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1, INTRODUCTION
THE CIANT PLANETS3: GALILEO GALILEI TO PROJECT GALILEO
A famous American politician admitted that he knew only two
songs, "one was Yankee Doodle Dandee and the other one was'nt". In
recent years, as friends have reminded me, I have fallen into the
by
habit of responding to invitations to give general talks by offering a
choice between two possible topics, So far as the Royal Astronomical
Society is concerned, I used one of them up, so to speak, when I
Raynond Hide,
delivered the 1981 Harold Jeffreys lecture on "Rotating fluids in
Geophysical Fluid Dynamics Laboratory,
geophysics and planetary physies". So "Giant planets" it has to be.
Meteorological Office, (Met O 21},
But I make no apology for this choice of toplic as a presidential®
Bracknell, Berkshire RG12 2SZ,
address to this Society of astronomers and geophysieists, including
England, U.X.
planetary soientists, which rejeoices in a long traditicn of foatering
cooperation and mutual respect between workers from the wide range of
disciplines involved in the study of the cosmos.

Presidential address to the Royal Astronomical Society, delivered 10
Planetary science, once at the very centre of astronomy, is now

February 1984.

very properly regarded as an extension of basie geophysies, and can be
defined in its widest sense as including all aspecés of the scientifie
study of processes occurring in the main bodies and the gaseous and
plasma envelopes of all the planets and other objects in the solar
system. :The study of planets (other than Earth) as physical objects
and not just moving points of light goes back to the early seventeenth

' penbury, vhen Galileo (alilei discovered Jupiter's rohb main
sétellites and.initiated the observations that led to the discovery of
-Saturn's rings by Christian Buyghens. But systematic work in

planetary science is a comparatively recent development which has

o e (S)L\iﬁfiz;111 \) gjdrug‘,ﬁ [% ,\ﬁ~t, : accompanied the rise of modern geophysics and astrophysies. Planetary

c*tﬂjl_ qz;}:aJngL L«h_4}~uu_ (2 g&E}TJ4”Lj research is based on a variety of cbservationa. Many are made with
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ground-based instruments at wavelengths in the electromagnetic
spectrum where the Earth's atmosphere is tragsparent or only weakly
absorbing mely the visible range from 0.4 to 0.8 microns, various
"windows" . the iInfrared, and the radio spectrum from ébout 1
millimetre to the ionospheric cutoff at about 100 metres. Other
important observations ceme from instruments ‘carried on rockets,
aircraft and balloons, operating at levels where effects due to ozone,
which absorbs ultraviclet radiation, and water vapour, which absorbs
in the infrared, are much weaker than at ground .level,

The most recent data include abundant measurements made with
instruments mounted on space probes, which, in the case of the g;ant
planets Jupiter and Saturn, were the Pioneer 10 fly-by, which
encountered Jupiter in 1973 December before heading out of the Solar
System, Pioneer 11, which encountered Jupiter in 1974 December and
Saturn in 1979 September, Voyager 1, which encountered Jupiter In 1979
March and Saturn in 1986 Novembér, and Voyager 2, which encountered
Jupiter in 19%9 July, Saturn in 1981 Augusﬁ and should reach Uranus in
1986 January, eight years after being. launched from Earth. At the

present time, preparationa are well advanced for the next United
States plaﬁetary mission, Project Galileo, which will be launched by
the Shuttle/Centaur about two years hence, in the late spring of 1986,
"with the objectiv; of carrying out a far more intensive and
comprehensive study of the Jovian system than was possible with
Voyager. The Galileo spacecraft consists of a sophisticated "dual
spin" planetary orbiter, which, Starting in August 1988, will provide

*
the first long-term close observations of the Jovian system, lncluding

the Galilean satellites, together with an entry probe, which will

=

provide the first in situ measurements of Jupiter's atmosphere. It is

a measure of the confidence with which th?_

Is now viewed . )
“"Galileo/Jupiter" projectLthat considerations are now being given to
the possibility of a Galileo-type mission to the Saturnian system, but

no details have yet been released.

This article® cutlines some of the main characteristics of the

®#parts of the article presented here are baéed on written versions of
the 1980 Halley lecture at Oxford University and the 1982 Holweck
Prize Lecture at the égole Polytechnique in Paris, but b}ought uB to
date by the inclusion of recent material. The talk was illustrated
with slides and several short films descriding, amongst cther things,
motions of Jupiter's visible surface of dense cloud and laboratory
experiments on stable vortices in thermally driven rotating fluids
which, in the author's opinion, are dynamically similar to long-lived
eddies in the atmospheres of Jupiter and Saturn, including the Great
Red Spot. It is impossible to reproduce most of this visual material
here and inappropriate therefore to present a verbatim account of the
lecture, or even give a full list of references to work mentioned
during the lecture, Thesec references can be found in the

bibliographies of the selected list of review papers, etc. given at

the end of this article.

glant planets and discusses éspects of their study in which I have
been interested for a number of years, namely the cireulation of their
atmospheres, the siructure of their'interiors, and the origin of their

r

magnetic fields. Progress with the physieal interpretation of the ]



observational data involves the application eof a wide range of
availeble knowledge in physics and chemistry, It also requires the
development of new ldeas and insights, some of which are only now
beginning to emerge, following the comparative néglect suffered by
many areas of classical physics.during the first half of the present

s we shell ser faker N
century. L fhe findings of laboratory studies of hydrodynamical flows
in rapidly rotating fluids can play an important direct role in the
study of large-scale atwospheric motions, but this is unusﬁal in
planetary sclence and astronomy, where basic précesses can rarely be
simulated on the scale of the terrestrial laboratory. In the study of
the origin of planetary magnetic fields, for example, the theoretician

has to work directly with the observations and the basic laws of

(6o o)

physics.

