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On this epecial occasion it is wmy pleasant duty to greet the Royal
Meteorological Society on behalf of an older (by thirty years) sister,
ihe Royal Astronomical Society, of which I have the honour to serve as
ithe current president. Developments in the bacic and applied sciences
promoted by the Royal Meteorolegical Seociety have been particularly
rarid and extensive since the year 1950, when Sir Robert Watson—Watt
presided over the celehrations of the centenary of the society's
1nundatioﬁ by Samuel Whitbread, its f{irst president, James Glaisher, ito
long-serving first secretary, and other energetic eminent Victorians.

But in 1975 I iajiled to convince Council that special significance

should be altached to the one hundred and twenty-fifth anniversary of
\

the saciety's' ‘toundation, s0o I have to congratulate Professor Charnock
on his supericr powers of persuasion. The centenary of the receipt by
ihe Society in 1883 of perm:i.ssioﬁ to adopt the prefix "Royal" provides a
good excuse to hold a scientific meeting for the purpose of rxeviewiag
recent progress in our general field, and I am deligl-ﬁted to be able to
take part,

keading between the lines of my correspondence with the Society's
Heetings Secretary I gained the impression that each of Ltoday's invited
speakers was being asked and possibly even challenged to pay something
new and useful about topics chosen for discussion in his presidential
addresses. In my own case it seems appropriate that I should outline
some of the main findings and new insights stemming from recent work of
ithe Geophysical Fluid Dynamics, Lahoratory of the Meteorological Office,
vhere we have been engaged for a number of years in experiments with

rotating fluids, including numerical modelling, and in various studiesn



of the dynamics of large-scale motions in the .atmosphexes of the Farth
and other planeis, all with the general aim so far as meteorclogy and
oceanography are concerned of providing o sound basis for theories of
predictabilizy.

The concept of geostrophy is central to c?ynamical meteorclogy, and
it is probably most widely known as puys-Ballot's Law, which I find easy
Lo yemcmber in the unconventional form once put to m2 by a senior member
of the forecasting branch of the Meteoxological Office: "I;.’ you stand
with your back Lo the wind and the low pressure is on the left, you know
you are in the Northern Hemisphere!™. A famous Britigh pnysicist once
told a class of students that the subject of electronics was very easy
»provided thkat you know Ohe's law, but you have to know it thoroughly®.
One might paraphasce this remark by saying that a thorough knowledge of
Buy--Ballot's Law is all that is required by dynmamical meteorologists,
but it is only cm@aratively recently that the most direct and yet most
profound implications of geostrophy cawe to be appreciated. Puite
straightforward general considerations af the governing equations
suffice to show, and laboratory experiments on therm2l convection in
rapidly rotating fluids amply confirm (see below), that two nccessary
concomitants of any geostrophic flow are: () certain regions of
highly ageostrophic flow, often logated within the main body of the
{luid, and {b) strong departures from axial symmetry of the flow
pattern even under axisymnetric boundary conditions vhen substantial
advection of properties such as heat perpendicularly to the rotation
axis is oncurring {(see Hide 19‘91, 1982).7 The meandering jet streams of
{he mid-latitude circulation of the terrestrial atmosphere exenplify

these salient characteristics of flows in a rapidly-rotating fluid, and

g0 do the other large oval eddies in the atmospheres of Jupiter and
Saturn, including Lthe Jovian Great Red-Spot. More subtle considarations
are recmired in order to understand why, on the ene hand, the large oval
eddien on Jupiter and Saturn enjny lifetimes ranging from decades to
centuries, whereas, <n the other hand, large-scale motions in the
Earth's atmosphere are highly chaotic,

The Geophysical Pluid Dynamics Laboratory of the Meteorological
Office carries out research on asic hydrodynamical processes in rapidly
rotating fluids. Such processes underlie o wide variety of phenomena in
the atmosphere and hydrospheres of the Eurth and other planets.
Laboratory stwdies play an important role in this rescarch, along with
mathematical and numerical work carried oul in direct combination with
laboratory investigations, Many of the major problems of dynamical
meteorology and oceanography require for their satisfactory solution a
combined attack involving the analysis apd intexpretation of
obgservations in terms of basic hydrodynamical processes, and the
investigation and expleoitation of related systems, such as numerical
medels, laboratory analegues and the atmospheres of other planets.

