluto) also called the outer planets
doesn’t seem to fit easily into either the gas giant or terrestrial

category. It is more like an asteroidal body. ld appear that the Solar System family of sun, planets and their satellites

chance assemblage of material bodies but that they all had a common
would seem to be very probable in view of the extreme isolation of
'3911{; the nearest star is about 6000 times as far away as the outer-
et at its mean distance from the sun. Many ideas have been put
account for the origins of the Solar System. One of these is that it was
ondensation from a nebula and another is that it arose from the

7

All of the planets except Mercury and Venus are attended by one or
satellites, most of these revolving around their primaries in the same di
In addition to satellites the four large outer planets are surrounded by co
rings consisting of swarms of countless small bodies ranging in siz
kilometre-sized boulders to microscopic particles revolving aroun
primaries in the plane of the equator. The planet Saturn has the brigh

6



A scale model of the Solar System

. Neptune

Uranus

The Solar System

M:

Ecliptic

Planet’s o
Fig. 1.4 The nodes.

condensation of myriads of small bodies into larger bodies — the pr
accretion. A third theory pictures a close encounter of the sun with an
with or without collision, in which a long filament of material from the s
pulled out by the gravitational pull of the intruding star. This subse
broke up and condensed into the planets. That this filament may have
spindle- or cigar-shaped is suggested by the size variation of the planets
their distances from the sun; those nearest and farthest (Mercury, Pl
smallest whereas those at middle distances are the largest. None of th
other theories that have been put forward to explain the origin of fl
System is completely satisfactory.

In addition to the nine principal planets and the asteroids there are nun
other objects within the domain of the sun. Some of these are huge bot
meteorites — that have fallen to Earth on rare occasions, and some
particles the size of sand grains. Upon entering the Earth’s atmosph
speed they burn up as a result of the frictional energy generated by f
through the Earth’s gaseous envelope and we see them as ‘shooting st
there are the comets, large bodies consisting of rock and ice and circling
most of them in highly eccentric elliptical orbits. On approaching the
comet gives off gases and dust which stream away from it in a directi
from the sun as though blown by a wind originating in the sun and re
in form a feathery tail. The comet looks like a ‘hairy star,” from whence
comet is derived (comes = hair). Perhaps the best known is Halley’s
orbit is shown in fig. 1.5. Some comets have parabolic or hyperbolic orb
are open curves. They approach the sun from the depths of space, rec
and are never seen again.

8

orbit of Halley's Comet.

ndel of the Solar System

ible to represent in a single diagram the relative sizes and distances
other of the sun and planets because the distances are enormously
their sizes. The relative sizes of the sun and planets are shown in
which it will be appreciated that the sun is many times larger and
than all of the planets put together.

ental image of the size-distance proportions of the Solar System,
a globe 2 feet (0.61 m) in diameter to represent the sun. On this
y will'be at an average distance of 83 feet (25.3 m) from it and in
represented by small shot or a good-sized pin head. Venus, repre-
mall pea, will be at a distance of 156 feet (47.6 m) and the Earth will
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be another small pea at about 215 feet (65.6 m). Mars, a little larger than the g}
representing Mercury, will be about 109 yards (99.7 m) from the ball repres
the sun and Jupiter represented by a fairly large orange at a distance of abg
373 yards (341.3 m). A large plum represents Saturn at a distance of about (),
mile (0.61 km). Two cherries at distances of 0.80 mile (1.29 km) and 1.22 M
(1.96 km) represent respectively Uranus and N eptune. Pluto will be a small pg
at an average distance from the sun of slightly more than 1.6 miles (2.6 km).
the same scale, the nearest star would be at a distance of 10000 miles (16 090 kmy

Bode’s Law

The names of J. B. Titius of Wittenberg (1729-96) and J. E. Bode (1747-1826) a
both associated with the formulation of an empirical law that seems to gover
the distances of the planets from the sun. Bode and Titius both found that ¢
mean distances of the planets from the sun are not distributed at random
follow a pattern. They derived a law such that the distance of a planet from the
sun is given by the formula: '

distance = 0.4 + 2" x 0.075

S. W. Orlow stated that if the constant 0.075 is incorporated in this formula
shown, then the exponent n is the planet’s location in order from the suj
corresponding to the distance given by the formula, i.e., Mercury = 1, Venus
etc. If n is given whole number values from 1 to 10, then the values for
expression will give the distances of the planets from the sun in term
astronomical units quite accurately except for Mercury, Neptune and Pluto
table 1.2).
Another frequently quoted and simpler way to derive Bode’s Law is, starti

with zero, to write down the following numbers, each number being double
previous one:

0 3 6 12 24 48 9

Table 1.2. Distances of the planets from the sun.

Planet Distance from sun (AU)
Bode’s Law Actual mean solar distance (AU);

Mercury 0.4 +2' x 0.075=0.55 0.4
Venus 0.4 +2% x 0.075=0.70 0.7
Earth 0.4 +2% x 0.075=1.00 1.0
Mars 0.4+2% x 0.075=1.60 1.5
Asteroids 0.4 +2° x 0.075=2.80 2.8
Jupiter 0.4 +2° x 0.075=5.20 5.2
Saturn 0.4 +27 x 0.075 =10.00 9.5
Uranus 0.4 +2° x 0.075 =19.60 19.2
Neptune 0.4+2” x 0.075=238.8 30.1
Pluto 0.4+2" x 0.075=772 39.1
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ive:
iaenadd 4108 4 7 10 16 28 52 100

by 10 gives a series of figures representing again the planets’

. - 3 h : :
in astronomical units:
i the sun in as
" 04 07 10 16 28 52 100
‘ from the discrepancy in the distances of Mercury in the formulae, the
art .
twgl;re virtually identical.

iti ver been satisfactorily explained. Since the solar
e BOde—TltlulsarE:t‘:i: ?}51; Elw follow a simple mathematical progression, the
distances ot thE_ pht be a coincidence, yet it is hard to believe this. However, the
e Im;%s simpler form, is so easy to remember that it provides a good
f8w ot least n:ising the planets' distances from the sun. .
e have often wondered at the large gap between the orbits of Mars
Astrox}omzrs ause Bode’s Law appeared to indicate that there should be a
a'nd }uplt?r Etmtl*lere at an average distance from the sun of 2.8 AU. After much
Y al-‘ean:le a planetary body was, in fact, found in 1801 at the predicted
seamh W;i:‘;t wals unusually small for a planet. Subsequently a whole host of
dls:?ln lgeodies ‘planetoids’ or ‘asteroids’ as they were called, was fouqd, most of
o urne ’ing around the sun between the orbits of Mars and Jupiter, otl.lers
thel:_n ]ohi hl})(z elliptical orbits so that some of them travel far beyond the orbit of
:laa‘;sm Er agproach the sun more closely ﬂ'lé.ll"f Mercury. T't_\e four largest and] mg::
massive of these planetoids fit the Bode-Titius La.w of distance qutE:‘ clolse y. .
the whole, however, the orbits of the planetoids ter\d. to vary in size an
eccentricity to a considerable extent, their mean solar distances ranging from
1.85 to 5.0 AU. It is thought that the planetoids may be fragments of what was
once a single large planet that broke up for some unknown reason or that never

formed a planet.

Kepler’s Laws of Planetary Motion

Using observational data on planetary motions accumulatgd by Tycho Bra‘he
(1546-1601), Johannes Kepler (1571-1630) attempted to explain .plam.etary motion
accurately which the Ptolemaic and Copernican theories (explained in chapter 2.)
had failed to do with complete success. After many years of unbeheva&ble toil
and many wrong guesses, Kepler formulated three laws of planetary motion:

(1) Every planet moves in an elliptical orbit in which the sun occupies one of
the foci.

(2) The radius vector of each planet (the line joining the centres of the sun
and the planet) sweeps out equal areas in equal times (fig. 1.6).

(3) The cubes of the distances of any two planets from the sun are to each
other as the squares of their orbital revolution periods.

These are therefore known as Kepler’s Laws of Planetary Moti‘on. Since
Planetary orbits are elliptical, the distance of a planet from the sun varies. Wl'.len
closest to the sun it is said to be at perihelion and when farthest it is at aphf.:hon.
From Kepler’s Second Law it follows that a planet’s orbital speed is variable
being fastest at perihelion and slowest at aphelion.

11
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Planet

Planet

Planet

Fig. 1.6 Kepler's Second Law of Planetary Motion. The radius vector (the line joining the cen ¢
of the Sun and planet) sweeps out equal areas in equal times. i

Elements of planetary orbits. Perturbations

A planet’s orbit is completely defined only when certain fundamental quantitie
called elements have been measured. These orbital elements are: :

(1) the mean distance of the planet from the sun;

(2) the orbital eccentricity;

(3) the inclination of the planet’s orbit to the ecliptic plane;
(4) the position of the ascending node; _
(5) theangle between the ascending node and the planet’s perihelion point;
(6) the period of orbital revolution around the sun. '

When these have been accurately determined and the precise orbital position @
the planet is known at some particular time, then the position of the planet ca
be computed at any past or future date insofar as that depends only on the sun’
gravitational influence. This will be slightly modified by the gravitational attrac
tions of the other planets giving rise to slight disturbances in the planetar
orbits. These are called perturbations. They cause slight discrepancies betwee
observed and predicted planetary motions and positions, both short and lon|
term. It was the investigation of perturbations in the motions of the planet
Uranus and Neptune that led to the discoveries of Neptune and Pluto respee
tively. -

Planetary conjunctions, oppositions, phases and transits

Two of the planets, Mercury and Venus, have orbits inside the Earth’s and 8§
they are called inferior planets. The other planets outside the Earth’s orbit af
called superior or exterior planets.

12
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-
-

Fig. 1.7 Phases of an inferior planet.

As seen from Earth, Mercury and Venus appear to swing pendulum-like from
one side of the sun to the other. When viewed in the telescope they exhibit
phases like those of the moon (fig. 1.7) and show considerable variations in
apparent angular diameter during an orbital revolution. These phenomena are
explained in fig. 1.8. When the planet is between the Earth and the sun it is said
to be at inferior conjunction and the dark side of the planet is turned Earthward.
Itis at its nearest to the Earth and has its maximum angular size when seen in the
telescope and appears as a very thin crescent of light. As the planet moves
anticlockwise in the diagram its angular size as seen from Earth decreases, its
apparent angular distance from the sun in the sky increases and the crescent
phase increases in thickness. At greatest western elongation, the planet appears
atits greatest apparent angular distance from the sun and telescopically will be
at the ‘half moon’ phase. It will then appear to draw close to the sun again as it
continues in its orbit and will progressively decrease in apparent angular size
and the phase will be gibbous. At superior conjunction the planet will be on the
OPPosite side of the sun, exhibiting the “full’ phase and least angular size but it
Wlll_ be unobservable because it will be lost in the glare of the sun. After superior
conjunction, the planet moves towards its greatest eastern elongation and then

13
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Superior conjunction

Greatest

Greatest Z western elongation

eastern elongation

Inferior conjunction

Fig. 1.8 Orbits of the Earth and an inferior planet.

to inferior conjunction, going through the reverse cycle of apparent angular s
changes and phases as was seen in going from inferior to superior conjunctio

As the planet moves towards, through and away from its greatest wes
elongation it rises before the sun and appears as a ‘morning star’ in the da
sky. Similarly, as it moves towards, through and away from greatest ea
elongation it will set after the sun and be seen in the sky after sunset as
‘evening star’.

If the orbital planes of the inferior planets were exactly in the same pla
the Earth’s they would be seen passing across the sun’s disc at every in
conjunction. This is called a transit. However, the orbits are inclined at su
angle to the Earth’s that the inferior planets will not cross the sun’s di
inferior conjunctions unless they also happen to be at an orbital node at the
time. The Earth, planet and sun will then be in a straight line. This only happ
very rarely and so solar transits of the inferior planets are very rare. So rare.
transits of Venus that a person may never see one during even a long life
For the same reason an inferior planet will rarely pass behind the sun at super
conjunction.

In the case of a superior planet (fig. 1.9) it will be closest to the Ea
opposition when the Earth is exactly between it and the sun. The planet
show the “full’ phase, will have its largest apparent angular size and will
the meridian at midnight. It is the best orbital position for observing the p
Oppositions of Mars are especially eagerly awaited by planetary observe
will be explained in chapter 7. At solar conjunction a superior planet will be
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Opposition

Eastern

- Western quadrature

quadrature

Conjunction

Fig. 1.9 Orbits of the Earth and a superior planet.

greatest distance from the Earth and will be unobservable as it will be lost in the
sun’s glare. The quadratures are the orbital positions where the lines joining the
centres of the planet and Earth and sun form a right angle. Here the planet will
show its maximum phase effect which will be gibbous, resembling our moon
two or three days after full. As should be evident from fig. 1.9, a superior planet
can never exhibit a crescent, ‘half moon’ or ‘new’ phase, neither can it transit the
sun as seen from the Earth.

The most favourable times for observing the inferior planets are when they are
well away from the sun in the sky and appear as morning or evening ‘stars’
when near to western and eastern elongation respectively. The most favourable
times for observing the superior planets are when they are at and near to
Opposition. They are then at their brightest and exhibit the largest disc angular
size. These times when planets are prominent in the sky and well placed for
observation are called ‘apparitions’.

The sidereal and synodic orbital periods of the planets

The mdgreal period of a planet is the time it takes to make one complete orbital
revolution. It is so called because as seen from the sun, it is the same time that it

15
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would take to move from a specified position against the background of §
fixed stars and to return to it again. :

The synodic period is the time that a superior planet takes to go from
opposition to the next or, in the case of an inferior planet, from one conj
to the next, as seen from the Earth.

The synodic periods are variable owing to the variable speeds of the planets
different parts of their orbits. The synodic periods of the inferior planets
larger than the sidereal periods because by the time the planet returns t
position in its orbit where it was at the previous conjunction, the Earth will
moved on in its own orbit and the inferior planet has to ‘catch up” with the
before the next conjunction can occur (fig. 1.10).

In the case of a superior planet the synodic period is longer than the sidere
period for a similar reason but the Earth has to do the ‘catching up’ this tin
When the Earth returns to the place in its orbit where the last opp
occurred, the outer planet will have moved further on in its orbit and so
Earth will take time to move to the place where the next opposition will oce
(fig. 1.11).

The first superior planet, Mars, covers about one half of its orbit durin
time that the Earth makes one complete orbital revolution. Therefore, o
sitions of Mars occur at approximately two-yearly intervals. As their distang

garth’s orbjp

Inferior
conjunction 2

Inferior
conjunction 1

A

Fig. 1.10 Synodic orbital revolution period of an inferior planet. A-B is the distance oved
Earth from inferior conjunction 1 during one orbital revolution of the inferior planet.

16

The sidereal and synodic orbital periods of the planets

un increase, the synodic periods of the superior planets get pro-
horter than the sidereal periods. This is due to their relatively slow
orbital motion; during the time that the Earth makes one complete orbital
cevolution, the superior planets bey(?nd Mars cover much smaller arcs of their
orbits than does Mars in this same time and the arcs get progressively smaller
the further the planet is from the sun. Tht? .Earth therefore has relatively little
scatching up’ to do between one opposition and the next. In the case of
Neptune this takes only about two days so that Neptune’s synodic period
(367.49 Earth days) is only about two days longer than the Earth year and

itions of Neptune therefore occur about two days later each year. Simi-
larly, for Jupiter, Saturn and Uranus, which also come to opposition every year,
the difference in time between their synodic and sidereal periods and the
length of the Earth’s year gives the amount of time later each year that

from the s
gressively S

oPposjtion will occur.

garth’s orpjy

Opposition 1

Opposition 2

B

Fig. 1. 8 orbi : )

e :: ?g;’ﬂ;d;: orbital revol ution period of a superior planet. A-B is the distance moved by the

rems “m;ultimfsg L;h uring one orbital revolution of the Earth. (In the case of Mars two orbital
- of the Earth occur before the next opposition alignment is approached.)
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The brightness of the planets ing
di

The brightness ranges of the planets compared to some well-known stars g
shown in fig. 1.12. » to the Planets. Moore, P. A., W. W. Norton & Co. Inc., New York (1971).

i System- Beatty, KJ., Petersen, C.C. and Chaikin, A. (eds), Cambridge
Press, Cambridge, England and Sky Publishing Corporation, Cambridge,
 (1999).

(ldings from Scientific American) W. H. Freeman & Co., San Francisco (1983).

Stellar Relative
magnitudes _g__  brightness (visual threshold = 1)

. er Solar System. Moore, P.A., Hunt, C., Nicolson, I. and Cattermole, P,
— ks; New York (1990).
—4 34— 10000 er's Manual. Riikl, A. (ed S. Dunlop), pp. 15-93, Crescent Books, New York
Venus
| articles
-3 4 -+ an: Solar System Issue. 233(1), (1975).
397
Siri s Jupiter
IfNUs =— r 1000
Canopus — 17
Mars -
Vega — 0
I Mercury Saturn
Aldebaran — +1 100
Polaris — +2 ==
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------ +6 b I et - —— —— —— Threshold of visi

Fig. 1.12 Brightness ranges of the planets with some stars for comparison.
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Positions on the celestial sphere

circumpolar stars. Whether or not a star is circumpolar depends
on the Earth’s surface. As a moment’s reflection will show, the

2 on | that you travel, the more stars will be circumpolar because the pole
er in the sky. In the northern hemisphere of the Earth the further

the fewer circumpolar stars there will be. Part of the daily path in
‘non-circumpolar stars will be spent below the horizon and so they

The celestial sphere

the celestial sphere

tious, the concept of the celestial sphere is a useful one for
positions and movements of the planets and other celestial bodies.
t observer should be familiar with the terms used to describe
planets and other celestial objects in the sky and the instruments
nine them. This is important when using an ephemeris to locate the
 planet at any time during the year. It is especially important in
daytime positions of planets like Venus and Jupiter which can be
isly observed in broad daylight — but you must then know where to
their night-time brilliance being swamped by the light of day! In
on the use of setting circles supplied with most astronomical
1 be described in chapter 3.
us points and circles on the celestial sphere that enable us to
ons on it. First, if we imagine the ends of the Earth’s rotational axis
d south poles — to be prolonged indefinitely outwards from the
tersect the celestial sphere at the north and south celestial poles
(fig. 2.1). If, say, you are located in the northern hemisphere, the
at of the Pole Star, which is very close to the north celestial pole,
orizon is therefore equal to your latitude (fig. 2.2). Unfortunately,
inent star close enough to the south celestial pole to serve as a
thern hemisphere dwellers.
ical circle on the celestial sphere that passes through the north
al poles, the zenith and the nadir is called the meridian. It
al sphere into eastern and western hemispheres.
L equator is the great circle around the celestial sphere whose plane
Ir to the line joining the celestial north and south poles. In effect, it
1 of the Earth’s equator onto the celestial sphere. It intersects the
ea‘st_and west points and divides the celestial sphere into northern
emispheres.

General

Having now looked at the Solar System from the outside, what d
to us standing on the Earth’s surface? To us, the sky appears like a gre
hemispherical bowl over our heads - or so it says in most books bu
and many people it appears subjectively to be shallower or flatter
hemisphere would be. At night the stars, planets, moon and other
bodies appear to be fixed to the inner surface of this bowl. We ourse
stand at the centre of a horizontal circular more or less plane surface
all the way to the horizon. Four points spaced at right angles on the
ence of the horizon mark the well-known north, south, east and
points. The point directly overhead on the dome of the sky is called
The other half of the bowl is out of sight beneath us and is continuot
hemisphere above. The point on the bowl directly beneath us and
exactly opposite the zenith is called the nadir. This great globe of th
called the celestial sphere.

Watching the clear night sky as the hours pass reveals that the s
same relative positions to one another, forming patterns well known !
constellations but collectively they appear to drift slowly in an
direction across the sky if we face south. If we face north, the stars se
in a counter-clockwise direction in circular paths around one particul
hardly moves at all. In fact the whole celestial sphere appears to be
around this star and it takes nearly 24 hours to make one complete rev:

Of course, there isn’t really a celestial sphere at all and the stars
heavenly bodies are all at various immense distances from us. Their ¢
of all being at the same distances as if projected onto the domed ¢
planetarium is an illusion.

In reality it is the Earth’s west to east rotation on its axis that creates
of the heavens revolving in an east to west direction. The Earth’s axis
point almost exactly in the same direction of the star called Polaris,
and so this star seems to remain almost motionless while the other
around it. The stars relatively close to the pole star as seen in the sky W
complete circles around the pole star and never set below the horiz

20

and the Zodiac

he Earth’s orbit around the sun is called the ecliptic and the Earth’s
: aﬁ an angle of 23.5° to it. The ecliptic projected onto the celestial
- °T€ appears as another great circle that is tilted at an angle of 23.5° to
ator. Th.e sun therefore appears always to lie on the ecliptic as seen
Occasionally eclipsed by the Earth’s moon passing in front of it.

also eclipsed if the Earth happens to be exactly between the sun
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and moon. The moon will then be immersed in the Earth’s shadow. At the sz

me the moon w b 3 bout September 21st when Autumn com-
also be on the ecliptic, as R celestial equator on or a 1
o ill al t liptic, as a little thought will show. He side of the

; ern hemisphere.
mences in thgrr‘::;trll: the position of the sun against the background of the fixed

name of the ecliptic — the great circle in the sky where eclipses of the s " Jf we coul :
moon are seen. ‘:;1 broad daylight every day for a year, we would ftnd that'the sun appears
In summer in the Earth’s northern hemisphere, the north pole is tilted towsz s slowly eastward at the rate of slightly less than 1° a day, i.e., a distance in
u T than twice its apparent angular diameter which is about 0.5°.

to
ﬁ!eSkY Shghél-,}i;:estso do with the sun’s daily east—west rising and setting which is
(mSha;: ngarm'gs rotation on its axis.) The slow eastward drift against the fixed
dueto tke ound is due to the Earth’s orbital motion around the sun, a complete
e t??gfgx;}ﬁch takes 365.25 days, the terrestrial ‘year’. There are 360° in a circle
g‘;:; Earth’s changing position in space at the rate of slightly less than 1° a day
' g,vgs rise to the sun’s apparent slow west—east drift against the fixed star

background.

theasun and so the ecliptic appears to be on the north side of the celestial eq
during the day and south of it at night. Likewise, the north pole is tilted
from the sun during the northern winter and the ecliptic appears south of
celestial equator during the day and north of it at night. :

The diametrically opposite points where the ecliptic and celestial e
intersect are called the equinoxes. One, the March or vernal equinox is th
on the celestial sphere where the sun appears to cross from the south to th
side of the celestial equator on or about March 21st, marking the begi
Spring in the northern hemisphere. Similarly, the September or au
equinox is the point where the sun appears to cross from the north to the sg

Zenith

A Direction
of pole star *

North
celestial
pole

March

equinox Direction

= 7 of zenith
at P
Sk—————— == G\ N e - N
)
September
equinox Horizon
plane at P

South
celestial pole

|

s — ——— ——

Nadir

w

Fig. 2.1 The celestial sphere. The arrows on the ecliptic indicate the apparent eastword )
sun during the year. The celestial sphere is shown as it would appear to an observer at (@t =
shortly after midday at the summer solstice ( June 21st) in the northern hemisphere.
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op:tgﬂiz Latitude on the Earth’s surface. L is the north latitude of the point P and all other points
Sesaesame parallel of latitude,
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Celestial latitude and longitude

During the course of a year in its circuit of the ecliptic, the sun appears
traverse twelve different constellations, i.e., about one a month. Most of t}
represent and are named for mythical animals. These constellations are:
(ram), Taurus (bull), Gemini (twins), Cancer (crab), Leo (lion), Virgo (
Libra (scales), Scorpio (scorpion), Sagittarius (archer), Capricornus (
Aquarius (water bearer), Pisces (fishes). The sun’s apparent path in the
through these constellations is therefore sometimes called the Zodiac (Gk.
animal).

We can indicate the position of a star or planet at any instant on the celes

sphere by making two mee?surements, one irll altitude which is the angular h‘eigljtt
biect above the horizon whose complement, rpeasurec% from the zenith, is
ofthe c;h] zenith distance. The other measurement is the azimuth, the angular
f:a:]l_ed east or west of some selected point on the horizon, usually the south
dms;::cTehzse measurements can be made with a simple altazimuth instrument,
&t ic called, constructed from two semicircular protractors, a straight piece of
L or’metal tube, a vertical support that can be swivelled around east—
w&i a horizontal axis on the top of this to move the tube up and down in a
vertl’ca] plane and a plumb line (ﬁg. 2:3). : ‘
The smaller circles of equal a]tlt’u_de on the cg]estl_al sphere and pa!rallei with
the horizon are called almucantars (fig. 2.4). V_erhcal circles are those circles other
than the meridian that pass through the zenith and nadir and that intersect the
horizon at positions other than the north and south points.

" The true horizon is the great horizontal circle perpendicular to the zenith—
nadir line and 90° from each. It may also be defined as the great circle along
which a horizontal level plane meets the celestial sphere. The apparent or visible
horizon is the one that we actually see and is irregular on land due to mountains,
etc.,and atseaitisa small circle located below the true horizon.

/5
;; Celestial latitude and longitude
The positions of the planets, stars and other celestial bodies on the celestial
sphere at any time in a given year are predicted in almanacs and ephemerides. It
is especially useful to know the positions of the three faint planets Uranus,
Neptune and Pluto so that we know exactly where to point the telescope when
we wish to observe them. The other five planets are so bright that there is no
Zenith
.
Z
.~
g
® |
. 7
| 7
-1
-
/]
|7

Fig. 2.3 A simple altazimuth measuring device.
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Fig. 2.4 Almucantars.
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difficulty in locating them when they are above our local horizon. Merey
difficult to locate at times owing to its closeness to the sun’s glare. Th
bright planets can often be spotted in broad daylight but without the b
the dark sky background of night we need to know exactly where to p
telescope by looking up the planets’ exact sky positions in an ephemeris.

The positions of the planets throughout a given year could be expre
their altitudes and azimuths at various times but the altitude and azimy
planet at a given time both depend on the observer’s latitude on Earth. S
tables of altitude and azimuth for each planet could be computed for each
on the Earth, say at 10° or even 5° intervals. However, unless your own |
was exactly at one of these latitudes a correction would have to be cal
Clearly, such a system would be too cumbersome and prodigal of spac
published ephemerides for it to be practical. The system universally ado
astronomy is that of celestial latitude and longitude. Latitude on the
sphere is measured in degrees north or south of the celestial equator ju
latitude on the Earth is measured north or south of the Equator. Celestial |
is called declination and is abbreviated to Dec. or symbolised by the Greek g
beta (B).

On the Earth, longitude is measured east or west from an internation
agreed-upon arbitrary zero meridian of longitude. Meridians of longi
the great circles on the Earth passing through the poles that intersect the E
at right angles. The standard meridian of zero longitude on the Earth
Greenwich Meridian. All longitudes on Earth are measured eastward o
ward from it. Similarly, on the celestial sphere, meridians of longitude are
circles passing through the celestial poles and intersecting the equator
angles. The standard meridian of longitude passes through the point in
where the centre of the sun’s disc crosses the celestial equator at the e
equinox from the south to the north of the ecliptic. It is called the first
Aries and is symbolised by the sign for the zodiacal constellation Aries. It
zero point of celestial longitude or right ascension as it is usually called
which the right ascensions of celestial bodies are measured in an ea
direction. It is abbreviated to RA or represented by the Greek letter alpha (@

RA is customarily measured in units of time (hours) rather than degre
advantage of this is that the RA of a star or planet is the local sidereal time
this chapter under sidereal time) at which it will cross, or transit, the obser
meridian. Since the celestial sphere appears to rotate at an angular rate of
an hour, an hour of RA is therefore equal to 15° of celestial longitude. The
of RA are therefore called hour circles. RA is thus measured from the first pi
of Aries through 24 hours (360°).

The precession of the equinoxes. Nutation

Precession is the slow ‘wobble’ of the Earth on its axis that causes the polé
describe circles in space much as does the axis of a spinning top when it
to slow down and wobble. Thus, the positions of the celestial poles shift
around a circle, a complete circuit of which takes 26 000 years. Presentl’
north celestial pole is close to the star Polaris. _

Simultaneously with precession there occurs nutation which is analogous
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_ : - mine top so that its head describes a wavy circle. Nutation
the nodding of E;ﬂ?;;ﬁ%s téj approach and recede from the ecliptic pole.
thus causes chd result of precession and nutation is the slow westerly movement
-I-h.em”fbm s along the celestial equator at the mean rate of 50.26 seconds of
of the equinoxe is is called precession of the equinoxes. The phenomenon was
arc per yeall'- ago by the ancient Greek astronomer Hipparchus although he
,ﬁscovered Olt‘lfe e%( planation of it. The rate of precession is non-uniform because
did not '%mm;recession causes the RA of stars to increase by more than 50 seconds
pfutation- ear: the effects of precession on both RA and declination of celestial
ufarc evel'i't};h er;fore be allowed for in accurate work. Published tables of RA are
:Wfﬁuzl;tﬁctly correct only for a given year or ‘epoch’ but for many practical
pvrposes can be considered accurate enough for many years later.

Sidereal time (star time)

The time taken for the Ea rth to make one complete axial rotation relative to the
ﬁxed stars is the sidereal day and is also the time that the celestial sphere takes to
make one complete revolution. This time is equal to 23 hours and 56 minutes of
clock time and is thus 4 minutes less than the mean solar day of 24 hours. (The
solar day is the time interval between two successive transits of the sun across
the observer’s meridian. Its duration varies depending on the time of year
because of the Earth’s variable orbital speed and the elliptical figure of the
Earth’s orbit.) That is why the stars appear to rise 4 minutes later every night by
ordinary clock time. Astronomical clocks keep sidereal time as opposed to
ordinary clocks that keep mean solar time.

The sidereal day is divided into 24 sidereal hours, each somewhat shorter than
the ordinary clock hour. Sidereal noon occurs when the vernal equinox is on the
meridian. This occurs at different times of the day or night at different times of

the year.

The apparent motions of the planets on the celestial sphere

The planets as seen from the sun would appear as an orderly procession, those
nearer to it repeatedly catching up with and overtaking the more distant planets.
The view of these motions from the Earth, however, is much more complex since
we are one of the several planets circling the sun. By about 2000 BC the ancients
had divided the fixed stars on the celestial sphere into the patterns known as
constellations. Among these they noticed five bright star-like objects that
continually moved among the stars. They therefore called these bodies ‘Planetes
Asteres” which means wandering stars. Hence their modern name of planets.
_Proh‘acted observation of the movements of the planets revealed that their
Wflmflerings are restricted to the narrow belt in the sky known as the Zodiac,
Wlthln which they and the sun and moon appear to move continually eastward.
This belt, of course, is centred on the ecliptic. The planets were observed to make
complete circuits of the ecliptic, the longest taking about 30 years (Saturn) and
F“?’_‘rﬁtuming to practically the same starting point to begin the journey all over
again. The motions of the planets within the Zodiac were complex and puzzling.
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Mercury and Venus were seen to swing first to one side and then the other g
of the sun within certain limits, continually approaching and receding
giving rise to the ‘morning star’ and ‘evening star’ apparitions. On th
hand, Mars, Jupiter and Saturn were seen to recede from the sun until the:
opposite to it so that they were in the southern part of the sky at midni gh
then approached the sun again and were lost in its glare, only to re
whole cycle once more. At times, while moving eastward among the sta
would appear to slow down, stop, move westwards, stop and then start 1
eastwards again, thus describing a looped path in the sky. When Mars, Jup
Saturn were seen opposite the sun they would appear to be between ¢
stationary points. This retrograde and looped motion of the outer pla
explained fully in chapter 7 which is about the planet Mars.

Py i lanation of planetary motions . |
:_Ptc’lema:sei:guzzling and erratic planetary motions, the ancient thinker

account for Claudius Ptolemy (AD 100-170) considered that the Earth was
and philosop e aniverse. The motions of the sun, moon and planets were in a
Slitl'le""e‘mre g th%u ond the realm of the planets and at a great distance was the
syst _ ‘.’f md.e = d efars Ptolemy developed a complex system of ‘epicycles’ and
e ‘n.e daily diurnal motion of the sun, moon and planets as

. lain t ] 2
‘defe E tc;;ipr zglmplex movements of the planets (fig. 2.5). The Ptolemaic
Wﬁnhisahoi of planetary motions was never completely successful.

=T

The Heli tric Theor _ '
The Hk%l-:r%ierl}\ in the diregtion of the truth was made by Nicolas Copernicus
%WIW) ‘fho suggested that the Earth and the other planets all revolved
( d.the sun in circular orbits and that the sun was near the centre of th.e
iy orbits with the moon revolving around the Earth in its own orbit. This
P iocentric Theory (fig. 2.6).

a e called the Heliocentric Theory (fig

Wﬁ&?eée;;;mcan system gave an explanation of the observed planetary
mohons as good as that of the Ptolemaic system but it was no better. Its strong

Fixed stars

Fixed starg

Venus

Mercury .

N\
o ’ﬂ e "‘ 88d

Fig. 2.5 The Ptolemaic system in its simplest form. In order to explain the actual obs
many more circles were needed. Note that the Sun, Mercury and Venus were always on a
line.
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Fig.2.6 The Copernican (heliocentric) system.
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point was its greater simplicity and it was a major advance in the di ec
truth in that it removed the Earth from its central position in the univer
relegated it to the status of being an ordinary planet. i

Finally, as described in chapter 1, it was Kepler who formulated the
of planetary motion that bear his name and which accurately des
motions of the planets.

Further reading

Books
For those interested in the history of the development of ideas about the ;
of the Solar System and the motions of the planets, the following books s
prove to be interesting. They are only a small selection of the large num
works available on this subject. '

The World of Copernicus. Armitage, A., Signet Books, New York (1947).
Changing Views of the Universe. Ronan, C., Macmillan, New York (1961).
A Short History of Astronomy. Berry, A., Dover Publications, New York (1961).

Watchers of the Skies. Ley, W., Viking Press, New York (1963). mary instrument of astronomical observation is the telescope of which

o three main types — refracting, reflecting and catadioptric.

g telescopes
pe of telescope is the kind familiar to everybody as the common spy glass.

mplest form it consists of a simple convex lens of fairly long focal length
in one end of a cardboard tube. This lens is pointed towards the object
ed and is called the objective. An image of the object being observed
at its focus and is viewed and further magnified by anoth.er smaller
x lens, the eyepiece mounted at the other end of the tube. It is usual_ to
the eye lens in a separate tube that slides in and out of the tube carrying
ective so that the image seen through the eyepiece can be brought to a
3.1).

Obijective lens
I Eyepiece

Exit
pupil

e Focal plane
of objective

Sliding focusing
e tube
L Simple refracting telescope showing the path of the light rays.
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This simple design of refractor suffers from two inherent defects or a :
that make it unfit for astronomical observation: chromatic aberration ang
rical aberration. Chromatic aberration is caused by the different wavel

light being focused at different distances from the objective (fig. 3.2). Tl-us

objectionable colour fringes around the image of the object being
Spherical aberration is caused by the light rays refracted from different
the objective being focused at different distances from the object (fig. 3.3
makes it impossible to focus the image sharply which consequently g
blurred.

These defects are greatly minimised in the achromatic objective which

of two lens elements. The component nearest to the object is a biconvex

crown glass and the aberrations in the refracted light emerging from the
side of this lens are almost entirely corrected by the biconcave rear lens
glass (fig. 3.4). This results in a sharply focusable image that is almost §
spurious colour fringes. Similarly, eyepieces consist of two or more lens ele
so that the aberrations inherent in the simple biconvex lens eyepiece are |
neutralised.

=

White light B

S -

Fig. 3.2 Chromatic aberration in a simple biconvex lens. R is the focus of the red rays and |
the blue rays.

YYYYYYY

-

Fig. 3.3 Spherical aberration in a simple biconvex lens.
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x crown Biconcave flint
glass lens

\

Red and violet
rays brought
to nearly

the same
focus

N Achromalic objective showing how chromatic aberration is reduced by the double
Fig. 34 tion, (R: red rays; V: violet rays.)

nt characteristic of a telescope objective is the focal ratio or F

An importa ‘
nu?!nbﬂ. Tllpie focal ratio is defined as the fraction:
E
D

: jecti is i i ter. Hence, a
vhere F is the focal length of the objective, and ‘D is its diame ence,
;:lme objective 3 inches in diameter — or with 3 inches of aperture as is often
said - with a focal length of 45 inches has a focal ratio of 45/3 15 and is said to be

‘an F/15 objective. Astronomical refracting telescopes are usually made with

objectives having focal ratios between F/12 and F/20.

Reflecting telescopes

The image of the object being viewed in a reflecting telescope, as the name

‘implies, is formed by reflection of light from a concave mirror instead of by

refraction through a lens (fig. 3.5). The image is entirely free of chromatic
aberration because the light rays are not refracted. If the reflecting surface of fche
concave mirror is spheroidal, the image will suffer from spherical aberration
unless it is of long focus. In spheroidal mirrors with focal ratios of F/12 and
longer this aberration is negligible. If the mirror is paraboloidal the spherical
aberration is cured. Reflecting telescopes commonly have focal ratios between
F/6and F/8.

Itis impossible to view directly the image formed by ordinary small concave

Mirrors as the observer’s head would completely obstruct the light to the mirror.

The image must therefore be diverted to where it can be viewed without ligl}t
rays impinging on the mirror being completely obstructed. This is achieved in
various ways in reflecting telescopes of different designs:

__'Il__'«a Newtonian reflector. This is named after its inventor Sir Isaac Newton,
h@sa'small plane secondary mirror placed at an angle of 45° on the optical axis of
_main mirror and just inside the focus of the light rays coming from the main
”—"imﬂr This diverts the focused rays through a hole in the side of the telescope
tube near its upper end (fig. 3.6). The eyepiece is placed here.
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|
1]
|
|
- \ Diagonal
) secondary
'F""f': mirror

Focus

. AN

Fig. 3.5 Image formation by spheroidal concave mirror.

The Cassegrainian reflector. This has a small convex mirror placed on
optical axis of the main mirror near the upper end of the telescope tubs

within the focus of the focused light rays from the main mirror (fig. 3.7).
secondary mirror reflects the focused light rays back down the telesco
through a hole in the main mirror where the image is viewed with an e

The Gregorian reflector. This has a design somewhat similar to the
Cassegrainian except that the secondary mirror is concave and is pla
the focal point of the main mirror (fig. 3.8).

-
-

Paraboloidal
| mirror

wtonian reflecting telescope. (F: principal focus: F': Newtonian focus.)
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Fig. 3.7 Cassegrainian reflecting telescope. (F: principal focus: F': Cassegrainian fo

36

Eyepiece
tube

Convex secondary
mirror

Paraboloidal
mirror

Concave secondary

NN mirror

Paraboloidal mirror

| Eyepiece
t

ube

FI
ian reflecting telescope. (F: principal focus: F' Gregorian focus.)

Types of telescopes
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Catadioptric telescopes

These are constructed from both mirrors and lenses. The prima
spheroidal. The light entering the telescope first passes through a le
correcting plate situated at the upper end of the telescope tube.
alters the direction of the light rays reaching the main mirror in such

the image formed by the spheroidal mirror is free of spherical aberratioy

are several different designs of catadioptric telescope:

The Schmidt-Cassegrain. In this, the correcting plate is thin and |
complex aspherical curved outer surface. At the centre of the inner pla

attached a small convex secondary mirror within the focus of the main 1

This reflects the focused light rays back down the telescope tube throu
in the main mirror where the image is viewed with the eyepiece (fig. 3

Y Y

mﬂ Aspheric correcting
Convex plate
secondary
mirror

m Spheroidal
mirror
l I Eyepiece

tube

H

F

Fig. 3.9 Schmidt—Cassegrain telescope. (F: Cassegrain focus.)
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correcting plate

EJE Thick meniscus

Spheroidal mirror

| Eyepiece
tube

Maksutov—Cassegrain telescope. (F: Cassegrain focus.)

F

sutov-Cassegrain. This has a thick correcting plate, the concave

ng outwards and the inner convex side facing the main mirror. At the

convex side is a small silvered circular area which performs the
as the small secondary mirror in the Schmidt-Cassegrain

e (fig. 3.10).

aksutov-Gregorian. Like the Maksutov—Cassegrain, this also has a
ling plate but positioned the reverse way from that in the Maksutov—-

. It has a small silvered circular area at the centre of the inner concave

beyond the focus of the main mirror which again reflects the focused

m the main mirror back down the telescope tube through a hole in the

orand into the eyepiece (fig. 3.11).
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lly between F/6 and F/8 so that even an 8-inch reflector is
ffordable by most amateurs. An 8-inch refractor would be

uestion for the vast majority of amateurs and would nfeed
y out Of thE_' qa Jarge observatory. As a choice for planetary observation,
N : ._'tl;:‘;siztg :2 be said for the Newtonian reflector in the 6- to 10-inch
correcting plate the o them

actors, usua
and easily a

Concave E

secondary
mirror

al secondary mirror and its suppo_rts obstru.ct and diffract
llected by the main mirror and this results in some loss of
sl image. However, this is not as bad as some authors imply and can
contrast i1 &:lebmusging as small a secondary mirror as is possible.
. be construction encourages air currents in the telescope
image. The mirror is not protected from dust and
oheric pollutants and often gets ogt. of adjustment whereas a refractor
aunﬂsp stays in perfect adjustment 1nd’ef1n1te1y. _ ‘
| . ¢ strength of the catadioptric telescopes is that they combine long
2l .f ocal lengths, due to ‘folding’ of the }ight path, wtith ease of portability.
b of the folded light path a catadioptric telescop.e is much shorter, more
el d more easily portable than even a Newtonian reflector of the same
mlpact a]l?;lecat.lse of its compactness a catadioptric will be much steadier and
P i vered than a Newtonian or refractor.
-;-W&“f’iﬁ?r;e;mor of a catadioptric is usually larger than Fhat of a
Newtonian reflector of the same aperture and may be almost one th:rq of the
diamater of the main mirror. This has a detrimental effe.?t on pla.netary images,
ma]nly loss of image contrast. It is not ea:_sy to ‘escape the impression th'at there is
' some sacrifice of image quality in a catadioptric, at 'ieast‘as the)_( are desxg?'led a.nd
manufactured today. Catadioptrics appear to be primarily designed to give wide
flat visual fields for stellar photography rather than for visual planetary obse‘rva—
tion. Loss of image contrast is not of much consequence to deep sky enthus;gsts
who observe faint and ill-defined gaseous nebulae and remote galaxies. Light
grasp is more important to them than critical definition. They therefore

appreciate the affordability of the larger sized catadioptrics and their portability

s
, of the light co

:: | ) ﬂ‘le Dpen tu
e which can spol he

Spheroidal mirror

I I Eyepiece
tube

E

Fig. 3.11 Maksutov-Gregorian telescope. (F: principal focus; F': Gregorian focus.)

since they often need to drive for long distances into the country in search of
dark skies away from the light pollution of cities.

There are therefore advantages and disadvantages with all the three main
types of telescopes. Which type does one choose? On the whole, I would advise
planetary observers to keep away from catadioptric telescopes. Assuming that
_you want to have the largest aperture telescope that you can afford with reason-
able portability, in case you don’t want or can’t afford a permanent observatory,
the 6- to 10-inch Newtonian reflector is clearly the telescope of choice. You get
the most aperture for your money, it is a simple effective design, well tried and
tested and deservedly popular. Most of the great planetary and lunar observers
ofthe past have achieved wonderful results with them.

The choice of telescope

For planetary observing there is no doubt that the refracting telescope wi
unobstructed light path gives the finest planetary images. This is especially
apochromatic refractors in which the objective is constructed from three ¢@
nents which reduces the chromatic aberration almost to nil. They are supét
planetary observation and give crisp images that bear high magnification
are very expensive in even 3- and 4-inch sizes but if money is no object g
ahead and buy one! The slight residual chromatic aberration in a
refractors becomes obtrusive in the larger sized telescopes. Apart from tl
price of refracting telescopes soars into the stratosphere with each i
increased aperture over the 3- or 4-inch size. Further, a 5- or 6-inch refrac
not easily portable and is definitely an observatory instrument.

On the other hand, Newtonian reflecting telescopes, apart from their com fol
freedom from chromatic aberration, can be made with much shorter focal It llows.

40

Eyepieces (oculars)

H(mrever good is the image produced by a telescope objective, an eyepiece of
h"_fEﬁOI‘ design will not bring out all the detail in the image sharply and clearly.
The situation is analagous to playing a record album with a blunt needle.

: are many different designs of eyepieces some of which are as
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Huyghenian (fig. 3.12) This is constructed from two plano-convex

the field lens, is large and is nearer to the objective with its convex surf;
it. The smaller lens, nearer the eye, also has its convex surface turned t
the objective. The focal plane is between the two lenses so that reticles (
in this chapter) cannot be used with this type of eyepiece, neither can it
as a magnifying glass. For this reason, the Huyghenian eyepiece is said
negative eyepiece.

ilar to but not identical with the achromatic Ramsden and
¢ A disadvantage is that the field lens surface is actually
o that every speck of dust on the former is seen in
dency to give internal reflections and forms “ghost

3.14) Sim
used with 1

f the eye lens s
also has a tent
t planets.

scopic (fig: 3.15) The large field lens in this design is a triplet and
) o ) | a single plano convex lens.

Ramsden (fig. 3.13) Similar to the Huyghenian except that the flat surfa

field lens faces the objective. In this and all the following types of eyepi
focal plane lies outside the eyepiece in front of the field lens so that the
eyepieces can be used with reticles. They can also be used as magnifyin
and so are called positive eyepieces.

3.16) An achromatic doublet forms the field lens. The eye lens is also
doublet.

Focal ' Focal
plane ¢ plane

.
% v

S NN
AN

Wy —

.Crown glass

7/ //] Crown glass _ ellner eyepiece.

Fig. 3.12 Huyghenian eyepiece.

Focal
plane

Y

RN

'///A Crown glass

Fig. 3.13 Ramsden eyepiece.

-:'C‘rown glass \\\\\ Flint glass

orthoscopic eyepiece.
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Focal
plane

- | Ew

V// Crown glass \\\ Flint glass

Fig. 3.16 Plossl eyepiece.

2

2

7 Crown glass k\\\Q Flint glass

Focal \( ‘ 3
Plene ( [ ’ l i Monocentric eyepiece.
, I | i i i . In the Ramsden,
i on and give good sharp images and ﬂf}atfv;sal{lalililzleisliinou; idaen:) den,
| ic and Plossl eyepieces, the fo . f
l | - oﬁﬁiglzfathe field lens as previously mentioned. Such eyepieces

+ the use of reticles and can be used as magnifying glasses so they are all
iti ces.
Ecisl.) ?:Il'ha‘::riiipnﬁcal telescopes are mounte(.d in cylindrical metfll tubes
es in diameter and simply slide into the eyepiece ho_lder of the te e;copfe.
telescopes of Japanese make are designed fc_Jr eyepieces 0.965 inches 1‘1:11
ster. The size of the eyepiece does not affect its optl'cal pe.rformance an
size of eyepiece can be used with any telescope using suitable commer-
a'vm:lalagzlzl? ga[flt;r::t or any other celestial object seen in a telesco_pe fl,lt,tﬁ.d
astronomical eyepiece is inverted compared to Fhe nalfoa_d eye view. This
no consequence in astronomical work as there is no ‘right 51de' up’ or
e down’ for celestial bodies. In telescopes intended for t(?rrestnal use,
lenses are incorporated into the eyepiece tube that make the image appear
way up’. This is never done in astronomical telescopes because the e)ftra;
absorb more light. This is detrimental in some classes of astronomica
in which faint stars or other objects are being studied. . .
eyepiece has an exit pupil, i.e., the place whgre 'fhe dlameter. of3t1e
ging and diverging beams exiting from the eyepiece is smal'lest (fig. 3.1).
Where the eye is placed to receive light from the eyepiece. I‘t is actually an
of the telescope objective made by the eyepiece. For a given telescope
ive, the higher the power of the eyepiece used, the .smallgr is ‘the diameter
exit pupil. If too low a magnification is used the exit pupil will e)fceed the
Possible diameter of the human eye pupil which is about 0.3 inch and
/ Part of the light collected by the objective will enter the eye. (In my
ence there is not the slightest risk of any enthusiastic amateur astronomer
t00 low a power on his telescope!)

,///// Crown glass

Fig. 3.17 Tolles eyepiece.

Tolles (fig. 3.17) An especially good design for use with reflectors. It is ii['.

from a single cylindrical piece of glass, both ends of which are convex. Inte
reflections cannot occur, '

Monocentric (fig. 3.18) This consists of three lenses cemented together'
Internal reflections cannot occur in this design so that this type of eyepiec
the Tolles are free from ‘ghosts’. '
Of the above eyepieces, although the Huyghenian gives acceptable
with long focus reflectors it is quite unsuitable for use with the comm
F/8 Newtonian reflector because it is unable to give a sharp magni
from the wider-angled cone of rays produced by the mirror. If funds a
Ramsdens and Kellners give good results with Newtonian reflectors.
Tolles and monocentric eyepieces are employed where critical de
required in high power observation. The most popular eyepieces
Newtonian reflectors for planetary work are the orthoscopics and Plos
although expensive are well worth the money. They have excellent
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Magnification
The overall magnification (M) of the telescope is given simply by divig;
focal length of the objective (F) with the focal length of the eyepiece (f)

F
M= -

f |
Thus, with an objective whose focal length is 45 inches used with an eyer
focal length 0.5 inch the combined magnification will be 45/0.5 = 90 ¢
90 x as it is usually written. (There is a curious and persistent habit
astronomers of pronouncing magnifications such as 90 x as ‘ninety ex’. T
here is not a capital letter x but the sign of multiplication which sym
magnification and so should be pronounced ‘times’ because the image
above example looks 90 times bigger than the object. Hence it is quite nons
to say ‘ninety ex’!) -
Most eyepieces range in focal length from 1 inch (24 mm) to § inch (4
higher the power, i.e., the shorter the focal length, the less is the eye relief
means that the eye has to be closer to high power eyepieces, sometimes 1
fortably so, for the highest powers, than with those of low powers.
Theoretically there is no limit to the magnification that can be obtained
given telescope but in practice there are several factors that limit the F
magnification that is practical. Every increase in magnification also ma
the effects of bad seeing and reduces the clarity and brightness of the im
magnification is overpressed, planetary images become dim and
actual field of view in the telescope is reduced with high powers and ever
tremor caused by wind or touching the telescope is magnified and the
jumps about. .
What magnification range is best for observing the planets? Under a
seeing conditions a power of about 20D0-30D, where D is the aperture
telescope in inches, should give optimum results. For an 8-inch telesc
corresponds to powers of 160 to 240. Anything less than the above lower
20D will mean that you will not be able to see all the fine detail in the i
the telescope objective is capable of revealing. It is best to use higher m
tion than this minimum, however, because this gives a more comfortable v
the detail resolved by the objective. No further detail is revealed by incre
the magnification so any further increase is termed ‘empty magnification
experienced planetary observer uses only the minimum magnification nec
to reveal the finest planetary features that are being studied. Seeing ca
also affect the maximum magnification that can be usefully employed.
seeing will permit magnifications of 40D or even 50D but the occasions
this can be done are rare. .
In practice you should use only as high a magnification as is compatible!
bright sharp planetary image. If the image is dim or fuzzy at the next!
power, change back to the lower power. A smaller bright crisp image is
than one that is large, fuzzy and dim. -
A common defect of the eye is astigmatism which is caused by uf
curvature of the cornea in different directions. This causes objects orien
different meridians to look unequally sharp. For example, a clock face seé
the naked astigmatic eye will appear to have, say, the figures 12 and 6 1€
sharp but the 9 and the 3 will appear unsharp. The use of high powers mifi
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exit pupil is small with higher powers and so the light

. as the
- matic effects traverses a lesser area of the cornea.

the eyepiece

BarlOWtLi?:n reflectors will appreFiate this useful optical accessory. The
Users of NeW_ flector has a focal ratio of around F/7. Shorter focal length
usual Newt’omaﬂ I:;e powerful) must therefore be used to obtain sufficient
eyepieces .(1.9-:t rr;x loit fully the resolving power of the mirror. The short eye

- Oesspwith which you need to bring the eye in order to see all the
relief (the.dosenf these powerful eyepieces is a nuisance as the eye has to be
field of v1e1;l) ?close to the eye lens if the entire field of view is to be seen.

or'ia yEens is a negative (diverging) lens that is mounted in a cylindrical
il d positioned just within the focus of the telescope mirror. The
meta! mbe-;n inF;o its other end. The Barlow lens reduces the angle of the light

- de:l;:u the main mirror and this greatly increases the effective focal
. fo;?if\e te)l(escope while only adding an inch or two to the actual overall

mirror (fig. 3.19).

fo%lwlqmgzguced is(thgus much larger and therefore leer power eyep.ie.ces
with their better eye relief may be used and will yield hlgk}er final magnifica-
tions. Another advantage is that since the light cone transmitted by the Barlow
lens is narrower than that directly reflected from the telescope mirror, any
jece will perform better with the Barlow lens than without it. Amplificatl'or"ls
provided by Barlows are usually 2 x to 3 x. When selecting a Barlow lens it is
best to get one with a non-integral amplification such as 2.5 x. By so doirEg you
will not duplicate eyepiece powers that you may already have, e.g., if you
12 mm and 24 mm eyepieces, a 2 x Barlow used with the 24 mm will

merely duplicate the 12 mm. Also, avoid purchasing inexpensive Barlows in
which the lens can be moved along the tube to vary the amplification. They may

|

Light from
objective

/

Fi - B >
8- 3'1981:'58 Barlow lens. (F: focus of the objective; F': focus with the Barlow lens.) Here the
IS equal to 24, therefore the amplification factor of the Barlow lens is 2 x .

47




Telescopes and accessories

Po PC

315 45

'u
N\
-
| A
L~
/"'I'l'l'"

2925 135
180

Fig. 3.20 The filar micrometer.

also be non-achromatic. Good Barlow lenses are fairly expensive bu

the expense.

The filar micrometer
The filar micrometer (fig. 3.20) is a device used for measuring the

tion between two points seen in the telescope, such as a double star, 1

dimensions of planetary discs or features seen on planetary discs.
In fig. 3.20, A is a rectangular frame which slides over a larger'

rotating the fine-threaded screw S which is actuated by the milled he

backlash of the screw is absorbed by the springs P,P. Three fine

web (T, T,, Ts) are stretched across the frames, two in a vertical ories
one horizontal. They are illuminated by the small electric lamp E._;_
eyepiece is attached to frame A at the position indicated by the small ¢

focused on the spider threads and the circular plate PC is attac
telescope draw tube with the spider threads lying in the focus of

On looking into the eyepiece the threads will appear like lines draw:
sky (fig. 3.21). The diameter of a planetary disc, say, is determined by

fixed vertical thread tangent to one edge of the disc, rotating the
until the movable thread touches the opposite side of the disc and |
the number of turns of the screw corresponding to the distance k
threads. The ‘comb’ C visible in the field of view of the eyepiece haS
separated by a distance corresponding to one complete turn of the st
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#
quew in a telescope fitted with a filar micrometer.

arns of the screw are easily counted and fractions of a turn are read off
duated wheel H.
trument has to be calibrated by finding how many turns or fractions of
e screw correspond to the distance between the two vertical threads
have been adjusted to the same separation as the components of a
- whose angular separation is accurately known. This gives the
of turns of the micrometer screw corresponding to the angular distance
> two stars. It is then a simple matter to calculate what angular
ponds to one turn of the screw. If the eyepiece is changed or if
pe is used, the micrometer must be recalibrated.
‘mining the position angle of a double star whose separation is being
*ﬂ:!e whole device can be rotated and the position angle read off on the
ate PC by the pointer Po.
&slgns of filar micrometer are available. In one variant there are two
ch moving one of the two vertical threads.

L

ortant than mere magnification is the resolving power of the objective.
’be simply defined as its ablhty to reveal fine detail (but see further on).
the objective the greater is its resolving power which is directly
 to its diameter. Hence a 12-inch telescope has double the resolving
a ﬁ-mch telescope and will reveal detail half the size of the finest detail
y the 6-inch. Using the same magmflcauon on a 6-inch and a 12-inch
more detail will be seen in the same size image of the 12-inch because
€r aperture and resolving power.
_Y‘_ZaI‘S ago Dawes put forward a criterion based on actual observation
telescoplc resolving power. This is that a very close double star is
dresolved, i.e., seen to be two separate stars, if under high magnifica-
dlffractlon disc images of the two components of the double star
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overlap to the extent of half their diameter, although this might be diffje,
if the observer was inexperienced or had poor eyesight or if the seeing
were poor. (Owing to the wave nature of light, the image of a perfe
source of light, such as a star, produced by a telescope objective, w
mirror or lens, is never a perfect point of light. It is a tiny bright dise
known as the diffraction disc, Airy disc or antipoint. The larger the ap
the telescope objective, the smaller will the diffraction disc be and }
greater will be the telescope’s resolving power as shown by its ability
close double star into its components.) The angular separation of
components of a double star that are resolvable by the Dawes crj
considered to be: 1

Jters that can be screwed into the bottom of eyepieces
s in planetary observation. They are used to ljeduce
rast of planetary details. Some observers maintain that
detail cannot be seen unless filters are used; others
. ] is brought out by filters, only visibility is improved.
e i:egf)l:asur sen%itivity azd visual acuity of individuals. The
. 0fn oloured filters, their optical characteristics and their use in
: ob::rsation are fully described in the chapters dealing with observa-

dividual planets.

optical glass fi
ant accessorie
d to improve cont
s Of planetary

.o (antidiffraction) screen |
Li)l:s%rflcted accessory reduces the effect of atmospheric turbulence

netary image, reduces glare and improves contrast of surface fea.t'ures. It
d over the upper end of the telescope tube a.nd has the effec‘t of increas-
uating the light striking thc_a mirror on its outer and middle zones
owing the full intensity of the light to fall on the central zone. _
mage of a star in a telescope consists of the central dlff?'&CthI‘l _dlsc
ded by several much dimmer bright rings that get pr{?gregswely falrEter
er out they are from the centre. The central obstFuctloln in a reﬂect{ng
e causes more light to be diverted into the first bright ring surround{ng
action disc than is the case in a refractor. This has the effect of r_educm.g
of planetary markings when observing with a reﬂ(.ector anc% since this
ng is relatively more bright, its shimmering in poor seeing conditions has a
detrimental effect on the image than it does in a refractor.
light from a star falling on the central zone of a reflector mirror becomes
ntrated mainly in the Airy disc while that falling on the middle and outer
finds its way mostly into the first diffraction ring. Since the apodising
reduces the intensity of the light falling on the middle and outer zones of
or, it follows that the first diffraction ring of a star image will be dimmer
in brightness relative to the Airy disc it will now approximate to the
type of diffraction disc and first diffraction ring. Since the extended
ic images of the planets can be considered as being made up of an
e number of Airy discs and ring images of every point in the planet that is
viewed, it follows that contrast and visibility of planetary detail will be
ed and the effects of atmospheric turbulence will be lessened.
icient apodising screen may be easily constructed from ordinary wire
of the sort used to make window screens for excluding insects. First, using
3 Scissors or shears cut two discs of the wire mesh both equal in diameter to
tside diameter of your telescope tube. Cut a similar third disc but this time
ihree tabs spaced at 120° intervals on its edge (fig. 3.22). In this disc cut a
hole concentric to the circumference of the disc, the diameter of which is
that of the telescope mirror. In one of the other discs cut a larger
Tic hole whose diameter is 78% of the telescope mirror. Now lay this disc
Of the first disc concentric with it and with its rectangular wire grid offset
Ble of 30° to the grid of the other disc. Finally, cut a circular concentric
o of the diameter of the telescope mirror in the third disc and lay this on
T two discs with its wire mesh grid offset at an angle of 30° to that of the

%fl seconds of arc,
where D is the working aperture of the telescope in inches. A 3-inch §
will therefore resolve 1.5 seconds of angular separation and a 64
seconds. !
The less rigorous Rayleigh resolution limit based on light wavelen;
siders that a double star is just resolved when the diffraction disc imag
members just touch. The Rayleigh formula for the angular separa
members of a double star is: :

SD'—S seconds of arc,

where D again is the working aperture of the telescope in inches.

Planetary observers will have difficulty in translating the above e
telescopic resolution into terms of the resolvability of planetary
separation of two almost touching bright diffraction discs on a black b
is a different situation from the resolution of fine irregular detail
contrast and brightness on a bright planetary disc. Although usually def
ability to reveal fine detail, the resolving power and aperture of a |
objective are alone not sufficient to determine a telescope’s ability fc
detail. Of greater importance is contrast and this has nothing to |
resolving power. Apart from the telescope’s aperture, the contrast betwe
detail and its immediate neighbourhood on a planetary disc affects the
bility of the detail. The importance of contrast as opposed to resol
revealing fine detail in telescopic images has been much neglec
astronomical literature. The reader is therefore urged to consult R.W.
paper on this important topic listed in the ‘Further reading’ section at th
this chapter. q

Light gathering power 4
The larger the telescope objective the more light it collects from the plane
observation. The light gathering power of an objective is proportiona
square of its diameter; a 12-inch objective collects four times as much li
6-inch. The brighter images afforded by larger telescopes enable subtle
ings and tints in planetary images to be more easily and reliably detectec
the dimmer images given by smaller telescopes at the same magnificatior
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< D spectra caused by the wire mesh of the screen which acts as a coarse
1 = PR ne. . ,
p . /,;,; {;:M a:]l‘r:agntage of the apodising zcreect; over 'stoplimg dow.n :}k:ett(ilkfy
,',:,:,o 2 <3 re to improve contrast and re u’ce image remors’ is tha e
- A - working at full aperture so that there is no loss of resolution.
\ ‘,‘:,::,:qf ;s.wwers claim that there is no advantage in using apodising screens or
4 ,‘o:‘.:',‘ “don’t believe in them” (!). After years of planetary observing with the
5 apodising screen | disagree totally with such assertions. I have never
~————0.78 d > ] ’o‘:q an evening in which the screen is not of some help in improving
,‘0:’:‘. . oes. In fact, I would not think of commencing a planetary obser-
\ y. 7 ‘,:.:g‘\.‘ on without using the apodising screen. I will admit that the planetary
Y 4 t?.’t:.‘ ' be a little dim if you also use colour filters in conjunction with it.
N ] ) . -.‘,:::::" both orange/red filters and the screen used together were better than
. »Z -.‘o.‘.:,':,:,. e » separately and were a tremendous help when 1 observed Mars
T o SIS e very favourable opposition of 1989/90.
NRLRLTERZ ising screen as constructed from wire mesh cannot be used for solar

¢ observing because the diffraction spectra of the much larger images of
amimoon overlap and degrade the images.

> and its peculiarities

occupation with the telescope and the way it works, we must not
ok the role of the human eye in perception. The characteristics of the
 retina differ among individual people and this is probably of greater
, than the shape of the eye lens. Abnormalities of the lens are largely
sated for in the telescope but retinal characteristics are unaffected.

two characteristics of the eye that seem to be related to two types of
ical vision:

Sensitivity, the ability to see faint stars, asteroids and satellites.

cuity, the ability of the eye to resolve fine detail on planetary surfaces.

wo attributes of the eye do not appear to be correlated and may account
repancies in what is seen by different observers when viewing the same
with the same telescope. A good example of these vision differences

two observers was on an evening of superb seeing when the Rev. T. W.
d the Rev. T. E. Espin were observing Saturn with a 9.3-inch reflector.
learly saw the Encke division of the outer ring but could not see the
celadus whereas Mr Espin saw Enceladus clearly but was unable to
‘Encke ring division. The paper dealing with this topic by W. Sheehan
the end of this chapter is recommended to the reader.

Fig. 3.22 Components of an apodising screen. (D: outside diameter of telescope tube; ]
mirror.)

second disc. (For a refractor, the hole diameters in each screen laye
52%, 76% and 88% respectively of the diameter of the objective.) No
the discs together. Bend the three flaps at the edge of the third disc at
to its plane towards the side on which the other two discs are att:
screen can now be slipped over the open upper end of your telescop
bent-over flaps holding the screen in place. If you prefer, a neater job v
you attach the bent flaps to the inside of a strip of cardboard bent intt
shape forming a sleeve that can now be more securely slipped onto on a rigid support and can be moved to point to any part of the sky.
tube. Be careful at every stage of the construction not to puncture altazimuth mount (fig. 3.23) is so called because it permits movement of
with the cut ends of wires at the edges of the mesh. When a planet is pe in altitude and azimuth. It is a good and useful mount, especially
Newtonian reflector with this device slipped over the open end of the to small refractors. However, it is a nuisance to be continually
glare is reduced, contrast of the planetary image is decidedly improv: the telescope in two directions to compensate for the Earth’s rotation
shimmering of the image is lessened. You will see the planetary ep the planet in the field of view. This is especially irksome when using
centre of a small dark circular area from which radiate rows of | ers which necessitate readjustment of the telescope every few seconds.
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Fig. 3.23 Altazimuth mount for a small refracting telescope.

Fig. 3.24 The Dobsonian mount.
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unt (fig. 3.24) is a form of the altazimuth used for mounting
i reflectors of large aperture (‘light buckets’). Such tele-
irtually exclusively by ‘deep sky’ observers. Planetary obser-

: them.

emu%hﬁeiio;uch better and is constructed in many different
'whi:; have one feature in common; the a?(is about \fvhich the
| in an east — west direction is not vertical as in the altazimuth but
liened so as to be parallel to the Earth’s axis when oriented exactly
"_south direction. This is therefore called the polar axis of the

other axis which permits raising or lowering the telescope is the

:s_If the telescope is pointed to a planet, rotation about the polar
Telescope pointed

to equatorial
region

To north
celestial

ope pointed
h celestial

Declination
axis

To north
celestial
pole
©
\_J Declination

3 Bolar axis
~ axis

" equatorial mount for a Newtonian reflecting telescope. (a) Telescope pointed to
region; (b) telescope pointed to the north celestial pole.
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axis alone, which counteracts the Earth’s rotation, will keep the p
field of view of the eyepiece. In effect, the equatorial is an altazim
the vertical (altitude) axis is tilted so as to be parallel to the Earth
aligned in the north-south direction.
Modern equatorial mounts are fitted with electrically driven mo
the polar axis turning in an east — west direction at a rate that just co
Earth’s west to east axial rotation. The planet thus stays still in the fielg :
provided that the telescope axes have been accurately aligned.
There are two common types of equatorial mount, the German an
mount. Commercially made amateur-sized Newtonian reflectors
always mounted on the German equatorial type (fig. 3.25) and catadi
fork mount (fig. 3.26).
The German equatorial mount is usually stood on a short vertical
three horizontal legs arranged at a 120° angle to each other (fig. 3.25)
a rigid vibration-free stand. The equatorial mount itself is often not ri
for vibration-free observing. If it were, it would have to be quite n

. ould add considerably to the cost and limit the portability of the
1 WO

usting the equatorial mount

: o aii]uit:;\gasing ag electrically driven equatorially mounted

. notp going to set it up and adjust it properly. The following
P ar;r somewhat crude will be sufficiently accurate for visual
g e First, remove the telescope tube and counterweights from
head. :]'hen slightly loosen the large nut that pef'mits up and down
ement of the polar axis about the large horizontal screw that
equatorial mount to the vertical pillar. .
olar axis at an angle to the ground as nearly as possible equal to your
de. Use a protractor to measure the angle. Tighten up th:e nut
. so that when the counterweights are attached the polar axis will not
the horizontal screw and tilt out of the correct angle. This adjustment
cked as follows on the next clear night with the telescope and counter-
ched. Align the polar axis in the north — south direction by reference
Star (Polaris) which marks the position of the north celestial p_olg to
out half a degree of arc with the upper end of the polar axis pointing
tate the telescope tube about the declination axis and point the open

To north
celestial
pole

Declination
axis

Angle equal
to observer's
latitude

Fig. 3.26 Equatorial fork-mount for a catadioptric telescope. (Celestron International @b
Instruments Corporation.)
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ube of equatorially mounted reflecting telescope pointing to the north celestial pole.
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end of the tube in the general direction of Polaris. Now rotate the p
that the telescope tube is on top of and parallel to the polar ax
counterweights underneath. The declination axis is now oriented
plane (fig. 3.27). If the angle that the polar axis makes with the 8ro

and if the axis is pointing exactly in the north — south direction, th
through the eyepiece (preferably low power) and focusing, Polaris g
the field of view, but it probably won’t be perfectly central. If yoy
Polaris, readjust the angle of the polar axis to the ground. It should be
to loosen the nut that holds the polar axis at the correct angle and sim
look through the telescope eyepiece. With the telescope tube point;

_ onian
~ focus

The choice of telescope

bring Polaris into the field of view by slowly raising and lowering ¢}
tube about the horizontal screw. As soon as you see Polaris, centre it
and tighten up the nut of the horizontal screw again. When you
telescope again with the polar axis pointing due north, start the
drive and point the telescope at a planet. The adjustments that you
should be sufficiently accurate to keep the planet in the field of view
minutes of uninterrupted viewing before it is necessary to make
adjustment on either axis to bring it into the field again.

Collimating the telescope
For the telescope to yield the best image that it is capable of giving, it}
that all the optical components are properly lined up or collimated.
tonian reflector the eyepiece tube and diagonal mirror are usuall
squared with respect to each other. The main mirror cell has three s
screws in its back that enable the mirror to be adjusted with
secondary. Before an observing session, the collimation should be
main mirror is often misaligned and has to be brought into correc
with the diagonal mirror and eyepiece. The diagonal mirror has to
the optical axis of the main mirror and inclined at an angle of
eyepiece tube must be exactly at right angles to the optical axis
mirror and the axis of the eyepiece holder must pass through the e
the diagonal (fig. 3.28). The main mirror is easily put out of alignment
knocking of the telescope tube or by just moving it around. '

To test the collimation, set up the telescope and pedestal with coun
attached and point the tube to any bright plain area such as the sky. Re
eyepiece and look through the eyepiece tube at the reflection of the
in the diagonal mirror. The latter is actually elliptical but will I
because it is tilted. In it you will see reflected the circular image
mirror which will nearly, but not quite, fill the circular outline of the di
the main mirror reflection you will also see a reflection of the diagor
supports with a reflection of your eye in the centre. The diagonal refl
probably not be exactly central (fig. 3.29), thus indicating that the col
not perfect. The main mirror has now to have its tilt adjusted until the
of the diagonal is perfectly central. This is done by locating one of
spring-loaded adjusting screws at the base of the mirror cell. Give
quarter turn and look through the eyepiece. If the diagonal reflection
centre, turn the screw back again. Go to the next screw and repeat the
and then to the third and so on until the diagonal mirror reflection is
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8 Corre. tly collimated optical components of a Newtonian reflecting telescope.
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Fig. 3.29 View through the eyepiece holder of an improperly collimated Newt
telescope.