2, JUPITER'S MAIN CHARACTERISTICS

Jupiter 1s thé fifth planet in order of distance from the Sun,
which it orbits in 11.9 years at a mean distance of 5.20 astronomical
units., The largest and most massive of the nine planets, Jupiter has
a mean radius of 6.97 x 107 metres, more than ten times the radius of
Earth, but its mean density is only about ome guarter of that of the
‘terrestrial' planets, indicating that its main chemical econstituent
is hydrogen -~ the lightest and most abundant of all the elements -
with helium as the main "impurity". The rapid spin of the'planet on
its axis, 1n a period éf just under 10 hours, produces a noticeable
oblateness in the appearance of the visible disk in a telescope, and
the concomitant distortion of the gravitational field of the planet
perturbs the orbits of the innermost satellites. These rotational
effects are nevertheless somewhat weaker than those expected from a
gravitating body of uniform density, implying that the density of
Juplter increases with depth te a ecentral value of about three times
the mean density. At 30 i 1011 pa, Jupiteé'a central pressure is
eight times that of the Earth and sufficient to ensure that throughout
most of the planet the main constituent hydrogen tékes the metallie

form, to which ordinary molecular hydrogen chénges when subject to

pressures in excesa of about 2 x 1011Pa,

Jupiter 1s enveloped in several layers of cloud suspended in a
deep and well-stirred atmosphere of hydrogen, helium, meihane, ammonia
and other gases. At some wavelengths it is possible to smee below the
upper layer of white ammonia qirrus, through a clear reglon to a more
substantial and colourful cloud deck which might consist mainly of

particles of ammonium hydrosuphide {NHySH). Jupiter's striking and



variable colours are probably due to the presence of products of the
photolysis of NH3, HpS, PH3 and other compounds by sclar ultraviolet
light. Jupiter's clouds refléct back into space most of sunlight
incident upon them, the remainder being absorbed at varicus levels in
the atmosphere. Absorbed sunlight accounts for about one~half of
Jupiter's thermal {infrared) emission, the ba1‘an0e being due to
internal heat sources associated with primordial heat and stow
gravitaticnal contraction of the planet. The ocutward heat fleow should
_maintain the temperature gradient close to its adiabatic value
throughout most of the planet, . k

From their studies of Jupiter's strong emission of nen-thermal
radiation at decimetre and decametre wavelengths, radic-astronomers
established that Jupiter possesses a strong dipole magnetic fi;ld
inelined at about jO degiee to the rotation axis, and an associated
system of van-Allen-type 'radiation' belts of electrically-charged'
particles with relativistic energies, extepding beyond and interacting
with the innermost Galilean satellite Io., The decametric radiation,
which comes in bursts-and is modulated by Io, i3 still not fully
explained. More detailed information.on the structure of Jupiter's
magnetic rlgld and magnetosphere and their interactions with the solar
wind came later from im situ measurements made with instruments on the
Pioneer and deager flf-by space probes. l .

’ Jupiter's non-uniform rotation is reflected in the early use by
optieal astronomers of two longitude systems when studying spots and
other markings on the planetts visible disk. These were System I with
rotation period 9 hours 50 migltes 30.003 seconds for features within

about Tt of the equator; and System II with rotation pericd 9 hours 55

minutes 40.632 seconds for higher-latitude Features.. System II1 -with
period 9 hours 5% minutes 29.710 seconds (formerly 29.390 seconds)
~was subsequently inlroduced for the convenience of radio astronomers
studying Jovian decametric and decimetric sources. These are nearly
fixed in System III and presumably tied to Jupiter's magnetic field
which, in turn, is intimately linked to the electrically-conducting
part of the interior of the planet, but not with the overlying
non-conducting layers, including the atmosphere. The interppetapion
of Jupiter's non-uniform rotation presents a variety of fascinating
selentific problems inéolving the consideration of the dynamics ;nd
magnetohydrodynamics of Jupiter's atmosphere and deep interior, Just
as the thecoretical interpretation of tﬁe general eastward motion (on
average) of the terreatrial atmosphere relative to the solid Earth,
the general westward motion of the geomagnetic field relative to the
solid Earth, and. fluctuations in the rotation of the solid Earth,
involves the discussion of fluid motions in the Earth's atmosphere,

(ﬁfe o)

oceans and Yiquid core.
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3. JYUPITER'S ATMOSPHERIC MOTIONSI

Prominent markings on Jupiter's visible surface are the br;ght
<loud zones - of which there are usually about seven of eight -~ which
run parallel to the equator and are separated by darker belts. The
zones and belts are not entirelylregular: dark patches cften appear
on the brighter regions and bright patches on the darker regicns, and
the boundaries between belts and zones often taken on a serrated
shape. The mest striking feature of all i=s the long~lived Great Red
Spot (zee figure 1} which is certainly 150 years old at least and may

. .
have been seen by Hooke and Cassini in the seventeenth ecentury. fhe
Great Egd Spot is roughly glliptical in shape, having its long axis
along ‘'zenocentric' latitude 22t South, and occupies about 30% of .
longitude and 10t of latitude,

Tte movemgnt'of irregular markings seen on the visible disk
yields information about the rotation of'the planet at the upper cloud
level z3 a function ;f latitude. As we have already noted, rotation
pericds of markings within about 7t of the equator are typleally about
5 minutes less than typical rotation pericds of most higher-latitude
features (and of radio sources), showing the presegce of a

sharply-bounded westerly equatorial jet-stream moving at about 100

_ms~1 relative to the underlying planet, During the past 100 years the

Period of rotaticn of the Great Red Spot has varied i}regularly by
about *3 seconds {or 360 parts in a million). Superimposed on this
irregular variation is a comparatively tiny but evidently persistent
oscillation with a peried of about 50 days. But (in comparison with
the Farth's atmosphere for example) the overall latitudinal variation

of rotation period shows remarkably little time dependence, r

Motions occur in planetary atmospheres because the special.
conditicns for stable or neutral hydrostatic equilibrium cannot in
general be met when heat sourées are present, These conditions for a
fluid of low viscosity in a steady gravitational field are that the
density field should have no horizontal g;adients, and that vertical

density gradients should nowhere exceed the adiabatic value. Owing to

the general intractability of the equations of hydrodynamics and

uncertainties in several important parameters {(such as the atmospheric
depth}, theoretical work on the ecirculation of Jupiter's atmosphere
has beeﬁ iargely eonfined to the construction of simple models of‘the
main phenomena indicated by the observations, notably the general
arrangement of clouds in bands parallel to the equator, the equatorial
jet stream and the Great Red Spot and other persistent oval markings.
There is no generally accepted explanation of any of these phenomena,

but their study has stimulated important investigations in basic

. hydrodynamics, thereby advancing an important . branch of

classical physicg. Recent theoretical work includeg studies based on
numerical models and the application of modern ideas about solitons
and two-dimensional turbulence.

The very existence and durability of the Great Red Speot present a
strong challenge to theoreticians, particularly those dynamical

meteorologists and geophysical fluid dynamicists who are concerned

with the important practical question of atmospheric predictability.

