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1. INTRODUCTION
i}

In this chapter, we describe the recent development of a Jovian meteorol-
ogy and assess its impact on the evolution of comparative meteorology. The
classical rationale for conducting comparative studies was given, long ago,
by Edward Tyson (1651 -1708), the founder of comparative anatomy, who
wrotet

Nature when more shy in one, hath more freely confest and shown
herself in another. The anatomy of one animal will be the key to open
several others, and until such time as we can have the whole completed
‘tis very desirable to have as many as we can of the most different and
anomalous.

+ From “Anatomy of a Porpess.” Tyson’s studies of the porpoise —a mammal —also re-
vealed the danger of classifying objects by their external appearance alone.
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1.1. Development of the Terrestrial Connection

1.1.1. Toward Unity. In the past decade, our view of Jupiter (and Saturn)
has undergone a radical change. We no longer consider the Jovian circula-
tion as being unique, steadily axisymmetric, and of uncertain dynamics but,
rather, as a seething turbulent system with conventional meteorological
processes at play and having close dynamical ties with Earth’s atmosphere
and oceans. These changes have been wrought mainly by theoretical devel-
opments in geophysical fluid dynamics (GFD), with high-resolution space-
craft measurements acting to substantiate the new view (Fig. 1.).

The pre-1975 theories all assume that some form of axisymmetric instabil-
ity is responsible for the quasi-symmetric banded form of the circulation. All
these theories had major defects —see Stone (1976) for their review. The
modern GFD view of the circulation began when fundamental studies of
planetary f turbulence revealed that zonally aligned flows are the preferred
end state of eddy-driven quasi-horizontal nonlinear cascades on a rapidly
rotating planet (Rhines, 1975; Williams, 1975a,b, 1978). Studies of quasi-
geostrophic (QG) turbulence then showed that baroclinic instability could
energize the eddies that drive the Jovian jets if the planetary baroclinicity
(AT), (the isobaric pole-to-equator temperature difference) lies in the 5 - 60-
K range (Williams, 1979a). These studies also showed that the energy de-
cascade to larger scales barotropized the motions — particularly the jets — so
that details of the vertical variation of the atmosphere (an unknown) may not
be crucial to an understanding of the cloud-level circulation.

The QG studies also imply that in mid-latitudes Jupiter behaves like a
larger, faster-spinning Earth (Williams, 1979b). Increasing the rotation rate
in a global circulation model for Earth’s atmosphere (ECM) produces power-
ful equatorial westerlies resembling Jupiter’s, so the analogy also holds in the
tropics (Williams and Holloway, 1982, 1985). Further calculations with the
ECM suggest that Venus’s circulation may have much in common with that
of a very slowly rotating, diurnally heated Earth while Mars has connections
with a moisture-eliminated Earth atmosphere. These analogies suggest that
perhaps every planetary circulation has some elements that are universal and
some that are unique. Physical generalities can compensate for observa-
tional deficiencies in developing an understanding of a particular planet.

While the Jovian planets are worthy of individual examination, the study
of their connections with each other and with other rapidly rotating planets is
vital to comparative meteorology. Such unity is sought mainly to simplify
issues and to generalize the terrestrial paradigm but also because we prefer
theories that connect hitherto unrelated problems. Meteorological similar-
ities within the solar system could be merely coincidental (but convenient),
or they could be intrinsic by virtue of a common planetary origin and
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evolution (Pollack and Yung, 1980). Earth’s atmosphere and oceans share a
common GFD (Charney and Flierl, 1981), despite vast differences in their
constituents, configurations, and thermodynamics, so there are already indi-
cations that disparate bodies can have a comparable dynamics.

All planets have special features that add individuality to their meteorolo-
gies: Venus has a dense cloudy atmosphere and a very slow rotation, Mars
has a thin condensing atmosphere that exchanges mass with its polar caps,
and Jupiter has an internal heat source and an indeterminate vertical struc-
ture. The main problem is to determine whether these factors provide merely
a minor influence on the dynamics of the motion or whether they induce
uniqueness. The movement toward a unified theory for the circulations of all
planetary atmospheres and oceans is part of the credo of GFD (Pedlosky,
1979, p. 1; Charney and Flierl, 1981). The richness and complexity of Earth’s
atmosphere and oceans have led to concepts of such generality that they may
suffice for explaining much that is seen on other planets.

The GFD view of the Jovian planets discussed in this article depends on
the basic assumption that their atmospherest are thin relative to their sub-
layers and are driven by differential solar heating. Theories based on thisidea
are successful in that they provide an explanation for the following aspects of
Jupiter’s motions: (1) the scale, amplitude, and zonality of the jets; (2) the
scale, origin, waviness, and turbulence of the small eddies; and (3) the origin,
longevity, form, anticyclonic bias, drift, scale and scale variations, unique-
ness or multiplicity, and localization of the large coherent vortices —the
Great Red Spot (GRS) and Large Ovals. All of these theories are mutually
consistent and are also relevant to our understanding of Earth’s atmosphere
and oceans. We can thus claim to have a viable model of most of the major
aspects of Jupiter’s cloud-level circulation, one that has the full weight of
meteorological principles behind it. These basic principles and their Jovian
implications are discussed in detail in a companion review entitled “Circu-
lation Dynamics” (hereafter CD85). In this paper, we concentrate only on
modeling and observational developments and issues.

1.1.2. Unity or Uniqueness? Alternative views of Jupiter are still pursued.
In particular, the classical view assumes that the planet is unique, that its
atmosphere is thick and indistinguishable from its envelope, and that the
motions are convectively driven, in astrophysical fashion, by internal heat-
ing (Busse, 1983; Ingersoll and Pollard, 1982). [See Iavorskaya and Belyaef
(1983) for a review.] The main difficulties with this view are that to test it
observationally requires probes that penetrate deep into the planet’s interior
and that modeling it requires a fundamental understanding of thermal tur-

+ For convenience, we regard the “atmosphere” as being the solar-influenced, meteorologi-
cally active layer and the rest of the envelope as the “sublayer.” )
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bulence. Neither is possible at present so the hypothesis has little practical
value.

Linear analyses of the convection hypothesis are totally dependent on the
eddy viscosity parameterizations of the thermal turbulence and so lack in-
trinsic significance. These formulations imply that alternating axisymmetric
cylinders of motion exist throughout the planetary interior, extending from
one hemisphere to the other (Busse, 1983). Motions at the tops of the cylin-
ders are equated with the observed zonal flows. The analyses do not explain
what determines the scale and amplitude of the jets or why the corresponding
jets in opposite hemispheres differ. Neither do they explain the existence of
the coherent vortices, the waves, and the turbulent eddies, nor their relation-
ship to the jets. The idea of motions retaining their identity and momenta
over the vast range of pressures in the planet’s interior is difficult to justify.
The convection hypothesis does not constitute a “model” of the circulation
in the accepted sense of the term.

The real advantage of the thin atmosphere view has been in bringing
Jovian studies into the mainstream of meteorological and oceanographical
thought, to open them up to the powerful concepts and tools of GFD, and to
make these planets relevant to terrestrial studies and comparative meteorol-
ogy. The GFD view is simpler to pursue, generates richer possibilities, has a
larger number of new consequences, and so can be tested more stringently.
Conversely, to insist on the uniqueness of Jovian dynamics denies such
advantages and condemns such studies to a meteorological pathology.

Before 1975, the real reason Jupiter was not understood was because Earth
was not fully understood. If we had asked why Earth has only one (or two)
jets per hemisphere, why the jets are azonal, and if we had systematically
evaluated ECMs in parameter space, the Jovian connection would have been
readily realized even though GFD theory was not then adequate for under-
standing the relationship. Reversing the usual rationale for planetary study,
itis now clear that to understand Jupiter we need to understand Earth better.

1.1.3. Toward Coherence. Limitations in GFD theory also delayed our
understanding of coherent vortices such as the Great Red Spot and Large
Ovals. Resolution of this problem came finally from progress related to the
study of long-lived ocean eddies. Jovian motions have much in common
with oceanic ones: strong energy conversion by the small eddies, activity
over a wide range of scales, weak dissipation, turbulent and coherent forms,
and similar nondimensional parameter ranges. Differences occur not so
much in the basic dynamical modes, but rather in their forcing mechanisms.

Initial developments in the modern explanation of the Jovian vortices
began — when viewed with hindsight — with the suggestion (Golitsyn, 1970)
that, because of the low dissipation level of quasi-horizontal motions in an
unbounded atmosphere, the GRS could be a free vortex. The problem was to
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explain how the rapid wave dispersion endemic to a rapidly rotating planet
could be contained. One mechanism capable of balancing weak Rossby-
wave dispersion is the weak nonlinear steepening provided by the meridional
momentum transport induced by solitary waves in a latitudinal shear zone
(Long, 1964). These Rossby shear-solitons have been applied to Jupiter
(Maxworthy and Redekopp, 1976), but they differ from Jovian vortices in
many ways: they are not oval in shape, they propagate very rapidly (Beau-
mont, 1980), they are weak vortices, and they have counter vortices lying
beneath them (Flierl ez al., 1983).

No attempt has been made to simulate Rossby shear-solitons numerically
so their stability and existence remains uncertain. Numerical studies of
solitary Rossby waves were first made 30 years ago when they were first
suggested as a cause of blocking (Yeh, 1949; Bolin, 1956). Those calculations
indicated that quasi-geostrophic solitary waves disperse rapidly in a uniform
environment but that divergence effects can greatly reduce the rate of dis-
persion, a result that has been recently exploited.