These include laboratory and numerical ctudies of thermally and
mechanically produced motions in rotating f£luids under a wide variety of
axigsymmetric of non-axisymmetric boundary conditions, the investigation
of angular momentum fluctuations of the Earth’'s atmosphere and
associated changns in the length of day and polar motion, and the
interpretation of super-rotation of planctary atwospheres and of

long-lived eddies in the atmospheres of Jupiter and Saturn.
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Parts of the murvey giver nhore have siready been presentes

A i i : . SPHE NTUM LU TIONS i O DAY CHANGES AND POLAR
elsewilere, in the proceedinas of two recert workchopo, ope o 2 ATMOSPITERIC MOME! CTLTR 3, LENGTI Pt

"Instaoilities in continuous media*: held in Venice, Iialy, i1 December o

- - - possibly the most striking lar e—éca.le dynamical features of itho
1902, and the other on "Predictability of fluid notionc® in La Jolla, ¥ 8 2org !

i i . s Earth'e atmosphere arc its average "super-rotution™ relative to the
California, in Febriary 1983, It was prepured with the assistance and I g pe b

aqv i i - : y i £ 1he motion in jet streams.
advicr of my colleasues Mr R, T. H. Barnes, Dr P. Mignett, Dr I. N solid Earth and the concentration of much of Llhe motion in j am

o . studies of the complex processes that product and maintain jet streams
James, v P. L. Read, DI A. A. wWhite and Dr C. A. Wilson, to whom I must " e P v P !

express my irGobiednor. are central to any attempt to predict large-scale atmospheric motions.
variations in the distribution of mass within the atmosphere and

( qo _Jw) changes in the pattern of winds, particularly the stxength and location
of the major mid-latitude jet streams, produce fluctuations in all threc '
components of the angular momentum of the atmosphere on timescales
upwardé of a few days. ilide, Birch, Morrison, Shea and White (1920}
ghowed Lhat variations in the axial component of atwospheric angular
momentum during the Special Observing Periods in 1979 of the First GARP
Glopal Experiment { FGGE, where GARP is the Global Atmospheric Research
programme) are well correlated with changee in length-of—day. This
would be expected if the total angular mwomentum of tﬁn atmoephere and
's01id' Earth were conserved on short timescales (allowing {or lupar and
golar effects), but not if angular momentum transfer between the Earth's
liquid core and solid mantle, which is accepted te be substantial and
even dominant on timescales upwards of several years, were significant
on timepcales of weeks or months. Fluctuations in the equatorial
components of atmospheric angular momentum shculd contribute te the
obgerved wobble of the instantanecus pole of ihe Earth’'s rotation with
respect to the Earth's crust, fand it has recently been demonstrated by
barnes, Hide, White and Wilson (1983) that this contributionh is

considerable.




Barnes et al (19832} found it necessary 1o Ye-examine SORS aspects
of the underlying theory of non-rigid body rotational dynamics and
angular momentum exchange between the atmosphere and scolid Eaxth, Since
only viscous or topographic coupling between the atmosphere and solid
Farth can transfer angular momentum, no atmospheric flow that everywhere
saticfied inviszid equations (including, but ;ot solely, geostrophic
flow) could affect the rotation of a spherical solid Earth. Currently
available metecrological data are not adeguate for evajuatihg the usual
wobble excitation functions accurately, but it wis shown that partial
integration leads to an expression involving simpler Ffunctions - teimed
requatorial angular momentum functions™ -~ which can be reliably
evaluated from available moteorclegical data.  The lengthmé%—day prohlem
was treated in terms of a similar “axial angular momentum function®”, and
"effective angular momentuwm functions® were defined in order to allcw
for rotational and surface.loadinq'deforﬁation ﬁf the Earth. pDaily
values of those atmospheric angular womentum functions were calceulated
from the ‘initialised anlaysis global database' of the European Centre
for Medium—-Range Weather Forecasts (ECMWF) for the period 1 January 1981
- 23p April 1982, along with the corresponding astronomjcally—observed
changes in length-of-day and polar motion, publiched by the Bureau
International de l'Heure (BIN) in Paris. Changes in length-of-day
during this period could evidently be accouted for almost entirely by
angular momentum exchange between the atmosphore and so0lid Earth, and
the existence of a persistent fluctuation in this exchange, with a
timescale of about 7 weeks, was confirmed. The successful elucidation
of this 7-week fluctuation in‘the atmospheric angular momentum will