Several incomplete suggestions have been made as to the origin of the
Great Red Spot and other long-lived eddies in Jupiter's atmosphere,
such as the three White Ovals that were seen to form in 1939 and are

clearly visible in the recent Yoyager plctures. I argued in my Halley
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lecture.scveral years ago that these long-lived eddies might be

dyt imically similar to the closed stable barcclinie eddies found in

t:  regular non-axisymmetric fiow regime investigated in experiments
o.. thermal convection in a rotating fluid annulus subject to
horizontal temperature gradients produced by‘internal heating and
side-wall cooling, where they are largely responsible for horizontal
and vertical heat transfer, In some new laboratory and numerical
studies of the structure, energetics and stability of sucﬁ eddies
(further detalls of which are given in the Appeﬁdix), Dr Peter Read
and I find results confirming that there are strong dynamical
similarities between these atmospheric and laboratory flows (see
figur2s 2 and 3) and that the basic dynamical processes iavolved might
also account for the dark long-lived cyclonic features known as
"bargas", ‘In particular, the horizcntal upper level motion in each
anticyclonic eddy 13 largely confined to -a peripheral jet stream,
where there is strong shear, enclosing a comparatively quiescent
regioa in which slow upwelling occurs. Surrounding the peripheral jet
strean is a.narrowhregion of downwelling, a feature which could
account for the "collar" of enhanced infrared emission subrounding the
Great Red Spot. Upper level cyclonie feature; would have
oppositely-directed vertliecal motions,

In this barcelinic eddy hypothesis, the energy réquired to
produse and maintain the kinetlc energy of the eddy against the
dissipative'action of viscosity derives largely from the potential
energy due to gravity acting upon the densitf field associated.with.
local horizontal temperature gradients. Coriolis forces &uc to the

rotation of the planet play a crucial role in the hypothesis, . but the

n

so—called "beta-effect® associated with the latitudinal ,variation of

the vertical component of the rotatiom of the planet produces no

direct influence. The beta-effect is also unimportant in the

hypothesis that long-lived Jovian atmospheric eddies arc analogous to
terrestrial hurricanes, where the release of latent heat of
condensation, in motions involving small;scale moist convection
organized by Coriolis forces and friction, provides the energy source,
It is in the so-called "soliten" and "modon" theories where the
beta-effeet plays a crucial direct role. These thecries differ from
one another in the assdmption made as to the source of energy reqﬁired
to overcome viscous dissipation, with the "soliton™ drawing its energy
directly from the kinetic energy of the background zonal shear flow,
and tﬁe "modon" be;ng produced by the coalescénceféf smaller eddies.
Aﬁtempts are now being made to formulate for Fpe forthcoming
Gélileo nission a pfacti9al programme of trucial obsérvations that
would settle some of these dynamical issues, buﬁ it is by no means
clear how effectively this can be done, Nd—bne can dispute that
atmospheric motions are largely guasi-geostrophie, for simple order of
magnitude arguments suffice to demonstrate that this must be so, and
assoclated with geostrophic balance between hbrizontéi pressure

gradients and Coriolis acceleration is the thermal wind relationship

between horizontal temperature gradlents and vertical gradients of the

horizental wind. But it is notoricusly difficult to measure these
dynamically impoertant horizontal temperature_and_pressuré gradients,
and to be useful determinations of vertical temperature gradients must
be sufficientlj accurate to r;veal departures from the adiabatic

value, Indeed, it can be argued that the main task of the Jovian

12



mebeewwiogist should perhaps be fo use observations of dynamical
featureé that manifest themselves at the upper cloud level and of
other observations such as spatial variations of infra-red emission in
order to improve our knowledge of the vertical siructure of the
planets. Many controversial is.sues are being debated by those of us
who take an interest in these matiers, incldding the depth to which
upper-level dynamical features penetrate, estimates of which range
from less than one hundred to over ten thousand kilometreé. A related
guestion (ONtefhgkLgéhgtt ot which the electrical conductivity of the
planet becomes éhrficiently large for magnet;hydrodynamic effects to
oceur, upsetting gecstrophic balance and producing, through the

self-exciting homogeneous dynamo process, the electric currents that

lnanifest themselves as the observable magnetic field outside the

planet.

- (SO F"")
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4§, JUPITER'S MAGNETISM AND INTERIOR

The existence.of a strong Jovian magnetic field of internal
origin and nearly dipclar form, with a dipole moment about 104 times
the magnitude and opposite in sign to that of the Earth's present
field, was, a3 we have already noted, first inferred from
radio-astroncmical observations of non-thermal radiation at decimetre
wavelengths, produced by magnetically-trapped relativistic electrons,
Such an electron typically spends most of its time neér the mirror
points of its orbit, moving in a flat gpiral around a magneiic field
line, and this account; for the signficant degree (about 25 per cent)
of linear polarization of the total decimetre emission. The directlon
of polarizatioﬁ, which is roughly parallel to Jupiter's eguator and
fluctuates with the Syste; II1 rotation period, indicates that the
dipole axis is 1nclinéd at about 10 degrees to the rotation axis. The
cbserved time variations of tge directioﬁ of polafization dgiffer
slightly from those éxpected from a purely dipole field, showing that
Jupiterts magnetic field possesses a weak non-dipolar component. The
decimetre radiation also shows some degree of eircular polarization,
as would be expected If some of the radiation emeréea'in directions

parallel to lines of magnetle force. Indeed, It was from the observed

sense of polarization that it was first concluded that Jupiter's

dipoie moment is roughly paraliel to the rotation axl} (unlike the
Efesent alignment of the Earth's magnetic dipole, whieh is roughly
anti-parallel to the rotation axis). Such a polarity is evidently
consistent with the senée of ®lliptical polarization of decametre

bursts, which is almost invariably right-handed.

14



pDirect measurements of the Jovian magnetic field generally
confirm inferences drawn from radicastrenomical cbservations and add
many important details. Instrumenté on board the Pioneer 10 and
Pioneer 11 spacecraft provided the first syoh measurepents of the
field s=ructure and charged-particle density in the Jovian
magnetosphere, The magnetosphere is closed and blunt in shape, with a
well-defined magnetopause. Its outer regions are strongly influenced
Sy the fluctuaeing presgsure of the solar wind, which produces changes
of up to a factor of two in ‘the size of the dayside magnetosphere. &
pﬁoninent feature of the mid-magnetosphere is a thin annular eurrent
" gheet which co~rotates with the planet like a rigid body. The sheet
1ies almost parallel to the Jovian equator, but is distorted, so that
i1t 1ies above the equatorial plane on one side of the blane: and below
on the other. Voyager 1 and. Voyager 2 provided furthgr information
about the highly complex behaviour of Jupiter's magnetosphere,