The early Jovian vortex theories conflict with the GFD view for the zonal
circulation, which requires that quasi-geostrophic eddies be turbulent, not
coherent, to drive the jets. It is not clear how turbulence and coherence can
exist within the same dynamical regime. The resolution of this problem and
the next development came with the realization that the Jovian vortices,
because of their great size, are not quasi-geostrophic but lie in the diver-
gence-dominated intermediate-geostrophic (IG) regime that occurs between
the smaller QG and the larger planetary-geostrophic (PG) scales (see Section
3.2.1 for details). Long-lived, anticyclonic solitary vortices are the funda-
mental mode in the IG regime and occur readily at such scales. Nonlinear
steepening of the fluid interface (or isotherms) balances dispersion in these
solitary waves, which because they exhibit coalescence during collisions, not
soliton behavjor, are known as IG vortices or Rossby density-vortices (Wil-
liams and Yamagata, 1984; Williams and Wilson, 1985). Such vortices have
also been produced in laboratory experiments (Antipov et al., 1982).

When zonal currents become barotropically unstable at the IG scale, they
produce solitary vortices in contrast to the periodic waves seen at QG scales.
Just as the study of normal mode Rossby waves led to the discovery of
barotropic instability, so has the study of solitary waves led to the discovery
of the solitary instability (Williams and Yamagata, 1984). Thus the isolation
of a vortex from its environment is no longer considered essential for vortex
longevity. Jupiter’s GRS and Large Ovals appear to be the Rossby vortices
produced by weakly unstable zonal currents. Studies are now being made to
determine whether solitary baroclinic instabilities can occur. Again, these
discoveries could have been made 20 years ago by a systematic evaluation of
simple models in parameter space.

Coherence and turbulence are thus seen to coexist by occurring at widely
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separated scales. Barotropic and baroclinic instabilities coexist in the same
way. Thus, small, turbulent QG-scale eddies, energized by baroclinic insta-
bility, drive zonal currents that can become barotropically unstable at the
larger IG scale and produce coherent IG vortices that help equilibrate the
jets.

1.2. Planetary Comparisons

1.2.1. Earth and Jupiter. The main problem in defining Jupiter’s meteo-
rology is that the nature and extent of the atmosphere and its motions are not
known for the region below the clouds. Theories for the planet’s interior [e.g.,
Stevenson (1982)] suggest that no solid surfaces exist except at great depth. It
is in this absence of a lower surface that Jupiter’s atmosphere differs most
from Earth’s atmosphere, while in its confinement of the motions by the
thermal structure it most resembles the ocean.

Both atmospheres are partially heated from below, Jupiter by internal
heating and Earth by surface heating due to atmospheric transparency to
solar heating. Earth’s winter hemisphere also experiences an internal heat
source due to ocean storage. The primary interaction between atmosphere
and ocean occursin the tropics, where the ocean is statically stable and reacts
more shallowly and rapidly and where the atmosphere is statically unstable
and reacts more deeply and completely to convection. The distribution of
the Jovian internal heat flux is unknown.

The sublayer heating on Earth produces small-scale moist convection that
drives the lapse rate toward the moist adiabat. Jupiter’s internal heat may
also produce this effect, since there may be water clouds in the lower tropo-
sphere. Both atmospheres could thus be stable for large-scale processes. This
stability could bg enhanced by the baroclinic instabilities produced by dif-
ferential heating. Above the tropopause, the stability is increased by the
absorption of solar radiation by ozone on Earth and by methane and dust on
Jupiter.

Both atmospheres experience a latitudinal gradient in solar heating. For
Earth, baroclinicity levels are of the order of 30 K, while for Jupiter estimates
vary from 3 to 30 K (Williams, 1979a; Branscome, 1982). The uncertainties
occur because little is known about the absorption of solar heating below the
clouds. Weak baroclinicities are effective in driving strong motions on Ju-
piter because they are associated with the gas constant for hydrogen, which is
14 times greater than the value for air; i.e., the gas is light.

These baroclinicities can produce single or multiple QG jets in the mid-
latitudes of both planets (Williams, 1979a,b). On Earth, the mid-latitudinal
jet overlaps the zonal flow associated with the Hadley circulation. On Ju-
piter, this overlap will be confined to a small region — if a Hadley circulation
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exists—and the other QG jets will be unaffected. Regions of strong rising
motion are usually confined to the hot towers of the Intertropical Conver-
gence Zone (ITCZ) and determine the extent of the tropical region—30°
latitude on Earth. A tropical regime may exist on Jupiter to about 10°
latitude, but the form of a Hadley circulation in the absence of a lower
surface is uncertain.

Separate heat sources in Earth’s stratosphere produce a different type of
circulation in that region, with large qualitative seasonal changes and a
transfer of momentum and energy (by wave action) from the troposphere.
On Jupiter, the absence of seasonal, topographic, and orographic forcing
implies a simple stratospheric continuation of tropospheric motion, but
convective forcing may induce some differences.

The turbulent eddies in both systems are due to baroclinic instability and
they occur at the scale of the radius of deformation, Ly = NH/f. For Earth,
the instability is of the Charney type and is greatly influenced by thermal
gradients at the ground. For Jupiter, the instability is most likely to be that of
the internal (Holton, 1975), interface (Mclntyre, 1972; Simmons, 1974;
Phillips, 1954), or unbounded (Dickinson, 1973) type. In the ocean, the
simplest instabilities are of the Charney type, but mixed barotropic-
baroclinic instabilities prevail in the Gulf Stream (Holland and Haidvogel,
1980). Ocean ‘eddies, generated in the thermocline near the surface, pene-
trate into the deep ocean, where they generate currents (Holland et al., 1984).
Jovian eddies could act in this way and extend motions into regions well
below those heated by the sun.

The terrestrial eddies have been identified by their statistical properties
rather than by their linear characteristics [e.g., Gall (1976)]. A similar statis-
tical identification of Jovian eddies has been attempted by Mitchell (1982).
The radius of deformation is of 0(1000 km) for both atmospheres; for Ju-
piter, this is relatively small and produces nondimensional parameter values
comparable to those given by Lz ~ 0(100 km) for the ocean. Numerical
modeling of Jupiter and the ocean thus requires great resolution and com-
putational power.

Coherent vortices occur in the ocean and on Jupiter at scales that are large
relative to L . This scale separation does not exist in Earth’s atmosphere to
the same extent, and the only phenomenon of the same relative scale as the
GRS is the Aleutian high [see Mahlman and Moxim (1978, Fig. 4.2)].
Whether blocking events are due to coherent vortices is unknown. Coherent
vortices are less likely to occur in Earth’s atmosphere because of strong
dissipation in the boundary layer, unless they also have a strong energy
source, as do hurricanes, for example.

Dissipation in the Jovian atmosphere can only occur through turbulent
friction. Details of the dissipation mechanism are not important as its time
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TABLE 1. CLASSIFICATION OF PLANETS ACCORDING TO ROTATION RATE
(OR PERIOD) AND OBLIQUITY?

Rotation rate
(circulation type)
Q

Obliquity (degree of seasonal variation) 6,

Low

Medium

High

Low (meridional)

Mercury? 0°, 594
Venus® 3°, —2444

Titan 27°, 164

Pluto? > 50°, 64

Medium (hybrid: Earth 23°, 24t
meridional and Mars? 24°, 25b
zonal)
High (zonal) Jupiter 3°, 102 Saturn? 27°, 10t Uranus 82°, — 15

389

Neptune? 29°, 152

2 From Williams and Holloway (1985).

b Seasonal variation enhanced by large orbital eccentricity.
¢ Circulation influenced by diurnal cycle.

4 Seasonal variation reduced by interior heat source.

scale is relatively long, as in the ocean. This makes modeling simpler than for
Earth’s atmosphere where the planetary boundary layer must be dealt with,
but it is nonetheless subject to the ambiguity of the subgrid closing parame-
terization. Changes in the Jovian jets are probably balanced by changes in
the weak meridional cells and in the coherent vortices. Earth’s jet is equili-
brated by the transfer of momentum to the ground by the strong meridional
circulation.

1.2.2. Saturn(Titan), Uranus, and Neptune. The other Jovian planets are
considered to be essentially the same as Jupiter in structure and meteorology
unless upcoming spacecraft encounters prove otherwise. [See Golitsyn
(1979) and Trafton (1981) for details.] Jupiter, Saturn, and Neptune all have
internal sources of heat of the same magnitude as their solar fluxes. This
coincidence suggests that solar input controls the internal and meteorologi-
cal heat transfers, not vice versa. Uranus has no internal heat source —
perhaps because its extreme obliquity and seasonal variation have allowed
the complete loss of internal energy via the unlit winter hemisphere. It is in
their obliquities that the Jovian planets differ the most, Table I.

The radiative time scalest also differ greatly: 10 years for Jupiter and
Saturn, 600 years for Uranus, and 2000 years for Neptune (Stone, 1973).
These slow response times could insulate the atmospheres from seasonal
changes or conversely limit dynamical activity to the uppermost regions.

+ Ratio of thermal energy to solar heating flux.
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The cloud-level circulation of Saturn exhibits multiple zonal jets that are
stronger (400 m s~! versus 100 m s~!), wider, and more westerly in form than
Jupiter’s. These differences could be due to Saturn having a deeper atmo-
sphere and to an inappropriate rotational reference frame. Saturn also dis-
plays coherent and turbulent eddies, though in less abundance or with less
visibility. There is some evidence for bands on Uranus and for a tropical jet
of 140 m s™! on Neptune.

Titan, a satellite of Saturn, has an appreciable atmosphere. A slow rota-
tion rate makes Venus its closest analog.

1.3. Modeling Problems and Strategy

A hierarchy of numerical models has been developed for terrestrial stud-
ies. According to Smagorinsky (1974) “the ultimate model of such a hierar-
chy could be conceived as one appropriate to any planetary atmosphere.” In
this section, we assess the planetary application of these models and the
feasibility of developing a universal model.