constitute a major future advance in our understanding and ability to

predict the behaviour of large-gcale features of the general circulation
of the atmosphere. Thé work of Barnes et El (1983) offers a theoretical
basis for future routine detexminatiéns of atmospheric angular momentum
Fluctuatione for the purposes of meteorological and geophysical
research, incJudinq the assessment of the extent to which movements in
the solid Earth aséociated with very large earthquakee contribute to the
excitation of thé Chandlerian wobble, Several institutions in various
countries are now cooperating in a systematic’ effort to pursue the

implications of these angular momentum studies.
- \,
(‘]bd"v)
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3., DIFPERENTIAL ROTATION PRODUCED BY POTENTIAL VCRTICITY MINTRG IN A
RAPIDLY-ROTATING FLUID
Differentiial rotation in a partially or wholly fluid astronomical

vody such as a planet or star is ascociated with energetic processes
involving transformations between gravitational potential encrdy,
kinetic energy and thermal energy. In the absence of the inLernal or
external energy sources required to drive these processes, the body
would rotate rigidly at a constant rate QO {say) about its fined
axin of masimum moment of inertia through its centre of mass. Relative
io that frame of reference, all components of the Fulerian flow velecity

(Q 9 \ t) Lw - u.)

:phe-r:.cal polar co-ordinates of a gencral point, K baing distance from

would vanish, vwhere ( E 0 ) }«) ara

ihe centre of mass, Q co—latitude and )« east-longitude. Relative to
any othex frame which rotates ateadily with constant angular speed Wl

with respect to this basic frame about the pola:r axis, including an

inertial frame, for which 0= "'Sln 3 we have (\@ -V, u-) (0 0 Rco \W‘-e)

A major objective in the construction of theoretical models of
hydrodynamical motions in planetary and stellar atmospheres and
interiors is the dctermination from first principles of the magnitude

and distribution of the wean differential rotation, as specified by

Q (2,0) = (3] (%,0)/Rswe?®
T pax -
(:mT"')f i (Rswb) w(R)G,)\,\:)alet
0

o
vwhexre the length of time T over which the average ic taken iz long in

comparison with typical t:l.mescale., azsgsociated with u. (2 G );’i:) but
is otherwise arbitrary. (We are here following o conventional nolation

of using an overbar to denote time average and sguare brachket to denote

r

longitudinal average.) The dependence nf[{;-] on rR and ewould of
course emerge from a full golution of the governing equations of
hydrodynamics, thermodynamics, and (1n- the case of
electrically-conducting fluids electrodynamics, see nide (1983)), under
appropriate boundary conditions. But these edquations are highly
intractahle and have only peer solved in simplified cases. Possibly the
most advanced work in this connection is that done by dynamical
meteorologists in their numerical studies of the general girculation of
the Earth's atmosphere, in which arc reproduced [_a'](k 3 9) and
other principal features of atmospheric flow. The Farth's atmospherc is
the only natural system for which observations are pnfficient for the
direct determination of .6.(2,93, on average the atwosphere rotates
{aster than the solid Earth, Eﬁ.} (if meacured relative to the underlying
surface) is found to be positive nearly everywhere, with an average

value of 10 ms I, bBut with negative values in certain regions, including

{he Trade Winds at low levels in the Tropics, ‘The highest values of Eﬁ-]

in the troposphere, about 30 ms 1, are associated with wid-latitude jet
streams.