Fig. 3.30 View through the eyepiece holder of a properly collimated Newtoni

telescope.
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(fig. 330) Each time try the effect of turning the screws in either
» optics will now be collimated. Rotate the adjusting screws about
o OCI; time while performing this adjustment. The procedure need
; ;;n a minute or two. It is a nuisance to have to keep moving away
; .'ece to step to the other end of the telescope to turn the adjusting

is helpful if you have a companion to do the adjusting for you while

e eyepiece. , . . .
or accuracy of collimation the centration of the image of the main

diagonal mirror should be observed through a ‘peep sight’ that can
ructed from an empty 35 mm roll film canister. Saw off the bottom
. cleanly and in the snap-on cap pierce a small hole exactly in its
it back on to the canister. Slide the cannister into the eyepiece holder

»d end facing towards your eye. On looking through the hole in the
I see the image of the main mirror in the diagonal mirror as before
your eye will be looking exactly centrally along the eyepiece-
or axis. This will permit greater accuracy as your judgement of
stration of the diagonal image in the main mirror image will no
affected by the slight off-centredness of the eye with respect to the
of the eyepiece tube that can occur if you do not use the peepsight.

ation may be even further refined by studying the in- and out-of-
s of a star and adjusting the main mirror until perfect star diffraction
seen consisting of perfectly circular and concentric bright rings
central Airy disc. However, the previously described method will
tion that is quite good enough for critical planetary work.

the telescope

drive will not move the telescope around the polar axis unless it is
ed. A simple procedure to achieve this is as follows. After
e counterweights unlock the declination axis and place the telescope
tally in its cradle rings with its centre a little way past the midpoint
mirror end. Remember that the mirror is quite heavy and so the tube
itioned off centre to achieve a balance. If the tube is balanced in the
remain horizontal and not tilt about the declination axis. Now point
Ope at a planet and slide the counterweights so that the telescope does
around the polar axis under its own weight. This will happen if the
too far up on the declination axis. If they are too far down they will
ope around in the opposite direction.

you have achieved a rough balance, point the telescope at the planet
>cus the image. Most likely you will find it drifting out of the field of
igh the telescope drive is running — make sure that it is by putting
to the box enclosing the motor and listen for its sound. If nothing
you switch on the current? If all is well and the drive is working,
Iting of the planet’s image is because the telescope is still not quite
balanced about the polar axis by the counterweights. Try shifting the
ttle further up the declination axis, lock them and look through the
- If now the planet holds still then everything is balanced. If not
weights still further up or down the declination axis until balance
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is achieved. A surprisingly small amount of movement of the weights ¢
the difference between perfect balance and lack of balance. 3
When the telescope is perfectly balanced, you will be able to obga
terruptedly for several minutes. If the planet drifts towards the edge
(as it certainly will unless the alignments of the axes are perfect) a
declination slow motion control or — using the declination axis as a
lever - a tiny shift of the polar axis will recentre the planet in the field
During a prolonged observing session the planet will alter its Positi
sky to such an extent that the telescope may need to be balanced again
now be pointing in quite a different direction from that at the stz
observation. A slight readjustment of the weights up or down the de
axis should suffice to correct this. Sometimes you may find that the
weights are too heavy; however far up the declination axis you move
telescope still refuses to turn on the polar axis in response to the elect
This is remedied by removing one of the weights and repositioning the
balance should now be possible. These manipulations may sound ted
you gain familiarity with your telescope mounting and its peculiarit
the feel of things’, you soon can make these adjustments quickly and
A few further hints will help in keeping observing trouble-free:

hed to the upper end of the tube of a
B tEIisca?; ;tc:iarfts in the sarﬁg direction. On looking
. toilll see two cross hairs at right angles that intersect.at
S BYePie.Ce ymf1 “irew The viewfinder must first be adjusted so that 1.ts
of the field of v allél to that of the main telescope. With the main
pocty parand with the motor drive running unlock the d(.agjlmg—
accurately set UPer oint the main telescope at a planet and position it
Using a low p(}:w fjéllzi of view. Lock the declination axis. Look through
the centre of tﬂfe lanet image exactly at the intersection of thg Cross
der a.nd gﬂef scrIZWS that hold the viewfinder in position in the
adjusting de this by loosening one and tightening another until tl'.\e
g may be a bit tricky to do this without jolting the main
look through the main telescope eyepi?ce tf) check that the
o ield of view. If so, the viewfinder is adjusted accufrat.ely
- o<l 0 b tly, you ‘find” a planet by first pointing
L obser\fer- S_ll o1 the plar k th the viewfinder
in the direction of the planet. Look through

e tel(::sc‘:,]::immain telescope tube until the planet can be seen exactly at
. f ‘tahe cross hairs in the viewfinder. On looking through the

f c;,-nn::;in telescope the planet should be in the field of view.

o’ is the
and is par

t is achieved. It

(1) Before you begin observing rotate the telescope tube in its cra dl
the eyepiece holder is on the same side as the counterweights
declination slow motion control. Adjustments can now be m
axes while observing without taking your eye from the eyepiece
the controls will be within your reach.

(2) When making an adjustment to the telescope about the polar
rotate the polar axis in a west — east direction. By so doing, the te
gear wheels of the electric drive motor will all be in contact
telescope will resume following the planet immediately. If you |
axis from east to west this will disengage some of the motor ¢
which then have to move through a tiny distance before the
engage with the neighbouring wheels. This usually takes a fi
during which time the telescope will stop following the pl
resuming again. This may be long enough for the planet to pass 0
field of view if you are using a high power eyepiece.

(3) Suppose that you start observing a planet a while before it
meridian with the telescope tube on the west side of the polar
continue to observe for some time after the meridian passage o
you may find it more convenient to swing the telescope aroun
axis so that it is now on the east side of the polar axis. Reb
continue observing. If you do this, be sure to remove the eye
Barlow lens if in use) from the eyepiece holder because d

manoeuvre the telescope tube turns upside down and there i
risk of eyepiece and Barlow lens falling to the ground if not first re

: dzlrcmlafon and polar axes of your telescope you will see at:lached n:}(:tai\l
tic discs a few centimetres in diameter, the axes passing t ’r01.;1gh tl; r
These are the setting circles. They are graduated arou’nd their e g_es, .e
tion circle in degrees and the RA circle in hours. and_mmutes. A pomc’;er 1:1fs
each axis so that the graduations on the setting circles can be read off.
circles are so called because they can be usedl to locate or set the tel'esc:(;ﬁe
oint at a given faint or small celestial objec} at n’lght or to planets durlr}gt e
. Some telescopes are sold with fixed setting 01.rcles and n.'\ovablg poin t?rks:
thers with movable setting circles and fixed pointers. Tdhe instructions wit
es hould make clear what arrangement is used.
“ﬁsclt\pfospzint the telescope at a celestial object t?lat is difficult to local:e
e naked eye, the object’s RA and declination are first calculated from the
te tables in an ephemeris. ‘ .
g that your telescope is accurately set up e_md that the setting Cl'lict ;135
y adjusted, the object is found by first turning the polar axis until the
indicates the RA of the object at that particular time. Then_ the declmat'lon
turned until the object’s declination is indicated on the. circle. The object
now be seen in the telescope’s field, preferably using a low power
2, 50 that if there are slight errors in the adjustments the object will still
ly be in the field of view. R
atively, if the object happens to be east of your meridian it is a gfmd plan
your telescope on the meridian and tilt it at the proper c.leclmati(.m angle
south of the celestial equator. Next, note your local sidereal time and
the time of the object’s hour angle to pass. It should now be seen in the
s field of view. It will be at its highest point in the sky since it is on the
and so the seein g should be better than if it were an hour or so on either
the meridian, .
S Usually quicker to consult a current astronomical journal or an ephemeris
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Adjusting the viewfinder
Owing to the narrow field of view of the main telescope it is difficult to
accurately to the planet that you want to observe. The viewfinder faci
because of its low power and much wider field of view. The vie
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3 tigmatism that can be done on moonless nights with
gparency is to use a power of 100 x to study the well-
.md tra;l ,pstar Epsilon Lyrae. Apertures of 4 inches or more resolve
- do}lb end this should be possible at one setting of the focus.
.eaml}k’)l:s will be resolved at one focal setting, the eyepiece will
£ oo focused for each pair if the mirror is astigmatic. The effect
tly rs by a faulty diagonal mirror or by distortion of the main
£ 'cauts;zin 3;00 firmly held in its cell or occasionally by poor optical
o dioge eyepiece. These should be checked before blaming the
i;fmtfle mirror is at fault, return it to the maker for exchange or

the defect.

and look up the current position of, say, dim planets like Uranus, test for as
Pluto with respect to nearby stars and to locate them by ‘star hoppin
Testing the telescope
If you purchased your telescope from a reputable firm you can s
that the optical components have been performance tested before be
If you made your telescope yourself then you will be already famil
of optical performance. It is when you purchase a second hand
especially if amateur-made, that you should test optical perforn
parting with money. Whoever is selling a telescope to you sho
to this.

The telescope should first be perfectly collimated before applying
A good test object is a moderately bright star on a clear dark nig
seeing is steady. Using a power of about 100 x the image of a star w
focused should appear as a perfectly clear sharp point of light wi
dages or other irregularities. Now move the focusing tube slowly i
that you can study the out-of-focus image on both sides of the tru
star image will now appear as a disc with a dark central spot — the
the diagonal mirror. A series of three or four concentric perfectly
rings of equal intensity will be seen surrounding the central d
appearance should be seen on either side of the true focus. Don”
conclusion that your telescope is faulty if you see any departure
appearances; it is not very often that the state of the atmosphere will
perfect results.

The testing should be repeated on several occasions and in di
conditions. If something doesn’t seem quite right after many ni
testing, don’t be quick to blame the mirror; remember that the eyep
your own eyes may not be perfect.

olving power The Dawes criterion for telescopic resolution was
arlier. In choosing a double star for the test, the components. should
. llow in colour and of about the same brightness. If one is much
the other, its diffraction phenomena might swamp the image of the
onent. Blue double stars, are easier to resolve than yellmiv doubles
bles are the most difficult. Tables of double stars and their angular
s can be found in many texts on practical astronomy. _

ving double stars have been recommended as tests of telescopic

ower:

r 8-inch telescope, Zeta Herculis. The components are separated by
econd of arc and the magnitudes are 3.0 and 6.5. Use a power of
% . Eta Orionis is a double in which the magnitudes are 4.0 and
he separation is also one second of arc.

-inch telescopes, the blue component of the wide yellow and blue
star Gamma Andromedae, which is itself a double. A power of
00x should resolve the blue component.

Testing for correction of spherical aberration Before testing fo
of spherical aberration the mirror must be allowed to attain tempera
brium (as it should before any kind of optical test or planetary ob
carried out) otherwise rapid temperature changes and consequent
the mirror’s figure can give appearances resembling spherical aberra

Examine again the intra- and extra-focal appearances of the star i
outermost bright ring appears bright and wide in the extrafocal
indicates that the spherical aberration of the mirror is overcorrec
curve is too deep and is more hyperboloidal than paraboloidal. If t
appearances are seen, then undercorrection is indicated and the cut
shallow and approximates more to a spheroid than to a paraboloid.

the telescope from dust and atmospheric pollution

tube construction of the Newtonian reflector exposes the main mirror
ccumulation and when not in use the telescope should be protected
remove the tube of my telescope from its cradle and stand it upright,
d down, with a cardboard lid over the open end of the tube and with
e tube and viewfinder objective covered with the plastic caps that
plied with the telescope. You could stand the telescope with the mirror
rmost which would lessen the risk of dust accumulation on the mirror
e telescope tube would be top heavy and likely to fall over if
ly bumped; it would be a good idea to store the telescope in a tall
ipboard if you prefer to stand it mirror end uppermost.
‘mirrors tarnish quickly in industrial areas where there is hydrogen
or sulphur dioxide in the air. They therefore require frequent resil-
800d aluminium coating on the mirror should last for many years and
d reflectance properties especially if further coated with one of the
ds of transparent protective films that are available.

Testing for astigmatism If the out-of-focus star image and bright r
elliptical instead of circular, astigmatism is present somewhere. This
the mirror or in your own eyes. Try rotating your head one way th
while looking through the eyepiece. If the elliptical image of the sta
rotate in the same direction as your head, then your eyes are at fau
rotating the telescope tube while keeping your head still. If this
apparent rotation of the star image, then the telescope mirror is at faul
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Telescopes and accessories Housing and care of the telescope

i tube is kept
Cleaning the mirror of a Newtonian reflector om dampness and rain. The telescope P

e itt f:'ld attached when needed. I have nevedr botl}:e:;ad tg
] out a : i en shed an
Many observers get upset at the sight of even a few specks of brouinmgement but keep the enhrebtel(i;cOfésl;?\tzr%va;ights nd the
beautiful shiny surface of the telescope main mirror, especially if th s arr: the telescope tube, the

spent a lot of money on a new telescope, yet overlook the fact a
diagonal mirror obstruction in the light path is the equivalent of
Opaque matter on the mirror’s centre! However carefully dust is
the telescope some always gets onto the mirror. Dust on the mj
revealed if you point the telescope tube towards a bright light or to the
look down the open end of the tube at the mirror. When your head
certain angle at the side of the tube opening, dust on the mirror will
revealed as a multitude of bright points speckling its surface. Be reac
little dust on the mirror has hardly any detrimental effect on the teles,
although the light scattering caused by a more than slight sprinkling
affect contrast of delicate planetary detail. Some observers don’t s
worried even if the mirror looks like the bottom of a garbage can
damaging than dust are greasy films, smears or fingerprints on the mi
To clean the mirror, carefully remove it from its cell. Do not atte
with a cloth; gritty particles on its surface would thereby cause scr.
surface coating. If you have one, direct a jet of air on the surface fre
compressed air. This removes the coarser debris. Now place a fol
the bottom of a sink and fill the sink to a depth sufficient to comple
the mirror with room temperature water to which has been added a te
of good quality mild detergent (I use dish washing liquid). Stand
reflecting surface uppermost, on the towel well beneath the water s
cotton wool swab and gently draw it in straight lines across the s
mirror still immersed in water from one ed ge to the other. Do not ap
or use a circular motion. Rinse the mirror under the tap and give it
rinse with distilled or deionised water. Stand the mirror on its
(somewhere where pets or children cannot leave nose or finger p
tively). When dry there should be no streaks or other marks on
there are, wet the mirror again with distilled water and try a
industrial methylated spirit (not ordinary methylated spirit which
when mixed with water) or 70% isopropyl alcohol which works just
Do not be too anxious to remove the mirror from its cell for clean
time you see a speck of dust on it. There is always the risk of scra
otherwise damaging the reflecting surface. If the mirror looks a bit
seems to be performing well, remember the good common sense rule
well enough alone’.

j into three uri's - i do the same set up the telescope for
torial head. Ifti’::" Sg;ﬁ;l.t'cl}‘he pedestal and equatorial heagd’of an
y first taking S t thg counterweights, is quite heavy. When lifting it
even o ur lower back. Bend your knees, grasp the pedesta'l
not to hu.rth};o ing your legs. Do not bend your back but keep it

e erlle fdo the work, they are much stronger than your
o yl(JZI;'he;EI setting down the pedestal. Keep your back
equally carefu to lower the pedestal to the ground. Next, attach the
and bend foUT leﬁs fix the telescope tube in its cradle and checl_c the
ghts and fm}:a t}fe telescope tube before attaching the counterwe}ghts
_D?n’t ?ttac top heavy — the telescope will swing around and hit the
- :vulg\b;ozg back to pick up the counterweights. The whole
u

g in fi i less.
ve minutes or les _
caHbEdone;?escope mirror to attain the outdoor temperature if you

- outdoors from a warmer or cooler indoor environ-
g telesc?l:sr and telescope tube are cooling down while you are
o wal:ll?l:?‘rtube currents’ set up in the air inside the telescope tube.

mem:; the mirror may be temporarily distorted’due to temperature

: -:Both of these effects will result in image unsteadiness and deteriora

[ le to walk into an observatory, howev?r simple, with the telesi?}];e

et up for immediate use is a great convenience. Many obsel:ltrers.w; o ﬁ

ith their hands’ and will want to build an ob.servato% o g:i\;r o

s for such a project is outside the purpose of 'th.ls b(?ok. etFea exwill

of books at the end of this chapter containing information

of observatories and various types of shf:lters for telescopfes.

sily constructed types of telescope housing are as follows:

small waterproof shed with hinged roof and' sides which are opened
hen the telescope is used. The shed can be f1xe§1 or movablef e.lg., t(}:;n
wheels that run on ‘railway lines’ made of angle iron. Alternative yn de
elter can be made in two halves which can be foldgd back or r(f) e

a way to uncover the telescope. Although the telescope is pr(?tected r(l:_ulm
eather it is not shielded from wind when you are obse.rw’ng an(il this
may cause it to vibrate exasperatingly and the planet will ‘dance’ vio-
tly in the field of view.

) A sh{':in wifhfa ﬂa(z run-off roof. As well as protecting tlt1e telescope from
 the weather it will protect it and yourself from wind while ob;ervm.g. The
r00f rolls away from the walls and exposes the sky. Alternatively it may
be in one or two pieces and hinged so that it can be folded bz?ck. Suc}l;la
 shed can be larger than a simple cover and have room for a chair and table
- and some accessories such as a flashlight, books and charts.

5 t0 say, observatories however simple or advanc‘ed‘ s:houlc!llnot bE
In cold weather as the air currents caused by warm air rising will wrec

Housing and care of your telescope

It is not necessary to have your telescope housed in an expensive ob
with a revolving dome in order to pursue serious planetary observa
other hand it would be madness to leave the telescope out of doors
from the elements. 1

The entire telescope need not be left out of doors. Some observers
pillar support cemented into the ground with the equatorial head on f¢
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Further reading

Books

Amateur Telescope Making. Books 1, 2 and 3. Ingalls, A. A. G. (ed), Scientific
San Francisco, (1949).

How fo Make a Telescope. Texerau, ]. Interscience, New York, (1957).

Telescopes for Skygazing. Paul, H. F,, Chilton Books, Philadelphia, (1965).

Telescopes. How to Make and Use them. Page, T. and Page, L. W. (eds), Macmill
(1966).

Amateur Astronomer’s Handbook. (3rd edition) Sidgwick J. B. Faber and
(1971).

The Amateur Astronomer and His Telescope. Roth, G. D., Faber and Faber, Lond

Astronomical Telescopes and Observatories for Amateurs. Moore, P. A., Davi
Newton Abbot, South Devon, England (1973).

Telescope Making for Beginners. Worville, R. Kahn and Averill (1974).

Make Your Own Telescope. Spry, R., Sidgwick and Jackson (1978).

How to Use an Astronomical Telescope. Muirden, J., Linden Press. Simon
(1985).

Papers and articles
Planetary Telescopes. Baker, J. G., Applied Optics 2, 2 (1963).
Get the Best From Your Newtonian. Lees, A. W., Astronomy Now 5(1), 38-43
How to Plan a Newtonian Reflector. Berry, R., Astronomy 10(3), 47-50 (1982
How to collimate your telescope. Porcellino, M., Astronomy 20(4), 61-65 (1
Notes on Newtonian Reflector Alignment. Cox, R. E., Sky and Telescope 31(3),
Easy Steps to Perfect Polar Alignment. Burnham, R., Astronomy 10(8), 52—4 (
Polar aligning your telescope. Porcellino, M., Astronomy 20(5), 69-72 (1992).
How to Use a Polefinder. Burke, P. J., Astronomy 13(5), 51-4 (1985). .
Eyepieces: What You Get is What You See! Schwartzenberg, D., Astrono
(1979).
A Close-Up Look at Eyepieces. Eicher, D. J., Astronomy 16(10), 82—7 (1988).
Test Drive Your Telescope. Suiter, D. Astronomy 18(5), 56—-61 (1990).
How to Star Test Your Telescope. Suiter, D., Astronomy 11(4), 51-4 (1983).
Ten Tips for Improving Your Telescope. Ling, A., Astronomy 18(8): 66-70 (19
Which Cassegrain is Best? Anonymous, Astronomy 7(6), 54-5 (1979).
Resolution and Contrast. Gordon, R.W., JALPO 27(9-10), 180-90 (1979).
The Art of Seeing. Porcellino, M., Astronomy 18(2), 66—70 (1990).
The Big Eyes of Small (Tele)Scopes. Chaple, C., Astronomy 10(10), 51-4 (198 2)
Rethinking Your 60 mm Refractor. Underhay, E., Astronomy 10(6), 48-50 (1
Soup Up Your Small (Tele)Scope. Shaffer, R., Astronony 16(9), 80-3 (1988).
The Refractor Advantage: Quality Over Size. Dyer, A., Astronomy 15(10), 6!
The Lure of a Big (Tele)Scope. Clark, T., Astronomy 16(10), 76—81 (1988).
How to Buy a Telescope for Your Child. Berry, R., Astronomy 8(10), 46-9 (198
On an Observation of Saturn: the Eye and the Astronomical Observer. '
JALPO 28(7-8), 150-4 (1980).

bottom of a vast ocean of air, several miles deep, that envelops the
e Earth. Though essential for the continuation of all animal an.d
is nothing but a nuisance to the practical astronomer. A.ll te]:escol:.uc
 has to be through this mass of air which rarely, if ever, is quite still.
, the obvious obstructions of thick clouds and fog which prevent
 altogether, telescopic planetary images are often ruined by
c turbulence even when the air is perfectly clear. Air currents and
temperature at different levels of the upper atmosphere all con-
irregular refraction of light rays reaching us from the planets. This
nmering or ‘boiling’ and telescopic planetary images oscillate and
e planetary detail is therefore difficult to see and ‘hold’; if the
s bad enough little or nothing of disc markings can be seen. These are
tby ‘bad seeing’.

his happens there is nothing that you can do but to wait until
improve. However, there is no need to stop observing in the usually
oor seeing conditions prevailing most of the year at most observing
night of tremulous seeing occasional steady intervals occur lasting a
two during which the definition of the telescopic planetary image can
gly good. Previously unsuspected fine detail will spring into view
sly seen features will be much clearer and show more detailed
Most time spent in observing goes into waiting for these steady
art of the art of observing is making the best use of these steady
they present themselves.

eeing occurs in the summer. The usual cause is the heat radiated by
Or concrete patios at and after sunset which causes atmospheric
onditions will often improve after midnight.

the best seeing occurs on winter nights when the temperature is
below freezing and the sky clear and still. Avoid observing during a
seeing is usually atrocious.

M steadiness of the air its transparency is important. The clearer the
- Obviously, country dwellers enjoy a permanent advantage over
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The atmosphere and seeing

der average atmospheric seeing conditions, when
: b, revail the larger aperture always tel‘ls and the large
ions P maller telescope. When seeing is poor a large
e thed swn’ to a smaller aperture with a suitable circular
be ’§top§)fd u(;lly give a steadier planetary image with improved
- fu 1S ss resolving power because of the reduced aperture.
at the FOSt 4 Zsory called the apodising or antidiffraction screen
e observing aC;e 1 attached to the telescope, significantly reduces the
chapter 3, W :ience without reducing the aperture of the telescope.

ic turb .
i ap::;sl:ory for planetary observation.

urban dwellers in this respect. Unfortunately, good transparency jg o
panied by tremulous seeing. Slight overhead mist or fog is not ye
mental; under such conditions the seeing is often quite good and
bright planetary disc is subdued.

E i ﬂ'ﬂ-s is sO un

Assessing atmospheric seeing conditions

Serious planetary observers keep records in which not only are act
tions entered but also factors that may have an effect on
reliability of the observations. One of these is the atmospheric seeing
prevailing at the site where the observation was made. It is of
importance to record this but so complex are the causes of atm
lence in the atmosphere that it is not easy to measure objectively
observation.

Various scales of seeing have been devised in an attempt to expres
conditions on at least a semiquantitative basis. One of the best kno
Antoniadi’s in which the seeing is graded from 1 (best seeing)
seeing): :

cocts on seeing

i d side of a

i be experienced by observers on the leewar _
w111 us:zgz dsring the early morning hours. The heat from factories
Fm:;:jnnlfneys will usually have ceased by then. Yet anyone actu‘all.y
» centre of a city may enjoy quite good seeing conditions. This is

e is usually a ‘warm spot’ in this type of locale and the air overhead

! us. . .
(1) Very good Perfect seeing, steady sharp planetary images even e ymlgiigge;zoobservmg site can cause atmospheric turbulence which
power.

iti i i 5and 10
hen conditions are windy. At heights of betvx.reen :
(2) Good Slightly tremulous with steady intervals lasting for sever: : thrllgelgn‘;rw:inds B ot up beciuise of latge changesin baromgtnc
(3) Fair or mocn;emt; Frecclluent tremors but in the steady intervals th i B orciocce. fronte’ moving info the arca. e
quite good with medium powers. -

i i t temperatures.
: ing are here caused by layers of air at differen
T Frembling of the image v 1 t’(s;e VTagves in the air are at a greater distance from the telescope so that
glimpses of detail. .

on seeing are less than they would be if the observer was at ground
(5) Very poor Unsteady blurry image even with low power. Imposs 'high seeing’ is a climatic effect, its charactgr varies with the
SRR RS ;' s location on the Earth’s surface. It is less of a nuisance in the lower
i more uniform atmospheric pressure.

Urwngfigct:;ecaused by cities ancf height above sea level, the effects
on seeing by the immediate surroundings can be largely controlled.
es rising from warm ground near the telescoge naturally occur more
e day and in the early evening than at other times. The later evening
morning hours will therefore give the best seeing. Surrounding tl'fe
by scrub can help to reduce the effects of this ll<1nd of atmosphen‘c
Avoid observing on a concrete base; a lawn is much better as it
d radiates much less heat. Also avoid observing over the roofs of
pecially in winter when central heating is in use.

telescope is housed in an observatory, open the roof and dgors at
o allow dissipation of warm air inside that has accumulated during the
)cal effects can also affect the air within a few feet above ground level. You
yourself standing in a thick layer of warm air up to your shoulders. If
a refractor on a tall stand will perform better than a reflector on a shoFt
ecially if the latter has an open framework tube, so that the mirror is
Lin the mass of heated air. It may be revealing to take the temperature at
ent heights above the ground in your observatory locale. o
ally held but mistaken belief is that some areas have clearer skies, i.e.,
>parency, than others. It is quite true that the climate in some parts of
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The effect of telescope aperture

Assuming that your telescope is optically perfect the quality of t
depends on the size of the objective (aperture) and the magnification w
under similar atmospheric conditions. Magnification augments
tremors in the image and the larger the telescope the less likely will th
of air that it is looking through be completely free of tremors. 1

On the majority of nights slow-travelling air waves from about 6~
across move at a height of many hundreds of feet above ground le
therefore easy to appreciate that if a telescope of larger apertu
dimensions of these waves is used their effect will be to degrade the it
break it up. If a telescope aperture smaller than these waves is us
image won’t be broken up but will shift bodily. Therefore although th
both the large and small telescope will tremble, the image will retair
overall outline in the small telescope than in the larger. #

Under the same seeing conditions, then, despite its lesser resolvi
steadier image and more detail will be seen with a smaller telescop
given rise to the mistaken idea that small telescopes perform better £
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the world such as North Africa, the Mediterranean and Arizona,
cloudless night skies. Transparency probably hardly varies from
world to another. Some consider that the English climate favo
but one has only to search through the works of English astron
comet hunter G. Alcock and Sir William Herschel and many o

error in this viewpoint.

Of all the many factors that can affect an observation s
aperture and quality, magnification and collimation, the state of
eyes and even mood, the atmospheric state probably has the n
influence. No two nights are exactly the same in this respect. It w;
by the double star observer Burnham that a 6-inch refractor may
companion to Sirius on one night yet on the next night when
seem to be just as good, at least to the naked eye, no trace of the
detectable with the largest telescope in existence.

From this it follows that each night must be considered on its
taking care must be taken when comparing observations mad
seeing and atmospheric conditions. If similar views of a planet are
obviously the same telescope and magnification must be used. Hi
the atmospheric conditions are exactly the same, discrepancies are
in what is seen from night to night that must be attributed to atmos

irs ‘inferior’ i the sun and
<t of the two ‘inferior’ planets, is the nearest planet to :
ﬁr:)tf 3010 miles (4843 km) which is slightly more than one third of
diameter (fig. 5.1). Its mean distance from the sun is 36.0 million
ion km) but it varies from 28.6 million miles (46.0 million km) at

Fruther reading 43 .4 million miles (69.8 million km) at aphelion, owing to the great
city of 0.206 which is exceeded only by the orbital eccentricities of
Popersand articles eral of the asteroids. This means that the sun is 7.5 million miles

km) from the centre of Mercury’s orbit. Owing to Mercury’s
the sun, its orbital speed is greater than that of any other planet,
a maximum of about 35 miles (56.3 km) per second when nearest
mﬂes (37.0 km) per second when farthest from the sun. Mercury

The study of atmospheric currents by the aid of large telescopes, and fl
currents on the quality of the seeing. Douglass, A. E., Metr. Jour. USA

A seeing scale for visual observers. Tombaugh, C. W. and Smith, B. A,,
17(9), 449 (1958).

An analysis of the seeing and transparency scales used by amateur observ
L.]., The Strolling Astronomer 15(11-12), 205-12 (1961).

tis an inner planet Mercury exhibits phases like our moon (fig. 5.2). It
How to improve your image. Pommier, R., Astronomy 20(7), 603 (1992).

erior conjunction when on the opposite side of the sun to us,
moon shaped at its elongations, i.e., when at its greatest apparent
e from the sun on either side and ‘new’ when at inferior conjunc-
een us and the sun.

tion of Mercury’s orbit to the plane of the ecliptic is greater than
other planets (again with the exception of Pluto and several of the
and is almost exactly 7°.

mpletes one orbital revolution in 88 Earth days, its sidereal period,
ge synodic period, say from one inferior conjunction to the next, is
ing again to the ellipticity of the orbit the orbital speed of Mercury
a way that its synodic period has a range of from 111 to 121 days.
m Earth, Mercury seems to swing pendulum-like from one side of the
‘other. At its greatest eastern elongation it will therefore be seen to the
atsunset as an ‘evening star’ and at greatest western elongation it
to be to the right of the sun at sunrise as a ‘morning star’ as seen
orthern hemisphere. These favourable times of maximum visibility
Apparitions’. The elongations occur very close to the same dates every
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Mercury

Earth
7928

(12756 km)

Mercury
3010
(4878 km)

Fig. 5.1 Comparative sizes of Earth and Mercury (equatorial diameters in miles).

History of observation

bservation

tioned in chapter 2, the Ancients knew that among the ‘fixed
mﬁ; oved or changed their positions in the constellations there
like objects that did move, the planets, which were five in
them was the planet we now call Mercury. The planet Mercury
far from the sun, is low down in the sky when it becomes dark
t and its apparent movements are fairly rapid; hence it was
; mythologiCﬁl swift-footed messenger of the Gods. It resembles a
it lies so close to the horizon it twinkles. The ancient Greeks
4 it the Twinkler or Sparkler. It often has a rosy pink hue, an effect
ric djspersion. .
probably first observed by shepherds of long ago who had little
tch the skies while guarding their sheep during the long nights.
shepherd of those far-off days must have noticed from time to
g star-like point near the sun at twilight that he had not noticed

evening subsequently it would appear farther from the sun before

on later evenings it would retrace its path getting closer to the sun
en finally it would be lost in the sun’s glare several days later. One
g, just before sunrise, a similar twinkling star-like point would be
wn in the east where no such star was to be seen a few days earlier.
and morning ‘stars’ were thought to be two different objects so
ler was given two names by the Greeks. The ‘morning star” was
0 and the ‘evening star’ Mercury. It was not until much later that it
that the morning and evening stars were one and the same object.

st known reference to Mercury is in a report made to Assyria’s king
ineveh’s chief astronomers. Eudoxus measured Mercury’s synodic
400 BC yet some authors say that the first recorded observation of
.made by the Egyptians in 265 BC. That Mercury was a planet was
ts movements well known before the Classical Period came to a

(@GQ

10"4 4%

Hevelius (1611-87) seems to have been the first to notice Mercury’s
ough Robert Strom in his Mercury, the Elusive Planet gives credit for
ni Zupus in 1639.

onymus Schroter, (1745-1816) who diligently observed Mercury
atory at Lilienthal in Germany between 1780 and 1815, drew the
p of Mercury. In the year 1800 he observed on many occasions that
horn of the crescent phase of Mercury was blunted and this led him
that this was due to a mountain 12 miles (19.3 km) high on Mercury. In
Schroter observed that the terminator of Mercury was slightly
time when it should have been been straight according to calcula-

Fig. 5.2 Changes in the apparent angular size of Mercury at different phases.
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notomy occured about eight days later. Beer and Méadler made many
ns in 1836 that confirmed Schréter’s and showed that dichotomy
DO -t 6-8 days later or earlier than the calculated time depending on
on in which Mercury was moving. This phenomenon is known as the
effect or phase anomaly. Schroter estimated Mercury’s axial rotation
be 24 hours and 4 minutes. Some of Schréter’s observations seem
so ﬂiflught another observer of Mercury, Sir William Herschel, whose
dies of Mercury never revealed anything interesting.
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History of observation

Mercury

Giovanni Schiaparelli (1835-1910) observed Mercury from y
8-inch refractor to which he was able to apply a power of 400 .
able conditions. Schiaparelli observed Mercury during the day
it was near the meridian. He said that in 1882 he had beer
Mercury and considered it to be easier to observe than
resembled Mars more than any other planet. He recorded
Mercury that became obscured, sometimes completely, and brj \
that changed their positions. He described the spots and patch
‘extremely delicate, dark streaks’ which were “clear brown in ¢
rosy background’. It was shown sometime later that these ap
illusory. Although Mercury’s disc is smaller at superior conj;
dichotomy (‘half moon’ phase) Schiaparelli found it easier to o bs
superior conjunction because the disc is then fully illuminat
18-inch refractor was added to Shiaparelli’s observatory which
aged him in his work on Mercury. From his observations of the :
he concluded that Mercury rotated upon its axis in the same ti
make one orbital revolution around the sun. Schiaparelli’s map of
shown in fig. 5.3. '

Other sightings of surface features on Mercury at about this sa
follows. Prince saw a bright spot a little south of the centre of the
lines radiating from it on June 11th 1867. Near the east lin
Birmingham glimpsed a large white spot on March 13th 1870
Vogel saw spots on the surface on April 14th and 22nd, 1871.

. . the Elusive Planet,
Lowell’ of Mercury (1896). (From Mercury
thsomafl ?nsr?it:ﬁﬁé’; Press, Washington, DC, 1987.)

g
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Percival Lowell (1855-1916), best known in connection with Nar e - :‘-L \u’ ‘;__
observed Mercury with a 24-inch refractor in his private observatory oot - | ’f_ ‘t w

Arizona. He made several drawings of Mercury showing lir i
features. His description of the surface features of Mercury, ho
more on the natural appearance of these ‘roughly linear’ fea

irregularities that are suggestive of cracks’. Lowell’s map of M

..*

Jarry-Desloges’ map of Mercury (1920). (From Mercury the Elusive Planet,
Smithsonian Institution Press, Washington, DC, 1987.)

Fig. 5.3 Giovanni Schiaparelli’s map of Mercury (1881),
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Mercury

Fig. 5.6 Lucien Rudaux’s map of Mercury (1927). (From Mercury the E
Strom, R.G., Smithsonian Institution Press, Washington DC, 1987.)

in fig. 5.4. The Rene Jarry-Desloges map of Mercury appeared in 1920
and M. Lucien Rudaux’s map in 1927 (fig. 5.6). |

William E. Denning (1848-1931) was one of the foremost observers )
in England. Observing from Bristol he used a 9i-inch refractor and
reflector. He found that the dusky markings on Mercury were easily s
suggestive of the planet Mars. He concluded that Mercury had an axi
period of 25 hours. Two of Denning’s drawings are shown in fig. 5.7.

Eugene M. Antoniadi (1870-1943) made extensive observations
during the late 1920s, using the great 33-inch refractor of the Meudor
tory just outside Paris. Like Schiaparelli he observed Mercury during
noted dusky hard-to-see greyish patches on the planet. He made dray
like any good observer recorded only what he saw with certainty. S
drawings are shown in fig. 5.8.

Antoniadi constructed maps based on these drawings and gave
features on Mercury’s disc based on Greek and Egyptian mythology.
nomenclature continued in use until after the Mariner 10 spacecraftn
one of his maps is shown in fig. 5.9. He thought that he sometimes ¢
veils” and concluded that Mercury had an atmosphere sufficient
retain clouds of dust in suspension. i

Antoniadi observed localised changes in surface brightness of Mercuf
only about one or two days. Similar transient changes have been des
H. McEwen in the BAA’s Mercury reports. Antoniadi attributed th
to clouds in Mercury’s atmosphere but it is now known that what ai
Mercury possesses is too tenuous to allow clouds to form or to pes
blown dust to remain suspended for long. A possible explanatio
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Fig. 5.7

History of observation

6th.
. November 5th. 1882, November
183218H 49M 18H 56MM

[l i -i / From
i Mercury by William F. Denning (10-inch Newtonian reflector).
gr:\’zzlrf;(gfo%tar]ight‘Evcnings, Denning, W.F., Taylor and Francis, London, 1891.)

(b) (c) (d

%’:‘-5.8 Drawings of Mercury by Eugene E.M. Antoniadi (33-inch refractor). (a) August 11th,
1 4. A very white ‘cloud’ is shown at the limb. (b) June 21st, 1927. (c) October 11th, 1927. An
enormous irregular ‘cloud’ of uneven brightness along the limb. (d) September 11th, 1929. Large
Areguiar veil at the limb. In (c) and (d) the dusky surface markings are Atlantis, S. Criophori and
S. ites (see fig. 5.9). (From the Planet Mercury, Antoniadi, E.M., English translation,
Keith Reid, South Devon, 1974.)

79




Mercury ' History of observation

‘L
i

Wegner's map of Mercury (10-in_reflector). (From Handbook for Planet
h, G.D., Faber and Faber, London, 1970.)

Fig. 5.9 Antoniadi’s map of Mercury (1934). (Antoniadi’s nomenclature.)

transient brightness changes is that they may be analagous to the g
effects sometimes seen on our own moon’s surface which are cau
radiation. Mercury’s surface resembles the moon’s in its albedo
tivity) and other photometric properties and also lacks a substanti
and magnetic field. Mercury’s surface is exposed to ten times more
tion per unit of surface area than the moon; it would therefore not
if luminescence effects resulted in sufficient localised surface
produce detectable changes in apparent contrast. k
Antoniadi’s book ‘La planete Mercure’ was published in Paris in
niadi, like Schiaparelli, considered that Mercury had a synchronot
tion. This belief arose because the same surface features were seen
positions every time that Mercury was observed at favourable el -
this mistaken belief was held will be explained later under ‘The a .W. Spangenberg's map of Mercury, based on observations with a 5-inch refractor.
Mercury’. ng represents frequency of observation. (Redrawn from Handbook for Planet
The amateur, Gary Wegner, observed Mercury during 195662 #,G.D., Faber and Faber, London, 1970.)
reflector and drew the map of Mercury shown in fig 5.10. W. W. £
constructed the map shown in fig. 5.11 based on drawings made i

and 1962 using 4- and 5-inch telescopes. { 's surface, the pattern of which was in good agreement with the
The French astronomers B. Lyot, H. Camichel, and A. Dolfuss, by the old observers. In 1942 they drew a planisphere based on

and photographic methods at the Pic-du-Midi observatory i Ographic results.

Pyrenees, observed and photographed Mercury under superb seei ) uced’ that Mercury’s albedo was 13% which is somewhat less than

The telescope mainly used in their work was the 23j-inch refrac moon’s. He considered that Mercury’s surface was rugged, which

specially adapted for planet observing. They recorded permanent da _ later confirmed by the Mariner 10 close-up photography. This

80 i 81



History of observation
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Fig. 5.12 Clark Chapman's map of Mercury: a composite based on 130 visua]
cylindrical orthographic equal area projection. (From Sky and Telescope 34(1), 25,

revealed Mercury’s surface to be heavily cratered and strikingly similg
own moon’s.

In 1950 Camichel and Dolfuss drew a new map of Mercury ;
Antoniadi’s nomenclature slightly modified and extended. The map
surface markings regarded as being clearly defined and shows somg
with Antoniadi’s map.

The Mariner 10 spacecraft confirmed Dolfuss’s report of 1950 |
found Mercury to have a very thin atmosphere although it turne
much more tenuous than Dolfuss had believed. In 1963, N. Kozyr
hydrogen in the atmosphere and in 1964 V. Morov found indicatior
dioxide.

The last map of Mercury produced before the Mariner 10 mission
Clark Chapman in 1967 which he prepared from a series of dr
photographs obtained from observers world-wide and the best evic
able (fig. 5.12). Chapman employed the 59-day rotation period of
used Antoniadi’s nomenclature. Oddly, Chapman’s map does not
others produced contemporaneously and is hard to reconcile with
views provided by Mariner 10 photography.

The Mariner 10 spacecraft was launched in November 1973 and wa
larger enterprise for the exploration of the inner solar system.
covered during the 17-month mission exceeded 1000 million mile
spacecraft three times around the sun.

Mariner 10 had to relinquish gravitational energy by ricocheti
Venus to slow it down sufficiently for it to approach Mercury.
three close passes, March 29th 1974, September 21st 1974 and March
The instruments of the Mariner mission secured roughly 2000 p
resolution of which was approximately 1.5 kilometres. However, onl
Mercury was revealed by these images; the remaining side of the p
unknown.

Pictures of the surface of Mercury were obtained representing rou
fifths of the total surface. These revealed a heavily cratered s
resembling that of the Earth’s moon. It was soon evident therefore tl
di’s nomenclature would have to be abandoned and the International
ical Union (IAU) devised a new system of names for Mercury’s s
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3 Close-up view of Mercury (Mariner 10 photograph).

vhich six topographical features were recognised: mountains (montes),
Orsa), ridges (rupes), plains and basins (planitia) and, of course, craters.
" A€ many large craters on Mercury’s surface surrounded by hills and
affanged in multiple concentric rings. The largest of these craters was

aloris and is 1300 kilometres in diameter. The surface of Mercury is
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Mercury Visibility of Mercury
criss-crossed with linear features whose origin is not known,
pattern of orientation: north-south, northeast-southwest and norf
east. These constitute the Mercurian grid. None of them cross Ca

Not surprisingly there arose a mistaken notion that Mercury |
from the Earth’s moon. As a result Mercury has been neglected |
States space programme. Mars has been the subject of more tha
Venus has had 20 and 40 have been sent to the moon. Altho
missions are planned to explore Venus, Mars, Jupiter and Saturn
be essentially neglected.

Mariner 10 revealed that Mercury had quite a strong magnetic
that of the other terrestrial planets except the Earth'’s.

For a long time Mercury was thought to be without an atn
amounts of the gases hydrogen, helium and oxygen were ¢
Mariner 10 spectrometer. Traces of sodium were later discovered
observations.

That such a hot planet as Mercury could have polar ice caps s
However, the presence of water ice was suggested in the ne;
Mercury’s poles observed by astronomers at the California
nology and the Jet Propulsion Laboratory at Pasadena. Perhaps t
nent shadow regions near Mercury’s poles where ice has rem
primordial water that formed during Mercury’s formation. C
colliding with Mercury may be another water source. Some d
on the possibility of ice being present in the polar regions b
Arizona astronomers. They suggested that the radar circular po
be due to sulphur which mimics the radar reflectivity of ice, alt
higher melting point.

Since Mariner 10, Mercury seems to have been neglected in th
tion program. As already mentioned this may be because of
similarity to the moon. Another possibility for this neglect is that th
peer review groups for the National Aeronautics and Space
(NASA) have usually been concerned with the most recent
missions. Because most of these missions have been to plan
Mercury, the scientists have become specialists and are more i
other planets. Hence, Mercury does not have many voices raised
further exploration.

In recent years, ‘the powers that be” in NASA have urged
and cheaper’ missions be proposed by planetary scientists. Th
tions are to concentrate on relatively few objectives and to try
scientific value of a proposal for a given outlay of money.

A Mercury-orbiting spacecraft has to be protected from the enos
coming from the sun as well as the solar energy reflected from Me

In spite of these difficulties, one Discovery mission for a Mer
proposed in 1994 (Hermes '94) and another two in 1996. Fo
economic reasons none of these missions was approved by N
NASA did select a proposal for intensive study for a Mercury
Messenger in the then current cycle of Discovery missions. Th
fact that the trajectory of the vehicle (passing Venus twice and
times before it goes into orbit) will mean that the journey will la
and that it is the most costly Discovery mission considered.
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ed the New Millenium Deep Space One program. In 1998 Deep
ored by a solar ion drive began a 3-year journey to pass by
uliffe, Mars and the comet West-Kohoutek-Tkamura. It is hoped
2ce One may demonstrate that solar electric propulsion will work as
ﬁcipated. If it does then solar-powered engines might be used in
e inner Solar System and perhaps Mercury will no longer be ‘The

Mercury

shown the orbits of Mercury and the Earth with lines drawn from
nt to Mercury’s orbit at perihelion and to the sun and lines from
gent to Mercury’s orbit at aphelion and to the sun. The angle
o5 from the Earth to the sun and to the perihelion tangent position
angle between the lines from the Earth to the sun and to the

tposition is 28°.

September 27th

August 12th

Evening
star

Morning
i star

Mercury
at
aphelion

perihelion

ligio s,yued

Evening
star

Morning
star

April 5th

February 18th

of Mercury and the Earth: because of its large orbital eccentricity Mercury's
range from 18° to 28°.
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Mercury Visibility of Mercury

The perihelion line cuts the Earth’s orbit at positions where the
at about February 18th and September 27th so that Mercury’s ang
from the sun is then 18°, the minimum value for greatest elonga
perihelion around February 18th, Mercury appears east of the
therefore be an ‘evening star’. It appears as a ‘morning star’ whe
the sun near perihelion around September 27th.

Mercury

Ecliptic at
March equinox

The aphelion line cuts the Earth’s orbit at positions it occupies a A 09‘49,
and August 12th and Mercury’s elongation is maximal at these tin s
The planet is west of the sun about April 5th, a ‘morning star’ an it N

%

sun about August 12th where it appears as an ‘evening star’ wh
It doesn’t follow from this that the best times to view Mercury a
morning or evening star respectively in April and August; there
else that influences Mercury’s visibility. This is the angle made by
the ecliptic to the plane of the celestial equator. The Earth’s orbit
planets all lie nearly in the same plane. If the Earth'’s axis were per
its orbital plane then all the planets — and the sun — would appear
the celestrial equator. However, as explained in chapter 2, the |
tilted at an angle of 23}° to the plane of its orbit and hence the
apparent circular path in the sky traced out by the planets and s:
an angle of 23;° to the celestial equator. It intersects the celestial e
points, the March and September equinoxes. At a given Earthl
celestial equator makes a constant angle with the horizon which i
minus the latitude. This would be about 39° at the latitude of Lon
which is about 51°-north latitude. Different parts of the eclipt
different angles with the horizon as the Earth rotates on its axis.
In fig. 5.15 the western horizon at the latitude of London is sha
sunset. South is to the left and north to the right. The celestial equ
as a dotted line and the ecliptic is shown as it would appear on
March 21st equinox or the September 23rd equinox. The sun is th
intersection of the ecliptic and the celestial equator, where it passes.
north of the ecliptic, i.e., at the ascending node. Therefore, at su set
March 21st the whole of the northern half of the ecliptic is above the't
above the celestial equator and is therefore inclined at a relatively s
39° plus 233° or 624° to the horizon. Mercury is shown at its g
elongation position and is nearly vertically above the sun. The das
arrow leading from Mercury to the horizon is the distance it mus!
setting position. Now contrast this with the situation if greatest ea
tion occurred on or about September 23rd, the September equinox.
of Mercury and the ecliptic are also shown just after sunset on thi
5.15. This time the ecliptic makes an angle of 39° minus 23}° whi
horizon at the latitude of London because the southern half of the e
above the horizon and below the celestial equator. Mercury is now
in the sky, still to the left of the sun, and takes a much shorter tim
is evident that if Mercury was at its least elongation distance — 18° —
on March 21st it would be higher in the sky than it would be even if
elongation distance of 28° on September 23rd. It follows that the
Mercury as an ‘evening star’ in the middle latitudes of the northern
will be on or about March 21st.
When Mercury is at its greatest western elongation it will be s

Ecliptic at September
| Ecliptic paquinox

15'%°

T % v v 3 ¥

Western horizon
after sunset

Sun

at greatest eastern elongation after sunset at the March and September
(latitude 51° north).

as a ‘morning star’ and will rise a little before the sun. Fig. 5.16
astern sky just before sunrise and Mercury at greatest western
positions around the March 21st and September 23rd equinoxes at
‘At sunrise on or about September 23rd when the sun is at the
ing node, the whole of the northern part of the ecliptic will be in the sky
of the celestial equator. Therefore, Mercury will be best seen as a
star in the northern hemisphere around September 23rd since it will be
er in the sky than in March.
nder these best conditions Mercury will never be seen in a really dark
are the other way around in the southern hemisphere; the best times
are as an evening star in September and as a morning star in
here is an additional factor that makes for better visibility of Mercury at
nes that does not obtain in the northern hemisphere; as previously
ed, the greatest angular distance of Mercury from the sun as an evening
about August 12th which is not far from September 23rd when the
makes its greatest angle with the western horizon. Thus, these two
that favour the visibility of Mercury occur quite close together in the
.hemi8phere. Mercury can therefore still be seen after dark, unlike in the
Lhemisphere when it can only be seen in twilight.
Y, these two favourable factors occur close together when Mercury is a
tar. Greatest western elongation occurs on or about April 5th which is
h 21st so that again, southern hemisphere observers get in addition
it of the steep angle of the ecliptic to the eastern horizon. Therefore, in
e hemisphere, Mercury can be seen in dark skies as it rises in the east
€moming twilight begins.
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Mercury The axial rotation of Mercury

o Mercury ty and movements GfME?’cury.
Ecliptic at Septemper e . ——
equinox / ior ¢ onjuﬂCtion a
’ ancti ‘Full’
4 ; tion
or conjunc ) , ,
’ o . :::st eastern elongation Last quarter
o : :
’ oﬁx/’ 0 gression begins ) )
P r,'(\'bﬁaf o conjunCﬁ;n New
P ession ends - ’
i 3 -tﬁt western elongation First quarter
’ - . ‘ .l'
s < 5 Pe_ri()r coI‘\junCth Full
/ 23'%° Ecliptic at o —
. * March G —dapted from Handbook for planet observers by G. Roth, Faber a
4 -~ 151° '97% The + values are the ranges found by Dr John E. Westfall
’ N : - to March 20th 1990.
S £ tions from April 20th 1988 to Mar.
// /621&"
. .
N L Using Dop ler radar techniques, G. H. Pettengill and R. B. Dyce
m 3 -
o - 9658that t}I:e axial rotation period of Mercury is actually 59? days,
ys. It is now known to be 58.6462 days or exactly two thirds of
Sun

rvers were misled into concluding that the axia.l rotation a.md
ation periods were the same because of an interesting numerlc?l
tween Mercury’s synodic period, the Earth year a.nd M'ercury s
ution and axial rotation periods: Mercury’s synodic pe_rlod (_116
at one third of an Earth year, almost exactly four thirds of its orbital
me and twice its axial rotation period of 59 days. This means that the
and pattern of genuine surface markings seen on Mercury by
»servers agrees with axial rotation periods of 59 days and also 88
ation is as follows: usually there are three western and three
ations of Mercury in an Earth year, the average time period
consecutive western or eastern elongations being the synodic
ii.:days. As was explained earlier, the most favourable eastern
in March and the most favourable western elongations occur

in the northern hemisphere. Sometimes, there is only one favour-
1d one favourable western elongation in a year. Usually, in a six-
favourable eastern or western elongations follow one another at
ee synodic periods. Mercury rotates on its axis three times in the

es to complete two orbital revolutions; this means that 176 Earth
een two successive sunrises at a given point on Mercury. There-
T sees Mercury at a western (morning) elongation, the next time
face is illuminated will be 13 synodic periods later. Mercury will
evening elongation and we see the opposite hemisphere; but after
€ periods the same face of Mercury will be seen at the same phase.
er that a time equal to three synodic periods separates favourable
therefore an observer who studies Mercury only at these elonga-
imilar surface markings unchanged in position for six successive

Incorrect rotation period of 88 days would be deduced.

"eIcury are generally based on a few years of observation with the
4802 given observer’s individual delineations of Mercury’s surface
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Fig. 5.16 Mercury at greatest western elongation before sunrise at the Ma
equinoxes (latitude 51° north).

An additional factor that affects Mercury’s apparent position in
tilt of its orbit to the plane of the ecliptic; because of this, Me
ranges from +5°.

To summarise: Mercury is nearly always lost to naked eye vi /
sunlight and cannot be seen at and near to superior or inferior ¢
always rather low in the sky and can only be seen in twilight or ju
in northern latitudes. |

In England, even at the best apparitions, Mercury never sets
over two hours after the sun or rises more than about two hours
may be visible about three quarters of an hour after sunset 2
about three quarters of an hour before sunrise. It usually looks
rose-coloured star but the colour and twinkling are both due to |
There are advantages to observing Mercury in the daytime as
later.

Mercury can be observed for a period of about five weeks al
and appears to move quite rapidly in the sky relative to the sun.
timetable for viewing Mercury.

The axial rotation of Mercury

When Mercury is best placed for observation — at the half or gibl
the elongations — it shows the same surface features. This un
some of the earlier observers to believe that Mercury revolve
same time that it took to make one orbital revolution around |
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Mercury Observing Mercury
features will all agree with the one map. After a few years, | . cance so that in the light of Anderer’&;, sightings the old story
periodicity drifts out of phase. Antoniadi made observati ver saw Mercury seems even less credible.

ne

between 1924 and 1929 and based one of his maps on them. In his
Mercure, there are nine drawings made at eastern elongations an
of Mercury is shown in seven of them. Four of his five drawings
elongations also show the same face. Antoniadi thus found

drawings agreed with his map and with an axial rotation pe
Some astronomers observed Mercury at elongations other than t
able ones and found disagreements with their own and An ’
tions. Certain of them were probably influenced by the ;

Schiaparelli and Antoniadi and believed that they should see

on Mercury; this may have unconsciously influenced them w
make drawings, thinking that their drawings should agree with
parelli and Antoniadi. Rationalisations were even attempted to
discrepancies between what was unmistakably seen on Mercury
seeing conditions and the drawings of Antoniadi.

hases :
gl arl:g dl:i)sc of Mercury never appears large, varying from an

§ t2 seconds of arc at the nearest inferior conjunction to 4.6
= lr:ii-lest superior conjunction. At the actual times of superior
Ea fhe fa- Mercury is invisible. Mercury’s geometric albedo is
mun ilho?éss than that of the moon. Its surface brightness is 2.3
4 gh- 4 lion as at aphelion. The (B-V) colour index is +0.93, very
, ;gt Penhzon (+ 0.92) and noticeably redder than the sun (+0.62).
Ofﬂlleb?seen in a 3-inch refractor but a power of at least 100 x is
ythem- powers of 250 x-300 x are better. The blunting of the
of the cres:cent can be made out with this aperture. The phases are
64 e.
i.g}-;tai?g;}; the disc of Mercury has a pinkish tinge’. J. Mu]iljden
once viewed Mercury and Venus simultaneously w_lth a 33-inch
they were close enough in the sky to be seen in the same
d. Oiy this occasion, Venus appeared a brilliant white while in
cul ull reddish-grey.
' de :’ sai(::il(z:lar observatioi 031('1 May 12th 1890 when the two planefs
stars separated by a distance of 2°. With a power of 145 x on h_ls
tor (which did not permit simultaneous viewing of. the planets in
d of view owing to their angular separation) Denning saw Venu’s
polished silver” whereas Mercury was ‘of a flull leaden hue’.
s that James Nasmyth made a similar observation on September

Observing Mercury

Although Mercury can be quite a bright object, attaining a mag
superior conjunction, it is always seen against a bright sky at
virtually invisible. In the northern hemisphere it is never really
elongations when at magnitude 0 as the sky is not really dark
comparative lowness in the sky is no help; mistiness, cloud and i
all help to obscure the elusive little planet as it nestles fairly close to.

Unless, as sometimes happens, Mercury is in conjunction with
bright planet, the only way to find Mercury is to look up its exac
an ephemeris or in astronomical magazines which usually have S
which forthcoming astronomical events are predicted. Usually,
evening elongation will be preferred but Mercury should also
morning apparitions although this means rising before daybreak. -

Having found out exactly where Mercury will be in the eveni
sunset, make sure that your western horizon is unobscured b
and carefully scan the sky at first without optical aid. With an
patience you should not have too much difficulty in sighting the ti
point of light that is Mercury. It is a great help if you have bino
opera glasses.

At about 30 minutes after sunset in late summer or early au
in the northern hemisphere, scan about 3-5° above an unobs i
with binoculars. You should be successful. Satisfaction is found i1
able to locate Mercury with the unaided eye or with binoculars.
accomplishment if you can thus locate it several times during an
fact some observers take a justifiable pride in the number of ti
that they have spotted Mercury with the unaided eye. It really is |
to hunt and find this elusive planet. i

Many years ago, Joseph Anderer of the Chicago Astronomical
that he observed Mercury on 48 separate days in 1962. The skies
modern industrial city, are certainly no clearer than were the skies n€

90

the visible variation in the size of Mercury’s disc as b‘etween 5 a.nd
arc (remembering that it is invisible at the conjunchons)’, this is a
ation. This means that in going from superior conjunction (‘full
erior conjunction (‘new’ phase) the apparent illu{ninated area of
dily decreases. The ‘full’ phase at superior conjunction reflects most
er phases reflecting less. The brightness variations of Mercury are
phically in fig. 5.17. Mercury’s brightness variatiqns sulggestec.l a
g surface, which has been confirmed by polarimetric studies
se, most dramatically by direct close-up photography from the

vers claim to have seen surface detail on Mercury with moderate
t others, equally competent, are unconvinced of the reality of
rface detail. A well-known professional astronomer says that he
on Mercury with the McDonald Observatory’s 82-inch reflector. As
‘mentioned, the older observers (Schiaparelli, Antoniadi) were in fair
about the existence of dusky streaks on Mercury. The older maps
With the permanent detail revealed on Mercury in the results obtained
el, Dolfus and Lyot with visual and photographic methods so that we
assume that the surface marking are really there.

tto see surface features on Mercury it seems that timing is critical,
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Fig. 5.17 Graph showing the brightness variations of Mercury. (Redrawn from /
Pop. Astron., LVII(522), 12-13, 1963.)

both with regard to the planet’s phase and the time of day that the
made. The best phase is around elongation when the planet is at the
‘half’ phase (dichotomy) or slightly gibbous. The time of day is ¢
observe in daytime, the bright sky background may be sufficient
pale surface markings of low contrast. The slightest film of dust o
mirror may scatter light sufficiently in daylight viewing to obscu
surface markings.

If you wish to observe Mercury in the daytime you should firsf
approximate angular distance east or west of the sun from an epk
an altazimuth mounted telescope try ‘sweeping’ with a low power
west of the sun, whichever is appropriate and you may be lucky e
the planet. Mercury is so close to the sun that there is a grave dang;
the telescope at the sun while ‘sweeping’, so for safety’s sake set the
in the shadow of a house so that the disc of the sun is out of sight.

If the telescope is equatorially mounted the telescope may first
the sun — DO NOT LOOK THROUGH IT - as judged by the ¢
shadow it will cast. The telescope should already be in focus and tk
should be covered as a precaution against inadvertently looking
the telescope is pointed at the sun. Clamp the declination axis, ge
of the field of view, look through the eyepiece and slowly swing |

about the polar axis to the east or west with a low power. Mercury i

to the ecliptic - its distance from the ecliptic can vary by +5° — and s
find it fairly easily by this method. |
If the telescope is equatorial and is set up with the polar axis poi
to the north celestial pole, then Mercury should be easily found wi
circles after first looking up Mercury’s RA and declination for the
making your observation.
If the sky is nearly dark then the markings may be lost in the p
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the sky background and the glare of the planet are
j _-bemelen, ‘:;}h§1:1005e arfd it w;gll be short—livedg. This brief ‘window’
i, is ﬂ}e m::,ien the air is clear and free from turbulence. It is hopeless
Eea time kings on a planetary disc through unsteady air. Observing
e pale ﬂ:ia:d by use of the apodising screen (described in chapter 3)
.musl improves contrast, reduces glare and minimises the
= ml?ericyturbulence. Since all these conditions must occur together
osger that many people see nothing on Mercury even with large
N eedless to say the optical quality of the telescope used must be

> on whether you observe at morning or evening elr.)ngations, t.he
O ¢ e markings you may expect to see is shown in fig. 5.18 _whlch
markings that have been seen and drawn only by experienced
Fio. 5.19 is an observational drawing by Richard M. Baum, the noted
observer.

<s moderate to large apertures, 10 inches and over, are recom-
:1gh useful work may be done with lesser instruments. Optical
ers may be used to improve the quality of visual observations of
A red filter will make the disc of the planet stand out against a blue sky
t observations. The filter could be tried in combination with the

:tune .to observe Mercury is just after sunset or just before sunrise;
Earth’s atmospheric distortion of the telescopic image is likely to be
M-i*hese times, an orange filter may be used with high magnifications for
the phases. .
. the most useful work you can do in observing and recording the
on Mercury is to attempt to correlate the markings with surface
syealed by the Mariner 10 photography of the planet. In the case of
orrelation has been found between the dark markings and the surface
twould be interesting to see if this holds true, or otherwise, in the case
y. It would also be desirable to attempt to map the hemisphere of
that was not imaged by Mariner 10.

Solitudo
Lycaonis
Horarum

. :ar Vallis
8/ &
> Bright
. 2 areas
; of
pieria and
i pentas Admeti
0 Vallis
(a) (b}

urfa features of Mercury as recorded by experienced observers: (a) evening apparition;
 apparition.
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Mercury Transits of Mercury

on the Schroter effect would be greatly improved if more
. hIe t.:lata of the phase were made. The amateur planet observer
f too difficult and it provides an opportunity to make a
- d tl}1s in this area of planetary observation. However, careful
mbutlonde of seeing and transparency conditions, aperture of
- maification and whether a filter or apodising screen was used;
ch of its value if any one of the these is not recorded.
anomaly can be recorded by first drawing a 2-inch
:-c on white paper. Next, carefully observe Mercury allowing time for
et accustomed to the image and the brightness level. Then, very
i"?.ﬂ‘ a pencil draw the shape of Mercury’s terminator on the disc,
y;lnall Jetter ‘d’ on the dark side so that there can be no subsequent
over which side was which. Then record the observational data listed
'f_he date and time, preferably universal time (UT) when the observa-
de. Your results should be sent either to the Mercury Section Director
_ ;espectively of the BAA in Britain or the ALPO in the USA. When
d other observations are sent to the ALPO or BAA, the Recorder or
will measure your drawings to make a determination of the fraction of
disc that is apparently illuminated at the times the observations were
~ur data and those sent in by other observers will be used to determine
ence between the observed and calculated times of dichotomy. Of
may also wish to sketch in surface details seen on the disc.
esting computer-aided method has been used to determine the exact
time of dichotomy of Venus (chapter 6). Presumably, it would also

th Mercury.

ose mu

Fig. 5.19 Mercury: March 15th, 1952, 14.00 UT, 165-millimetre (6.6-inch)
Baum, Chester, England.)

When drawing Mercury, some observers like to use different
drawn on their paper to represent the variation in apparent size of
different phases. However, it would seem best to use the same sized
phases, a diameter of about 2 inches being about right.

The phase anomaly or Schroter effect
Another kind of observation that is worth making is to attempt to de
exact time of dichotomy or ‘half phase’, when the terminator is straig}
these are not always equivalent terms. This occurs when the plan
between Earth and sun is 90°; the planet then looks half illumina
based observers. The time of dichotomy and greatest elongation ro
cide during an apparition, but do not coincide exactly because of the
of Mercury’s orbit. Although the times of both dichotomy and g
tion can be exactly predicted, oddly the predicted and observe
dichotomy often disagree. Practical observers and theoretical astre
thus posed an interesting problem — why the disagreement in the prex

of Mercury

s orbit is inclined at an angle of 7° to the Earth’s orbit so that Mercury
passes in front of or behind the sun as seen from the Earth only rarely.
of Mercury occurs when Earthly observers see the planet at inferior
ction pass across the sun. The first person to observe a transit of Mercury
¢ di who watched the transit of November 7th 1631 from Paris. The
ry is so tiny that a telescope is needed to observe a transit. Here I
-warn most emphatically that the sun should NEVER EVER be viewed
observed times of dichotomy? y with a telescope, however small, unless some foolproof device is used to
It was Schroter who first noticed the discrepancy when he was ob wn on the intense light and heat focused by the objective. This can either
planet Venus during 1793. It has since become known as the “Schroter schel wedge used with a light absorbing filter of adequate optical
has been evident with Venus since that time and Mercury sometim or better still - but more expensively — a full aperture filter placed over
Dichotomy occurs late for western elongations and early for eastern ope objective. This can be relatively inexpensively made from Mylar
The difference never exceeds five days, if that, for Mercury. | " best of all a reflecting metal-film-on-optical glass type of filter can be
Many different explanations have been put forward for the Schrot he full aperture filter reflects most of the sun’s light and heat away before
none is satisfactory. It is thought that at least some of the effect n the telescope.
physiological or psychological causes in the observer and possi use a filter of the type that screws over the eye lens of the eyepiece.
observing conditions and the telescope used. The effect also partly ¢ a risk that the concentrated light and heat of the sun will crack and
whether a filter is employed or if observation is through thin clo the glass and the concentrated sunlight will enter the observer’s eye
which will reduce the apparent brightness of the planet. The low s Strous results before he can pull his head away.
the terminator may also contribute to the effect. only really safe way to observe a transit of Mercury is to use the telescope
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to project an image of the sun onto a matt white surface. Merc
a tiny round black dot on the solar disc. Whatever optical system;
focal length is desirable to give adequate image size since Me
angular size is never very large as we have seen. A power of 100
or 3-inch refractor used with a Herschel wedge and dark fil
for direct viewing. Reflectors should be stopped down to
for safety. Projection is safest and permits several people to
simultaneously.

Transits of Mercury occur in pairs about three years apart an,
months of May and November. Of the transits of Mercury in the
1937 and 1999, about twice as many occur in November as in Ma
this is that November transits occur at Mercury’s perihelion and
occur at aphelion. May transits occur at Mercury’s ascendis
November transits at the descending node. '

I observed the transits of May 9th 1970 and November 10th 19
Gee Solar Observatory at the Buffalo Museum of Science, New
observatory is equipped with a 7-inch fixed vertical solar
heliostat that reflects its light into the telescope so that the I:
projected onto a screen in a darkened room does not move. The

Transits of Mercury

image is so large that Mercury appears as a black disc about 1
diameter. At fixed time intervals I took close-up black and
photographs of the image of Mercury on the solar disc and combi
freehand into the two drawings shown in figs. 5.20 and 5.21
phenomenon of the 1970 transit was that Mercury passed acr
wondered if Mercury had ever before been seen passing over a sur
transit. The planet’s disc was noticeably darker than the sunspot un

The paths of Mercury across the sun'’s disc in the transits of 1970
in forthcoming transits are shown in fig. 5.22. '

t of Mercury,
t strictly proportional to t

T) of the approximate positions of Mercury
(4)11.37; (5) 11.48; (6) 11.55;(7) 12.05; (8) 12.10; S and S' are sunspots.

May 9th, 1970. The distances between successive positions of
ime. This is because the drawing is a freehand composite
hs taken with a hand-held camera. The distance of this from the projected solar
s inclination to the screen varied somewhat from picture to picture.

on the sun's disc are: (1) 11.17; (2)

When the disc of Mercury has just completed its entry onto the s
is just about to leave it — it has sometimes been seen to be sli
towards the sun’s limb, an effect due to irradiation or solar limb ¢
unlikely to be due to refraction of the sun’s light by Mercury’s atmo
is extremely tenuous. \

When fully on the solar disc, Mercury looks intensely black. St
have represented it in drawings with a somewhat dusky border
a narrow luminous ring. These are probably optical illusions cau
fatigue resulting from the high contrast between the sun’s disc and

A similar explanation may account for the appearance of one |
spot and sometimes two, on the dark body of the planet witne
bauer in 1697, Schroter, Kohler and Harding in 1799, Fritsch and s
1802, and Moll and assistants in 1832. It was in 1832 that Harding ¢
light spots and Gruithuisen suspected one. Huggins and Elger bo
spots in 1868 and again Browning saw two spots. Many Engli
observers noted a bright spot in 1878 (two spots were noticed by
although some others did not see anything. Huggins experimel

artificial disc in simulating a transit but no bright spot or spots v
these appearances of bright spots seem to be due to a fatigued state
Any appearances seen in astronomical observation, however un
always be recorded otherwise important new phenomena may es
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it of Mercury, November 10th, 1973, The times (UT) of the approximate positions
thesun’s disc: (1) 12.35; (2) 12.47; (3) 12.55; (4) 13.05; (5) 13.11; (6) 13.15.
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Mercury
1953 __———
2078 __.—~
2032 -
1986 -——--——
2065 ——-—- P
2019 _ e === AR
1973 —--—"""""
2052 ___ ——
2006 --—-
1960 -—— / -
2039 ___-°> -

Fig. 5.22 Transits of Mercury, 1920-2080. (]. Meeus.)

The scientifically important data to record during a transit of }
times of first, second, third and fourth contacts; first and sec
when Mercury’s disc is at external and internal tangency to th
ingress and third and fourth contacts are when Mercury’s disc is
external tangency to the sun’s disc at egress (fig. 5.23). First contac
to time accurately; fourth contact is difficult. For timing the
necessary to have an accurate timing device, correct to wi
seconds. Any good watch or clock that has been checked with s
time signals will be adequate.

If there is a group of observers watching the transit together it s z
have someone to count the seconds out loud before and after the
the observers can listen and make mental notes of the contact time!

First contact should be watched for about a minute or two befo:

ots o a planetary disc with the sun 's limb during a transit.

time so that your eye can adapt itself to the solar image. If the ed Mercury
disc is rippling as it usually will be, you must be even more ale:
time the first appearance of a notch at the east edge of the sun'’s
contact. As already mentioned, it is not possible to time first
accurately. i
e sun

Just before second contact, as Mercury moves onto the solar d
will appear to be attached to the sun’s edge by a short thick sta
‘black drop’ effect (fig. 5.24), a purely optical phenomenon. A s
seen in transits of Venus but is due to light refraction by the r ' “black drop’.
atmosphere of Venus. As soon as a white thread of light is seen ' ;
the neck and separating Mercury completely from the sun’s ed
moment of second contact.

When the transit draws to a close and Mercury approaches the s
and nears third contact, keep a close watch on the narrowin;
between Mercury and the sun’s edge. It narrows to a delicate
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as the thread breaks this marks the instant of third contact. A )
may be seen.

As Mercury moves off the sun it appears as a notch in the
becomes more and more shallow, finally disappearing, which 1
of fourth contact. Contact timing should be recorded to the
However, poor seeing may make this difficult so that timing may
ten seconds or even longer. If so, record the times of the begi
period of uncertainty.