1.3.1. Limitations. Direct simulations of nonterrestrial circulations have
been realized for Mars (Leovy, 1979), Venus (Rossow, 1983), and Jupiter
(Williams, 1979a). But it is not obvious that such modeling is justifiable in
Jupiter’s case. Given that we know only the cloud-level flow, is it really
possible to develop an understanding of the atmospheric circulation? What
sort of modeling is possible under these circumstances? What is the least level
of observation below which we would be attempting the impossible?

The answer to these questions depends on whether Jupiter is unique or
possesses universal characteristics. If the GFD paradigm applies, then there
is no reason why we cannot use it to construct a reasonable range of possible
descriptions of the complete circulation. For this we must assume a thin
atmosphere. If we believe Jupiter is unique, then only extensive observation
can reveal its nature and modeling is impossible at this time. We can proceed
only because we believe general principles are at work.

The situation resembles, in some ways, the early stages of terrestrial studies
in which efforts were made to construct circulation theories based only on
ground-level data for the atmosphere and surface data for the ocean. Al-
though those studies also had the advantage of knowing the baroclinicity and
lapse rate for the atmosphere, they produced erroneous results. We have
fewer data for Jupiter, but we now know better how the basic mechanisms
work and how to avoid the main error of earlier studies— ignoring or under-
estimating the eddies. We proceed with optimism, but history suggests cau-
tion.
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1.3.2. Model Types. For atmospheric and oceanic studies, numerical
process and predictive (GCM) models have been found to be useful. Process
models are simplified models that analyze the behavior of a single, idealized
but complex (usually nonlinear) mechanism in isolation. An atmosphere or
ocean contains many complex mechanisms. Process models allow us to
determine the characteristics of each one and to estimate their relative im-
portance. Basic process models are thus the first in a hierarchy of models that
usually culminate in a comprehensive, synthesizing predictive model. Pro-
cess models can thus help describe and reveal what happens in nature and in
predictive models. Nothing is ever fully understood or explained; we achieve
only levels of understanding or explanation. Process models provide the first
and simplest level of such a hierarchy of explanations. Analytical models
(e.g., turbulence closure theory) deepen our understanding of basic mecha-
nisms. Idealized concepts provide a language for discussion rather than a
true explanation. Modeling of Jupiter has been mainly at the process level.

Predictive models are for direct simulations, i.e., comparison with nature.
They can be constructed when all the basic parameters and all the important
complex processes are known. Such models are only possible for Earth,
Mars, and perhaps Venus. They can also be used for comparative modeling
to estimate how a representative atmosphere behaves when its parameters
and physics are varied. Comparative modeling generates a large set of circu-
lations that can be used to generalize terrestrial issues, to reveal analogs
among planets, and to broaden the base from which to extrapolate. To date,
such modeling has been limited to the evaluation of an ECM that, unfortu-
nately, lacks universality in its vertical and sublayer structure. Earth’s atmo-
sphere and oceans present us with two quite different types of vertical struc-
ture to guide our ideas and prompt our imagination toward a more general
conception.

1.3.3. Predictif)e Model Design. Process and comparative models have
already given some indication of how a predictive Jovian circulation model
(JCM) could be assembled. In particular, studies of f and QG turbulence
reveal similarities between Earth and Jupiter in mid-latitudes, while com-
parative models reveal tropical connections. The similarities between the
GRS and IG vortices only exist under conditions that place constraints on
the vertical structure. Exploring the conditions under which the similarities
and differences occur in greater detail could suggest a preferred vertical
structure for the JCM. Thermodynamical modeling will require even greater
ingenuity.

Circulation modeling began with the barotropic and quasi-geostrophic
models of Charney and Phillips. These led to the primitive equation model
of Smagorinsky, which in turn led to the development of the Mars and Venus
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circulation models (MCM, VCM). The development at GFDL of a Jupiter
circulation model (JCM) has followed the same systematic hierarchial evo-
lution.

The construction of a JCM constitutes a major step in achieving the
ultimate meteorological goal (Smagorinsky, 1974): the development of a
general planetary model (GPM). To be dynamically universal such a model
must be capable of describing either a semi-infinite or an unbounded atmo-
sphere, but thermodynamical generality is harder to define. The high level of
planetary observation, theoretical understanding, and computational power
make such a model possible and worthwhile. It seems certain that all plane-
tary models will be based on the pioneering ECM of Smagorinsky (1963) and
its descendants.

2. OBSERVATIONS FOR DYNAMICAL MODELING

For Jupiter and Saturn, some of the most basic items needed for dynami-
cal modeling and verification are not available, but estimates are possible
and are discussed below. Titan has a better-defined atmosphere and may be
more easily modeled.

2.1. Stratificdtion

2.1.1. Static Stability. The planetary scale dynamics of an atmosphere or
ocean is primarily determined by the value and form of the Brunt Viiséld
frequency N(z), where N?/g= 071'6,= T~Y(T,+T) is the static stability
and I'/c, the adiabatic lapse rate (notation is standard unless defined). For
planetary waves, the amplitude of N determines their scale while the form of
N(z) determines their vertical structure and their propagation characteris-
tics. On Jupiter, motions could be trapped between a very stable stratosphere
and a stable water cloud at the 5-bar level or, perhaps, by a stratification of
the form sech? m(z — z,) [cf. Pfister (1979)], where z, lies in the 1-5-bar
region. Kinetic energy is confined to surface layers in the ocean by such
distributions of N(z) [e.g., Philander and Pacanowski (1980)]. Baroclinic
instability cannot arise without wave trapping (Holton, 1974; Lindzen et
al., 1980), so its occurrence suggests the existence of appropriate forms of
N(2).

2.1.2. Clouds. Clouds have a major influence on the radiation balance
and the formation of the stratification. In the most-accepted model of the
gross vertical structure (Weidenschilling and Lewis, 1973), clouds form at
three levels, a scale height apart, due to the condensation of ammonia,
ammonia hydrosulphide, and water into ice crystals (Fig. 2). All are white
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FiG. 2. Vertical profiles of temperature, cloud, and color for the upper atmospheres of
Jupiter (on the right) and Saturn (on the left) as estimated from measurements in the radio and
infrared wavelengths. [After Hunt and Moore (1982) and Hunt (1983).]

substances. The coloring is due to compounds of sulphur and phosphorus
and depends on pressure, temperature, height, and latitude in a complex and
poorly understood manner (Owen and Terrile, 1981) but may be approxi-
mately as shown in Fig. 2.

Most of the observed motions occur in the high ammonia cirrus clouds.
The formation of the clouds may be attributed simply to geostrophic pres-
sure variations (Williams, 1979a) or less simply to the vertical motions
associated with the indirect (Ferrel) cells that equilibrate baroclinic jets (Wil-
liams and Holloway, 1985) and with direct (Hadley) cells. The first view is
more consistent with the fact that the clouds disclose the horizontal motions
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so directly, motions that easily overwhelm the weak updrafts expected on a
rapidly rotating planet. On Saturn, the cloud albedo varies more weakly with
latitude, which suggests that the cloud formation process is dynamically
unimportant.

2.1.3. Lapse Rates. The hydrogen-helium mix of Jupiter and Saturn is
sufficiently well known that their lapse rates, 1.9 and 0.9 K km™', and their
scale heights, 22 and 38 km, may be considered accurate [e.g., Hunt (1983)].
In Fig. 2, the dry adiabatic lapse rate is used to yield an approximate tempera-
ture distribution below the ammonia clouds. In reality this distribution
could be significantly modified through nonadiabatic heating by condensa-
tion, radiation, and convection. The major condensing gases are ammonia
and water so latent heating could yield a moist adiabat in the lower atmo-
sphere. The thermodynamical disequilibrium of the para and ortho forms of
hydrogen at low temperatures could alter the specific heat ¢, and influence
the lapse rate (Conrath and Gierasch, 1984). Above the ammonia clouds,
observations in the radio and infrared frequencies reveal a tropopause and a
highly stable stratosphere (due to absorption of radiation by methane and
haze).

In the theoretical cloud models, the strongest stratification occurs in the
water cloud and most of the radiation is absorbed in the region above it, so it
is not unreasonable to expect deviations in the lapse rate of up to 10% from
the dry adiabat in the troposphere. Such values (6, = 0.2 K km™') can be
observed just above the clouds (Lindal et al., 1981) and give N> ~ 3 X 1073
s~2 (as in the ocean) and Lz ~ 1000 km (as in the waves). In the lower
stratosphere, values of N ~ 5 X 10~*s~2and Ly ~ 400 km are suggestive of
smaller-scale waves but these have not been detected (Branscome, 1982).

1

2.2. Baroclinicity and Barotropy

2.2.1. Heat Sources. The brightness temperatures of Jupiter and Saturn,
124 and 94 K, reflect internal heat sources that are % and 4 of the solar input.
These source values are substantially smaller than earlier estimates (Hanel et
al., 1983). The latitudinal distribution of the internal heat flux at the base of
the atmosphere is unknown and is not necessarily uniform. This heat source,
like that of Earth’s ocean, reduces the imbalance in the solar heating but is
unlikely to completely eliminate the need for meridional atmospheric trans-
port. Our lack of knowledge about the value of (AT'),, the baroclinicity,
below the clouds poses a major modeling problem.
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2.2.2. Global Temperature Variation. The observed latitudinal and lon-
gitudinal variations in the infrared brightness temperature relate to thermal
emission from above the ammonia cloud decks. For Jupiter, they indicate a
cloud-level temperature difference (AT)c of 5 K between high and low
latitudes. Local variations are also about 5 K at the cloud top (800 mb) and at
the tropopause (150 mb) and they have some correlation with the visible
features, i.e., the albedo. For example, the GRS is slightly cooler and there-
fore higher than its environment (Hanel et al., 1979). For Saturn, seasonal
variations result in a (AT )¢ of 10 K in the Northern (winter) Hemisphere
and a much smaller value in the Southern Hemisphere (Conrath and Pirrag-
lia, 1983). Longitudinal variations of 1 to 2 K reflect eddy activity in both
planets.