In the case of the atmospheres of Jupiter and Saturn, observations
of motions of markings on the visible surfaces of dense cloud going back
many decades provide 1imited information about dependence of E“’] at the
{horizontally variable} cloud level as a function of E and 9 . Both
planets have strong gruatorial jet streams at their visible surfaces,
whare t‘h;e speeds ztlained are as high as about 100 ms” 1 relative to the
deep interior for Jupiter and 400 ms -1 {or Saturn, (the speeds of
rotation of these plunetary interiors having been determined from

radicastronomical observations). The jet streams are positive (ie

10
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wopterly) in direction and this implies that-they nust be produced by
non- oxisymmetric processes involving the action of local east--west
pressure gradients, Comparable informition on the dependence of Ex] on
t: and 6 for the solar atmosphere can be obtained from
observations of sunspot motions and from spectroscopic data., The
visible surface of the Sun rotates most quickly at the equator and
exhibits a genezal decrease with distance from the equator that is more
gradual than the corresponding latitudinal variatione of zonal flow at
ihe visible sur’aces of Jupiter and Saturn, Sowe theorie- of Lhe origin
of the magnetic fields of planets and stars invoke differential rotation
in their electrically-conducting fluid interiors ar the main
amplification process, but there are no direct chservations of DA] in
Lhese regions,

As noted above, departures from axial symmetry in the pattern of
relative motion of a rapidly-rotating fluidlare to be expected even
whren the boundary conditions are axisymmetric., DBut the corract
quantitative representation of the effects of non-axisymmetric features
on the magnitude and form of the differential rotation is by no means
straightforward and presenis serious technical difficulties., Some of
these can be overcome by the introduction of a "mixing hypothesis®,
vhich leads to considerakle theoretical simplifications without
sacrificing essentials, Hide and James (1903) have investigated
differential ro-ation in a rotating spherical shell of incompressible
{luid by assuning that non-axisymmetric motions act in such a way as to
smooth out lati-udinal gradients in potential vorticity. The
latitudinal pro€iles of EL Lhus obtained depend inter alia on the

thicknese of the shell, exhibiting strong jets near the equator when the
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Fhell is thin and at mid-latitudes when the shell is thick. The model
voed was developed as an improvement on‘one proposed much earlier by
Roaphy (1947}, who considered the effectn of horizontal mixing of 53213}
Filaments of £luid on the profile of mean zonal flow, and derived
expressions for such profiles on the assumption that mixing eliminates
gradients of the vertical component of absolute vorticity poleward of a
certain arbitrary latitude. It is also related to one used in an
independent study by Rhines and Young (19%82). In keeping with the
constraints of the Proudman-Taylor theorem, Hide and James (1983)
considered the hehaviour of axial filaments of £luid, supposing that
each filament retains its coherence and, owing to the weakness of
frictional effects, undergoes little change in its potential vorticity
over timescales of typical displacements perpendicular to the rotation
axis. These displacements are associated with local pressure gradients
which, in a rapidly rotatiﬁg fluid, act at right—anglé to the
displacements. Il is rewarkable that such a simple model can reproduce
rmany of the observed features of the differential rotation of the Earth,
Jupiter, Saturn and the Sun. Whether or not internal dynamical
processes such as those studied in our paper can account for the
enormous value of the super-rotation of the atmosphere of Venus, at morc
than ten times the speed of the underlying planet, is a matter for
{further invesiigation. Some workers have argued that such high value
cannot ba explained without invoking the action of external couples and
have developed models based on the action of the Sun's gravitational

{field on non-axisymmetric density variations associated with thermal
v

(o)

Lides (see Gold and Soter (1971)).
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4, LAPIRATORY AND NUMERICAL. LTUDIES OF 'I‘[{[:‘.RHALLY*PHDDUED MOTIONS IN
ROTAYING FLUIPS

Many features of the large-scale atmonpheric circulation can be
reproduced in a liquid f£illing 2 cyclindrical annulus rotating about a
vertical axis, when the inner and outer walls of the annulus are
maintained at different temperatures., Laboratory studies over & wide
range of impressed conditions have revezled the existence of scveral
posuikle flow regimes: axisymectric {low at comparatively low rotation
rates {(or high tesperature differences), regular nor—-axisymmetric flow
at intermediale rokation rates, and irregqular non-axisymmetric flow at
high rotation xates. Baroclinic waves asnociated with meandnring jet
stypaws are charactoristic feotures of nen—axisymeestric flows, Regular
flows may take the form of either steady or vacillating waves {in which
periodic c¢hangen of amplitude or shape occur). Being spatially and
temporally pariodic, these wave fléws are torécastabie in the
meteorological senge. But difierent reqular flows may be observed in
different experiments under the same impressed conditions, implying that
regula: flows are intransitive. The irreqular flows are aperiodic and
only poorly forecastable; the extent to which they re intranszitive has
not yet been fully investigated. (For reference to early work see Ilide
and Mason {(1975).)