Theories of the observed modulat;on 6f Jovian decametre bursts by
the innermost Galilean satellite Io suppose that I;‘s motion tﬁrgugh
the Jovian magnetic field induces.eiectrie currents of about 5 x 106
amps in the‘blasma occupying the magnetie flux tube connecting To to
AJupiter‘s'ionosphere. Direct evidence for this current was obtained
during the Voyagér mission. The passage of the current through the
' surfacs layers of Io would ‘produce 1012 watts of ohmi; heating there.
Tﬁe extént to whieh this heating contributes to the processes
'fesponsible for viclent eruptions of material from Io's surface is not

yet setiled, for it is somewhat less intense than heating due to

gravitatiopal tides {the estimation of whigh led ‘to the prediction”

e ({h Ce

S

=LY fe.
e

" been elucidated.

that eruptions should occurswhic\uappeared in a paper published just

before Voyager TV plctures provided spectacular confirmatory

evidencel).
The only serious suggestion as to the origin of Jupiter's
magnetic field c¢losely parallels ideas devéloped by geophysicists over
the past thirty years towards an explanation of the Earth's magnetism.
The Jovian magnetic field is due to ordinary electric currents
eirculating in conducting regions within the planet. The currents are
produced by the self-exciﬁing magnetohydrodynanic (MHD) dynaﬁo process
- first sﬁggested by Larmor - involving inductive Interactions between
fluid motions.and the magnetlc field, Whether dynamo action is
possible depends inter alla on the value of the so-called 'magnetic
Reynolds number'_yﬁLL‘) , where cr is hhe electrical conductivityuZt
the magnetic permeability, E: a typical length scale and k) a
typical’ speed of relative fluid motion. Such action cannot occur-uhen'

q;#—LLl is very small, for then motional induction eannot overeome

effects of ohmic_dissipation. It is also impossible or fnefficient

Hheﬁ _92#,'_-\2 is very lar;ge indeed, because dynamo action involves not
only the'agplificaﬁion of magnetic energy but also the diffusion of
field lines from the conducting region into the surrounding insulator,
which 1s impossible when the conductor is perfect. Efficient dynamo
action should occur in those parts of the planet .wher'e g‘/_d:l_} has some
optimum value 53 , which might be around 10 or 100,

The broad features of the internal structure of Jupiter have now

Theoretical,models are sensitive to the assumed

:equations of state of the main constituents, hydrogen and helium.

"Recent'wqu!iadicates tha;‘the’planet is probably fluid throughout,

16



with outward heat flow taking place largely by convection. At some
future stage of the evolution of the planet, the settling of helium
"raindrops" in the metallic core should convert gravitational into
thermal energy at a substantial rate.

Dynamo action would occur in those regions well below the visible
surface of the planet, radius r;¥ y where the electrical conductivity

e

S is about equal tog//\:LQ / Denote b;:__l‘"o‘ the outer radius of the
elecirically-conducting region in which dyéz;t action is oeccurring and

by‘r# the mean radius of the boundary where the pressure attains the

—_

value {about 2 x 1011 Pa) at which molecular hydrogen changes to the
meta”lie form. Estimates of_{i;\ range from 0'7-£§\t° 0;8_5§;and it
is possible but not certain thatp?z\ is equal to*;EL + Impurities
and h;gh temperature and pressure might render the molecular hydrggen
‘mantle! Qufficiently cenducting in its‘lower reaches to. support
dynamo action there and, 1f this is so0, r;\ could be significantly
greater than . -

_ I have Introduced a method for finding 11\ whkch exploits the
fact that over short intervals of time the m;;Fetic flux linkage of
the surface of the core cannot change significantly (see figure 4).
This method makes use of obsefvaticns of secuiar changes in the
magnetie field in the accessible region above the surface of the
planet. When applied %o the Earth using the best availablg
deterninations of the geomagnetic secular variatioa, the method gives“r\§
£ within 27 of the more accurate "seismological® value, but even the -

best Jovian magnetic field deferminations currently available for this

purpese are not good enough to give a reliable value of’rb for

I

dJupiter. The rough determinations that have been made could be

17

greatly improved on in the future if detailed magnetic measurements
can be carried out with the aid of the Jupiter orbiter on the
forthcowing "Galileo" mission. The determination of {?E\ will be
important in the study of the dynamics as well as the ;E;ucture of
Jupiter's intericr. The rotaticn peried of System ITI is close to
that of material at a depth ¥\ - 1~ below the visible surface
A e |

of the planet, The best we can say at present is that this depth is
proﬁably around 20,000 km but it might be as small as 7000 km, one

[

tenth of the mean radius of the planet.
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5. SATURN
c.turn is the sixth planet in order of distance from the Sun,
whic, it orbits in 29.5 years at a mean distance of 9.55 astronomical
unils. The outeruost of the planets knewn in remote antiquity'(before
the diszovery of Uranus, Neptune and Plute from telescopic
observations), Saturn is second only to Jupiter in size (mean radius
5.74 x 107 metres) and mass and has the low mean density expected of a
planet composed mainly of hydrogen and helium. Saturn po;sesses a
prich satellite system, which includes Titan,_thé only satellite in the
solar system showing evidence of an atmosphere. It also includes the
beautiful rings of Saturn, which comprise an enormous number of
diserete rocky fragments which may have been produced by the tidal
disruption of a larger object {see figure 5).
Satuén is comparable with Juplter as a reflector of sunlight and,
like Jupiter, is also enveloped in dense ¢louds of ammonia crystals
. suspended in an atmosphere of hydrogen, helium, methang and other
gases and arranged in bands parallel to the equator. These bands
appear to be more regular than those an Jupiter, irregular markings
being comparatively rare in ground-based observations. Colour
variations on Saturn are much less pronounced'than on Jupiter and
nothing quite comparable with Jupiter's Great Red Spot has ever been

seen cn Saturn, but Vcyager TV pictures of Saturn show a variety of

interesting atmospheric disturbances, whiech are now providing a basis
.for dynamical studies. As with Jupiter, in order to account for
Saturn's infrared emission if is necessary to invoke a substantial

source of internal heating.

19

Transits of long-lived spots on Saturn (including ane
investipgated in the early 1930's by the well=known English comedian
Will Hay} yield rotaticn periods of 10 hours 13 minutes within about
200 of the equator and 10 hours 40 minutes at higher latitudes.
Voyager observations provided important new details, confirming the
presence at the upper cloud leve of Saturn's atmosphere of an
equatorial current moving eastward at more than 400 metres per second,
four times the speed of Jupiter's eguatorial current. Bydrodynamical
theory indicates that the width of an equatorizl current should be
roughly proportional t& the square root of its speed, and this accords
with the cbservations.