2.2.3. Baroclinicity Estimates. It is unlikely that the observed (noniso-
baric) temperature differentials (AT )¢, are an accurate indicator of the ba-
roclinicity below the clouds. Although baroclinicities of 5 K are sufficient for
energizing an atmosphere with a weak dissipation and a large specific heat, it
is likely that larger values occur. On Earth, the (AT), of the lower tropo-
sphere is much larger than the AT along the tropopause. The small values of
(AT )¢, on Jupiter could be due to variations in cloud height: if the clouds in
high latitudes are a half-scale height lower than those near the equator, then a
(AT), ~ 30 K ensues (Gehrels, 1976). If the polar region receives only inter-
nal heat while the equatorial region gets both internal and solar heat, then
AT ~ 30 K is predicted. So far, it has not been possible to narrow the
estimated baroclinicity range of 5-30 K.

2.2.4. Thermal Wind Fallacies. The main diagnostic tool used —and
misused — to probe below the clouds is the thermal wind relationship
f‘x

9=v(p2)—v(p1)=§ln %kX(Vf’)p Q.1

where (), (7) denote the barotropic and baroclinic components. This con-
nects the winds at two pressure levels with isobaric variations in the vertically
averaged temperature 7 using the geostrophic and hydrostatic relationships

L
f

respectively [e.g., Houghton (1977, p. 80)]. The thermal wind relationship
has been used in two ways: (1) to estimate the depths of the Jovian atmo-
spheres using the observed cloud-level velocities and temperatures Vo and

v=—k X (VD),, <I>(p2)—<I)(p1)=Rln§2-7~“ 2.2)
1
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T (Lorenz, 1953; Smith et al,, 1982) and (2), inversely, to estimate the flow
below the clouds using the observed T¢; and a presupposed depth (Conrath
and Pirraglia, 1983; Flasar et al., 1981b). Such applications are fraught with
danger and error and are the cause of much misunderstanding.

All applications of the Eq. (2.1) set v(p,) = V¢, and assume that v(p,) = 0
at a so-called “level of no motion.” This representation of the baroclinic
component of the wind ¥ is only meaningful when ¥ is fairly uniform and is
comparable with or larger than the barotropic component ¥. The application
of the thermal wind relation gives meaningless results if the motions are
predominantly barotropic, which they are in weakly dissipative systems such
as the ocean and Jupiter, where it is possible for weak baroclinicities to pump
up large quasi-barotropic currents with ¥ > ¥ [e.g., Williams, (1979a, Fig.
8)]. Then v, indicates ¥, not ¥. It should be noted that oceanographers have
recently realized the error of this approach: “One regrets that the barotropic
field was for so long obscured as a level of no motion” (Rhines, 1979). The
problem can be overcome using the S-spiral method (Stommel and Schott,
1977), but this requires temperature data in the vertical and horizontal
directions. These criticisms also apply to analyses based on the cyclostrophic
wind relation.

Applications of the geostrophic relation [Eq. (2.2)] to Saturn’s cloud-level
winds have also been misinterpreted. When the relation is integrated over
latitude, it produces a large value for the pole-to-equator gradient in the
geopotential height A®. However, A® is also a measure of the net angular
momentum, which for a weakly dissipative atmosphere should be very
small. This contradiction implies that the reference frame used in defining
the (excessively prograde) winds is incorrect [cf. Allison and Stone (1983)]
and that the tropical jet is strongly baroclinic. It does not imply that the
atmosphere is very deep [cf. Smith et al. (1982)].

2.2.5. Evidence for Barotropy. The fact that the Jovian jets are so stable
and so constant suggests that they are predominantly barotropic and thus
have great inertia to baroclinic changes. Weak baroclinicity is only influen-
tial if it acts for a long time. Barotropy is also suggested by the close relation-
ship between jet widths and bands via the expression produced by barotropic
B-turbulence theory, L = (U/B)!?, where U is the velocity scale. Such jets
could penetrate to a depth of /15 = (f/N)L, while baroclinic eddies penetrate
to hg = (f/N)Lg [cf. Holland et al. (1984)]. Assuming possible values of
N2=3X 103572, Ly = 1000 km, and L; = 5000 km gives , = 200 km
and A = 40 km. The Phillips criterion for baroclinic instability requires a
critical shear of i = L%, which equals 1 m s™! per scale height and implies
that # < #i. Thus in a weakly dissipative system the barotropic components
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of the circulation could be substantially stronger, wider, and deeper than the
baroclinic ones.

2.3. Cloud-Level Circulation

2.3.1. Rotation Rate. In defining the cloud-level circulation, ambiguities
arise due to uncertainties as to which rotating reference frame is the most
appropriate and as to which height the cloud-tracked winds refer. The latter
problem is not serious if the winds are strongly barotropic. However, the
observed motions define a very relative circulation.

The customary rotation rate is based on the radio frequency and gives
velocities relative to the so-called System III reference frame. However, the
bulk of the planet (and its magnetic field) need not rotate at the radio
frequency. In addition, dynamical models of the GRS and Large Ovals
suggest that these vortices are moving more rapidly westward by 5 to 15 m
s~! than System III implies (Williams and Yamagata, 1984), while the ob-
served prograde bias in Saturn’s jets suggests that the winds be made 70 m s™!
more easterly to achieve momentum balance. These problems indicate that
reference frames—say System IV — with rotation periods that are about 1
min and 5 min shorter than System III be used for Jupiter and Saturn.

2.3.2. Jets and Bands. The high-resolution zonal winds obtained from
tracking cloud features as small as 100-200 km over short time intervals
(about 1 day) in Voyager spacecraft data have essentially the same structure
(Fig. 3) as the winds derived from Earth-based tracking of larger clouds over
lengthy periods. Now, however, the finer details of the motions, the rapid
variations of the turbulent eddies and their interactions with the coherent
vortices can be followed in remarkable detail for both Jupiter (Beebe et al.,
1980; Ingersoll ef al., 1981; Limaye et al., 1982) and Saturn (Smith et al.,
1982; Sromovsky et al., 1983).

The Voyager data indicate that the amplitudes of the jets are somewhat
greater than originally thought but that the amplitudes vary little in time.
The observations also reveal that alternating easterly and westerly jets, with
amplitudes of up to 20 m s™*, extend as far as 72° latitude (the observational
limit) in both hemispheres (Beebe, personal communication, 1984)—even
though cloud banding ends at 45° latitude. The jets are fairly symmetric
between hemispheres but the bands are not, and the latter provide a more
sensitive measure of temporal variations.

The bands (color, albedo) of Jupiter have changed continuously over the
years. Between the Pioneer and Voyager encounters, a period of 4 years, one




[(s861) okewry
S *§ JO Asa11n00 paredalq] “Bunjoel) pnopd g 193eA0A WY PIIEWLSS ‘T[] WAISAS 01 JANE[AI PULM [EUOZ UBIW Y} JO d[yoId [euIpmineT] ¢ "ol

(1-s w) ALIDOT3IA TVNOZ

3dNLILVT DIHdVIOOLINV1d

00g




JOVIAN AND COMPARATIVE ATMOSPHERIC MODELING 399

zone doubled in size and another halved. But during the two Pioneer en-
counters (1 year apart) there was little change in cloud structure. Bands
appear to vary significantly with periods of 4 to 5 years but occasionally
change in only 1 year, reflecting perhaps different phases of an energy cycle.

The correlation between the unchanging jets and the variable bands is thus
not as simple as once thought. On Jupiter, there is still a reasonable correla-
tion between the zonal motion and the bands, with jet maxima coinciding
with belt-zone interfaces; but, on Saturn a correlation exists only for the
mid-latitudinal jets, with extrema coinciding with the centers of the bands
(Smith er al., 1982). However, the correlation between temperature varia-
tions near the tropopause and the visible markings of Jupiter is clearcut
(Hanel et al., 1979). All of these relations are consistent with the idea that the
jets are predominantly barotropic while the bands depend more on baro-
clinic factors.

2.3.3. Eddies and Vortices. Spacecraft observations have revealed the
flow fields inside the long-lived, coherent vortices—the GRS, Large Ovals,
and Small Ovals — that occur at latitudes 22°, 33°, and 41° (Mitchell ez al.,
1981). These anticyclonic eddies are all very similar in form, environment
and parameter values. They are strong vortices: the relative vorticity of the
GRS exceeds the ambient vorticity by a factor of 4 and wind speeds exceed
100 m s™! near the periphery. Flow is along closed symmetric ellipses so
interaction with the zonal flow is limited. Between the two Voyager en-
counters (5 months) considerable changes occurred in the flow just west of
the GRS and resembled the breaking of a PG-scale planetary wave.

In contrast to the Large Ovals, the GRS appears to have its vorticity
concentrated near its outer boundary and to possess a quiescent interior.
These differences could be due to the greater size of the GRS (Williams and
Wilson, 1985), or, alternatively, the variations could be due more to vertical
shears in the winds than to real differences in horizontal structure, especially
if the winds peak at the height of the peripheral clouds and decay above it.
There is no direct evidence of organized vertical motion within the vortices.

The GRS has been observed since the invention of the telescope and the
Large Ovals since their birth in 1938. The formation of the Large Ovals is
well documented — they took 15 years to develop into strong vortices —and
is consistent with the behavior of weak barotropic instability at the IG scale
(Williams and Wilson, 1985). Both the GRS and Large Ovals have con-
tracted in longitude, the former from 40,000 to 24,000 km in this century.
According to theory, this indicates increased amplitude and steepening, as
energy is extracted from narrowing jets, and not vortex decay.