Studies based on the joint use of laboratory systems and their
counterparts in numer’ zal models make it possible, amongst other things,
to “verify" the basic dynawical structure of numerical models of
rotating baroclinic flow in a way that is virtually impossible for
atmospheric numeorical models, in which amportant small scale processes

have to be repiesented by comparatively crude and uncertain
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parametrizations. A high resolution ngmexicnl model based on the
Navier-Stokes equations for incompregsible {low is currently being used
in work of this type. Our numerical model reproduces most of the flow
phenomena seen in the laboratory systems, namely axisymmetric {low,
steady waves, intransitivity, wavenumber transitions, hysteresis,
amplitude vacillation and irregular flow {geostrophic turbulence ), but &
convincing numerical simulation of shape vacillation has not yet been
achiaved. Several detailed guantitative comparigons between laboiatory
measurements of steady waves and corresponding mumerical simulations
have now been carried out, with encouraging results (see Hignett, White,
carter, Jackson and Small (1984)).

An important element of our cuxrent programme is the investigation
of the nature of steady and vacillating wave flows. Laboratory
experiments have demonstrated that vacillation occurs adjacent in
parameter sSpace to transitions gither to a lower wavenuwbexr flow
(amplitude vacillation) or to irregular flow (shape vacillation).
Amplitude vacillation is a doubly-periodic flow whose spectral
characteristics can be interpreted in terms of an amplitude and
frequency wodulated wave (see egq Hignett (1984)). Accounting for the
precise conditions under which steady or vacillating waves can ocour is
gtill an unsolved problem. One hypothesis now peing tested using data
from 1;bcratory experiments and numerical integrations is that steady
waves can arise only when initial wave developwents are strong enough to
bring about large changes in the mean flow structure.

The ability of numerical models to cover cowbinations of parameters
not readily attainable in the laboratory is being exploited in a study

of the rxisymmetric flow at very low rotation rates. ©Qf particular,
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interest here are the wmagnitudes of the mean azimuthal flow and the
total heat transport, which compare well with predictions based on
straight forward scaling arguments and boundary layer theory.
Experimentr at higher rotation rates have been carried using two small
annular covection chambers, one with internal heating and one with wall
heating. Effects of varying the end-wall ho;ndary conditions have also
been investigated. These experiments appear to bear out some new ideas
concerning the occurrence of non—axisymwetric flows which do not
directly invoke baroclinic 1n¥tability-theory as a starting point (Hide,
Hignett and white (1984}).

Recent work on annulus flowe under a variety of impressed
temperature fields, obtained by heating or cooling the f£luid internally
and cooling or heating one or both side walls are mentioned below, in
the section on gloping convection in the laboratory and in the

atmosphere of Jupiter and Satum. )

)

5, ANALYTICAL STUDIES OF LINEAR AND ROWLINEAR WAVES IN ROTATING FLUIDS

Analytical studies play an important role in the formulation and
interpretation of the abovementioned laboratory experiments and
numerical simulations. Linear theories assist to a limited extent in
ihe interpretation of the obsezved transitions from axisymmetric to
regular wave flow and from regular to irreqular wave flow; but
non-linear analyses are required for more detailed comparisons with the
experimental and simulated flows, and also to guide the formulation of
numerical models. .

5o far ac linear mathematical studies are concerend, the theory of
baroclinic instability reveals many {lows that are unstable, and others
which, because of dynamical constraints, that are ztable even Lthough
they possess "available potential epnergy”. Some of the stable flows arc
similar in many respects to the mean flows found in the regular waves
roegime. One possible theoretiéal model of a steady'QaVE therefore
consists of a neutrxal wave on a stable mean flow. Another is based on
ihe finite amplitude steady waves and associated mean flows {governed
neverthelees by linear equations) that arise as exact solutions of the
quasi-geostrophic potential vorticity equation., These solutions are of
general interest as analytical illustrations of the celebrated
"non~aceeleration theorem” of wave/mean—flow interaction theory, and
ithey also account for many of the gross features of real and simulated
steady waves (White (19842)).