Saturn's equatorial diameter exceeds its polar diameter by more
than 10 per cent, the corresponding degree of oblateness being bigger
than Jupiter's bub, again, rather less than that of a rotating
gravitating body of wnifprm density. Saturn does not differ greatly
from the Earth in ita.surface gravity and central pressure. On recent

Tt combrast wbin bl p towats Tigiker
ideas concerning its internal structvre.lthe internal temperatures of

ra\nah\\j Lowg o .

Saturn arﬁlno ' sufficiently high for helium to dissolve at any

jevel within metallie fluid hydrogen core, implying that gravitational

settling of helium might be playing a significant role in the

production of heat within the planet at the present time,

The first evidence that Saturn possesses a gene?él nagnetic field
éame nearly a decade ago with the detection of weak non—thermal.radio
emission at hectametre wavelengths. Piloneer 11 encountered Saturn in
1979 September and its magnetometers showed that the planet has a
dipole moment inclined by les; than 2o tc the rotation-axis with a

atrength about 0.1 times that of Jupiter. General dynamical



considerations indicate that the rotation rate of Saturn's interior
should be much closer to that of the atmesphere in middle and high
1atiiu§es {10 hours 40 minutes} than to that of atmospheric markings
near the equator (10 hours 13 minutes}. This expectation was
confirmed by determinations of the rotation period of Saturn's
hectametre radic sources, 10 hours Y0 minutes.

Saturn's magnetic field is attributable, presumably, to a
magnetohydrodynamic dynamo driven by fluid motipﬁs in the deep
interior. A basic tenet of dynamo theory (which has recently been
proved quite rigorously) is that no steady or unsteady magnetle field
that everywhere retains an axis of symmetry can be supported by dynauno
action. But some theoreticians have been misled into questioning this
result on the basis of the near ¢oincidence of Saturnt's magnetic and
rotaticn a#es and the very strong predominance of the dipole component
in the observed field. These features of the field are more readily
explained in terms of the comparative smallness and other properties
of Szturn's electrically-conducting fluid core,

Information about Saturn, though still much less abundant than
for Jupliter, now ingludes new qata from recent Ploneer and Voyager
encounteés, which are transforming all aspect; of the study of
Saturn's interior; hagnetic fleld, atmosphere, magnetosphere, and
satellites. Particulai'ly noteworthy is the resurgencé of interest in
the dynahics oflthe rings following the acquisition of high resolution

pictures showing fine detail and other features of their structure,

(G w)
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6. CONCLUDING REMARKS

I end the main part of this article on a personal note, by
mentioning that (in common with many other scientists) I had my
interest in planets stimulated by the late Professor Héﬁold Urey. The
circumstances were, however, a little unusual, In 1954 Professor
Se Chandrésekhar, with whom I was working at the time, kindly took me
to lunch at the Quadrangle Club at the University of Chicago. Urey
was in the party, and on my being introduced to him as a member of the
Yerkes Observatory, he characterlstically fired a very direct quéstion
at ‘me: "What do you think about the Red Spot on Jupiter?" Until that
moment I was not even aware of having heard about the Great Red Spot,
let alone given thought‘ to the problem of its origin, but divine
intervention, manifested as a spilt tumbler of water, spared me the
émbarrassment of having te respond to Urey's question. As we settled
down to our meal after the waitress had cleared up the meas, Urey
re~directed the conversaiion to a topic which was much on his mind at
that time (ana one with which I happened t6 be reasonably familiar},
namely Rayleigh-Taylor instability and the possibility of its
oceurrence in the mantle of the Earth.

But his question about the Red Spot must have sunk into my deep

subconscious, to emerge several years later, in 1959, when I produced

‘what subsequently became known as the Taylor-column theory of the

phenomenon, which earned me considerable notoriety amongst my fluid

dynamicist friends. Planetary scientists were thin on the ground

twenty~five years ago, but I received some encouragement from several
L]
of their number, most of whom were dedicated amateur astronomers, They

included the late Mr B, M. Peek, a well-known member of this Society
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and professionally a schoolmaster, who deserves much credit not only
for his aobservaticna of Jupiter and his timely book on the subject
published in 1958 (and also for setling some of his ablest pupils,
including certain members of this Sceiety, on careers that were to
bring them grzat distinction in astronomy and other branches of
seience). Until the late 1960%*s, I was able to work at my Job as a
fluid dynamicist and still keep up with developments in planetary
seclences by reading the literature, attending.the occasional mee;ing,
and corresponding with other enthusiasts.' But this is no longer
pogsible owirg to the bhrgeoning of planetary sciences in the past
decade, and experts well aware of the superficiality of many parts of
this general talk will doubtless urge me to consider making it the

last one I dare present on the subject of the glant planets!

(4o )

APPENDIX: LONG LIVED EDDIES IN THE LABORATORY AND IN THE ATMOSPHERES
OF JUPITER AND SATURN )
My laboratory at the Meteorclogical Office has been engaged for a

number of years in experiments with rotating fluids, including

numerical modelling, and in various studies of the dynamics of

_ large-scale moticns in the atmospheres of the Earth and other planets,

all with the general aim so far as terrestrial meteorology is
concerned of providing a sound basis for theories of predietability,
The meandering jet-streams of the mid-latitude circulation of thé
Earth's atmosphere exemplify many of the salient characteristies of
flows in rapidly-rotating fluids, and so do the large oval eddies in
the aimospheres of Jupiter and Saturn, including the Great Red Spot.
But detailed and subtle considerations are required in order to
understand why, on the one hand, the large oval eddies on Jupiter and
Saturn enjoy lifetimes ranging from decades to centurles, whereas, on
the other hand, large-scale motlons in the Earth's atmosphere are
highly chaotic., Laborat#ry studies of thermal convection in a
rotating fluid annulus have thrown considerable light on these
qﬁestions,land in some very recent work, Dr PeEFr ﬁfad and I have
demonstrated that the process or‘slantwisechtv;léE?c?n {(which Is now

invoked not only in the study of planstary atmospheres but alsc in the

study of the dynamics of stars and even of galactic accreting disks!)

can account for many of the observed propertieé of the long-lived

_eddies in the atmospheres of the giant planets. This implies that the

eddies are ilnvolved in the horizontal transport of heat towards or

+ .
away Trom the edges of the atmospheric zones or belts in which they
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oceur, and that their kinetic encrgy derives directly {rom the aclion
of gravily on the density field assceiated with horizontal gradients
of tec .perature.

In a paper due cut in Nature later tpis month (where detailed
references can be found) Dr Read and I describe our most recent
findings, These bear on the interpretaticn of the isolated nature of
the Great Fed Spot, and they include the crucial demonstraticn that a
single intense stable baroclinic disturbance that is strongly
loealise§ in azimuth can form readily when tﬁe impressed conditions
are close to the transition fEOm axisymmetric to non-axisymmetric
flow.