The longitudinal drift of the GRS has varied over the past 150 years,
changing direction every 50 years in System III coordinates. On top of its
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recent drift at 5 m s~!, the GRS oscillates in longitude with an amplitude of
0.9° and a period of 90 days (Solberg, 1969). According to theory, such
variations could be related to changes in vortex amplitude, current ampli-
tude, or the radius of deformation. However, theoretical vortices only propa-
gate westward, so changes in direction in System Il really indicate changesin
speed in System IV.

Persistent coherent cyclonic eddies also occur. In the Southern Hemi-
sphere (Mitchell ez al., 1979), they are induced in cyclonic shear regions by
the GRS and Large Ovals. In the Northern Hemisphere at 14° latitude, the
cyclonic “barges” (Hatzes et al., 1981) are primary vortices that drift east-
ward at 2 to S m s~!in System III. According to theory, cyclonic vortices are
long-lived only when they lie in a strong easterly flow. The flow at 14°N
could be easterly if averaged vertically in System IV.

Disturbances peculiar to the tropics are the so-called “plumes” that form
the centers of a wavelike train of features moving with the 100 m s™! westerly
jet at 10°N (Fig. 1). Some plumes are brighter and more structured than
others and have been described as “active convective centers,” 1000-2000
km long (Hunt and Miiller, 1979; Hunt ez al., 1981, 1982). Smaller (grav-
ity?) waves are seen in the tails of the plumes. The tropical wave containing
the plumes has the same scale as the GRS and could be generated by distur-
bances emanating from that vortex. Because of its size, the GRS can generate
waves capable of propagating beyond the critical latitude at 10°S but which
would be trapped at 10°N [cf. Williams and Yamagata (1984, Fig. 8)]. It
seems unlikely that wave-CISK —which requires low ventilation rates for
moisture accumulation (Grey, 1978)— could arise in such rapidly moving
currents, especially in latitudes in which the downward branch of a Hadley
cell might occur.

Saturn’s eddies resemble Jupiter’s in form and behavior but are generally
smaller and shorter lived (Sanchez-Lavega, 1982; Sromovsky ef al., 1983).
At the Voyager encounter, three brown Ovals with diameters of 5000 km
existed at 42°N and a solitary 10,000 km Oval existed at 72°N. The complex
interaction of two small white vortices was observed in fine detail (Sro-
movsky ef al., 1983) and it more closely paralled the oblique collisions of IG
vortices [cf. Williams and Yamagata (1984, Fig. 10)] than the collisions of
the vorticity concentrations generated by turbulence (McWilliams, 1984).

Disturbances said to be peculiar to Saturn may just be poorly resolved
vortices (Sanchez-Lavega, 1982). These so-called Great White Spots have
occurred 5 times in 80 years with diameters as large as 25,000 km in both the
tropics and mid-latitudes. More than one type of vortex may be involved.
Their lives are short (months). They sometimes expand longitudinally to fill
the whole zone and generate other spots, actions consistent with the develop-
ment of barotropic instability (Williams and Wilson, 1985). The “ribbon
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wave” observed at 46°N, with cyclones to the north and anticyclones to the
south, is suggestive of barotropic instability at the QG scale [cf. Williams and
Yamagata (1984, Fig. 17)]. A similar, but nonwavy, thin brown line or
ribbon occurs in the center of a similar westerly jet at 25°N on Jupiter and
could be a barotropically stable version of such cloud formation.

2.4. Data Analysis

2.4.1. Quasi-Geostrophic Instabilities. The necessary condition for the
instability of zonal flows involves the potential vorticity gradient, which for
QG scales, can be written as

- R . ~ R a 1 A U
qy=ﬂ+qy+qy, qy=_uyy, qy=_uyy—p—<%uz>z+?§ (23)
where J denotes interface contributions.

Estimates of the barotropic term 8 + g, using cloud-level winds are error
prone as the winds may not give a good measure of the vertically averaged
flow, and their second derivatives cannot be accurately calculated. One set of
estimates from Voyager data suggests that Jupiter’s jets are mildly barotropi-
cally unstable or mildly baroclinic (Ingersoll et al., 1979; Mitchell et al.,
1981), while a second set suggests that all easterly jets are strongly unstable or
strongly baroclinic (Ingersoll et al., 1981; Limaye et al., 1982). Although
both hemispheres appear to be equally unstable (or baroclinic), the coherent
vortices generated by barotropic instability only occur in the Southern
Hemisphere (SH). This suggests that either (1) the SH is marginally unstable
and the Northern Hemisphere (NH) marginally stable or (2) the instabilities
are in the shear zones in the SH but in the jet maxima in the NH and hence
less visible, except,as ribbon waves (see Section 2.3.3). For Saturn, the noise
level in the winds precludes meaningful estimates of § + g, [cf. Smith et al.
(1981) and Sromovsky ez al. (1983)].

The QG form of §, is not really appropriate for Jupiter, given the large
scales of the jets. At such scales, divergence effects due to the displacement of
free surfaces shared with deeper underlying or overlying layers are important
and instability depends on the expression 8 — u,,, + (u/L3), where Ly, is the
external radius of deformation (Lipps, 1963). This criterion has not been
estimated for the data.

In the barotropic S-turbulence theory, jets generated by homogeneous
forcing attain a state of neutral stability with u,, = f (Rhines, 1975).
In a baroclinic atmosphere, forcing by baroclinic instabilities (in the jet
maxima) is inhomogeneous and can produce barotropically unstable jets.
Thus the two forms of instability can coexist, at vastly different scales Lg and
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Ly [cf. Brown (1969)]. Estimates of the eddy energy conversion (Section
2.4.2) fail to discriminate between opposing contributions at the two scales
and appear to be dominated by the more easily measured small-scale compo-
nents.

The baroclinic term §, is significant if the ratio a = f 2u, /BN 2is large. If
we chose u,, = u,/H (to avoid the errors noted in Section 2.2.4), then
o = h/H, where h = f2u,/BN? is the eddy penetration scale (Held, 1978).
The shear u, can be estimated from thermal data for the upper troposphere,
where a close correlation between u, and u indicates that most jets gain
strength below the clouds (Pirraglia et al., 1981). The observations give
u,H=—10ms !, N2=3 X 1073 s~? and thence o = 5. So subcloud baro-
clinic instability is indicated.

2.4.2. Kinetic Energy Conversion. The equation for eddy kinetic change

in a barotropic fluid is best written as

K,=C,—('p’+v'K’),

where K'(y) = uu’ + 4(u’*+ v"?) and Cy(y) = u(u’v’),. According to the
nonacceleration theorem, these forms of the conversion and flux divergence
terms are preferred over those in which the conversion term is written as
Cy(y)=—u'v’ - u,. Thisis because only the former are identically zero fora
steady wave propagating in a sheared environment and so only they are
locally meaningful. With the first forms the error of identifying regions in
which C, > 0 and (v’p’), > 0 as barotropically unstable can be avoided.

Several evaluations of the exprgssion C,(y) have been attempted that use
Voyager cloud-level winds observed over a 30-hr interval. Such estimates are
useful provided no local (in latitude) or climatological significance is at-
tached to them. One set of estimates (Beebe et al., 1980; Ingersoll ez al.,
1981), in which the cloud-level winds are assumed to penetrate to the 2.5-bar
level, produces large positive values of C, that imply the mean flow will
double or be replenished in 3 months by using 10% of the solar energy input.
This unrealistic result suggests that the estimates are inaccurate. A second set
of estimates (Limaye et al., 1982) eliminates the systematic sampling errors
of the first (by using lower resolution) and yields C, = 0. A third estimate
(Mitchell, 1982), using uniform sampling and high resolutions, again gives
large positive values of C,.

Thus there are contradictory indications that the eddies occasionally sup-
ply energy to the mean flow at cloud level, but there are no estimates of
behavior in the more important lower atmosphere. Oceanographic evalua-
tions of local energy balances have also been interpreted as indicating that
the Gulf Stream is accelerated by the eddies. However, the cross-stream-
averaged value of u’v’ - v, is nearly zero, so such results may indicate the
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transfer of energy from one side of a jet to the other and not mean flow
generation [cf. Charney and Flierl (1981, p. 507)].

2.4.3. Equilibrium and Dissipation. There are three possible mecha-
nisms for jet equilibrium: (1) dissipation by gravity waves or by exchanges
with the sublayer, (2) loss of energy to the coherent vortices by barotropic
instability, or (3) balance by the induced meridional circulation. The mo-
mentum equation

—fv,+ (u'v"),=D (2.4)

summarizes these effects at the quasi-geostrophic level, where v, is the ageo-
strophic flow. Observations give no clue as to which process prevails, if any.

The dissipation mechanism operates in Earth’s stratosphere and if we
adopt the stratospheric dissipation coefficients (Schoeberl and Strobel, 1978)
a dissipation time scale of 900 days is predicted (Branscome, 1982). This
value is consistent with our suggestion that there is a wide separation be-
tween the dynamical (50-day) and dissipative time scales. Equilibration by
mechanism (2) requires a balance between the baroclinic eddy source term
[(u’v"),]*= and barotropic eddy loss term [(u"v’ ),1*, where brackets denote
averaging over scales close to L or L,. The absence of coherent vortices in
many regions suggests this is not the main control process. No estimates of
the scale dependence of the eddy conversion have been made.

With mechanism (3), a meridional circulation of about 0.1 m s™! could
balance the eddy fluxes estimated by Mitchell (1982). Thus the cells would be
much weaker than those of Earth’s atmosphere, and if they are primarily
induced by baroclinic instability, they would be confined to the jet extrema
and be narrower than the jets (L < L;)—as are some of the bands. There
may be no meridional circulation in the region between these cells. Estimates
of the mean meridional wind v from Voyager data produce values of about
1 ms™!, but these cannot be accurate given that the rms winds have values up
to 10 ms™1,

2.4.4. Spectra. Spectral analyses of the Voyager cloud-level winds pro-
duce such noisy spectra that it is impossible to detect a simple wave number
relationship of the form k~*, although —like for Earth—a k~3 result has
been claimed (Mitchell, 1982). The best indication of the nature and dimen-
sionality of the nonlinear exchanges is the close relationship between jet
widths and amplitudes via the Lgexpression of # turbulence. The steadiness
of the jets also reflects the barotropization associated with S-turbulence
effects.