Contact timings are not of much value unless you know
longitude and latitude to within one minute of arc. These
from the Ordnance Survey in Great Britain or in the USA
Geodetic Survey or Geological Survey. If you cannot determine
this way at least record the distance in miles and direction from
nearest town.

For future transits an interesting project would be to vid
especially ingress and egress, and short-wave time signals coul
the sound track.

Your contact timings should be forwarded to astronomical or
tions requesting them for inclusion with results from other obse;
can be analysed. The scientific value of the results can lie in refi
Mercury and determination of the solar diameter with consid
(the motion of Mercury is about 0”.05 per second of time).
should be accompanied by a note of the following:

(1) Your name, address and geographical position of your ob:

(2) Aperture of telescope and diameter of aperture stop if use
or diameter of the image of the sun if you used projecti
transit.

(3) Filters used, if any.

(4) What your timing device was and how you standardised it.

(5) The observed times of the contacts and information
interpretation.

(6) Anything like poor seeing or clouds which might affect
your observations.

Further reading

Books

The Planet Mercury. Antoniadi, E. M., (translated from the French by M
Reid, South Devon, England (1974).

The Planet Mercury. Sandner, W., Faber and Faber, London (1974).

The Atlas of Mercury. Cross, A. C. and Moore, P. A., Crown Publishers
(1977).

Mercury, the Elusive Planet. Strom, R. G., Smithsonian Institution Press,
(1987).

Papers and articles
The markings of Mercury. McEwen, H., JBAA 46(10), 382 (1936).
A suspected phase anomaly of Mercury. Nightingale, H. C., JBA.4 78(1),
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Me;f;g;:aters of Mercury. Baum, R. M., JALPO 28(1-2), 17-22 (1979).

Further reading

cury and Venus. Kirby, C. ., JBAA 80(4), 293-5 (1970).

: zsof,?g\ired by Mariner 10. Strom, R. G., Sky and Telescope 47(6), 360

C.Jr, The Strolling Astronomer 15(11-12), 187-91 (1961).

b 988 and 1989. Schmude, R. W., JALPO 34(3), 101-3 (1990).

s transit. Ashbrook, J., Sky and Telescope 40(1), 204 (1970).
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General

6

Earth
7928
(12756 km)

Venus

General

Venus is the second out from the sun of the two ‘inferior’

diameter at the surface of 7521 miles (12104 km), only a shade Venus
the Earth (fig. 6.1). Measured at the cloud tops the diameter is 76 A Z?I gi 1km}

km). Because of this close similarity in size to the Earth, Ven
called ‘the Earth’s twin sister’. The masses and therefore
gravities are also similar. The resemblances end here, however, |
planets are vastly different in other respects.

The mean distance of Venus from the sun is 67.2 million n
km) and varies from a perihelion distance of 66.8 million mile
km) to the aphelic distance of 67.7 million miles (108.9 million
eccentricity is 0.007 so that the orbit is very nearly circular
Mercury’s orbit.

Venus comes closer to the Earth than any other celestial b
moon, a comet, an occasional meteor or an asteroid. At its nea
100 times the moon’s distance from us.

Venus journeys around the sun at a mean orbital veloci
(35.1 km) per second and completes one circuit of the orbit in
its sidereal period. Its mean synodic period, say from one infe
the next, is 584 days.

Venus rotates on its axis once in 243.01 Earth days but it is poss!
to call this a “Venusian day’ since its ‘year” is only about 225 Ear
combination of orbital motion and axial rotation period mea
days elapse between two consecutive sunrises. On Earth, the side!
from the solar day by only four minutes whereas on Venus
about double the solar day and its ‘year’ is only two Venusian d

During one synodic period, Venus has close to five solar days
close approach to Earth it shows virtually the same hemisphe
two successive inferior conjunctions of June 13th 1988 and Ja
there was a 2.8° central meridian longitude difference. W. R.
and the planets, “The Source Book Project’, Glenarm, USA, 19
35-hour difference from resonance.) The curious resonance in
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ive sizes of the Earth and Venus (equatorial diameters in miles).

e coincidence; no completely satisfactory explanation for it has been
‘One is reminded of the resonance between the Earth and moon
the moon’s same face always towards us. This is not a good
ever, because over a long time period, Venus presents all longitudes

, Venus is seen first on one side of the sun and then on the other
d evening apparitions when it is at its western and eastern
respectively, i.e., as a morning or evening ‘star’ (fig. 6.2). Being an
talso shows phases similar to those of Mercury but the apparent
angular size are much greater and the apparent bright{less corre-
> phase in a totally different way from that of Mercury (fig. 6.3); for
s is brightest when it is a crescent 40 seconds of arc in dlan:ie.ter.
in and moon Venus is the most brilliant object in the sky, outshlmn.g
piter. A typical telescopic view of Venus at inferior conjunction is
awing by R. M. Baum in fig. 6.4. The time intervals that separate
Sand elongations of Venus are shown in fig. 6.5. o

f Venus is tilted at an angle of 3°24” to the plane of the Ecliptic.
Mercury, may sometimes be seen passing across the sun’s disc at
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Venus History of observation
Sun
88°

Eastern __

elongation \

Earth

s prior to inferior conjunction. March 27th, 1977, 18.15 UT, Se 5/10, Tr 5/5, 115

Fig. 6.2 Eastern and western elongations of Venus.
(R.M. Baum.)

(ao

Fig. 6.3 Changes in the apparent angular size of Venus at different phases.
size of Venus increases to 63—64" as it approaches inferior conjunction but
almost impossible to observe.

nction as seen from Earth but these transits of Venus are much rarer
Mercury.

cury, Venus has a substantial cloud-laden atmosphere. The sun-
ve power of the cloud layer is what gives Venus its great brilliancy.
, Venus has no satellites.

tion of the rotational axis of Venus is 177° and, as earlier mentioned,
rotation period on its axis is equal to 243.01 Earth days. A
ion of the clouds in its atmosphere, however, takes only about 4
The long period of its axial rotation combined with its direction
o the orbital motion makes the solar day on Venus equal to 116.7

62

Mercury, was known to the ancients who perceived that it was the

‘wandering stars’; indeed, at times Venus can be bright enough
ptible shadow. The brightness of Venus not surprisingly led the
ers of the sky to attach importance to the planet but as in the case
» they did not at first realise that the morning and evening star
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Venus History of observation

Superior conjunction

the first to observe the phases of Venus (1610) with the then
.' d ?;?2513 Pluto are unaccompanied by satellites and we know
Mealso has no attendant body, yet for many years there were
us @180 2 ellite. On August 18th, 1686 at 4.15 am, G. D. Cassini
al_lﬁgewhat Jlooked like a satellite of Venus at a distance from it of
of the diameter of Venus. He thought he saw it exhibiting the
« phase as Venus and its diameter was about one quarter that of the
. per records a similar observation on January 25th 1672 from 6.52
Venus was a crescent on this occasion and likewise the satellite.
this in 1645 on November 15th, Fontana mentions a similar
Ghort the instrument maker saw the satellite on October 23rd
sower on a reflecting telescope of 163-inch focus. When the power
t0 240 x he saw the satellite exhibiting the same phase as Venus.
the satellite’s diameter to be about one-third that of Venus. He had
ral times during the hour-long observation but he never saw it on
mornings or ever again. Tobias Mayer saw the satellite on May
am. The reality of the satellite appeared to be confirmed two
the German observer A. Scheuten. He maintained that during the
us of June 6th 1761 he saw a tiny black dot attending Venus as it
Vs disc and it remained visible after Venus had passed off the sun.
er, Samuel Dunn, specifically looked for a satellite during this
saw none. A most convincing set of observations was made by
‘who first saw the satellite on May 3rd 1761 in the crescent phase as
nus and appearing about one-quarter the diameter of Venus. He saw
again on each clear night subsequently (May 4th, 7th, 11th) in
yositions and still showing the same phase. Montaigne stated that he
yrecautions against this being an optical illusion and could still see the
enus in his telescope even when Venus was out of the field of view.
reported seeing the satellite were Roedkiaer on March 3rd and 4th
rrebow on March 10th and 11th, both from Copenhagen and
on March 28th and 29th at Auxerre. Schréter, Herschel and
| never saw the satellite. In 1766 Maximillian Hell declared the
atings to be optical illusions and so did Boscovich in 1767. That the
ht be an asteroid was put forward as a possible explanation by Von
and this idea was again considered by Bertrand in 1875.
ations of the ‘phantom’ satellite were carefully analysed by
1887. Some he totally rejected; Montaigne’s observations were
be ghost reflections in his telescope. On his own admission one of the
used by Wargentin, an eighteenth-century Swedish astronomer,
wed spurious companions to Venus or any other bright celestial
observations were stated to be of faint stars. Roedkiaer may have
en undiscovered planet Uranus and mistaken it for a Venusian

Eastern / 4 Western
elongation

Inferior conjunction

Earth
Fig. 6.5 Time intervals separating conjunctions and elongations of Venus.

apparitions of Venus were one and the same object. (Mercury and
inner planets could not be seen throughout the night as could
planets familiar to the peoples of the ancient world — Mars, Jupiter

The evening star was named Vesper and the morning star
Romans; the names used by the Greeks were respectively Hespe
phorus. It was the Greeks who finally realised that the eveni
stars were one and the same object and thereafter called it Cy
goddess of love. The Romans subsequently gave it the name Ven
remained in use up to the present. :

The ancient Babylonians watched Venus carefully, noting that
the eastern sky before sunrise and then vanished for three mont
again after sunset in the west. Venus was then noted to stay in th
for a little longer than eight months to vanish again for roughly
reappearing in the eastern sky for a little over eight months.

There is some evidence that in the clear air of ancient Bab
might have perceived the crescent phase of Venus when it was
conjunction with the Sun; certain Babylonian cuneiform scripts
being banana-shaped at times.
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wn that Venus has no satellite the sightings of Cassini and Short
been due to telescopic ghost images, optical illusions or a nova; it
that such competent observers should have been so easily misled.

1S why some observers saw it whereas others did not. One idea put
Admiral Smyth was that the satellite was very minute and that parts
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of its surface may be much less reflective than others. Schorr
satellite varied in brightness and was usually too faint to be seen,
failures to see it could be accounted for. In 1884 Houzeau sy
sightings were not of a satellite but of a planet that he suggested
just outside the orbit of Venus.

It is worth mentioning an observation made by E. E. Barnard
1892 using the 36-inch Lick refractor. He saw a star-like point of
seventh magnitude in the same field of view as Venus. This do
have been a ghost reflection. Barnard ascertained the position ¢
found that it did not agree with that of any star known. It w
Professor F. J. M. Stratton of the Solar Physics Observatory, Ca
and later by Joseph Ashbrook, that Barnard may have seen a
only one who did.

A true satellite of Venus of fair size would most certainly h
by space probes yet none has ever been found. We are forced to
Venus, like Mercury, is without an attendant and that no such
exists.

It was not until the post-Renaissance period in Europe tha
were made to explain the movements of Venus on a logical
basis so that future apparitions of the planet could be accura
solution of the problem took a long time.

Venus, like Mercury, occasionally transits the sun but the
rarer than those of Mercury. In 1627, Johannes Kepler completi
out to be his last great work; this was the compilation of a
planetary movements that were more accurate than any pr
honour of his benefactor Rudolph II he named them the Rudolp:
showed that Mercury and Venus would both transit the sun in 1¢
in 1630 but the French astronomer Pierre Gassendi succeeded i
transit of Mercury. Unfortunately he was unable to observe the
which occurred at a time when the sun was below the hori
France during the night of December 6-7th in that year.

According to Kepler no more transits of Venus would
However, new calculations were made by Jeremiah Horrocks, a
amateur astronomer, which showed that a transit of Venus 3
November 24th 1639 (December 4th on the Gregorian Calendar,
was also a clergyman (he was curate of Hoole in Lancashire) and
was on a Sunday. He had set up a telescope in readiness in his
view the transit by projection and in between church services
tiny disc of Venus on the sun’s image but saw none. Clouds had
for most of the day but cleared at about 2.45 pm. He went to his
to his great joy saw the tiny black disc of Venus on the sun. Ho:
the first ever to record observing a transit of Venus. He made va
ments during the transit and in his last year — he died at the
of 21 in 1641-also did valuable work on Jupiter, Saturn, comet:
His papers were edited by a Dr Wallace.

Horrocks had a friend, William Crabtree, who lived near
brother Jonas who lived near Liverpool, both of whom he notifie
the transit. Crabtree saw the transit and confirmed Horrocks’
he had set up a telescope in a room over his shop to observe:

108

/ ! Venus

/
‘ Orbit of Earth __—]

Earth

ng the Earth's distance from the Sun during a transit of Venus.

essed at 4 pm. The event is depicted in a charming painting on a
ester Town Hall. Crabtree is shown staring enthralled at the
ige of the sun with Venus in transit; he is apparently overawed by
both his hands are clasped over his heart. Behind him sits his
tbed by the transit, her forgotten knitting in her left hand while at
she is apparently pacifying her two excitable children who seem
vhat it is that is absorbing their parents’ attention.
ter Abbey there is a marble scroll on the monument in the nave at
d which memorialises the event, recording the simultaneous
the transit by both Horrocks and Crabtree.
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During the next century transits of Venus assumed conside
because they afforded astronomers a means by which they felg
accurately measure the Earth’s distance from the sun. The dj
Earth were known with considerable accuracy and estimate
parallax, the semidiameter of the Earth as seen from the sun, w,
enable the Earth’s distance from the sun to be calculated. U '
of Venus are very rare. They occur in close pairs 18 years apart
by more than 100 years. The English astronomer Edmund Halley
pair of transits occurring on June 6th 1761 and June 3rd 1769 w
only partially visible from Europe. He appealed for careful timing:
to be made all over the world. What was required was accurate r
exact time, or at least the time difference, from widely separated
the disc of Venus was completely on the Sun’s disc and the time
sun’s disc at third contact, i.e., when the edge of the planet’s '
sun’s limb as it is about to egress. The time differences would
parallax effect (fig. 6.6) and the distance from the Earth to the
calculated from these timings. It was also necessary to know one
longitude, which was a problem in those days, and the si
However, this and later observations of transits were spoiled by #
effect (fig. 6.7) which made accurate timings impossible. This phe
optical effect caused by the atmosphere of Venus and also |
resolution of the telescope employed. We have already noted a s;
transits of Mercury but it is not as pronounced.

In spite of this difficulty and the uncertainty of the exact I
stations from where the timings were made, the distance of the
sun was calculated more accurately than previously although Ha
pated and hoped for greater precision.

its provided evidence for the presence of a substantial atmo-
i frans 51 V. Lomonosov, a Russian astronomer, while observing
l?geln:asw t}.wt as first contact was about to commence the edge of
rently extended out towards Venus. He simultaneously noticed a
d the planet. Lomonosov concluded that an atmosphere sur-
s responsible for these effects and he was later shown to be

L5

ﬁpa

()
Venus wa

h the black drop phenomenon renders accurate timings of transits of
o ble preparaﬁons were nevertheless made for the next two transits,
4-and‘1882. More reliance was placed upon micrometric and photo-
ods of recording and observing. As was done previously, many
:ons were set up and a large number of sets of measurements were
once again, the results were disappointing. The photographic results
4 transit were not very good. From the whole mass of contact observa-
of this transit three differing values of the solar parallax were
by different observers: the official value was 8.76 seconds of arc
1 seconds was calculated by Tupman and 8.88 seconds by Stone. Less
s placed on photography in the 1878 transit and from the results
 deduced a solar parallax value of 8.857 seconds of arc 40.016 seconds.
y transits of Venus were no longer considered of such great impor-
measuring the solar parallax as it was anticipated that less costly
would give better results. There are many literature references to the
£ 1874 and 1882, some of which are listed in the ‘Further reading’
the end of this chapter.
rs later Schroter noticed that as Venus approached inferior conjunc-
crescent being very thin, it seemed that the horns of the crescent reached
ther around the disc of Venus that would be expected from spherical
This too indicates the presence of an atmosphere and supports
’s conclusion. In 1790 Schréter saw ‘a faint gleam’ beyond the cusps
cent and continuing their curve which was a true twilight effect due to

at Dorpat in 1849 observed the horns of the crescent extending to 200°
to 240°. The horns of the delicate crescent of Venus when very close to
njunction have been seen so extended at times that the dark disc of the
pletely encircled by a thin circle of light. This can only be caused by
and/or scattering of the sun’s light by an atmosphere surrounding
appearance was first noticed by David Rittenhouse who observed
of Venus of June 3rd 1769 from Philadelphia. The light ring encircling
seen just after first contact when half of the disc was still off the sun’s
Wwas seen surrounded by a circle of light.

‘on _December 11th 1866, another American observer, Professor C. S.
'Yale College, observed Venus at inferior conjunction with a 9-inch
L _Venus was unusually close to the line joining the planet to the Earth.
saw the disc of Venus completely surrounded by a circle of light which
®d 10 @ mere thread on the edge opposite the sun. It seems that this was
hm? that this phenomenon, i.e., 360° of illumination, was seen since
'S observation of 1769. It has been seen and even photographed
since then. Nelson calculated from these data that the atmosphere of
Stapproach nearly double the density of the Earth'’s.

The sun

Fig. 6.7 The ‘black drop’,
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Rittenhouse’s observation of the luminous ring at the 1769
Lyman’s in 1866 were apparently overlooked because when the
was seen at the transit of 1874, astronomers were surprised.
at transits of Venus are shown in fig. 6.8.

Another interesting phenomenon exhibited by Venus is the ‘as]
6.9) which when seen at the thin crescent phase of Venus rese
moon in the new moon’s arms’. The latter is due to the illuminati
part of the moon when in the thin crescent phase by sunlight refle
Earth, but the cause of the ashen light of Venus is somethin:
Schréter reported seeing it in 1806 and that the whole of the dark
of Venus was seen as an ash-coloured light. The ashen light has 2
the gibbous phase of Venus. Some observers are sceptical about
ashen light because they have been unable to see it in large
many others using telescopes in the 3—12-inch range have occasi
seeing it. It is much too elusive to photograph. Independent co
phenomenon by several different observers is quite good, however.

The ashen light appears to have first been seen by Giovanni
and was mentioned in 1715 by Derham in his Astro theology and
assistant astronomer named Kirch at the Berlin Academy of Scien
1721. It was faintly seen by Herschel on March 8th 1726 and wa
daylight by Andreas Meyer on October 20th 1759 a little after no
daylight and before noon but less distinctly by Winnecke on
1871. Between January 24th and March 1st of 1806 the phenomeno
Harding at Gottingen on three occasions and it was seen many ti

e ashen light: March 29th, 1977,19.10 UT, Se 6/10, Tr 415 115 mm OG, x186. (R.M.

several others. The ashen light was seen by Baron van Ertborn
s was close to inferior conjunction in 1876 on July 9th, 13th and 14th.
of the ashen light is variously reported as grey or reddish. Webb
g it in 1878 on January 31st after many unsuccessful attempts in
1s. He used powers of 90 x and 212 x on his 9.38-inch reflector and
en light as having a brownish colour. He recommended using a bar
of view to obscure the bright part of the disc of Venus.
d English planetary observer Richard M. Baum has observed the
phenomenon for over 35 years. He says that it is ‘a glow variously
as coppery, deep purple, olive, or even rusty brown.” Often the glow is
but OC?asionally it is patchy. Baum raw the rare copper-coloured hue of
ghtin 1953 and rendered it in the form of a beautiful realistic drawing
in the August 1988 issue of Astronomy magazine.
1 light has been attributed to light reflected from the Earth, which
quh too faint. Several authorities think that it may be due to auroral
Was stated by Arago. In support of Arago’s idea was the claim by one
that the ashen light was most pronounced at times when the sun was
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Fig. 6.8 Refraction effects of the atmosphere of Venus as seen during a transt
Splendour of the Heavens. Hutchinson, London, 1923.)
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venis History of observation
most active. However, the ‘aurora theory’ of the ashen light se
able when the Mariner II spacecraft revealed that Venus had
magnetic field. Many astronomers in the 1930s considered that
was not real after they had studied observational reports. The o:
light is still undecided; one theory considers that it might be due
tion of molecules dissociated by sunlight energy.

The spectrum of the dark side of Venus was studied by Koz
and he found indications of ionised gases, so that Venus would h
like the Earth’s but 50 times brighter.

Curiously, some have reported seeing the dark side of Venus
dark sky background in seeing conditions when it would be hard
contrast effect. This appearance may have been due to the dark
being silhouetted against the sun’s outer corona or against s
dust beyond Venus, something like the zodiacal light.

The surface features of Venus cannot be seen because of the
cloud layer. The centuries of telescopic study of Venus follo
discovery of the phases revealed little about Venus. A dark spe
was reported by Fontana in 1645 and bright and dark spots were s
Cassini in 1666 and 1667. Four of Cassini’s drawings of Venus are
6.10. Bianchini also made drawings of Venus (fig. 6.11) and consts '
1726-7. Herschel saw dusky markings near the terminator on
which he recorded in a drawing (fig. 6.12). Schroter saw a faint o
the disc on August 29th 1801 (according to Moore, February
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roational drawings of Venus by Bianchini (1727).

&

b
Dusky markings on Venus as seen by Herschel (1780).

N several ti.mes saw long vertical shadow-like markings. On April 6th
Jﬁsﬂ‘f a curious appearance of the entire disc which appeared to be
) elnedl. At the same time he noticed a small bright protuberance on
not terminator); he saw this with an unsilvered 12}-inch mirror and the
L was Conﬁrr.ned six days later by Key. Dusky markings as seen by
4 "‘_‘zesl'lo“.?n in his sketch of June 7th, 1892 (fig. 6.13). Webb mentions
* Observations by different observers but these are too numerous to

Fig. 6.10 Four of G.D. Cassini’s drawings of Venus (1666-7). B
tHithuisen reported seeing white patches at the poles of Venus and
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Venus History of observation

oke-like dusky markings on Venus as seen and drawn by Percival Lowell in 1896.
foon and the Planets, Corliss, W.R., The Sourcebook Project, 1985.)

Fig. 6.13 Dusky markings on Venus seen by H. McEwen, June 7th, 1892, (i
Astronomy, Mee, A., D. Owen and Co. Ltd, Cardiff, 1893.)

subsequently they were seen by others. Successful photograp
spots was claimed by M. Quenisset in 1908. There is some dou
these ‘polar spots” are actually at the poles.

Some astronomers who observed Venus through yellow filters ¢
seen faint markings of low contrast and thought that these might
sightings of the surface through transient clearings in the clou
now known that Venus is covered with multiple layers of dense cl
surface can never be seen. Another interpretation was that these
indications of groupings of clouds or other meteorological phene
by the influence of high mountains on Venus. Since the clouds
km and because the maximum surface relief is only 13 km,
unlikely.

Percival Lowell reported seeing linear features on Venus, !
pattern of linear dusky features radiating from the subsolar poin
of a wheel and was first to sketch them in 1896 (fig. 6.14). His obs
verified by Foulkes in 1897 observing from Malta. Griffith saw
spoke system on February 17th 1897 (fig. 6.15). _

Further observations of the spoke system made at the Lowell !
1898 are shown in fig. 6.16. Antoniadi never saw the spokes an
existence. No one else seems to have studied the spokes or ever
them until Baum ‘rediscovered” them in 1951. He saw them as .
detected a dark spot at the subsolar point (fig. 6.17). What is in
Baum had not read any of Schiaparelli’s or Lowell’s writings
argues strongly for the reliability of his observation. He was at
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spoke system of Venus sketched by Griffith, February 17th 1897. (From The Moon
S, Corliss, W.R., The Sourcebook Project, 1985.)

ler observation for about two months and at times perceived that they
wish-grey colour.

observer is able to see the spokes and there has been difference of
twhether they are real or merely an optical illusion. The objectivity
1ting spokes was demonstrated by ultraviolet photography of Venus
d ﬂ}e Mount Wilson 60-inch reflector which revealed dusky bands
dially arranged to and originating from the subsolar point. The
ed much similarity to the drawings of Schiaparelli, Lowell and
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Fig. 6.16 Observations of the spoke system of Venus made at the Lowell observg
(From The Moon and the Planets, Corliss, W.R., The Sourcebook Project, 1985.)

History of observation

ster said that he had observed that the south horn of the crescent
- plunted and he saw a tiny luminous point in the dark sky beyond it
considered was due to a mountain of prodigious size near the south
inated by the sun (fig. 6.18). He also stated that he saw terminator
ues. In 1833 and 1836 Beer and Madler fully confirmed the accuracy of
ations of terminator irregularities but Herschel doubted Schréter’s
.. 'ﬁons numerous other observations of terminator and cusp irregula-
veen the years 1700 and 1876. Such phenomena have been said to
Jte that the surface of Venus is rugged to an extent that can interfere with
4 d patterns but this is unlikely as it is now known that the clouds are too
ve the surface.
4 , Venus exhibits a phase anomaly, the calculated and observed
_ otomy often being discrepant by several days. This was first noticed
ster in 1793 and has become known as the Schroter effect. In 1692 Cassini
that the crescent was apparently too broad when it should have been

32, Dunham and Adams searched for water vapour in the atmosphere of
by studying the spectrum of the planet near 8000 angstroms. Although
d no indications of water vapour there was evidence of carbon dioxide
wn by absorption lines at 7820, 7883 and 8689 angstroms. Kuiper found
onal spectroscopic evidence for the presence of carbon dioxide in 1962. A
mount of water vapour was detected by Bottema, Plummer, Strong and
rin 1964.

on monoxide was found by Sinton in 1961 in trace amounts but oxygen
t certainly identified from studies carried out from high altitude balloons
arly 1960s although traces of water vapour were detected.

radio waves of wavelength 0.32 cm were detected coming from Venus
ted a surface temperature of 300 °C. Only in 1968 was there general

Fig. 6.17 Radiating spokes on Venus drawn by R.M. Baum, April 26th, 1951. (Fro
and the Planets, Corliss, W.R., The Sourcebook Project, 1985.) 4

Astronomers have viewed Venus telescopically through d
colour filters. Many observers have seen markings especially wi
filters as recorded in the Venus Section reports of both the ALPO @
Usually, nothing is revealed when the planet is photographed
infrared light but diffuse markings become visible in ultraviolet Wi
due to ultraviolet absorbing material in the clouds. Yellow light phe
Camichel in 1943 revealed vague features. '

A highly significant observation in 1957 was Boyer’s detecti
the cloud envelope of Venus when he observed the planet in
Further study revealed that the markings changed shape and a
complete rotation around Venus in a time equal to 4 Earth days
a retrograde motion meaning that it was the opposite of wha
Earth’s pattern and planetary rotation in general. Peculiar C, Y4
markings have subsequently been seen in ultraviolet light pit
Venus. 1
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CArOter's ‘enlightened mountain’ (1789-91).

tion that the surface temperature was at least 480 °C as shown by radio
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Space probe exploration of Venus

and radar observations. The atmospheric pressure at the surface

be at least 90 times that of our own at sea level. : . -
In 1970 radar astronomy was used to chart a large part of the s ted by Earth-based obser\;Iat:ion. bO\;fH\g tg tight budgets, the US
This was achieved with the 210-foot dish antenna of the Goldstone ation programme I 1?;8 a ]to © lm;)t:: tg t\go Cor_np?nents, a
Station by astronomers from the Jet Propulsion Laboratory of consisting Of Fhe bas;;: usl,)aT;rg;Prq Elmt tdl;ee Sll;m v s.m;ll
Institute of Technology. About one-sixth of the total surface was | an Orbiter (Pioneer en(l;sb_t. ¢ S ?r ! JEMAs e
of their maps extending from about 90° W and 30° E longitudé-‘ v eventually caused the Orbiter to pass ever more closely to Venus
and 35° N latitude. The resolution was about double that of the fi; , fuel of the spacecraft thr_uste.r Bwas .exhausted it phunged ‘dé_teper
1968. Radar studies continued in 1972 and revealed large crater-li atmosphere on every grcmt unbl ;t gl\l;med up bdue i fé{gmnal
in the equatorial region and a huge valley. R ) Plonecrienusitevealed venus o bevery difterent
By 1975 radar images with even better resolution were ob sister” the Earth. 1 he radar i .
National Astronomy and Ionosphere Center at Arecibo in Puerto Venus results are comp ementar}): to the radar images received
1000-foot radio telescope dish. Among the surface markings ' _ spacec‘raft which focused on the surface features (_:Jf Venus and
large bright feature named Maxwell. conditions. Pioneer Venus concentrated on the dynamics and che-
on of the Venusian atmosphere and the space around the planet.
be was sent on its journey in August 1978, reaching Venus on
9th of the same year. A little over 3 weeks before its arrival the ‘bus’
o carrier) set the large probe free and after 5 more days the ‘bus’
,three small probes which went off on independent courses.
978 the Orbiter was launched and followed a larger trajectory than
e, It arrived five days earlier on December 4th 1978. It described a
ic orbit passing to within 150-200 kilometres from the surface of
:would then go out to 66 900 kilometres.
of this probe’s orbit was altered by the sun’s gravity causing it to
re closely to Venus until its fuel was used up and its ever deepening
to the atmosphere of Venus caused it to burn up as already

the days following the close flyby also confirmed the 4-day rotation

Space probe exploration of Venus

Several space craft for exploration of Venus have been launched.
2 spacecraft was launched in August, 1962. Data from the radiom
indicated no significant difference between the temperatures o
night sides of Venus. The temperature of the tops of the clouds w
250 °C and about 234 °C deeper down. The surface temperature
400 K. No magnetic field was detected.

The Soviets launched a series of 20 spacecraft including the
between 1961 and 1983. They were designed to soft-land on Ven
Veneras 1-3 the entire series were almost all successful, especial
and 10 landings in 1975, in sending back important data rela
sphere, clouds and surface of Venus.

The US Mariner 5 spacecraft was launched on June 14th 1967.
probe Venera 4 was launched two days earlier on June 12th.
Venus one day sooner than the Mariner 5 craft on October 18th 196
from Venera 4 were received by the large radio telescope at Jodrel
data indicated that cloud temperatures of Venus varied from 40
that the surface atmospheric pressure was at least 15 times tha
atmosphere contained at least 98.5% carbon dioxide. Mariner
surface of Venus on October 19th 1967 at a height of about 2480
the data obtained from Mariner 5 confirmed those of Venera
were some discrepancies. One thing it revealed was that the
not as oblate as was one thought; in fact it is more nearly sph
Earth.

On November 3rd 1973 the Mariner 10 spacecraft was launc
mission was to study Mercury but it would also closely fly past
US Venus space probes had not recorded images of the surface
Mariner 10 had a camera on board. On February 5th 1974, the d:
Mariner 10 took pictures of the sunlit side of Venus in ultra
revealed much fine detail of the cloud patterns of Venus and
These pictures confirmed the existence of the so-called C-, Y-
markings that are barely visible in Earth-based photographs.
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- the internal history of Venus were provided by detection of minor
 of the atmosphere such as argon 40, an inert gas resulting from

Venus Orbiter photograph showing ultraviolet markings.
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Venus Space probe exploration of Venus

decay of potassium 40, a radioactive metallic element. Signj
was found in the atmosphere of Venus than in Earth’s. This diff,
to the manner in which mass and heat are brought from the
planet to the surface. The Magellan spacecraft found evidence of
volcanic action on Venus early in its history but there was ng j
plate tectonics responsible for keeping the Earth’s surface gec
and young.

On the other hand the atmosphere of Venus was found to ha
the inert gases such as other argon isotopes and neon. These ha
since the remote epoch when the planets were first formed
indication that Venus is more primeval than Earth. This suge
retains much more of its earlier atmosphere than does our ownp

Pioneer Venus showed that even today Venus is continuin
Observations of the upper atmosphere made by the Pionee
indicate that Venus is losing 5 x 10 hydrogen atoms and ions
means that all of the atmospheric water would be lost after abg

years but Venus is more than 20 times as old as this. Therefore,
g 0° 60° 120° 180°

water is being replaced somehow. This replacement water mo o - 2o T T T 75°
from sources such as the impact of comets, ice-covered aste _ . 1
eruptions or steadier widespread out-gassing to the surface.

Venus is covered by thick clouds in spite of the lack of wate - s0°
Pioneer Venus mission much evidence had been accumulated “CONTINENT* 7 MAXWELL MONTES

: . A e (LARGE AS AUSTRALIA} (HIGHER THAN EVEREST)

clouds consisted mainly of sulphuric acid and water. The Pionee
studied the tops of the clouds of Venus with the ultraviolet spects i [T— % 1 300
gas chromatograph aboard the Orbiter measured the compositio & DOUBLE SHIELD valtevs 3
the atmosphere below the main cloud layer. Both of these investi: b monay ¥ a

that the sulphuric acid in the clouds is formed from atmos e

dioxide. The so-called C-, Y- and psi-shaped ultraviolet ‘mar

barely visible from Earth are thought to be related to some kir ey 1300
absorbing medium in the clouds, the nature of which is unknown AFRICA}
carbon monoxide has been suspected, and nothing is known abot
Since the atmosphere of Venus is dense the temperature at a 1 a0
Venus is almost constant from the poles to the equator. Also, L : : : : . : - .
u0° 300° o 60’ 120 180

Earth, Venus rotates on its axis once in the same time that the E
daily rotations. Hence, it might be thought that the winds on Ve .map of Venus on Mercator's projection, showing the major highland regions (shaded).
at all strong. However, Pioneer Venus showed otherwise; on Ea s large as Australia) looks larger than Aphrodite Terra (as large as Africa) owing to
from the equator are slower than Earth’s rotation but nearer the istorting effect of the map projection of high latitudes. (From Venus — An Errant Twin,
faster than the rotation. This is known as superrotation. The i bia University Press, New York, 1985.)

Venus superrotates at all latitudes and from near the surface to S
more above the surface.

The winds are fastest at the cloud tops and have the unusu
metres per second. Planetary scientists are unable to explain wk
Venus superrotate although some ideas for the mechanics havi
Ultraviolet imaging of Venus with the Orbiter’s spectrophoton
hitherto unknown patchy aurora in the dark hemisphere. This
high-energy particles, probably fast electrons derived from the
collide with the atmosphere in the shadowed hemisphere.
showed that the solar wind plasma was being diverted arou
verifying predictions that a planet’s ionosphere can so influence
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Mo very great magnetic field is present. The possibility of another
0 Venus has been studied because in spite of the mass of data gathered
Venus about the planet’s atmosphere and its near-space neighbour-
estions still remain. Unfortunately, there are budget restraints to be
future major scientific projects. However, even fairly inexpensive
to Venus could supply useful results such as a chemical composition
S could probe the chemical make-up of the atmosphere of Venus at
els above the planet’s surface. This and other scientific enterprises
4 . ble under NASA's series of low-cost, fast ‘discovery-Class’ plane-
ditions.
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Visibility of Venus

Like Mercury, Venus being an inferior planet exhibits phases wh
the same way as Mercury’s. Also like Mercury, Venus can ne
opposition, again a consequence of the orbit of Venus being
Earth’s. However, the angular distance of Venus from the sun
that of Mercury and can be as much as 47°. Because of its
distance from the sun as compared with Mercury, Venus

‘morning star’ or as an ‘evening star’.

Table 6.1 shows the visibility sequence of Venus after superior

Table 6.1. Visibility and movements of Venus.

Observing Venus

nus is while the sun is still above the horizon or if it

bserve Ve
800 The sky is considered too dark if the planet can be

about to rise.

~aided eye.
‘m;ff telgscope is used, only certain kinds of eyepiece should be

e without achromatic corrections are useless and Barlow lenses
oided as they may introduce false colour. Perhaps the best types of
the Tolles or monocentric. Do not overpress power. Something
¢ 10 x and 250 x should be about right for 6- to 10-inch tele-
succeSSfUI observations of Venus it is most important to obtain a
ed sharp image. Higher powers could be used when the disc of
small when near superior conjunction. It is a pity that the planet has

onally neglected at this phase.

Days after superior conjunction

> a comparative series of observations of Venus over days or

0
Evening ‘star’ 35
Greatest eastern elongation 221
Retrogression begins 271
Disappearance from evening sky 286
Inferior conjunction 292
Morning “Star’ 298
Retrogression ends 313
Greatest western elongation 362
Disappearance from morning sky 549
Superior conjunction 584

Phase -c“ld use the same telescope aperture throughout. If two or more
‘Full’ greatly differing aperture are employed, the drawings or other
ed with them cannot be compared as reliably as if a single aperture
‘Last qua used. For similar reasons, the same eyepiece should be used
urther, it is best to be consistent with respect to time of day or
the sky background. If the regular time or sky brightness is
‘New’ a note should be made of this to accompany observational
ription.

brightest about 40 days after eastern elongation and about 40
‘First q estern elongation. At these times its magnitude increases to any-
een about 3.7 and 4.7 at different elongations and it is then the

‘Full’ in the sky next to the sun and moon.

ﬁ;_ined only with binoculars ought to be able to pick up Venus when

Observing Venus

Venus is much easier to locate with the naked eye than Mercur
great brilliancy and the much larger angular distance it attai
Next to the sun and moon it can be the brightest object in th
outshining Jupiter. On such occasions it can cast a perceptible s

In contrast to Mercury, Venus becomes brighter as it moves
conjunction through dichotomy to about a month before inferior
becomes dim at inferior conjunction. This is because the app:
variations of Venus as it goes through its phase cycle are much
of Mercury as previously mentioned and shown in fig. 6.3. Hei
size of the illuminated area of Venus is much greater when it

when it is nearly ‘full’.

The worst time to observe Venus is when it is brilliantly visibl
some time after sunset or before sunrise. The disc is so brilliant #
effects and flare spoil the telescopic image seen in the most 0
telescopes. Also, the low altitude of Venus at such times resul

turbulence, further degrading the image.

Very small telescopes are not much use for observing Venus
estimates; an aperture of at least 4-6 inches should be consid

useful observations to be made.
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fore or after conjunction and about 5-10° from the sun. Some
servers have claimed to be able to see Venus with the naked eye
At inferior conjunction binoculars of good optical quality and
 tripod will sometimes reveal Venus as a very thin crescent with a
y about one second of arc.

it was mentioned that the Babylonians may have seen the cres-
of Venus with the naked eye. In at least one instance the shape of
0 been described as being like a stretched triangle. It might be
this test of sight for yourself. The phases of Venus are easily
small telescopes using only low or moderate powers.

observer needs similar basic information to that needed for obser-
all of which can be found in almanacs and astronomical year
d to know the following: RA, declination, the apparent magni-
t diameter (varying from 10 to 64 seconds of arc), the phase angle
the phase coefficient, K) and the elongation.

bservation of Venus

venus in the day time is not difficult and is well worth doing. The
daylight observation is that Venus is high in the sky and not close
asitis at sunset or just after. The effects of atmospheric turbulence
the planet are thus considerably alleviated.

OU use binoculars or an altazimuth mounted telescope, Venus
ly easily found in the day time as it will lie a little ahead of or
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Veniss Observing Venus
behind the sun on the ecliptic. If you can judge the curve and a
finding Venus should be easy simply by ‘sweeping’ in the area
be with binoculars or telescope. This can be dangerous as there is
of accidentally pointing your glass at the sun with disastrous re
stand in the shadow of a building when sweeping for Venuys ne
the day.

If your telescope is equatorially mounted you can point it at
using your setting circles if you know its RA and declination (s "
J. H. Palmer in the ‘Further reading’ at the end of this chapter.)

An altazimuth mounted telescope can be pointed at Venus
select a star in the night sky with the same declination as Venus:
to be exactly the same as long as it is close enough to be s
telescopic field as Venus. The telescope is pointed to this star, N
clamp the telescope so that it cannot move. Now determine the
from an almanac. You will now be able to calculate the time wh
seen in the telescopic field by using the formula:

TV 5T + (RA of star — RA of Venus)

|L 4 I;'
B

markings seen on Venus, September 29th, 1959, 06.40-07.00 UT, Se 6/10, Tr
:nl‘g& (R.M. Baum, Chester.)

where T is the local mean time when you pointed the telescope
TV is the local mean time for observing Venus. (The multiplyin
should be placed in front of the bracket if one is calculating me
Note that this formula works only if the interval is less than 24 hou
RA difference is negative, add 24 hours to it. This formula giv
you can expect to see Venus in the field of the clamped telescope

Daylight observation of Venus can be improved by the use of
eyepiece filters. These combat the effect of the bright blue sky
contrast between the planetary disc and the sky. The apodising
also be tried with and without filters.

The dusky markings
It is difficult to see the dusky markings on Venus but observers hay
have seen them in even a 2- or 3-inch telescope. Some people
markings have no real existence and are illusory. However, a few:
some visual sensitivity to ultraviolet light and it is probably th
the so called ‘ultraviolet markings’ whose presence has been
ultraviolet photography. Visual observation with and without fil
graphy reveal pronounced time differences in the appearanc
markings which makes it very probable that they are atmospheri
A typical view of the dusky markings of Venus is shown in Baum
figs. 6.22 and 6.23 of Venus at the crescent phase.
Dusky markings are named and classified as follows:

Ventus, 1954, crescent phase (morning) 115mm OG x 186. Left: December 15th,
0 UT, Se 3/10, Tr 5/5. right: December 17th, 08.30 UT, Se 3/10, Tr 3/5. Note the belt-

her side of the supposed equator; these apparently equate with ultraviolet features.
the fine extensions on December 17th, taking the cusps beyond the geometric norm.
Chester.)

(1) Banded. These are dusky parallel streaks roughly perp
line joining the cusps.

(2) Radial. A spoke-like pattern radiating out from the subsolar

(3) Irregular. May be elongated or roughly linear dusky streaks:
definite pattern.

(4) Amorphous. These have no definite form or pattern.

d in the sky are all important in determining success or failure in

Ky markings are extremely elusive and it is easy to deceive oneself into
t_hﬁt markings have been seen on Venus merely because one expects to
There is therefore no imputation of dishonesty when the reliability is
_ of observational drawings of amateurs who use small telescopes and
Tecord markings on Venus whenever they observe the planet. Schroter,
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Observational experience, atmospheric conditions and where
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Observing Venus

whose observational skill may not have been of the best,
scrupulously honest and patient; he observed Venus for 9 ye.
honestly convinced that he had seen a marking on the planet
hope if your early attempts are unsuccessful. :
The disc of Venus usually appears to be blank apart fro, Venus using
dimming of light near the terminator. The majority of ob: o 1 'Wgr&phy
elongations of Venus usually reveal a dusky marking or two videogr Tk
real. The apparitions of Venus last much longer than those of Me wthh- e
can follow Venus for weeks, not just days. et filter
If you are lucky enough to see a dusky marking or two, wa
and for as long as you can and see if you can detect movement
helpful in these observations but others should be tried as well.

have been taken by T. Rackham who used a Chance-Pilkington

:deo camera it is worth attempting to study the elusive dusky
> the camera with an ultraviolet filter such as the Kodak
(videography) is described in detail in chapter 15. The
y over ordinary photography is that you can actually
kes aiming and focusing so much easier even when

mealiﬂklynsizn bright markings are the so-called cusp caps or polar

It should be mentioned here that the results of observation are areas of brightness situated near the apparent poles of Venus.
filters have resulted in controversy. Some observers maintain , they appear to be real. They may remain visible for many days
render visible otherwise invisible features. Others claim that | nd they appear and fade out quite slowly. They are more common
difference. The majority of observers find that filters imp ' than the north. Cusp caps are usually bnghts.:st Neliey the
nothing more; no new details are ‘brought out’. Since it has b B fraction of thedisc that is lit by the sun, is between 0.8
people’s eyes differ in sensitivity to different wavelengths of jonally the caps are seen bordered by dark, often diffuse, cusp
surprising that opinions differ as to the value of filter observation

Most observers of the dusky markings of Venus appear
groups; those who see large diffuse markings, those that see )
pattern of streaks and others who lie somewhere in between ins; esence and extent of a light ‘limb band”.
the two types of marking sometimes in combination and at othe drawings of the dusky and light markings, the circle representing
or the other type only. Although the spoke-like arrang us should be about 13-2 inches in diameter. The phi?se i
markings is not visible to every observer, too many observ ineated. Carefully draw in pencil all shadings or light features.
kinds of telescopes have seen them for anyone to deny the bably have to exaggerate the contrast between the dusky markings
observations. There are plenty of reliable data on the spo B . Say so i you have, The north and south polesof
interpretation of the data that leads to argument. ' d be indicated. When you have finished the drawing, do not add or

There still remains the mystery of why some see the spokes, ofi or ‘touch it up’ in any way after leaving the telescope.
yet others see them in part. In this connection it is worth -
experiment described by Patrick Moore in the first edition of S
P}i‘”:wfs (19:'5?)-_ On August ?4 thﬂ_953 MC"Ol”ef C. D. Reid and J. B. the phases of Venus, there are two lines of profitable investigation:
L eir :lfnfmwty to ulltravmlct hght w1_th a spectrometer. Mo« : reffect and terminator irregularities.

ave the lowest wavelength detectlop limit of 4000 = 10,0 A, Hutcl : s of theoretical dichotomy (‘half moon’ phase) are calculable with
3700 £100 A and Baum 3200 * 200 A. Further, on April 21_5‘-‘ erable precision yet it invariably happens that at eastern elongation, when
and Baum observed Venus with _thﬁ' same telescope, a 9-inch 1 the waning part of the phase cycle, dichotomy is “early’ and occurs
power of 240 x . The‘ results were interesting; Moore saw on}y a eoretically predicted time. Conversely, at western elongations when
and two condensations, Reid saw a .Y-shaped marking lying ¢ Xxing, dichotomy is always late. As mentioned earlier, the discrepan-
Baum saw the spoke system. Interestingly, the Y-shaped mark to several days and different observers have given different esti-
coincided with a part of the spokfe_system seen by Baum. This  discrepancy, from 6 days by Beer and Madler to as much as 14 days
strates that the greater the sensitivity of an observer’s ey N and the Rev. . A. Lees (reported in the Journal of the British
ultraviolet wavelengths, t.he more will be seen of tl?e dusky ull?'a. ] | Association, 37, 345 (1927)). It would obviously be interesting to

The best way of revealing the dusky_ mark}ngf; is by ultravio if there is any pattern to these discrepancies. There are, in fact,
Photographs.of Venus talfen in ultraviolet light always show d liferences between the observed and predicted phase times over a
quently details are seen in blue light photographs but with of phases, not just at dichotomy.
t(:iontfast. At longer wavelengths no de?ails are registered. !mages_ to be no explanation of the phase anomaly. None of the theories
bayhme are beﬁgr t_han those secured in a da.rk s].<y but bt"lght 1S adequate, in particular for explaining the asymmetry of the effect.
est photographic images of all. If the sky is bright a high ¢ € refraction and irradiation effects have been proposed as explana-
film should be used such as Contrast Process Ortho. Good fotaccount for the leading and lagging phases.
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t phenomena that should be looked for are light clouds, lines and
ing the terminator, a spotted or mottled appearance of the disc and
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Most likely an atmospheric or subjective effect or both m shown in Fig. 6.23 which also show bright belt-like features

observations or a psychol_ogical effect due to contrast, Dr £ the apparent equator. o

suggests that it would be interesting to carry out a progrs : = the terminator of Venus have definitely been seen on many
lunar dichotomy estimates in order to see if there B onre is no doubt about their reality. However, some of the
physiological effects when the optical and atmospheric . .t-he may not be authentic because poor seeing condmgns and
eliminated. t the limb or terminator of a planet. An inexper-

' ill distor 2 ' :
::EIZ vc:rbserver may easily record these as terminator irregulari-

The observed time of dichotomy should be noted as accura
. e particular]y prone to exhibit non-existent phenomena as

that the extent of the Schréter effect can be measured. With p
exact dichotomy can be made by eye with sufficient accurae
reliable and useful. It has not yet been shown whether the at
has any effect on the apparent phase. Contrast definitely dog
phase appears larger when seen through a red filter and much .
through a blue filter.

Most observers appear content to estimate the date of app
and define the phase discrepancy as being the difference bet
observed and theoretical dichotomy. The value obtained is 1
based on a single observation. Dr John E. Westfall used a more
based on estimating the date of apparent dichotomy from se
applying the least square statistical technique to the data. Hi
1964 and describes it in a paper listed in the ‘Further reading’ s
of this chapter.

Using this same approach a computer-aided method of de
time of dichotomy was proposed by J. McCue and J. McNil
Essentially this involves observing Venus daily for several days
dichotomy, estimating the percentage of the disc illuminated an
graph of the percentage of Venus illuminated against the d
date and time corresponding to 50% illumination (dichotom
mined from where the curve drawn through the observal
intersects the line on the graph corresponding to 50% illuminatic

The method was employed by three Canadian observers, Je
Todd W. Lohvinenko and Marc A. Gelinas. Between August 2
1989 they accumulated 34 observations of Venus over a 100-d
telescopes with between 4 and 10 inches of aperture. They
white and yellow light. Estimates of the percentage of
illuminated were made by visually comparing with calibrat
discs and by measuring drawings made at the telescope. The ob
plotted with a computer and the best curve through the obse
was determined with a curve-fitting program. The point v
crossed the 50% illumination axis was thus accurately found.
Canadian observers found that dichotomy of Venus occurred on
1989 UT. This differed by 3.02 days before the predicted date
UT. They computed the margin of error of each observation a
result to be accurate to plus or minus 0.12 days. 1

This kind of project is well worth doing involving as it doe
equipment. Perseverence and self-discipline are needed and
for amateur observers. Successful and systematic observation
much perseverence.

Another thing to look for when observing Venus at the
extensions of one or both cusps. Extensions of both cusps are sho
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kg ‘ " and ‘dents’ in the
ities usually take the form of ‘bumps” an :
.wgl;;;r;tical curve of the terminator. These should be studied

i because the apparent shape of the deformations
'miﬁu‘.:rel:iicfliltglsour filter is use?cf and these differences should be
. :g;. deformities might be illusory and due to contlrast ef’fects. {\
: to the terminator may appear to extend beyond it as a bu.mp .

to irradiation. A dark spot close to the terminator may look like a
.able deformations have often been seen such as that recorded by W.
1959 (fig. 6.24) and confirmed by several other observers. G. D: Roth
d terminator deformities using a 4-inch off-axis reflector. Terminator
ji.rarious appearances of the cusps and brightening near the cusps

Baum'’s drawings of Venus near dichotomy in fig. 6.25. Other
cusp forms are shown in Baum’s drawings of fig. 6.26. .

y fruitful and valuable line of investigation that. can correlate with
ed by space probes is opened up by observations of terminator
s, now that the surface contours of Venus have been mapped and a
zero longitude has been established. Suppose that a definite loca-
nator irregularity is seen. Its precise position should be noted as
s possible and also the time (UT). If now the longitude of the cent.ral
obtained from an almanac it will be a simple matter to determine
map of Venus whether or not a high relief feature on the surface of

nator deformation of Venus observed by W. Sandner (1959). (From Handbook
ers, Roth, G.D. Faber and Faber, London 1970.)
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Venus Transits of Venus

pservation of the ashen light it is necessary to view Venus as
- Ejark and to block out the bright light of the crescent by using
- par or similar device in the telescope eyepiece.
‘",ccultmgt realise that the scattered light produced by the ‘spider’
oL musdar n‘;irror of a Newtonian reflector are not blocked out by
oo " Thf}; mirror of a reflector should have a fresh surface and
£ dlg; the whole, it may be best to use a refractor in observations
pnal.

Joured filters when looking for the ashen light. David L.
hen light with a 6-inch refractor on May 16th 1988 and
light had 2 mottled appearance. With a red filter (Wratten 25) the
strongly suspected” and suspected with green (Wratten 58) and
tten 15) filters but was not suspected with integrated light. Wratten
magenfa) filters with 4100 and 6600 angstrom pass bands are used
“members. If the ashen light is seen, make a note of its intensity and
nes it has a mottled appearance as mentioned above.
the Pioneer Venus Orbiter (PVO) has been in a close to polar orbit
s, It carries instruments for observing atmospheric features of
mpling the interplanetary space in the planet’s vicinity and studying
teractions. The PVO is unable to make direct observations of the
in visible light; PVO studies should therefore be complemented by
telescopic work; there has, in fact, been intensive work carried out
by astronomical associations in studying the ashen light coopera-
PVO scientists.
e of writing, analyses of PVO data and Earth-based visual and
- data are being performed with the purpose of correlating the
ed observations with PVO measurements. Results so far are tentative
scientists appear to be pleased but cautious about them.

];ght
\,di'fferent co
orved the as

(a) (b)

Fig. 6.25 Venus 1959: (a) June 8th, 20.20 UT, Se 4/10, Tr 5/5; (b) June 10th, 2
Tr 4/5; (c) June 17th, 20.10 UT, Se 4/10, Tr 315. (R.M. Baum, Chester.) 1

of Venus

four transits of Venus will occur on June 7th 2004 and June 5th 2012 at

(a) (b) (c)
descending node; December 10th 2117 and December 8th 2125 at the

Fig. 6.26 Variations in the cusp forms of Venus, 1975 (115 mm OG x 186): (a)
UT; (b) June 22nd, 21.00 UT; (c) June 25th, 22.00 UT; (d) June 30th, 22.00

Chester.) general methods as were described for observing transits of Mercury

its of Venus. Attempts at accurate timing of the four contacts may
to be more difficult than in the case of Mercury since the ‘black drop’
pronounced due to the denser atmosphere of Venus.

two transits may be seen at the following locations:

Venus is close to or beneath the terminator irregularity. If a prott
such observations could be made, it would be interesting to note
is a correlation between the terminator irregularities and the
Such studies might well give indications of the effect, if any, #
features have in causing terminator irregularities or the cloud p
in general.

transit: Asia excluding the eastern part, Europe excluding the west;
south-east and north-east Africa. '

INNINg only: eastern Asia, Australasia.

mly Western Europe, west and north-west Africa, east and south
MI€rica and north-east and north America.

transit: Pacific Ocean, New Zealand.

ing only: North and South America.
tonly: Australia and eastern Asia.

The ashen light

Reports of sightings of the ashen light have been almost al
(evening) apparitions of Venus but this may be because the major
tions of Venus have been at evening apparitions.
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Venus
Further reading

Books

The Planet Venus. Hunt, C. B. and Moore, P. A., Faber and Faber. Lond

An Introduction to Observing Venus. Benton, J., Review Publishing Co.
(1973).

Visual Observations of Venus; Theory and Methods. (The ALPO Venus
Review Publishing Co., Savannah, Georgia (1987).

Venus. Hunten, D. M. et al., University of Arizona Press. Tucson, Ariz

Venus. An Errant Twin. Burgess, E., Columbia University Press. New Y

Papers and articles
Venus. Oberg, ]. B., Astronomy 4(8), 9-21 (1976).
Venus. Cordell, B. M., Astronony 10(9), 7-22 (1982).
Why observe Venus? Robinson, J. H., JBAA 90(1), 36 (1979/80).
Some naked eye observations of Venus. Ashbrook, J., Sky and Telescope ¢
The observation of detail on the planet Venus. Warner, B., JBAA 71(5),
The markings and rotation of the planet Venus. Antoniadi, B. M., JBAA
Bands and belts on Venus. Devadas, P., JBAA 73(4), 165-9 (1963).
Following the shades of Venus. Eicher, D. ]., Astronomy 19(11), 89 (19
How to observe planets during the day. Palmer, ]. H., Astronomy 17(3),
On the phase anomaly of the inner planets. Heggie, U. C., JBAA 80(4),
The phase anomaly of Venus. Warner, B., JBAA 73(2), 65-70 (1963).
An investigation into the phase anomaly of Venus. Chambers, R. H.,
76(5), 310-15 (1966).
On the phase anomaly of Mercury and Venus. Kirby, C. J., JBAA 80(4),
Ashen light on Venus (Radar Reports). Astronomy 16(8), 86 (1988). :
Ultraviolet observations of Venus in 1969. Hiscott, ]., JBAA 82(3), 198
Photography of Venus (ultraviolet). Rackham, T., JBAA 67(5), 160-6 (1
Venus observed by Mariner. Sky and Telescope 47(4), 23540 (1974).
Pioneer Venus: First results. Astronomy 7(4), 18-23 (1979).
The surface of Venus from Pioneer. Astrononty 8(8), 58-61 (1980).

Aworld revealed: Venus by radar. Nozette, S. and Ford, P., Astronomy 9(3),

Transits of Venus

To list all of the extensive literature pertaining to the 1874 and 1
would be difficult. Two good sources are the books Transits of Venus ai
transits in 7874 and 7882 by R. A. Proctor.
Notes may be found in the Monthly Notices of the Royal Astronomical Socie

Volume Page

24173 (by Airy)

28 255 _
29 33, 43,45-8,21 0-11, 249-50, 305-6, 332 and i
35 345 (by Tennant)

Further literature will be found listed in the reference section of The Pla
Hunt and P. A. Moore (see above in the list of books).
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) the so-called ‘Superior’ planets, i.e., those whose orbits lie
o E:sf It has an equator?al diameter of 4200 miles (6791 km) which
than one half of the Earth’s diameter and intermediate between
and the moon (fig. 7.1). The polar compression or oblateness of
compared with the Earth’s 0.003. Mars has two very small satellites,

distance of 5800 miles (9332.2 1ecm) and Deimos at a distance of
(23 491.4 km) from the centre of Mars. Prior to the Mariner 9
Martian satellites were thought to be spherical in shape. Phobos was
have a diameter of about 10 miles (16 km) and Deimos a diameter of
(13 km). Views on the shape and size of the satellites had to be
the Mariner 9 mission results.

Earth
7928
(12756 km)

4220
(6790 km)

ative sizes of the Earth and Mars (equatorial diameters in miles).
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Mars Orbital characteristics

Orbital characteristics Mars lies outside the Earth’s (fig. 7.2) it follows that

rth and Mars are in a straight line with the Earth in the
- then said to be at opposition and will be at its closest to the
s is. ﬂ-.at time (closest approach and opposition may differ by up to
e Mars will be at its farthest from the Earth when on the
b thP: sun from the Earth and is then said to be in conjunction with

h umn, E‘a
The mean distance of Mars from the sun is 141.6 million -

km). Owing to the pronounced eccentricity of the orbit (0
largest next to Pluto and Mercury, this distance varies from
(249.2 million km) at aphelion to 128.4 million miles (206
perihelion. The orbital revolution period of Mars, the side
Earth days or a little less than two Earth years. Its mean syng
Earth days, varying from about 25 to 27 months.

Mars moves in its orbit with a mean velocity of 15.0 miles.
second and the orbit is tilted at an angle of 1° degree 51’ to |
ecliptic. Mars rotates on its axis once in 24 hours 37 minutes ar
the axis is inclined at an angle of 23° 57’ to the plane of the Eclip
the plane of its orbit. 1

The sidereal periods of Phobos and Deimos are 7 hours 3
hours 18 minutes respectively. Phobos is unique as a Solar S
it completes one revolution around Mars in a period much le
‘day’ so that as seen from the surface of Mars, Phobos would r
set in the east 4; hours later and would exhibit more than o;
cycle from new to full. Successive risings of Phobos would
11 hours apart. Deimos with its 30 hours and 18 minutes p,
above the horizon of Mars to an observer on its surface for 21
time.

'« of the Earth and Mars were perfectly circular and concentric, then
- and minimum distances would be the same at every opposition
. Because of the ellipticity of the orbit of Mars its distance from
position will actually vary from a minimum of 34.6 million miles
km) at a perihelic opposition to a maximum of 63.0 million miles
km) at an aphelic opposition. If the major axes of the elliptical
and Mars coincided, then the minimum possible distance

o planets would be realised when opposition occurred with both
Mars at perihelion. However, although all the planets travel in the
und the sun and all the orbits lie nearly in the same plane as the

is no law of nature governing the positions of the major axes of
ts relative to one another. Mars comes closest to the Earth at
citions but the word ‘penihelic’ refers to the perihelion of Mars
or or not the Earth is also at perihelion at the same time makes
-aifference to the distance between the two planets at perihelic
owing to the relatively large eccentricity of the orbit of Mars it is this
unts much more than the Earth’s. The perihelion and aphelion
Mars from the sun are respectively 128 million miles (206.6 million
8 million miles (249.2 1cm), i.e., a difference of 26.8 million miles
n km) whereas the difference between the perihelic and aphelic
' the Earth from the sun is much less and is 3 million miles
1cm). Therefore, it is the orbital position of Mars that counts most
ing the distance of Mars from the Earth at perihelic and aphelic

s makes a complete orbital revolution in a little less than two Earth
s that oppositions occur at intervals of a little more than two Earth
hen the Earth has made two complete orbital revolutions after an
will have completed somewhat more than one complete revolu-
opposition interval (synodic period) as previously noted is there-
ys, i.e., about 2 Earth years and 49 days.

be mentioned that it is not quite true that the closest approach of the
s coincides exactly with the time of opposition; this would be so if
the two planets were both in the same plane. Actually, they are tilted
other as already mentioned. The relative motions of Mars and the
er like two cars moving on sloping ramps so that the moment
0 planets are closest is not necessarily the same moment when they
t line with the sun. However, the moments of opposition and of
ch usually differ by only a small amount, the maximum possible
8% days as occurred during the opposition of 1969. The difference is
ch smaller. At the opposition of 1948 the two events occurred on
\, the closest approach occurring just 4 hours after opposition.

Fig. 7.2 The orbits of the Earth and Mars around the Sun (to scale).
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Mars The retrograde motion of Mars

Predicting oppositions e motion of Mars

Earth ibi drift

: lanets on the average exhibit a slow f_:astward .

ci E)l-:fetl'l?e fixed stars of the Zodiac due to their own orbital
. is, of course, distinct and quite different from the

- '5
s fiar::a?etzt to west drift exhibited by both stars, planets, sun
iu

g 's rotation on its axis. _
@ﬁiiig?ward movement of Mars among the stars, at certain

to stop, drift backwards in a westerly direction for many
me its easterly drift. Mars thus appears to tra.tce out a
fig. 7.3). The apparent backward movement (')f Mars is called
i gand is an illusion caused by the different orbital spet?ds of the
J . Earth being the faster of the two and thus overtaking Mars;

Given that an opposition of Mars occurs in a certain year; y
opposition occur? The method used to calculate this is as f
makes a complete orbital revolution in 365.25 days. Mars tra Y
slowly takes 687 Earth days to make a complete orbital
321.75 days longer than an Earth year, so that the Earth has
another complete revolution by the time that Mars has compl]
its orbit. When the Earth reaches the original starting point 43
will have moved a bit further on and the Earth will catch up w
days. Now, two Earth years equals 730.5 days so that the
730.5 +49.5 = 780 days or 2 years and 7 weeks. Note that the ne
take place at a position where the line drawn through the tw
sun will now make an angle of about 49° with the line dra
planets and the sun in the previous opposition. ' West

We find, however, that the actual measured time betwe '
oppositions differs from the 780 days we have just calculated
making these calculations we assumed that the Earth and
with uniform average velocities in their orbits; actually the
continually varying and are greatest at perihelion and least at 2
an aphelic opposition, Mars is moving much more slowly tt
figure used and Earth simultaneously at its perihelion positi
a little faster under these conditions. Conversely, with Mars
Earth at aphelion during an opposition, the Earth will take
catch up with Mars.

Another interesting point is that because the second opposi
been discussing does not occur on the same line as the first |
may ask how many years on oppositions must elapse until an
occurs in an identical position. If we express Martian years
years, then Mars returns to a given position in its orbit after |
so that about 15 Earth years are required for Mars to make
revolutions.

The actual exact time differs from 15 years by 0.047 Earth
days and so the two planets and the sun would not lie in the
but would form an angle of about 16°. However, a better cor
after 151 orbital revolutions of Mars which equals 284.016
nearly, when the angle is only 0.016°. We can therefore say w
that a given opposition will repeat itself after 284 years. Using
predict oppositions of Mars reasonably accurately if we ha
oppositions. For example, the favourable opposition that M :
1719 will be repeated in 2003. In practice, of course, oppositi
individually.

Another consequence that arises from Mars lying outside
is that it does not show a full range of phases like Mercury o
“full’” at opposition, and when at quadrature (fig. 1.9), i.e., whe
the Earth and the sun with Mars form a right angle, the
gibbous like our Moon 3 or 4 days before or after full. T
phase effect that Mars shows. The fraction of the visible d
decrease to 84%.
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Mars Martian seasons

all the superior planets exhibit this. The explanation of the ap
motion of Mars is also shown in fig. 7.3.

At position 1, Mars is three months from opposition and is :
in its orbit. The line passing through the two planets indj
direction of Mars as seen from the Earth. The Earth steadily g
to its greater orbital speed with the result that the apparen
Mars against the star background seems to slow down and !
short while just before opposition (position 2). It then commen, _ ¢ a planet’s seasons, assuming that its orbit is almost
as the Earth catches up with Mars and overtakes it, and stop, B Earth S i

) : 75 position of its axis. On our own Earth Summer in the northern
then recommences its eastward drift and appears in positi curs at aphelion. It is the tilting of the northern hemisphere
after opposition. During this period of six months the Earth : muso that the sun’s rays hit the globe more vertically, that is much
half of its orbit whereas Mars has traversed only one fourth o m:!ﬁ\an the fact that the Earth is a little further away from the sun
the sun. ; ion. In the same way, the fact that the Earth is nearer to the sun by

Although it was not mentioned in the chapters on Mercury Sb million km) in January when it is at perihelion is completely
two planets and all the others exhibit retrograde motion. 4 by the northern hemisphere being tilted away from the sun so
planets were all in the same plane, then their forward and “{ strike the globe at a very oblique angle. The 3 million miles
would appear simply as forward and backward linear moti veen the Earth’s perihelic and aphelic distances has a small effect
Since the planetary orbits are all slightly tilted to the plane o ‘amounting to about 7% variation in insolation with perhaps an §°
planets instead trace out loops when retrograding. sthe temperature.

The relative amounts of retrograde motion exhibited by ion is a bit different with Mars. Its distance from the sun varies by
considerably. Approximate average values for the number miles (42.6 million km) during one Martian year so that the hemi-
spends in retrograde motion and the angular distance it ap h has the summer at perihelion must experience hotter summers
westerly direction can be worked out using the simplifying as sphere whose summer occurs at aphelion. The hemisphere that
planets all move at uniform speeds in perfectly circular orbi { _aj)he]jon must have colder winters than the other. It is the southern
coplanar. These assumptions do not greatly affect the accuracy of Mars that is subject to this more extreme range of seasonal
derived. In the case of Mercury and Venus, the time required s. This also causes the Martian seasons to differ in len gth to a much
lap on the Earth or for the Earth itself to gain a lap on a super t than Earthly seasons. The terrestrial northern summer lasts 93;
same as the planet’s synodic period, i.e. the time elapsing bet while the southern summer is 89 Earth days long. The Martian
tive oppositions (superior planets). Table 7.1 shows the s X phelion) summer lasts 182 Earth days and southern (perihelion)
planets, the time spent in retrograding, the percentage of the s for 160 Earth days. The Martian day is about 37 minutes longer
spent in retrograde motion and the angular distance in degr day so that the year on Mars lasts for 668.6 Martian days.

n of the lengths of the seasons on Earth and Mars is shown in
southern hemisphere summers are shorter and the southern
onger on both the Earth and Mars but the differences are greater on
2 seasons last for almost double the time that they do on Earth.

s axis is tilted at an angle of 23° 27’ to the plane of the ecliptic and

_ westward when retrograding. Notice that the planets spend a
eg‘: of the synodic period in retrograding the further they are

arth

0NS

Table 7.1. Retrograde motions of the planets.

Planet Synodic  Retrograde % of synodic Wi
period  interval period spent m
(days) (days) retrogressing

Mercury 116 23 20 138 - parative lengths of seasons on Earth and Mars.
= w2 7
]u;;fer 399 121 30 99 ?: i Raskiaays) Asme
a
Saturn 378 138 36 68 )
Uranus 370 152 41 4.0 Winter 89.1 155.8
Neptune 367 158 43 28 Autumn 89.7 141.8
Pluto 367 162 44 228 Summer 93.6 176.8
Sprin
Data from The beginner’s guide to the skies, Cleminshaw, C. H, g % %
Co, New York, USA (1977). : g
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Mars Surface features
It of the different position of the Martian axis is that at
ason ahead of Earth, e.g., at the opposition of
Autumn in the Earth’s northern hemisphere but
phere of Mars. Seasons on the Earth and Mars are

The res
Mars is one se
27th 1990, it Was
northern hemis

D

atures
only one of the solar planets that favours us with a good view of its
exhibits prominent permanent markings (fig. 7.6).
d eye Mars is noted for its distinct orange-red colour. This is due to
about two thirds of the surface of Mars is covered by so-called

which have a warm ochre colour when the planet is viewed
. The rest of the surface consists of darker areas of irregular shape
of a greyish-green tint, apparently a contrast effect; photometry shows
k areas have roughly the same hue as the ‘deserts’. These darker
oro0 interesting seasonal and secular changes in shape, intensity and
led to much discussion and controversy as to their nature.

ded dark areas of Mars are called “maria’ (seas) although we know
‘are not bodies of water. The dark areas contain a good deal of
mostly dark spots, streaks and lighter areas; this alone precludes the
m being bodies of water. The maria extend over a large part of the
misphere. In the northern hemisphere there are more or less isolated
The maria often have sharp boundaries but they may also be diffuse.
of the seasonal cycle of changes of intensity, colour and growth
the dark areas, the idea has long been held that they may consist of
of plant life. The most likely candidates were considered to be the

Fig. 7.4 Position of the celestial north pole of Mars (+).
February

!
S N .