Our experiments form part of a much wider study of thermal
convection in a rotating fluid annulus. The working fluid of mean
deﬂsit!_gakoccupies an annular container with twe vertical, coaxial,

AN .
thermally conducting eylindrical sidewalls, and thermally inzulating
endwalls. The wﬁole apparatus is rotated steadily about its vertical
axis of symmetry. The character of the flow obtained in the rotating
annulus depends on the external conditions, which can be speeified in

terms of sgveral dimensionless parameters involving the axial and

tranaverse dimensions of the apparatus, & and b-—ot respectively,

—

Jhe rotation rate’ S]_>acceleration due to grav1ty % (which is

.typically very much greater than L-gl 5 the maximum density contrast l!j

associated with the axisymmetric impressed temperature field, and the

kinematic viscosity M and other physical propercies ol the working

The most imporiant of these parameters are:

+

-5~

" co-ordinate ¢ '

I

C @=

—

The flow itself strongly modifies the horizontal density field
associated with the impressed differential heating and cooling,
thereby reducing the horizontal density gradients in the main body of
the fluid, away from sidewall and epndwall boundary layers, It alsco
produces vertical density gradients which are typlcally strongly
dependent on the upward vertical co-ordinate X but comparatively
weakly dependent on the horizontal co-ordinates (:3¢0. Associated
with these vertical gradients can be defined a leocal 'Brunt-Vaisala'

frequency

Nl '/2
N [3 gj/éz ('5}

\V
the average value of which is typieally ~(0-2 9 _ﬂfl‘pocf) T/ When j
is very much éreater than 2 x 10?' the character ofrth:“;low is found
to depend mainly on @. At values of@ exceeding a certain
eritical value__{ﬁ\ of order unitj (hpose exact value depends on
details of mechaﬁ;;al and thermal boundary conditions and with which
Fhere is an agsoc%ated eritical average value °fF§!); the flow is
axisymmetric, i.e. its properties are independent of the azimuthal
Regular non-axisymmetric flows {i.e. spatially
periodic with dominant‘azimuthal wavenumber rn:# O and either

steady or temporally periodiec) octur within ’Lhe range ®Q> @ >@I‘
\

where @ is a further critical value of @ When @ ,é @I’ .

—-2b~
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irregular, aperiodie non-axisymmetric flows oceur, owing to lhe cnset . . . )
from streak imapes similar Lo Fig 6(a). The 'eddy' stream function

of barotropic instabilit zssociated with the comparativel small
“ ’ Y P v shown in Fig 6{c) is approximately equivalent to the eddy pressure

\e) /
zimuthal al ortional to ¥a, f the barcclini ves. Both
ax seale {prop N ~31J') of the baroclinic wa field, assuming the flow to be geostrophic, and was cbtained by

regula: and irregular non-axis etric flows exhibit fully-developed
£ . yme v P integrating the above-mentioned velocity field and subtracting the

tparoclinic' disturbances, in which the kinetic ener of the flow is i
' &y azimuthal mean component. Fig 6{b) shows the flow pattern at this

generated and maintained against viscous dissipation by 'slantwise’ . X
upper level, where the shear of the background flew is anticyclonic.

convection from the potential energy associated with the density field . .
The flow is clearly dominated by a single large antieyclonic eddy

resulting from the impressed heating and cooling. . .
accompanied by a weaker cyclonie feature, together spanning no more

The detailed form of the flow pattern in the regular O
. than about 100° in azimuth. Elsevhere the flow is virtually

non-axisymmetric regime depends inter alia on the variation with .
—_— independent of Q . The strength of the cyclonie feature in the flow

distance 4~ from the axis of symmetry of the impressed temperature . . R
- varies with height, dominating the flow at low levels where the shear

field. Wnen heat is introduced (or extracted internally and
g ( ed) n ¥ an of the background flow is also cyclonic. As the transitional value CD[Q
extracted (or introduced) via both sidewalls, the ~*~ variation of =
b _— was approached more closely than the flow in Fig 6, the upper level

impressed temperature shows a maxlmum {or minimum) nezr mid-radius. |
ecyclonic feature was cbserved to decrease in strength until it

The corresponding upper level flow pétterp largely consists of o . ey .
) panifested itself as no more than a slight eyelonie curvature of the

identical closed, compact, equally-spaced oval eddies. Near the edge
. streamlines near the much more prominent anticyclonic eddy. The eddy

of each eddy, the relative flow is concentrated into a 'peripheral
atream function in Fig 6(¢) emphasises the localised nature of the

Jet-stream' circulating in the same sense as the shear of the
disturbance, which appears as a strongly modulated pulse of waves with
A

background azimuthal flow, which is anticyclonie {cyclonie) near the o/
a wavelength of about 120 1in azimuth., Once established, the pattern

upper surface when the system is subject to internal heating (eooling} ’ ) .
: is guite steady, apart from a ‘slow steady azimuthal drift relative to

and cooling (heating) at both sidewalls,
the walls of the apparatus at a rate wvhich depends on a variety of

When is only slightly less than and
@ ¥ guvly @\Q 3 j factors {(e.g. endwall slope). An ™o 2 fiow pattern, symmetric

comparatlvely large {in excess of ?b/), the upper level : o
about a diameter, was found to oceur under the same external

non-axisymmetric flow in a typical laboratory expeiment near () ()R . :
. T conditions zs those prevailing for an isolated single eddy (m=1)

is dominated by a stead isolated pair of baroclinic eddies. In Fi
4 ¥ P & similar to Fig 6. This is in keeping with previous findings that such

6, panel(ﬁ) shows a streak phb‘t,ogr-aph of the flow, and(b) and (c) are . "

derived {hon\the vélocity field, cbtained using velocities measured

~27- — 3%~



systems are_ 'intransitive' in the sense that jn is not uniguely
determined"b; and the other dimensionless parameters in terms of which
the impressed conditions of the experiment are specified.
These)together with related results based on a numerical model of
the system)demonstrate convincingly that fully-developed 'slantwise
eonvection' can account for many of the observed properties of the
long-lived Jovian and Saturnian eddies. Accordingly, the sense of
circulation and oval form of the atmospheric eddies result from thé
non-menctonic latitudinal variation of the background thermal field,
the aésociated zonal fiow having strong horizontal (as well as
vertical) shear. The compact nature of the eddies, their peripheral
Jet-streams and associated distribution of vertical motion, and their
longevity, are characteristic properties of baroclinic eddies over the
wide'range of parametér space occupied by the regular non-axisymmetric
reglme. The isolated naturé of the most étriking of all the
atmospheric eddies, tﬂe Jovlan Great Red Spot, 1s evidently
characteristic of the regular non-axisymmetric flow close Lo the
transition to axisymmetric flow, The latitudinal seale of the eddies

is governed by the spacing of the atmospheriec bands of wind and cloud,

] !
which we presume here to be produced by other, as yet notfully

understood, processes. The variation with latitude of the number of

- the oval eddies and their longitudinal scale, especisily evident on

Jupiter (see Fig 7), most probably reflects variations in the widih of

Y}
the atmespheric bands and in the effective local value of QQ"f;ee

—irar

Equation {3)) where I). is now the local vertical component of the
planetts rotation vector, The value of (ED at the latitude of the GRS