Recent numerical studies of two-dimensional and g turbulence (see
CD385) yield spectral slopes with powers ranging from # =3 to 6 in the
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enstrophy cascading scales, with the actual value depending on the forms of
the forcing and dissipation. The absence of simple turbulence behavior
makes data interpretation very difficult.

2.5. New Worlds: Titan

2.5.1. Significance. Abonus from the spacecraft encountersis the discov-
ery that Titan, Saturn’s largest satellite (2575-km radius) has a substantial
(1.6-bar) nitrogen atmosphere and perhaps a methane ocean (Smith et al.,
1981, 1982). Clearly Titan is a planet of physical relevance to terrestrial
studies and possesses great modeling potential. The planet has dynamical
relevance for Venus because of the length of its rotational period (15.9 days)
and for comparative meteorology it is an invaluable addition to the meager
category of slowly rotating systems.

2.5.2. Stratification. The atmosphere has observed temperatures of 94 K
at the surface, 71 K at the tropopause level (43 km, 140 mb), and a 170-K
limit in the upper stratosphere (200 km) (Fig. 4) (Lindal ez al., 1983). With
g = 135 cm s72, the scale height is 18 km. The lapse rate has the adiabatic
value for dry nitrogen, 1.4 K km™!, only near the surface and drops sharply to
0.9 K km™! at the top of the boundary layer (3.5 km). Methane makes up 1%
of the atmospheric mass but its moist adiabat, 0.3 K km™!, is not observed so
saturation is absent. There are methane clouds in the troposphere and an
aerosol layer plus two haze layers in the stratosphere (Samuelson et al., 1981,
Fig. 2; Smith et al., 1981, 1982). Carbon dioxide is another important minor
constituent (Samuelson et al., 1983).

2.5.3. Global Temperature Variation. The observed brightness tempera-
tures indicate pole-to-equator temperature differences of 3 K near the sur-
face, 1 K at the tropopause, and 20 K in the stratosphere (at 0.3 mb) (Flasar ez
al., 1981a). Hemispheric asymmetries occur in the stratospheric tempera-
tures due to seasonal effects, but no diurnal effects have been detected. The
radiative time scale thus exceeds a Titan day in the stratosphere and reaches
an estimated 140 years in the troposphere.

Ground-based observations have revealed dramatic seasonal variations in
the planet’s overall appearance [cf. Sromovsky ez al. (1981)]. If the tropo-
sphere is involved, the efficient dynamical heat transports of the Hadley cell
that occurs at low rotation rates could be important to these secular albedo
changes.

2.5.4. Circulation. Visually, Titan is bland because of the opaque stra-
tospheric hazes. No surface or cloud features have been seen so there are no
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wind estimates. The large stratospheric temperature gradients could produce
superrotating cyclostrophic winds of 100 m s™! near the 1-mb level (Flasar et
al., 1981a). Titan’s circulation should have much in common with the
slowly rotating Earth circulation models of Williams and Holloway (1982,
Fig. 3; 1985). If so, maximum westerly winds should occur near 75° latitude
with jets just below the tropopause and in the stratosphere. The latter could
be associated with the observed dark polar collar (Smith ez al., 1981). Easter-
lies could occur in the summer hemisphere toward solstice. Baroclinic insta-
bility should be absent, and indeed no longitudinal variations in brightness
temperature have been observed. Temperature inversions at the top of the
boundary layer (to which the equatorward flow is confined) and low-temper-
ature gradients between the equator and pole occur in both the model and
the atmosphere.

3. NUMERICAL MODELING: PLANETARY TURBULENCE, COHERENCE,
CIRCULATIONS

The basic ideas and modeling results mentioned in the Introduction are
discussed in greater detail in this section. We begin by reviewing the nature of
barotropic 8 turbulence and its role in the formation of the major Jovian
characteristics: the zonality and multiplicity of the jets. Barotropic f turbu-
lence underlies all forms of planetary turbulence as barotropic f waves can
occur in any form of atmosphere (semi-infinite, unbounded, etc.). We then
describe QG turbulence, noting how and when baroclinic flows behave like
forced barotropic flows and the conditions under which it produces Jupiter-
like circulations. The origin and existence of coherent features are described
using the shallow water (SW) model, the simplest system to incorporate the
necessary diyergence effects.

The turbulence studies indicate that in mid-latitudes Jupiter is analogous
to a more rapidly rotating Earth. To see whether this analog holds in equato-
rial regions and to see whether any analogs exist with other planets, ECMs
have been evaluated for a wide range of parameter values. The ECM solu-
tions also provide a basis for comparative modeling and for circulation
theory, and we end with a brief discussion of their character.

3.1. Planetary Turbulence
3.1.1. Barotropic B Turbulence. Barotropic flows behave like two-di-

mensional (2D) turbulence on the smaller scale, M = L3/L? > 1, where Mis
the wave steepness factor. Recent studies, while confirming the well-known
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tendency of the stream function toward larger scale and the vorticity toward
smaller scale, have revealed that interactions are far more intermittent in
space and time than originally thought. These result in the formation of
coherent, small-scale, high-vorticity regions and enstrophy cascade spectra
that range from k=3 to k¢, depending on the form of energy input and
dissipation (Fornberg, 1977; Basdevant et al., 1981; McWilliams, 1984).
Theories based solely on spectral decomposition no longer provide an ade-
quate description of turbulence.

On the larger scale, M < 1, barotropic flows display a f-wave dynamics
that interacts with the turbulent dynamics only at the transitional scale L,
(Rhines, 1975). At this scale, -wave dispersion interrupts the expansion of
the 2D eddies to retard the energy decascade and to create resonant triads
that focus the energy into alternating east — west zonal jets. The anisotropy of
the eddies and the zonality of the final flow are mainly due to the anisotropy
of the dispersion relation for S waves. At the equator, the nondispersive form
of the Kelvin wave relation implies that Kelvin waves cannot be energized by
2D energy decascades even though it also implies that Kelvin waves triads
are always resonant and potentially dominant. However, Kelvin waves be-
come dispersive in the presence of shear (Boyd, 1984) so Kelvin turbulence
may be possible even though f turbulence normally prevails globally.

The generation'of zonal jets is not fully understood. In resonant triads,
fully zonal flows cannot gain or lose energy and only act as a catalyst in the
exchange between the other two waves (Longuet-Higgins and Gill, 1967;
Gill, 1974). However, near-zonal flows can be energized by triad resonances,
while near-resonant and sideband interactions can bridge the gap to full
zonality (Yamagata and Kono, 1976).

Homogenously forced f turbulence produces alternating jets that are bar-
otropically stable (Rhines, 1975), but inhomogenous forcing produces
westerlies—that could become unstable — in the forcing latitudes and east-
erlies in the unforced regions. The character of locally forced zonal flows can
be explained either deterministically using vortex separation ideas based on
helicity transfer (Kuo, 1950) or statistically using potential vorticity mixing
(Eady, 1954). The latter shows that steady forcing leads to easterlies of
magnitude u = —(1/2f)q? which translates in the Lagrangian view to
u=—14py2, where g = By, and y, is the latitudinal mixing length. For
Jupiter, the observed winds of % ~20 m s™! (and =4 X 10~% km™! s7!)
imply a mixing length of 3000 km, a value consistent with the observed eddy
sizes.

The development of anisotropy and zonality from freely evolving homo-
geneous eddy fields and from forced homogenous and inhomogenous eddy
fields has been demonstrated both in laboratory experiments (Whitehead,
1972; de Verdiere, 1980; McEwan et al., 1980) and in numerical studies
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with Jovian and terrestrial parameters (Rhines, 1975, 1977; Williams,
1975a,b, 1978; Basdevant et al., 1981; Haidvogel and Rhines, 1983). Eddy
forcing is normally based on simple Markovian closure schemes that repre-
sent the growth and decay of baroclinic instabilities in midlatitudes and that
represent waves created by convection in the tropics.

A solution with Jovian parameters in Fig. 5 reflects the globally homoge-
nous forcing during the early stages. As the energy level increases and energy
decascades to larger scales, f-wave propagation sets in, with the steepness of
the waves indicating their nonlinear origin. The eddies cease growing as wave
propagation takes over. Alternating stable, zonal currents of scale Lydevelop
from the waves, with the associated waves and currents moving in the same
direction, and the system eventually equilibrates. Equatorial jets can be
produced by enhanced tropical forcing that is symmetrical about the equator
(as are Bwaves), (Williams, 1978, Fig. 18). Coherent vortices are absent from
the flow in Fig. 5 because divergence effects are excluded. Calculations with
the more general SW model remedy this deficiency (Williams and Wilson,
1985).

3.1.2. QG Turbulence. Although QG flows possessa 3D vortex stretching
mechanism they behave more like 2D flows—when # and boundary effects
are negligible — because of analogous potential enstrophy and total energy
constraints. Charney (1971) has suggested that QG turbulence could be
isotropic if the potential vorticity is defined in terms of the stretched vertical
coordinate zN/f and that this results in the available potential and kinetic
energies being equipartitioned and having k=3 spectra, where  is the total
wave number. Spectral closure analyses (Herring, 1980) confirm that flows
that are initially homogenous become isotropic at the small scales, barotro-
pic at the large scales and baroclinic at the scale of the energy peak L,. The
barotropization is due to the energy decascade toward larger stretched-verti-
cal and horizontal scales.

A serious limitation with the Charney theory is that there is no way of
achieving the vertical homogenization of the initial state from more general
states (Herring, 1980). This problem arises because the mixing is two-di-
mensional even though the potential vorticity is three-dimensional.