@f \\ Earth Sun
/' Mars A N _m
g {aphelion) %} \Uﬂ_hh—‘h]h_‘

Ecliptic Plane of
South plane orbit of Mars

Fig. 7.5 Seasons on Earth and Mars.

points almost exactly to Polaris, the pole star. The axis of M
plane of its orbit to very nearly the same angle, 25° 11’, but |
different direction to a spot in the celestial sphere rather devoi
but about 10° from the star Deneb in the constellation of Cygn
position defined by RA 317.62° (21 hrs 10.5 mm) and declinatio
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Ph"fﬂgmpfted by E.C. Slipher at Bloemfontein, South Africa during the opposition
Iy 27th, right: August 9th.
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Mars

Surface features

lichens, a symbiotir.: ‘alliance between an alga and a fungus, ; 3 are seen at their edges and rifts are seen dividing the caps.
ur}der severer c.ondlhons, such as extreme cold, than many othe project nsma become separated and stay as isolated bright spots for
thing. The O:"blter and Lander spacecraft have found no evide ’I%s cap); themselves are variegated by bright and dark markings.
other vegete.mon: . emust affect the shrinkage of the polar caps because the bright

Another idea is the hygroscopic sallt t'heory of Arrhenius put _Oﬂsca s, the bright projections and the isolated bright spots external
and revived much later. by A. I?auvnlher. The dark areas are <o blspe;-ved in the same positions at successive oppositions. The
covered with hygroscopic salts, i.e., salts that absorb moisture i d most prominent of these irregularities is one that has

bserved an :
:::l?sgiliglﬁ; Zsﬁsd:;:;rgszzfyd;;:ka;e;Sn’l'l)(ff‘:‘o(;l[::’z c::(:.l'l:lem:m L times in the shrinking south polar cap, the so-called Mountains

darkening. However, we now know that Mars does not hate ] (Novus Mons), discovered by Mitchel in 1854 at the Cincinnati

surface which makes this theory untenable.
A third idea is that dark areas are tracts of volcanic dust.
forward in 1954 by D. B. McLaughlin of the University of Michi
of the dark areas like the Syrtis Major are triangular, it could |
volcano at the point that belches out dust that is then spread ou
prevailing winds. Apart from the fact that there appears to be no
existence of active volcanoes on Mars, there are other weaknesse
esis. One of the these is its inability to explain the seasonal cy:
darkening’. However, this does not exclude the possibility
may consist of areas of wind-blown dust, whose changes ref
wind patterns and atmospheric currents of Mars rather than
volcanoes.
The term ‘desert’ applied to the ochre-coloured areas of
taken to mean that they are exactly like, say, the Sahara. Fa
are quite cool, cooler in fact than the dark areas. At one time it
the ochre or reddish colour was due to iron oxide formed
compounds by oxygen in the Martian atmosphere. G. P. Kuif
the colour of the desert areas might be due to minerals like felsi
formed from orthoclase aluminium and potassium silicate
quartz grains. Dolfuss believes that the desert coating may
sedimentary deposit consisting of hydrated iron (ferrous) oxide
The third type of surface feature is the polar caps. These
white patches at or close to the poles of Mars and are usually
catch the eye when Mars is viewed in a telescope. They incre:
extent and intensity with the seasons in a way that strongly’
are composed of a solid substance that melts to a liquid or s
summer in that same hemisphere. Water ice and solid carbon
suggested as possible candidates. The polar caps show gre
At the spring equinox the southern cap is 70-80° in breadth
cap is usually only 53° at its greatest breadth, although it did
65° in 1966—67. This difference is due, of course, to the fact thi
forms during the planet’s aphelic Autumn-Winter season
the northern cap forms in the 298-day perihelic Autumn
southern cap shrinks much faster than the northern cap b
hotter summer experienced near perihelion; it may even @
1894. The northern cap shrinks more slowly in the longer ¢
aphelion and never gets smaller than 6° in breadth.
When the polar caps recede, their outlines do not remain pe
exhibit irregularities and do not appear of equal intensity OVe
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~d or ‘collar’ (‘Lowell’s Band’) lies closely against the borders of the
ar caps. There is no doubt as to its real existence; that it is not a

petween the bright polar cap and the much darker surrounding
yved by photography and by its still being seen even when observed
»d filter that makes the polar caps and surrounding surface look
The dark band has been interpreted as a zone of moisture left
e melting of the ice of the polar cap because it is not a permanent
closely follows the edge of the receding polar cap.

fact is that the last remaining remnant of the receding south

ot situated exactly at the pole but is about 6;° away at latitude 86°
urface of Mars) and longitude 30°. The northern cap is only about one
 from the pole at longitude 290°.
really two types of polar caps. The cap seen during the Spring-
son is quite plainly a surface deposit but the cap seen in Autumn-
tle of cloud. Near the time of the Autumn equinox a great hood
> colour appears around the poles, the appearance of which varies
one day to the next. These whitish veils, although variable, remain
tion of the Martian Autumn-Winter but begin to disappear at the
0x at the end of the cold season. The cloud layer then lifts exposing
true polar cap beneath as large, white and bright but much smaller
d veil that covered it, being only 70° in width. The clouds disappear
after the Spring equinox. At about mid-Spring rifts appear in the
it progressively slice it up into sections of unequal brightness. These
ions appear in the caps at the same positions during each Martian
ole cycle of appearances is reversed as the Summer draws to a close.
vith the Summer shrinkage of the polar caps is the ‘wave of
-"t-he Martian surface that spreads from the polar cap towards the
ta polar cap begins to shrink the dark areas intensify as though
ming to life’ and this ‘wave of darkening’ spreads from the poles. It
moisture being released from the polar caps is causing the lowly
~ifthat is what the dark areas are — to grow and the ground in general
ﬁs the wave of darkening spreads changes occur in the shapes of
more prominent dark areas and these regularly occur at the same
Atian year. These changes are so regular that they can be predicted
; bVlOl_lsly correlated with the shrinkage of the polar caps. Many
“aV€ questioned the existence of this wave.
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Atmospheric phenomena

Atmospheric phenomena is nearly always clearly visible in spite of the existence of
agfouds do appear from time to time. There are three main
uds’ (high level), ‘white clouds’ (intermediate level) and
level). There is some disagreement regarding whether
o .. clouds are fun damentally similar or not but the classification of
d white ¢ bove three types is now well established.
uds g tse :re so-called not so much because of their colour but because
plue clou bsle visually only in blue or violet light. The white or whitish-
. areaeasilY seen in blue light but not in red and can usually be
ouds 1. Yellow clouds, best seen in yellow light (Wratten filters 8, 12 and
Fr o.st rominent of all. They do, in fact, look yellowish to the eye. It is
- idepred that they are dust clouds blown up by winds on Mars.
. mples that have been best observed appear to be quite high level
na — about 18-20 miles above the surface, at least if they become major
ﬁ, _ rather than a few miles high as a few observers have thought.
“ tion to the above are the curious orographic clouds that are shaped like
AW’ They form in the neighbourhqod of volcanic‘ peaks. They are usually
o and are best seen in the medium blue to violet wavelengths. They
irly rapidly: . .
vellow clouds tend to be infrequent and sometimes cover but a small
1 of the Martian disc. However, they occasionally can cover large areas of
rtian surface and are most likely due to dust. A great ‘dust storm’
ed in 1956, the like of which had not been seen in 60 years. It began on
st 20th and lasted about a month reaching its maximum on September 7th.
yas a planet-wide ‘dust storm” in 1971.
¢ is evidence indicating that the yellow clouds sometimes are composed
of dust but of water also. This conclusion is backed up by the observa-
ient dark zones that are frequently found adjacent to several of the
ow clouds. Sometimes, these dark spots last no more than a day, are
rkand are found in both the deserts and the darker regions. In contrast to
ermanent dark regions, these short-lived dark patches do not exhibit
e such as the lines and dots seen in the true dark patches, but look more
rongly shadowed areas.
interesting and puzzling feature of the Martian atmosphere is the fact that
igh the atmosphere is so thin it appears to be strangely opaque to ultra-
light. It is as though there is something like a screen in the atmosphere
Whatever it is, the ‘screen’ is variable. Sometimes it clears away but it
s returns. This screen-like layer in the atmosphere has become known as
layer, not because of its colour but because of its ability to block violet
- light. Many theories have been advanced regarding its nature and
tion. One of these is that it is a haze of microscopic ice crystals or fine
n the upper atmosphere but there is evidence against this idea. None of the
are entirely satisfactory; we just don’t know what the violet layer is.

violet layer appears to be situated beneath the zone of the whitish or blue

Fig. 7.7 Mars 1980 ~ cloud and mist. (a) February 15th, 22.00-22.20 UT, Se Il f estimated hei i i i i
k . . 7 2Ly 4 - Ve heights of 6-19 miles, but it may be as high as 60 miles.
268.7°, x 186, Syrtis Major; (b) February 23rd, 22.00 UT, Se 11 (A), CM 199.6, Mars ; F & . ! y 8

Charontis; (c) March 3rd, 19.30 UT. Se 1l (A), CM 84.7°6, x 186 Lunae L. an E s photographed in violet light, usually no surface detail is seen

disappearing; (d) March 21st, 23.00 UT, Se 11 (A), CM 337.6°, x 186, Syrtis Major ¢ _. of t!"e strong scattering effect of the violet layer on short wavelength
Cloud on terminator. (R.M. Baum, Chester.) _ b Dccasmnally, the violet layer clears and surface features can then be

Pt aphed in violet light almost as distinctly as they were in red or orange
147

face of M
here but
Jouds: ‘blue clo
Jouds’ (lowest

Mars has an appreciable atmosphere but it is much less dense

only 5-10 millibars at the surface — and has a molecular weight
40 which is consistent with an atmosphere composed mostly of
The existence of an atmosphere is certainly established by the s

observed in the polar caps, by the existence of clouds and their mog
formation and disappearance, the thick haze that shrouds Mars wh
ultraviolet or blue light, the existence of the twilight arc and the rap
intensity and colour of the dark surface markings.

(a)

(c)
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light before the occurrence of the ‘violet clearings’ as they
clearings’ in older literature). The violet clearings may affect
and have been known to last for up to 2 months. At other times
only certain parts of Mars. It has been noted that the greater the a
that is affected by the clearings the greater is the transparency.

History of observation

The reddish colour of Mars and its somewhat sudden but regular
the sky inspired dread in ancient peoples because it reminded th
fire, war and pestilence. In 1719 Mars was so bright and fiery th
a panic.
The Egyptians named it Harmakhios and the Chaldean sky v
Nergel, which was also the name given to the god of battle
was named the Celestial Warrior (Pahlavani Siphir) by the F
Ancient Greeks called it Ares. The Romans named it Mars after
It was Aristotle who made the only observation of Mars in
deserves to be described. In 356 BC (April 4th 357 BC accordi
once saw Mars pass behind the moon, what we today would
This led Aristotle to conclude correctly that Mars must lie beyor
was farther from the Earth than the Moon.
The Chinese mention an occultation of Mars on February
Tycho Brahe observed a repetition of this occultation on De
Several other occultations of Mars by the moon have been o
recent times between the years 1837 and 1878.
In 1610 Galileo saw the gibbous phase of Mars with his telesce
he perceived that the outline of the planet’s disc was not perfectl

wa's telescopic drawings of Mars.

(b) (c)

copic drawings of Mars by Huyghens: (a) November 28th, 1659; (b) August 13th,
1:(c) May 17th, 1683, 10.03 prm.

Surface features

The first telescope observational drawing of Mars was mac
Fontana in 1636 when Mars was at opposition. The drawing v
his book of 1655. He made another drawing on August 24th
Mars exhibited its gibbous phase as it was in quadrature; Fo
exaggerates the phase a bit. In both drawings, the disc of Mars
dark ring just inside the circumference of the planet’s disc and.
centre. These appearances are artefactual and due to the poor
na’s telescope, so that his delineations have no scientific value

The first telescope drawing of Mars that shows a genuine su
made by C. Huyghens in 1659. It shows a dark triangular n
undoubtedly Syrtis Major (fig. 7.9). The drawing of 1672 is h
show clearly the south polar cap of Mars.

Huyghens also played a part in establishing the axial rotati
which he gave as ‘24 terrestrial hours’. This first approximatic
1666 when Mars was in opposition by G. D. Cassini who ob
markings on Mars were seen in the same positions 40 minutes
nights. In this case Cassini discovered the polar caps of M
opposition in 1672 and G. F. Maraldi observed the planet with
of establishing its axial rotation accurately. However, it was @
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that he actually corrected a previous estimate made by his uncle by
the axial rotation time by one minute. Actually, a correction of 23
uld have given a value closer to the actual value of the sidereal

same year of 1704 Maraldi was convinced that the white patches at the
the dark areas underwent changes between oppositions. At the
.f--1719 he stated that he had also detected changes in the surface
uring the opposition. Three of Maraldi’s drawings of Mars made at
ltlor} are shown in fig. 7.10. He considered that he had witnessed
hat might have been cloud formations and he noticed that the south
not placed exactly at the true pole. He did not commit himself as
lar cap might consist of.
ext 50 or so years no further progress seems to have been made in
ﬂ%e ;);%Iars. However, there came a set of favourable oppositions in
st'ud ,f1781 and.l783 and it was Sir William Herschel who then
. die)c:l?h MaTs with .telescopes superior in both size and optical
. e axial rotation of Mars, which he established as 24 hours
onds (solar) or 24 hours 37 minutes 10 seconds (sidereal). He
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(a) (b) (c)

Fig. 7.10 Maraldi’s drawings of Mars: (a) July 13th, 1719; (b) August 194
16th, 1719.

saw the polar caps and measured the inclination of the axis
found to make an angle of 59 and 42’ to the ecliptic. He
oblateness of Mars. Like Maraldi he noticed the eccentric si;
caps with respect to the true poles and he was convinced
composed of ice and snow. In 1783 he first detected the chang
the polar caps with the Martian seasons. He was equally
existence of a Martian atmosphere and observed colour chang

Nothing of any real significance was done after Herschel
were published until the 1800s. About two years later after H
observations, Schréter observed the red planet at his privat
Lilienthal, near Bremen, Germany. His observations were carris
oppositions from 1785 to 1802. His results were not published
death. Apparently, Schroter coined the term ‘areography’, the
surface topography.

Two other German observers more noted for their lunar stug
and J. H. von Midler who observed from Beer’s private ob
They observed with a 3}-inch Fraunhofer refractor and prod
‘Mappa Selenographica’ (map of the moon) in 1834. They also
of Mars, which although not up to the same standard as thei
the first attempt to bring together in one chart all the then ava
on Martian topography (fig. 7.11). In 1840 Beer and Ma
arbitrary meridian of zero longitude close to the present zero

Several other notable astronomers carried out valuable wi
presented itself in favourable opposition. Perhaps the best
such observers as Sir J. Norman Lockyer in England and D.
and Father P, Secchi on the Continent. In England, the Rev W.
Mars during the opposition of November 1864 and execu
drawings of the planet (fig. 7.12).

A map of Mars was published in 1867 by Richard A.
drawings by Dawes which was the first in which names w
features (fig. 7.13). Proctor named the most important fea
‘seas’ — mostly after English astronomers, for example: |
Lockyer Land, Dawes Ocean, Dawes Continent, Delarue Oc
the arbitrary meridian of zero longitude he used the locat
which he designated ‘Dawes Forked Bay’, practically the
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0 drawings of Mars by W.R. Dawes (1864/5).

1840 by Beer and Madler. This location of the zero meridian has
use up to the present. It is now more precisely defined by the centre
arly circular crater which lies within a larger crater lying very near
@E-‘ the Dawes Forked Bay (nowadays named ‘Sinus Meridiani’). The
€ 1s named Airy and the smaller Airy-0 in honour of Sir George Airy
.the transit telescope at Greenwich Observatory which marks the
zero longitude on Earth.
Strasburg used the micrometer to establish the positions of the
e t.Martian surface features accurately.
roJections on the terminator of Mars in its gibbous phase were first
nobel. On many occasions in 1873 he saw and drew a brilliant white
*terminator but did not see it when Mars was at the same phase in

_1;‘;3&0“ of Proctor’s map there were no really favourable opposi-
1877. In that year Mars was just past perihelion at opposition.

151




History of observation

leschel{ = '_"
Continent '

Fig.7.13 Proctor's map of Mars (1867).

G. V. Schiaparelli of Milan observed Mars with his 8i-inch refra
to use this favourable opposition of Mars to measure accurately
longitudes of various points on the surface of Mars. He was fo
fine seeing conditions and was amazed at the amount and co: nj
revealed by his telescope on the tiny orange disc of Mar
hundreds of features and detected inaccuracies in the shapes
several of the features on published maps. He therefore set out
entirely new map and to discard the old names of surface feat
he used in part ancient names from the Bible and Classical my
old Kaiser Sea was renamed Syrtis Major, the Dawes Sea became
(Lake of the Sun) and Delarue Ocean became Mare Erythr
Examples of mythological names are Mare Sirenum (Sea of Si
Elysium. Schiaparelli’s map (fig. 7.14) is the foundation of m¢
and his names for surface albedo features are still in use today.
At the favourable perihelic oppositions, the southern hemisg
turned towards the Earth so its features have become better kn
the northern hemisphere which is turned Earthwards only du:
able aphelic oppositions. In the 1884 opposition, Knobel set 0
inequality and produced several observational drawings of
northern hemisphere. He noticed no irregularity in the north pola

views of Mars showing ‘canals’, ‘seas’, ‘oases’, deserts and polar caps, south (left)
ht).

The “canals’
Who has not heard of the ‘canals’ of Mars? Two important
made in 1877. First, Asaph Hall announced his discovery of the
satellites of Mars, Deimos and Phobos, with the 26-inch refractor
Observatory at Washington DC. The second discovery was made
He announced the existence of very thin dark lines on the light
that connected with the darker areas (fig. 7.15). Although he
reason for doing so, he considered these features to be below the
the surrounding terrain, i.e., that they were grooves. He the
‘Canali’ which simply means ‘grooves’ or ‘channels” in his
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 into English of this word is ‘canals’ which implies artificially con-
vaterways which immediately led to one of the best known controver-
-h_lstory of astronomy. Artificial or not, there was serious disagreement
ther the canals really existed since some observers claimed to see them
lereas others saw no trace of them.

atures had been seen before; two canals are clearly shown on one of
_ .dler’s drawings of 1840 and the drawings of Dawes show many that
Hittied with canals shown on later maps. They appear on drawings by
N Lockyer, De La Rue, Kaiser and Lassell, all before 1877. A few canals
4.0n Proctor’s map. However, Schiaparelli seems to have seen many
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more than previous observers. Oddly, no one else seemed tq
Mars during the 1877 opposition.

Although it is often said that Schiaparelli discovered the ¢
never claimed this honour and was well aware of the sightin
previous to his own; neither did he originate the term 3
Secchi had used the term before him in 1864 although admi
rather short and wide streak. Schiaparelli showed no less th
map of Mars he constructed from many observational drawi
1877.

In addition to the map based on his 1877 observations
another based on observations carried out in 1879, agajﬁ-
refractor. Even today his maps are the clearest and most
compiled from Earth-based observation and were especiall
detection of secular surface changes but naturally they
constructed from space probe imaging. Some other maps of
following:

Antoniadi (1924, 1929): visual.

S. Ebisawa: updating of Antoniadi’s 1929 chart.

J. A. Roth: colour wall map based on Pic du Midi photograp
North American Aviation Inc.)

Gerard de Vacouleurs (1939, 1941): based on combined visual
observations.

C. de Mottoni: updating of Antoniadi’s 1929 chart.

Blunck lists 108 maps and globes of Mars. See his Mars and
edition), pages 188-200.

of Mars by Schiaparelli showing ‘gemination’ of canals (June 20th, 1890).
tional Astronomy, Mee, A.D. Owen And Co. Ltd, Printers, Cardiff, 1893.)

e also seen by observers in England (Burton in 1879 and Maunder
um and the USA during the 1886 opposition. All the delineations
the canals always connected up with the dark areas; none ever
\tarea.
1890, Schiaparelli again observed gemination of the canals using
and 500 on an 18-inch Merz refractor (fig. 7.16). A. S. Williams at
v 43 canals, 7 of them double, with a 6-inch reflector by Calver using
20 and 430. He was the first observer in England to see the canals.
A larger scale mapping project was initiated at Harvard ards, Schiaparelli gave up active observing owing to failing eye-
and has been continued at the University of Texas since
supported by several organisations including the Jet Propulsion
In the winter of 1881, Schiaparelli announced a curious p)
played by the canals. In place of the single canal he designated
map, there were now two closely parallel canals. This was
the phenomenon of apparent doubling of Martian canals tha
‘gemination’ which he first observed during the apparition of :
doubling of the canals again during the opposition of 1881
linear structure within the dark areas. Gemination may take |
in a few hours or days at most. The gemination of Martian c:
by astronomers generally for many years but was verified on s
and independently by M. Terby, Williams and the Lick Observat
— although of the last at least one (Barnard) doubted the exister
phenomenon was most reliably confirmed by Perrotin and Tholl
During the not too favourable opposition of 1886 which o
aphelion, Perrotin and Thollon observing at Nice with a
refractor saw several canals, some of them double. They co
map of Mars that showed more than 20 canals, many of them
Their map agrees well with Schiaparelli’s except that they
"heavier’ technique of drawing.
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Asaph Hall, who discovered the tiny and elusive satellites of Mars,
canal. Neither did Antoniadi, a great Mars specialist, until late in life
years of observation and then only reluctantly did he admit that a
xist. The visibility of the canals seems to depend on adaptation of the
telescopic image; canals are never seen immediately on looking
> eyepiece. Visibility is also strongly dependent on the moments of
ng. The canals then seem to lump out’ as fine spider web-like lines.

really believed in the objective existence of the canals were William
g and Percival Lowell. Lowell devoted many years to the study of
1113 Private observatory at Flagstaff, Arizona, that he equipped with a
'-'_'_It%fractor. His drawings and maps of Mars are literally criss-crossed
er-web-like lines. He firmly believed that Mars was inhabited by
eings who had constructed the planet-wide system of canals. In 1906
d a book entitled Mars and its canals which started a dispute the like
S seldom been heard in scientific circles. This book was followed in
Mars as the abode of life in which he expounded his ideas about

on Mars in much detail and with great logic.

892 W. H. Pickering noted that wherever canals intersected there
asmall dark spot. He called these ‘oases’. At about this same time,
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a year in which a nearly perihelic opposition of Marg
integrated picture of Mars as a planet had been evolved. Thig
by Schiaparelli in a lengthy contribution to Natura ed Arte
1893. This view of Mars did not differ too much from Hers
Schiaparelli had made the greatest contribution to the map
anyone previously. '
The reality of the canals seems to be supported by the f
observers see the same canals in the same positions on the Mart
are many exceptions (see Sheehan’s Planets and Perception). T
likely that they are not products of imagination or wishful
himself said that the canals were partly illusory but have a
the finest seeing conditions using the 33-inch Meudon refrag
canals resolved into more or less linear configurations of dark s
In less than perfect seeing the eye tends to join these together
Dr Robert S. Richardson of the Mount Wilson Observatory
looking in vain for Martian canals and it wasn’t until 1954
first one and then two others with some degree of probability.

have been observed in Hellas. These appearances and dis-
are not caused by atmospheric veils or haze.

¢ secular changes of intensity or extent of the dusky regions have
k. A remarkable example of this is Solis Lacus. This feature has
n;any changes of size and form since 1892. Oddly, after under-
Mge it reverts to its original size and shape. Usually Solis Lacus
shape measuring about 500 miles (8(.}0 km) long and 300 miles (480
, major axis being east-west. Maraldi showed it like this in 1704. In
English planetary observer, Rev. T. E. R. Phillips, noted a change

The dark areas
The dark areas undergo regular changes in colour and intes
to the cycle of Martian seasons. Lowell and Douglas during 1
change of colour of the southern hemisphere maria from
midsummer approached. The colour of the maria then chan:
confirmed earlier observations by Liais, Trouvelot and Schiap:
changes in colour and intensity of the dark areas were esta
1900.

In 1924 Antoniadi and Bardet, observing with the 33-inch !
saw most of the greenish areas change to a brown colour
spread from the south polar region. Even lilac-brown and
seen. The brown colouration was short-lived and the Martian
ance varied. Antoniadi was not able to detect the subsequel
Fourier and de Vacouleurs observed that the principal sez
be intimately associated with shrinkage of the polar caps;
circumpolar area darkens considerably, the dark brownis
quickly over the temperate zone. It reaches the equator and:
tropics of the other hemisphere. Hence, some areas such as the'l
have a double seasonal cycle.

In summer most dark areas have changed from greenish
effect) to brownish tints. The polar regions become p:
darkening seems to have a tendency to follow the course
Hellespontus which line up with fissures in the polar caps.

Other seasonal changes observed are changes in intensi
dark areas. A well-known example is the spreading of Syrtis.
coloured area called Libya during the Martian Autumn. A W
change in a dark marking is that undergone by Pandorae
attains its maximum darkness in the Martian Summer and
over one million square miles. It is then nearly as large
Sabaeus which lies parallel to it and northwards. It fades
Winter and almost disappears and reappears again next S
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Gale, 1892

Molesworth, 1903

Thomson, 1916 Phillips, 1918
. 11 Syrtis Major, 1879-1918. (From Splendour of the Heavens, Hutchinson,
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Schiaparelli, 1888 Stanley Gale, 1892
Williams, 1890

Fig. 7.18 Changes in the Trivium Charontis region of Mars, 1798—1896
the Heavens, Hutchinson, London, 1923.) y

in the shape of Solis Lacus. Whereas he had previously seen i
drawn it, the major axis was now in a north-south orientatio
year Antoniadi observed Solis Lacus with the 33-inch M
made a drawing showing it as consisting of three separ:
reverted to its pre-1926 appearance in 1930. Then in 1939 it wa
of small dark spots in a dusky area. By 1975 Solis Lacus had
appearance.

The darkening undergone by some areas such as Casius
(1924) and the dark feature near Nuba Lacus (1954) appears

Another remarkable and unexpected change was the gro
Nepenthes-Thoth system of canals, situated to the east of !
Major itself underwent marked changes in form and ap
period 1879-1918 (fig. 7.17), Trivium Charontis between 1798
and Solis Lacus between 1877 and 1939 (fig. 7.19).

Transient dark spots have been observed from time to ti
special kind of feature all sharing a similar genesis. Exam
appeared in August 1909, the dark spots that appeared sim
storm of July 1922, the Aethiopis dark area in October 192
spots that appeared in August-September 1956.

[ I |
0 1500 300
Kilometres

in Solis Lacus: oppositions 1877-1939 (from The Book of Mars, Gladstone, S.
tics and Space Administration, Washington DC, 1968), and 1988 (a CCD
with the 42-inch reflector at Pic-du-Midi).

The twilight arc is the result of the atmosphere causing the termi-
indistinct instead of sharply defined. The terminator gradually
0 the dark part of Mars through 8° of longitude at the equator. This
N optically-effective (scattering) atmosphere about 41 miles deep.

the larger dark markings have been seen fringed with something
niscent of snow or clouds on high ground. Schiaparelli saw the
as (formerly ‘Lockyer Land’) look nearly as bright as the polar caps.
changeable white spots, presumably clouds, on January 21st, 22nd
N 1865 but these were invisible on November 10th and 12th 1864. In
1g often saw moving faint white spots which, as they approached
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Atmospheric phenomena
Next to the surface features the atmospheric phenomena hav
much attention. That Mars possesses an atmosphere was
phenomena such as the formation of the polar snows, the ¢
distinctness of the dark markings, the way that they disap]
easier traceability at the terminator, their greater visibility
winter (as was noted by Beer, Médler and Lockyer) and
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the limb, became almost as brilliant as the polar caps. Schia
similar phenomena in 1877. '

Some observers have recorded seeing bright crescents (“men;
the east and west edges of the disc. They probably have ¢
atmosphere. Médler saw several patches of yellow and bluish J;
when observing from Dorpat in 1841. Rev. T. W. Webb
greenish patch on the east limb on October 11th 1862.

Yellow clouds were glimpsed visually by Secchi in 1858, b
were recognised as clouds by Green in 1877. They were first
C. Slipher during the oppositions of 1920 and 1922 and were
the morning side of the disc. Photographs taken on April 1.
unusual very large bright areas on both sides of the disc and
Major. Photographs taken about a month later showed the b
morning side of the disc almost gone and the evening si ¢
changed in size and brightness but was still easily visible.

A remarkably conspicuous large white spot appeared over
on July 9th 1922. Subsequently it changed position and shape and
but larger within 24 hours.

Yellow clouds can cover large areas of the Martian surface
composed of dust. Astronomers have observed 40 such ‘dust
between 1877 and 1986. In 1956 there occurred the greatest “dt
for more than 60 years (with the possible exception of the glob
1924). It began on August 20th, became maximal on Septen
tinued until September 22nd or possibly later. It encompassed
and appeared most dense in the southern hemisphere. Alth
‘dust storms’, it is not certain whether this designation is entirel

A curious W-shaped cloud was seen and photographed in
each Martian afternoon and corresponded roughly in position
smaller dark markings made up of ‘oases’ and ‘canals’. The *
corresponded to the canals Ulysses and Fortunae and the “knots
oases named Arsia Silva, Asoraeus Lacus, Tithonius Lacus
This suggests that water may be a possible component of the dz
now known that these clouds coincide with the Tharsis bulge
are therefore orographic clouds.

As well as blue, white and yellow clouds there are also grey o
first noted them over Deucaleonis Regio in 1909 and 1911. €
Japan saw grey clouds in 1950 and 1952. These clouds seem f
and rapidly spread out. They have been estimated to be 60-12!
km) high and may have diameters of hundreds of miles.
observers including T. Saheki, saw an enormous circular grey
miles (750 km) cross over the Erydania and Electris regions on Jz
Saheki was observing with an 8-inch reflector. Also on Jan
was observing with the 12-inch refractor of the Kwasan Obseé
something like a cloud at the south-west edge of the Martian d
same evening, T. Osawa observing near Osaka saw a dark gre
from the south edge of the disc. A grey cloud was seen by
6-inch reflector on March 29th 1950. Another was seen in 1
region and yet another, also in Eridania, by Ebisawa on April

Brilliant flares have also been reported by Japanese astront
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was seen by Saheki on December 8th 1951. It lasted from
d looked as bright as a star of the 6th magnitude. Oth.er ﬂa.res

‘UI:an1937 (near Sithonius Lacus, 235/ +50), 1951 (on Tithonius

d 10, 954 (on Edom Promontorium, 343/ -2). |

/ and henomenon known as the “violet layer’ and the occasional

-'h?r\fefe described in a previous section.

ese

Ofalzdefr aft ‘,Xas Il:a’au.mched in November 1964 and flew past Mars at

117 mi km) on July 15th, 1965. The television cameras on
L mliscgf:: of tl)we N{arfian surface back to Earth. The results
p al community. Mars was revealed to have a rugged
with a distinctly ‘lunar” appearance; there were crater_s in both
and the ochre-coloured regions. Wind and water action have
surface which has obviously been eroded. There was no trace of
oxistence was thus finally disproved.
followed by Mariners 6 and 7 in 1969 and craters were revealed
as shown to be not like another Earth or like another moon; the
' pe is unique to itself. ' .
correlation exists between the placement and con.f1gurahons of
s and the underlying terrain. About the only recognisable correla-
}'the short broad canal-like feature called Coprates‘ follows the
] uge canyon named Valles Marineris and Syrtis Major c'orlf_or:.:ns
to the outline of the somewhat triangular platform on Wthl:l .1t lies
mediately to the west of the large depression called Isidis Planitia.
areas are not necessarily depressed basins as was once thought.
and others are low. Syrtis Major, for example, is an elevated area
ides while the Amazonis desert is a sunken trough.
ound Mariner 8 spacecraft unfortunately came to grief. It crashed
tic Ocean a short time after take-off owing to a malfunctioning

iner 9, the first of the orbiting Mariners, set off to Mars and upon
t into Martian orbit and continued to function for two years. It sent
‘pictures to Earth. The purpose of Mariner 9 was to map the planet but
Lin time for the great dust storm of 1971 that curtained the surface.
ust cleared, early Mariner 9 pictures revealed the existence of three
nos in the Tharsis region and a fourth enormous one at the location
known as Nix Olympica. This volcano - the largest known example
system — is now called Olympus Mons. The Mariner 9 cameras
huge system of canyons running along the Martian equator, the Vallis
corresponding in position with one of the dark surface features, a
ing known as Coprates near the Solis Lacus region. Channels were
look very much as if they were carved out by running water. The
were shown to consist of layers of dust and ice.

ore spacecraft, Vikings I and II, were sent to Mars five years later. The
the Viking missions was two-fold; to study the geology of Mars with
oard the orbiting spacecraft and to search for evidence of biological
setting down landing craft onto the surface from the orbiting vehicles.
18 I spacecraft entered Mars orbit on June 19th 1976. It finally circled
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(left) Original Viking 1 Orbiter image of the ‘face’ on Mars, taken July 24th 1976;
adjusted ‘local” contrast ‘stretch’ of the high sun angle image no. 70A13.

owledge of Mars than was ever obtained by telescopic observation.
it noteworthy feature of the surface of Mars is its division into two
g hemispheres separated by a line at an angle of 35° to the equator. The
half is made up of highly cratered terrain cut through with channels
er topography suggestive of water action and a once dense atmosphere
 remote past. The north half consists of smooth plains with volcanos
craters. Straddled across the dividing line between the two types of
s a huge elevation called the Tharsis Bulge, literally an enormous lump
 Here is situated the giant Olympus Mons and other huge volcanos.
almost diametrically opposite the Tharsis Bulge on the other side of
the largest of several huge roughly circular depressions. The next largest
the planet from a minimum distance of 960 miles (1544.64 km) are Argyre and Isidis. The polar caps are permanent and are composed
20400 miles (32823.6 km). The site chosen for the Viking I lan ice with generally impermanent solid carbon dioxide caps that grow in
called Chryse Planitia, a relatively smooth plain. The Viking II la ian Autumn and Winter and shrivel again in Spring and Summer but
scheduled to land in Utopia Planitia. ' n dioxide remains all year round at the south cap. The polar caps are
On the night of June 22nd-23rd, the improved camera optics ded by broad belt-like zones of dust dunes. Regarding the search for
spacecraft revealed more detail than had been recorded by Mari Mars, the Viking lander results were inconclusive. Not even organic
the pictures had resolution better than those obtained from Marin s were detected with certainty in the surface materials.
of 10. Most exciting was confirmation of the Mariner 9 findings of ps the most startling object that appears in the Viking photographs is
be ancient shore lines along channels on the Martian surface. in the region known as Cydonia where there are buttes and mesas
abundant water that once covered the larger land forms in some : lated along an escarpment separating heavily cratered highlands on the south
The Viking I spacecraft alighted on the surface of Chryse Planiti #HOW-lying plains in the north.
Viking II arrived on August 7th and touched down in Uto - Jet Propulsion Laboratory’s press release no. 17384 (1976), it is stated
September 3rd. The Viking II orbiter, which at the time of writin EWas a mountain that was an eerie resemblance to a human face in one
Mars, continued to obtain images and other data for two years es of the region known as Cydonia (fig. 7.21). It was 3 kilometres
orbiter for four. The two orbiters sent back to Earth a total of _tthe resolution was poor as it was photographed from a distance of
pictures of Mars — Viking I secured 33 100 and Viking II 20 708. _ i ’ res. The ‘Face on Mars’, as it came to be called, and the discovery of
contained equipment for studying atmospheric composition, the **5/Pyramids, ruined ‘cities’ and geometrical shapes in the same region
the crust, weather and ground quakes. There was also equipment € to much speculation as to the possible artificial origin of these objects
for the presence of living organisms. The two landers took about 10 £Xistence of ancient advanced civilisations on Mars in the very remote

Needless to say, the Viking missions have given us a much mor
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Fig. 7.20 Whole disc of Mars (Philip James, Steven Lee, NASA).
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1 small telescopes to see a surprising amount of detail on the
f good fortune was the transparency of the Martian atmosphere
2 of wing period. Usually, the sun’s heat at a perihelic opposition
v;eﬂ‘e yellow dust storms that can hide surface detail over large
ce as happened during the oppositions of 1956, 1973 and 1977.
ot's surface was hidden by dust during the 1971 perihelic
ere was a major dust storm in 1988 between June 3rd and 27th
arent angular diameter of the disc was between 10.4 and 12.6
and another in late November, eight weeks after opposition, when
r of the Martian disc had decreased to 14 seconds of arc. The storm
'by a brightening of the southern hemisphere of the planet and was
small refractors.
osition observers readily saw the light and dark areas and the
: the south polar cap. More careful scrutiny revealed atmospheric
such as fogs and clouds. Hazes were sometimes detected along the
A series of wonderfully detailed photographs were taken in red
he 61.2-inch Catalina telescope and a camera at the University of

Fig. 7.22 (left) High resolution image of the ‘face’ (MOC frame 2203); (ri
lights and darks reversed to simulate the approximate lighting conditior
resolution Viking image.
appeared ‘normal’ in 1988; during late August-September many
w fine detail surrounding this feature in the form of spots and lines.
jarge circular light depression lying due south of Syrtis Major, was
right in 1988. During June, observers saw again the dark features
Eosphoros, Gallinaria Silva and Acampsis which had been invi-
the nineteenth century. About a month later observers with small
ed a hitherto unrecorded canal-like linear marking joining these

However, the ‘face” was imaged again from a much shorter
5th 1998 by the Mars Orbital Camera aboard the Mars Glok
The morning sun was 25° above the horizon and the
photographed a region in Cydonia only 444 kilometres 2
towards the ‘face’. The resulting clear picture was comput
transmission to Earth and at a resolution of 4.3 metres per
times better resolution than the Viking picture. The resemb
no longer evident and the object was declared to be ‘just a pi
the lighting angle of this picture was adjusted to approximate
picture and information was removed and the picture bl
illusion of a face reappeared. Thus ended 20 years of sp
nature of the ‘Face on Mars’; as one author expressed it, ‘Cyd
(fig. 7.22).

Since the Viking missions, telescopic observation of Mars
detailed accounts of the many observations made since
propriate here and would take up too much space. They
reports of the Mars Observing Sections of the BAA the A
nomical organisations. However, a summary of observatio
exceptionally favourable Mars opposition of 1988 will be incl
Mars was near the celestial equator in the constellation Ceft
that the planet could be observed in both the northern and sou
and it was unusually high in the sky for observers in midnorth

During the best observing time — from mid-July to late
declination of Mars averaged —2° and was never further sot
previous opposition (1986) Mars remained at declinations b
and the seeing at best was only fair. In the 1988 opposition
be observed through half of the air mass from about latitu
in 1986.

The 1988 opposition was perihelic and the apparent dia
Mars swelled to more than 23 seconds of arc. This large i
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phenomena were seen in the south polar cap by observers using
opes. Small bright spots were occasionally seen with the cap.
e and September many observers saw small linear rifts that made
> look as if it was breaking up. One of these rifts increased in breadth
prominent as it did in 1909 when it was observed by Antoniadi and
im Rima Australis.
own features of the south polar cap are the low areas that stay ice-
a long time after the cap has disappeared from the neighbouring
e are the ‘Mountains of Mitchel” (Novissima Thyle). They look like
ched portion of the polar cap. Novissima Thyle was first seen in
1988 and detached on August 7th and could be seen in small
many weeks afterwards.
te clouds (orographic clouds) were visible near the equator of Mars
 with especially good eyesight using blue and violet filters. These
around local noon when moist air rises over the volcanos near the
rs. Clouds over Arsia Mons were especially prominent in the
plain Libya, to the east of Syrtis Major, was an area of much cloud
late September into early December. The fact that such small
seen with small telescopes over these enormous distances should
cment to owners of modest optical equipment.
hazes were noticed along the limb of Mars. These are morning
est themselves as a slight brightening along the limb. Some
were seen on September 12th and 13th in 1988.
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2of Mars, 1988. Mercator’s projection based on observations with 8-inch Newtonian
. Price.)

polar hood was seen by observers with even small telescopes and it
y pronounced in September.
clearing was observed in June and at times in September and
hen surface detail became visible in violet light.
dust storm of late November was signalled by the appearance on
'_ 23rd of a yellow cloud in the vicinity of Nectar in the Solis Lacus
Two days later two dust clouds were seen, one over Nectar and the other
from the south-east part of Thaumasia in a westerly direction across
‘and into Argyre. Much of the southern hemisphere of Mars was
uring the last days of November. The storm extended to Noachis by
1st and spread westerly into Phaethontis and Daedalia. By this time
storm covered an area about 3400 by 900 miles (5500 by 1500 km). The
ded as the angular diameter of Mars decreased to 11 seconds of arc in
The storm had covered most of the southern hemisphere of Mars but
me planet-wide.
count of the fascinating observations made during this almost once-in-
opposition of Mars should convince owners of even modest telescopes
can see plenty of interesting surface and atmospheric detail on the red
ishoped that amateur astronomers will be encouraged to observe Mars
as possible at favourable oppositions and to study and record the many
and unpredictable changes that are seen.
ion of some of my own observational drawings of Martian surface
é_\'l'ld.a map based on them made during the 1988 opposition in average
fonditions are shown in figs. 7.23 and 7.24. The telescope used was an
17 Ne'a\-ftonian reflector with an apodising screen and a Vernonscope no.
€yepiece filter. I was not biassed by knowledge of what I ought to see,
Wings and map showing only what I saw with certainty, which cannot be
PUt some published amateurs’ drawings of Martian surface features
Ve come to my notice.

() (d)

(e) (A

Fig. 7.23 Views of Mars during the 1988 opposition (F. W. Price). 8-inch
x 225 used with apodising screen and Vernonscope, filter no.23A (o
(a) September 14th, 1988, 04.15 UT, D = 23".50; (b) September 24th, 1988,
(c) September 24th, 1988, 03.30 LIT, D = 23".79; (d) September 26th, 1988, 02
(e) October 10th, 1988, 04.06 LIT, D = 22" 43.; (f) October 12th, 1988, 03.17
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o surface of Mars were erosion by wind and erosion by
with the Mars Global Surveyor spacecraft show that
finder’s landing site at Ares Vallis have small indenta-

have been made by impacts of small meteorites.
" meteorites may be continually shaping the Martian surface
e the case with our Earth, meteorites are much less likely to burn
g the much thinner atmosphere of Mars so that impacts are more

The Mars Pathfinder mission
The Mars Pathfinder spacecraft of NASA landed on Mars on
landing site was at 19.3° N and 33.22° W. This is downstream
Ares Vallis situated in the low area called Chryse Planitia.
Pathfinder was a Discovery Class mission, one of NASA'
tioned ‘faster, cheaper, better’ spacecraft. The purpose w; '
payload and a mobile vehicle on Mars. Its building and la
years. The instrumentation included the Imager for the
Alpha Proton X-Ray Spectrometer and the Atmospheric Strug
Meteorology package. The rover conducted ten technolo,
the Pathfinder’s aims was to search for evidence of former w
conditions on Mars. The finding of river-like channels among
the Viking spacecraft was suggestive of this. 3
The Pathfinder mission returned 2.3 million bits of new dat:
included in excess of 16 500 lander and 550 rover images pl
million individual temperature, pressure ad wind measure
and thirty movements of rover were commanded, resulting
100 metres. Thus, over 2000 square meters of the surface were
measurements of rocks and soil chemistry were obtained, so:
ments were performed and all the many technology experimer
From the first images of mosaic was constructed which s
apparently deposited and formed by enormous floods. H.
cobbles and boulders are present and resemble those deposit
floods on Earth. An accumulation of rocks southwest of the Iz
and stacked in a manner suggestive of their deposition by |
Consistent with this is the presence of frequently perched flat-
There are two hills known as Twin Peaks on the southweste
images suggest that the lander is sitting on the flank of a g
which trends northeast from the Twin Peaks. The ridge may b
deposited in the wake of the peaks.
The composition of eight rocks was measured by the Alp! -
Spectrometer on the rover. The silicon content of some of t inder results, such as the likeness of the silicon content of the crustal

higher than those of Martian meteorites which are the only  those of Earth’s, the rounded pebbles, the conjectural conglomerate
Mars available. atiful sand- and dust-sized particles, lead to the conclusion that Mars
Judging from the composition of Martian meteorites and the d abundant water.
mountains and plains that resemble terrestrial features fo _
vulcanism, geologists expected to find basaltic rocks on of Mars
rocks by Pathfinder showed that they were not basalts. Th sily recognised by its orange-red colour and its greater range of
texture, which suggests that they are volcanic, and their sili riation as compared to the other planets. Unlike the inner planets
therefore classify them as andesites. _ d Venus, which appear relatively close to the sun and are visible in a
Interestingly, not all of the Martian rocks appear to be of vo unly a short time after sunset or before sunrise, Mars moves all
of the larger specimens have what seem to be pebbles embed ecliptic. It is visible in the night sky for several hours at and around
there are shiny indentations where it looks as if rounded pebb: d lelfrlinates on the meridian at midnight at the time of opposi-
the rock during its genesis have dropped out and left ho i Ppparitions of Mars occur at intervals of 2 years and 50 days.
therefore be conglomerates formed by flowing water. Congl [days after conjunction with the sun, Mars may be seen low down in
time to form; if these Martian rocks are indeed conglomerates : Sky- Craldually it ascends higher each morning until a year after it is
strongly indicates that liquid water was once stable and the dawn sl_cy it reaches opposition. It commences retrograde motion
'Ore opposition and continues to retrograde until 47 days after

period the climate on Mars was warmer and wetter than it is1 e
For many years it has generally been assumed by scientists 18 easily observed as Mars appears to trace out a loop-like curve
169
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shaped th
obfail'led
s at the Path
i appear to

of highly magnetic dust in the Martian atmosphere is also
ith a water past. This dust was discovered in studies by Pathfinder
s deposition on several magnetised targets was studied. It might
y particles, possibly silica, of a strongly magnetic mineral called

unag o5 secured by the Hubble Space Telescope suggested that the
_':g,f Mars was quite clear, Pathfinder found otherwise; either the
is always dusty or the transparency of the atmosphere can change
. in a short time. It is thought that the size of the dust particles is
on. This and the amount of water vapour in the atmosphere which
to only one-hundredth of a millimetre are consistent with measure-
B}’ Viking. The fine dust is responsible for the brownish colour of
sky that was also found by the Viking landers.

unication signals from Pathfinder were utilised to measure the
of Mars. Since the Viking mission there has been precession of the
> that the tilt of Mars has changed. The rate of precession is
b the moment of inertia of Mars which is a function of the distribu-
within Mars. Pathfinder’s determination of the moment of inertia
Mars has a central core of metal which has a radius of between
00 kilometres. An annual variation in the rotation rate of Mars was
- Pathfinder. This is what would be expected from the exchange of
dde between the polar ice caps and the atmosphere through the cycle
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Table 7.3. Visibility and movements of Mars.

orbit of Marg

Mean values

O(b".'( of Ea rth

Mars seen in the morning sky 54 days after conj
Beginning of retrograde motion 353 days later

Opposition 390 days later . _
End of retrograde motion 427 days later ’ le':'r ?I(\.I'IS
Mars leaves the night sky 726 days later grores eriar
Conjunction with sun 780 days later

against the background of the fixed stars. Table 7.3 is a time tab
cycle of the visibility of Mars and its movements. 3

Mars is perhaps the most interesting planet to observe with ¢
apparent movement against the background of fixed stars is so

can be detected even after a few days, usually less than a Perihelic

changes considerably, the difference in its apparent magnitude 'Dpposition’
much as 4.6 M. The 1985-91 range was from —2.6 to + 2.0. {‘favourable’)
distance:

34.6 million miles

Observing Mars (55.67 million km)

In the telescope Mars is usually a disappointment to the begi gir
that can be seen is a rather small ochre-coloured disc with no
Things are much better when Mars is at or close to a favourab:
disc may attain an angular diameter of 25 seconds of arc if |
perihehc (fig. 7.25). Considerable detail is then visible in te
aperture and over. Even a 3-inch refractor will reveal surface
if the instrument has apochromatic optics. With such a telesco
configurations of the dusky markings of the Martian surfac
from one opposition to the next.

You may ask ‘What is the point of Earth-based observation
Mariner 9 and Viking spacecraft gave remarkably detailed
planet that are better views than any Earth-based telescope
answer is that the photographic and other instruments of the spa
are now turned off. Mars presents an ever-changing spectacle
to see what is going on now on Mars you must get your t
yourself. Variable phenomena should be especially studied, p!
ology and the polar caps.

Usually, the first Martian surface features to catch the
white polar caps. When the eye becomes accustomed to the in
become more easily apparent against their ochre yellow-colo
(fig. 7.26).

The Mariner and Viking spacecraft missions and what th
taken away some of the wonder and mystery that were form
Mars but the interest and value of Earth-based Martian o
been diminished one bit.
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Perihelic Aphelic
25" 14"

Perihelic and aphelic oppositions of Mars. (b) Comparative apparent angular
at perihelic and aphelic oppositions.

otographs of Mars during the 1969 apparition.
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Table 7.4. Telescope apertures and magnifications for k.
observing Mars. patten filers
Characteristics
Telescope aperture Magnification i
: Red Show great contrast between the dusky

6 inches i 15cm) 200 X areas and the ‘desert’. Best with steady

8 inches (20 cm) 00x seeing and low powers.
10 %nches (25 cm) 450 x Yellow /orange Perhaps the best filters for surface
12 inches (30 cm) 500 x features. They subdue the brilliance of the

reddish areas revealing fine details within
them and within the dark marial areas.
They also suppress light scattered in the
atmospheres of Mars and Earth and tend
to make the telescopic image steady.

Green Useful for viewing the dusky band
surrounding the polar caps and revealing
yellow dust storms. White areas on the
reddish surface stand out more clearly.

Blue Reveals violet clearings and water clouds
in the upper atmosphere.

Violet Reveals violet clearing, high altitude
clouds, equatorial cloud bands, limb and
polar hazes and polar clouds.

Telescope, magnification, eyepieces
The type of observing programme that you intend purs
choice of telescope. The aperture should not be less than 6
or 4 inches for a refractor. Perhaps the optimum instrument
view of resolving power, light grasp and cost would be a N
10 inches aperture. It is often said that telescopes with ap
about 12 inches are only rarely more effective than smaller
atmospheric turbulence and tube currents and to a certain
However, you should not be discouraged by this from obi
affordable telescope. The large instrument always tells over:
good seeing conditions. Martian colours will be more truly rer
perceived because the light intensity in the image of a large te
the retina to cone cell vision which is responsible for colou
light intensity stimulates only rod cell vision which is predo;

Long focal ratios improve the clarity of the image. A ref;
nian may therefore give results better than the usual Ne
aperture. If you intend using a Newtonian, try to get one
least F/8 rather than the commoner F/7 or F/6 types and
reduced in size to the minimum possible.

An important attribute of the telescope mounting is
motor drive and should be capable of tracking Mars fair
powers are required, somewhere around 40-50 per inch of ap
observation of disc detail. Observation of the rather faint difl
the Martian disc is trying and needs patient application, so y
hampered by having to make frequent adjustments to a
telescope.

Adequate magnifications would be as shown in table 7
pieces only should be used, the orthoscopic design bein
reflector of refractor is employed. Plossl eyepieces are also g¢

the extra expense. Manufacturers usually mount filters in
al holders that screw directly into the base of eyepieces. They
; ever be held by the mount and the finger tips should never be

ich the glass. Because certain Martian features may be seen with
not with another it is a good plan to begin an observing session by
 through a set of filters one after another. This will permit a rapid
hether there are features visible with one filter but not another. A
filters to acquire is chosen from the Kodak Wratten series. Table 7.5 is
most useful of these filters, their transmission characteristics and the
features which are ‘brought out’ by them.

2s50ries
dies of Mars may be increased in scope with the aid of the
essories:

1 accurate to within one minute of any reliable time signal or
.- Fadio transmission from short wave radio. With its help you can
mine the longitude of Martian surface features accurately by timing
: 'mfaridjan transits (see later).

can ephemeris and nautical almanac. This is obtainable from the US
.ent Printing Office, Washington, DC. It is published annually
Ovides useful data for every day in the year such as the longitude of
__tl'al meridian of Mars for 00.00 UT, the apparent magnitude of
Size of the disc and the planet’s phase angle. Also, the Solar System
S published by the ALPO.

Filters
The use of filters in observing Mars is of paramount
observing programme can be considered complete withou
used for making surface detail more easily visible and for
phenomena that might otherwise be invisible. They are us
from the planet’s image and also help in objectively evalu
Gelatin filters are cheap but are easily scratched and
are fine if mounted in glass slide holders. Optical glass filters
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Table 7.6. Forthcoming oppositions of Mars.

Year Date Angular Diameter Declination
(seconds of arc) at opposition

1993 January 7th 14.9 263N

1995  February 12th  13.8 182N

1997  March 17th 14.2 47N

1999  April 24th 16.2 11.6S

2001 June 13th 20.8 2658

2003  August 28th 25.1 1588

(3) A camera. Photography of the planets is described in chapg
(4) A filar micrometer. Filar micrometers at affordable Pﬁdeﬁ-
commercially. This instrument permits accurate detern
latitude of Martian features. It may also be used at the re
polar caps in the Martian Spring and Summers.

Usually, the micrometer is used to make measurements rela
parent size of of the planet’s disc. This may be obtained for each
from the American ephemeris and nautical almanac: the disc size is giy
of arc. In using the micrometer, you first measure the Martian dis
size of the Martian disc for that date.

General hints for observing Mars

The period during which useful observations can be made is us
limited to about 40 days before and after opposition (see tabl
observers are encouraged to continue for a longer period beca
sary to follow the evolution of the polar caps and meteorology.
stated that the amateur observer is better off with visual Ma
than with photography because the camera cannot reveal de ice
subtle contrasts of shading and colour that can be perceivec
observation. The advent of CCDs has made this view obsolete.

The apodising screen when attached to the telescope is a great
the glare of the disc, reducing the effects of atmospheric turb
enhancing contrast. I used it every time I observed Mars du
apparition.

Accurate recording of detail is possible with a little practice
drawings at the telescope eyepiece. A good quality bond paper sk
attached to a clip board and a medium soft pencil with a soft era
This is better than having a separate eraser; you won't wan
hunting for the eraser if you drop it. It could bounce almost anyy
about 2 inches in diameter drawn on the paper will be quite largee
Martian disc (The Mars Section of ALPO recommends a dis¢
42 mm). Some observers like to use circles of varying size to reﬂ_
in apparent angular diameter of the planet before and after opj
don’t see any special advantage in this. _

The telescopic image of Mars is difficult to focus easily because
the limb and because of the indistinct outlines of the dark areas.
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‘Mars, September 8th, 1988, 22.32 UT, CM 15-32.9°, 115 mm OG, x186. (R.M.
)

terminator when focusing. The polar caps should be more helpful as
which to focus.
commencing a drawing, study the telescopic image for a few minutes
. tom your eye to it. The polar cap will be most easily visible but little
| be seen on the orange-yellow disc. After a while you will begin to see
as faint grey-green diffuse markings. Fig. 7.27 will give you a good
1€ appearance of Mars in a moderate telescope under good seeing
and the map of Mars in fig. 7.28 should help you to identify the major
Sthat you see on the disc.
= You are studying and drawing surface markings or atmospheric
» draw only what you see. Never record anything that you saw only
Y Or worse still, what you think ought to be there because you have
S€€N it before. Remember, surface features can be obscured by dust

BOBserve Mars as often as possible when seeing and weather conditions
Every second night is good to aim for. If time permits, make two
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with south at the top in accordance with the telescopic view.)
cause features near this limb are about to disappear because of
s axial rotation. Features near the following limb have recently
tinto view for the same reason.

ly for the fine details such as atmospheric clouds, delicate

tures and dark and bright spots.

of Mars may need about half an hour to complete there is ample
the moments of extra steady seeing when fine detail becomes

Y
(=

seen with filters that were invisible without them should now be
Include notes detailing which features were seen with what filters.

data should be written on your drawing.

| Mare

| Maﬂre

Cimmerium S Erythraeum me, the date and time the observation was made; always use
| | Syrtis Meridiani time (UT) not your local time.
Trivium Ausonia Mejor Srilru:sn Mare  Solis /pe of telescope that you use, its apertures the magnification used
Charontis Sinus Acidalium Lacus” ‘hat filters were employed, if any, inclulei_ng the apodising screen.
Sabaeus Margaritifer ' ansparency of the air. This can be estl_mated b’y.n-.:)hng the magni-
Sinus the faintest stars that can be seen in the vicinity of Mars. The

_6 can be used to indicate transparency, these being the magni-
the faintest stars seen.

steadiness on the 0—10 scale (0 = worst, 10 = best).

_'_y unusual or short-lived phenomena on the planet.

| intensity estimates can be made on a 0-10 scale, or they can be
ted on a separate drawing.

e longitude of the central meridian when you commence your

Fig. 7.28 Map of Mars (Mercator’s projection) showing principal surface

drawings in an evening so as to record a greater range in lor
drawing would afford. If a second drawing is made 2 hours
change of about 30° of longitude will have occurred due
the planet. Remember also that since Mars takes about 2
rotate on its axis than does the Earth, it follows that if yot
given night at a certain time, then on the next night
previously will appear in the same positions 37 minutes lates

When observed on consecutive evenings at the same time
appear to rotate slowly on its axis in a west to east direction.
witness a complete axial rotation of Mars over a periad of ab

A given feature will be visible from only one Earth hemis ion of Lunar and Planetary Observers,
extended period. On the other hand if you observe Mars fo : da Street,
given night it will be seen to rotate in the opposite dire
from west to east.

In making a drawing a good plan is to follow a definite
what you see and to keep to that sequence for all observat
following:

e to indicate the phase if Mars is gibbous.

 should be made of your original drawings. Keep the originals

. ‘observation
(1) Delineate the polar cap or caps, if both are visible, _
an early stage. Note — the polar caps do not indicate aps
south points of the disc because they are eccentrically plac of the most important and valuable studies that can be made of
to the.true poles. : . g cc fEé.ltures are observations of the shape changes undergone and
(2) Prominent features near the centre of the disc sho ot . ceession of the polar caps during the Martian Spring and Summer
drawn. The outlines of large dusky surface marki themisphere.
position accurately small details t'hat are difficult t ?olar cap is large and can be easily seen at perihelic oppositions
(3) Draw features close to the preceding limb (the one e Earth-based telescopes. It undergoes pronounced changes of
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are needed and will be valuable in helping to understand the

the north polar cap-

f the melting of the polar caps This can be followed by
0 ings or by measuring the outline and size of the caps on
. t;ile"_’l"ould be pursued until Mars is no longer to be seen in the sky.
This r may be used to make accurate visual measurements of the
metleescope' The micrometer is used first to make an accurate
ﬂ;‘;{m—s from its north to south pole; useful work can also be done
1 .O_ reticle. Better still, measure from cusp to cusp to avoid the
Ieceits micrometric dimension for any particular day which is then
:e degree equivalent of the micrometer thread meagurements _by
_ anoular diameter of Mars in the American ephemeris and nautical
U the width of the polar cap is similarly measured and converted. A
LUt g curve of the polar cap may then be constructed from these

nts (fig. 7.31)-

(a) (b)

Fig. 7.29 Mars, 1988, showing shrinkage of the south polar cap: (a) Ay
UT; (b) October 2nd, 21.30-22.30 UT; (c) November 11th, 21.05-21.15
(R.M. Baum, Chester.) :

thin the caps During moments of very steady seeing the polar caps

atinised under high power. Look for any interesting structure in the

ves, e.g., the ‘Mountains of Mitchel” in the south polar cap at about

o. These appear on virtually the same Martian date year after year

ide an exact ‘milepost’ in the retreat of the polar cap.

f the visibility of polar cap detail give useful data pertaining to the
and terrain and how these correlate with atmospheric phe-

@ 6

Fig. 7.30 Melting of the south polar cap of Mars as observed by Dr Natha
private observatory at Madeira: (a) September 1st, 1877; (b) September

Exploration of Mars, Ley W. and Von Braun, W. Viking Press, New York cal phenomena When the polar caps start to melt look for the

clouds, fogs and mists. Look for these again when the caps begin
more. These studies should be continued during the Martian local
form and size. As summer approaches at a perihelic opposi mid-Summer and also when the cap begins to form again during the
views of the south polar cap owing to the strong tilt Earth
Mars. The cap apparently breaks into two sections during
This is due to the slow melting of the Mountains of Mitchel (I
large areas that retain snow. Surrounding the edge of the so
frequently seen delicately detailed fissures that originate in
radiate out into the adjacent plains. Melting of the south poi
fig. 7.29 and in more detail in fig. 7.30.

The north polar cap does not undergo such pronounced ¢
the southern cap. It never completely disappears even durin
aphelic opposition. It may attain a maximum extent of 72° but
less than 6°. The behaviour of the north polar cap cannot be
makes it especially interesting and worth observing carefully.

At the approach of Autumn in the Martian northern hemispk
a haze that originates from the polar regions and the declin
stops for a while. Strangely, during late summer it sometimes
begins to grow in size once more. Increase in size of the cap al
the reappearance of the north polar haze. There is also the s
chill’ - the sudden appearance of the north polar haze in late

Studies of the extent of melting of the cap and the effects a
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elic oppositions the south polar cap initiates meteorological
in the same hemisphere. At aphelic oppositions the north polar cap
uses meteorological activity in the northern hemisphere.

‘the north polar cap haze will be seen during the northern summer and
5 will appear in the Hellas region when Mars is at a perihelic
uring our July and August.

llow and green filters are useful for studying these phenomena and
for orographic clouds.

line The melt line is the dark band that surrounds the edge of a polar
pears as the polar cap melts during Martian early Spring and
S has often been ascribed to the melting of water ice and the polar
Spreading out of liquid water; however, the only place on Mars
€€ Water can exist, even theoretically, is at the bottom of the Hellas
5 more likely that the dark polar band or ‘collar’ is formed by
-- §S off the the polar caps (see Dobbins, Parker and Capen in Introduc-
"8 and photographing the Solar System, page 76). It remains visible
» Comparative studies of the speed of shrinkage of the polar cap
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Mars Features for observation

» go-called wave of darkening. It starts in the middle of Martian
eeds until the polar cap has almost disappeared. The darkening
from the polar regions to the equator as the polar caps shrink. It
Je in perihelic than in aphelic oppositions which may be
the different densities of the two polar caps.
maria not only darken during the Martian Spring and
they may increase or decrease in size or undergo shape changes. In
A phenomena you will obviously need to know Martian
'lY well. The darkening of the maria may be roughly quantitated
10. 1 would indicate the least degree of contrast between a
its surroundings and 10 the maximum degree of contrast. Some
showing pronounced seasonal changes are Pandorae Fretum,
Lacus Nilokeras/Lunae Lacus and Margaritifer Sinus. Bright-
kening should be looked for in the maria and in the yellow-orange

(a)
-85° —

-80° —
~75°

~70° — .

Martian latitude

-65° —

-60° —] rs for observing the maria are the Wratten nos. 21 and 25 (orange

ively)

| UL
10 15 20 2530 4 9 1419 2429 3 8 13 18 23
eric phenomena

being done about Martian atmospheric phenomena from Earth-
atories apart from amateur astronomical studies. There are five
spheric phenomena that can be effectively studied by the amateur

July August September
(b)

let clearing,

»-white and white clouds,
/ clouds,

ed clouds.

Summer solstice

al to have a good map of Mars in order to identify and locate
-lived clouds and also a good knowledge of the Martian topo-

b |
%
1
Spring equinox
O
&
S,

85" ~Z3

T,
T

1 I |
0 60 120 147 180

earing When Mars is viewed through a deep blue filter (Wratten
ce detail will usually be seen apart from a nearly featureless disc
polar cap. Even less is visible if a violet filter is used such as the
47. This is because the blue and violet wavelengths are scattered by
tmosphere so that what we really see with a blue or violet filter is a
atmosphere of Mars. Orange and yellow wavelengths are able to
e surface, except during dust storms and so the view we get with
ted filter is of surface detail.
Y, surface features do become visible if Mars is viewed with the
no. 80A) or violet (Wratten no. 47) filters and this ‘violet clearing’
days. The phenomenon is of considerable interest to astronomers.

) planation of the violet clearing is that the light reflectivity (albedo)
The dusky maria and seasonal changes atures or the degree of polarisation of this light may be partly

The seasonal changes on the sprface of Mars other than 2 it one time it was thought that a layer high in the atmosphere of
polar caps that are most prominent are those tha_t are dl blue and ultraviolet light and that its occasional dispersal may be
maria. Observation of these should be correlated with polare violet clearing

180

Fig. 7.31 Melting of the south polar cap of Mars: (a) As recorded in i
Variations of dimensions of the south polar cap during Martian spring a
E.E. Slipher.

and the breadth of the dark melt line are of value. The ti
first becomes visible and when it disappears should be rec

o
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Mars Longitude determination of Martian features

South

In watching for a violet clearing you should first view Mars
in your telescope eyepiece and then view the planet withoy
filter for this work is the previously mentioned Wratten blye
think that there is a violet clearing in progress try the denserng,

Whenever you detect a violet clearing record the date, whef
widespread - or if localised note its position — and the effects
filters were used. Usually the violet clearing is planet-wide.

i . Hellas

Noachis

West

Blue-white and white clouds and hazes White clouds
seasonal, commencing and ending respectively in Martian
The really white clouds become more numerous and cover ;
polar caps melt and may occur in both hemispheres of Mars. ‘

Both the blue-white and the white clouds appear to be cl,
are probably fogs. They may also be deposits of frosts in
areas on the surface. White clouds may also be day-long phe
on the morning terminator and are dispersed later by the sun'’

Record the appearance of any cloud that you see and w
cloud was visible — morning or evening terminator; visih
importance to record these times and appearances carefully a
support to the belief that near-surface fogs and surface fros
on a daily basis.

The following regions are associated with seasonal ap
clouds: Aram, Elysium. Isidis Regio, Memnonia, Neith Re
phaeum, Olympus Mons, Ophir, Tharsis, Zephyria and Hellas

Observations of white clouds are much enhanced by usi
58 (green) and nos. 80A, 38 and 38A (blue) for maria.

The majority of white clouds are seen in the equatorial
regions. They appear to be more prevalent in the southern
hemisphere but this is probably an artefact; the southern
better presented than the northern at perihelic oppositions re
the reflecting of sunlight from clouds is at a much more fz
visibility than when the northern hemisphere is presented

90° 1807

270° 0°
North

s gver which clouds were seen:

> than 6 times.

cy chart of Mars based on observations from 1950 to 1961 by W. Sandner.
for Planet Observers, Roth, G.D., Faber and Faber, London, 1970.)

ouds These odd-shaped clouds appear in the neighbourhood of
anos. In 1966 Charles Capen confirmed the original reports of W-
uds by F. E. Slipher and also that they are recurrent.

ped clouds are often quite large. They appear more frequently in
ymmer than Autumn and it seems that they are seen more often in the
emisphere than in the northern. They make their appearance in the
features known as Olympus Mons, Pavonis Mons, Ascraeus Mons
Mons. These are fairly close to one another and all four are large
[he clouds move quite quickly so as soon as you observe one record
t was first seen and accurately note its movements in relation to
urface markings. The place where the cloud originated should be
nd also the latitude and longitude of the clouds. W-shaped clouds are
ow light but are brighter in blue.

al drawings of Martian mists and clouds are shown on fig. 7.7 and
uency chart of Mars is shown in fig. 7.32.

Yellow clouds These originate mostly at perihelic oppositic
southern summer solstice. They are probably caused by
high winds that stir up the dust, giving rise to clouds and t
storms but most yellow clouds do not develop into dust storr

Yellow dust clouds have their origin in the Hellas-No
area and the Solis Lacus, Chryse, Isidis Regio, Casius Aethe
The yellow clouds appear quickly and at times may sprea
wide storm can obliterate all visible features on the
telescope vision. The dust storms have been known to
months. Almost always yellow clouds and dust storms
phenomena and blow over the surface. The short-lived cir
the Martian atmosphere may be charted during the extendec
storms are active.

The best filters for observing the yellow clouds and dust
nos. 12, 21 and 25 (yellow, orange and red).

de determination of Martian features

earlier, the meridian of zero longitude on Mars was established by
dler in 1840 and actually passes through a small nearly circular
¥-0) near the centre of Sinus Meridiani (formerly known as ‘Dawes
¥) although, or course, Beer and Midler could not possibly have
~\¢ existence of Airy-0! Longitude is measured westward from this
-Way around the Martian globe.
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Mars

Longitude determination of Martian features

i in Martian longitude with Universal Time.

UT Add uT Add uT Add

06: 00 87.7 12:00 1754  18:00 263.2

10 90.2 10 177.9 10 265.6

20 92.6 20 180.3 20 268.0

30 95.0 30 182.8 30 270.5

40 97.5 40 185.2 40 2729

50 99.9 50 187.6 50 2754

07:00 1023 13:00 190.1  19:00 277.8

10 104.8 10 192.5 10 280.2

20 107.2 20 194.9 20 282.7

30 109.7 30 197 .4 30 285.1

40 112.1 40 199.8 40 287.5

50 114.5 50 202.2 50 290.0

08:00 117.0  14:00 2047  20:00 292.4

10 119.4 10 207.1 10 294.8

Fig. 7.33 Central meridian (CM) of Mars. 20 121.8 20 209.6 20 297.3
30 124.3 30 212.0 30 299.7

The scientific value of observational drawings of M; 40 126.7 2 2144 9 2
longitude of the central meridian (LCM) of Mars is determis 50 129.1 20 216.9 50 304.6
this zero meridian of longitude. The central meridian (Cl 09:00 1816 45:000 2194 2100 070
straight line passing through the north and south points 10 1340 20 221.7 0 309.3
which therefore bisects it into halves (fig. 7.33). The longitu 20 1365 20 22k 20 311.9
be recorded when the drawing is made and when it is finish 30 1389 30 226.6 30 314.3

The reason for doing this is that it enables you to detern 4 K15 40 229.1 40 316.8
in longitude of surface features as well as their horiz = 14:.8 S0 231.5 g 319.2
However, it is important to remember that Mars can ha B 00 1462 16:00 2339  22:00 3216
defect which could bias CM transit timings. It is therefore 1 1486 10 26,4 19 DA2.1
such timings near to opposition or to make corrections. 20 151.1 20 238.8 20 326.5

To measure the longitude of a Martian surface feature you gl 1a0s A 241.2 a0 328.0
the nearest minute when the feature is exactly on the CM. At 10 1564 40 240.7 40 331.4
bisects the feature. ] 50 158.4 50 246.1 50 333.8

Having determined the time of CM transit of the featur =00 05 i 289 200 380
reduced or converted to longitude. 20 163.3 10 2510 10 338.7

The longitude of the CM of Mars at 00.00 UT on every gg }65 7 23 253.4 20 341.1
found in the Astronomical almanac. To calculate the longit 10 68.0 3 255.9 30 343.6
determine how many hours and minutes have elapsed since 170.6 40 258.3 40 346.0
in question. Since Mars rotates through 14.6° of longitude % 173.0 50 260.7 50 348.5
longitude of the CM increases by this amount every hour. . )

To convert your local time to UT is simple. Suppose that t Minutes Add Minutes Add
(10.00 pm) EST on a certain date, say March 3rd. Since EST is 04 1.0 07 1.7
then five hours is added to EST to convert it to UT. Thus, 22.00 05 1.2 08 1.9
becomes 03.00 UT on March 4th. Note that conversion to L 06 1.5 09 22
by one day. =

Suppose then that we wish to determine the longitude © 0.89 degrees per day)

time on a given day. First we consult the Astronomical almas
of the central meridian (LCM) at 00.00 UT on that day. 1f
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Mars Further reading

colour filters, 1958, Heath, A. W. et al., JBAA 70(6), 2702 (1960).
ce. De Vaucouleurs, G., Sky and Telescope, 30(4), 196-201 (1965).

panying table we read off the increase in degrees of Martian
1 3 surfa
Mart:;f‘ Mars. Cutts, ]., Astronomy 5(10), 10-17 (1977).

that has occurred during the time that has elapsed since 00.
day. This value is added to the longitude for 00.00 UT and gi :

date and time. i . Martian Arctic. Parker, D. C., Capen, C. F. and Beish, ]. D., Sky and Telescope
Example: Calculate the LCM of Mars at 02.15 UT on Dece b 20 (1983)-
P on i‘;i‘ recent Martian dust storm. Murrell, A. S. and Knuckles, C. F., Sky and

the almanac we find that at 00.00 UT on December 3rd

118.38°. (The almanac gives the CM longitude at 0 h 0 n
Currently, add +0.23° to compensate for this). From table
change in longitude of the CM undergone in 2 hours and 10 n
this we add the change undergone in five minutes from the
foot of the main table; this is 1.2°. Therefore, the LCM of
December 3rd 1990 is 118.36 + 31.7 + 1.2 = 151.3° (realistica
decimal place).