Both theoretical models are comsistent with the distinctive mean
flow structure of steady waves'and more éetailed diagnestic studies will

be needed to determine which is the more appropriate model.
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mnalytical pon-linear studieg gained impetus during the 1970°'s,
vhen Pedlosky and Drazin made considerable progress with the
wathematically-demanding problem of establishing descriptions of weakly
nonlinear baraclinic waves interacting with a mean flow. An important
later development was ﬁhe discovery by members of this laboratory in
collaboration with others (for references sec Moroz (1981), Moroz and
Erindley (1981}) of soliton-type sclutions for the propagation of
barocslinic wave packets., In subsequent studies the conditions under
which such solutions {and various kinds of less ordered behaviour) occur
in the weakly nonlinear models were delineated. In view of their
implications for the predictability of fluid motions in rotating
systemns, it ic ¢learly important to determine how far the weakly
nonlinear models are applicable to real fluid systems, GQur numerical
model results imply that the state of marginal stability adopted in the
existing theoretical treatwments is not the wmost appropriate, and
indicate whalt further analytical investigations a¥e now required,

The weakly nonlinear models are specialisations of
quasi-aeostrophic formulations that are widely ugsed in meteorological
theory. Another matter for conzideration is the applicability of
quasi-geostrophic models themselves to the real laboratory flows.
Difagnostic studies using numexical data from wave simulations are at
present in pregress to dinvestigate this question.

The use of quasi-~geostrophic equations in our theoretical work is
but one example of the application of approximate forms of the
Navier—-Stokes equations in grophysical fluid dynamdecs. In
meteorological modelling, for instance, approXimate formulations {such

as the hydrostatic set) are invariably used. In spite of this, no

17

systematic theory of approximation is yet available, and conseguently
peveral important issues are uncertain. In particular, it is not yet
clear to what extent the various genéral properties of the original
equations (eg. conservation of mass, energy, angular momentum, elc¢)
should be reproduced by the approximate forms. R theoretical case study
based on the gquasi—geostrophic equations has recently been completed
(see White (19¢4b)), indicating that accuracy can be significantly
improved by retaining conservation properties, in approximato

formulations.

(Cow)
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6. SLOPTNG CONVECTION IN TII® LADORATORY AND IN THE ETHOS?HERES or
JUPITER RND SARTURHN ‘

It i5 accepted that long-lived promincnt markings Seen on the
visble surface of ‘denze clouds on Jupiter and Saturn, such as the Jovian
Great Red Spot and three white Ovals, axe manifestations of atmospheric
motions, so that their explanation must ke given in terms of basic
processer in £luid dynamics. The very existence of such teatures has
important. implications for theories of atmospherie predictability.

There have been several incemplete suggestions as to the nature of the
Greal Red Spot. According to one idea it iz the upper end of o Taylor
colunn produced by the interaction between atmospheric motions and
deep-seated topoyraphy (which might be a “hydrogen-bolium ice flon™).,

In the so-c¢alled "soliton® or "modon” theories the stohility ef the Spet
is accounted for on the basis of a balanca between dispersion duc to tre
latitudinal variation of the vertical component of Lhe Coriolis
parameter ( "beta~effect™) and horizontal advection, with the soliton
drawing its energy directly from the kinctic energy of the background
zonal shear and Lhe modon from the coalescnce of smaller eddies. The
hypothesig that the Great Red Spot is analogous to ; terrestrial
hurricans invokes small-scale moist convection as he basic energy
source, with friction playing a key role in organizing the flow but wizh
ihe beta—effect playing only a modifying role. (For reference sce Read
and Hide (1983,1984).)