More realistic and amenable views of QG turbulence have been obtained
using the two-level approximation. The equations for QG, turbulence can be
written in the barotropic, baroclinic forms

VL +JW, V)W, V) =0 (3.1)
(V2= kR + JG, (V2 — k) +Jw, Vg +/)=0  (3.2)

where kg is the deformation wave number. These equations immediately
reveal the main characteristic of QG, flows: baroclinic flows can generate
barotropic flow, but barotropic initial states remain barotropic.
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FIG. 5. Formation of multiple zonal currents in a forced barotropic g-turbulence model with
Jovian parameters. (a) Day 4.6, (b) day 46, (c) day 161. The flow initially reflects the homoge-
neous eddy forcing and then develops Rossby waves and finally alternating zonal currents. The
contour interval of the stream function, 40 km? s™!, is doubled in (c), and negative values are
shaded. The zonal wind profile has a scale of =100 m s~! and a zero value at the center line.
[After Williams (1978). Reproduced with permission from Journal of: the Atmospheric Sciences,
a publication of the American Meteorological Society.]
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Analysis of the resonant wave triads of these equations indicate that baro-
tropic primary waves prefer to interact in pure barotropic triads at all scales,
whereas baroclinic primary waves prefer to interact in pure baroclinic triads
only at small scales and in mixed barotropic - baroclinic triads at large scales
(Yamagata, 1976, 1977; Kim, 1978; Jones, 1978; Salmon, 1978, 1980). The
barotropic-baroclinic interaction is only really effective at Ly, a scale that
provides the valve through which baroclinicity flows into barotropy —
but not vice versa. Thus, QG, turbulence theory also predicts large-scale
barotropy and small-scale isotropy.

How QG, flows evolve depends on their initial configuration and on the
scale of the energy input relative to Ly and L. Rhines (1977, Fig. 19)
describes the five basic paths. In general, when the dominant eddy scale L is
less than Ly, the two layers are decoupled and each exhibits a separate 2D
turbulence; but when L > Ly, the layers lock together and behave as a single
barotropic layer with the eddies expanding until S-wave effects are felt.

Numerical studies of both freely evolving flows (Rhines, 1975, 1977,
1979) and of equilibrated flows with atmospheric and oceanic forms of
forcing and geometry and with idealized (doubly periodic) domains (Stein-
berg, 1973; Barros and Wiin-Nielsen, 1974; Williams, 1975b, 1979a; Hol-
land, 1978; Holland and Rhines, 1980; Salmon, 1980; Haidvogel and Held,
1980; McWilliams and Chow, 1981) all display the elementary QG, turbu-
lent processes described above. The differences between turbulence in heat-
driven atmospheric and wind-driven oceanic channels are minor [cf. Wil-
liams (1979b) with McWilliams and Chow (1981)]. Ocean basins behave
uniquely, however, with eddies acting to limit the wind driven mean flow in
the upper layer by producing a downward momentum flux that induces a
mean flow in the lower layer (Holland, 1978; Holland and Rhines, 1980).

For Jupiter, QG, turbulence models are forced by weak heating functions
that crudely tepresent the latitudinal imbalance of radiative, convective, and
internal heating and that produce baroclinicities ranging from 2 to 40 K and
instability wavelengths ranging from 2000 to 9000 km. The QG, process
model is relevant to Jupiter as it represents all forms of baroclinic instability
(internal, unbounded, etc.) except the surface type.

Jovian QG, flows, Fig. 6, take about 10 years to spin up because of the
weak heating rate and go through alternating phases of baroclinic instability
and quiescence. The nonlinear cascades and f effects eradicate all traces of
the initial Hadley circulation (with its 2 m s~! uniform zonal wind) and
generate a series of highly zonal, alternating easterly and westerly jets that are
strongly barotropic and whose scale is close to Lg, not Ly . The intermittent
baroclinic instabilities eventually pump the jets up to speeds exceeding 100
ms,

No organized meridional cells occur in the QG, solutions. Similarities
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F16. 6. Formation of multiple zonal currentsin a QG, turbulence model with Jovian param-
eters and heating function. The stream function and zonal wind indicate the alternating jets
1773 days into the spinup, while the potential vorticity indicates the scale of the baroclinic
instability. The large gyre is a standing neutral baroclinic wave. Negative values are shaded. The
zonal wind profile has a scale of £160 m s~!. [After Williams (1979a). Reproduced with
permission from Journal of the Atmospheric Sciences, a publication of the American Meteoro-
logical Society.]

i
between the stream function — rather than temperature or vertical motion
— and Jupiter’s bands imply that the larger-scale clouds are primarily corre-
lated with horizontal variations in pressure, as befits a quasi-barotropic
circulation. Such mechanically induced clouds resemble terrestrial cirro-
stratus and make the motions remarkably visible.

3.2. Planetary Coherence

3.2.1. Geostrophic Regimes. Most planetary-scale motions are governed
by geostrophy, but their characteristics can vary widely depending on their
scale relative to the deformation scale Ly . The simplest system capable of
describing all the geostrophic regimes (i.e., types of motion) is the shallow-
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water (SW) model, whose equations reduce under geostrophy to a single
equation for the geopotential height— the general geostrophic equation

h ho ey — gl )= s(2 k)=
ht—V-(fZVh)+—r;hx(f )y J(h,fzc) J(J,,K) 0 (3.3)

where (=V ((1/f)Vh), K= (1/2f3(Vh)?, Jh, o)=m™" (h.a,— hay),
(x, ¥) = a(4, 6), and m = cos 6 (Williams, 1985). If Eq. (3.3) is nondimen-
sionalized and parametric ordering relationships are chosen, we obtain the
planetary geostrophic (PG), intermediate-geostrophic (IG), and the QG sets
of subequations that describe motions at the large, intermediate, and synop-
t1c scales. Intermediate motions occur near the scale L; = (L3 Lg)'/3, where

= (gH)"?/fand Ly = f]B (Charney and Flierl, 1981). Dispersion (second
term) and vorticity advection (fourth term) dominate in the QG regime;
nonlinear divergence due to interface displacement (third term) dominates
in the PG regime while dispersion and divergence act in balance in the IG
regime.

The two types of nonlinearity in the above equation act in different ways.
That due to divergence acts at IG scales to preserve correlations and phase
information against dispersion, thereby producing such highly predictable
phenomena as solitary waves. That due to vorticity advection acts at QG
scales as a turbulent scrambler of information. Coherence and turbulence
may thus coexist by occurring at widely separated scales.

3.2.2. Coherent Features. Coherent features are essentially of two forms:
(1) analytical solitary waves and (2) multivalued modons. Planetary features
may be further categorized by dynamical balance, scale, amplitude, sym-
metry, and location [e.g., Rizzoli (1982)].1 The description of modons re-
quires multivalued functions that contain finite discontinuities in the radial
vorticity gradient so their physical significance has been questioned. The
relevance of a theoretical vortex depends on how readily it can occur, an
issue that has only recently been addressed for both analytical forms (Wil-
liams and Yamagata, 1984) and multivalued forms (Flierl et al., 1983).

The long-lived, coherent vortices that occur at IG scales are based on
solitary Rossby waves travelling westward at close to the long-wave speed
¢y = —PL%. In mid-latitudes they coalesce during collisions and are some-
times referred to as Rossby density-vortices (Clarke, 1971) to distinguish
them from the Rossby shear-solitons of Long (1964). At the equator, the
solitary waves do not coalesce and behave like the Rossby density-soliton of
Boyd (1980). The IG balance between dispersion and nonlinear steepening

+ Hurricanes differ from most other isolated features in that their strong external energy
sources and sinks, rather than their internal inertial balances, hold them together.
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Fi1G. 7. Closeup of flow near a GRS-like anticyclonic IG vortex located in an anticyclonic
shear zone, from the shallow-water model of Williams and Yamagata (1984). Diagram shows
height variations and vertical motion after 5 years of evolution. The contour intervals are 1 km
and 0.1 cm s™! and negative values are shaded. Computational domain extends over 180°
longitude. Such vortices have been maintained in numerical solutions for periods in excess of a
century. [After Williams and Yamagata (1984). Reproduced with permission from Journal of
the Atmospheric Sciences, a publication of the American Meteorological Society.]

due to divergence holds more readily for anticyclonic motion than for cy-
clonic. However, long-lived coherent cyclones can occur in strong easterly
currents (Williams and Yamagata, 1984).

3.2.3. Jovian Vortices. Integrating the SW equations with Jovian param-
eters shows that vortex behavior varies with latitudinal location and zonal
flow environment (Williams and Wilson, 1985). In mid-latitudes (30-60°),
IG vortices exist indefinitely but in the subtropics (10 -30°) vortex existence
is conditional: in the absence of zonal flows they decay in about 1000 days by
generating equatorial disturbances, but when Jupiter-like zonal flows are
introduced, the vortices can exist indefinitely. A GRS-like vortex has been
simulated for 10 years (Fig. 7) and for over 100 years in a less-dissipative
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model (Williams and Wilson, 1985). In the tropics (0-10°), Boyd’s (1980)
solitary # waves occur readily in the SW model and also in the ocean, but
apparently not on Jupiter.

Coherent vortices are generated when barotropic instability occurs at the
IG scale, whereas periodic disturbances are generated by instability at the
QG scale. The number of solitary vortices produced depends on the critical-
ity of the anticyclonic shear zone and on the form of the initial perturbation.
Moderately unstable currents produce a small number of well-spaced vor-
tices resembling the Large Ovals (Fig. 8). To produce a single permanent
vortex, like the GRS, requires a weak instability acting over a long timet in a
weakly dissipative atmosphere. This genesis is more convincingly demon-
strated in Williams and Wilson (1985) than in Williams and Yamagata
(1984). During the development of an instability, perturbations can progress
from periodic waves to modulated waves to wave packets to multiple solitary
vortices and finally to single solitary vortices.