7(3), 168-9 (1974).
of Mars. Idso, S. B., Astronomy 5(3), 34-9 (1977).

jpservations from New Mexico. Kirby, T. B. and Robinson J. C., Sky and
7 5),264-5(1971)-
Capen» C. F. and Capen V. W., Sky and Telescope 37(3), 190-4 (1969).
rvations of Mars in 1971. De Vaucouleurs, G., Sky and Telescope 42(3), 134-5

ations of Mars in 1971 (1) De Vaucouleurs, G., Sky and Telescope 42(5),

ition. Mullaney, J., Astronomy 3(12), 50-8 (1975).
photographs of Mars. Larson, S. M. and Minton R. B., Sky and

Further reading “resolution
2(5), 26061 (1971).
Book amateurs” Mars photographs. Sky and Telescope 42(5), 310-14 (1971).
g Mars. (The 1988 apparition.) Eicher, D. J. and Troiani, D. M., Astronomy 17(4),

Mars. Lowell, P, Longmans, Green (1896).
Mars and its Canals. Lowell P., MacMillan, New York (1906).
Mars as the abode of life. Lowell, ., MacMillan, New York (1909).
The planet Mars. De Vaucouleurs, G. (translated from the French by P.
Faber, London (1950).
Exploring Mars. Richardson, R.S., McGraw-Hill, New York (1954).
The exploration of Mars. Ley, W. and Von Braun, W., Viking Press, Ni
Mars: The photographic story. Slipher F. C., Sky Publishing Corpora
(1962).
Guide to Mars. Moore, P. A., Frederick Muller Ltd, London (1965).
The book of Mars. Glasstone, S., National Aeronautics and Space \
shington, DC. (1968).
Mariner [V to Mars. Ley W., Signet, New York (1966).
The New Mars. The Discoveries of Mariner 9. Hartmann, W. K. and
Aeronautics and Space Administration, Washington, DC (1974).
The planet Mars. Antoniadi, F. M. (translated from the French by P..
South Devon, England (1975).
The Geology of Mars. Mutch, T. A. et al., Princeton University Press,
(1976).
Mars and its Satellites. Blunck, ]., Exposition Press, USA (1977).
To the Red Planet. Burgess, F., Columbia University Press, New Yor!
The Channels of Mars. Baker, V.R., University of Texas Press, Austin,
Planets and Perception. Sheehan, W., University of Arizona Press, T
The Surface of Mars. Carr, M. H., Yale University Press, Cambridge,
Introduction to observing and photographing the Solar System. Dobbins
and Capen, C.E, Wiliman-Bell Inc. Richmond, Virginia (1988).
The Planet Mars, Sheehan, W. University of Arizona Press, Tucson (1

from Mariners 6 and 7, Sky and Telescope 38(4), 212-21 (1969).
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The use of filters for observing fine martian surface detail and atp
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Discovery and history of observation of the minor planets

Saturn

8

Hidalgo

Hygeia

Jupiter

The minor planets
(asteroids)

General

The minor planets - asteroids or planetoids as they are often
of many thousands of small solid bodies most of which rey _
in orbits between those of Mars and Jupiter (fig. 8.1). F. C. Wat
on the basis of the sizes of the larger minor planets and |
smaller bodies, they altogether would make up a body about:

in diameter which is only about four times the diameter of Jun
asteroids, and the total combined mass would be about
Orbital revolution periods of the main belt asteroids range fr
The most frequent period is somewhat less than half of Jupit

Of 1568 minor planets whose orbits had been determin
mean distances from the sun ranging from 195 to 288 milli
463.4 million km). Their orbital eccentricities average at 0
than that of the larger planets with the exception of Me
individual asteroids have eccentricities 3-4 times the a
period asteroids with large orbits except Hidalgo have
Orbital inclinations to the ecliptic of asteroids nos. 1-3000 a
greater than that of the larger planets with the exception of
lie in the ecliptic plane and a few others have orbital inclinatic
In spite of this, the asteroids are true planets; every one I
around the sun contrasting with many comets that have
The direction from the sun of most minor planet perihelia
towards Jupiter and the fewest are in the reverse direction
dominant influence of Jupiter’s gravitational pull on them w
to again.

The sizes of the asteroids are difficult to measure beca
Very good results may be obtained by timing stellar occultal
such events are uncommon for a given location owing o
size. Infrared and radar measurements have also been hel

The shapes of the asteroids vary from roughly sphe
irregular. Some of the irregulars are thought to consist of tw
bodies. There is some evidence that 2 Pallas is attended by a
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Icarus A

.ﬁ“‘---q_,_,q__ . ”:?_..

oids (minor planets, planetoids). The main asteroid zone is shown dotted within
circles. Orbits of some individual asteroids are indicated. A: trailing Trojans
p); B: leading Trojans (Achilles group).

12 Victoria. Data pertaining to some of the largest and brightest
given in table 8.1. _

asteroid spectra and albedos show that there are several asteroid
type (carbonaceous), the most common type (about 75% of the
that have dark surfaces and albedos ranging from 2% to 5%; the
or stony) with albedos around 9-24% (Tholen) and the M-types
‘moderately bright (albedos 7-21% Tholen). In the small group of
oids such as Vesta, the majority have relatively high albedos

and history of observation of the minor planets

covery of asteroids, the unusually large gap between the orbits of
Piter had aroused curiosity among astronomers especially as Bode’s
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The minor planets (asteroids) Discovery and history of observation of the minor planets

Table 8.1. Data of some of the brighter asteroids.

No. Name Max. Diameter Orbital  Brightness | '

Mag. miles km period  amplitude ' Moon

(vears)  (magnituds 2160

1 Ceres 70 5805 934 46 0.04
2 Pallas 63 3269 526 461 0.03-0.16
3  Juno 69  166.6 268 4.36 0.14-022
4 Vesta 508 3170 501  3.63 0.12 -
6 Hebe 71 1156 186 3.78 0.05-0.20
7 Iris 67 1243 200  3.69 0.04-0.29 O O
15 Eunomia 74  159.1 256 4.30 0.4-0.56 Juno

Pallas Vesta 167
327 317

law (chapter 1) seemed to indicate that a planet should be
distance from the sun of 2.8 AU. Long before the Bode-Titi
forward, Kepler was impressed by the large gap between the
Jupiter and considered that there must be a planet there. In
‘Between Mars and Jupiter I put a planet’.

In 1800, a group of six astronomers in the town of Lilient
out to search for a planet between the orbits of Mars and Jupi
von Zach called a meeting of them. They gave themselve
‘Celestial Police’ and were headed by J. H. Schréter whose
Lilienthal. However, their hopes of finding a sizable planet
Jupiter were frustrated; someone other than one of their nus
discover a planetary body between Mars and Jupiter. On Januar
at Palermo, who was compiling a star catalogue, noticed a sta
differed from a star in exhibiting rapid movement even
Subsequent studies of its movement established its plan:
named it Ceres. It had a distance of 2.77 AU from the
approximation to the anticipated distance of 2.8 AU but it
small, only 623 miles (1003 km) in diameter. Then in quick su
small bodies were discovered between Mars and Jupiter:
1802, Juno by Harding in 1804 and Vesta by Olbers in 1
four first-discovered asteroids compared with the Earth’s mo
fig. 8.2.

Owing mostly to unavailability of good star charts, no fu
discovered until 1845 when K. J. Hencke discovered another
15 years. It was named Astraea. When new and better star ci
(to aid in the finding of Neptune) these helped in the discov
Hebe in 1847, Iris and Flora (from London) in 1847, Metis in .
1849. Asteroid 10 had a diameter of 267 miles (429 km). In 1
added (nos 11-13). The subsequent rapid rate of discovery of
to difficulties in naming them. Names were chosen from ¢
mostly feminine. Masculine names were conferred on as
interest. The choice of suitable names gave rise to argum
owing to the rapid rate of discovery of asteroidal bodies.

By 1870, 109 asteroids had been discovered and all had n
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ive sizes of the largest asteroids and the Earth’s moon (diameters in miles).

ts had been computed. The total rose to 287 by 1890. All were
ween the orbits of Mars and Jupiter.

| photographic exposure of the stars of an hour or two through a
ays the presence of an asteroid as a short bright streak on the
ic plate among the tiny discs of the fixed stars. The asteroid image is
to a streak owing to its motion relative to nearby stars. Photography
Max Wolf (Heidelberg) to discover asteroid no. 323 in 1891. From
awards asteroid discoveries increased by leaps and bounds. Wolf
steroids during the next ten years, Palisa found 83 and C. H. F. Peters
0. Later, all these were left behind by K. Reinmuth of Heidelberg who
980 which included rediscoveries and single observations. Of Re-
teroids only 189 received numbers although 228 of Wolf’s final total
e numbered. Not only naming but numbering of asteroids was
problem and had to be discontinued. Those whose orbits have been
ccurately are given numbers.

phic search at Mount Wilson was carried out in 1938 to find
ti;llites of Jupiter. As well as two new Jovian satellites being found,
ds were discovered on the photographic plates. Asteroid discov-
2799 by 1939; of these, numbers were given to 1489. The year 1948
veries and another 275 the following year. 1568 asteroid orbits
1nthe 1950 list.

er0ids have been ‘lost’ and found again. The reason for this is that it is
Pute a reliable orbit for an asteroid. Three accurate observations
* this, separated by many weeks. The perturbations caused by
turn cause asteroid movements to be uncertain and difficult to
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The minor planets (asteroids) Discovery and history of observation of the minor planets
compute. An example of a ‘lost’ asteroid is 132 Aethra whi,
between 1873 and 1922 even though it was diligently soy
highly eccentric orbit.

In 1898 G. Witt of Berlin discovered the asteroid 433 Erog, Jts
from the sun of 136 million miles (218.8 million km) was the Jeae
time for an asteroid. It can come as close to the Earth as 14 mj]j;
million km). F. G. Watson believed Eros to have an irregular
of 14 miles (22.53 km) and a width of 4 miles (6.44 km). (More
14.1 x 14.5 x 40.5 km.) It rotates about its minor axis as deduced
ness fluctuations. The shape of Eros and its light changes w:
Van den Bos in 1931 with a large refractor. When the Earth
equatorial plane of Eros, end and side views are presented

whose orbits cross the Earth’s are collectively known as Apollos

roids discovered. All are very small and are no more than a few

* _ being
atID_S;- whose orbits are inside that of the Earth’s are known as the
els-e are not many of these known but there may well be many of
5 ¢ known are 2062 Aten and 2100 Ra-Shalom.
- a chance that one of the hundreds of the ‘flying boulders’ that
;-sth's orbit may collide with the Earth and wreak great loc_al
3 but that chance is extremely low, probably not as often as once in
put this value depends on the assumed size.
D Kirkwood demonstrated that at mean solar distances where their
i , would be simple fractions of Jupiter’s, asteroids were sparse. He
produce large light changes. When the pole is presented to t that the accumulated effect of Jupiter’s gravitational attraction at
changes are perceptible. eated intervals would compel the asteroids to enter other orbits and

The Albert Group of three asteroids have highly eccentric orbj - ould be formed as in the case of Saturn’s ring divisions (chapter 10).
outwards almost as far as the orbit of Jupiter and inwards almost mntmumg discovery of asteroids has tended to fill Kirkwood’s gaps,
Earth’s orbit. They are designated 719 Albert (‘lost’ in 1911), v called (fig. 8.3), they are still prominent at periodsof1/3,2/5,3/7,1/2
variable; 3:1 Jupiter resonance) and 1036 Ganymed (not to | ¢ Tupiter’s orbital period. The Hecuba family of asteroids, which is an
Jupiter’s satellite Ganymede). Although outside the Earth’s orl group of 400, have a period of a little less than half of Jupiter’s orbital
faster than the Earth’s when close to it owing to their orbital reminiscent of the brightness, no doubt due to the high particle
0.382 for Ganymed, 0.483 for Albert and currently 0.558 for ,of Saturn’s B ring.
opposition they do not appear to retrograde. Some of the asts ve now been discovered asteroid groupings instead of gaps whose
to the Earth than Eros.

2101 Adonis was discovered by E. Delporte of Belgium in 193¢
miles (2.4 million km) distant from the Earth at its closest approa
highly eccentric (0.724) and extends from slightly outside M
double the distance of Mars from the sun.

1221 Amor, also discovered by Delporte, was about 10 n
million km) distant from the Earth when it was discovered.
tricity is high (0.448). It does not cross the Earth’s orbit but ov
the Earth with a speed nearly one third as fast again as the Eartl

The ‘Earth grazing’ asteroid Hermes was photographicall
Reinmuth on October 28th 1937. It came to within nearly 500
km) of the Earth which is less than double the distance that
from the moon. On October 30th 1937 Hermes, which was of
sped past the Earth at an angular pace in the sky of 5° per hol
distance could not be deduced by using the usual math
Instead it had to be calculated from its parallax as seen
observatories. It was ‘lost” in 1937.

1862 Apollo, also found by Reinmuth, in 1932, came to wi
miles (11.3 million km) of the Earth (Watson gives 3 million kn
asteroid whose orbit was found to extend within the orbits
Venus; it also goes outside the orbit of Mars. Hence, this and o
both exterior and interior. Therefore Apollo, which is best seen
also have inferior conjunctions and exhibit solar transits althou
small to be visible at such times. These close-approaching astel
periods of less than 3 years. Observation was too short for !
computed and so Apollo, Adonis and Hermes soon were “lost’
for several years and rediscovered in 1973. It made a close app

192

Orbit of Jupiter

™
24N
"\

Hungarig

orbit of Mars\

Kirkwood's
gaps

oroit of &arpy

(o]
Sun

000d's gaps in the asteroid belt. Most of the asteroids revolve around the Sun
4 AU (zone A) with the greatest concentration at 2.2-3.2 AU (zone B). However,
ids have highly eccentric orbits (see fig. 8.1 and text).
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period ratios to Jupiter’s are 2/3, 3/4 (occupied only by 270
account for these clusterings, E. W. Brown and K. Hirayama h
that other forces in addition to Jupiter’s gravitational field m,
both gaps and groupings are to be explained. Mathematics
asteroid orbits enabled Hirayama to characterise five families
he named the Flora, Maria, Koronis, Eos and Themis families
the first discoveries in each). Their orbital periods are close tg
1/3, 2/5, 3/7 and 1/2 of Jupiter’s. Because the members of
certain orbital features common to them Hirayama was led
members of these ‘Hirayama families’, as they came to be ¢a
origin.

Period groups are groups of asteroids with similar orb:

necessarily having common origin. They include not only th ; ’///

groups but also the large Minerva and Hestia groups an //

group with periods close to 1/3 (Hestia), 2/5 (Minerva) and :

Jupiter’s. The asteroid Thule whose period ratio is 3/4 was

outermost until the group known as the Trojans (fig. 8.1) begar :

in 1906. They have the same orbital period as Jupiter. They _

of one of Lagrange’s theoretical solutions to what is known '

problem; if a small body, a large one and an infinitesimal body 0 |
mass are located at the apices of an equilateral triangle, they _ // carus

same relative positions, each of them revolving about the s

gravity. Since they possess mass and are perturbed by Saturn
y at its minimum distance of only 16 times the moon’s distance.
ges of magnitude indicated an axial rotation period of 2.273 hours

the Trojans do not obey this law exactly. Where two of
seems to be somewhat more blue than most asteroids.

oscillation periods, each influences the other. The sun, Jupi
in front of Jupiter and on its orbit form an equilateral triangl
oscillates about this point. Likewise, the equilateral triangle f
Jupiter and a point on Jupiter’s orbit 60° behind it has a
oscillating at this point.
The orbits of the Trojans are normal and concave to the s
cities and inclinations differ from Jupiter’s. There is a con e M Pal Ob ore . Kateal ai d
tion for the slow long-period motions of each group but ¢ IR untte omar LeEIVATORY, L hOWe | CUSCOVEred B VeRy
fot they are very small bodies, probably anly/a Eu S : th_e orbit f’f which lies mostly’between the orbits of Saturn and
oscillate in different directions. The motions areipe: R magmmde.wﬂl be about 15 when it next comes to perihelion in 1997.
are likely to remain in their present orbits permanenty i , named chlron, has been given a minor planet‘ number of 20?0. Its
W. Baade discovered the asteroid 944 Hidalgo il (R8N 1S uncertain. In 1988 its brightness inexplicably increased and in the
: ear Kitt Peak astronomers found that it had a coma which measured
ds of arc across. Chiron may therefore be a kind of comet if this
on is confirmed. However it seems to be too big for a comet.
umbered Asteroids had risen to 4040 by 1987 and currently (1992)
. The actual shapes and sizes of asteroids have been determined by
of timing stellar occultations by them which is the most accurate
ntil 1977 only seven stellar asteroid occultations had been observed

make a circuit of its orbit which currently extends to 9.68
beyond the orbit of Saturn (9.52 AU). The apparent magnitu

gency of observation has been greatly increased since then. Some
tations that were well observed and timed were as follows:

distance from 12 to 20. The orbital eccentricity is 0.658 and the:
is 42.4° which is even greater than that of Pallas. It therefore r
and is protected from close encounters with Jupiter and Saturn.
€ Occultation of the star 1 Vulpecula by 2 Pallas in 1983. The shadow
"\ crossed North America and no less than 130 timings of this event
de. About four fifths of the limb of Pallas was observed yielding

In many ways the most remarkable of all the asteroid
discovered by Baade in 1949. Its distance from the Earth was.

L that enabled its shape to be defined as an ellipsoid about 325 miles
195
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orbit of Icarus.

million km) when discovered. It is not an Earth grazer as
Earth nearer than one half of this distance. Its uniqueness li
its perihelion it is only 18 million miles (29.0 million km)
which is closer than Mercury. It can therefore be called a ‘s
distance is 183 million miles (294.4 million km) which is wel_l
Uranus. The orbit of Icarus is shown in fig. 8.4. In 1968 Ica
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(523 +km) across. No large irregularities or asymn
Before 1983 the largest number of timings of a single
the average number being 3 per event. The 1983
therefore a significant one in the history of ama
astronomy.
(2) Two more well-observed occultations both occurred in
January 3rd, 4 Vesta occulted a magnitude 7.4 star ap
19th 216 Kleopatra occulted a magnitude 9.3 star. 7
crossed North America.

08 KY26 was discovered by T. Gehrels on May 28th 1998 using
* watch telescope on Kitt Peak.

acewe within half a million miles of Earth during the next several
8 'caI;ess changes were measured at a number of observatories. At
oG, Ostro used the 70-metre Goldstone antenna of the NASA Deep
; 'k’to reflect radio signals off its surface. Combining all the da_ta
observing groups P. Pravec of Ondrejov Astronomy Institute in
ublic was able to calculate the exact rotation rate.

ds. 19

For a long time astronomers have believed that some of
binary, compound in nature or even bifurcated (V-shaped) b
that the light changes during stellar occultations by certain ;
rotation. It was not until 1989 that the first really convi
obtained of the binary structure of an asteroid. On August
asteroid named 1989 PB was discovered by Eleanor Helm an
Jet Propulsion Laboratory, on photographs obtained with
Camera at the Mount Palomar Observatory. Less than tw:
August 22nd 1989 PB passed through the beam of the 1000 |
Telescope in Puerto Rico. The images obtained of the asteroid
to about 1000 feet across. The asteroid is about 1 mile (1.609 km!
mile (0.805 km) in width. It has a two-lobed shape made ug
shaped bodies each one about 0.5 mile in diameter. The two b
touching but they may also be separate and both orbiting a
centre of mass. The orbit of 1989 PB extends beyond the orbit
the orbit of Venus and one complete circuit of the orbit takes 40

Upgrading of the Arecibo telescope making it 20 times more
be completed in 1993. Presently it is hoped that from then
resolution of 150 feet or better will be achieved. It will be
whether two-lobed objects like 1989 PB are freaks or wh
common.

In 1993 the first example of an asteroidal satellite was «
Galileo probe. The satellite orbits the asteroid Ida and was
October 1999 the discovery of a second asteroidal satellite v
scientists using the Canada-France-Hawaii telescope using
about 20 years of searching. The moon circles around the
asteroid Eugenia. D. Merline states that a special telescope mir
to find the moon since Eugenia is about 300 times brighter
Eugenia’s moon is about 13 kilometres in diameter and at the t
not yet been named. It is estimated that the moon has a circular
of 1190 kilometres from Eugenia and takes 5 days to perfor
around the asteroid. The most interesting aspect of this disct
calculations using the effect of the asteroid’s gravity on the sa
that the asteroid has a very low density only one-fifth greater
In an encounter of the NEAR spacecraft, confirmation was 0
asteroid, (253) Mathilde, has a low density.

The fastest spinning object in the Solar System is an ast
which rotates on its axis once every 10.7 minutes which is 10
any other known body and 60 times faster than the average I
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¢ of all asteroids are brighter than magnitude 9.5 when at perihelic
5 that they should be visible in 2-inch (50 mm) binoculars. A 3-inch
| show many hundreds, the limiting magnitude for such a telescope
.n 11 and 12. The star-like telescopic appearance of these minor
‘what gave them their name of ‘asteroids’. Only the very largest
' as discs in the telescope and large apertures are required to

g}.gu;’::ightest of the asteroids. It may reach magnitude 5.5 and is then
le to the naked eye. At a favourable opposition Pallas brightens to
Vesta has a diameter of about 311 miles (501 + 24 km) and Pallas a
miles (523 + 20 km). Ceres is the largest of the asteroids and is
s (913 +43 km) across but is never brighter than magnitude 7. It
e appear to be composed of darker materials than the others.

) of the asteroids exhibit brightness variations with periods of about
' to 80 hours. Among these are Vesta, Iris, Eunomia, Sirona and
Eros, with a period of 5.270 hours, does not always show brightness
s for the reason already explained. Brightness fluctuations are not
to rotation and / or surface reflectivity variations on the asteroid.

the minor planets

last decade or so, asteroid astronomy has become an increasingly
pursuit for both amateur and professional astronomers. The posi-
e brighter asteroids that are visible each year are given in ephemerides
A Handbook and Astronomical almanac (which uses Epoch 2000 coordi-
Ves ephemerides for the ‘big four” only), the ALPO Solar System
the RASC Observer’s handbook (both of these are annual with 26 and
respectively, represented in 1992 and both use Epoch 2000 coordi-
i positions can be plotted on both the Tirion and Uranometria
Would therefore seem that locating a given asteroid would be simple.
$8a good star map showing stars down to the 9th magnitude such as
\ by Webb or the Atlas ecl ipticalis, the position of a given asteroid can
Y marked and the star field compared with what you see in the
Ifﬂ'ue asteroid is of magnitude 7 or 8 it should be easily seen as an
Star’ where none is indicated on the chart. Uranometria 2000 goes
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Table 8.2 Ten-year table of precession in right ascension.

RA (If N., read top; if S., read lower)

Declination 012h 111h 210h 39h 48h

degrees m m m m m
80 +051 +084 +1.14 +140 +1.60 ’ “{Zf::) @
70 051 067 08 094 104 _ o p (>
60 051 061 070 078 084 1 Max. 1 Min.2 Max 2 Min.3  Max. 3
50 051 058 064 070 074 i A S e o
40 051 056 061 064 067 2% i . ]
30 051 054 058 060 062 g e, : o T
20 051 053 055 057 058 . . Yoot b
10 051 052 053 054 055 e A
0 0.51 0.51 0.52 0.51 0.51 '
012h 23,13h 22,14h 21,15h 20,16h ——t—t—t—3——1+

RA (If N., read top; if S., read lower) 1 2 Time (h) 3 4 5 6 7
Declination 18h 19,17h 20,16h 21,15h 22,14h .
degrees m m m m m ' One complete asteroid rotation

. (4.75 h approx.)
80 -075 -070 -058 —-038 —012
70 —010 —-080 —0.02 +0.08 0.21 tional cause of brightness variations of a hypothetical asteroid’s light curve.
60 +0.13 +0.14 +0.18 0.24 0.32
50 0.25 0.26 0.28 0.32 0.38
40 0.33 0.33 0.35 0.38 0.42
30 0.38 0.39 0.40 0.42 0.45
20 0.43 0.43 0.44 0.45 047
10 047 0.47 0.48 0.48 0.49 0 A .
0 0.51 0.51 0.51 0.51 0.51 S Stk S A 6 A
6h 57h  48h  39h 210h 1, e » s

When converting positions to an earlier epoch reverse the signs. LT i s _.-__: T
(Data from J. Muirden.) | T
Table 8.3 Ten year table of precession in declination.
RA Precession RA Precession i f i i
h . h 2 2 3 4 5
0,24 +33 7,17 —09 Tmeithd
1,23 3.2 8,16 1.7 variation curve of an asteroid (Eros).
2,22 29 9,15 24 _
3,21 24 10,14 29 magnitude +9.5 and the Vehrenberg Photographic star atlas goes to
4,20 1.7 11,13 3.2 +13.5,
519 0.9 12 3.3 one point to be careful about. Owing to the phenomenon of precession,
6,18 0 obbling’ of the Earth’s axis, the positions of the fixed stars are very

teontinually changing in RA and declination. The published position
id will therefore have to be adjusted to be consistent with the epoch

_ ‘chart. The precessional tables shown in tables 8.2 and 8.3 will enable
ts. For example, if an asteroid had its position computed for 1970, you
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When converting numbers to an earlier epoch reverse the signs..
(Data from J. Muirden.) '
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would have to subtract the precessional difference for 20
accurately into the coordinates of the Atlas eclipiticalis drawn fq
Norton’s star atlas is used is used by many amateur astronom
to only magnitude 6, so more work will be necessary. Hot
challenge makes the successful identification of the asteroj
you use Norton’s atlas, first mark the position of the asteroj
draw a map of all stars visible in your telescope inside a sq ' —~"Maximu me-e
the sides around the point where the asteroid should be. ' :
Thus, you can be fairly certain that one of the ‘stars’ is the ;
foolproof way to identify it certainly is either to draw the te
again or compare the chart with the telescopic field on the n
of the ‘stars’ has altered its position, which indicates its ast |
though this may seem, a small error in the first map may ren
inapparent or the asteroid may not even be in the plotted star f;

-

. ®le L]

Photometry of the minor planets
The visual study, measurement and recording of light
most interesting work that an amateur can do with asteroids.
of asteroids can be done with good binoculars, 2- or 3-inch f'
reflectors.
Factors that affect the brightness variations of an asteroic
irregular, reflectivity (albedo) variations of different parts of
rotation (fig. 8.5). From the data obtained a light curve can b
from which regular brightness variations due to rotation of
distinguished from irregular, but minor and recurrent, v
albedo differences. For a reliable light curve to be constructed,.
tions of the asteroid as possible must be made during the
brightness changes can occur if the body is very irregul
measurements of the magnitude should be done every 10 mimt
5 minutes. If no change in magnitude is observed during
should still record the magnitude along with the universal tim
to be unambiguous you should make magnitude measure
plete rotation during your observing session. A good plan
to make data recording easy, because several brightness dete
made at one sitting. Eros, for example, has a rotation perio
minutes and more than 30 brightness determinations are
rotation.
The AAVSO Star atlas should be used if the asteroid is brig
9.5. Prior to the observation, mark the positional data of
appropriate star chart and choose comparison stars as close
plotted path of the asteroid. Mark the comparison stars with
consult the accompanying catalogue.
When you start the actual observation select a star tha
matches the asteroid in brightness. You may have to estimate
one a little brighter and the other a little fainter than the astei
two comparison stars that differ in brightness as little.
estimates of magnitude of a faint asteroid are neither fe
Relative changes in brightness should be estimated rather
This may be done by finding two stars that are closely similas
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3 4 5
Time (h)

ring the amplitude from the light curve.

Jut which differ from each other by only about 0.1 magnitude. You can
the asteroid as ‘brightening 0.2’ or ‘dimming 0.1” and so forth. On
dicate this as +0.2 and —0.1 with the date and time (UT). The
difficult and is fraught with error even if you are an experienced
ovided that your estimates and the instrument that you use are
throughout, the aim of the observing programme will be achieved,
lish the times of greatest and least brightness. So long as you can do
er happens in between, you are enabled to plot the light curve and
in useful data. It is best to observe near opposition so that your light
for as long as possible; you may need to combine curves from
one night.

alight curve, the hours (UT) are plotted along the horizontal axis
 to right. Separate them by about at least an inch (2.5 ¢m). The
are plotted on the vertical axis, brightest at the top, faintest at the
should be spaced at least half an inch (1.25 cm) apart. If the asteroid
um brightness variation (amplitude) of 0.5 magnitude or less, each
had best be placed at intervals of 2 cm. When your data have been
asimple matter to derive the amplitude and rotational period of the
. 8.5). Amplitude, which is the maximum range of magnitude
simply determined. It is usual to record it in magnitudes or tenths of
and is simply the difference between the highest and lowest magni-
ight curve (fig. 8.7).
ficance of amplitude determinations is that they provide data on the
Of the axis of rotation of the asteroid and its shifting, if any. This
etter understanding of the nature of the brightness variations. The
‘?f brightness variations of a given asteroid is found to vary slightly in
apparitions. This is caused by changing orientation of the asteroid to
If the object is elongated and rotates around its minor axis then
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u measure the time interval between every other minimum
3 in fig. 8.5)- Similarly, measure the time interval between every
um (maxima 1 and 3 in fig. 8.5) and take the mean value of the two
 axial rotation period of the asteroid.
direct visual photometry as just described, photography is another
| etric technique. A good-sized telescope is required — 8 inches of
up - because most asteroids are faint. Photographs of asteroids are
prime focus of the telescope. Results are not reliable 1f the asteroid is
itude 8 because this would necessitate a 10-minute exposure
\ time the asteroid’s brightness could have fluctuated so that the
ould be worthless. Fast black and white film should be used for
photometry of asteroids, such as hypered Kodak 2475. There are
Processing is possible to ASDA 1000 or higher.
focus of a fast optical system, e.g., an F/S 8-inch reflector, you can
itude 14 during a 5-minute exposure with such films. Make expo-
ute intervals and keep careful records of each. During processing,
umber each print so as to ensure the correct exposure times. The
otographs are then used to determine the times of brightness
minima. Image diameters should be measured. You can achieve
ly accurate results compiling the light curve from the photographs in
»n with a reference star chart.
re accurate results are obtained with photoelectric photometry in
o of the observer and the telescope eyepiece are replaced with an
This results in the ability to measure brightness to accuracies
0.01 magnitude. Photoelectric measuring instruments are now
prices affordable by most amateurs who are thus enabled to con-
h valuable research data that can be used by professional astrono-
construction of the photoelectric photometer and its use in
studies of asteroids is described in chapter 16.
CD cameras can be used for asteroid photometry if equipped with
. Both conventional photoelectric photometers and digital CCD
be used for colorimetric work in determining colour indices and
classifying asteroids by their spectra.

Earth

Earth

Fig. 8.8 Maximum and minimum amplitudes of a rotating asteroid.

equatorial presentations will give large brightness fluctuati
tations will give much smaller brightness fluctuations (fig. 8.¢

You should try to measure amplitude changes as often
these and other observations should be sent to:

ALPO Minor Planets Section, International An
Department of Physics, Photoelectric Ph stellar occultations by minor planets
Ilinois College, Dyer Observatory, e data can be contributed by amateur observation and timing

Jacksonville, IL 62650 Vanderbilt Univer: cultations by asteroids. A real effort should be made to observe
Nashville, TN 372 mena. Such occultations are quite common but until about 1981

Minor Planet Center, of occultations was rarely done because they could not be
Smithsonian Astrophysical Observatory, teroid ephemerides have now been much improved and astron-
60 Garden Street, _:'calculate asteroid orbits gladly provide detailed predictions of
Cambridge MA 02138

ath maps are now published by the Occultation Newsletter of the
'-(_)ccultation Timing Association (IOTA). Occultation predictions
in the BAA Handbook and the ALPO Solar System Ephemeris.
€also predicted. These are close approaches of asteroids to stars. So
¢ asteroids that the chance of one actually passing in front of a star is
ven location. However, it is interesting to watch an appulse; there is
e that the path of the asteroid will be slightly different from that
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Axial rotation periods of most of the asteroids have bee
mately determined. The amateur observer can render valuabl
to upgrade the accuracy of these measurements. It is evident
the asteroid has an elongated irregular figure, two maxima a
be generated in the light curve by one complete axial rotatio
curve can therefore be used to determine the axial rotation
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predicted in an ephemeris because of imperfect knowled Asteroid
The error may only be one second of arc but could make the
an occultation and a near miss. The parallax effect due to .
small is significant. It could mean that an observer in Car. e
occultation while a near miss would be recorded by an obser = ’,’ =
- Shadow

forget to watch for a second occultation of the star by an
companion of the asteroid. This was observed in 1977 wi
Melpomene and Herculina the following year.
As already mentioned timing stellar occultations by ast
accurate method of determining asteroid size and shape. O :
fore well worth observing and timing. All you need to d
telescope and a stopwatch. Dozens of occultations of stars
visible around the Earth each year but from a given fixed loca
scarce. Predictions of occultations are given in astronomical |
merides and up to date information on shadow paths can be
the nearest recording of IOTA a few days previous to the eve
Although in the ephemerides the time of an occultation is.
a few seconds it is a good practice to watch for unexp
before and after the main occultation, by as much as + 15 n
caused by satellites of the asteroid.
When an occultation is soon to begin the star and astero
coalesce into a single point of light. The occultation has not
appearance is due to the eye being unable to resolve two p'
are very close together. The occultation is happening w
coincident star and asteroid image suddenly dims. Astera
atmosphere so when they pass in front of a star there is a sl
star’s light instead of the gradual dimming observed in occul
planets with substantial atmospheres.
Accurate determination of the times of when the star
pears, the distance of the asteroid from the Earth and its
the size of the asteroid to be calculated. Many occultati
made from scattered localities whose locations in latitud
altitude are precisely known across the width of the sh
necessary to provide sufficient data for determining the silho
asteroid.
There is a direct (i.e., almost precisely equal) proporti
asteroid’s size and its shadow so that measuring the shadow
about the dimensions of the asteroid. The different observ:
different chord of the asteroid pass across the star, the dur
tion as recorded by each observer being determined by
characteristics of the asteroid. The combined results enable
of the asteroid to be worked out.
If sufficient timings are made along the path of the shad
different stations scattered along it, the dimensions and ft
be accurately derived. In order to determine the shape
therefore that of the asteroid the coordinates of each obses
projected onto what is called a fundamental plane. This is
to a line joining the asteroid and the Earth’s centre (fig. 8.9)
are then fitted to an ellipse or circle. A good example of this i
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Fundamental plane

sination of an asteroid’s profile by a shadow measurement during a stellar
(Redrawn from P. Maley, Astronomy 12(2), 51, 1984.)

occultation of the star 1 Vulpeculae by 2 Pallas that occurred in 1983
130 timings enabled four fifths of the asteroid’s profile to be

on to your telescope you will also need a tape recorder and a short
able to receive stations which broadcast accurate time signals.
ing and timing procedure for occultations is as follows. Wl’}ile
the asteroid approaching the star have your tape recorder running
radio station broadcasting at the same time nearby so that it will
. When the star disappears speak a loud verbal signal such as ‘one” or
when the star reappears say ‘two’ or ‘back’. Later when you listen to
will be able to time the disappearance and reappearance of the star
quarter second accuracy. To allow for reaction time in observing
nts such as these subtract 1/4-1/2 second from the time recorded on
correct for this.
't have a tape recorder you can still obtain useful data by timing the
astopwatch. With this you record the duration of the occultation but
time of disappearance and reappearance of the star. Some elec-
ratches will allow you to time to the next short wave minute signal
IC to be found by subtraction.
't have WWV radio you can adjust your watch accurately from time
the telephone by the US Naval Observatory or the Royal Greenwich
y. Radio station time checks and commercial recordings may be off by
Sor 10 seconds.
Ve a sensitive video camera and if the asteroid and occulted star are
the occultation can be recorded if you have a 16-inch telescope. The
0 station can be recorded on the audio track. Later you can study the
erive event timings accurate to 1/30 second. This is also a very good
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way to record secondary occultations since the camera can

If you believe that you were 0.5 second late in indicating the
: . 10} ¥
many minutes before and after the main event. :

the event your accuracy is 0.5 second and your personal equation
tracted from the value that you got. Your estimate of accuracy
be subtracted. It only indicates how much the time you recorded
If you timed an event too late by 0.3 second then report this as — 0.3
' the same amount record it as +0.3 second. In reporting

early by . . :
indicate whether you applied your personal equation and, if so,

value.

l:., timing results should be sent to the IOTA. Even if the shadow
asteroid just missed you this should be reported. Unless a grazing
at one site and a miss at another nearby site, the diameter of the
be accurately determined. Further, ‘misses’ show where possible
tes are not situated. Asteroid occultation observing differs from
nar graze occultation and total solar eclipses which require that you
precisely defined location a few yards away from another observer;
sed to know your exact position with considerable accuracy.

The personal equation and accuracy of timing ste
The personal equation is the small systematic error made by
timing an astronomical event such as stellar occultatior
magnitude of the personal equation depends on the obsery.
it is the time needed for the mind to realise that the event has
what to do and to make the appropriate response. It is, in
reaction time. Experience and deliberate training can mi
observer the actual time when an event occurred is thy
observed time minus the reaction time.

You can determine your own personal equation in various.
are as follows: '

(1) With your WWV radio turned on, take a stopwatch and
exact minutes as broadcast over the radio. Start the 3
you hear the tone of one whole minute and stop ita
minute; do not look at the stopwatch. After some pra
the same without the radio signal. On starting the -
mentally just as you did when you heard them on
that you are hearing the beats marking the seconds
the watch start it and stop it after one second a
estimate. When you have acquired some skill at
what you estimate is 30 seconds, again mentall
without looking at the watch. This gives you an idea o
apparatus can subjectively measure time and ph
passing of time. Continue with this practice for, sa;
time you should have gained some proficiency at n
seconds. You can ascertain your personal equation by r
a second that you are consistently in error when you
one second.

(2) On the WWYV broadcasts, the seconds are marked b
between 51 and 59 inclusive are interrupted by the voi
giving out the next minute. As exactly as you can, sta ;
the minute tone and allow it to run and stop it exa
i.e., after 10 seconds. Read the watch. It ought to
seconds because of your reaction time that caused y
slightly after the minute tone. The difference betw
the watch and 10 seconds is your personal equation.
be less than 10 seconds but should be not less than
practice at this should enable you to reduce this diffe

and rediscovery of minor planets

e is always a chance that you may rediscover a lost asteroid or even
ew one! Usually, such work has been the preserve of observatories
ith large-aperture Schmidt cameras. However, three happenings in
est that amateurs may make contributions in this field. First is
e of small Schmidt cameras by Celestron that are affordable by
. Then there was the discovery of the asteroid 2090 Mizuho in
h 12th by T. Urata, an amateur observer, at “Yakiimo Station” (see
scope, August 1979, page 171). Third, the work of large observatory
ras is increasingly restricted by budget cuts which place restric-
ir use. If you have equipment that can reach to magnitude 14 or
ave a fund of self-discipline, you may well be able to discover a new
1981, R. C. Hodgson suggested that in middle to high latitudes
subpolar areas of the sky near the time of the Summer solstice could
pal asteroids within the orbit of the Earth. Since the discovery of the
‘whose orbital semimajor axes are less than the Earth'’s distance from
possci]bility of discovering new asteroids may not therefore be as
sounds.

" rp!:fnets. Roth, C. D., Faber and Faber, London (1963).

es of m*f!or planets. Gehrels, T. (ed.), NASA Special Publication No. 267,
autics and Space Administration, Washington DC (1971).

ets. Filcher, F. and Meeus, J., private printing (1973).

tels, T. (ed.), University of Arizona Press, Tucson, Arizona (1979).

nzel, R P, Gehrels, T. and Matthews, M. S. (eds.), University of Arizona

Arizona (1989).

asteroids. Cunningham, C. J., Willmann-Bell Inc., Richmond, Virginia (1988).

Your accuracy in timing an event bears little or no rela
equation. You may have a very small personal equatio
timing of a very faint star or in poor seeing conditions yo
may be quite poor. However, your timing may be more ac
equation is smaller than someone else’s whose personal e

When you report the time of an event it should be the ti
personal equation and minus the amount of time that you €0
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Asteroids: Spectral reflectance and color characteristics. McCor
" R, Astrophysical Journal 197, 781-90 (1975). i
The minor planets - sizes and mineralogy. Chapman, C. R,
Telescope 47(2), 92-5 (1974).
The minor planets: As interesting as ever. Porter, A., JALPO 29(
Measuring the shape of an asteroid. Maley, P., Astronomy 12(2), 5
Stand in the shadow of an asteroid. Manly, P. L., Astronomy 19
The minor planet bulletin.

Publishers of almanacs and star atlases.

BAA Handbook British Astronomical Association, c/o Burl
London W1, England.

RASC Observer's Handbook Royal Astronomical Society of C
Toronto, Ontario, Canada MSR 1V2.

ALPO Solar System Ephemeris Association of Lunar and Pla
San Francisco, California 94116, USA.

Astronomical Almanac United States Government Printing Off
HMSO London, England.

Norton’s Star Atlas, Atlas Eclipticalis and Photographic Star
lishing Corporation, 49 Bay State Road, PO Box 9102, Cam|
USA.

AAVSO Star Atlas American Association of Variable Star
Cambridge, Massachusetts 02138, USA.

zone of the asteroids lies the orbit of the largest of the Solar
Jupiter. Its equatorial diameter is 88800 miles (142984.8 km),

that of the Earth’s (fig. 9.1). Jupiter rotates very rapidly on its
the equator the rotation time is about 9 hours 50.5 minutes so
t its equator is moving at the rate of 28000 miles (45052 km) per
tion time of higher latitudes is near 9 hours 55 minutes. The
e thus generated causes a pronounced equatorial bulge and

Jupiter
88800
(142985 km)

Earth
O 7928
(12756 km)
e sizes of the Earth and Jupiter (equatorial diameter in miles).
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Fig. 9.2 Jupiter showing cloud belts and bright zones: 8-inch Newton

1978, 21.05-21.25 UT. (F.W. Price.)

Direction of rotation
ature of Jupiter’s cloud belts and zones.

flattening at the poles. The polar diameter is 5758 miles (92
equatorial diameter. Jupiter cannot therefore be a solid
meaning of the word. It is certainly known that what we
not a solid or even a liquid surface but a cloud-laden ou
series of parallel latitudinally oriented light ‘zones’
(fig. 9.2). See fig. 9.3 for their nomenclature. The ratio of
equatorial diameter is about 15:16 so that Jupiter has a dis
shape which is quite noticeable in a telescopic view of th

Jupiter’s mean distance from the sun is 483.75 million
km) and its mean orbital velocity is 8.1 miles (13.07 k
complete circuit of its orbit takes 11.86 years, its sidereal |
synodic period is 398.88 days, i.e., 33.63 days more than an
therefore comes to opposition every 13.3 months approxim
much greater distance from the Earth compared to Mars,
diameter throughout an apparition does not vary nearly som

During an Earth year Jupiter passes over about one tw
the Zodiac, i.e., about 30°. The Earth moves in its orbit about
so that it overtakes Jupiter somewhat more than 30 days la
year.

Since 11 synodic periods total 4387.68 days and since 12
the difference is just 4.68 days so that Jupiter’s opposition
the same every 12 years and occur 4 or 5 days later.

210

ital eccentricity is 0.048. At perihelion its distance from the sun is
miles (740.9 million km) and at aphelion the distance is 507.0
815.7 million km). Its orbit is inclined at an angle of 1° and 18
¢ to the Earth’s and its axial inclination is 3° 7’ of arc relative to its

ttended by 16 satellites. Of these, four of the eight closest to the
rgest and were discovered by Galileo in 1609 with his telescope;
0 seen at about the same time by Simon Marius. Whoever it was
/ them, they are known as the Galilean satellites. They are of
ions and are named, Io, Europa, Ganymede and Callisto in
asing distance from Jupiter. lo and Europa are of about the same
moon whereas Ganymede and Callisto are quite a bit larger. The
ean satellites compared with the Earth’s moon, and their orbits
nfig.9.4. The orbits lie in very nearly the same plane.

thit of Io are four very small satellites beyond the reach of
ur-owned telescopes. The closest to Jupiter is Metis followed by
thea and Thebe.

b th_ese ‘inner’ satellites are two zones of outer satellites, all of them
5 dlflﬁcult to detect with amateur telescopes; some amateurs have
- which is theoretically visible with a 15-inch telescope. These
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Jupiter History of observation

Callisto L
’ es of Jupiter

eter

Mean distance from Jupiter

,~ Ganymede E kilometres miles kilometres
e (x 1000) (x1000)

— 249 0 795 128.0

--—EUEEy B 04x93  25x20x15 802 129.0

781044932 270x168x150 1127 181.3

" 68.4x7x559 110x?x90 1379 2219

~= 2255.6 3630 2622 422

TR 1949.9 3138 4169 671

3269.6 5262 6655 1071

2982.6 4800  1170.0 1883

9.9 16 68935 11094

115.6 186 71333 11480

224 36 72825 11720

472 76  7293.0 11737

18.6 30 13173.0 21200

249 40 140430 22600

31.1 50 146022 23500

O 24 36 147265 23700
2160.0 3476.0

Moon

el

Ganymede Callisto

Fig. 9.4 Orbits and comparative sizes of Jupiter’s Galilean satellites

their distances from Jupiter, the 16 satellites appear to fall into
our satellites each, the second group of four outwards from
eans, also being by far the largest.

layer (fig. 9.5). The ring has a bright outer zone 497.2 miles (800
a darker zone 3107.5 miles (5000 km) wide. The dust ring is

satellites are probably asteroid-like in nature. The first B ation
named Leda, Himalia, Lysithea and Elara. Another
these, are named Ananke, Carme, Pasiphae and Sin
around Jupiter in a direction opposite (retrograde) to
which go the ‘right way’ around, i.e., from west to east.
captured asteroids. The paths of these eight outer sa
from a circle and change with each revolution and th
to predict accurately.
To avoid cluttering the preceding text with figures
sizes of Jupiter’s satellites and their distances from the
names the satellites are also designated by Roman n
chronological order of discovery NOT the order of their
In addition to the satellites Jupiter is surrounds
between about 29 210 miles (47 000 km) and 32939.7
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ways been noted for its brilliance and magnificence among the
rightness is at times almost enough to cast a shadow.
ppears to have been first mentioned by Ptolemy who observed
conjunction with the star Delta Cancri on September 3rd in the

ntil 1630, nearly a quarter of a century after the invention of the
the principal cloud belts of Jupiter were discovered. There is some
st saw them, the most likely of five possible contenders for the
8 Campani of Bologna. The remaining four are two other Italians,
i and G. D. Cassini, the Englishman Robert Hooke and Father
Gottingniez, a Belgian.
ured the axial rotation period of Jupiter by noting the time taken
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History of observation

in the sou : . :
__y attain a length of about 30 000 miles (48270 km) in longitude

7000 miles (11 263 km) in latitude (minor axis) so that its surface
of the Earth.
r something like it was possibly discovered by Robert Hooke in
Zone of Jupiter in 1664. W. E. Denning suggested that what
in fact, a very early manifestation of the true Red Spot. Cassini,
director of the Paris Observatory drew the Great Red Spot in
7 and 1691 (fig. 9.7) but it may have been seen even earlier. There
lieve that what Hooke saw was not the Red Spot that we know
“a precursor; writing in the Philosophical Transactions Henry
o believed Hooke to be the first observer of the Red Spot) stated
d seen ‘a small spot in the biggest of the three obscurer belts of
must have been the North Equatorial Belt which was the largest
ominent of the cloud belts in the 1660s, and was so drawn by
664, by Cassini in 1665 and by Hooke in 1666.
oot known today is situated in the South Tropical Zone in contact
edge of the South Equatorial Belt as was the spot seen by Cassini;
s spot was large, about equal to one tenth of Jupiter’s diameter.
t could not therefore have been the spot seen by Cassini and the Red
today.
S -dé¥irﬁte record of the Red Spot as it is known today is a drawing
made on September 5th, 1831. It shows the Red Spot Hollow and
es that this and the red spot have existed for at least 160 years.
r 1878 the Red Spot had grown in size and was elliptical in shape, its
‘were about 30000 miles (48280 km) in longitude and 7000 miles
latitude. It had also deepened in colour from its formerly pale pink
ark brick-red colour. Since that time it has been systematically

29211 miles - Jupiter were not true surface markings but
! tkings seen on Jup &
(47 000 km) ﬂ"e;l:;)e orga cloud-laden atmosphere.
I I
.' E Spot , , -
I ! Spot is @ roughly oval feature situated in a ‘bay’ or hollow as it is
: ; P thern edge of the south equatorial belt (fig. 9.6). Its size
| 1
r
1

/

g‘a'mf om 1891 onwards the members of the Jupiter Section of the BAA
rng: minent role in this work.

‘g!l%?mile 8 to 1881 the Red Spot remained a prominent object. After 1882 it
(5000 km}s pointed ends and at times became almost invisible followed by

reater prominence as it did in 1920 and 1926, though it did not attain
e of 1878. However, it did return to its 1878 prominence in 1936. In
1 Spot appeared sometimes a salmon pink colour and at others it was
een 1965 and 1971 it was very prominent and of a strong salmon
able 9.2 summarises the visibility and appearance of the Great Red
n 1878 and 1938.
r the Spot disappears its position is always indicated by a pro-
dentation or bay in the south edge of the south equatorial belt called
ot Hollow’. The red colour of the Spot is real; it appears darkest in
s taken in ultraviolet or violet light, paler in green or yellow light and
in the red or infrared.
.SPOt exhibits a remarkable range of movements in longitude. For
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Fig. 9.5 The dust ring of Jupiter.

for a dark or light marking on Jupiter’s disc to make on
around the globe. This was done by noting the tim 1
transits of a marking across the central meridian of
line joining the north and south points on the disc. Thi
the‘section on observation of Jupiter. In 1665 Cassini
period derived by observing markings near the equa
ally about 5 minutes shorter than those given by
equatorial region, i.e., the features exhibited differenti
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(a)

(c)

(e)
(f

Fig. 9.6 Different aspects of Jupiter’s Great Red Spot and the red spol
reflector x 225. (a) December 5th, 1977, 03.55 UT; (b) January 24th, 1
15th, 1978, 02.03 UT; (d) March 13th, 1978, 01.45 UT; (e) April 20th

7th, 1981, 02.30 UT. (F.W. Price.)
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i’ o of [upiter's great red spot: (a) January, 1972; (b) July, 1677. The
i dg;?;?geg{o{lspfn the %1:57 7 drawing may indicate an earlier occurrence of the

ance. (From Le Monde de Jupiter, Libert, L.)

sibility and appearance of the Great Red Spot, 1878-1938.

Usually prominent.
Very prominent; striking red colour. Elongated oval shape.

Faded steadily.

Revived in visibility and faded again.

A fairly easy object.

Distinctly reddish (Terby).

Faint, difficult to see.

Plainly visible.

Faint, difficult to see.
Faint, difficult to see.

‘Intensely pink’ (Antoniadi).

Distinct well-defined ellipse.

Marked revival in visibility.
Conspicuous.

Deep red edges (Du Martheray).
Outstandingly conspicuous — ‘brick red’.
Rapid extinction.

Moderately visible.

Salmon pink colour.
Very prominent, comparable to ca. 1880.
Practically invisible.

1B. M. Peek.)
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Jupiter History of observation

d suffice to cause the observed changes in prominence of the Red
i p » recent explanation of the nature of the Red Spot is that it is Fhe
Column’ or a ‘standing current’ in Jupiter’s atmosphere resglhng
lor Co utation. If there is a solid surface somewhere below Jupiter’s
' _-s-:oma be reasonably expected that there will be strong atmo-
el‘lti]ere yI‘he presence of a huge obstruction on that surface would
? he:ric currents blowing around it and would result in the
i ant gas column over the obstruction; this is known as a
ﬂ’?‘ﬁt the Red Spot may be the top of such a column was
é British geophysicist Raymond Hyde. He put forward plausible

= explain variations in the rotation period of the I.{ecl Spot.
way of ascertaining which of these two models is correct; perha}?s
is certain is that among Jovian features, the Great Red Spot is
similar features have often been observed but hardly any as la_rge
and none approaching anywhere near its considex:able longevity.
1 of the colour of the Red Spot has been much discussed; some
- ¢ that the reddish colour might be due to hydrogen phos-
e) but there is as yet no viable model for the chemical make-up

d the origin of its colour is unknown.

— -50

ropical Disturbance _ ‘ _

with the Great Red Spot is the South Tropical Disturbance dlscoven:ed
slesworth in 1901 although Dr E. B. Knobel observed something
The Disturbance started as a dark marking stretching across the
cal Zone and it quickly extended in longitude. Bright white spots
tits preceding and following ends. Since that time it has been seen
and exhibits considerable changes in shape, extent and motions.
was 25° in length. Since 1916, when active, it has always been more
n length. After 1930 its length grew to over 200°. Although the
J itself is often of an indistinct and confused aspect, its ends are clear
d concave in shape (fig. 9.9).

e rotation period of the extremities of the Disturbance was 20
than that of the Red Spot so that it would circle around Jupiter and
the Red Spot in about two years. This it did for the first time in 1902
1904. Encounters of the Disturbance and the Red Spot have since
frequent but nine have been recorded in 40 years. When the
meets the Red Spot it nudges it forward temporarily and at the same

w or around it. During the early encounters, the general effect of
on the Disturbance was as if an attractive force was operative; when
of the ends of the Disturbance approached the Spot, the motion of
lightly accelerated whereas after passing across the Red Spot
ends of the Disturbance were slowed down. Occasionally, the
e Red Spot Hollow and the greater part of the South Equatorial
;at these times the Red Spot becomes more prominent.

— +50

+t | |

Fig. 9.8 The wandering of the Great Red Spot in longitude, 1831—

example, between 1831 and 1838 its movement in long;
almost equal to three complete circuits of the planet
itudinal wandering of the Red Spot from 1831 to 1955. Ir
out by B. M. Peek, the noted English Jupiter observer
the BAA's Jupiter Section, the Red Spot is darker when a
i.e., when its rotation period slows down.

What is the Great Red Spot? Its permanence indic
thing other than a cloud and the remarkable moves
consistent with it being attached to the surface of Jupiter
the atmosphere. B. M. Peek believed it to be a solid
cloud-laden atmosphere and that relatively slight chan
spot within the atmosphere would be sufficient to exp}
colour intensity and velocity. Small changes in the de
sphere in the region of the Red Spot would cause it to si
it would be covered by the clouds and when it rises
Calculations showed that a range of vertical movement
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ting Current _
most puzzling of the many mysterious phenomena observed in
osphere. Spots on Jupiter are hardly ever seen to move in latitude
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A

lating current between the two ends of the South Tropical Disturbance. The
to the left within the Disturbance. (Redrawn after T.E.R. Philips.)
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“Smoke Stack’. (Redrawn after B.M. Peek.)

ly lengthened in the preceding direction until it appeared as an
7k streak and attained a length of 30° of longitude. About mid-
e formerly stationary following end began to move away from the
rate similar to the movement of the preceding end so that the streak
i a nearly constant length and remained so until the end of March
led drawings of the growth and later behaviour of the streak were
eaves and B. M. Peek.
ps thought that the streak might be merely a partial revival of the
Disturbance. However, before April 1942 ended the length of the
to decrease, apparently from the following end. It was still getting
August and was only 5° of longitude in length by October 5th. It
or the last time by W. Haas on October 6th 1942 and on October
il was reported in the South Tropical Zone by H. M. Johnson who
g the area from the Flower Observatory with an 18-inch refractor.
resembling a stream of smoke emanating from a verti 11th 1946, Hargreaves noticed a dark spot in the South Tropical
nicknamed the “Smoke Stack’, situated at the precedin - in on January 16th and 26th which by this time had increased in
Disturbance (fig. 9.11). The fate of the spots when they r oughly 12° in longitude. By the end of March it was 22° in length. It
of the Disturbance and whether or not their circuit - led the dark South Tropical Streak of 1941-2 and was continuing to
passage northwards across the Zone to start over again il it exceeded the length of the 1941-2 streak; in July 1946 at the end
The Circulating Current exists only in the part of the ition its length was almost 40° in longitude. It almost looked as
occupied by the Disturbance, i.e., it makes contact wi a revival of the South Tropical Disturbance. It was not observable
ends of the latter. e beginning of the 1947 apparition and by then it had shortened
dly decreasing in length. The last record of it was on July 9th 1947
Bth was roughly 6°. Careful measurements of the motion in long-
ends of the streak indicated that whatever caused it to shorten
Both its ends. This streak therefore lasted about half as long again as
ak and attained a much greater length.

Fig. 9.9 The Great Red Spot in its hollow and to its right part of t}
following it. (Redrawn by E.M. Antoniadi, May 21st, 1901.)

so that considerable interest was aroused by the disc
Current by observers of the Jupiter Section of the B
years 1919 and 1934 dark spots would appear at the
and then drift backwards away from the Spot along the
Tropical Disturbance. This had the effect of turning
Zone after which they reversed and moved forward alo
Zone (fig. 9.10).

Around 1930-4 the forward motion occurred alon;

The dark South Tropical Streak of 1941-2
An unusual dark feature appeared in the South Tropic
October in 1941. It was situated immediately prec
first recorded by Ainslee on October 22nd and noted
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Jupiter Variations in the cloud belts

Eruptions of the South Equatorial Belt was inconspicuous and the North Equatorial Belt (NEB)

At times, the Red Spot Hollow and the south component : :.0; The South Equatorial Belt (SEB) was narrow and fainter
Belt fade and almost disappear for between one and th; S?)fﬂ‘ Temperate Belt (STB) was prominent.

Tropical Disturbance subsides. This is then followed
on the belt which foreshadows its reappearance, T
1928-9, 1938, 1943, 1949 and 1952-3. The outbursts ap
of them moving towards the following side of the
edge, the other moving towards the preceding side o
edge of the belt. They encircle the planet, meet and
changes in detail and the appearance of many dark an

A specially noteworthy disturbance was that of 1.
successive formation of more than 20 bright spots at
two components of the South Equatorial Belt which th
along the belt looking like a string of pearls! There were

fairly quiescent. The NEB was still wide and dark but the
i what but was now much broader and the STB had
one (EZ) was often quite bright. Both the NEB and SEB
d double, the NEB the darker of the two equatorial belts.

¢ prominent belts were the NEB and the STB. The SEB was thin
: g;reat Red Spot was becoming more noticeable.

earance to the previous year with the EZ appearir‘tg more
e Great Red Spot was prominent and late in the apparition the
ened and widened.
dark and wide. The SEB darker and wider than the STB. The
d Spot seemed to have disappeared. EZ a pronounced yellow

Oscillating spots

At times certain individual spots oscillate in longitude b
amplitude than the longitudinal wanderings of the Grez
were seen in the two apparitions between 1940 and 1942,
their oscillations resembled a damped harmonic motion,

tude of the spots’ swinging in longitude decreased with ti 3 wide and dark again with wavy edges. SEB double and promi-

d the STB was also prominent. The Great Red Spot seemed pale.
oe white spots in the dusky EZ. STB prominent. The Great Red

,ared.
inuous yellowish band consisting of the fused equatorial belts
Jupiter, a very unusual appearance. STB and Great Red Spot

Other phenomena
T. E. R. Phillips mentioned what he described as ‘the sw
Jupiter” which was indicated by the occasional appearan
edge of the North Equatorial Belt with rotation periods o
This is shorter than what is usual for that region by 7 min

B. M. Peek pointed out a peculiar phenomenon in the N
where two rapid belt currents were frequently observe
current between them. Spots in one current seem to
affected by the proximity of another current.

ance of the two equatorial belts although at times they nearly

again. EZ very active with numerous white ovals. Fairly prominent

Spot. STB prominent.

SEB both wide and similar in appearance at times. STB inconspic-

The Great Red Spot was visible.

B dark and wide, SEB double, dark and wide, STB prominent. Great

ot more prominent. Equatorial Band (EB) sometimes visible and

detail in the EZ.

prominent. Pale double SEB. Great Red Spot conspicuous. EZ of

appearance.

active-looking planet this year. NEB and SEB conspicuous and

STB conspicuous, also the Great Red Spot.

most prominent cloud belt, SEB conspicuous but variable in shade.

yellowish tinge. Prominent Great Red Spot.

EB and STB were the most prominent cloud belts with the SEB less

ous than the STB. Great Red Spot prominent.

The NEB was the most prominent belt and was narrow and dark
sional ‘bumps’ and dents in its edges. The SEB was broad and

Paler than the NEB and was sometimes partly fused to-the STB, the

223

Variations in the cloud belts

The observational reports of the Jupiter Sections of ti
Associations and the ALPO from 1950 onwards and
detailed observational information and records of eve
changing atmospheric features of Jupiter. All of this
describe fully up to the present and would make tedious
brief summary of changes in the major features —
equatorial cloud belts and the Great Red Spot — will be
equatorial cloud belts are visible even in quite small tel
changes including marked variations in intensity an
apparition to the next.

The following is a summary of changes in the cloud belts a1
over the 40 years from 1951 to 1991, those from 1976 o
observational notes.
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Jupiter Variations in the cloud belts

latter not completely encircling the planet. A light oya
the south edge of the STB. The NTB was prominent
was pale. @

1977 (early). The NEB still the darkest and most pron
occasional irregularities and dark condensations
and pale, the south edge darker than the rest of i
fused with the prominent STB. South STB (SSTB
prominent, appearing as a dark border to the north p

1977 (late). NEB and SEB now about the same width,
appearing double. NTB not seen. STB seen in part.
near to the pale Great Red Spot.

1978 (early). NEB and SEB about same width, the NEB of
SEB appearing double on following side of the Gre
January 6th the most detailed view I have ever had
cloud belts visible. STB not completely encircling th
NEB was narrower than the SEB. ‘

1979 (early). NEB narrow and dark. Prominent ‘rafts’ seen
broad and pale, narrow near Great Red Spot, Great
spoon-like appearance, the bright spot area having a
quite dusky at times. STB not completely circling the

~NEB somewhat broader and paler than the SEB and sometimes
NEensations seen within it. STB appearing as a dark edge to the
j duskiness- NTB seen on one occasion.

rs reported that the NTB, which was prominent in 1986, faded in
ed as a thin faint band in 1988 and 1989. In the latter part of
0 it began to increase in prominence. This occurred after a fast-
> spot in the neighbouring North Temperate Current ‘C’ had
1 isolated sections of the NTB were seen in March and April and
+s. Finally, the NTB grew to a continuous prominent belt by late

tacular occurrence for many years occurred in 1989. During the
At year, the South Equatori.al Belt, which was a conspicuous dark
the year, and darker than its North Equatorial counterpart, faded
ally invisible by August. It was still very faint in December and
several months into 1990. Figs. 9.12 and 9.13 show the appear-
- during this period.
ance of the South Equatorial Belt was followed by numerous
an atmospheric phenomena during the ensuing months. The
ot which had grown pale during the previous few years, began to
Jour and rare white spots were seen in the North Temperate Belt
y, 1990 (Fig. 9.13).
uatorial Belt was prominent with several condensations, wisps
The South Temperate Belt was discontinuous but prominent in
The North Tropical Zone was brighter in some areas than in others
peared to be a general brightening of the South Polar Region.
_October of 1990 the South Equatorial Belt showed signs of reap-
e drawings made of Jupiter in February 1990 showed the South
t to be gaining in prominence and this continued throughout 1990.
t I observed Jupiter again in January, 1991, the South Equatorial
pletely reappeared. It was broad and paler than the North Equa-
had a distinct ‘warm’ dull orange tint which contrasted with the
f the polar regions. The south edge was sharply defined but the
wavy and very diffuse and extended into the Equatorial Zone.
d Spot appeared like a blister or bubble with a light centre on the
the South Equatorial Belt (fig. 9.14).
atically faded on two other occasions, in 1928 and in 1958. It is
 premature to speculate but it looks as though this may be a recurrent
with a 30 year period. If the belt fades again in 2018 or 2019, then it
asonable to suspect a 30-year cycle.
of the South Equatorial Belt indicates a fantastic change in a
as broad as the Earth’s diameter. It must surely indicate a
alteration in the chemical make-up of the region or that the South
It has sunk beneath a layer of light-coloured zone material. The
on seems more likely in the light of studies by R. Beebe and
. New Mexico State University and astronomers at the Jet Propulsion
» Who photographed Jupiter in light of different wavelengths in
August-September, 1989. Visible light shows the South Equatorial
ary but it is invisible in the August-September images. Pictures
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1980. Great Red Spot region, spoon-like appearance. !
Great Red Spot, broad like the NEB in other parts.
of year. STB sometimes seen very broad and touching’

1981. NEB and SEB both narrow and dark, NEB son
two. The SEB sometimes seen with a darker south
Hollow seen in southern edge of SEB. STB faint, inco

(There follows a four-year gap in my observations).

1985 (late). NEB very narrow and dark. SEB broader
some parts. Great Red Spot Hollow seen on southern
NTB fairly easily seen. A large bright oval seen in the

1986 (late). NEB fairly narrow, seen at times with a «
‘bumps’ on the south edge. The SEB not much broas
sometimes seen with a darker northern edge and ap
preceding side of the Great Red Spot. Great Red Spo
rim. NTB very thin and dark. STB sometimes broad :
oval inside it, at other times appearing as two thin-

1987 (late). NEB narrower and somewhat darker than
tions seen locally within the NEB. STB appearin,
south polar duskiness. NTB and North NTB (NNTB
dark lines. Great Red Spot not seen — this does not
the Great Red Spot had disappeared, only that I
occasions when I observed Jupiter.

1988. NEB and SEB of about the same width and intenst
with a darker southern edge. Great Red Spot :
rim. SEB seen double near Great Red Spot. NTB
indistinct.
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The 1994 Shoemaker—Levy cometary impact event on Jupiter

f{a) (b}

Fig. 9.12 Jupiter during the disappearance of the South Equatorial Belt in 19
8th, 1989, 04.22 UT; (b) February 1st, 1990, 03.45 UT. 8-inch Newtonian
Price.)

Jupiter, March 9th, 1990, 01.50 UT: reappearance of the South Equatorial Belt in early
y Newtonian reflector x 225. (F.W. Price.)

foregoing describes some of the best known and most interesting phe-
of Jupiter’s atmosphere that have been seen by Earth-based observers
years. The reports of the Jupiter sections of the BAA and the ALPO are
ith descriptions of other phenomena and changes on Jupiter and the
referred to these for further information.

41994 Shoemaker-Levy cometary impact event on Jupiter

eseven days from July 16th to July 22nd 1994, there occurred a collision
two Solar System bodies, the first of its kind ever to be observed.
agments resulting from the break-up of an object designated Comet
aker-Levy 9 (SL9) collided with Jupiter. There were at least 21 visible
fragments, the estimated diameters of which were up to 2 kilometres.
o etary impacts had effects on Jupiter’s atmosphere that were unex-
and spectacular.

. the{& Wwas initiated the 12-year Palomar Asteroid and Comet Survey,
Ofwhich was to elucidate the numbers and nature of objects that collide
S and satellites resulting in crater formation.

0b25th SL9 was discovered with the 46-inch Schmidt telescope at the
) Seryatory. On a photographic film which included an image of
S8ENWith this telescope by Gene Shoemaker, David Levy and Phillippe
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Fig. 9.13 Jupiter, January 20th, 1990, 04.37 UT: Great Red Spot, sareﬂ_ite
South Equatorial Belt. 14.25-inch reflector. (Photograph by E. Witkowski, B

taken with filters that isolate wavelengths absorbed by met
upper atmosphere show no South Equatorial Belt on either of
indicating that the disappearance cannot be connected witl'l_
the stratosphere of Jupiter. Infrared images, like the visible light ._
that the belt had disappeared. It seems from this that the Sou!
may have sunk while layers of bright zone material closed OVer
The cause of the change is not known.
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Bendjoya, Shoemaker’s wife Carolyn saw a strange obj
4° from the planet. It had the appearance of a comet by
bar-like shape, about one minute of arc in length.
Carolyn Shoemaker was sure that it was a comet. Per]
into pieces by Jupiter’s gravitational field?

Based on observations and calculations it was anno
that a collision of SL9 with Jupiter was possible. The
of the train of fragments with Jupiter was during the p
Some of the first images obtained of SL9 during the day
were taken with the 2.3-metre telescope at Kitt Peak,
was likened to a string of pearls.

On March 27th a CCD image was obtained by D. Je
2.2-metre reflector at the Mauna Kea Observatory, Hax
comet was composed of 21 fragments. The nomer
cometary fragments as shown in fig. 9.15 which is
photograph taken with the wide-angle camera of the Hi
May 17th 1994. Jupiter was observed by J. Scotti when it
the sun on the morning of December 9th 1993. His obset
and 14th showed that the earlier predicted dates of t
Jupiter were about a day too late.

The first hint that the impacts would be visible from
tions made by D. Yeomans and P. Chodas. These ind
would occur 5-20° behind the visible disc of Jupite
closest to the limb. Hence, the impact sites would rotate int
later.