hooording to a recent proposal (Hide 1980, 1981) long-lived
anticyclonic eddies in the atmospheres of Jupiter and Saturn, including
the Jovian Great Red Spot and Whiite Ovals, might be menifestations of

fully developed "sloping” or “"slantwise” convection characteristic of
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quagi-steady thermally driven flows in a rapidly-rotating fluid of low
viscosity subject to internal heating. Baroclinic eddies of this Lypo
derive their kinetic energy directly from the potential encxgy duc to
gravity acting on the variable density field maintained by differential
heating and cecoling. They were first discovered in laboratory
experiments by Hide and Mason and they are now also being studied with
the aid of numerical models. On Jupiter and Saturn they would transport
heat from thé lower wmiddle parts towards the upper outer parts of the
atmospheric zones in which they occur. In such an eddy, the upper level
horizontal motion is largely concentrated in a ‘jet stream circulating
around the relative quiescent core of rising fluid in an anticyclonic
sense, with descending wotien occurring in a narrow "collar® surrounding
ihe jet stream. Theory predicts and numerical experiments confirm that
stable eddieu with gyclonic upper. level horizontal girculation,
descending mntinn~in.th; core and ascending motidﬁ in a collar
surrounding the cyclonic jet stream, would be characteristic of fully
developed slantwise convection in a rapidly rotating.fluid subject to
internal cocling, and it has been suggeste@ that the cyclonic “barges®
on Jupiter and Saturn might therefore be manifestations of slantwise
convection transporting heat from the lower outer parts towards the
upper inner parts of the atmospheric belts in which they oceur (Read and
Hide (1983)).

The "sloping convection® hypothesis has most in common with some of
the numerical general circulation studies of Jupiter's atmosphere, in
which latitudinal jet streams and transient baroclinic eddies are
produced in integrations of a numerical model gimilar to those used to

investigate the mid-latitude circulation of the Earth's atmosphere. But
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it is to laboratory exporiments that we owe the demonstration that
long-1ived baroclinic eddies can exist over a wide range of conditions
and that their ctability ig g consequence of the action of nonlinear
advective effects and not directly to viscosity or to the Particular
geometry of Lhe boundaries, which ean modify.the eddies in certain
details without affecting their main pProperties,

New loboratory and numerical experiments mentioned in_this summary
have been undertaken with two distinct but related objectives in mind,
punely {a) the extension of knowledge and deepening of insighl into
sloping convection in rapidly-rotating fluids, and (b) the Improvemsnt
in our underetanding of the structure and dynamics of Jupiter and
Saturn,  Furtker experimonts bearing ¢n the isolated nature of the
long-lived eddios on Jupiter and Saturn have been carried out (Read ana
Hide (1983), (1984)) and investigations of the noture of transient
small-scale atmbspheric eddies seen in the vicinity of long-lived eddies

(Go )

are now being plannmed,
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8, CONJLYUDING REMARKS
i i{ferent
The understanding of interactions between motions on dif
i j ictabilit
les of length and time is of central important in predictab Y
ecales
i cli rnore
tudies IL ie now recognised that such interaclions are
g S,

i [ , in parodying
complicated than those envisaged by L. F. Richardson when p

Jonathan Swift's lines

50, Nat'ralists observe a flea
flath smaller Fieas that on him prey,
And these have smaller Fleas to bit'em

And so proceed ad infinitum,

he wrote

Big whorls have little whorls,
Which feed on their velocity:
And little whorls have lesser whorls,

And so on to viscosity (in the wolecular sense).

i sec
Richardson avoided the alternative stotement by de Morgan (

(Go =)

Mandlebrot 1982):
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Great {leas have little fleas, upon their backs
1o bite them,
aAnd litile fleas have lesser fleas and sO

ad infinitum,

and the areat fleas the lves in turn, have greate: fleas to
oo on

While these again have greater still, and greater still, and

6o DN,

Thr itzlics arc mine, and they draw alttention to the "anii-cascade”
process implied by Fig¢rtoft's celebrated Lheorem wherchy large-scale
motion: ¢an gain energy from smmaller scales. In the highly anizotropic
fluid systems found in Nature and also in the lahoxatory systems
discuzzed abpove, l1he dynamical constraints are such as to inhibit
non—lincar energy exchar;'t;es and, when such exchangenr 6ccﬁr, to promote -
ithe "anti-cascade” process. Theoretical weteorologists are now well
equipjr:d to attack the problem of understanding such processes in
sufficient detail to be able to meet some of the demands of their more
practicul colleagues. Laboratory studies with rotating fluids and
associaled numerical and analytical work as well as studies of the

atmospheres of other planets will continue to play key roles in the

e o

developrment of theoretical ideas.
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