. N/
should be. close to @R\> and the local value of N«’ should reach a

1

“'Qﬁl‘

A
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minimum at the longitude of the GRS, The former result éould be
conslistent with the absence of a large.eddy comparable to the GRS at
similar northern latitudes on Jupiter, since very small asymmetries in
the net heating ete. between the two hemispheres could result in_£;2
exceeding_g:%;at higher latitudes in the northern hemisphere than in
the southe;; hemisphere. We note also the property of intransitivity
revealed by the laboratory experiments (see above}, implying that a
pattern of flow that includes Ewo or more regularly spaced eddieg
ldentical to the GRS may also be possible under the conditions now
prevailing at the latitude of the present GRS (ecf Figs 7(b) and T(e)}).
At first sight it might seem remarkable that dynamically similar
phenomena can be produced on scales differing by such a large factor,
but quite general conaiderations of dynamical processes that produce
barcelinic eddies have accounted for this similarity. Central to
these consideraticons is Fha recognitlon that the flow in the main body
of the fluid, outside the boundary layers at the top, bottom and
sides, is quasi-geostrophic atid therefore Satisfies the so~called
fpotential verticity equation®
2 b L N r @RV L o
-'lr’-i‘)"tqu)"’;y[‘mﬁ == OJ (‘]’)
prst Y = e 9ELXIOE

C Ny Gl sl e sefoed s nff:¢1uLLhn oty ety ’u~tL ,ﬂcfgj
1\’_ ‘ WL ‘cuu?k:c..ue_ selubias mc.l:r.la:vu'j e viteocs vuet Hoamuel !‘:ouauldj l“je}’S
"L-f\, '

Here

1s a stream function related to the vertically-averaged
R :

N
d

wpeaf v Je ST

= i3] . 20/,
horizontal Flow, v is the horizontal Laplaecian operator (so thatv g

— . D " o
is the average z-component of,relative vorticity), IDli_is the

substantial time derivative fellowing the geostrophic molion, and L= 2\0.

fo-
The term --c,_l ‘\'}ag}/a(P represents potential vorticity changes .
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associated with the combined effects of axisymmetric sloping endwalls
and spatial variations in the vertical density stratification, where
:E;depends on the values of the endwail slopes and the thermal
slructure of the flow. The term is roughly analogous to the so-called
Tbeta? te;m in the corresponding form of the equation used in
dynamical meteorology and oceancgraphy, where QL is there taken as
the rate of change with latitude of the vertical component of the
Earth's rotation vector. An equaticon of this' form governs many types
of quasi-geostrophic flows, inecluding slantwise convection, in systems
ranging from planetary atmospheres and oceans with horizontal scales
of thousands (and even tens of thousands) of kilometres, down to the
laboratory apparatus used in the experiments described in the present
paper. This remarkable reault can be understooq by noticing that the

essential balance of terms in equation (%) is such that

D 9 S WARY >
5y Y]~ 5t s g;% %a@ (5)

This implies that }LI LG BT L isa cbaracter‘istic

horizontal dimension associated with the term V (y ' andH is a

eharacteristic vertical dimension associated with the termg' A(N aq./éz)/ Z.

For example, in the case of the Earth's atmosphere . L \0 I’H ,g‘“lo'“

and H"“Dq- ) 80 that}L/N H v ]0 For typlcal

laboratory annulus expariments |:~ lO F’H) 0 C:F ' lOs‘ 0 i < N < | s /

' and hm* <\—\ <3xID)W

enabling a wide range of values

" of ‘.S—L/NH' -+ to be achieved, from zero up to ™ "Sw. This includes

._3‘:._

values typical of planetary atmo#pheres. Fgr‘ the South Tropicﬂ }ODB
of Jupiter, where the GRS occurs, qu l and 5 IO« 3_;1 H
~1
this implies N H ~ \O wmS if for quasi-—geostrophic_: disturbances
we have :EL ’F_"\i‘ o l- This value of‘_N\:\ is consistent. with what
little is- known about the deep vertical structure of Jupiter's
atmosphere. The 'alpha' term —dr ayb@ in equation (4) can
modify slantwise convection quantitatively, by changing the azimuthal
and, in extreme cases, rédial wavelengtns of unstable modes and their
rate of propagation relative to the mean flow, and altering the
critical values of @ 'at, which axisymmeltric flow gives way to
non-axisymmetric flow. But there is ample evidence that the 'alpha!

tera does not preclude the existence of the regular non-axisymmetric

‘regime of flow, which is a matter of some importance when applying the

results of laboratory studies to atmospheriec systems.

(Go =)
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LEGENDS FOR DIAGRAMS

Figure 1. Long-lived anticyclonic eddies in Jupiter'e atmosphere,
namely the Great Red Spot, which is about 20,‘000 km long and at least
180 years old (and may have first been geen hy Robert Hooke in 1664},
and one of the three White Ovals that were scen to form in’1939. The
arrows give the sense of relative motion. The "wind® speeds, ag
determined by Dr R P Beele of the New Mexico State University, are
gi\;en in kilemetres per hour, For comparison note that Iioints on
Jupiter's equator rotate at about 35,000 km per hour. The very
existence of these long-lived eddies has important implications for
theories of atmospheric predictability. %here is no generally
accepted explanation of the eddies but the exper-imente illustrated in

Figures 2 and 3, & and 7 indicate one possible line of attack.