At this time it appeared that two of the 21 fragments
disappeared.

imilar brightness as the rest of the first group of small

dby o?herz{gizu?:lpiter guring the next 30 minutes. The B and F
‘ﬁgnw seem to have much visible effect. The majority of the

Y;eci along a straight line in the pre-impact images but B, F, P, T,

- from the line in the sun’s direction. The four bright fragments
- in (G, H, K, L) gave the most spectacular effects. The
: re briefly brighter than Jupiter itself at some wave-
nzgafvti:istonishe}r; at the enormous black spots made by the
i ﬁ:} the impacts was probably made by L although G and K were
H was slightly fainter. The impact of K didl not produce, anything
e Jupiter’s satellite Europa was hidden in th(.a }?lanet s sh'adow
ave proved to be an excellent reflector for the: brilliant but hidden

e:r.. Europa did not become bright enough in the shadow to be

of N was distinct though faint and the P, and P, impacts were not
od. The Q, impact was very faint and left a scar that was hardly
ble Space Telescope images and the Q; impact was bright. The Q
.med to be the brightest fragment in 1993 but its impact turned out
;ﬂ\an the impacts of G,Kand L. .

was quite bright and was well observed. Impact S was bright but the
yacts were very faint. The final impact was the W impact. .

the impacts had finished this did not mean that observation hafl
However it did mean that continuous observation of the planet as it
om the impacts would be necessary and in any case, the world’s
es were needed for other work.

ons by Amateurs

large observatory telescopes in use during the Comet Shoemaker—
Jupiter; amateurs world-wide were at theirs. There were only a
ports by amateurs of impact flashes and none of them were
Ithough some may have been genuine as shown by the Hubble
ope images of the G impact.

ual dark spots were quite clearly seen, the largest ones visible even in

The Impacts
The first (A) impact was observed at the Calar Alto ob:
Spain. At 20:17:30 UT a small bright dot was observed o
the first impact was expected and at very close to the p

| 1.1x 10%4m only 6-cm aperture! The spots remained visible for more than a
P Burope the first impact was seen at about the time of sunset on July

were only a few suspected sightings of a dark spot as the site of the

o . > ‘s ® I e into view on the Earthward side of the disc of Jupiter; the weather

A E E BE F [ G, H K L N ling was generally poor. This dark spot where A had hit was well

any amateur astronomers in Florida. Spot A was followed on its
Gy ge by a second dark spot due to the impact of C. After another

N of these spots were seen by many observers in Europe on the
- y 17th. They had obviously intensified during this first day.
~ 35_4 ‘were left by the D and E impacts, but the impacts of B and F did
ible scar after producing little or no fire ball.
E d a trend in that off-line nuclei just ‘fizzled out’ whereas on-line

Tise to dark clouds that were seen as soon as the impact site rotated
e disc. These clouds appeared to be either larger or darker or both
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Fig. 9.15 Nomenclature of the components of Comet Shoemaker—Levy |
Telescope picture of May 17th 1994).
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on the following day. The sizes of the visible dark mar|
proportional to the size of the flash produced by the imp:
high altitude, these clouds appeared at least as dark when on th
they were on the disc. iy
On the evening of July 20th the K, L and G sites were
them similar in size to the Great Red Spot and very dark.
was due to hit at this time. However, Q; and Q, didn’
and only Q; produced a new scar and this was faint. Q, y
a third type of fragment which caused short-lived fire
spots than previous fragments of similar brightness. N_
was similar. Fragments S, U and W hit the existing scars of
By July 25th the impacts had finished and Jupiter’s
On one side, sites A and C were fading and on the other
G/S sites were enormous with sites R, Q, H and E fo
intensity were changing and neighbourhood winds spread |
different directions. During the next month amateur ok
follow the impact sites which became progressively mor
approached the sun and began to descend lower in thy
continued to observe until the middle of September in
middle of October in India.
Site A vanished within 2 weeks although other sites were
a month. Fading usually started after 10-20 days while
visible outside the former edges of some sites. Long
stretching outwards from the L site in images secu
I. Miyazaki.
Towards the end of August the A and C sites had dise
and E sites were now just poorly defined condensations
extended all the way around Jupiter at the latitudes where
Still very large and dark in late August were the K/
plexes whose shape had altered.
Initially there did not seem to be systematic moti
Temperate Current, the local current for the region.
various local motions; for example, there was an increase
longitude of the E site, eastward and westward expansio;
northerly extension of the H site. As the black centres of
many of the sites started to spread to lower longitudes.
matter had spread extensively in front of the initial bounda
impact sites. The story of the impact of the fragments of C
on Jupiter and their observation represents ‘the largest
power ever trained on a single event’.

der superb seeing conditions. Powers used were x 500— x 900.
un
ere as follows:

than Europa and yellowish in colour. Decidedly the larger of the
er
or satellites. .
Very prilliant white.

Much larger than Jo. Pale and of a dull chestnut colour.

e. The largest satellite. Similar to Io in colour and brightness.

these drawings were found to agree quite wel} with draw?ngs
Pickering, Barnard, Antoniadi and Holden. This was especially
1;rings of Io and Ganymede. A dark spot seen on Europa by
1927 corresponded with one of the small dark spots found by the
: er:gssatellite drawing in order of its orbital longitude apd by
study of the locations of the satellites’ surface fea.tures, it was
all the satellites revolve around their primary with revolution
o their axial rotation periods and that their axes are nearly

o the planes of their orbits. '
» constructed from these drawings and showed the following

rk polar regions. Many light zones in the equatorial region sepa-
by longitudinal dusky bands.

Light polar regions. Wide equatorial belt of a dusky appearance.
dark spots on the equator. :
nede. Two white areas near the poles, that near the north pole being

or. Two dark belts paralleling the equator with at least two dark
on each of them. The darkest spot lies close to the white north polar

. A small white cap near the south pole, small light patches near
north pole. Dusky equatorial region.

to the results of spacecraft exploration of Jupiter.

observation of Jupiter

nd 1972 the Pioneer 10 spacecraft was launched by NASA on a flyby
iter and Pioneer 11 was launched on April 5th 1973 on a mission to
Saturn. Pioneer 10 flew past Jupiter on December 3rd 1973 and
close-up pictures and miscellaneous data back to Earth. Pioneer 11
ter on December 2nd, 1974 and confirmed the results obtained by
It continued onwards towards Saturn, the fly-by date being
979.
determination of Jupiter’s diameter was made by Pioneer 10 and it
that Jupiter is somewhat more flattened at the poles than was
deduced from Earth-based measurements. The polar diameter was
)582967 miles (135516 km) and the equatorial diameter 88734 miles

Surface markings of the satellites

Many observers using large telescopes in good seeing con
sketched dark markings on the surfaces of all four Galilean
even constructed maps. Especially interesting is a serie
made by H. Camichel, N. Lyot and M. Gentili at the Pi
from September to October in 1941. These observers
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The earlier pictures did not show much more detail than the
! .pictufes but those obtained when the spacecraft was within 48
est approach to Jupiter were much better than anything seen

: clos This applies not only to better resolution but also to the first
i'ter from angles impossible from Earth, such as almost directly
regions and phase angles that are never seen from Earth, such as
e that was imaged as Pioneer 10 receded from Jupiter. The last

1311::15" on December.Slst 1973. ' : ;
most jmportant pictures obtained from Pioneer 10 was of a spot in
‘emisphere similar to the Great Red Spot but much smaller. It
bled the Great Red Spot and it seems likely that these and other red
eorological phenomena in the Jovian atmosphere.
Red Spot itself was seen to be an anticyclonic feature and it rotates
wise direction. Previous speculations that the Red Spot and the
nes are places where there are clouds, anticyclones and ascending
s appear to be confirmed by the Pioneer 10 findings. The dark belts
and are sinking masses of gas leading to clouds lower down.
er 10 pictures of Jupiter were full of surprises regarding the clouds.
whirls near the edges of zones and belts at middle latitudes showed
are rapid fluxes in wind direction and speeds as was previously
The Equatorial Zone plume was shown in great detail. In the North
7one, slanting trends were seen which indicate latitudinal as well as
motion.
11, the second spacecraft, sent back about 460 pictures of Jupiter and
an satellites between November 18th and December 9th 1974. It came
to Jupiter than Pioneer 10 and from a different angle. This allowed
eraft to obtain unprecedented views of the near-polar regions.
* 11 was the first to photograph Jupiter’s polar regions and many good
of the poles were secured. Views were obtained of the North Polar
are unobtainable from Earth. They showed that north from the
mperate Belt the dark belts and light zones show progressively less
on and the banded appearance changes to a pattern of circular and
s further north than 75-80° of latitude.
taken from a distance of 582000 miles (936 000 km) revealed great
the belts and zones which include light and dark cells probably
from convection in the South Temperate Zone.
st view of the Great Red Spot up to that date was obtained at a distance
0 miles (545000 km). It revealed the Red Spot as containing less fine
than was visible in similar images at other latitudes. The Great Red
to be in the most undisturbed zone on Jupiter and this probably
its stability.
ition to the splendid close-up views of Jupiter afforded by the Pioneer
» unprecedented views of the surfaces of the four Galilean satellites
0 yielded. The pictures obtained of the Galilean satellites afford a much
of the albedo and colour characteristics of different parts of their discs
ever been obtainable from Earth-based telescopic study.
r 10 obtained images of Europa and Ganymede. The pictures of Gany-
" k?n dark mare at the south pole and a central mare, both about 480
0 km) in diameter, and a bright north polar region. A less detailed
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Fig. 9.16 This impact w
drawings made by ar
donald, David Gray, |
and Johan Warell (Uj
instruments rangin
centimetres in

practice of amateur
have south at the k
appears to a visual
ical telescope, which inve

18 July 19: 50 UT (Gray).
19 July 20:45 UT (Ma
dark and circular. The
fading.
20 July 20:44 UT
visible are K, L and G.
21 July 18:49 UT (W
and H.

22 July 1955 UT (Lat
the K/W complex. C and
23 July 19:30 UT (Gra
on the meridian, with t
either side.
(From The great comet
Mitton, ]. (eds.) Cam
Cambridge (1995).)
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image was obtained of Europa and shows an appearan
Ganymede. Bright and dark areas are visible in the image,

Pioneer 11 also obtained images of several of the Ga]
surface features. It obtained the only good image of Io, a
Pioneer 10 missed this satellite. Io seems to differ consid
Galileans. It has an orange colour and is among the most hi
in the Solar System. Dark polar caps were visible, Earth
suggest that the polar regions of Io have a reddish colour, Th
shows an orange polar region and a whitish equatorial re
have an atmosphere which, although it has a density
Earth’s, is about 70 miles (115 km) deep. Io, therefore, is
planet-type bodies that possesses an atmosphere. The tw:
obtained by the Pioneer spacecraft reveal little variability
surface but quite large brightness variations. Several good ;
were obtained, revealing small colour and brightness v-
Density measurements of the Galilean satellites made by
that lo and Europa are rocky while Ganymede and
bodies.

The Voyager 2 spacecraft was launched on August 20th 1¢
to be a four-planet fly-by: Jupiter (1979), Saturn (198
Neptune (1989). Voyager 1, launched 16 days earlier on
a two-planet fly-by: Jupiter (March 5th 1979) and Saturn (N¢

Voyager 1 came closest to Jupiter on March 5th 1979 and i
planet ended early in April. Nearly 19 000 pictures were s
kinds of scientific measurements. Voyager 2 came closest to
1979. 33000 pictures of Jupiter and its five largest satelli
by Voyagers 1 and 2. The quality of the pictures taken by |
was much better than expected, the mission yielding phot
times better resolution than those given by Pioneers 10 and

One period of intensive observation lasted for four da
detailed images of the cloud belts. Much detail never before
revealed within them. Data on the circulation of ]upi &
detailed geological information on the surfaces of the
returned to Earth. A search was also made for new satelli
obtained on the physical make-up of Jupiter and its enviro:
atmospheric features and the surface features of the G
following brief summary of findings is confined almost
features and satellite surface features as being the most lik
telescopic observer of Jupiter.

In the first few days of the mission there was discovered the
Jupiter, the complexity of structure and motion of Jupiter’s
weird surface features of the Galilean satellites.

The Great Red Spot was closely studied. The close-up pho
activity that astronomers had suspected for a long time but
been clearly visualised from Earth (fig. 9.17). This was th:
rotating in an anticlockwise direction, a complete rotation ta
Matter near the centre of the Spot shows little movement
random while matter at the outer rim of the Spot comple
days.
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er's Great Red Spot, July 3rd, 1979 (Voyager 2).

ger encounters revealed that atmospheric features of many different
pparently uniform velocities, indicating that mass motion or actual
 of matter and not wave motion, i.e., energy movement through
non-moving mass, is occurring.

id increase in brightness of atmospheric features and subsec;uent
of cloud matter was observed. This is probably the result of dlS‘l'lll‘-
tting off convection. Previous studies had indicated that the regions
south of latitudes 45° north and south respectively are regions of
an y upward and downward convection. The Voyagers recorded east
ds as far poleward as 60° north and south latitudes, so that t.hls
t at least up to 60-75° latitude cannot be dominated by convection

phenomena were detected in the polar regions and have also been
traviolet light. The latter were not seen in the Pioneer 10 and 11 close
s. Lightning bolts in the cloud tops were seen. .

ing the satellites, nine erupting volcanoes were certainly idenhﬁed_or\
ager 1. Plumes of eruptive matter reached up to more than 190 miles
bove the surface. The distant low-resolution pictures taken by Voyager
Europa’s surface to be marked by a multitude of crisscrossing linear
Higher-resolution pictures taken by Voyager 2 showed these features
cracks in the crust as was first thought but purely surface markings.
e was found to be the largest satellite in the Solar System thus denying
irn'’s satellite, that distinction which it had been thought to hold. Two
ace terrain were observed on Ganymede, grooved and cratered. The
allisto was seen to be much cratered. The largest rings appear to
eroded and virtually no topographic relief is visible in the ghost-like
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Observing Jupiter
Table 9.3. Visibility and movements of Jupiter. . wer of x50 on a small refractor clearly shows the oblateness of the
£ two equatorial cloud belts. This low power shows Jupiter’s disc as
i full moon appears to the naked eye. Some find this difficult to

Days after conj

Jupiter in morning sky. 13 it is easily verifiable. Choose an evening when the moon and Jupiter
Retrograde motion begins. 140 or in the line of sight and look at Jupiter through a telescope with
Opposition to sun. 200 imultaneously view the moon with the other eye (unaided). The
Retrograde motion ends. 260 be seen to be very nearly the same size.

Jupiter disappears from night sky. 386

Conjunction with sun. 399

ar System planets Jupiter is in many ways the most rewarding to
s visible in the night sky every year unlike Mars which can only be
 a few months every two years, and Mercury and Venus with their
ity. It can be observed all night at an opposition and it presents the
vy disc in the telescope except for Venus near inferior conjunction.
ths each year Jupiter’s disc is over 40 seconds of arc in apparent
o as mentioned previously, the apparent angular size of its disc
: nearly as much as that of Mars in the weeks before and after
contrast, when Mars attains the favourable diameter of 24 seconds
s south of the celestial equator and does not attain a height of more
closeness to the horizon does not favour good telescopic observa-
yparent angular size of the disc expands and shrinks considerably on
of opposition. On the occasions when Mars rises to a height of 50° or
apparent angular diameter is only 15 seconds of arc. For northern
observers, then, Mars is not easy to observe.
do not see surface details on Jupiter but only the top of a cloud layer;
s an ever-changing and fascinating spectacle. The rapid rotation of
s new details into view literally almost every few minutes. Jupiter
e same from one opposition to the next, the cloud belts and zones
changes in width, colour and intensity. Other phenomena are quite
‘and change over a few days or weeks during an opposition. Then
e four Galilean satellites which some sharp-eyed people say that they
hout optical aid. They are a fascinating sight even in binoculars and
in straight line array on one or both sides of the brilliant disc of

remains of these features. They are distinguishable only &
Amalthea was found to be elliptical, its dimensions bei
by 105 miles (168.9 km) by 95 miles (152.9 km). 1
A dust ring about 20 miles (32 km) thick was discov
The outer edge is 80000 miles (129 000 km) from the c
evidence to indicate that ring material may extend as f;
km) further inwards and into the upper layers of Jupit
brightest part of the ring is only about 4000 miles (6000 km;
indicates that ring material may extend as far outwards as
The brightness of the dust ring is far too low for it to be visi
Two more satellites were discovered, Metis and Adrastea,
miles (40 1cm) in diameter, just outside the ring. Anoth
between the orbits of Amalthea and lo. Its diameter is ab

Visibility of Jupiter

Jupiter can be well observed every year, its oppositions a
later each year as previously shown. It can be observed
mately ten consecutive months between successive conjt
limits are 25° north or south of the Ecliptic; in north
summer oppositions tend to be low in the sky. However,
atmosphere frequently nullify the usually detrimental e i
planetary images and give superbly steady seeing. Jupits
celestial equator during roughly 1992-7. |
Particularly good observation is possible at winter opp
hemisphere, at which times Jupiter is high above the horizo
for as long as 16 hours during a single night. It is therefor
complete rotation of the planet in one night — assun
endurance! Jupiter’s visibility sequence is as shown in T
Jupiter is so bright that it can be seen in the telesco
as little as 13 days after its conjunction with the sun. e
every night as the distance between the Earth and Ju 9.18.
motion begins 60 days before OPPUSitiDI_‘ and goes on | are usually a bright ivory white. The dark belts and light zones form
opposition. When the retrograde motion halts, Jupite: ' d the planet in a latitudinal orientation and show fairly rapid local
evening sky for roughly 125 days. i ape due to streaming and turbulence effects. The dark cloud belts
Jupiter is seen as a disc in binoculars and the Galileans P Just short of the east and west limbs of Jupiter owing to the
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inch refractor will show the two dark equatorial belts and satellite
the disc of Jupiter. In fact the sharpness and blackness with which
ite shadows are seen are a good optical test for a 3-inch telescope.
f 6 inches and over are needed to show the thinner cloud belts and
details. The cloud belts usually have a greyish-brown tint but can
able colour effects like reddish grey and blue-grey. Shades of red,
yellow and green have been noted and even brown, purple and
al appearance of Jupiter and its satellites in a small telescope is



Jupiter udes of Jovian features by central meridian transit timings

| ofthe longit

CcM

¥

Fig. 9.18 General appearance of Jupiter and the Galilean satellites in as .

combined effects of the atmosphere and the curvature of the
ends of the cloud belts seem paler. In the inverting astrono
northern hemisphere, Jovian markings appear to drift across
to left. Perhaps the best-known atmospheric feature is the Great
oval body more or less prominent and usually of a faint pink co
South Tropical Zone indenting the south edge of the South Eqg
touching the north edge of the South Temperate Belt. |
A complete Jupiter observing programme will comprise the fc

(1) Longitude determination of features by central meridian tr:

(2) Latitude determination of features.

(3) Disc drawings, strip and sectional sketches.

(4) Determination of rotational periods of Jovian features fro.

drift.

(5) Observations of white ovals.

(6) Observations of the Great Red Spot.

(7) Colour and intensity estimates.

(8) Photographic work.

(9) Study and timing of satellite phenomena.
(10) Radio work.

910 Central meridian (CM) of Jupiter.

quently measured over a period of weeks, it is ofter_l foiund. that tlhe
ges its longitude, either drifting east or west or exhibiting irregular
is this kind of observation that has revealed so much about the nature
ts in the cloudy atmosphere of Jupiter. e
fermination of Jovian longitudes is similar to the detfermmahon of
ongitudes but in the case of Jupiter there is no visible solid surfaa:(? a.nd
no permanent surface marking to serve as a marker for a zero mend_lan
ide. From observations of Jupiter’s clouds we conclude that Jupiter
e axial rotation in a little less than 10 hours. The only possible way to
standard meridian is to select one that rotates about Jupiter’s axis in
this period. The precise value assigned to this rotation period is not
Eprovided that it is uniform and convenient. \
been noticed by early observers that the rotation periods of ma‘rkmgs
the equator of Jupiter differ from the rotation periods of markmgs in
erate and polar regions; the equatorial rotation period was .ascerta_lned
ally 5 minutes shorter than the temperate and polar rotation periods.
ence is sufficient to make impracticable the use of a single merid.iap of
for markings in all latitudes. Hence, two arbitrary standard meridians
With different rotation periods. These are designated System I and
239

Determination of the longitudes of Jovian features by
transit timings

The most valuable kind of observation that can be made is the
the longitudes of Jovian features by timing their transits aci
meridian. The central meridian is the imaginary straight line.
right angles to the cloud belts and that bisects the disc of Ju
west halves (fig. 9.19). Most of what we know about atmosp
Jupiter such as the cloud currents has been obtained by this
learned technique of timing central meridian transits. If the loi
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System II. All markings within about 10° of the equa
and markings between this region and the poles are
rotation time of the System I standard meridian is 9
seconds and that of System II is 9 hours 55 minutes, 40,¢
of precision may seem odd since the times chosen are
them is that the rotation periods have been calculated f
period of System I of 877.90° of longitude in 24 hours
of longitude in 24 hours for System II. The value fr
exactly the rotation period of the Great Red Spot betw
1890/1. i
The Astronomical Almanac and the ALPO Solar System
year provides separate tables giving the longitude of
hours 00 minutes UT for both System I and System II f
observable. In addition, other tables are provided thaf
itude in a given time. Hence, it is a simple matter to cal,
central meridian at any time in either System I or System
The timing of transits of features across the central n
determinations either directly or indirectly of precise mg
rates, changes in rotation patterns, the extent in lon
determination of the longitude of a feature to within
All that is required for timing transits of disc feai
meridian is a telescope, pencil and notebook and a w

; 1 idian transit timings
afthglmgztudes of Jovian features by central meridian tra g

South
CcM

(a) Preceding end
01.00 UT

Following
side

{b) Central transit
01.09 UT

within a minute of the actual time. Alternatively, a sho

77777

adjusted to WWV time signal frequencies of 5, 10 or

frequencies may be more appropriate outside the United

Even a small telescope can be usefully employed but its
less than 3.5 inches for a refractor and 4.5 inches for a refle
will, of course, show smaller and/or fainter objects thus
of central meridian transits that can be timed.

In determining the time of transit of a very small
longitude in extent) across the central meridian, only
centre of the feature needs to be recorded. If the feature is
such as the Great Red Spot, then three timings sh
leading (preceding) end or edge of the feature, one of
trailing (following) end. See fig. 9.20. The determinat
the centre of a feature across the central meridian t
longitude since this will be the same as the longitude of

\yrrra I I

(c) Following end
01.18 UT

that time.

The rapid rotation of Jupiter causes an easily noticeab!

apparent positions of features near the centre of the dis
between looking at a feature and then looking again °
perceptible difference in its position. Jupiter will have ro
of longitude during this short interval.

When a feature is observed continuously as it approa
the central meridian, it rarely appears to be on the cen:
than 2 minutes. If the mean is taken of the times when
determined to be on the central meridian, an accepta
time of central meridian transit should be secured.

Practice is necessary in making accurate transit timings
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al meridian transit timing of Jupiter's Great Red Spot: (a) preceding end (01.00
fransit (01.09 UT); (c) following end (01.18 UT).



Jupiter Classification and description of Jovian disc features
ability of the observer to judge accurately when an object is
meridian. Because of inevitable errors of judgement, even ¢
may estimate central meridian transit times of Jovian fea;
minutes from the true time of central meridian trans:
than 3 minutes.

Some observers tend to record transit times a min
others may be a minute or two late while yet others are ;
has been found to be fairly constant or systematic for ;
hence it is called the observer’s ‘personal equation’. It can
is known. |

Estimates differing from the true value by as mu
however, be valuable on occasions in identifying a feature;
occur in a series of transit timings of a feature becau
may have been observed for three or four weeks and
have intervened for another three weeks. When the wea
in position and movements to the first is seen, sugges
and the same object. If during a brief interval of clear
three weeks a spot was seen in a similar longitude then
single estimate of its time of transit across the centr
establish its identity with the other two spots and thai
identical.

Is the use of the filar micrometer necessary in making ¢
longitudes of Jovian features? Estimates of longitudes |
method described above cannot hope to be comparable
be done with a filar micrometer and if the only pu
timings was the accurate determination of longitu
particular times, then the use of the filar micrometer
timing of eye estimates of central meridian transits. H
for timing transits is more than just longitude detern
drifting in longitude of objects over more or less extended
to the discovery of the complex currents in the atmo
wanderings in longitude of the Great Red Spot. In this
or 2° in longitude determinations would make no not
results. In the case of very small faint objects the filar
useless because the wire web in the device would obsc

A further objection to the use of the filar microme
valuable observing time. On an evening of good seeil
worth recording may transit the central meridian in the
of these could be important but too faint to permit the use
most of the others there won't be enough time for adjus
all of them.

There would appear to be no real justification for
methods of central meridian transit timings than eye
have produced and will certainly continue to produce i
results. The filar micrometer reveals its value when
anomalies in the longitudinal drifting of certain spots.
simply define the central meridian by setting the wi
Jovian equator and one Jovian radius apart, one wire
the other with the central meridian.
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nand description of Jovian disc features

of Jupiter should be able to describe accurately the features he
lanet. As previously mentioned, the major dark latitudinal bands
d belts or just ‘belts’ and the bright areas between them are called
menclature of these has also been described earlier and is illu-
9.3. The appearance and nomenclature of the most commonly

er features on Jupiter’s disc are as follows (see fig. 9.21):

ds (wisps). Faint narrow straight or curved dusky streaks ex-
from the edge of a belt into the adjacent bright zone. They
ence as a ‘bump’ at the edge of the belt. Commonly seen on the
edge of the North Equatorial Belt and extending into the Equatorial
and bending in the following direction. The end may bend right
and rejoin the belt.
(bridges). Thin bands of dusky cloud material connecting two
across the intervening zone. Elusive and difficult to observe.
ovals. As their name suggests, these are light or grey-coloured more
s oval or circular objects. The light ovals may be seen on zones or
as they are usually the brightest of Jovian features. They are often
the South Tropical Zone and in the South Temperate Zone and
intrude on the south edge of the South Temperate Belt. Grey ovals
st seen when on the light zones.
. Well-defined rounded spots, much smaller than ovals,
" even than the shadows of satellites. Usually found within the
1and South Equatorial Belts.
White sharply defined linear features, 1-3° in width lying at an
s of 45-60° on a dark belt extending to both edges so that the two
ent zones are joined.
spots. Red-coloured glowing spots, smaller than satellite

S.
Sharply defined semicircular bays on the straight edge of a dark

ssions or indentations. Dark and light irregularities on the edges of

belts.

Knot-like thickenings seen in narrow cloud belts.

concentrations in belts. Ill-defined often extensive darker areas

1 belts.

Horizontal linear markings (HLM). Short straight dark linear

usually seen in the North Tropical Zone just separated from the

pf the North Equatorial Belt. They look like short strokes drawn with

Short, rather thick segments, usually found in belts rather than

2 Duri.ng disturbances, these may have an orange or reddish colour.
than rafts.

r markings. Grey or reddish, found in the belts.

ent method should be used in recording transits. This can be made
a ule abbreviations for the names of features are used. Virtually every
T€ can be classed as either a bright marking (W) or a dark marking
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Determination of latitudes of Jovian features

ﬁ?ﬁ?’; S5 b piations used for Jovian markings.
I avirs - —
R ;,_gﬁf - ntmarkings L large proj.  projection
R A R AR § ; 'k It-narking north cond. condensation
Ga:l:;g;l: 95 eceding or south indef. indefinite
eceding end
i very sm.  small
B G wing or elong. elongated sect. section
e s L i wing end
White spots or Rifts _ picUOUS c centre GRS  Great Red Spot
nodules j RSH  Red Spot Hollow

reason there is uncertainty about the transit time of a feature this
cated by writing est. (estimated) after the recorded time. Include a
cription of the type of feature and its structure.

in longitude, the rotation period of a feature can be accurately
it can be observed for weeks or months. The best method for
rotation periods is to plot the observations on graph paper with

knot

5 . : ngitude displayed horizontally and dates displayed vertically. A

B ' » would be to let 0.1 inch represent 5° of longitude and the same

izt s - - . : ' days. Study of such graphs enables identification of features seen on

Raft Elongated tes, the longitudinal drifts can be demonstrated and rotation
concentration ined.

or e e is linear and has a constant longitude this indicates a constant

od which is the same as that of the system used. An irregular or
tline indicates a variable period.

periods can be obtained when longitudinal drift has been established
ng the conversion tables in The Planet Jupiter by B. M. Peek (Appendix
periods may also be calculated from one of the following formulae:

mber of degrees the feature drifts in longitude in 30 days in System I
is the same for System II, then the rotation period P of the feature in
Lis given by:

0m 30.003 s + (1.345s) (D1)

on period P in System Il is given by:

55m 40.632s + (1.369s) (D2)

 positive or negative when the features drift towards increasing or
ing longitudes respectively.

Disturbance
Fig. 9.21 Nomenclature of Jovian disc features.

(D). The transit time of a feature may refer to the preced
end (f) or centre (c) of the feature. '

The most important part of an observer’s description
transit of a marking will have been recorded if the des
a Wor D plus the appropriate subscript, p, ¢ or f. These
abbreviations identifying the nature of the feature. The ab
are those most frequently used in recording transit observ
the preceding end of a dark area in the South Temperate
Dp (sect.), STB.
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1ation of latitudes of Jovian features

of the belts, zones and other features of Jupiter do not change much
Ong time intervals and the changes are never large. Latitude determi-

ore need only to be carried out infrequently. This is fairly straight-
the telescope must have a good clock drive and RA and declination
S are necessary.
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upiter P . ;
Jup Determination of latitudes of Jovian features

The different methods of determination of Jovicentric Jat
degrees of accuracy and are based on measurements of po
Jupiter made with either an eyepiece graticule or a filar :

A , g : i : neasuremern
o glass grah_cule rulgq with fu_le lines is inserted in Fri meals distance because it is difficult to find the equator exactly if the

escope eyepiece; positive eyepieces are the obvious topo’e ; i i i
focal pl ies i i t to be in the same plane. Sometimes a dusky equatorial belt is
boca plane hfli in front of the optl_cal components. The gra g gges not always coincide with the equator.)
aﬁ c;:(:ﬁ;serzsc edzeri\lzzd()::;;ﬁ fﬁmt c.loud belts. The mea: of the eyepiece graticule or micrometric measurements the ratio

124 QUows: 1 to the sine of the angle SOE, the Jovicentric latitude of S. It is

iter whose Jatitude is to be measured. (It is not recommended that
: ticule line oT micrometer wire be oriented along Jupiter’s equator
p t of the distances of the feature from the equator and

(I) With the image of Jupiter accurately focused rotate {
the lines of the graticule are exactly perpendicular

(2) As accurately as possible, measure how many ¢
fractions of a division correspond to the apparen Z
Jupiter.

(3) Note how many graticule divisions are equal to the ¢
other feature from the more distant of the two is approximate only as it ignores the ellipsoidal figure of Jupiter
feature is located north of the equator, measure the : tion of Jupiter’s equator to the ecliptic. However, it is better than
pole. Measuring this instead of the shorter distan ok or no latitude determination at all.
pole gives somewhat greater accuracy. |

it )
AB

le of sines look up the angle whose sine is equal to this, the required
Htude.

od In the previous method the Jovicentric latitude of a feature
calculated on the assumption that Jupiter is a sphere because the line
us of the sphere, is invariant in length whatever the latitude of S.
5o in the case of an ellipsoid such as Jupiter and the mathematics
n taking this into consideration may deter some readers. A simpler
lving scale drawing is therefore offered here instead.
a fairly large ellipse of the correct oblateness on a sheet of paper 8!
, preferably ruled with faint squares to facilitate orientation of the
ipse can be drawn with a plastic stencil obtainable from drafting
plies stores. The oblateness of the ellipses on these stencils is
in degrees and a 70° ellipse has just about the right oblateness for
ipiter. Expressing oblateness in degrees is based on the fact that an
ated by parallel projection of a circle onto a plane inclined at an
circle. If the circle is parallel to the plane (zero degrees) its projection
ircle also. If the circle is perpendicular (edge-on) to the plane, then its
ill be a straight line of length equal to the diameter of the circle. If,
e is gradually tilted from the perpendicular the projection will be
at small angles from the perpendicular the ellipse will be very oblate
As the angle of tilt increases the ellipse projected onto the plane will
less oblate and will approximate more and more closely to a circle.
eness of an ellipse is the ratio:
minor axis
major axis

Alternatively, these measurements may be made with a

Determination of latitudes of Jovian disc featur
First method Refer now to fig. 9.22 in which for simpli
Jupiter is spherical and that the Earth is in the plane of ]up_

The points P and P’ are the apparent poles of Jupiter |
under the above assumptions), O is the centre of Jupiter c
plane of the equator and parallel to PA and P'B. AB is th
graticule or micrometer divisions between the appa!-‘é’l.’.l.
measured distance from the south pole P’ of S, the feature

ess of the Jovian ellipsoid is therefore:
polar diameter
equatorial diameter

P D )
(Sphere) ely equal to 15/16, the degree of oblateness of a 70° ellipse.
adecimal to two places, 15/16 is 0.94, the sine of 70°, very nearly.

ellipse that you have drawn with a major axis about 15-20 cm in
247

Fig 9.22 Determination of Jovicentric latitude (first method).
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Jupiter

>0

Pl

{Jovian ellipsoid)
Fig.9.23 Determination of Jovicentric latitude (second method).

length. This large size permits more accurate drawing ang '

made than would be possible in a smaller drawing.

If a stencil this large cannot be found, making a di
available 70° ellipse and make an enlarged copy of it on ap
that has this facility. Having drawn the ellipse carefully n
the major and minor axes intersect its circumference — thes

stencil ~ and draw the axes GF and PP (fig. 9.23). §' mar

Jovian feature near or on the central meridian as seen in tk
measure the distance PP, the polar diameter in milli
meridian, plot S, the feature whose latitude is to be
distance P'S" in millimetres is equal to PP’ multiplied by tt

CD/AB, where SP’ and PP’ are expressed in graticule or
Imagine now that Jupiter rotates through 90° to the right
outline now represents a section through Jupiter. Draw a s
parallel to the equator so that it intersects the circumf

S. PSFP' is now the central meridian as it would be if I_".”- i

Earth at the right side of the page and S is the feature w
determined.

The line OS is now drawn; the angle FOS is the Jovicen
may be measured directly with a protractor or calcula
trigonometrical functions of the angle: the sine SE/SC
the tangent SE/OE. Since in this right-angled triangle SC
hypotenuse - is longest, it can be measured most accuratel
or cosine function should preferably be used.

Again, this method is approximate because it ignores t
of Jupiter’s equator to the Earth’s orbit and this may lead te

Third method Rough latitude estimates may be madéﬁ_-.,_
248
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Disc drawings, strip and sectional sketches
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Latitudes
(Telescopic view)
ud (m}upiter.

s of Jupiter. A good, fairly large photograph of the planet is requ.imd
\ measurements of the positions of Jovian features are taken with a
ffu]er from which latitudes are estimated as in the second method.

y, the photograph may be compared with fig. 9.24 and a rough
ade of the latitude of the feature. It will be evident from fig. 9.24 that

e above methods, which depend on measurements of the distance of a

n one or other of the poles, that the nearer is the feature to the p(_)les of
e greater will be the effect on any error of measurement in .th.e
t determination of latitude. Further, owing to limb darkening, it is
zb—cate the exact positions of the poles in a photograph. It is not
0 expect measurements of latitudes higher than about 5° north or
as accurate and reliable as those made at lower latitudes. i
e oblateness of Jupiter and the inclination of its equator to the Earth’s
b be allowed for in Jovian latitude determinations then a somewhat
d calculation involving more advanced trigonometry is required. If
0 go this far see the following books for details:

upiter. Peek, B. M. (revised and with foreword by P. A. Moore), Faber
aber, London (1981).

nal Astronomy for Amateurs. Sidgwick, J. B. Enslow Publishers, New
/(1982).

g.'.-P!anet Observers. Roth, G. Faber and Faber, London (1970).

vings, strip and sectional sketches

rawings of Jupiter are part of a complete observing programme, but
econdary in importance to transit observations. However, if carefully

249



Jupiter ination of rotational periods of Jovian features from longitudinal drift
erm

executed they are valuable as a record of the changin
Many of the major phenomena and disturbances in Jupite

be found in the drawings of observers of the past.

h =< STB
The oblateness of the disc of Jupiter must not be ignored
outline of suitable size — about 2 inches in equatorial djar i, S— ggg:’;

from a 70° ellipse stencil as previously mentioned. The A
blank forms for making disc drawings and these may be
the Jupiter Recorder. The disc of Jupiter on these fo s
oblateness and printed on a black background which o
appearance to the finished drawing. Space is provided for
notes and data. Since Jupiter rotates so rapidly on its ax
work quickly otherwise the drawing will be spoilt by disto
rapid rotation. Ten-twenty minutes should be aimed
drawing.

At most the phase angle of Jupiter is 12° (when at quadra
fiftieth of the diameter invisible. A large telescope will rey,
when occultations of Jupiter’s satellites are under obsery.
phase angle can be safely ignored in drawings. More obvious
darkening on the limb facing away from the sun.

Since Jupiter’s equator is inclined at an angle of only 3°
there will be hardly any visible seasonal changes on Ju
views of the polar regions will not be evident.

Before commencing a drawing it is advisable to study t
minutes so that the eye becomes accustomed to the image
the drawing by lightly indicating the two equatorial bell
tion to their relative and absolute widths with respect to
disc and carefully position them in latitude. Then add
paying attention to their widths and accurate positioning
to crowd the cloud belts too close to the equator while o
tendency.

Indicate by shading the relative intensities of the belts and
the paleness at their ends near the limb of Jupiter. Do not
with heavy pencil lines. You can take your time over this as
the planet does not have any appreciable effect on the lati
there are prominent light and/or dark spots on the disc, Tecor:
take one or two minutes to draw these spots and position tt
you can. These will provide ‘land marks’ with which you
accurately position the finer details on the disc. Look ot
‘festoons” on the south edge of the North Equatorial Belt
them.

When the drawing is complete the following data should be:

(1) The date, starting time and finishing time (UT) that

made. _ ion of rotational periods of Jovian features from

(2) The longitude of the central meridian in each system - udinal drift

the time that the drawing was made.
(3) The telescope used, aperture and magnification and an
(4) The seeing and transparency conditions.

nded disc (strip) drawing of Jupiter. (Based on a drawing by P.S. McIntosh, 4-inch
omber 4th, 1962.)

d fine details shown better. Don't forget to indicate the latitude and
eef:ﬁ::ieginning an observation, a drawi_ng may be_prev‘iouslg
the positions of the principal cloud t?elts llghtly_ pe1.1c1lled in an
copying from a previous recent drawing. _Mor.dlflcatmns or otht?r
.then be added when the telescopic observation is commenced. This
justifiable because the latitudes of the belts do not normally show

' during an apparition of Jupiter.
iger;ade b)% addi};g details to an already drawn preceding half of
features in successive longitudes are continually brougl}t to the
dian by Jupiter’s rotation and then drawing them at thler correct
that the drawing extends as a strip towards tht? following _(nght)
5). Instead of working out longitudes on the spot 31'mp1y position the
distances to the right proportional to the times at which they 'appeared
ntral meridian. The actual longitudes can be worked out and indicated
sketches thus enable a much greater range of longitudes to be sho?vn
ossible in a disc drawing and are especially valuable for recording

te drawings of active areas on Jupiter made on dates close to one
ave potential as a useful method of studying ‘such pr_oblems as the
ovian atmospheric phenomena, their peculiar interactions and 1‘nf_1u-
it they have on each other. It is important to record central 'merlfifan
es of such features and adjacent belts and zones should bfa identified

g. The correct latitude/longitude relationship for strip and sec-
es of Jovian features is shown in fig. 9.24.

otational period of a Jovian feature can be determined by measuring its
drift between two dates separated by 20 or 30 days. The method. of
longitude has already been described. Table 9.5 shows the correction
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Interesting disturbances or other features may be represen:
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Jupiter Observations of the Great Red Spot

Table 9.5. Conversion of change of longitude to rotation period.

5 ination of rotational rate from longitudinal drift
dgtemlligat;g:‘ you observed the centre of a Jovian spot to transit
0 Certi'1dii@n}1f1 on March 12th at 02.10 UT and that this is computed
_'t_r'al_ mgn 30.5°. Thirty days after this observation on April 11th the
ong! tut 51 5b UT and this gives a computed longitude of 32.9°. The
5 3 aincr;aased in longitude and has drifted 2.4° }vestward. The
.rfiom the table must therefore be added to the prime value of Sh

Rotation period N

Longitude Change in 30 days System I
(degrees)

9h 50m 30s. 003+

o -1345 ; is situated in System II. From the table it is seen that a

0.2 géﬁsgg goce ﬂleoilzost 1tg;)sthe- value 3%28555 (value for 2.0° .plus value_ for

0.3 0.4036 corrgz%s x 3.2855s). Adding this to the SystemlII 'prfme val_ue gives

o 0.5381 2{)!; plus 3.2855s = 9h 55m 43.9s (after realistic ‘rounding off).

0.5 0.6726 the 30-day period the rotational rate of the feature 'h}a:s }?een

5 0.8071 to be slightly greater than the mean System II value which shows

0.7 0.9417 e -nire decelerated during this time. . . "

0.8 1.0762 tion of these rotational periods is the su'1gle most 'valula e conl-(

0.9 1.2107 can come from amateur studies of Jupiter f'or it is this type 0

1.0 1.3452 that reveals the existence of Jovian atmospheqc currents anil th?r

- 26003 which are so important to our understanding of the planet’s

3.0 40357

4.0 5.3810

2J) 6.7262

L 8.0714 ations of the Great Red Spot

;g 13;6126(:; t Red Spot is one of the most interesting of plane‘tary objectsi(It can

9.0 12.1072 s of 30000 miles (48 270 km) in length anc-i 7000 r.mle's ('ll 2631 m) 12
A0 13.4525 is usually associated with System II but its mot?on is irregu al:Ir Sa;l
20.0 26.9050 spendent of the System II current. Its mean rotational rate is 9 m

b Fhdlipgd F the Red Spot may be invisible, its position being occupied by the
bay, the Red Spot Hollow. When only the Red Spot Hollow can be
ons should be continued and data on the Hollow recorded.

' i d include:
factors for varying amounts of drift during a period of 20 d ational programme of the Red Spot should include

must necessarily be converted to 30 days so as to correspond
the table. As an example, supposing that a feature is observi
day period. Simple proportion will translate the drift to a 30

2 d

25 ~ 30
therefore 254 =60 and d = 2.4 degrees in 30 days. The values i
added to the prime value if the feature increases in longif
westward and must be subtracted from the prime value if
in longitude, i.e., if it drifts eastward.

Note that the prime value — meaning no longitudinal drift i
System II during 30 days - is the mean rotational rate for
System I the prime value is therefore 9h 50m 30.003s and fo :
55m 40.632s. )

If the precise amount of drift is not in the table then values
value you want are summated. The conversion of 2.4° for e
adding the values in the table for 2° and 0.4°.
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de determinations;

determinations;

inations of longitudinal drift;

our estimates;

ip sketches of the neighbourhood of the Red Spot;

actions of the Red Spot with other atmospheric features.

e determinations The method of determining longitudes of Jovian
already been described. The longitude of the Red Spot is found from
time of transit of its centre across the central meridian. In addition the
sit of the preceding and following ends can be valuable.

minations The size of the Red Spot in longitude is found by
the times of central meridian transit of the preceding and following
%€ Red Spot. Sometimes, the Red Spot has slightly pointed ends and
IS necessary in timing the central meridian transits of the pointed
and following ends accurately.
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Juptter Observations of the Great Red Spot

The longitudinal size of the Red Spot and other J
determined first by calculating its longitudinal extent in d
assume that the time elapsed between centra] meridian tr, = R—— > i e SSTB
and following ends was 17 minutes. We know that 0.6° " B
corresponds to 1 minute of time, therefore the longity e p——— STEZ

Spot is given by 0.6 x 17 = 10.2°. It is important to measure the STB
Red Spot as it fluctuates rapidly and to a large extent. .

It is, of course, possible to convert the angular length of ¢ STRZ
length in miles or kilometres. To do this the latitude of th R U5 SEBs
determined, since the actual length of a degree of longitud 3 ‘
from the equator. This would then be followed by 2 - I SEBZ
spherical trigonometry complicated by Jupiter’s oblaten, _ Tt SEBn

3 i jon: 00.29 UT. (E.J.
' d Spot and surrounding region: January 21st, 1964, ]
N::g;?z;f ereﬂe’;:mr belonging to Clyde W. Tombaugh.) (From The Strolling

7(9-10), 1964.)

Determination of longitudinal drift The Great Red
able drift in longitude and rotation rate. Between the ye
drifted somewhat more than 500° in longitude on either
meridian which, as mentioned earlier, is an angular distan,
three complete rotations around the planet. This alone pre
of the Red spot being directly connected to any feature on a

Frequent determination of longitudinal drifting and r,
Great Red Spot is of crucial importance. The technique des
as for any other Jovian feature in order to determine accura
the centre of the Spot.

The pattern of drift is affected by several factors which ing
with the white ovals of the South Tropical Zone, the distu;
Equatorial Belt and other poorly defined influences. Attemp
relate these factors to drift of the Spot, an important
research on this feature,

The exact shape of the Red Spot should be carefully delineated.
efail. Note if there are any light spots, changes in colour or any central

as.
. Look for and draw a distinct light or dark border to the Spot.

Draw any interactions of the Red Spot with belts or zones in its
hbourhood.

§ of interactions of the Great Red Spot with other atmqsphenc
ookout should be kept for interactions of the Red Sp(:'nt with other
- In particular, interactions with the bright ovals in the South
ne and disturbances in the South Equatorial Belt. These features
of drift that are usually in a direction opposite to those of the Refl
ult, the opposite drifts bring features towards each other and this
i i i me kind of change or disturbance. i x
:.51;?:1aﬁ?}lroil:;;]i;:fssgr;g}tf;lih\;agrf;li;;gf:-zgcg?nn;yoiaengs Ons are observed ref:ord thg follo“fin% information in addition to a
Red Spot being insufficient to stimulate the colour recepto ; ip sketches made during the interaction:
retina. '
Whenever there are major cloud disturbances in the nei
Spot, its colour changes, if any, should be carefully
colour within the Red Spot should also be noted. Record as :
the colour that you perceive the Red Spot to be.

and time that the interaction was seen.
nated latitude difference between the feature and the Red Spot.
Totation periods of the Red Spot and other features during the
raction.
change in the rotation period of the Red Spot and other features after
teraction, if any.

Strip sketches of the neighbourhood of the Grea .
renditions of the Great Red Spot are best done as strip s
narrow latitude range rather than as full disc drawings
larger scale than on disc drawings to show finer detail (fig. 9.

The following phenomena should be drawn if they are s
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tterns of both the Red Spot and the feature should be plotted

The period before, during and after the interaction should be
s gives a clear visual grasp of changes in drift patterns and how

“Ofrelated,
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Jupiter General observing notes

Colour changes and intensity estimates of Jovian fea erving notes
Considerable variation in the colours of Jovian features
planet is systematically observed. For best results in
reflecting telescope is preferable to a refractor because o
aberration in the latter; however, both types of tele
detecting pronounced colour changes and for determining-_-

Colour estimates are probably unreliable when Jupiter i
to atmospheric dispersion. It is not unusual to see a cloud
with orange-red on one edge and bluish on the other at loy
this effect. When 45° or higher above the horizon, c
accurately and reliably made. The sky should be cle
colours of the zones, the cloud belts and the Great Red S
features.

Some evidence points to regularity in the colour chas
Jupiter. There seems to be a period of about 11 years on a
correlated with an increase of redness in the belts. °
explanation for this phenomenon except that the period of
the length of the sunspot cycle.

Examples of colours and colour changes that have
follows:

aspects of Jovian features should be specially looked for in a
ing programme.

‘Watch for the appearance of white or grey ovals or narrow belts
appearance of zones in both North and South Polar Regions.

». Note changes in the brightness and colour of this region and
ots or festoons. The thin Equatorial Band may sometimes put in an
If any prominent features are seen, time their transit across the

ial Belt. Very rapid changes are seen in this belt which is usually
, and with several knots and spots. Several of the festoons seen in the
Zone spring from the south edge of this belt. Very thin delicate
be seen in the North Tropical Zone and might herald the start of
in the North Tropical Zone and North Equatorial Belt. Short-lived
develop in the North Equatorial Belt when the belt is active. Of
jmportance is comparison of the rotation periods of these red spots
at Red Spot. Often, at times of much activity in the Jovian atmo-
telescopes will often reveal a very thin north component of the

The Great Red Spot was orange-red becoming orange-p rial Belt.

and was a dim pink colour in 1976.

The North Equatorial Belt was a deep brown colour in the
brown-black in 1976.

The Equatorial Zone appeared bright yellow in 1972
brownish colour in 1976.

The South Tropical Zone appeared bright yellow in 1976.

orial Belt. This belt also exhibits much activity. It usually appears
d is the origin of many disturbances. The darker and wider of the two
is generally the northern (SEBn) and it appears to be connected to
(SEBs) by thin delicate festoons and frequently with groups of
bserve carefully the relationship between the Great Red Spot and
te the amount of interaction of the Red Spot as it moves the SEBs to
ge and small disturbances originate in the zone between the two
orial Belt components.
fine festoons starting from the SEBs that cross in a southerly
the South Tropical Zone; they almost always indicate that a
is on the way. Try to ascertain if a festoon begins in the SEBs or from
 zone separating the two South Equatorial Belt components. Within
numerous white spots and dusky bars with rotation times differing
that of System II can appear. Transit timings should be made of

The keeping of records of colour and intensity estimates
is somewhat like keeping daily records of the clouds and
tions in the Earth’s atmosphere; it may not seem to h
scientific value but can be of considerable value to future
discover long-term patterns of change or important
phenomena.

Regarding the belts, a logical plan is to write the names of
column in order of their intensity. Beside each belt is then ¥
intensity. A similar list should be made of the zones.

Abbreviations may be used in describing colours. The
suggested:

erate Belt. This belt can have two different appearances. It may
single belt, fairly wide and dark or it may appear as two very thin
Iymg close together. The former appearance is associated with
tivity and the latter with a decrease. The intensity and colour of the
es also differ markedly.

White: W Ochre: Oc
Orange: O Red: R
Brown: Br Blue: Bl
Grey: G Blue grey: BL-G

i e Rt ate Belt. This belt is usually fairly broad and is sometimes the

e on Jupiter. It is irregular with curves, interruptions, swellings
oughout its length and is occasionally seen to split into two thin
short distances.
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Jupiter General observing notes
Tropical zones. Watch for festoons originating from the North
torial Belts extending into the North and South Tropical Zones
faint belts a few degrees long are seen in these zones. l]l-deﬁned
frequently seen but are short-lived. They are irregular in shape
size and shape should be noted as well as making determination
periods.
Each observational record should include your name, the da
that the observation was made and the longitudes of the central 1
Systems I and Il when the drawing was begun and finished,

Filter observations |
Optical glass filters are useful for increasing the visibility of deta
almost invisible in white light and for improving contrast of
Colour filters are, of course, also important in estimating co 3
Whether or not coloured glass filters are employed, the apodisi
improves contrast and steadies the image; I never observe ]up‘_
it.

The following filter colours are useful in studying various Jovi;
Medium blue. Detail in the Great Red Spot, white spots an

equatorial belts and temperate belts.

Green. Strongly recommended for all the cloud belts, the Great |

ovals and spots, festoons. - ’ . ; :
Satellite I (Ganymede) show in transit across the North Tropical Zone of Jupiter: 8-

Orange. Good for some white spots, some of the belts and for d o 225, March 4th, 1992, 02.25 UT. (F.W. Price.)

zones. Yellow and red filters are not recommended.

Light pollution filters. Some of the presently popular light p
employed by deep sky observers to enhance visibility and
galaxies have been found to be useful for planetary obsi
Telescope Center of Santa Cruz, California market
Broad Band’ light pollution filters that the manufactur
planetary as well as deep sky work. They claim that
particularly suitable for viewing Jupiter especially if anoth
used with them. Without any filter Jupiter’s cloud belts n
diffuse lacking detail but with a light pollution filter
filter, the manufacturers claim that knots on the belts
revealed and the limb of Jupiter stands out sharply. The
filters are rather expensive, though.

Photographic work. See chapter 15.

Satellite phenomena

Of the several satellites of Jupiter only the four largest (the
observed with modest telescopes, the other satellites being be
all but really large instruments although, as previously menti
been seen in the larger amateur instruments. The smallest of
ordinary binoculars, will easily reveal the Galilean satellites. In
sighted people have claimed to have seen them with the
good seeing conditions. The possessor of a 2- or 3-inch refractoris
to observe the different configurations of the satellites as they'r
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__._I"Pffer showing the Great Red Spot and the shadow of Satellite I (lo): January 15th,
23JUT » 60-inch reflector, Lunar and Planetary Laboratory. (University of Arizona
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Jupiter General observing notes

Table 9.6. Albedos and magnitudes of Jovian satellites.

] shadow of
/? hadow o

Satellite Albedo Magnitude Satellite /
Ilo 0.57 5.0 111 Ganymede /
II Europa  0.60 5.3 gasf}:};s;?om) ns seen from Earth / As seen from Earth

I;)efore opposition % after opposition
/ A
@ : @ Satellite precedes
B o5 & o  shadow

their primary. They are a continuing source of interest
inch refractor satellite shadows on Jupiter’s disc are easily
circular dots (figs. 9.27 and 9.28). The almanacs and ye;
information about the positions, transits, occultations
satellites. The phenomena that the observer should t
threefold:

(1) Transits of satellites and satellite shadows across |
(2) Eclipses and occultations of the satellites by Jupiter.
(3) Mutual eclipses and occultation of the satellites.

The diameters of and distances from Jupiter of the Galil
in the general section. Table 9.6 lists their albedos and ma;

Owing to its being at the greatest distance from Jupi
somewhat different from the other Galileans. Sometimes
is tilted at an angle greater than + 2.2° with respect to the
seen to pass above or beneath Jupiter. Also, Callisto will nof
declinations outside of this range.

Transits The satellites and their shadows pass in fro
(following) to west (preceding). Before opposition the :
satellite and falls on the disc of Jupiter before the satelli
tion the reverse happens; the shadow follows the satellite ¢
disc after the transit has ended (fig. 9.29). !

The time elapsing between the transit of a satellite and i
the satellite’s distance from Jupiter and the period of timi
and opposition. This could be several hours long and fr
cation of shadow transits difficult when Jupiter is r
opposition. As already mentioned Callisto may pass abo:
therefore will not transit at all and the same applies to its

The satellites differ in their appearances when passi
Jupiter. Europa is quite light and may be hard to see whe
the light zones. In contrast, Ganymede and Callisto bot
the disc of Jupiter and may even be mistaken for
intermediate and has a grey tint when in transit (fig. 9.30).

Because of the slight limb darkening of Jupiter, all of
beginning of transit will be seen as bright spots against
This is easily seen in even a small telescope. As transit pr
‘disappear’ fairly quickly. Io and Europa will be quite ‘lost
aperture is used. They reappear as bright spots at the opp:
ends. Io may be seen during transit if it lies on one of the
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Sun

1satellite transit and shadow phenomena.

I dusky spot. If projected against a belt it may not be possible to see it
the transit ends. When seen against the limb shading of Jupiter it may
ptical in shape when seen in telescopes of moderate aperture.
the only one of the satellites that normally looks bright during an
: It is plainly visible against a belt but even this satellite may be
'seeif on a zone. Ganymede and Callisto always appear as prominent
soon after the beginning of a transit but both appear bright against
arkening,
mings are not of much scientific value because the indeterminate
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Jupiter General observing notes

or of the ALPO). The following peculiarities in behaviour of the

ites should be noted.

Joseness to Jupiter entry into and emergence from the same
nnot be observed. This satellite invariably goes from occultation
.Cﬂse or vice versa. The total time elapsing during a combined eclipse

tation is about 2; hours.

ysually seen ente:‘ing or exiting from an eclipse, very rarely both.
éiapsiﬂg is about 27 of an hour.

.?Both entry and exit from an eclipse are observable b1:1t not when
+is close to opposition. The average time takf:n for an eclipse is about
s but there is considerable variation from this.

of lo’s €

(A)

with Ganymede, entry into and exit from the same eclipse can be
except when Jupiter is close to opposition. The duration again shows
orable variation and averages about 4 hours. Sometimes Callisto
not enter Jupiter’s shadow at all and sometimes there is a partial
o eclipse. Every 12 years there are two periods of 3 years each when

to does not exhibit eclipses, occultations or transits.

of lo, Europa and Ganymede are correlated; their mean daily
s related insofar as the sum of the mean daily motion of Io (I) and
e daily motion of Ganymede (III) equals three times the motion of
In more exact terms this is expressed as:

Ly + 2Ly — 3Ly = 180°

11, Ly and Ly are the mean longitudes of the satellites in their orbits
measured from any fixed arbitrary radius through Jupiter’s centre.
s are thus said to be commensurate. They are precise and permanent
ove relation always holds and follows from the mutual gravitational
jons between all three satellites. It follows from this relation that all of
» satellites cannot show the same phenomena simultaneously. For
, Buropa and Ganymede may both be seen transitting the disc of Jupiter
be occulted. Oddly, Callisto has no effect on this motion relationship
e other three satellites. Its motion is therefore said to be incommensu-
the others. A purely hypothetical configuration of Jupiter’s satellites
earances as seen from Earth is shown in fig. 9.31.

(c) (d) (e)

Fig. 9.30 Jupiter — transit of Satellite I (ingress) (A), June 6th, 1970: (2
(c)22.33 UT; (d) 22.35 UT; (e) 22.39 UT; (f) 22.42 UT.

character of ingress and egress of the small satellites on the
accurate timing of transits difficult.

Eclipses and occultations When satellites are on the far
move from west to east, i.e., from the preceding to the foll
are said to be occulted by Jupiter when they pass out of si
and are eclipsed when immersed in Jupiter’s shadow. In
Jupiter’s conjunction and opposition, satellites are eclipsed b
preceding limb and emerge from occultation at the follos
opposition and conjunction, occultation of a satellite occt
limb and emergence from eclipse is seen on the following sid
9.29 for explanation of this). Ganymede and Callisto can, a
the limb and the shadow and may thus, for example, em
and be eclipsed.

The satellites do not disappear instantly on entering Jup
Europa disappear quickly but the others are slower. The ti
when a satellite becomes visible as it exits from eclipse (i
instant of visibility when it enters eclipse (immersion) — the t
likely to be more accurate — may be useful in revising
satellites. (The ALPO has been conducting a Galilean satel
programme since 1975. Interested individuals should con
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lipses and occultations of the satellites Once in every 5.93 years
observer is enabled to look almost exactly along the planes of the
orbits for a few months. This is when the inclination of Jupiter’s axis is
is near to 8 hours or 20 hours of RA. The satellites will then exhibit
e and occultation phenomena. The satellites appear to move to and
Paths on either side of Jupiter and it is obvious therefore that, as seen
i, We may expect one satellite to pass in front of another. This is termed
Occultation. Such occultations clearly display the differences in albedo
tes (fig. 9.32) and this is especially marked if the darker of the two
Shearer the observer.
Proach of a mutual occultation is easily perceived, for if two satellites
Nearer to one another then obviously an occultation is about to occur
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To (b) (c)
B 1€
Sun lite occultations. (a) Occultation of satellite IV (Callisto) by satel_!ite 1 (Eurgpa)
932. (T.E.R. Phillips.) (b) Occultation of satellite I (lo) by satellite 1V (Callisto)
3 .1932. (B.M. Peck.) (c) Same as (b) Note the duskier tone of IV (Callisto). (T.E.R.
e P 7 o P e o e 2 R s S AT > y 1 BAA 2 9th Ju pf ter repor't.)
rs s
s
P
Vol
K e
I/ 0 3
To # // ' “

456 UT 05.04 UT 05.09 UT 05.16 UT 05.18 UT

(I ECLIPSED)
l (midoccultation)
o o © tation of satellite 111 (Ganymede) by satellite 11 (Europa), November 20th 1990,
n v Il part ¢ (P. Smith). (From Astronomy 19(6), 76, 1990. )
Shadow of eclipse
Il on Jupiter (large aj

required to 2
g eclipsed becomes dimmer over a time that may be a few minutes

an hour. The degree of dimming of the light of the moon being
ends on the relative sizes of the two moons and on whether the
of the eclipsing body crosses centrally over the eclipsed moon or merely
Hence, the loss of light can be from virtually zero to complete; in the
¢, the satellite may actually disappear. A mutual eclipse can be so short-
observer may overlook it if not specially looking out for one.
ltations and eclipses of the satellites are not uncommon when the
and Jupiter’s equator are coplanar. There occurred a series of mutual
omena between November 1990 and April 1992 in which no less
mutual events were observed. Worthy of special mention are the
On January 26th 1991, Io was eclipsed by Europa and straight after-
occulted by it — in fact the occultation had started before the eclipse
d. A rare occultation of Ganymede by Callisto occurred on June 29th
rst of three mutual events during that night. It was a good opportu-
mpare Callisto’s dark grey colour with Ganymede’s much lighter

Fig. 9.31 Hypothetical arrangement of Jupiter's Galilean satellites and
from Earth.

and when it does the two satellites merge into a single elor
in the telescope (fig. 9.33). The combined image of the two
when the satellite nearer the Earth overlaps all of, or part
The amount of dimming is dependent on what fraction of tk
moon is hidden and on the reflectivities (albedos) of the two

The combined light loss in a mutual occultation can never
as the satellite nearer to the Earth is still visible during
moment of maximum dimming of light, the reverse series ¢
occultation may last for a few minutes or it may last for
more.

Not so easy to anticipate are eclipses of one satellite b
shadows cannot be seen when lying only in space. Also th
the eclipsing and about-to-be-eclipsed satellite may be qui
an eclipse, the two satellites are still seen as separate bodies
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(1) The eclipse of one satellite by the shadow of a ot ! with a 10-inch telescope using exposures of 4 seconds Er;iuratflon
mentioned satellite and both satellite shadows are pas . 2| slide film. Consecutive exposures should be separated by }? evx;
disc. The appearance will be of the two shadows n Jul sta E o Al be used but a fairly .lar‘ge felisroe (4 ichens
one while the satellite will turn black. Something like - ! de:re;’ must be used to obtain clear satellite images. -
night of June 11th 1991 when Io was eclipsed by Gany i ced recording techniques are the use of a CCD camera (see later in
dimmed by 4% and the shadows of the two satellites y van details) or a photoeiectrl_c ph_otometer. If you use a CCD came;a,
Jupiter, at one point actually merging. for d be taken with short time intervals between them. Ensure that

(2) One of the outer satellites, either Ganymede or Callj —ent is capable of storing §everal megabytef_s of data. - t
in Jupiter’s shadow, could be occulted by either Io g a hotometer V (v15u'al) band r.eadlngs shou 3 t]z; T,I; a)
Jupiter’s shadow and therefore invisible. If the peeyl a second if possible. Ra’pld altema.hon between V an 3 (d lue
then the outer satellite must be Callisto and the inner G - ould be used when recording occu!tahons of Io by Euro?a. eadings

<o two different colours are potentially us_eful to professional astron-
s they may be enabled to chart volcanic phenomena on o owing

i matter having a different colour from older matter.

may be usable by professional scientists should be sent to the

On February 18th 1932, W. H. Steavenson, witnessed the si
and occultation of Io by Callisto and Jupiter respectively (fi

Observing and recording mutual satellite phenomena, Mug
always observable even in small telescopes but if your tele
6-inch you will not be able to see a satellite in eclipse ur
greater than about 20%. This is so even if you attempt to co
of the eclipsed satellite with another not being eclipsed.

3; Prinfouts’ discs and videotapes.
'’

n Centre for Astrophysics, Bureau des Longitudes,

Street, 77 Avenue Denfert
Of course, the larger the telescope the better the view I(;[)lga;cli:g 55133 Mo e 70 Pacls
phenomena. For example, if on an evening of unusually Cambridg - besia

observing with a telescope of 12 inches aperture or more, you
the shadow of a satellite moving across the surface of ano
or a satellite transitting another during an occultation.
Mutual satellite events may be recorded simply by making
ings separated by a few minutes accurately timed to within al
minute. Notes about the estimated brightness of the eclipsed |
brightness may be included in the observation by comparin
ness to that of two others. The best situation would be if one
is brighter and one fainter than the one being estimated.
Objectivity is added to recording of brightness variations
employing photography. Dr John E. Westfall of the ALPO says

photographs and copies of VHS or S-VHS videotapes:

Association of Lunar and Planetary Observers,
P.O. Box 16131,
San Francisco, CA 94416.

surface features Users of telescopes with apertures in excess of 1‘0
see indications of surface markings on the Galilean satellites‘, but this
be easy. Smaller telescopes cannot be expected to show anything; after
ymede, which shows the largest disc of the Galileans, has an apparent
ition angular diameter of only 1.52 seconds of arc. The appearance of
ina 12-inch telescope has been likened to the view of Mars in a 2-inch
t.

members of the ALPO have observed Ganymede and made drav?fings
W surface markings (fig. 9.35). Interestingly, the drawings of Camichel,
Gentili described in the ‘History of observation” section show remark-
general correspondence with the appearances and surface featu_res of
satellites as shown in the Voyager photographs. However, in the
2er era it would seem that little of scientific value can result from
damateur studies of the satellite markings.

dies of Jupiter - .

upiter is among the most active of celestial objects emitting radiation
Proad frequency spectrum but only those frequencies frpm 5. to 40
Will be of interest to the amateur observer. Jupiter’s radio emissions
ly caused by its atmosphere; there is a strong correlation bet‘ween
Some System III longitudes and with the longitude of the satellite To.
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Fig. 9.34 Eclipse of satellite I (lo) by IV (Callisto) during occultation
18th, 1932. Left: at 9h 34.3m. Others at 1-minute intervals thereafter. (W.
BAA 29th Jupiter report.)
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Fig. 9.35 Drawings of surface features on Ganymede by various AL
book for Planet Observers, Roth, G.D. Faber and Faber, London, 1

Quite simple apparatus such as an ordinary communicatio
is required to detect these emissions when Jupiter is active
The emissions are discontinuous and days and wee

anything being detected. Every positive observation is t

valuable. Whatever it is that causes these emissions can o

observations pursued over a long period of time.

Although apparatus for observing at 20 megahertz is

blems that may complicate the work. These are:

(1) Observations at the above frequencies are made in-
band. Finding a free region is quite difficult. Before
is best to spend a week or longer observing in a nt
You can thus find out if that wavelength is reas

ence.

@

(©)

tions can be made.
268

Thunderstorms: interpretation of weak outbursts
interfered with. Observational practice is needed i1
outbursts from Jupiter and those originating in our o3
The terrestrial ionosphere: this limits the angle at w
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General

oal period) and the synodic period is 378.09 Earth days. Saturn’s
od at an angle of 2° 29" 33" of arc to the ecliptic and the equator is
. angle of 26° 45’ to Saturn’s orbit.

es about one thirtieth of the way around the sun, i.e., 12°, in an
. that the Earth overtakes it about 12.85 days later each year.
s'-'gehaw: seen, Jupiter orbits the sun in 12 years its apparent eastward

t the background of fixed stars is about 30° per year. It therefore

10

E. on Saturn annually and gains a complete lap on Saturn every 20

S a tu rn ‘ _ 360°). The two planets therefore appear close together in the line
y 20 years and are then said to be in conjunction. A conjunction of
Gaturn occurred in 1961 and again in 1981. The latter was a triple
j;uch as was seen in 1940-1. If the Earth lies within about 30° of the
= Jupiter and Saturn in space and the line passes through the sun, a
ction will be seen from the Earth, a rare event as it occurs only once
yef[?ﬂ\ 1940 Jupiter and Saturn were in conjunction. The Earth
em and they seemed to move westward again against the star
'jupiter’s westward movement was faster and this caused the two
in conjunction again on October 11th. When their eastward motion
d, Jupiter passed Saturn for the last time on February 20th 1941.

| conjunction the first two conjunctions occurred close together in
of the year and the third came many months later.

piter, the telescopic view of Saturn is not of a solid surface but the top
den atmosphere. Saturn displays light zones and dark cloud belts
equator somewhat similar to Jupiter’s but they are not as clear or as
. This is partly because Saturn is much further from the Earth than
artly because the belts and zones are actually less well defined than
ts and zones of Jupiter. The cloud belts exhibit differential rotation
ent latitudes have different apparent rotation periods:

General

Saturn, the most distant of the planets known to pretele
second largest planet in the Solar System and has an equat
miles (120660 km). Like Jupiter, Saturn is a ‘gas giant’ p|
rate of about 10.25 hours, which is not much longer than
equatorial bulge and polar compression like Jupiter’s ex
pronounced. The polar diameter is only 67 122 miles (1
ratio of the polar to the equatorial diameter is about 10: 11 cc
Jupiter. This is the largest polar compression known of a:;
planets. Comparative sizes of Saturn and the Earth are s

Saturn orbits the sun at a mean distance of 886.9 milli
km) and the orbital eccentricity is 0.056. The perihelion d
miles (1347 million km) and the aphelion distance is 936.6

million km). The orbital revolution period is 29.46 Earth - requator): 10 hours 15 minutes.

' er latitudes): 10 hours 38 minutes.
based on radio emissions from higher latitudes): 10 hours 39.4

Saturn

— 74990 , because of Saturn’s fluid nature, various atmospheric features
i (120660 km)

periods of their own and drift in longitude.
est known for its spectacular system of rings, a relatively very thin
e in the plane of Saturn’s equator and seemingly consisting of
trings that occupy most of the extent of the disc and some narrow
divisions, the bright rings and dark divisions all mutually con-
M itself occupying the centre of the system. The planets Jupiter,
€ptune are now known to be encircled by rings also so that Saturn
in this respect but its ring system is by far the most well developed
) t. Earth-based telescopic observers of Saturn recognise three major
Earth aturnian system. Proceeding outwards from Saturn there is first the
\ - ous of the three rings, the pale Crepe Ring or C ring. The inner
ISTINg is about 8740 miles (14 070 km) above Saturn’s cloud tops and
th of 10850 miles (17 400 km) is the second widest of the three rings.
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Fig. 10.1 Comparative sizes of the Earth and Saturn (equatorial diamet
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—_— History of observation
The C ring merges with the B ring at a point about 19 600
Saturn’s cloud tops and there is no major gap Separating
brightest of the three and is 15800 miles (25300 km) wj
the widest of the rings. The B ring is separated from the oy

-prominent dark gap, the Cassini Division which is 2800
The A ring, the second brightest of the three, is 9000
Towards the outer edge of the A ring is a dark gap much
Division, known as Encke’s Division. Other delicate diyj
both the A and B rings. More ring divisions are revea]
fluctuations in stellar occultations, e.g., of 28 Sagittarii, by

Other less prominent rings have been suspected from E
such as the D ring which extends across the gap between
ring and the globe of Saturn and an outer dusky ring be
existence of these and other Saturnian rings have now been
craft and these discoveries will be described in the later
spacecraft exploration of Saturn. Saturn and its rings are
rings consist of innumerable solid bodies orbiting Sa ;
from microscopic particles to bodies several kilometres in
course, totally unresolvable by any Earth-based telescope

enormous numbers gives the visual impression that the i

very thin solid structures. I

As seen from the Earth, Saturn’s rings appear to ‘open’ ;
complete cycle taking about 29 years (fig. 10.3). This is becat
of the rings to the plane of the Earth’s orbit so that we someti;
face of the rings and sometimes the southern face in betwe

Earth passes through the plane of the rings, they are seen ‘e

almost invisible which demonstrates how very thin they

their diameter. The time between two edge-on presentati
between a wide open northern face and a wide open souther
than 15 years. The rings lie exactly in the plane of Saturn’s

ging aspect or ‘phases’ of Saturn’s rings.

the rings are seen at their widest opening, the Earth and sun are 26°
or ‘below’ their plane.

15 accompanied by 17 satellites. Of these, nine are known from Earth-
ation and the remaining eight were all discovered by the 1980
ect. They are listed with pertinent data in table 10.1.

of observation

ISt known recorded observations of the planet Saturrl'a come from
Mia and go as far back as about 650 BC. They are a few primitive Flaked
S Made by Babylonian astronomer-priests that were found in the
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Fig. 10.2 Saturn showing its rings fully ‘open” April 20th, 1974, 01.25
reflector x 225, (F.W. Price.)
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Saturn History of observation

Table 10.1. Satellites of Saturn. onth century Copernicus made several positional observations of

nd many discrepancies between his own observations and those

s

Name Diameter fou :

miles kilometres mileslE " For example, he found tha;r the mean motion of Saturn between the

—  of 1514 and 1520 were 75° 39" but the difference of place from his
Atlas 23x21x17 37 x 34 x27 85.56 " was 68° 1. The mean motion between the 1520 and 1527 opposi-
Prometheus 92 x 62 x 42 148 x 100 x 68 86.72 o 29’ whereas the observed difference of place was 86° 42". Coper-
Pandora 68 x 55 x 38 110 x 88 x 62 88.07  ted to reconcile these differences between theory and observation
Janus 121 x 118 x 96 194 x 190 x 154 9411 1 into Ptolemaic mathematical discussions.
Epimethius 86 x 68 x 68 138 x 110 x 110 94.14
Mimasl 247 398 1154 and satellites
Enceladus 11 309 498 148.0 éscopiC observation of Saturn was made on a night in July 1610.
Tethys III 650 1046 1832 roest telescope that gave a magnification of x 32 Galileo turned it on
Telesto 19 %16 x 10 30x26x16 1832 a time when the planet’s rings were slightly open and Saturn was
Calypso 19x10x10 30x 16 x16 183.2 ! sosition. The imperfect lens revealed the disc of Saturn but could only
Dionel V 696 1120 234.6 ‘broad extremities of the nearly edge-on rings. It therefore looked to
;{ﬁlen\? 22 %21 xg;; 36 x 34 1X5§g 235.0 1{ Saturn had two smaller attendants or satellites (fig. 10.4) but they
ea 327.7 ove in brightness. Galil i

i o L = e or vary i g Galileo observed Saturn again two years
Hyperion Il 224 x174x 147 3650 x 280 x 236 921.7
lIapetus VIII 892 1436 2212.6
Phoebe IX 137 220 78247

Data from The Atlas of the Solar System. Moore, P. A., Huni
Cattermole, P.,, Crescent Books, New York (1990).

library of Nineveh. Being in cuneiform script on clay table
fire that destroyed the library when the Assyrian Empire wa
refer mostly to Saturn’s position in the sky relative to other
various times when the observations were made. One repor
that ‘Saturn entered the Moon’ which probably refers to an¢
by the moon.

In the Syntaxis of Ptolemy reference is made to a Baby
Saturn in an evening of the year 228 BC, most likely
described as being at a distance corresponding to 2° |
probably Eta Virginis. The Syntaxis deals with mathemati
other things there is mentioned that the limiting celestial 1
3° 2 north and 2° 59’ south of the Zodiac’s central plane. Ptol
fairly accurate estimate of the inclination of Saturn’s orbit

The celebrated Islamic astronomer commonly known as
many astronomical observations between AD 877 and 918 a
was translated by C. A. Nallino of Milan under the name Op
volume 2 of this work is a table indicating Saturn’s maximu
south of the ecliptic as 3° 2’ and 3° 5' respectively. The me:
longitude in Roman years is shown as varying from 12°
complete journey around the Zodiac as taking 29.5 years.

The thirteenth century astronomer Aben-Bagel expressed
shone mainly by light reflected from the sun which is
mistakenly stated that Saturn is brightest at opposition W '
and faintest in Sagittarius-Capricornus-Aquarius.

274

mﬂrlg; of Saturn: I. Galileo (1610); II. Scheiner (1614); III. Riccioli (1641 or
Al oretical forms); VIII, IX. Riccioli (1648-50); X. Divini (1646-48); XI.
v S - biancani (1616), Gassendi (1638—9); X1Il. Fontana and others at Rome
ystema Saturnium, Huyghens, 1659.)
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Saturn

History of observation

awing of Saturn by Huyghens. (From Systema Saturnium, Huyghens, 1650.)

» telescopic appearance of Saturn by such people as Hevel, Roberval,
sdierna and even Sir Christopher Wren, the British architect who was
v interested in astronomy.
explanation of the appearances of Saturn was finally put forward by a
stronomer, Christian Huyghens, when he was only 26 years old. He used
m-‘ made by himself and his brother that was optically superior to those
Jbservers. This telescope had a focal length of 10.5 feet but had only a
perture and a power of x50. Huyghens discovered Saturn’s largest
fitan with this instrument and announced this in 1656 in a short
A few months after this discovery he hit upon the solution of the
oblem’ and it was the discovery of the satellite that actually helped in
the cause of Saturn’s curious telescopic appearances. He noted that
lves around Saturn in an orbit in line with the ‘handles’ (ansae) and
days to make one revolution. By analogy with other planets and
of the Solar System he concluded that Saturn rotates once on its axis in
n 16 days. Since the ansae as well as the globe of Saturn were always
al it seemed probable that Saturn must be surrounded by another
trical structure — a ring. Because the line of the ansae was tilted more than
€ plane of the ecliptic this would result in the varying appearances of the
en from Earth — a wide ellipse, a narrow ellipse and sometimes seeming
ear when presented edgewise, according to the amount of tilt at a given
wing of Saturn by Huyghens is shown in fig. 10.6. The explanation of
of Saturn’s rings is shown in fig. 10.7. Huyghens also detected the
OfSaturn’s ring on the globe.
1€ Outer part of the ring of Saturn (ring A) was less bright than the inner
5B) Was noted shortly after 1660 by two telescope makers, Campani and
ording to Antoniadi, who also says that around 1662 the shadow of
*e0n the ring was discovered by Campani and Azout at about the same

Fig. 10.5 Gassendi's telescopic drawings of Saturn. (From monthly
Astronomical Society 36, 108—-109.)

later and the companions had gone (the rings were NOW i
presentation). Subsequently the two companions reappeal
opened out again) and took on the appearance of two ha
Saturn’s globe as they opened to their maximum obliquity.

Galileo was soon followed by others in the telescopic study
these were Gassendi, Fontana, Riccioli and Hevelius. (i?lg-
Riccioli, Francesco Grimaldi was the first to mention, i 106
flattening. The Italian physician and telescope maker Eus
observed Saturn and made drawings. Some of Gassendi's telé
Saturn are shown in fig. 10.5. Many curious theories were put
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2 29th 1666 Robert Hooke made an interesting observation of Saturn
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Cassini’s 1976 drawing of Saturn, the first to show the ring division named after
lendour of the Heavens, Hutchinson, London, 1923, p. 263.)

illiam Ball may have seen the ring division ten years before Cassini,
.doubt that Cassini was the true discoverer of the division. The idea
st saw the division is completely wrong and arose from a misinterpre-
comment made by an anonymous correspondent of Ball’s about one
observational drawings of Saturn.
ore satellites, Dione and Tethys, were discovered by Cassini in 1684
| telescopes made by Campani. These two satellites are fainter than
oser to Saturn, closer, in fact, than our own moon is to the Earth. The
tes discovered by Cassini were named from classical mythology at the
of Sir John Herschel in the early 1800s.
¢ measurements of the dimensions of Saturn’s rings were made by
{in 1719, the final estimates being smaller than the modern accepted
An ong his measurements, those coming closest to the modern values
seconds of arc for the outer ring diameter, 29.2 seconds of arc for the
diameter and 19.0 seconds of arc for the diameter of Saturn’s globe.
e satellites of Saturn, nos 6 and 7, were discovered by Herschel in
summer and early autumn of 1789 and were named Mimas and
S. Their discovery was facilitated by the superior optical quality and
of Herschel's telescopes and also because Saturn’s rings were in the
£ presentation so that the glare from Saturn and the rings, which
ave tended to obscure the satellites, was less than usual. Herschel
uminous points on the nearly edgewise ring in 1789 and was able to
Or many but not all of them as being satellites. He also made estimates
Ensions of the ring system which are in reasonably good agreement
*M values. His observations of the relative brightnesses of the rings
'__CO_IOUI agree perfectly with modern observations and photographs.
4, In 1806, the anomalous concave shape of the shadow of the globe
Subsequently, many observers have seen curious shapes of the
_ It appears to be an optical illusion, the seeming narrowness of the
the brightest parts of the rings being caused by an irradiation

As seen
from Earth

| O

Fig. 10.7 Explanation of the changing aspect or ‘phases’ or ‘phases’ of Saturn

5

using a telescope 60 feet long and he made a drawing of what
widely open and a black line is shown at the edge of where
globe. Two hundred years later this was interpreted to be an
the crepe ring. Others appear to have had glimpses of it be
Hooke’s observation without realising what it was. 1
In 1671 Cassini discovered a second satellite of Saturn, now &
using one of Campani’s telescopes, and in 1672 he discovered
Then in 1675 Cassini found the space or division separating:
rings of Saturn that now bears the name ‘Cassini’s Divisio
drawing of 1676, considered to be the earliest published
showing the gap between the rings, indicates that he con
(A) to be narrower than the inner ring (B). The drawing also
time the south equatorial belt on the globe. Despite some dis
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‘Lucid spots” were also seen on the edgewise ring by 1
both of whom noted that they were immovable and so Co

Peculiar appearances of the ansae were observed j."'
presentation of the ring when it began to open out. Betwe had been put forward regarding the physical nature of Saturn’s
and G. Bond saw the ansae apparently broken up into ted explanation is that put forward by Clerk Maxwell in 1857,
spots like satellites but brighter. They used the 15- they consist of countless numbers of small satellites, all of them
Harvard. ' ir separate orbits. It was J. E. Keeler in 1895 at the

" 1onet in thei :
Using a much smaller telescope (a 6.3-inch refractor "'p'la;;f-vatory who proved by spectroscopic and photographic
1848, saw the not quite invisible ansae to be of a ‘d.

Clerk Maxwell’s particle or meteoric composition hypothesis of
spotted a bright point on each arm which he knew coul < was correct. He also determined the rotation velocities of the ring
the Bonds, he saw, on December 5th and 20th, the easily

broken up into satellite-like points of light.

Between 1819 and 1831 there were many observations
the rings in addition to Cassini’s. Among these were si
and 6.75-inch reflectors) in 1825, J. E. Encke in 1837, who
north face of ring A which he tentatively identified as a di
seen by De Vico in 1838 and by Schabe in 1841, Dawes and
reflector) and Professor J. Challis at the University of Cam!
inch Northumberland refractor, the same telescope he
Neptune in 1846.

Between 1849 and 1861 there were further reports of fine
by Dawes, Lassell, C. W. Tuttle, W. S. Jacob, Secchi and S. ¢
now seems certain that the only truly permanent division
Saturn is the Cassini Division. Of the others, Encke’s is
observed and it is almost constant in position, although it
was confirmed by J. Keeler of the Alleghany Observato;
vania) in 1888 and is sometimes known as the Keeler Ga
appear to be true gaps with invariant positions but are m
surface of the rings that appear and disappear from time

Yet another satellite, no. 8, and named Hyperion, w:
almost simultaneously discovered by W. Bond at the /
W. Lassell in England, using his 20-foot equatorial telescop:
of 1848. It was Lassell who chose the name Hyperion. H
satellite discovery made by Bond whereas Lassell had
discovered Neptune’s principal satellite and two satellites o

Astronomers of the seventeenth and eighteenth centuri
recorded a faint ring of Saturn just internal to ring B anc
projection onto the globe of Saturn. This faint inner ring
seen by J. Galle (the astronomer who ‘found’ Neptune in 18

e Crepe Ring. This he attributed to the particular angular relation-
the C and sun to Saturn’s rings at the time which caused very oblique

of the Crepe ring resulting in unusually high reflectivity.

wood in 1857 predicted that owing to gravitational influences of
of Saturn, perturbations of the orbits of the ring pa.rticles ShOl:lld
gaps in the rings wlTose positions shf}uld be mathematically predict-
bital revolution periods of the satellites would also be an important
»ducing these gaps. The existence of the Cassini and Encke Divisions
in accord with Kirkwood’s ideas. The existence of others of these
s Gaps’ can be expected and at least provides observers with an
search for further ring divisions and other phenomena suggestive of
rings where the particles may be sparse.
pUS appearances of the rings were noted by E. L. Trouvelot between
. He saw a mottled appearance in rings A and B and peculiar ‘dark

ms’ on the inner edge of ring B adjacent to the Cassini Division but
e attributable to atmospheric unsteadiness.
d in the years 1887 and 1888, using an 8.5-inch reflector, T. G. Elger
vn as a lunar observer) saw Saturn’s ring A a lavender-grey colour
e best seeing conditions with localised variations in intensity and
ty of tone. The Encke Division was often seen as was a light line
with the ring about halfway between its outer and inner edges,
little nearer the outer edge. Elger, like previous observers, saw that the
on was never really black. In 1887, Elger noticed a characteristic
the apparent brightness of ring B from the outer to the inner edge
rance was hardly noticeable the following year. Ring C was seen to
oped or ragged appearance of its inner edge in the preceding ansa.
ced an obvious notch in the shadow of the globe on the rings where it
2 Cassini Division.
by of Louvain, who observed with an 8-inch telescope, reported that
6th 1889 he observed a curious white spot on the rings adjacent to the
dow. It was seen by other observers throughout the world and became
the Berlin Observatory 9-inch refractor in 1839. The actual erby’s White Spot. It has been seen since by other observers and is
ring of Saturn was made in 1850 by W. and G. Bond in . : rded as being merely a contrast effect (fig. 10.9).
College Observatory with the Merz 15-inch refractor. ge refractors of between 26 and 36 inches aperture, E. S. Holden, an
discovered it with a much smaller telescope. Lassell chrisi : observer, studied Saturn between 1876 and 1889. In August 1880 he
third ring of Saturn the ‘Crepe Ring’ It is also known as ring part of the Encke Division about one third of the distance from the

Later, by 1851, Dawes thought he had detected a divisi inner edge of ring A. He had a good view of it again in October 1880,
astronomers at Harvard do not appear to have seen it anc f the width of ring A from its outer edge. He saw ring B as if
division. Dawes thought that he had also seen a division betw f three rings of differeni intensities.

On March 26th 1863, ]. Carpenter was observing S5a the same period Asaph Hall, using the 26-inch Washington refractor
telescope at the Royal Observatory, Greenwich. He n €scope with which he discovered the satellites of Mars in 1877) was
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following year the Encke Division was plainly seen on both ansae by
on July 30th. A series of ‘dusky indentations’ was seen projecting
sini Division, which appeared grey, over ring A the outer edge of
to shade off gradually into the darkness.

in 1900, the Encke Division couldn’t be found although the
from the Cassini Division, still looking grey, on ring A were well
L oyeral occasions. During 1900, no detail was seen in ring B, the shading
T thai‘ Trouvelot had seen about two years previously apparently had

th satellite of Saturn, Phoebe, was discovered photographically by
.. 1898. Soon after, the discovery of a tenth satellite, Thiemis, was
Pickering but it seems to have disappeared before its existence could
e.d Possibly, one of the asteroids, apparently moving with Saturn, may
in the telescopic field at the time.
the edgewise presentation of the rings in 1907, bright ‘knots” were
"R G. Aitken in the line of the rings on October 19th, apparently the
ote as Barnard’s ‘condensations’ and closely simulating satellites, the
s being brighter than the outer. Aitken considered these to be irregula-
the ring surfaces. Their distribution was asymmetrical, the eastern
aring closer to the globe, which was in disagreement with the
ons of the Bonds and Barnard, respectively in 1848 and 1907. W. W.
| saw four symmetrically arranged knots, two on the east side and two
t, during the week of October 21st-28th. This was confirmed by
 his private observatory at Flagstaff, Arizona. Subsequently Barnard
ny observations until the ring reappeared, the results too numerous to
e. Bond explained the bright ‘knots’ seen in the edgewise rings in 1848
due to the edges of rings A and B being seen through the Cassini
but Barnard doubted this. ‘Knots’ in the edgewise rings are shown in

i

Fig. 10.9 Terby's White Spot on Saturn’s rings.

never able to see the Encke Division as a gap and saw no di
B and C and the shadow of the globe on the rings always lool

Using a 6.5-inch Herschelian reflector C. Roberts ob:
1896 and saw the Encke Division clearly in both ansae and
centre of ring A. Nothing unusual was seen on either ring A
the same month, Antoniadi saw unusual markings on both :
saw very large white spots. A well-defined division and two
seen in ring B.

The discrepancies between the observations made by th
the same month and other discrepant observations made
explained by E. W. Maunder as possibly being due to the the ‘knots’ Lowell considered that they are caused by elevated
the rings which might well be expected to undergo rapid ch he called ‘“tores’ (Lat. torus = a ridge), on the ring surfaces. He
and reflectivity over short time intervals. d that rings B and C were not flat but were tores and assumed that the

C. Roberts saw the outer edge of the Cassini Division with e that ran through the middle of the shadow band, observed nowhere
and indented’ appearance and on May 8th 1896 he saw a dat! it Flagstaff, was the flat A ring’s shadow bordered by the B and C ring

above and below its plane. Although he believed this theory of tores to

as had Antoniadi. Two triangular bright patches were also
Ring of the preceding ansa. A faint marking was just seen on: explanation for the ‘knots’ than any other, there were still observers
ced.

apparently corresponding to one of those seen by Antoniadi
e edgewise presentation of the rings in 1907-8 the existence of a

Further reports of new divisions in the rings oce
L. Brenner, ]. M. Schaeberle (Lick Observatory) and P. Fauth: outside the others was suggested by a strange appearance sur-
all of which seem doubtful but it is difficult to decide wh e outer bright ring seen by G. Fournier using an 11-inch refractor on
sightings and which were illusory. S5th and 7th in 1907. A little over a year later in October 1908,
According to Antoniadi, Flammarion stated in 1895 that » Who apparently had not heard Fournier’s report, independently,
clearly seen the rings of Saturn eccentric with respect to the ed the discovery of a dusky ring surrounding Saturn’s bright rings.
space between rings and globe always being wider than th 2 16-inch Cassegrain reflector.
following year this was verified by micrometric measuremei Ul study was made at the Greenwich Observatory in October 1908 with
especially pronounced in 1900. The matter was investigate: tefractor, and on the night of October 10th the outer ririg appeared to
€f to have a dusky appearance at its outer edge. He saw it again on

1934 after E. E. Barnard’s investigation in 1894 led to a negat :
The wide open rings were studied by Barnard in 1898 with Sth as also did Eddington. Bowyer again saw traces of an outer dusky
ober 22nd, 27th and 30th.

refractor. He only saw a dusky shading where the Encke
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d shadow” (Fig. 10.11). In 1914, C. O. Bartrum exp%ained that
hadow on the ring was not a shad.low but merely tl'Ee hml? of the
- rn at opposition which when projected onto the bright ring was

Fufi;c enough to be mistaken for a shadow in addition to the real one.
o otched and peaked shadows as illusions caused by the

rance of Saturn and its rings even under excellent seeing cqndi-
ct could be reproduced by making a model of Saturn and its rings,
d taking photographs with the camera lens out of focus by different
The photographs he obtained showed close resemblances to the
dow on Gaturn’s rings. .

»d shadow was seen by G. and V. Fournier in 1913-14. From other
. they concluded that the rings of Saturn were unstable and that the
jon was not entirely empty of particles. . N
v Oth 1917 an historic observation was made by M. A. Ainslie and
This was of the star BD +21° 1714 (seventh magnitude) as it passed
gA. Ainslee’s telescope was a 9-inch reflector and Knight's was a
~ctor. This observation proved the translucency of ring A and the
of the Cassini Division, a great triumph for English Saturn observers.
7 W. H. Steavenson reported that the Encke Division appeared as a
od line and was often seen eccentrically positioned in the A ring by

large telescopes.
us:::incygof ring B}zvas proved by an observation made on March 14th
Reid, D. G. McIntyre, C. L. O’B. Dutton and H. Reid at Rondebosch,

Town, South Africa. They used a 6-inch refractor to watch the
of the star Lalande 20654 (magnitude 7.3) by Saturn and its rings.
he occultation the star was visible through ring B, its brightness
variations as it passed behind the ring. Thus, the idea put forward in
teenth century that Saturn’s ring was a single solid structure was
ated.

g June-July of 1936, the ansae of Saturn’s rings appeared to many
to be of unequal length. This was observed near the time of passage of
h through the ring plane. Photography showed the preceding ansa to be
han that on the following side. Antoniadi observed with a special
g viewing system that would nullify optical illusion and saw that
rings extended to 2.3 disc radii to the west (preceding ansa) but were
about 20% of their extent on the east (following ansa). Some observers
e preceding ansa looking brighter than the following ansa. Also in
it spots were seen on the ansae and in 1937 the rings were reported to
blue in colour. The Crepe Ring in the ansae was seen extending almost
o the limb of Saturn and the Encke Division was plainly seen in the
Sapparition.
B 1939-46, the War years, American amateurs kept up the work of
g Saturn as the BAA Saturn Section had practically stopped its work.

M. Maggini observed Saturn from Arcetri (near Florence In 1942 they often saw a rather broad dusky subdivision on ring B
saw a new subdivision in ring B near to the Cassini Divisi er edge. They called it the ‘Third Division’. At the same time they
1913 the Cassini Division appeared double on the north part of thext &S glimpsed a faint shading — the ‘Fourth Division’ — on the bright outer
October 25th the Encke Division was also seen to be double. i'lng Bnear its inner edge.

Over the years anomalous appearances of the shadow of S taphs of Saturn taken with the Lick 36-inch refractor in 1939 by H. M.
rings have often been seen. These were the ‘double shado d in 1943 by G. H. Herbig showed no trace of the Encke Division
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Fig.10.10 Bright ‘knots’ in the edgewise rings.

Barnard searched unsuccessfully for the outer dusky ring
January 1909 when Schaer claimed increased visibility of the
the Yerkes 40-inch refractor, Barnard could see no trace
careful scrutiny. Barnard was noted for his discovery of faint
negative observations even with the enormous light grasp of th
were puzzling. Antoniadi argued against the existence of a
to Saturn’s bright rings and most astronomers became sc
despite subsequent sightings by other observers with smaller
E. R. Phillips, observing with a 12.25-inch Calver reflector, n
series of observations of Saturn during 1910-11 but saw no t
outer ring although he often searched for it.

During the last decade of the nineteenth century, the Sa
BAA had got off to a good start. Activity then declined owing
sojourn of Saturn in southern declinations thus making obs:
northern latitudes. After about 1910 the Section started active
with the return of Saturn to higher declinations. Maximum op
occurred around August 1912. In reports of the Section’s wo
the only ring divisions seen were Cassini’s and Encke’s. Many
observations were made. }
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a5 easily visible in 1939 in much smaller telescopes and there was
ing in the ansae.
of A Gaturn Section revived in 1946. In 19467 the Crepe Ring appeared
o A B when seen against the globe while in the Autumn of 1947 it
qally thin and faint across the globe.
- noted the Encke Division to be variable in 1947; sometimes it was easily
at other times with equally good seeing it seeme_d to have disappeared.
W. H. Steavenson observed Saturn with the 25-inch Newall refractor at
Although at the time the Earth was near passage through the ring
i miay 13th he noted a change in the relative brightness of the rings. The
P fifths of ring A was now the brightest area in the rings. Ring B and the
'+t of ring A were about equally bright. The brightness of ring A was
sed by Professor R. O. Redman, Dr E. H. Linfoot and M. W. Ovenden on
nd. It seemed paler on May 28th, however.
> 19523 the outer part of ring B was the brightest in the ring system but
4 somewhat and then brightened during this period. The Crepe Ring
By many but the observation was not easy.
BAA Saturn Section Report for 1953-4, M. B. B. Heath recorded that
or divisions in ring B and one between rings B and C were seen by the
observers D. P. Avigliano and T. A. Cragg with the 24-inch Lowell
and 60-inch Mount Wilson reflector respectively. Strangely, in 1954 on a
ractically perfect seeing, C. P. Kuiper saw only the Cassini Division
200-inch Mount Palomar reflector but none of these other fine divi-
considered that the Encke and other fine divisions are only ripples and
vision’ is not strictly the word to apply to them. The only one true division
gareal gap —appears to be Cassini’s.
May/July of 1955 Ruggieri observed Saturn’s rings using his own 10-
r and the 20-inch refractor of the Merate Observatory. In moments of
g he saw faint radial streaks on both of the ring ansae extending from
i Division to the outer ring edge. Similar appearances had been
y reported by Trouvelot, Antoniadi (fig. 10-12), Rudaux and Maggini.
ri concluded that the streaks were optical illusions as similar streaks can
anilluminated disc with fine concentric streaks at a certain angle of ilt.
ous phenomenon that is noticed from time to time is the so-called
aspect of the rings. This is when one of the ansae appears redder than
Work by Bartlett around 1954 indicates that it is an illusion caused by
of the eye from one ansa to the other. Ring A has a reddish tinge and the
entary blue after-image becomes superimposed on the other ansa
e shifts to it.
, In addition to the Cassini Division — which some observers saw and
Gidn't! - up to five or six other minor divisions including Encke’s were
‘ALPO members. A majority of observers agreed that the outer portion of
as the brightest. Most also saw the Crepe Ring and ring D. Seven
in t?xe rings were seen in 1955 by at least one observer, C. J. Smith who
Yrawing of his observation.
Outey th_ird of ring B was the brightest in 1956 as it was in the two previous
drawing by C. J. Smith shows notching in the outer edge of the Cassini
SO:C;ewhat similar to a drawing by Trouvelot in 1874. Six ring divisions

it W
lthe Crepe R

(b)

(c)

Fig. 10.11 Anomalous shapes of the shadow of the globe on Saturn’s ring
shadow; (b) peaked shadows; (c) notched shadows.
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o other and the superimposition of after-images of complementary
; e.-'actual ring colour. This controversial phenomenon was remarked
e ] reports and photographic investigations were called for to
ion?

piectivity Or otherwis.e. 1 .
‘White Spot was seen in the 1977-8 apparition and was described as
3 ;,re well closed up in 1978-9. The Cassini Division was dark
it did not appear as dark as in 1977-8. The Encke Division was not
wugh it was shown in at least one observational drawing. A bright
. Gpot was seen again but it was not as obvious as in 1977-8.
: srences in the brightness of the ansae were reported by observers
4 blue Wratten colour filters.

J édgewise presentation of the rings in 1979-80 two bright spots
the rings about four fifths of the way out from Saturn’s globe.
i ybably due to light passing through the Cassini Division.

‘White Spot or bicoloured aspect of the rings was noted during the
e 1981-2 apparitions when the rings were starting to open again
w Heath saw it in 1981 but this was not confirmed. Interestingly, the
‘where the Crepe Ring crosses over Saturn’s globe, was darker and
distinctly seen than during 1980-1. The Cassini Division at the ansae

Fig.10.12 Radial streaks seen by Antoniadi on Saturn’s rings, April 1

E.M.]JBAA 6, 339, 1896.)

Terby’s White Spot, which had not been reported for seve
1960. It once appeared as a bright notch in the shadow «

Detailed accounts of changes in the visibility and b:
the number of ring divisions in each apparition are
Section Reports of the BAA and ALPO. To further si
would make tedious reading so only a brief account of the m
phenomena will be mentioned from 1960 up to 1988.

The Encke Division, or ‘Complex’ as it is often called, we
1961 and 1962. It was definitely photographed, appas
1962 by Herbig, with the 120-inch reflector of the Mount

on June 22nd 1962.

Another faint Terby White Spot was seen adjoining th
the rings in 1970-1. In this same apparition, the Cassini D
but the Encke Division was greyish. Most observers ag
had a distinct brownish-grey to reddish-brown colour di

In the 19767 apparition the Encke Division was seen
large telescopes frequently appeared as a vague dark ;
Ring was well seen and was of a grey to bluish-grey ¢
Spot was seen as a brilliant white spot on ring B adjacent
on the rings. It was more conspicuous than in 1975-6 an
recorded. The Terby White Spot seemed to have increased |
years since, and prior to, 1974-5.

During the 1976-7 and previous apparitions the bicolous
was confirmed by observation with different coloured Wr
contradiction to the earlier explanation of it in terms of the
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s dark greyish-black colour but the Encke Division was not seen by
ers although it was shown in a drawing by Leo Aerts who observed
refractor under fine seeing conditions on January 20th 1982 and
observing from Venice (Italy) also saw it.

e Division was again seen by G. Gambato at the ansae during the
rition and also by C. Tallone. S. Daniels observing with an 8-inch
ws it in a drawing made on April 25th 1983. The Cassini Division
black. Curiously, widely different estimates of the brightness of ring
in by different observers and its colour was variously described as
owish or green. The Crepe Ring where it crossed the globe of Saturn
th difficulty. There were only a few reports of sightings of the Terby

Division was not seen in the 1983~4 apparition and the Cassini
the ansae was of a greyish black colour. There were scattered
the Terby White Spot. Although many observers carefully scruti-
gs with colour filters only W. Haas reported a real difference in the
 the two ansae.

the rings appeared brighter than in 1983 but colours were difficult to
Cassini Division, which was black, was seen at the ansae by all
ome of whom thought that it looked narrower than usual. Many
 trace it all around the north face of the rings. The Encke Division
ly glimpsed by some observers. There were infrequent reports of the
:Spot. The bicoloured aspect of the rings was not reported during

_.*6 apparition, many observers traced the Cassini Division all
Tings. The Division had a black colour. The Encke Division was
Seen at the ansae in good seeing conditions. A fairly bright Terby
Was seen by many observers. W. Haas was the only observer among
W the bicoloured aspect of the rings. There was no difference in
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d to be due to protuberance of the globe at midd%e
isingly Herschel’s observations in both 1805 and 1806 of this
ﬂtsurpl'f hape of Saturn stimulated a good deal of controversy
: flered bsut }I::is careful measurements of the globe and its peculiar
omers'derable reputation as an observer seemed to preclude the
cc;fall illusion. The Astronomer Royal, Sir George Airy, once
'..o'f Dgaw the square-shouldered shape. .
. that in 1803 Schriter saw that Saturn d.1d I:\Ot appear to have a
ical outline. In the Autumn of 1818 W. Kltchm.er observed Saturn
hnt achromatic refractors and saw the peculiar square shape of
: is occasion the rings were well closed up and therefore could not
ted to any optical effect to give rise to the square-shapec:l appear-
bservers in the year following saw some odd effects while others
?unusual. Bessel made measurements of Saturn’s globe w_hen the
1 disappeared during 1830-3 using the heliometer.at Konigsberg.
ﬁ(hnself of the elliptical shape of the globe and derived a value of
ression.
ﬁ];l:;li;;%ﬂﬁced by the Council of the Royal Astronomical Society
t of careful micrometric measurements of the globe of Saturn made
at the Greenwich Observatory that there can be no doubt that
slobe is an elliptic spheroid and that there cannot be any reason for
o the planet to have an anomalous shape_. .
880 W. E. Denning observed Saturn with a 10-inch reﬂfector and saw
! 'square-shouldered appearance of the globe. He explained the effect
to contrast effects of the belts on the globe. The bright belts near the
uce an obvious ‘shouldering out’ of the limbs at.its ends whereas the
elts at the pole and near the equator have an opposite effect and seem to
s the globe when their ends approach the limbs. He also saw the square-
appearance On October 15th 1880, caused.by large bright aretas on
in the South Temperate Region together with the darker shading of
rthwards and southwards from the bright areas.

nce seeme

Fig. 10.13 The "square shouldered” aspect of Saturn. (From The Scien
Herschel, volume 2, p.33, Royal Society and Royal Astronomical Socies

intensity of the ansae when he viewed them in integrated li
but with a blue filter the west ansa looked brighter than the

The Cassini Division appeared a dark greyish black col
many observers were able to trace it all around the ring.
sightings of the Encke Division in favourable seeing conditio
saw a pale yellow-white Terby Spot; this still appears to be :
enon and is not likely to be an integral part of the Saturnian
only W. Haas noticed the bicoloured aspect of the
observers had looked for it.

The northern face of Saturn’s rings was well placed for
1987-8 apparition. Only rarely was the Encke Division seen
favourable seeing conditions and the Cassini Division was
around and had the dark greyish black colour that it had in 1
was seen by several observers as pale yellow-white in colo
bright. Yet again, W. Haas was the only observer to see the bi
the rings.

| belts and spots In 1852 Lassell, observing from Malta with his large
described the two main equatorial cloud belts as having a reddish-
ur becoming suddenly blue-green at the south edge of thfe more
y of the belts. The lighter shading of the south pole was seen variegated
‘stripes and lines. _
at equatorial spot was seen by Asaph Hall on December 7th 1:‘5?6 with
t angular diameter of 2-3 seconds of arc and it remained visible for
veeks afterwards. It finally extended as a streak on one side. Hall. was
leulate a rotation period for Saturn derived from 19 central meridian
servations of the spot made by him and five other observers. These
ions extended over 61 rotations of Saturn, a period of nearly 4 weelfs.
llue for Saturn’s rotation (assuming that the spot had no motion of its
5 10 hours 14 minutes and 23.8 seconds, the probable error being 2.5
45. No further appearances of spots occurred until the 1890s. ‘
A.S. Williams detected some bright spots in Saturn’s Equatorlal.Zone
the equator. From the motions of four of these spots an approximate
M period for Saturn of 10 hours 14 minutes and 21.84 seconds was deduced
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The globe

Abnormal shape of the globe A curious phenomenon
dered’ appearance of the globe of Saturn seen by many
times in which a peculiar flattened squarish shape of the plar
10.13). Herschel saw this on April 15th 1805 using a power of

focal length reflector and described it in a paper that he wrote. |
flattening was much more sudden than it is with Jupiter.
with different telescopes and magnifications and making care
he was sure that the globe was shaped like a rectangle with
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by Marth. W. F. Denning obtained a rotation Pperiod som,
by observing ten bright equatorial spots. The value h
minutes and 26.6 seconds. These spots were observed |
Marth derived a rotation period of 10 hours 13 minutes

The many dark spots of 1893 were located between 70
and Williams noticed that they occurred in Ppairs, one on ¢
double North Equatorial Belt, one of each pair lying P
other. Transit observations of the spots gave two group
of 10 hours 14 minutes 29.1 seconds and the other of :
seconds. Thus, atmospheric matter in the same lati
minute faster in one hemisphere than in the other, an
so great and pronounced a difference was rarely found

The bright equatorial spots of 1893 resembled those.
torial Zone. Williams found that some of these spots, at I
ally accelerating over the previous two years at a more ra;
spots on Jupiter.

The double North Equatorial Belt was beset with dar]
weren’t seen as double as often as in previous years
projecting into the bright Equatorial Zone. Bright Equ
those of 1893 in appearance and location were seen. These
apparently cut into two by the narrow dark Equatorial
ences were again noted in the rotation periods of differen
bright spots.

Curiously, E. E. Barnard was unable to see the dark and
even with the 36-inch refractor of the Lick Observatory, a
seeing a very small dark spot at the north pole. Everything
aperture reduced he could see at full aperture — but non
is difficult to reconcile with the lengthy detailed investigatior
other observers.

In late 1880 when Saturn’s southern hemisphere was t
Denning observed Saturn with a 10-inch reflector. He sa
Equatorial Zone and something similar to the ‘quintuple b
on November 11th 1793 (fig. 10.14); also several dark bell
region.

ish observer N. A. Green observed Saturn with an
I 188}5{;}1 foﬁrr:ghtsl?e south pole area a dark grey colour. Nothing
OI.
gnor t:)lee%\l::;e:l". C. Elger used an 8.5-inch Calver reflector to
gl,lsh g;;'ysﬂs As compared to appearances in 1887, the pattern of
E lie seerr.led to have changed. The South Ternper.ate Region was
3 unusually wide belt of a cinnamon colour. Tiny white spots
i Otﬂand the wide bright Equatorial Zone. The grey-blue south polar
2 in darkness from night to night and the north half_ of the
varymed duller than the south half of the South Equatorial Belt
¥ eds:riest. Its north edge seemed sharper and ‘harder’ than the

- ions of Saturn were made by E. S. Holden during 1879-89
I ::Zfsafs I;; 36 inches of aperture (this being the Lick refractor).. In
.4 he saw nearly the entire southern hemisphere to be of an olive
- and dark. The remainder of the globe was l}ght. There was a dark
"fe_sollth pole. Rose-coloured tints were seen in the Equatorial Zone.
band across the Equatorial Zone was seen in 1882. .
1 Section of the BAA was started in 1891 and ffom that time ma.lde
tributions to Saturn studies. Rev. A. Freeman, l;)l.rector f’f the Sec‘tlon
5 1895, observed Saturn under excellent conditions with a 6.5-11"1ch
March 12th 1892. He saw the South Equatorial Belt as a dark, wide
ole belt. Both poles were dusky. The dark South Temperate Belt was
w a ‘quintuple belt’ in the north region made. up of three d'f\rk
erate Belts with light zones between them. A. S. W}lllams, also using
 reflector essentially confirmed Freeman’s observations. He saw two
th Temperate Belts and the two components of the South Equatorial
th part of the Equatorial Zone was very bright. The narrow dark
Band seemed to consist of bright and dark spots and patches. When
was excellent, the whole of the north part of the Equatorial Zone was
with faint bright and dark mottlings. He also saw a ‘quintuple belt’ in
hemisphere but consisting of a North Equatorial Belt and two broad

t North Temperate Belts with light zones between then'.n.
orial region and northern hemisphere were well seen in 1894 and
ed by B. E. Cammell with a 12.5-inch Calver reflector. The south part
rial Zone was brighter than the north part, the two sepaljated by the
orial Belt. Again a ‘quintuple belt’ was seen north of this, made: up
elts and two bright zones almost exactly as A. S. Wi]liar:rm had seen it in
polar cap was dusky and separated from the quintuple belt by a

ppositions of 1894 and 1895 Barnard made further observations of
the Lick refractor but still did not see any light or dark spots. .

ary 1895 C. Roberts observing with a 6.5-inch reflector had a view of
ar to Cammell’s. This time the Equatorial Belt was very dark and
out mottling and four belts were seen in the northern hemisphere.
€ared to be a North Equatorial Belt in two components and two North
€Belts northward of a wide light zone. ¢

and 1897 more dark spots were seen on the North Equatorial Belt by

Fig. 10.14 Herschel's quintuple belt. Onand by Antoniadi who was working with him.
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Saturn was difficult to observe during 1896-1990
declination. Observational reports made in 1896 sho
globe features since the previous year. Antoniadi note
regions and the double North Equatorial Belt upon
neated many hazy spots in their observational draw;
spots on the North Equatorial Belt fairly easily in -
1898. He saw that the north polar cap was a dark bly,
surrounded by a bright zone. There was no polar cap
regions looked dark. Observing with the 40-inch Yerk
1898, Barnard enjoyed an unusually fine view of Saturn,
cloud belts in the northern hemisphere separated by
polar cap. Like Flammarion he too found the north
April 1899. Later in 1904 the north polar region was light:

Flammarion’s and Antoniadi’s observations of 1
10.25-inch refractor showed the north polar cap to be
double nature of the North Equatorial Belt was distin,
seen of the Belt's dark spots, neither was the Equatorial:

The north polar cap was still not too dark in 1900. The d
Belt was a prominent feature and the dark spots were ag
The Equatorial Band had reappeared and the bright
unevenly tinted and had a mottled appearance.

Observing in June 1903 with the 40-inch Yerkes refract
first one of a series of white spots on Saturn; he had nevs
the planet during the previous ten years. The spot wa:
Temperate Zone. Without knowing of ‘Barnard’s !
another on July 1st using a 10-inch reflector. Comas
evening with a 6-inch refractor at Barcelona.

Several such light spots were subsequently seen all in
north) but none as conspicuous as the first. K. Graff at
what seemed a rather long rotation period for Barnard’s
minutes but this was later confirmed by others.

Later observations of the other white spots and estima
were beset by identification difficulties. However, the n
was the reliable establishment of the long rotation periot
From the observations of these spots A. S. Williams conclui
great equatorial current on Saturn and that its velocity =
greater than Jupiter’s equatorial current. It indicates a gre:
surface materials than those on Jupiter.

In September 1909 Percival Lowell observed Saturn
servatory and saw what looked like faint lace-like mar
across the Equatorial Zone. He photographed them on No

In 1909 Belopolsky photographed Saturn with the 30-i
Pulkovo Observatory using two colour screens, an indigo-
green. The results suggested that the globe of Saturn had an

‘the rings had none. This was confirmed spectroscopically.

In August and September 1910 T. E. R. Phillips saw that
was the darkest feature on the globe. There was a series of li
the globe that had a mottled appearance. The bright zone
appeared especially bright near each limb.
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i ting difference between Saturn’s and Jupiter’s
g noticed 27 ;n;?:;er gppear brighter when they are on the central
white PO © aler or vanish completely because of atmospheric
E b}; On Saturn, white spots in the South Temperate Zone
Eedlﬁcuity when on the central meridian but become brighter

0 and onwards, considerable changes took place in

- 191 .
R ary 1911 the southern hemisphere had an approxi-

P d by Janu

: spect. .
d‘;?;};il E‘12 was observed by T. E. R. Phillips and H. Thomson.

- ite area in the south polar cap (also seen by Jarry-
ga:t;‘tz;l b‘::lkit:afv independently, t}}:ere seems to have been hardly
' ! earance from the last apparition.

éimpspaﬂfﬁon the south polar cap a_ppeared small and. dusky
- was seen surrounding the polar regions. As many as six belts
e disc, some of them double. The South E«_:p.laton.al Belt had a
od south edge and a north elc;ge \:irith irregularities, this edge being
i int Equatorial Band.
._W?;;D::;ef: by g W. Wood in 1915 using the Mount W_ilson
tor and filters transmitting infra-red, yellow, violet and ultrawolgt.
1 Saturn’s atmosphere was suggested by the results. The_Eq}latonal
dark in violet light suggesting to Wood either that tl-fere is fine dust
nding from the Crepe Ring to the globe or that there is a pale yellow
stin Saturn’s atmosphere. o _
ations made of Saturn during 1917 were sightings .of white
k condensations in the South Equatorial Belt and the decline of the
ark and prominent antarctic belt to the south edge of a south

: 19%05 visual observations were made by many observers but
v Antoniadi with the 33-inch Meudon refractor. He noted changes
sions, colour and overall appearance of the north polar cap durm_g
d a grey colour in 1926 with a clear zone around it and sguth of this
wn-coloured belts. One of these was the North Equatorial Bel_t and
usky spots similar to those seen by A. S. Williams in 1?591. Later in the

adi saw complex white patches and irregular filaments on the
changing appearances of the tint and visibility of the North Equa-
which on one occasion in 1928 was barely visible even in the Meudon

observed a rose tint on the North Equatorial Belt in June 1926,
oy Antoniadi who also noted a similar colour in the Equatorial Zone.
rouvelot had seen something similar in 1874.

mer of 1927 W. H. Wright published results of photography of
t of different colours. Marked limb darkening was noticed in hg!\t
engths especially near the north pole but the limbs were bright in
L Mars and Jupiter both show this effect. Not much difference was
the appearance of belts and zones in light of different colours. The
‘photographs showed a dark wide belt overlying the Equatorial

es were observed in the North Equatorial Belt by M. S. Butterton
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. BAA reported among other things that the North
jf section girtE:r thinnef and more well-defined than the South
| Belt w;.;s was diffuse and in a higher latitude. A phenomenon seen
thChre on Saturn was observed by L. Andrenko at the Odessa
ey rLa]sing a 6.5-inch refractor on September 28th 1936 he saw a
' US.SR' oiection on the following limb, seemingly demarcated from
“'hlt.e Fr 1ey border. The sighting was confirmed by three other
a fain t%:e projection was again seen but on the preceding limb and
"T'Xt d?gur days was still visible. It was seen for the last time on
mgtit looked much smaller than previously. .

o Gection Report for 1939 mentioned that in 1937-8 the cloud
Sah-;:_];‘t and the bright Equatorial Zone had faded. In late 1939 the
‘Region Was dusky, the South Equatm:ial Belt was faint and broad
ble?), a well-defined dark line marking its nortbern e_dge. 3
39-46, the War years, the BAA Satul_-n Sfechon virtually stop‘pe
e War was not conducive to observation in Europe but American
continued to observe during this period and Saturn was favqurably
eavens. American observers noted that thf: south Equatorial Bglt
than normal and its double nature was difficult to make out in
t at other times it was prominent; generally the n’orth cor’nponent wa}?
1t \W. Haas measured the transit times of two §mall blumps on the nort

The most exciting Saturn observation of 1933 was the : north component and deduced a rotation perioFl of 10 hours Ig
white spot on August 3rd by W. T. Hay (the well-known seconds. A belt at the edge of the south }?olar shading d.arkened an
with his 6-inch Cook refractor at Norbury in England. Th rominent in 1943—4 and then faded. During 1943-6 delicate narrm:ir
situated in the Equatorial Zone and was about one fifth of oh at times were rather dark, were seen. One was near the equator an
length (fig. 10.15). During the next few days the spot len: 4  the South Temperate Region. : ;
direction and extended ogver the whole wi}c;th of tl}ie Equa features were seen crossing obliquely Ler the Equatorial Zgne 1
it began to spread into the North Equatorial Belt. The fi where a festoon terminated on the Equaton‘al Band a conFentrahor_;‘l?r
sharply defined for many weeks. By September 13th the Transitory light clouds were also seen in the Equatorial Zone. The
much that it was not a spot but a streak. It remained brighter ents of the North Equatorial Belt were not seen late in this appari-
Zone. Finally, it looked like nothing more than the ragge
bright part of the Equatorial Zone. Other members of the
Steavenson, T. E. R. Phillips, R. L. Waterfield) and many
the world made detailed observations of Hay’s white spot.
the opinion that the spot was eruptive in nature. Photogra
of different colours made by him at the Lick Observato
Crossley reflector showed the spot to be approximately circu
and in ultraviolet light but elongated in yellow light. Fo
these photographs were taken the spot had lengthened
and violet light.

In 1936 Antoniadi observed interesting colour effects on!
2nd the southern hemisphere looked grey but the north
more dusky with some admixture of orange. North of the
colouring in the Equatorial Zone was especially pron
brown North Equatorial Belt there was seen a dark brown.
were three dusky spots. On December 19th the southern he;
coloured and the northern purplish-orange. The Equato
equator was a yellow colour and north of the equator it was p
darkest parts of the disc were the polar regions.
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Fig.10.15 W.T. Hay's white spot of 1933. (From JBAA 44, 1933 fron

using the 9.3-inch refractor of the Dominion Observa:
Zealand. He calculated a rotation period of 10 hours 20

dark spots were seen in the Equatorial Zone in 1955, again where

ssed the Equatorial Band. In this year the North Equatorial Belt was

ive of the disc features. Both components were visible. Dark spots

ently seen in the North Equatorial Belt and in a drawing made by C. .

une 5th using a 6-inch reflector, a very large dark spot is shown on the
ponent of the North Equatorial belt. '

s were wide open in 1956 exposing the northern part of the disc. The
Zone was decreased in brilliance and there were far less light clouds
e Equatorial Band was less conspicuous than in 1955. Thfe North
il Belt continued to be the most prominent feature on the disc, seen
'some and as nearly single by others. Festoons crossing the Equatorial
@ still seen. It is strange to note that Cruikshank did not see any suc!‘n
uring regular observations of Saturn during the 1958 and 1959 appari-
ough he was using the Yerkes 40-inch refractor.

th African member of the BAA Saturn Section, J. H. Botham, was
Saturn on March 31st 1960 during the early hours. He had never seen
Ng markings on the disc of Saturn although he regularly observed the
was with some amazement that, on this occasion, he saw a large
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brilliant white oval spot in the North North Temperate 7
spot took about 1 hour and 10 minutes to transit the cent
had lengthened into a long strip on the preceding sid
2nd Botham saw that the spot’s outline was diffuse,
9-inch refractors for these observations.

Botham’s spot was independently observed by A.
Midi 24-inch refractor in April 1960. The last time he
26th, previous to which time it had spread itself out into
Zone, the latter becoming much brighter as a result. B
early September 1960, several bright ovals were seen in
of the North Temperate Zone continued into the early part
In a drawing made by J. Robinson on July 25th 1960 usin;
projections are shown on the south edge of the North E
Equatorial Zone bright oval between them. ]

Interestingly, Botham’s White Spot occurred in much hi
globe than earlier ones whose transit times had been m
more further north than Barnard’s and the other no:
rotation period of 10 hours 39 minutes deduced by Bo
these others.

After the disappearance of Botham’'s Spot, another apr
Temperate Zone about equal in size and brilliance, a
nence on August 25th 1960. Its rotation period was 10 hou

Saturn appeared to be fairly quiescent in 1961. No
any length of time was noticed. Some observers saw
Equatorial Band and the south edge of the North Equato

The ALPO reported that there was a rather limited
available over the next few years and that Saturn had been
few years following 1966. Only a very limited report ap:
south part of the disc of Saturn during the 1970-1 appariti

Atmospheric activity on Saturn appeared to increase
apparition as compared to the previous one. Subtle bri
festoons were seen in the zones and dark spots were son
A white spot was seen in the South Temperate Zone in I
several dark spots on the north edge of the South Tempera

The degree of atmospheric activity during the 1977-8
the same as it was in 1976-7. As usual the Equatorial Z
zone on the planet. The Equatorial Band was seen only

Somewhat inconspicuous faint mottlings, bright
again seen at times in the more conspicuous zones and
reported in the cloud belts.

During 1978-9 Saturn appeared not too different
apparitions. Again, intermittent brightenings, faint mottling
were detected in the zones. The North Equatorial Belt appe
South Equatorial Belt was the widest of the cloud belts.

The ring system of Saturn was seen in the edgewi
1979-80. Again, comparatively little activity was seen as in
The South Equatorial Belt was still the widest of the clo
seen as single as well as the North Equatorial Belt and @
apparitions, the Equatorial Zone was the brightest part
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d was not reported. Festoons, mottlings, inconspicuous bright-
reseen in the northern zones.
] e orthern hemisphere began to be advantageously presented as
S rt10 open out again. Not much activity was seen in this hemi-
:lnark spots and elongations were seen on the south edge of the
.1 Belt late in the apparition. The mottlings, brightenings and
Je in previous apparitions seemed to have dieq away. The _North
Belt again appeared single and the South Equatorial Belt was incon-

_ the two hemispheres of Saturn was still fairly low during 1981-2.
- uatorial Belt reappeared as two components. Very few belts and
on in the southern hemisphere.
ht spots were observed in the Equatorial Zone and the North
t during 1982-3 and a faint Equatorial Band was suspected. The
- was seen by some observers to be crossed by dark streaks.
ere also seen in the Zone. The North Equatorial Belt was conspic-
lit into two components. _ .
ern hemisphere was again fairly quiescent during 1983-4 as it
have been since 1982. Vague whitish spots were seen in the North
_Ghort-lived mottlings and elusive dark features were seen in the
Equatorial Belt. The Equatorial Zone had darkened since 1982-3.
nothing of the southern hemisphere was visible owing to the strong
{ilt of the northern hemisphere.
level of activity in the northern hemisphere observed in 1983 and
few years prior to that year continued into the 1984-5 apparition.
ve and poorly-defined detail was visible occurred mainly in the
Zone, North Equatorial Belt, North Tropical Zone and North Tempe-
The Equatorial Zone was somewhat brighter than in 1982-3. Vague
;and festoons were seen here.
¢ activity in the northern hemisphere started up in the 1985-6
‘Occasionally discrete detail was visible in the North Tropical Zone,
atorial Belt and the Equatorial Zone. Elusive festoons and an ill-
itish spot were seen in the North Tropical Zone. Dark and light spots
in both components on the North Equatorial Belt and projections were
ges of both the north and south components. Slight darkening of
l Zone was noted. A whitish oval was seen in the Equatorial Zone
estoons and occasionally a very narrow Equatorial Band.
e same level of activity was apparent in the northern hemisphere in
occurred in the previous apparition. Vague hints of whitish spots and
e suspected in the Equatorial Zone. The Equatorial Band was not

ne

increase in atmospheric activity was noticed in 1987-8. The rings
| to their maximum extent at this time, fully exposing the northern
2. The Equatorial Zone appeared much the same as in 19867 with a
hispots and festoons and the Equatorial Band was not often seen. As
Previous apparitions the North Equatorial Belt was seen split into two
- Vague and diffuse features were observed within them as well as
Crete features.

1988-9 the northern hemisphere again showed only limited and
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Spacecraft exploration of Saturn

the roughly 30-year period between the spots suggests that their
may be a seasonal effect. Because Saturn’s axis of rotation is tilted at
of 26.7° to its orbital plane the planet is subjected to a heating and
B Jeas is the case with the Earth. Each Saturnian season lasts for almost
” however. In the Earth’s northern hemisphere the hottest days
at ﬂ;e gummer solstice but several weeks later in August. This time lag
“the Earth’s atmospheric mantle behaving as an insulator which takes
- up. It is possible that a similar effect takes place on Saturn. The
_'*h'emisphere of Saturn was 3 years past the Saturnian summer solstice
£4000, It may be that the accumulation of heat in the lower layers of
tmosphere precipitates an upward burst of cloud material somewhat
« to the high thunder clouds that ascend in the Earth’s atmosphere on a
day. The analogy may not be a good one, though, because Saturn
nal heat source sufficient to account for these outbursts. Further, the
of this and previous white spots may not be as obvious as it appears;
1933 and 1990 spots appeared at the equator and were large but the
11960 spots were small and were situated nearer the north pole, so that
be a 57 year cycle for the repetition of major eruptions in the equatorial
ereason for it is unknown.
s preceding sections are only a summary of the phenomena observed on
Land its ring system over the years but even this should convince the
at Saturn is a most interesting and challenging planet to study. More
nformation may be found in the Saturn Section Reports of the BAA and

(a) (b)

(c) (d)

Fig. 10.16 The Great White Spot of 1990, from photographs: (a) Octok
16th; (d) October 23rd. '

sporadic activity with about the same frequency of occ
nomena as in the preceding apparition. The North Equato
often seen as a single belt although it appeared double at ti
details were seen in the north component. The south compon
belt on the globe as it had been during several previous app:
features were seen within it at times. Vague white spots an
seen in the Equatorial Zone and wispy festoons. The Equal
seen.

Another ‘Great White Spot’ appeared on Saturn in 1990 (fig
seen on September 24th by A. Montalvo who was ob:
reflector at Los Angeles. On the same evening the spot v
observing from Las Cruces, New Mexico. Wilber reported
the more cautious Montalvo and so the spot became kno
The spot appeared as a bright oval area nearly on Saturn
of +4° and was easily visible in even small telescopes. It
the white spot of 1960. The spot remained oval in shape
early October a ‘tail’ began to appear extending in an eas

By October 10th the spot was distorted and began
band around Saturn’s equator and some of the bright
move in a northerly direction. By November the spot
dispersed as to give Saturn the appearance of having a br
Equatorial Zone.

As noted earlier large bright spots appeared on Saturn
1960, i.e., at roughly 30-year intervals. The 1990 spot was
unexpected. All of these spots were located in the no:
the Summer solstice on Saturn. Since Saturn takes 29.5 year
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ations of spacecraft observations of Saturn will now be described.

ft exploration of Saturn

first approached by the spacecraft Pioneer 11 in September 1979 and
within 13 000 miles (20 880 km) of the top of the planet’s cloud-laden
re. Pioneer 11 spent ten days measuring and photographing Saturn. It
two more rings outside of the main ring system, the F and G rings
er satellite, the eleventh, with an estimated diameter of 250 miles (400
) the outer edge of the A ring.

ger 1 spacecraft flew to within 77000 miles (124 200 km) of Saturn’s
on November 12th 1980. It made detailed observations of Saturn, its
S€m and its several moons. It photographed six previously unknown
saturn, some of which had been suspected but not confirmed.

Bust 25th 1981, the Voyager 2 spacecraft approached to within 63000
300 km) of the cloud tops of Saturn which was about 14 000 miles
I:) nearer than Voyager 1. The probe studied the ring system and
_'-__Sah.lm's moons throughout the close encounter that lasted for many
more detailed studies of the rings included examination of the curious
_*_'feah.lres and the discovery of a narrow ring in the Encke Division.
1SS Were secured of the satellite Hyperion and of Saturn’s atmo-
i a large 250 mile (400 km) crater on the moon Tethys. This is the
Yetobserved in Saturn’s system.
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Cloud tops

Saturn

1980 53
1980 51

MIMAS —

Saturn’s
Rings

Fig. 10.17 Saturn’s rings.

The Rings CELADUS —
Perhaps the most interesting and spectacular findings con
Before the Pioneer encounter there were only the three ‘cl
observers — the outer A ring, the B ring inside this and sep
by the Cassini Division and the inner C or Crepe Ring. The
ring system showed that there were literally thousands o!
known rings was itself composed of hundreds or thou
There were even faint rings discovered within the Cassini.

All of this has now made necessary new nomenclature D
there are now seven rings based on the ‘classical’ nomenc
new discoveries are as follows:

(1) Just 2300 miles (3200 km) outside the outer edge of the .
but delicate F ring.

(2) Much further out at a distance of 20700 miles (33
ring’s outer edge is the narrow C ring.

(3) The extremely faint E ring is 55800 miles (145000
cloud tops and stretches out beyond the orbit of the

(4) Nearest to Saturn is the wide and extremely fain
outwards from the cloud tops of Saturn and merg
of the Crepe Ring. The existence of this had been su
based observation.

1nomenclature of Saturn’s rings.

sed observers of Saturn always see the rings by reflected sunlight. The
ich is most reflective, always appears to be the brightest, the A ring is
and the C ring is but slightly reflective and always appears pale.
er spacecraft viewed Saturn’s rings from many different angles
the sun, both by reflected light and by light transmitted through them
arance in both is quite different. The B ring was found to contain
dreds of fine bright and dark ringlets without arrangement into any
oi€ pattern. Their widths went all the way down to the resolution limit
Tas aboard Voyager. Computer-enhanced pictures make them look
but most of the ringlets show no more than 10-30% variation from
tness of the B ring so that they are difficult to differentiate.
obtained by Voyager from the side of the rings in shadow showed
10 be dark and therefore relatively opaque to the sun’s light. Only a
finglets shone through. However, the bright crescent of Saturn was
8 through parts of the B ring by Voyager’s cameras. A curious pattern
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of radial spokes, also seen from Earth, was seen on the B r
and they rotated in the same direction as the ring. Apparen
bright and dark ringlets and were 5-10% darker than the
The spokes could not be seen from below the plane ¢
visible again from Saturn’s far side as bright spokes. The
the same distance from Saturn at which ring particles anc
Saturn rotate dt the same speed. Subsequently it was found
with the magnetic field and not with the ring particles s
made up of fine particles carrying electrical charges tha
the ring plane by the magnetic field of Saturn.
The widest gap in Saturn’s ring system is the Cassini D
the A and B rings. From the Earth it always looks black o
edge of the division is in resonance with Saturn’s satellite
edge resonates with Japetus. The division is about 2
From the sunlit side of the rings, the Cassini Division look
C ring and it has a bluish tinge as has also the C ring.
rings the division looks bright although it looks dark
there cannot be a high density of fine particles within |
experiment carried out by Voyager showed that th
lumps revolving within it. Much structure was dete
Division by Voyager. There are four principal wide bright
narrow divisions. There may be ‘beats’ within resonances. T!
ring and maybe as many as 60 narrow dark features tes of Saturn
There are dark bands at the perimeter of the A and B
devoid of ring particles as they appear dark under all ¢ ions o
Contrasting with the B ring is the A ring which lack n Saturn.
ringlets caused by gravitational resonances. The Encke ! a diameter of 242 miles (380 km), is an icy satellite and its surface
wide resonance gap. About 497 miles (800 km) beyon ring structure 62 miles (100 km) in diameter with a 5.6 mile (9 km)
revolves the satellite 515, whose presence appears to tain peak on the side facing Saturn. The opposite side is covered
ring well-defined and sharp. When lit by sunlight from and the surface is cut through by a series of enormous trenches.
the A ring looks bright which suggests the presence of did not observe Enceladus with sufficient resolution to show with
Pioneer 11 discovered the narrow somewhat eccentri tit seems to be fairly free of craters and all over the surface are faint
outside the A ring. It appears bright by back lighting ngs. The surface is the brightest of all the satellites of Saturn. The
particles. The ring has a satellite on both of its sides, S13 ani celadus is located within the E ring’s brightest part. Its orbit is
quite small and function to keep the F ring within its orbi d is in resonance with Dione.
either inside or outside the ring collide with one or other eter 653 miles (1050 km), was not photographed at high resolu-
‘nudge’ them back into orbit. Because these two satellites ght and a dark side and is covered with craters. Near where the
on their path they are called ‘sheep dogs’ because they terrain meet is a curious large feature that has been interpreted as a
and keep them on course. High resolution Voyager ph structure. The density of Tethys suggests that it consists of about
the F ring is not one but three intertwined narrow rings, d 85% ice.
twists. a diameter of 696 miles (1120 km) and resembles Jupiter’s satellite
The G ring is narrow and faint and lies less than 621 in that its dark trailing hemisphere is marked by light wisp-like
the orbits of the satellites S10 and S11. It was detecte at criss-cross the surface. It also has a very large ring structure and
shadow passed across satellite S11 and by forward areas are peppered with craters. Judging from its density Dione
Voyager receded from Saturn but it was not seen from b onsist of about one third rock.
the sun-facing side. .'photographed by Voyager 1 in more detail than any of the other
Far outside Saturn’s other rings is the E ring which ext has a brownish colour, areas with wisp-like markings and with light
to eight Saturn radii from the planet. The ring was d Tain. The light and dark areas are absolutely replete with craters but
observation when the Earth passed through the plane of Sdo not have as many large craters.
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the orbit of Enceledas, the latter believed to be the source of the
t g up the E ring. The ring was detected by Voyager cameras as the

ded from Saturn.

: always appeared paler and less detailed than Jupiter’s
b?;:lur; ht?:’e top yof E‘f cloud-laden atmosphere is partly hidden
mile (80 km) deep haze that reflects about half of the sm:l’s light that
The spacecraft encounters revealed much structure in the (Eloud
the haze layer such as red ovals and dark 0\-'&-!15. These had pointed
ation of the anticyclonic type. Like Jupiter, Saturn has long~
features such as the orange oval found at a latitude of 55° south. Thls
for about 16 weeks. Long ‘wave’ formations and small eddy_xmgs
JJed. At the lower latitudes there are fewer features but the higher
» a cloud structure similar to that of Jupiter’s. .
eral lack of large-sized structure due to the dissipating effect of
ously powerful winds on Saturn. The Voyager mission revealed that
ter’s winds, Saturn’s blow in an easterly direction, the same as the
Saturn’s rotation with a speed of 0.31 miles (500 metres) per second

miles (1800 km) per hour.
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Titan is the largest of Saturn’s satellites with a dia

o movements of Saturn.
km) and can be considered as a planet in its own right. isibility and

Jupiter’s satellite Ganymede and slightly larger than C; Days
revealed little about Titan as it is shrouded by a mist an . 0
the only Solar System satellite to have an atmosphere n with the sun 5
great distance from the sun; Jupiter’s satellites Ganymed oars in dawn sky 125
of about the same size as Titan, are much nearer the sun otion starts .
The atmosphere of Titan is mostly nitrogen. To Voyag 055
peared as an almost blank orange-coloured sphere s tion ends i
layer about 124 miles (200 km) above the visible limb, night sky 378

be seen. The north pole was overlaid by a somewhat da;
curtain of haze. The southern hemisphere appeared

northern, possibly due to the season which would be the
the southern hemisphere. Titan’s density of 1.95 sugges
about half silicate rocks and half ice. i

In October 1998 C. Griffith and colleagues of No
announced the first direct indication of clouds in Titan’s
composed of methane and suggest a system similar to
This would be the only way to explain why the n
destroyed by solar radiation. Perhaps evaporation
methane on Titan is replacing the atmospheric methane.

This hypothesis was given support by Griffith’s team
infrared spectra taken on two nights in 1995 with spe
former showed a brightening of Titan’s disc of appro
1997 spectra did not show this. Griffith and her team belie
is due to the presence of clouds in Titan’s lower atmospk
condensing then they might be originating in lakes of liqui

The surface of Titan was shown to have a complex
areas by astronomers using the world’s largest telescope, th
Mauna Kea in Hawaii. The high-resolution infrared im
secured by using the technique of ‘Speckle Interfero
blurring effect of the Earth’s atmosphere to be neutralised
sing and combining hundreds of short exposure pictures,
‘freeze’ the turbulence of the Earth’s atmosphere.

The pictures obtained were the best images yet of Titan.
size were able to be mapped. One of the most interestin:
kidney-shaped area. This could be a sea of liquid hydrt
methane, ethane or their higher homologues. It may alsi
organic origin.

The Cassini spacecraft, which was launched in 1997, wi
probe into the atmosphere of Titan to take pictures an
pressure, winds, gas and surface properties measurements.

Hyperion was photographed by Voyager from a co
only a tiny disc was revealed. It has a diameter of 193 m
eccentric orbit and exhibits ‘chaotic’ rotation.

lapetus, diameter 895 miles (1440 km), has a light-colou
dark leading side and this has been known for a long tim
extreme. The bright side seems to be made up of ice and
sun’s light. The dark side is quite black and reflects only ab
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swed its surface to be sparsely cratered. A large ring structure was
Jlose to the light and dark side border.
Gaturn’s satellites such as the satellites designated $10, S11 and S12

that they do not occupy separate orbits. S10 was photographed by
transit across Saturn’s disc and it has an irregular shape. The
; 124.3 miles (200 km). S10 is somewhat larger than S11 whose
are 43.5x83.9 miles (70x135 km) and of irregular shape with
ts surface. The satellites 510 and S11 are peculiar in that they share the

about nine years after the Voyager 2 photographs of Saturn’s rings
ed, anew satellite orbiting within the Encke Division was discovered
vely designated 1981 S13. It was found on 11 of the images taken by
its discoverer Mark Showalter reported. The satellite is about 12.4
) in diameter and is similar to the ring particles in its neighbour-

ty of Saturn

anet Saturn, like Jupiter, can be observed all night when at or near
on. The cycle of visibility is shown in Table 10.2. Opposition occurs
weeks later each year. Saturn’s declination limits are 26° on either side
al equator.

apparent brightness varies more than Jupiter’s because at times the
imost of the light that we see. Hence Saturn appears much brighter to
e when the rings are fully open than when they are edge-on.

ving Saturn

lar System planets Saturn is perhaps the most intriguing because of
em, which although not unique in the strictest sense as we now know
nd other planets, is unique in the sense of being the only planetary
ently visible with Earth-based telescopes. Any telescope used with
€ras x 30 will reveal the rings. Even the casual observer on seeing
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Saturn Observing Saturn
the ringed planet in a small telescope for the first time is
The rings have an apparent width equal to Jupiter’s appa
The rings are easily visible in a 3-inch refractor. The Ca
in such a telescope when the rings are fairly widely open.
The shadow of the globe of Saturn on the rings is quite
telescopes. Sometimes this is the most easily observable feg
the rings themselves. It is hardly visible at opposition; 1-4
of opposition is the best time to see the shadow which is
these times and gives the spectacle of Saturn and its rin.
quality. 3
In the telescope Saturn shows a disc with only about on
Jupiter’s disc when viewed with the same magnification,
has an aperture of less than 3 inches there is little lik
features on Saturn’s disc apart from the shadow of the ri
For systematic work on Saturn and the recording
observations an aperture of about 4 to 5 inches mu
minimum. Small apertures can sometimes be more useful
when comparing visibility of projections on the north
torial Belt. However, any telescope with an aperture of
while giving beautiful views of the ring system does not |
tion to reveal significant detail.

mn photographed by the Hubble Space Telescope’s Wide Field/Planetary Camera.

South Polar Region (SPR)

South
. South Temperate

////////////////////’)‘ > S Belt (SeTS

With increasing aperture Saturn’s bright equatorial - N T A A Y e E&ﬂgﬁf‘é‘i
torlal bands a_'nd ﬂ\e dark p()lar regi()ns become visib i T T T I I T T I T T ITFIT T T T I T T T ITT TN S -
. . ou
drawing by Ernst E. Both of Saturn showing these features //1//////////////1///1/1///11'/1/////////,V Equatorial Belt
IS SASL LSS LSS AL LSS T LT LTE S TS SIS S S ISTT ) (SEB)

refractor and fig. 10.20 is a Hubble Space telescope ph
has cloud belts similar to Jupiter’s but they are more g
contrast against the light zones. The nomenclature of Sa
bright zones is shown in fig. 10.21. In telescopes less than
the chances of seeing more than one or two cloud b
occasions a light or dark spot may suddenly appear on Sa

Equatorial Band
(EB)

TS TITTSTTTTTTITTSTTTTTTSTITTSTTS ST FTIIIS S,

"/II/IIIIIIII/I/II/III//I/’//I///I’III/IA!." North

BT N AT T T T T T TTTTTTTTT IS FFHTETETTTES E quatorial Belt

(NEB)
T TTTTTTTTTISETFTTTTT T TS

K /i

. North Temperate
North Belt (NNTB)

North Polar Region
(NPR)

R Bt e S B L O

—
-

Direction of rotation

menclature of Saturn'’s cloud belts and zones. (Parts of the temperate zones adjacent
i South Equatorial Belts are sometimes called the North and South Tropical Zones
the case of Jupiter.)

Ven, twelve and fourteen rotations on its axis. The longitude of
beat t'he same position on the disc to within about three hours of the
twas first observed.

. . Qbservmg program should include the following observations. These
Fig. 10.19 Saturn, September 18th, 1962, 0.30 UT (E.E. Both, Keti; € by every observer no matter how large or small the telescope

Museum of Science). L
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Saturn Observing Saturn
(1) General survey of the planet and ring system tal
(i) The shape of the globe shadow on the rings
the globe. '
(ii) Changes in the usual shape or position of the
(iii) The position of any light or dark surface fea
appears to rotate with the planet.
(iv) Changes in visibility or outline of the Crepe.
(v) The location of any dusky markings or
Encke’s — in the ring ansae. -
(vi) Sightings, if any, of a faint ring beyond the p
(vii) Any star that looks as if it will be occulted
(2) Drawings of the entire planet whenever the seeing
(3) The relative intensities of the three main rings,
and shadows should be estimated and recorded.
(4) Note and describe any colour effects.
(5) Brightness estimates of the satellites.

B ring

C ring (Crepe Ring)

Drawing Saturn

Observations of the globe and rings of Saturn are best reco:
‘blank’ drawing of the globe and rings with the Cassini D
indicated. At least one author has justifiably remarked that
an exasperating object to draw. Not only do we have to p
— the globe of the planet and the rings — but also the sl
changing aspect of the rings which is noticeable after
weeks of observation.