Figure 2, Streak photographs giving one example of the top-surface
flow pattern in each of the three main wodes of thermal convection in
a rotating fluid annulus subject to axisyreetric heating at the outer
pide-wall and cooling at the inner side wall, according to ewperiments
first carried out .by the author in 1950. The character of the motion
depends on a number of parameters involving the accele'ration of
gr'avity, dimensions of the apparatus, thermal coefficient of cubical
a'}cpansién, viscogity and thermal conductivity of the working £luid,
etc. In an experiment in whic;h f1, the angular speed of rotation of

the whole apparaltug about ils vertical axis of sym\etq'(. is the only

quantity varied, axisywmetric flow is found at low values of ,Q_ ( p¥-1 )
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I). At intermediate and high values of g_uthe flow is
non-axisymmetyic, with well-developed jet streams (Ccases 11 and.III).
At intermediate values the non-axisymmetric flow is regular — i.e.
spatially and temporally periecdic, with wavenumber ranging from 2 to 5
{for the geometry shown ) as _Q— increasesn, Sx;\ch regular flow are
exemplifiéd by case II, where the wavenumber is 3 and there is little
tendency for tre flow to "vacillate", so that the pattern is
effectively steady apart from an angular drift at constant speed
relative to the walls of the apparatus. At high values of & ’ gee
case III) the flow is highly irregulax) this- chaotic motion ig an
example of what meteorelogists concerned with large—scale motions in
the Earth's atmogphere have termed “geostrophic turbulence”. A wide
variety of fluid dynaniical and othex nomlineax systems are now knowm
to e:;hibit"either ordered or chactic behaviour depending on the
impressed corditions, and important unifying theoretical concepts are

now beginhing to emerge,

Pigure 3, HNumerical simulation of the top-surface flow pattern
{(Figure 33:-). of thermal convection in a rotating fluid annulus subject
to internal heating, with cooling .taking place at both side—walls, as
Produced in laboratory apparatus (Figure saj. Conditions are such
that the flow is non-axisymmetric and regular with principal azimuthal
wavenumber 4 (cf, Figure 2 case II‘) and little vacillation; that is
to pay the flow consists of 4 virtually identical steady'r eddies each
circulat_ing in an antjcyclonic sense at the upper level, with

P

horizeontal motion largely confined to a peripheral Jet stream. Recent

‘ studies of the structure, stability and energetics of such eddies
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gtrengthen the proposal that they are dynamically similar to the
long-1ived eddies in the atmospheres of Jupiter and Saturn, such as
the Great Red Spot and three White Ovals illustrated in Figure 1b. O©Of
particular importance in thie comnection is the discovery that close
to the transition to axisywwetric flow, the ).:egula.r non-axigymmetric
flow can be characterized by the presence of a pingle isolated compact

eddy (see Figurea 6 and 7).

Figure 4. Illustrating the principle of the mt.:hod introduced by the
author in 1576 for Finding the radius I, of the
electrically—onducting fluid core of a planet in which
magnetohydrodynamic dynam.o action is taking pl_ace {see Hide (1981) and
Benton (lsaa)).fi@jﬁ(see full lines) and t:l_(E, E+QE) (pee
daghed lines) measure the total number of intersections of magnekic
lines of for€e with a general spherical surface gLell apove the core
at Ofeclts -% ‘and E—FQ\—: respectively, and .l.\l._(g_-,l:‘,_) io the
‘time rate of change of N (Q}\;) +« The corresponding quantities
evaluated at the surface of the core are N(SA_,?) 3 HC&N l_:_*l* ﬂ__{_:_')

y e ? -
ana “:‘(_S,d 8!':) . itet H{$ 5 1) varicu on the time-scale of the
motions in the core that produce self-exciting dynamo action,

NCTS,,}:\ varies on the much greater time-scale of ohmic decay, which is
-about IO* ‘JQM“-\ for the Earth and possibly very much longer for
dJupiter and Saturn, The value of 1-° ¢an therefore be determined
from detailed measurements of secular changes in the magnetic field in
the accessible region near or'weli above the surface of the planet by
finding, by downward extrapolation from the measurcments, that surface

S For which temporal changes in N Cg‘p;\t‘) are effectively

o
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negligible {on the secular variation time-scale). The method has been

well tested by applying it to the Earth, for- which it gives the liquid . Figure 7. Panel (a) is a mosaic of Voyager 1 images of Jupiter,
metallic core radius to within 2% of the value determined by the more projected to show the planet as seen from the south pole. Latitude
accurate methods of seismology. It will therefore be possible in due lines are concentric circles centred.on the pole, which lies within
course to apply tbhe method with confidence to Jupiter, Saturn and the black jagged area (due to missing data) at the middle of the
other magnetic planets when, as a result on future missions such as frame. The long-lived anticyclonic atmospheric eddies appear (apart
Project Gailieo, move is Known about the structure and time from the GRS at top right) as trains of white ovals on lines of
variations of their magnetic fields. . congtant latitude. Panels (b) to (f) are upper-level streak

photographs of flow in the laboratory apparatus (see also Figures 2, 3

Figure 5. View of Saturn from Voyage 1, from a distance of wmore than ‘ . and 6) at various values of @ within the range __@ A\> @ >@I.\
5—'7‘ “)5 Jm, feur days after the encounter in Novembe:; 1980 (see (see equation 1) showing slantwise convection manifested as s;zady
Science 1962, &3&' No, 4532) (figure courtesy of HASA). regular baroclinic eddies in a roteting fluid subject teo internal

’ heating and sidewall cooling, (b) shows an ismolated single eddy (m:l)
Figure 6. Thermal convecktion in a rotating fluid annulus subject to wmpa—‘-e Figure 6(a)) at @:.Q_.G!Q ! (c) M."QJ__@__:Q'% ! (d)_'_“__='3)
internal heating,. with cooling ta.ki;':g place at both side-walls (sBee @ ':1 {f;g(e) M-—Q', @ "o 12 3 (f)*“s 9 o q"e + The mean radius
Figure 3). Conditions are such that the flow is naon—axisymmetric and ) | of the planet Jupiter in b qj * ‘b/ . ¢ nearly lo\/ times the
regular with principal agimuthal wavenw\!be;:' wm=1| . Tﬁe Flow Field outer radius of the amnular convection chamber in the laboratory
Hear the upper level exhibits an isolated baroclinic eddy which apparatus { "‘0‘4“ }» but, as shown in the text, the “p"mpriate
undergoes no significant tiwe variation, apart from a steady drift dimensionless dynamical similarity parameters are comparable.

relative l:ol the walls of the apparatus. PFigure 6a is a streak
photograph {streak duration 10s) of flow in laboratory apparatus and
Figure 6b) shows the_ field of horirontal velocity vectors derived from
a, Figure 6c gives the "eddy stream function®, defined as the total
s_tream _functiqn with the azimuthal mean compone_nt removed, obtained

from b; negative contours are dashed, (After Read and Hide (1984).)
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(1) symmetric
(=031 Rds

(I) steady waves
=119 ad s )

e

(H1) irregular
(2 =502 rad s°1)

Baroclinic Waves In An Internally Heated Fluid Annulus
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