By far the easiest way to draw Saturn and its rings is
For the globe an ellipse somewhat more oblate than Ju
there is no need to be over precise. The real difficulty
only do we need a set of templates for ellipses ranging fr
closed) to a little over 20° (rings wide open) but they have Saturn radii
sizes to mark the boundaries of the principal ring divisiol : (Radius = 60330 km)
boundaries of ring A and the inner boundaries of rings B
sizes have to be in the correct proportions both with re
the globe of Saturn. These relative proportions are sho
the radius of Saturn is unity and the semimajor axes
expressed in terms of the Saturnian radius. Some difficult
in getting a set of ellipse templates with just the right pro
not be overwhelmingly so as each template usually has
for each degree of oblateness. You should aim to get
accurate but again there is no point in being overprecise.
prefer to make photocopies of the set of Saturn outline
one of which should be a sufficiently close approxima
to the actual aspect of Saturn at any particular time. Indi
enlarged to whatever size you want if your photocopier hast

<— 1.0

<— 1.23 —

ular diameter e 1.52 ——m
19.48"
yosition distance & — 1.95 ———>

< 2.02 ———>=

. 226 ————>=

urn — rings visible in Earth-based telescopes.

tially the same as Jupiter’s. What little information we have
at rotation velocity on Saturn is more dependent on latitude than is
 Jupiter. The equator rotates almost one hour faster than the belts
Vhigher latitudes (see table 10.3).

not have as much detail and contrast to show as Jupiter and this
le determinations of rotation rates more difficult to obtain than with
e reason for the apparent lack of detail as mentioned earlier is the
fer distance separating us from Saturn so that Saturn presents a
S_IIialler disc than Jupiter. Other reasons are that there is much less
Vective action than on Jupiter so that there is less activity and colour
saturn has a bright haze layer that reduces contrast.

latitudes on Saturn do not show much activity but in the equatorial
latitudes large white spots and ovals are frequently seen. Then there
i minor outbreaks of activity that are worth watching for and when
rare worth following and recording while they last.

Observations of the globe .
As previously mentioned we don’t see the surface of Satu
the top of its cloud-laden atmosphere. Because of pronot
rates at different latitudes, the cloud layers exhibit dark
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Saturn Observing Saturn

e. Occasionally it can become abnormally dark as it did in
inence are the North and South Tropical Zones which are

Table 10.3. Differential rotation rates on Saturn. telescop

Latitude (degrees) Feature £ Ert(:,n;pot in most amateur telescopes. The Temperate Zones are a
+(0-10) Equatorial zone 10hr 12 erlxd the cloud belts, of course, are darker still. The zones are difficult
el use of the lack of contrast between them ‘?md trhe cloud pelts have
+(10hr-20) Equatorial belts 10hr 15 I fined edges that seem to merge imperceptibly into the bright zones
10hr 20 de. The two Equatorial Eelts often have fluted borders on .the :.-ndes
+(35-40) Tropical zones 10hr 30 » the Equatorial Zone. Thin belts can frequently be (':letected in higher
10hr 38 ¢ these belts are usually featureless. The polar regions are norm‘ally
+57 = 11hr sometimes will become bright. In 1963 the South Polar Region brigh-

almost equalled the Equatorial Zone in brightness. Most activity on
es place in the equatorial region. _ N
ensity of the dark cloud belts can change unpredictably and so it is
o note and record the darkness of the belts. Sometimes a belt may
here you have seen none before. This should be carefully delineated in
to show its approximate latitude.

thin festoons, which are sometimes visible in amateur telescopes,
idging the North and South Equatorial Belts, but they are not as
or as prominent as those on Jupiter. They are frequently seen springing
North and South Equatorial Belts in the direction of higher latitudes.
oons are seen quite frequently and coincidentally at times of white
ity. These should be observed and recorded as carefully as possible and
meridian transits timed.
ermination of the longitudes of features on Saturn’s disc is done in the
y as for Jovian features. The exact timing of transits of features across
meridian is even more important because of the comparative scarcity
ved prominent features on Saturn. As with Jupiter, there are two
zones employed for reducing central meridman transits to longitude:

Data from G. Roth, 1966.

[ (Equatorial Zone and Equatorial Belts).

rotation period = 10 hours 14 minutes 1.08 seconds.

rotation rate = 844 degrees per day.

remainder of planet).

tion period = 10 hours 38 minutes 25.4 seconds.

il rotation rate = 812 degrees per day.

O publishes a table annually giving the central meridian longitudes
s I and 11 daily at 00.00 UT. Included are corrections for phase, light
the Earth’s Saturnicentric longitude.

‘meridian timings should be made for spots of any kind, dark or light;
of the Equatorial Belts are especially productive of spots.

Fig. 10.23 Outline drawings of Saturn at various ring ‘phases’.

al white spots and ovals White spots do not appear often and it is
ty that makes searching for them a worthwhile activity. Their discovery
Ou to see for yourself eruptions of thermal origin, the study of which
d_ay result in discovery of the mechanism and nature of the processes
Inside the ‘gas giant’ planets of the Solar System. They also make
eterminations in the changes of rotation of the equatorial current.
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Cloud belts and zones Saturn’s cloud belts and zones
defined as those of Jupiter. Moderate apertures will reveal
and perhaps a belt to their north or south.

The disc of Saturn is traversed across its middle by the
Equatorial Zone which is the most prominent of the zones
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Useful observations of equatorial white spots can be un,
small telescope but regular observation of the equatorial a
necessary to ensure a reasonable chance of discovering
indistinct but have just enough prominence to reveal
bright Equatorial Zone. If you see a spot or oval, proceed

Moderately large telescopes are desirable for this work. The Saturn
the BAA recommends especially the regular latitude determination of
. (latitude measurements of any unusual features such as dark or

are- also needed).

| of the Equatorial Zone.

. and south edges of the North and South Equatorial Belts and North
outh Temperate Belts.

s north and south polar bands.

» North and South Polar Regions.

(1) Record the date and time (UT) when you first saw the.
(2) To avoid unconscious ‘wishful seeing’, contact anor
be able to verify your observation.
(3) Make a drawing showing the position of the spot on th
(4) Attempt a central meridian transit timing of the
minute. Do this for the preceding and followin:
centre of the spot. An approximate estimate of the
will thus be given, also data that are usable in def
period.
(5) Assuming that the spot will transit the central mer;
10 hours 14 minutes, estimate when you will be a
meridian transit. When this time arrives, observe
again record your data as obtained in steps (1)
there appears to be any drift from the expected tr.

rather indefinite and difficult to locate exactly, an attempt should be
asure the latitude of the middle of the C ring against the globe.
to measure even careful drawings do not give as reliably accurate
sasurement of the telescopic image with an eyepiece micrometer or
ever, improved accuracy is possible if the measurements and draw-
al observers are used so that mean values and ‘smoothing out’ of
be obtained. This underlines the value of the pooling of results from
Sections of the BAA and ALPO.
(6) Copies of your observations should be forwarded to: ick gives the following procedure for latitude determination: Let h =
IAU Tel L . ce of the feature north (+) or south (—) of the centre of the disc.
; ; SHEBLANN voasa ' \ gives the quantities a4 and b, the distances of the feature from the
Snathgonian Ubseive ey, Vo : the central meridian so that
60, Garden Street,
Cambridge MA 02138.

or the Saturn Sections of the ALPO or BAA. IR te (firom the Astronontical Almanic),

nicentric latitude of the Earth (from the Astronomical Almanac)

hattan B' = 1.12 tan B
1 h
ch that sin (B” — B) = —

r

Ring shadow on the globe Note carefully the extent .
shadow of the rings on the globe of Saturn. That part of
between us and Saturn casts a shadow on the globe which
the equatorial or polar side of the rings. When on the e«
rather like one of the dark belts on the planet. Be careful _ micentric latitude of the feature is given by the expression
thinking that it is a belt; it has often been reported as such by
Colour on the globe Generally, the globe of Saturn has
occasionally it may show some colour changes. Filters sho
in observing the globe for colour. The Wratten 25 (red;
recommended. If you make frequent records of intensi
and zones with the red and blue filters and also withou
intensities may be noticed and this indicates different tint
may also appear to have different widths depending on iponents As mentioned previously, there are three main rings around
which you observe them. _ itare visible in even small telescopes, an outer A ring, the B ring which
Record any unusual colour effects and endeavour to sCr 5 fiddle and brightest of the rings and an inner C or Crepe Ring, which is
colour phenomena every time that you observe Saturn. { parentand dim,
increase your chances of spotting white ovals. Details d B rings are separated by the dark gap known as the Cassini
served should be sent for evaluation to the BAA or ALPO € Widest and most prominent of the ring divisions. When the rings
hed in ultraviolet light the Cassini Division disappears which
Latitude determinations The Saturnicentric latitude of j the division contains very fine particles that are dispersed so thinly
of the belts and zones may be determined in the same way as 10 sSsary to use violet light in order to see them.
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Saturn

Studies of the ring components may usefully involye g

s in Saturn’s rings.

Observing Saturn

(1) Estimations of the relative brightnesses of the three - Distance from globe Width
.and also of the globe belts, zones and polar reg seconds of arc km seconds of arc
is valuable work as both ring components and
believed to exhibit variation. ' 19.0 129500  0.35
You should also make studies to determine if Cassini Division 17.2 118700  0.53
ness is periodic. If the ring components do va; 15.6 107000  0.18
determination should be made of whether all rine 13.5 93500  0.65
12.7 87500 0.20

2

©)

4

(5)
(6)

@)
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the same time and proportionally to other ring con

prove to be the case it might point to the origin
being caused by periodic gravitational phenon
of the orbiting satellites.

Brightnesses can be expressed on a nume
brilliant white and 10 is black shadow. A good w:
ness is to make a drawing of the globe and r.ings'( i
accurate or correctly proportioned) and simply o
various parts upon it. Patrick Moore recommen:
for each division. Start with the darkest feati
brightest then begin again but this time starting with

In practice it is difficult to make intensity estin:
accuracy implied by this numerical system. It wo
rings A and B (the B ring is always the brigh
System) as standards with which to make brig
belts, zones and polar regions of the globe. To
sliglhtly brighter than the A ring conveys more than
Scale.

The brightness of the rings is strongly correl
and should be correlated with their tilt. Their
opposition when the phase angle = 0°. 1
Make an estimate of the colour of each ring compor
the others. Observations with filters and photo ap
has a brown or reddish brown tint, ring B al
white and ring A exhibits bluish tints.

Note the degree of visibility of the Crepe Ring
can be noted over extended time periods. Defini
ring; at times it is easily seen and at others it is
investigation would be for you to determine if the
Ring and the brightening of other ring components
Make a rough estimate of the width of the Crepe
width of the B ring.

Note whether or not a gap separates the Crepe Ring
Look out for intensity variations (‘ripples’) in the
the forces that produce these are of the same kind th
gaps in the ring system but are not as strong. Note for
visible. Draw its position relative to the Cassini Di
are visible. If ‘spokes’ are seen time their rotation.
Each time that you observe the ring system look
These are large bright elliptical areas that occasior

e easy to
usually last on
and search for th

tness of Terby spots an

(] and

It is po
acqua
from

rin these areas.

x visibility as are other ring divisions.

Over an extended time period:

distinguish from the duller ring upon which they are seen.
ly a short time. Carefully watch out for any that
em even if none are thought to be present. The
d the probability of their discovery is in-
using a Wratten no. 12 yellow filter.
Jte measurements of the rotation rate of the ring components are
information helping to do this is provided by observing any
e spot for a period of a week and timing when the spot is on the
o] meridian of the ring as viewed from the Earth.

sions Table 10.4 is a list of the main divisions in Saturn’s rings, their
and mean opposition angular dimensions.
4 shows the positions and dimensions of some of the suspected ring
ssible that there may be others in addition to these. Take some
inted with the positions and possible visibility of these divi-
; the Cassini Division the only other really well established ring
o far as Earth-based observation is concerned, is the Encke Division in
Even this is difficult to see at times. Naturally, the ring divisions are
e when the rings are opened out to their fullest extent.
search for divisions other than Cassini’s and Encke’s and record
tions accurately on drawings. An intriguing property of the ring
is that they may be easily visible at some times but at others they
found even with large telescopes under similar seeing conditions.
observation of the visibility and positions of ring divisions are urgently
This is especially so since the Voyager 1 spacecraft revealed much
material within the rings gaps. The ‘population density’ of the

n the gaps may vary and this would manifest itself as brightening or

i Division is visible at the ansae until a little before the occurrence
e-0n presentation of the rings. It seems not to be so prone to variation

owing features of Saturn’s ring divisions should be observed and

an accurate drawing of all visible ring gaps starting with the

mpare the intensity of any gaps to the almost black Cassini Division.
‘mine whether the divisions are equally dark. If differences are seen
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try to correlate these with the positions of satellites
enings. Also note if the ring divisions are perfectly y
whether some parts seem broader or narrower than g

(3) If a gap is seen to vary in visibility more than o
observational records to see if there is any indication of
in visibility.

(4) Sometimes a division may suddenly become much n
you see this study other parts of the ring, especially j
the one affected, and note if other previously difficul
become more prominent at the same time. Such obser
tant.

(5) If minor divisions are visible, see if they are equally
ansae. If not, observe whether a gap visible in one an
other. Quite often there will be a difference in the two
explain.

The edge-on presentation of the rings The edgewise
rings (fig. 10.24) are justifiably regarded as rare astronomic:
therefore worth observing carefully. This occurs about v
warrants special observational studies. Through all of the s;
period of Saturn of 29.5 years, the coincidence of the plane o
and the rings actually occurs at intervals of 13.75 years and.
inequality of these periods is due to the elliptical form of Sa
13.75 year period, Saturn’s southern hemisphere and the sout
are turned Earthwards and Saturn passes through perihelion
In the 15.75 period, the northern hemisphere and the north fa
turned Earthwards and Saturn passes through aphelion during

You should note the visibility of the rings during edgey
Record when the entire edge-on ring system was last visible
on which they reappear. Note also how far from the globe can'
and the aperture of the telescope necessary to see them.

Intensity clumpings (bright “knots’, fig. 10.10) are features ¢
seen in the edgewise ring presentation and are visible although
rings may not be. Take care not to mistake satellites in the rin:
The visibility of faint satellites is increased when the rings are
presentation.

Saturn — rings edge-on: (a) March 3rd, 1980, 23.10 UT, 115 mm OG, 3186; (b) May
,21.30-22.30 LIT, 115 mm OG, x 786. (R.M. Baum, Chester.)

gh a set of filters and record changes of brightness seen with the whole set

pst filters to employ in studying the bicoloured aspect are red (25),
(21), yeilow (12), green (58), blue (80A) and violet (47). It is best to start
violet filter and to use the others in sequence until all have been used.
keep to the same sequence in successive observations.

d the following data:

The bicoloured aspect of the rings This phenomenon is
apparent brightening of one ring ansa as compared with the
detected with some filters but not with others. Although the effe
thought to be due to attenuation of certain wavelengths of ligh
atmosphere, studies of the phenomenon made during 1974 and
at least part of the effect may be due to actual physical chang
themselves.

It is best to study the bicoloured aspect when Saturn is near % 4T
that the rings are parallel to the horizon. First ascertain if any @ '
ening of one ansa over the other is due to atmospheric refra
Saturn is near to the horizon a brightness due to atmospheric
noticeable with a red filter but not with a blue one.) If not, ¢
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| Your name, address and type of telescope used.

and time (UT).

he altitude in degrees of Saturn above the horizon and whether it is the
ast or west horizon.

e results obtained with the set of filters.

g the results of the filter observations it is best to make a table of the
e ing with the violet and to note beside each which one of the ansae
= bnghtest when viewed with that filter — if such was in fact seen.
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Saturn Further reading

The best way to distinguish a genuine brightening
bicoloured aspect caused by atmospheric refraction is
particular evening, first when it is low in the east, then wh
the sky and then when it is low in the west. Compare y
observations. If the brightening looks the same in all ]
genuine. If a brightening is seen when Saturn is low in
when it is high, then the effect is most likely attributabl,

If a genuine brightening caused by physical changes
you should watch the rings on consecutive nights until
worthwhile making an attempt to photograph the
colour film or with black and white film used with co
tions of the bicoloured aspect of the rings should be sent to:

\apety®

- Dione
The Saturn Section Recorder, -~ Tethys
Association of Lunar and Planetary Observers,
PO Box 16131,
San Francisco, CA 94116 USA.

_ - Enceladus

--—Mimas

The satellites
Saturn is attended by at least 17 satellites. The larges!
magnitude and is easily visible in any telescope. It makes
Saturn in about 16 days. At its east and west elong
distance from Saturn is above five ring diameters.

It is useful to make estimates of the magnitudes of
relative to each other (fig. 10.25). Telescopes larger
aperture should show Rhea which is of the tenth magni
ring diameters from Saturn. lapetus appears five
elongation (magnitude 10.1) than it does at eastern elong
This is because one side of the satellite is as reflective as
side is like dark rock. At its brightest lapetus is about

Phoebe

]
g O
X
@ ] <
\"DQ ‘Q‘a -\OQ

lapetus

Q9
O O Orbits of lapetus

and Phoebe on
a different scale

westerly from Saturn. You will need several nights of ot O 000,
quite sure that you have in fact seen lapetus because it is d 6’\)0 %’é “-qfo@
star. The satellites Tethys and Dione may be glimpsed in ’ @60, % "oodo
others need large apertures and photography to detect th %

Orbits and comparative sizes of Saturn's principal satellites and the Earth’s moon.

Recent oppositions of Saturn

Year  Date Magnitude ding

1993 August 19th 0.5

1994 September 1st 0.7 _ turn. A. F. O'D. Alexander, Faber and Faber, London, (1962).

1995 September 26th 0.8 ervations of the planet Saturn: theory and methods: The Saturn Handbook, (5th
1996 September 26th 0.7 tion). Benton, J. L. Jr, Review Publishing Company, Savannah, Georgia
1997 October 10th 0.4

1998 October 23rd 0.2 articles

1999 November 6th 0.0 ervations of Saturn. Budine, P. W., Strolling Astronomer 15(5-6), 80-2 (1961).
2000 November 19th —-0.1 I's guide to visual observations of Saturn. Benton, J. S. Jr, JALPO 30(5-6), 89-96
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Nomenclature of Saturn’s belts and zones (Southern Hemisp!
27(7-8),151-4 (1978).
Observing the gas giants. Schwarzenberg, D., Astronomy 9(3
On the reversed curvature of the shadow on Saturn’s rings:
255 (1890).
Schroter and the rings of Saturn. Ashbrook, J., Sky and Tele'smpg
The white spot on Saturn’s rings. Johnson, H. M., JBAA 51,
A new ring around Saturn? Cragg, T. A., The Strolling Astron
The composition of Saturn’s rings. Anonymous, Sky and Tel
Saturn, Lord of the Rings. Burnham, R., Astronomy 19(8), 72
A closer look at Saturn’s rings. Berry, R., Astronomy 10(2), 72—9
On the observations of the reported dusky ring outside the b
Saturn. Baum, R. M., JBAA 64, 192 (1954).
The ‘braided’ F ring of Saturn. Dermott, S. F,, Nature 290, 454 (1
The periodic variation of spokes in Saturn’s rings. Porco C. C
The Saturnian moons. Burnham, R., Astronomy 9(12), 6-24 (1
New evidence for the variability of Titan. Noland, M. et al.,
(1974).
The origin and development of the Dollfus white spot on
16(11-12), 251-2 (1963).
New white spot on Saturn. Anonymous, Sky and Telescope 39
The Great White Spot on Saturn. Anonymous, JALPO 33(4), 1
The new Saturn system. Morrison, D., Mercury 10, 162 (1981).
Voyager 1 at Saturn. Kerr, R. A., Science 210, 1107 (1980).
Voyager 1 at Saturn. Berry, R., Astronomy 9(1), 6-22 (1981).
Voyager 1 at Saturn, riddles of the rings. Gore, R., National
Voyager: Science at Saturn. Berry, R., Astronony 9(2), 6-22 (1
More science from Saturn. Berry, R., Astronomy 9(3), 16-22 (198
Voyager 2 encounter with the Saturnian system. Smith, B. A., S¢
Voyager 2 at Saturn. Berry, R. and Burnham, R., Astronomy 9(1),
Voyager discovers spokes in Saturn’s rings. Anonymous, New S
lapetus: Saturn’s mysterious moon. Maran, S. P., Natural History
The discovery of Janus, Saturn’s tenth satellite. Dollfus, A., Sk
(1967). "

sible to the naked eye as a sixth magnitude star, Uranus appears to
unknown to the ancients. The planets previously described are all
most naked eye stars and move rapidly among them and so
e attention of the peoples of old. Uranus, on the other hand, being
moving very slowly among the fixed stars did not attract attention. In
npolluted skies of the ancient world it would be quite lost amongst the
rs that peppered the clear night skies of long ago. Uranus was, in fact,
slanet to be discovered, by William Herschel in 1781, who at first
t it was a comet. He made the discovery with a home-made 6.2-inch

like Jupiter and Saturn, is classed as a ‘gas giant'. It is an enormous
tating world with a low density and a thick atmosphere. Its equatorial
31763 miles (51111 km) and the polar diameter is 30 811 miles (49 575
is therefore noticeably ellipsoidal, the ratio of the polar to equatorial
ing 0.97. Compared to the Earth, Uranus is about four times larger

the Solar System planets have their rotational axes tilted from the
to their orbital planes by between 20° and 30°. The axis of Uranus
to the plane of the orbit and this makes it unique among the planets.
ing the axial rotation of Uranus is therefore retrograde but is not
regarded. Since the axis lies nearly in the plane of the orbit it follows
asingle orbital revolution the sun will lie almost exactly in the plane
tor and at times in between, one pole or the other will point within 8°
0 the sun. The pattern of insolation changes on Uranus is therefore
0 say the least, although at this distance from the sun the temperature

't amount to much. Also, as seen from Earth, we have alternating
and polar views of Uranus (fig. 11.2). The north pole was presented
in 1985 and in 2007 Uranus will be seen from Earth in its equatorial

eric features of Uranus rotate once in 16.0-16.9 hours but the mag-
0€s a complete rotation in 17.24 hours. The orbital eccentricity is 0.047
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Uranus

tance of Uranus from the sun varies from 1867 million miles (3004
ataphelion to 1700 million miles (2735 million km) at perihelion.
of Uranus is inclined at an angle of 46 minutes of arc to the plane of
The mean orbital velocity is 4.2 miles (6.758 km) per second and one
Jution takes 84.01 Earth years, the sidereal period. The mean synodic
97 Earth days. The last aphelion passage was in 1925 and the next
09. The last perihelion occurred in 1966 and the next will be in 2050.
607 million miles (2586 million km) from the Earth when at its
tin 1966.
us exhibits brightness fluctuations has long been known and is due
concurrent periodic changes — those caused by physical phenomena
due to geometric factors. An example of a geometric factor is the
changing configuration relative to each other of Uranus, Earth and
lanet will appear brighter when at opposition than at conjunction
ounted to a 0.22 magnitude difference in 1992. It will appear brighter
2 than at aphelion, a 0.2 magnitude difference according to Meeus.
usly mentioned the unusual axial inclination means that we have
continually changing views of the planet — polar views alternating
orial views and all intermediate orientations. Because of the polar
e disc of Uranus looks slightly larger in polar presentation than
patarial presentation. This can be expected to give an increase of
of 0.03 magnitude. Uranus appears brightest when one of the poles is
ght at the sun (although there appears to be a darkish polar cap) and

Uranus
31770
(561118 km)

5323 hen the equator is directly in line with the sun when the axis is at
(12756 km) to the line joining Uranus to the sun.

: . _ ic causes of brightness variations may be summarised:
Fig. 11.1 Comparative sizes of the Earth and Uranus (equatorial dia
changing Uranus-sun distance has a period of 84.01 years, the

et’s sidereal period, and causes an amplitude variation of 0.41 magni-

changing Uranus-Earth distance with a period of 365.24 days, the
’s sidereal orbital period, causes an amplitude variation of 0.22
itude.

changing axial rotation position of Uranus with a period of 42.01
(half the sidereal orbital period) causes an amplitude variation of
gnitude (based on geometry only).

ic changes in the albedo of the atmosphere of Uranus appear to be one
e of changes in the magnitude of the planet. This was first detected
s at the Potsdam Astrophysical Observatory in Germany. Similar
known to occur on Jupiter and Saturn but are more difficult to
the case of Uranus.

tinuing motions of the atmosphere of Uranus undergo rhythmic
as do those of Jupiter, with a repeat period of 8.4 years. This causes
Variations with an amplitude of 0.3 magnitude.

ges attributable to the axial rotation of Uranus were first detected
at the Lick Observatory in 1917. Light variations having a period of
minutes and amplitude of 0.1 magnitude were once erroneously
0 an axial rotation period of the same duration. The axial rotation
us is now known to be 16.0-16.9 hours.

Fig. 11.2 Polar and equatorial presentations of Uranus. (From The I
A.F.O’D., Faber and Faber, London, 1965.)
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Uranus The discovery of Uranus

Small differences in the surface shading of Uranus

| ‘ » Satellites of Uranus.
axial rotation and these areas do not reflect light as st

1933 a German observer, W. Becker, claimed to have ' Magrljmde Diameter Mean distance Orbital period
8-year period of brightness fluctuation with an amp (km) fromn Uranus (oo}
G. Kuiper and D. L. Harris denied this in 1961. However, 24.1 26 49770 8h 02m
Remote Planets Section studied the brightness of Uranus. 3.8 30 53790 9h 02m
found it to be significantly brighter than the accepted * 23.0 42 59170 10h26m
The magnitude of Uranus was subsequently revised to 22'2 62 61780 11h 08m
1969 gave support to this. More recently, photoelectric 22. 5 54 62680 11h 22m
was reported in the JALPO (vol 35(4), page 155,1991), a 215 84 64350 11h 50m
repoed. . 21.0 108 66,090 12h 19m
Variations of the brightness of the sun itself may b 22,5 54 69940 13h 24m
brightness variations. Activity on the sun is also susp' 22.1 66 75260 14h 58m
cing these events because during sunspot maxima the li 2[}'2 160 x 154 86010 18h 17m
pronounced. Light changes due to axial rotation are not 16:3 480 129390 1d 9h 55m
of Uranus point to the sun. : 14.16 1158 19120 2d 12h 29m
Before the Voyager 2 survey and prior to 1948, four. 14.81 1172 266300 4d 03h 28m
known. In order of increasing distance from the pri 1373 1580 435910 9d 16h 56m
(both discovered by Lassel in 1851), Titania and Oberon 13:94 1524 583520 13d 11h 07m

in 1787). In 1948 a fifth small satellite was discovered by
Miranda. It is closer to Uranus than Ariel. The orbits of fi
around Uranus lie almost exactly in the plane of its eq
fig. 11.3. Miranda'’s orbital inclination is 4.2°. Because

tronomical Almanac, 1992, pp. F2-F3.)

resentation of Uranus towards the Earth, the apparent paths of the
round their primary seem to change shape gradually with time. When
in polar presentation the orbits of the satellites appear to be circular as
d 1985. When in equatorial presentation the satellites appear to follow
straight line path on either side of Uranus as in 1966 and will do again
between these two extremes the satellite paths appear as ellipses of
ntricity.

satellites even closer to Uranus were added to the list as a result of
er 2 mission. The Uranian satellites are listed in table 11.1 with their
;and distances from Uranus.

tion to the satellites Uranus is encircled by several rings (fig. 11.4). They
w, thin and dark and are not all circular. The ring furthest out from
ymmetric; the small satellites Ophelia and Cordelia act as ‘shep-
The main rings are surrounded by many hundreds of ill-defined
nsparent dust bands. The nomenclature of the rings with their widths
ices from Uranus is shown in table 11.2

Oberon

Titania

Umbriel
Ariel

Miranda

liscovery of Uranus

Uranus was discovered by Friedrich William Herschel who is
Tegarded as being the greatest of all amateur astronomers. Born in
in 1738 he emigrated to England in late 1757. He settled at Bath where
ed for 16 years earning a livelihood as a composer and teacher of
Ofchestral player and choirmaster. He was also organist of the Octagon

Fig. 11.3 Orbits of the five major satellites of Uranus. 4in Bath. He became a naturalised Englishman in 1793.
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Uranus The discovery of Uranus

Gemimajor axis  Eccentricity Inclination Width
(km) (degrees) (km)

3 0.0014 0.066 ca.2(1-3)
gg;g 0.0018 0.050 2-3
Uranus 42600 0.0012 0.022 2
- 44750 0.0007 0.017 7-11
45700 0.0005 0.006 8-11
47210 almost 0 almost 0 2
47660 almost 0 0.006 1-3
48330 0.0005 0.012 7-9
51180 0.0079 almost 0 22-93

r axis and eccentricity data are from the Astronomical Almanac,

in the last column (width) are from G. Hunt and P. A. Moore with the
the last figure, which is from Lane, A. L. et al. ‘Photometry _from
Initial Results from the Uranian Atmosphere, Satellites and Rings’.

65-70 (1986).

®
136 Tau BeTa
[ ]
Fig. 11.4 The rings of Uranus. Rings 1986 U1R and 1986 UZR wer
1986.
139 Tau
_ ® e 125 Tau

Astronomy was Herschel’s hobby. He could not afford
so he taught himself the art of grinding and polishing M35 ¥32 Tay
became adept at constructing telescopes. It was with 2 -
telescopes that Herschel discovered the planet Uranus. s Uranus

Prior to 1779, Herschel had used a 4.5-inch reflector
stars from the first to fourth magnitudes. Starting in the la

then commenced a survey of stars down to the eighth m: M1
inch reflector. On the evening of March 13th, 1781 he no -
as a curious nebulous star or perhaps a comet near Zeta ® (Tau

following three nights were not clear enough for observ:
he saw that the object had moved. He considered it tobeac

Herschel noticed that the object showed a definite
proportion to increases in magnification whereas the &
Although the disc had no tail or other appendages,
that it was a comet because many comets had been
planet.

In a published paper he gives 12 micrometric measurem

328

5 The star field where Herschel found Uranus on March 13th, 1781.
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Uranus History of observation

the ‘comet’ and these showed that the object had steadily
and so he concluded that it was approaching the Earth.
illustrates how difficult it is to measure planetary diam
shown by H. Struve one century afterwards in a paperon

During the ensuing weeks Herschel continued to obse
as he could, delineating its path on a star chart and calcul

_nabled to view the image directly by looking with the eyepiece down
e mirror. This was only the second night of his search for satellites.
he had charted in the vicinity of Uranus on the previous night, two
1 vince himself that these were really satellites he tried to watch
n actually mOVil‘lg-
ary 7th Herschel watched one of these objects continuously for 9
observations of the path of the object among the stars am;[ saw that it moved with the planet and was able to follow the satellite
showed that it could not be a comet. It mustbe a planet. ' of its orbit (amounting to about 10° in the 9 hour period). He watched
When the King, George III, was advised of Herchel 5§tar' on the next night for more than 3 hours and noted that it moved
grant of £200 annually to Herschel who could now devote 1]y than the other satellite and so was probably in an orbit closer to
full time without having to earn his living as a musician the other satellite. He calculated that the outer satellite orbited
Herschel wished to name the new-found planet after } 35 days and the inner in 8.71 days. They were named respectively
Georgian Star or Georgium Sidus. He considered this first to be discovered and Titania. The reality of these satellites was
choosing a name from Graeco-Roman mythology as it ind lished by Herschel’s observations. Subsequently he made a careful
country of its discovery and was more modern. Others coj others. It was difficult to differentiate a genuine satellite from a faint
be called Herschel after its discoverer. Finally, tradition p: ced to be near Uranus. Finally he announced that there were four
planet was named Uranus after the ancient Greek deity. tes bringing the total to six. The evidence for their reality was
Soon after the discovery of Uranus, in August of 1782, .t however, and their existence has been disproved.
Datchet and finally settled at Slough. The house he oce bserving the satellites and their movements in February and March of
standing and may be seen on the road from Slough to Wind .chel saw that the disc of Uranus was definitely oblate and he also saw
Herschel was never knighted by George III for his discov: around the planet perpendicular to each other but did not consider
recognition came when the knighthood was conferred on ally exist. After another year he saw quite unmistakeably a single ring
Regent. ared to give Uranus an equatorial bulge. Suspecting an instrumental
fact, he rotated the telescope tube through a right angle but the ring
the same orientation. He saw the ring on several occasions between
893 but was never completely convinced of its real existence.
ould be most visible between when it was tilted at an angle of 45° to
er and when it was ‘edge on’. Herschel viewed it when it was in a
e orientation and tilted at an angle to the Earth between 27° and 49°
scopes of between 6.2 and 18.5 inches of aperture. The optical defect
gmatism, which would be significant in an off-axis optical system as
by Herschel, could have produced a linear flare on a bright object
a ring but Herschel’s telescopes were of such long focal length and
‘with high powers and Uranus was so dim that this effect was not
iing further seems to have been done and astronomers forgot about
til March 10th 1977 when a real ring was discovered — see later.
t 50 years no telescopes larger than Herschel’s were turned upon
d no further progress was made on the matter of the reality or
of the satellites. Finally in 1851, Lassell discovered two new faint
ithin the orbits of the other two brighter ones using a 24-inch reflector
1 construction; there was no trace of any of Herschel’s additional
The satellites were also looked for by Otto Struve in 1847 using the 15-
r at the Pulkowa Observatory. He believed that he had caught
f them before they were definitely found by Lassell but was unable to
m with sufficient continuity to permit their orbital revolution times to
ured. Lassell found their revolution times to be 2.5 days and 4 days
. The satellites are named Ariel (near to Uranus) and Umbriel
They are justifiably regarded as among the most difficult objects to
Solar System, of those that are visually observable at all.

Prediscovery sightings of Uranus

Before the 1781 discovery of Uranus, several observers k
without realising what it was. No less than 22 records of t
had been made between 1690 and 1781, the year of its
Astronomer Royal, Flamsteed, saw Uranus six times in 1¢
without realising its planetary nature. Other good obse
because of their rather poor quality telescopes or failure to
of the planet. One such was Tobias Mayer who saw and
star in 1756. Mayer would have discovered Uranus 25 years
had observed the star for several consecutive nights and

Another of these early sightings was made by Le M
astonishingly, was written on a paper bag that had con
had recorded the position of Uranus, thinking it to be a s
nights and two more times within nine days. These six *
one moving planet. Unfortunately, Le Monnier did not co
if he had done so, Uranus would have been discovered 12 y:

History of observation

On January 12th 1787, using a telescope of improved light g;
two satellites of Uranus. Herschel had modified his tele
length by removing the secondary mirror and tilting the main
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Uranus History of observation

During the early 1840s J. H. Méddler pioneered a series of dj;
Uranus with the Dorpat refractor soon after he became dir
tory. The intention was to determine the degree of polar
In all, a total of 330 diameter measures were made on 18
oppositions, from which he obtained values of 1/10.85 +
and 1/9.45 (1845).

During 1852-3, 1862 and 1864-5, Lassell observed Uran
his 24-inch reflector and made several measurements of
Although the disc looked sharply defined to him, he could
definite surface features. '

Some indications of the visibility of Uranus were given b
1863. He said that with the naked eye it appeared as a tin
point. A power of x144 on a 3.7-inch refractor revealed
5.5-inch refractor the disc was visible with only x55 ¢

x 170.

The first time that fairly definite disc features were seen
made between 1870 and 1872 by W. Buffham with a 9-inch
the disc appeared non-uniform and on another occasion tws
were seen. The ellipticity of the disc was obvious. He subs
streak in the position previously occupied by the two spots a
other later occasions. In December 1871 Buffham had an
region traversing the disc from north to south. Captain
observed Uranus between 1857 and 1875, always saw
having a pale blue colour except on March 9th 1875 w.
whiter than he had ever seen it before and even with a hint
4.2-inch refractor.

S. Newcomb observing Uranus in 1874 with the 26-inch
found the planet to be a sea-green colour. Variations in t
Observations of the colour of Uranus were made in 18778
a 4.5-inch refractor and a 6.5-inch reflector. He noted that th
dull blue-grey to a very bright grey-blue.

In a letter written in 1869 A. Secchi describes his discov
absorption band, apparently near the red end of the
W. Huggins found other lines in 1871 and a total of six we
Dark and bright bands in the spectrum were studied i
A. Fowler and Sir Norman Lockyer. Lockyer considered
Uranus was due to emission and that the dark bands were
radiation in different parts of the spectrum. Later, in 1895, H
carefully studied previous work by Keeler and photograg
declared that Lockyer’s assertion that the Uranus spectrum
was quite without foundation.

In 1883 Safarik pointed out that the current position of U
for a fresh determination of its shape and urged astronom
scopes and good micrometers to make measurements. He
observations between March 1877 and April 1883 and the
decidedly elliptical each time. Following Safarik’s suggestion
tigated the shape of Uranus using the 8-inch Merz refracts
Observatory in Milan. Although he found the ellipticity of t
was difficult to measure accurately. He made many micror
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ed a value for the ellipticity of 1/10.98 + 0.93 which was further
allow for errors he gave as 1/10.94 £ 0.67. _ 3

Jlj also mentions how in steady seeing conditions he verified the
spots and colour variations on the disc of Uranus. These were
py his assistant. Although admitting the excellence of the 8-inch Merz
said that it was useless trying to delineate surface features or to try
» a rotation period from them. In 1883 C. A. Young used the Halsted
ory (at Princeton) 23-inch refractor to study the disc markings and
of Uranus. Under good conditions he detected very faint bel.ts similar
of Jupiter and Saturn. His colleague McNeill suspected the existence of
pelts in addition to two equatorial belts. Often it seemed that the belts
ed at quite a large angle to the line of the satellites, a puzzling

ard made diameter measures of Uranus in 1894 and 1895 at a time
e ellipticity would be expected to be slight. Using the 36-inch Lick
‘measures of the polar and equatorial diameters plainly showed the disc
_tical and indicated the polar flattening to be even greater than Saturn’s.
' od the diameter on nine occasions during 1894 and from the results

an ellipticity of 0.05. This is less than Saturn’s (0.105) but may be the
| ellipticity.
gstence of two equatorial belts, a brilliant zone between them and dusky
sions was observed by Paul and Prosper Henry who observed with a
 refractor. They confirmed the angular tilt of the belts to the line of the
The tilt was measured and found to be 40°.
> 1893-5, the amateur astronomer A. Henderson of Liverpool observed
with his 10.5-inch reflector and he described the colour of the disc as
alt blue’ and that the central part was brightest. He often suspected a
one stretching from the south-east to the north-west of the disc. On May
 when the definition was perfect he drew a wide bright zone between
east and west sides of the disc.
en 1894 and 1898 E. C. Pickering determined the stellar magnitude of
using the meridian photometer of the Harvard College Observatory. The
e obtained for the five determinations ranged from 5.48 to 5.56 giving a
pposition magnitude of 5.51. Extensive photometric work was also
out by Muller.
tive brightnesses of the Uranian satellites were studied by E. E.
using the Lick Observatory refractor. He found the two inner satellites
nd Umbriel) difficult. In 1894 Titania and Oberon seemed about equally
ut in 1895 he found Ariel always 0.5 magnitude brighter than Umbriel.
e year Titania was twice as often brighter than Oberon. However, he
hat of the two, the lower in the field of view always looked brighter but
y bright if horizontally placed in the field. It therefore seemed that it
es that made the lower of the two equally bright points look brighter
agnitude and that his initial finding of the two being equally bright was

i

4-5 Schaeberle found Ariel to be 0.5 magnitude brighter than Umbriel
on 0.5 magnitude brighter than Titania. Aitken in 1900-1 found the
N the case of Titania and Oberon, the two magnitudes being respectively
>and those of Ariel and Umbriel were respectively 14.5-15 and 15-16.
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Uranus History of observation
C. Wirtz observed Uranus with the Strassburg 20-inch ref
planet’s declination was 24° south. The faintness of Tj ;
them difficult to observe so it is not surprising that he co
nor Umbriel. He found Titania to be brighter than O
magnitude, average 0.5 magnitude.

Improved photography of the spectrum of Uranus
with the Lowell 24-inch refractor led to the discover
rotation period in 1911 by Lowell and Slipher. A rotation »
50 minutes was determined.

In the Autumn of 1913 the French planetary observer G
good views of the faint disc of Uranus. He observed with
disc had a bluish colour. At first glance light zones and d
seen and a broad bright zone at the equator with dusky
similar appearance was seen by W. H. Steavenson in
telescope. See fig. 11.6.) A light zone stretched all the wa
the north region to the pole was shaded. In November h.
flattening. In the light equatorial zone a mottled appearan
north and south parts of the disc were vaguely shaded. The
they had on October 18th but were now more so.

The light variations of Uranus were utilised to arrive
period for Uranus by L. Campbell who made a series of v
tions of the planet. The light of Uranus was found to
magnitude in a period of 10 hours 49 minutes. Pickering
independent confirmation of Lowell and Slipher’s value
which they obtained by a spectroscopic method. The con
variations in brightness are due to the unequal brightness
Uranus. R. L. Waterfield suggested that these brightness
some insight into the physical condition of Uranus whi
not known. Not much could really be learned from the d
features which are only seen in broad outline. Waterfi

of a large white spot and its gradual elongation into a belt as was
iter would explain the decrease in range and sharpness of the
the perjodic brightness increase that had been observed in Uranus in
hotometric studies that he commenced in August of 1915. This
2:ate that Uranus had a fluid surface and the magnitude of the light
-_.were indicative of physical changes on a much larger scale than on

kwick, a Director of the Variable Star Section of the BAA, made 84
s of the apparent brightness of Uranus between 1916 and 1921 using
Jtic binoculars and estimating the magnitude of Uranus by comparing
e brightness of nearby stars of known magnitude from 5.28 to 6.22. In
~und little variation and nothing like the frequent maxima observed by
4in 1915. He doubted that the elongation of a white spot could account
sations. It seemed that a white spot would not be large enough relative
of Uranus to cause such brightness variations. However, Waterfield
: think of any other explanation. He stated that Uranus decreased
brightness during 1920-2.
raphic investigation of the colour of Uranus and Neptune was
in 1917 by G. A. Tikhoff and the results were published in 1922. The
used was to study the intensity of photographic images in light of
colours. The purpose of this was to find out if the atmospheres of
d Neptune scatter light like that of the Earth which gives our skies a
. It was already known that the planets’ own atmospheres absorb
the radiations of longer wavelength. The results enabled him to con-
the light on Uranus and Neptune is diffused by a mechanism similar
diffusion in our own atmosphere and that the bluish colour is almost
ue to the absorption bands in the red end of the spectrum.
Heath observed Uranus in 1921, October 24th, with a 8.5-inch reflector.
h disc appeared to him as slightly elliptical and there was a wide
hat brighter band vertically across the middle.
arth was nearly in the equatorial plane of Uranus in 1924 and Uranus
ed by Antoniadi using the 33-inch Meudon refractor. The planet
tohim to have a yellowish colour but with some greenish-blue in it. He
polar caps and two faint dusky belts, one on each side of the light
zone and they looked exactly parallel to the line of the satellites. He
that the belts seen at an angle to the satellite line by previous
was illusory and caused by the difficult seeing conditions. The planet
decidedly flattened to Antoniadi, more so then Jupiter but less than
‘He sketched the equatorial and pole-on views of Uranus that were
ed at approximately 21-year intervals (fig. 11.7).
Otation period was again measured spectroscopically by J. H. Moore and
el during 1927-30. At this time the equator of Uranus made a much
_.gle with the sight line than it did in 1911 when Lowell and Slipher
= HIEIr spectroscopic measurements of the axial rotation period and there
lore favourable opportunity. They calculated that the rotation period is
110 hours 40 minutes and 11 hours which was in close agreement with
t values but Moore and Menzel considered the agreement to be fortui-
€ Values obtained may have been as much as half an hour in error owing
ties of dealing with such a small planetary image.

Fig. 11.6 Uranus showing a broad white zone between two dusky belts,
aperture (W.H. Steavenson). (From Splendour of the Heavens, Hutcl
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appear identical then the artificial disc has the same size as the

If the seeing conditions are excellent then the angular diafrneter
- disc can be calculated with a probable error of less than 1 in lOF).
meter Camichel measured the disc of Uranus on thret_? x.ugh?s in
nd two nights in September 1947 using the Pic-du-Midi 24-inch
tween determinations was much less than by filar micro-
ethods- Camichel determined a disc diameter of L{ranus at upi’_c dis-
64,91 seconds of arc in 1944 and 65.12 seconds of arc in 1947. This is the
| diameter as Uranus was then in its polar orientation toward the

disc

disc

The scatter be

d 1947 G. P. Kuiper measured the disc size of Uranus b_y the dou!:)le-
crometric method which brings the two images of the disc rnetgr into
“With the 82-inch reflector of the McDonald observatory h(? oi':)tamed a
65.4 seconds of arc for the angular diameter of Uranus at unit distance, a
ose agreement with Camichel’s. ‘ .
h satellite of Uranus named Miranda was Rhotographlcally discovered
| Kuiper on February 16th 1948 with the 82-inch McDonald reflector. Its
n period around Uranus was found to be very nearly 33 _hours.56
The orbit is roughly circular and coplanar with the other satellite orbits.
ce of Miranda from Uranus is about 80400 miles (123 000 km).
is of the 17th magnitude. .

ary 23rd 1949, Armellini observed two small white spots on Uranus
uator and these were seen again during the following two days. They
»0 small to be measured. Armellini observed with the 16-inch refractor of
te Mario Observatory, Rome. In 1954, A. P. Lenham remarked that the
fional brightness fluctuation cycle of Uranus with a period of 10 bours 49
s and a magnitude amplitude of 0.1 ‘seems to have disappeared in recent

Fig. 11.7 Observational drawing of Uranus by Antoniadi showing
(33-inch Meudon refractor). (Redrawn from L’ Astronomie 50, 256, 268

In 1932 Wildt suspected that some at least of the dark abso
spectrum of Uranus may be due to methane. However, n:
those of Uranus had been demonstrated in methane in the
the visible or ultraviolet part of the spectrum. For many
continually improving photography of the spectrum of Ura
with the problem of the origin of the dark absorption band:
finally succeeded in 1934. They studied the spectrum of a so
radiation passed through a 45-metre path of methane at a o)
spheres and found that 14 of the absorption bands, includin
the spectrum of Uranus coincided with the methane spect
presence in the atmosphere of Uranus.

In 1933, W. Becker studied records of light changes of the plar
Neptune made over many years. He found the following pa

magnitudes and colours of Titania and Oberon were measured photoelec-
, apparently around 1950, by D. L. Harris with the 82-inch McDonald
sctor and he found Titania to be somewhat brighter than Oberon. The mean
osition magnitudes were determined to be 14.01 for Titania and 14.2 for
1. The reflectivity results indicate that their surfaces are not quite neutral
bctors of the sun’s radiations and that the reflectivity is lower in blue—
olet wavelengths than it is in red wavelengths. .

arly 1969 Uranus appeared about as oblate as Jupiter. Using a 12.5-inch
or, R. G. Hodgson found Titania and Oberon to be easy objects. In 1974, the
tion of Uranus had changed. It no longer looked oblate and the satellites
fficult to find. Also, in April 1969, Hodgson detected dusky poles on a
f unusually good seeing but he never certainly saw equatorial belts with
3-inch reflector.

n 1972 and 1982 the Lowell Observatory programmes revealed a long-
tightness fluctuation with an amplitude of 0.1 magnitude. This was what
(pected owing to variations in the planet’s apparent projected area from
ar equatorial to the polar presentations. _
arch 10th 1977 Uranus occulted the 9th magnitude star SAO 158687 in
Ul'lt’-xpected]y, this event furnished evidence that Uranus was surrounded
. The event was watched at many different observatories including the
€r Airborne Observatory (KAO) and monitored photoelectrically. About 40
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(1) A 42-year cycle caused by polar flattening and possib.
variations in different parts of the planet. This gave a
curve with an amplitude of 0.29 magnitude.

(2) A residual variation having an apparently decreasin:
generating a sinusoidal curve with an amplitude of 0.31

(3) Sudden variations of amplitude about 0.15 magnit
occur after stable periods lasting for many weeks.

The light change period of 8.4 years was confirmed by J. As
a series of observations of Uranus with an opera glass between

Most of the measurements of the diameter of the disc of
made with filar micrometers. In spite of precautions the
obtained by an individual observer and the considerable disag
the mean values obtained by different observers showed that
meter is not suited to this type of work.

Greatly improved precision in planetary disc diameter
achieved by H. Camichel using an apparatus called the
and illustrated in a paper in which he published the results
Uranus made in 1944-7. Essentially, the planetary disc seen
simultaneously compared with an artificial disc whose size
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minutes before the star was due to be occulted by Uranus
from Cornell University recorded a disappearance of
duration. During the following nine minutes there were §
ances, each of about one second’s duration. Thirty mlnutes
behind Uranus and was hidden for 25 minutes. After the «
was another short series of disappearances with periods
series. The existence of rings of obscuring matter encir,

indicated and has since been amply confirmed by space pro
imaged from Earth (Palomar Observatory in 1978 and Sid

Starting in 1954 but mostly during 1969-86, several ht
of the brightness of Uranus were made by members of the A
Planets Section of the BAA, using small telescopes (I
powers lower than about x 50. Estimates were made by con
stars. No regular periodic variation was detected and withir
no certain large changes more than 0.2 magnitude were
period. No brightness fluctuations were detected that co
sunspot cycle having an amplitude that was detectable by
The disc of Uranus was variously perceived to be grey, blu
pale green, greenish-white, greenish-blue. Limb darkening
by D. L. Graham. i

D. Gray and J. H. Robinson made disc drawings at the e
both using 10-inch reflectors, that show indications of b
regions and darker polar regions. Gray’s drawing was ma
and Robinson’s on May 13th 1974. The near polar aspect
Butler (8.7-inch reflector) in 1979 on May 21st and shows o
half of the disc but these details were said to be “unce
drawn by Gray using a 16.3-inch Dall-Kirkham on June 16th:
centre to the disc and the polar aspect drawn by A. J. H
1986 with a 12-inch reflector shows three dusky patches, one
disc.

Based on failure to detect detail in photographs of Ur
1960s and 1970s, B. A. Smith and H. J. Reitsema conclu:
Uranus is ‘probably featureless in visible light’. Whate
features are certainly very difficult to detect.

During the 1980s, few observational reports of Uranus we
sibly a result of its closeness to the southern horizon for
observers as it came to opposition in those years when Ural
find in the teeming star fields of the southern Milky Way.
drawings were made by the Spanish observer Christopher
using a 4-inch refractor and an 8.7-inch Newtonian re
ings depict nearly linear markings traversing the disc
cannot be related to latitude since they did not correspond
Uranus in 1986-8. Other drawings made a few days la
linear features that might be related to latitude. Although
the larger telescope, it is difficult to accept that the cloud p
have changed in such a short time. Although Tobal reliabl
one cannot help wondering whether the disc details are.
jective in origin.

exploration of Uranus

.r 2 spacecraft was launched on August 20th 1977 and encountered
on January 24th 1986. It returned an enormous amount of data relating
ucture and composition of the atmosphere of Uranus, the magneto-

temperature and pressure of the atmosphere, disc features, the rings
satellites. The following brief summary will deal only with disc features,
nd satellites, as probably being most relevant to Earth-based observers
find comparisons and correlations of Earth-based telescopic observa-
Voyager 2 imagery most interesting.

features. The Voyager 2 spacecraft approached the south pole of
Not much was revealed in the way of atmospheric features because the
f Uranus lie deep within its atmosphere, deeper than those of Jupiter
and beneath a fog of hydrocarbons. This correlates well with the
~ss of disc features in telescopic observation. Some atmospheric features
de visible by employing colour filters and very high image contrast.
ters showed the south pole to be darker than the equator and middle
: the north pole was in darkness at the time. Orange filters reveal a
at lighter ring encircling the pole at higher latitudes. Strong limb bright-
as seen in images obtained with a methane band filter that passes light
s absorbed by methane.
ell-known greenish colour of Uranus is due to a small amount of
its atmosphere which consists mostly of hydrogen and helium.
absorbs red light strongly so that blue-green wavelengths are reflected
anet.
oyager imagery revealed that clouds at different latitudes move at
speeds around the planet but this does not indicate the actual axial
rate of Uranus as a whole. Those closer to the equator at 27° latitude take
s for a complete rotation while at 40° latitude the clouds make a
rotation in 16 hours.
2500 miles (4000 km) in length seen near 35° south latitude indicates
on that lifts aerosols into the stratosphere of Uranus as in the case of
and Saturn, which is then ‘pulled out’ by wind shear. Voyager 2
d" auroral phenomena at Uranus. The ultraviolet spectrometer detected
radiation at the dark north pole and found that it rotated with the planet
glow’ emissions from the sunlit hemisphere.
ement of the axial rotation period of Uranus has never been reliably
y determined. A few days before the close approach the first certain
of rotation was given by radio noise that exhibited regular intensity
Ons. A rotation rate of 17.29 hours + 0.10 hour was derived from data
lulated during 15 days (Science, July 4th 1986, page 85).

tes. The sunlit surfaces of the five larger satellites of Uranus were photo-

by the Voyager cameras and as was the newly discovered satellite Puck.
est of the five, Miranda, is 300 miles (480 km) in diameter. The satellite
tha mean diameter of 86 miles (154 km) was imaged at the last moment
»With a single frame that was to have been used for Miranda, from a
€ of about 300 000 miles (500000 km). The resulting picture showed it to
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be spheroidal and with a mottled appearance. The resolutio;
show if this was due to craters. A single large crater was seen

Miranda was seen to have several large circular dark reg
‘ovoids’ or ‘coronae’) on its surface and valleys bordered
Upon its surface Miranda shows all the strange terrains
many of the strange Solar System worlds. The really uniq '
maximi’. Three of these can be seen on the Voyager pict
and the other, trapezoidal in shape, contains the so-called
tendency is for them to be dark on the inside and they
grooves or cliffs parallel to the bordering rim. Perhaps these
Voyager pictures are three different stages in the developn
feature that appears to grow by a process proceeding ou
by fault formation.

Ariel has the brightest surface of the moons of Uran;
reflective range. The darkest parts are 25% reflective and
reflective. There are ray craters on its surface, scarps, f
across each other and possibly flow features. There is a ol
edged craters. During its history the surface of Ariel
moulded by many different geological processes. In add
have been involved in moulding its valley floors.

The darkest of the satellites, Umbriel, has a dull
with overlapping ring formations up to 124 miles (200
almost invariant reflectivity is 18%. For a body with an i
Umbriel is, this is very low. Near the limb of Umbriel is an
about 93 miles (150 km) across with a reflectivity of 259
colour. It may be the floor of a crater.

Titania, with an albedo of 27%, has a neutral grey colout
variegated with ray craters, large circular depressions an
The latter are part of a hemisphere-wide system of faults
been caused by tensional faulting. A large circular dep:
terminator but on the whole, the surface is devoid of large
there are are small and don’t show much size variation.

Oberon is rather dark and its reflectivity is about 24%. I
darker patches. A single mountain at least 12 miles (20 km
otherwise smooth circular limb (Science July 4th 1986, p:
craters have dark areas on their floors, possibly indicat
molten matter after the craters were formed. A single large

; iments at two different wavelengths indicated that the
tanonoe;f z:g:her in their characteristics. The outermost and widest
e i:1-0111:::h is eccentric, is the epsilon ring and is about 26.7 miles (43 km)
V;{] its width varies from 14.0 miles (22.6 km) to 46.6 miles (75.0 km)
£ aszéﬂce (July 4th 1986) page 81, but is given as 22-93 kn:.\ on page 67.
g ¢ it were found shepherd satellites that were tentatively named
\-s-ldesggﬁ US8; they are now known as Cordelia and Ophelia respectively.
lt camer; images showed the epsilon ring to have a d?uble sftr’ucture
-es with the occultation experiment. There is also 'fme chaotfc struc-
. the ring. According to Hunt and Moore, radio (_)ccu_ltahon data
t the majority of the ring particles are about 1 metre in diameter. The
rin contains more material than all of the others comb.med. The? next
.+d is the delta ring which was shown from one occultation exPerlment
. principal components but one only from another occultation. Four
nts were found in the alpha ring, three wide and one narrow and
peta ring has two wide components and one narrow. The gamma
shown to be very narrow and only 0.62-1.86 rml'es (l ‘—3 kfn) across leth
062 mile (0.10 km) wide. The gamma rir}g was invisible in tr'ansrmtt‘ed
bright by reflected light. Contrasting with this was the eta ring which
; se.
ar;ig;f;x ring arcs (partial rings) were also revealed in about .5% o.f the
They measure no more than about 0.6—10 miles (1-16 km) in width.
these ring arcs, the largest, had already been detected by Earth-based
tation observations. It was imaged by the Voyager 2 cameras many
o the close approach and is usually described as ‘newly-discovered
er 2, hence its designation 1986 U1R,

185/

ty of Uranus

comes to opposition about 4 days later each year. Its ds?clination limits
4° north and south. Its mean opposition magnitude is about 5.7 (5.6
g to recent ALPO photometry). It is easily seen with binoculars and a
actor will show its small featureless greenish disc which is nearly 4

of arc in diameter.

erving Uranus

Rings. The rings of Uranus are very tenuous, posses
described earlier, were discovered only in 1977 by
occultation by Uranus. During its close encounter the phot
Voyager 2 recorded occultations of two stars by the rings.
structural data of the major rings and evidence pointing
hundreds of thin almost invisible minor rings encirc
nine Uranian rings were known; the Voyager cameras d
ring called 1986 UIR between the epsilon and delta
gossamer-like sheen of fine dust within the ring plane.
resolved by a factor of 100~1000 times better by the phot
study than by the best spacecraft camera images. Analysis 0
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as not well placed for observation for northern hemisphere ob-_servers
e 1980s owing to its low altitudes at oppositions during that period but
ould be better from 1990 onwards. At the time of writing (2000) Uranus
ing to move northwards and this will continue for the next 30 years. The
ition positions of Uranus are moving into the northern autumn evening
me of year that is favourable for observation.

Studies

offers little opportunity for the ordinary amateur. The only features ever

N its dim green disc are one or two faint belts; apertures of at least 10

€required and superb seeing. Many amateur drawings of Uranus made
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with small telescopes show many spots and belts that simpl;
is as well that these drawings remain unpublished. Sop
whether Uranus has disc features or dusky polar regions t
Earth. However, this is not to say that telescopic obserya
large enough telescopes are a must in this type of work, py
commonly found in amateur hands. Good quality draw
made with such instruments under excellent seeing condi
if only to help resolve this debate about the reality of disc
the question of the rotation period. Any sightings of
should be telephoned immediately to the Recorder of th
of the BAA or ALPO. It cannot be emphasised too strongl
drawings of Uranus require large telescopes under u
conditions. Apertures of at least 16 inches are needed if d
reliable. Surface markings have been definitely seen with
what the observers draw are probably subjective in
glimpsed at the limit of resolution of the telescope used.
A valuable study would be to monitor the disc of Uran:
cut reliable evidence of the reappearance of a pattern
zones as Uranus steadily comes to an equatorial presentatio
the years following 2000. Such a pattern is observed on Jupi
similar one was seen on Neptune by the Voyager 2 spacecr
Disc oblateness (polar flattening) is extremely difficull
and obviously is best done when the Earth lies in the equa
as it was in 1966 (the next time will be in 2007). Microm
results of observations over the years show much vari
alternative approach might be to study data from several top
observations. Oblateness studies are important because of y
ness to axial rotation period which is disputed.
Apart from these areas and magnitude measurements tt
with 8-inch telescopes, other studies require large ape:
inches and frequently costly equipment in addition, such
meters, Schmidt cameras and plate measuring apparal
these fields need to be experienced and disciplined.

with photometric equipment (see chapter 16). The monitoring of the

of Uranus can be done in white light or with precision filters at
it wavelfiﬂgths’ e.g., U, B, V, R (see chapter 16). There are two kinds of
Jtion that can be carried out:

short-term variations Up to about 1976 it was thought that
had an axial rotation period of 10 hours 49 minutes. However, Hayes
s observations indicate a period of 24 + 3 hours. L. Trafton finds a
' + 5/2 hours (see Icarus, 32, 383-401 (1977)). Precision photometric
"-'y assist in resolving this problem. Voyager 2 imagery gave 16.0-16.9
r atmospheric features.

variations Of the long-term light variations of Uranus, some may
brightness changes of the sun as previously mentioned, since Uranus is
4 quiescent planet and is always virtually at the ‘full” phase as seen
«th. Presumably all of the planets and satellites would be similarly
A study extending over long periods of time of these long-term fluctua-

therefore be of considerable value in investigating long-term varia-
he Solar Constant. This is of great importance not just for photometry of
System but also in connection with long term changes in the terrestrial

tudies
nally, the satellites of Uranus have been much neglected. They are
to observe and really dark skies are needed but when the seeing is good
and Oberon should be visible in an 8-inch telescope. A 10-inch may be
f the sky is not really dark. Apertures of 12-14 inches should reveal
but Umbriel won’t be seen with less than 16 inches. Miranda can only be
large observatory telescopes if at all.
little book Hours With a Three-Inch Telescope (2nd edition, Longmans,
1 & Co., London, 1887) Captain William Noble describes how a Mr I. W.
d, a man with unusually keen eyesight, actually glimpsed the two outer
Uranus with only 4.3 inches of aperture on several occasions during
reality of this extraordinary visual achievement was completely
)y comparison of Mr Ward’s positional drawings of the satellites with
puted positions. With this exception Captain Noble stated that prob-
uman eye had ever seen the two outer Uranian satellites with less than
of aperture.
d be worth while investigating which of the two outer satellites
to be brighter. Different values at different times may be due to the
positional relationship of Uranus and its satellites. The satellites may
ed with one another for studies of relative brightness or with nearby
On stars. The glare of the disc of Uranus can be a nuisance — more than
t think - in making accurate estimates of satellite brightness. Try to
: the satellites when they appear at about equal distances from the planet.
Of the Uranian satellites are needed in which their relative brightnesses
pared and their absolute brightnesses compared to stars of known
_:e Wwithin the varying fields through which Uranus will pass during the
ecades.

Magnitude studies

As already noted the brightness of Uranus varies in a ran
regular components by several tenths of a magnitude. Fo
the 1990s, observers wishing to make magnitude studi
several comparison stars near to it in the sky. Observe
magnitude variations of Uranus by the visual method
comparison stars anew at each opposition since the positi
ecliptic changes by about 4.3° annually. However, visual
Uranus are not accurate or of scientific value, notwithstan
many books, because the magnitude fluctuations are too
discerned. Sensitive photometers are required which can
tuations as little as 0.01 magnitude. Pacific Photometric Insf
DOAA Enterprises manufacture such instruments or they
(see the photoelectric photometer described by R. Bryant
Bulletin, 4, 29-31, (1977). Valuable magnitude studies ¢
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Occultation observations of the satellites are also valua
esting to observe in the rare years when both Earth and s
plane of Uranus. Satellite shadow transits would also be
for the small size (0.1 second of arc) of the shadows on
makes it very unlikely that they would be seen. 1

Stellar occultation studies
Observers experienced in occultation work can make
even with small telescopes in studies of occultations o
rings; the apparent number, position and width of the
investigated. Photometric measurements made with la
be valuable in determining the opacity of the rings.

If you wish to pursue this line of work, keep a |
predictions in Sky and Telescope, Astronomy, the ALPO Sola
the IAU Circulars. You may also need a tape recorder and
to 0.1 second. A short-wave radio receiver can be use
time source.

Experience is necessary in occultation work. It is good t;
stellar occultations. Your telescope’s aperture should be s
one full magnitude fainter than the occulted star.

Positional studies
Only highly competent and well-equipped amateur obs
astronomers who can carry out long-focus astrometry
really well. Precise position determination is the only ki
requires the use of plate measuring equipment.

Further reading
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The discovery of Neptune

12

Neptune
31403
(50538 km)

Neptune

General

Like Uranus its close relative, Neptune is a gas giant pl

rotating largely fluid world with a density more than twice tt
than that of Uranus, and with a considerable atmosp
diameter is 31403 miles (50538 km) and the polar di
(49229 km) so that the ratio of the polar to the equato;
Neptune is about four times bigger than the Earth (fig
smaller than Uranus. The rotational axis is inclined 29.6°

so that it does not share the remarkable axial tilt of Uranus %’52
period is 16 hours 3 minutes (16 hours 7 minutes for t (12756 km)

Neptune’s distance from the sun varies from an aphelion
million miles (4537.0 million km) to a perihelion distance of 2
(4460.2 million km).

The mean orbital velocity is 3.37 miles (5.43 km) per
eccentricity is 0.009. The orbit is inclined 1° 46" to the pl

Comparative sizes of the Earth and Neptune (equatorial distance in miles).

le12.1. The Satellites of Neptune.

Neptune’s orbital (sidereal) revolution period is 164.8 Mean distance ' Sidt'ereal
synodic period is 367.5 Earth days. Diameter from Neptune Orbital period
Neptune is encircled by eight satellites and a syste miles km miles km eccentricity (days)
satellites, Triton and Nereid, were discovered by Earth
remainder by the Vo.yag_er 2 spacecraft. The orb}ts of Tri 1690 2700 219300 354760 0.000 5877
Neptune are shown in fig 12.2. There are three rings and 6 6
it ’ : . 210 340 345x10 5.51 x 10 0.751 360.136
or ‘ring arcs’. The inner ring is diffuse but the outer two are
Details of the satellit dri ven in tables 124 260 420 73100 117 600 low 1122
ails of the satellites and rings are given in tables 12.1 ar 24 200 45700 73600 e 0.555
87 140 32600 52500 low 0.335
. 9 160 38500 62000 low 0.429
TSRy L N e 56 90 31100 50000  low 0311
31 50 30000 48200 low 0.294

The prediscovery observations of Uranus mentioned in
were reliable within their limitation and in 1840 Bessel v
racy. These observations, extending as they did over v
have been most useful as they gave widely separated pos
Uranus and so should have made possible accurate calcul
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I. these data are revised values from the Astronomical Almanac for 1992,
2-F3.
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The discovery of Neptune
il ture positions could be accurately predicted. A. Bouvard attempted to
e orbit of Uranus using the early observational data (1690-1771) and
onal observations made between 1781 and 1820. He made appropriate
P . for the gravitational attractions of Jupiter and Saturn on Uranus but
Inot compute an orbit that would fit the early and later observations even
mately. He was therefore compelled to base his Uranus tables, published
~on the latter observations only. His own suggestion was that the
1 bility of the early and later observations were due either to inaccuracy
ones or to an unknown disturbing effect on the motion of Uranus.

onal observations of Uranus after 1820 showed that the planet was
ntly falling further and further behind its predicted place in the sky
it was near its calculated place in 1829 and 1830. By 1834, the cause of
peing attributed to the gravitational attraction of a planet beyond the
Uranus. George Biddell Airy, the new Astronomer Royal, wrote to
{ in 1837 that the errors of longitude of Uranus were ‘increasing with
apidity” (The Discovery of Neptune, Grosser, M., 1962, page 93) but he
that these were due to the effect of a remote unseen planet and that it
o extremely difficult to locate such a planet even if it existed; the required
cerning the irregularities in the motions of Uranus for the calculations
v to determine the unknown planet’s position would take centuries to
Airy doubted the accuracy of the calculations of the orbit of Uranus and,
ith other astronomers, even wondered if the Law of Gravitation was
such enormous distances from the sun.

, Uranus was a full 2 minutes of arc out of place which though
y undetectable by the naked eye was enough to grievously worry
ners and mathematicians.

e 26th 1841 John Couch Adams, a mathematics student at the Uni-
of Cambridge, resolved to investigate the irregularities in the motions of
and if possible to determine if they were due to an unknown planet. He
d on this task after taking his degree in January 1843, and arrived at an
te solution before the year ended. Through Professor Challis, the
of the Cambridge Observatory, he made application to the Astronomer
complete details of the errors in the position of Uranus. These were
provided. Adams, who was only 26 years old in 1845, had practically
the problem by September of that year. From its influence on the motions
nus, he had calculated the probable mass, orbit and position in the sky of
ns-Uranian planet. Adams presented Professor Challis with a copy of his
ations and results and asked to talk about them in person to the Astron-
yal. Challis wrote a letter to introduce Adams but Adams never made a

Triton

Fig.12.2 The orbits of Neptune's satellites Triton and Neried,

Table 12.2. Rings of Neptune.

Ring Radius Width '4 ] _.ointm?nt to see the Astronomer Royal. This was a mistake; Airy was

il = 1 th routine duties of many sorts and although Adams called at the Royal

mics . tory, Greenwich, on three occasions during September and October, he

1989 NIR1989 39080 62900 31 !e to see the Astronomer Royal; he was away the first two times and

1989 N2R 33060 53200 68 g0 In on the third occasion, appeared not to have received the message

N2RPlateau (1989 N5R) 35730 57500 2486.0 ams Adams left a brief account of his results and departed upset at
Fuzzy (1989 N3R) 26 040 41900 1060 seeming refusal to see him.

‘Was not too impressed with Adam'’s results as he did not know how they
*en calculated. Two weeks later he wrote to Adams stating his interest and
4 Question that was crucial to Airy — did the solution arrived at by Adams
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Data from Science, December 15th 1989, page 1419.
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provide an explanation for the error in the radius vector of
discouraged, did not deign to reply for a whole year to wha
trivial question with an obvious answer. Meanwhile, not o
with his first calculations, Adams did them all over aeain
interrupted sent the improved but essentially similar
tember 1846.

Although both Professor Challis and the Astronomer
sented with the solution to the most puzzling astronomical
they did not follow it up. Challis afterwards said that teles
planet based on the results of mathematical deductions
hard work with scant chance of success. Airy doubted the
mathematicians and was overly concerned about the risk
been inhibited from acting on Adam’s results by the latter’s
question which he considered very important; he did n
Adams was silent on this and thought that maybe his q
spoilt the solution to a problem that he had always thou
solve. P

The problem was independently solved by another young
Frenchman, Urbain ]. J. Le Verrier, who was 35 years olc
equally with Adams that Newton’s Law of Gravitation was
the Universe and that there was an unknown planet beyond
Le Verrier presented his solution to the French Academy
June 1846. When it was received in England, Airy read
pleased since Le Verrier had positioned the trans-Uranian pl
place predicted by Adams. Airy no longer doubted yet put t
calls it “inane” — question again to Le Verrier but unhappi
Adam’s solution. A full reply was soon received from Le
for a search to be made for the unknown planet, offering to
Airy details of where in the sky the planet would be foun
search although he did not reply to Le Verrier. He urged Chall;
inch Northumberland refractor at Cambridge as he consid
telescopes to be inadequate. Unfortunately, no reliable star ch
so that Challis had himself to make a chart of all faint stars
magnitude in the rather large area of the sky assigned by
the positions of over 3000 stars and was so busied with this wo
time to compare observations. As a result he missed bei
Neptune as he had actually plotted its position on July 30th
when his telescope was pointed at the place Adams had
did not realise that the two ‘stars’ that he had seen were
different positions. Credit for the discovery of Neptune mi
England had not W. Lassell, a highly skilled amateur ob
tated with a sprained ankle (according to Grosser, Littmann
in September.

On September 23rd 1846, which was exactly one year after
on the Astronomer Royal, the assistant astronomer at the Berli
J. G. Galle, received a letter from Le Verrier showing wher
should be seen and suggesting that telescopic search be
suggestion was made later in the observatory itself. The y
D’Arrest stated that the area of the sky to be searched may be
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ublished star chart. This was correct and the search for t_he disturbing
rarted on that same evening. Galle observed with the 9-inch refractor,
t the stars while D’Arrest verified them on the chart. Galle called out
on of an 8 magnitude star that D"Arrest declared was not on the map.
' ed to be Neptune. It was located less than 1° from where Le Verrier had
vewhich was about 1° north of a point one third of the distance from the
ricorni to iota Aquarii (fig. 12.3). Its motion was confirmed on the
-'g