According to the preceding numerical studies, the uniqueness of the GRS
can be attributed to the weakness of the generating instability, the width of
the zone, and to the inhomogeneity of the initial perturbation. This is the
only theoretical explanation for the uniqueness of the GRS that has been put
forward. The modeling also suggests that the 40 to 25° longitudinal shrink-
age of the GRS and changes in its drift rate could be due to very small changes
in zone width. The vertical motion associated with IG vortices (Fig. 7)
provides an observational test of the theory, but the weakness of vertical
motions compared to horizontal ones makes detection difficult. To explain
the amplitude of the cloud-level winds in the GRS requires models with
continuous stratification and with baroclinicity.

3.3. Comparative Global Circulations

3.3.1. Circulation Theory. Although GFD concepts explain many of the
regional aspects of planetary circulations, no comprehensive global views
have been developed other than the ECM syntheses developed by Smagor-
insky et al. (1965). Substantial theories have, however, been developed for
quasi-geostrophic scale motions in the mid-latitudes of Earth’s atmosphere
and oceans.

Ocean theories proceed by exploiting the vast dlfference between the
response times of the wind-driven circulations (10 years) and the thermoha-
line circulations (10° years). The wind-driven circulation theories can as-
sume a known stable stratification and can then describe the flow by evaluat-
ing the mixing of potential vorticity along density surfaces (Holland er al.,

T About 10 years, the time scale for Large Oval development and for zonal flow buildup in
circulation models.
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1984). These theories indicate that upper level motions penetrate downward
to a depth /4. Perhaps Jovian dynamical and thermodynamical problems
can be similarly segregated.

Atmospheric circulations are turbulent, the fundamental description of
which requires that time variations be treated equally with spatial variations.
Only the two-point, two-time spectral closure models for velocity variance
and Green’s function, derived from the direct interaction approximation of
Kraichnant (1959), achieve this fundamental level of description (Kraich-
nan and Montgomery, 1979; Rose and Sulem, 1978). The spectral closure
models for QG, turbulence (Salmon, 1978, 1980) indicate the degree of
complexity and insight needed to develop a fundamental understanding of
atmospheric and oceanic circulations. Simpler parameterizations and cli-
mate models avoid the basic dynamical issues.

3.3.2. QG, Circulations. The QG, model (Phillips, 1956) indicates how
mid-latitudinal circulations depend on the basic external parameters f;, 3,
and N. For the normal heating rate and surface drag, the circulation changes
from an axisymmetric flow at Q* <4, to a wavelike jet at Q* =1, to an
irregular jet at Q* = 1, and to double jets at Q* = 4, where Q* = Q/Q; is the
rotation rate relative to the existing value Qg (Williams and Holloway,
1985). When drag is removed the double jets coalesce into a stronger and
wider jet in keeping with the L, relation, while the two sets of baroclinic
eddies become one without changing scale. This clearly indicates that baro-
tropic processes, not baroclinic ones, determine jet scales. When = 0 no
jetsoccur at any value of f;, only intense irregular eddy motion; this contrasts
with annulus circulations where zonal flows always occur because the geom-
etry inhibits nonlinear eddy development. When both # and drag are absent,
large gyres occur (Williams, 1979b).

Predlctabllqy should be greater on the larger QG scales} than on the
smaller because of the Bblocking effect at L,— but only if the surface drag is
weak and the baroclinic eddies are small, as on Jupiter. For Earth, the surface
drag is a major source of flow irregularity on both the turbulent and wave
scales (Williams, 1979b), and it is debatable whether predictability on the
wave scales is greater (Basdevant ez al., 1981) or the same (McWilliams and
Chow, 1981) as on the turbulent scales. Flows are more predictable when
baroclinic waves fill the domain and thereby limit nonlinear exchanges, as
on Mars.

 Kraichnan’s creation of the spectral turbulence models ranks as one of the great achieve-
ments of modern theoretical physics. It is regretable that its planetary assimilation has been so
limited.

1 Divergence gives motions coherence and predictability on the even larger (IG) scale.
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3.3.3. Moist Circulations. When an idealized ECM — with moisture, a
swamp surface, and annual mean heating parameters [see Holloway and
Manabe (1971) for details]—has its relative rotation rate varied from
Q* =0 to 8, its circulations also go from quasi-symmetric to multijet, but
they also incorporate a tropical regime. The circulation at Q* = 4 is analo-
gousto Jupiter’s (Fig. 9) [Williams and Holloway (1982, 1985), see also Hunt
(1979)]. These circulations are made up of two types of quasi-geostrophic
flow (QG,, QGp) and a tropical flow. The QG, type has an eddy angular
momentum transport traversing a diffuse jet in high latitudes, while QGg has
an eddy transport converging on a sharp jet in mid-latitudes (Fig. 9). Non-
linear and linear baroclinic instabilities have similar distinctions (Simmons
and Hoskins, 1980). Both types have three meridional cells, two direct and
one indirect. The tropical flow has upper-level westerlies and surface easter-
lies and is due to Hadley cell deflection and to tropical eddy action. The
Hadley circulation only extends to about 10° latitude when Q* = 4, com-
pared to about 30° when Q* = 1, in keeping with the Q! relation of Held
and Hou (1980). The three forms of jet overlap extensively at Q* = 1 to give
Earth a most complex meteorology.

Below Q* = 1 baroclinic instability is absent, surface torques are weaker
by a factor of 10 and the easterly trade winds vanish. Comparing flows with
rotation rates above and below Q* = { makes it apparent that waves propa-
gating from the baroclinic eddies create the easterlies in the tropics, as in
turbulence. At the transitional value of Q* =, baroclinic instability is
shallow and only occurs in the lower troposphere, in keeping with the decline
in penetration depth, 4 = f2u,/BN?, as Q decreases (Held, 1978).

3.3.4. DryCirculations. If moisture dynamicsisexcluded from the ECM,
the tropical form of circulation does not materialize and the meridional and
zonal flows are much weaker near the equator, at all Q* values. The tropical
cell is just the secondary direct circulation associated with the Ferrel cell of
the mid-latitudinal jet. Strong motions only occur in the tropics if the heating
is enhanced there, either by moisture or by internal heating. If surface drag is
omitted, only easterly winds occur in the tropics (Williams and Holloway,
1985).

3.3.5. Moist Axisymmetric Circulations. Natural Hadley circulations
occur when Q* <1 but they are not axisymmetric—except when time
averaged —as longitudinally varying convective and dissipative eddies re-
main. To estimate the role of baroclinic instability at Q* = 1, attempts have
been made to define an “ideal” or axisymmetric Hadley circulation in which
all longitudinal variations are artificially suppressed. Unfortunately, this
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F1G. 9. The time and longitudinally averaged fields of the circulation of an idealized Earth-
like model atmosphere when the rotation rate is 4 times the normal value, i.e., Q* = 4. Diagram
shows zonal motion (a), temperature (b), meridional stream function (c), and northward eddy
angular momentum transport (d), with unitsof ms™!, K, 10" gs~*, 107 m?s~2, respectively. The
three basic types of circulation occur: the tropical up to 10° latitude and types QGy, QG, at 50°,
80°. [After Williams and Holloway (1982, 1985).]
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action also eliminates the natural dissipation and dispersion mechanisms
that must then be replaced by ambiguous vertical mixing representations.
Axisymmetric circulations are crucially dependent on these dissipation
schemes and thus appear to be of marginal physical significance, although
they remain of great historical interest.

A better way of gauging the role of the eddies— other than by altering
Q* —is by reducing their size and strength artificially by using small global
sectors. “Small-eddy” circulations can be made to approach the ideal Hadley
circulation gradually while retaining natural dissipation and mixing.

Moist axisymmetric ECM flows are dominated by subgrid transports
(convection, dissipation) so their meridional circulations lack simplicity and
uniqueness (Williams and Holloway, 1985). At the lower rotation rates
(Q* = 1) the zonal flow consists of a single broad westerly jet while at higher
rotation rates it consists of two westerly jets, one in the tropics and one in
mid-latitudes. The tropical jet has the same width and amplitude as in the
natural system but the mid-latitude jet is broader and stronger (60 m s™!
compared to 15 m s™1).

If the axisymmetric westerlies are stronger than the natural westerlies, is it
correct to conclude that eddies reduce the zonal momentum in mid-latitudes
[cf. Schneider and Lindzen (1977)]? The answer is no, on two counts. First,
the axisymmetric winds are stronger because the axisymmetric thermal gra-
dients are stronger. Second, the time required to create the axisymmetric
flow is much longer than the time required by the eddies to create the natural
jets. Thus, the natural state does not sense the axisymmetric state, just as
synoptic states do not sense the seasonal cycle.

3.3.6. Diurnal Circulations. As the rotation rate drops below the transi-
tional value of Q* = 4, the kinetic energy of the ECM continues to increase
and the axis of the Hadley jet moves poleward until a limit is reached near
75° latitude (Williams and Holloway, 1982). Kinetic energy peaks at Q* = }
and then decreases as cyclostrophy takes over from geostrophy.

A second transition occurs at Q* = & when diurnal heating variations
become important. The equatorward transport of angular momentum and
heat by the diurnal eddies changes the narrow polar jets of the nondiurnal
state into broad global superrotating currents resembling those of Venus.
Below Q* =4;, the diurnal variations dominate rather than modify the
circulations and produce subsolar to antisolar flows.

3.3.7. Oblique (Seasonal) Circulations. Seasonal variations illustrate
most simply the sensitivity of ECM behavior to thermodynamical forcing.
Varying the planetary obliquity 6, up to 90° latitude gives the full range of
response. Without ocean heat storage, temperature maxima occur in mid-
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latitudes when 6, = 10° and at the pole when 6, = 20° —a typical planetary
value (Table I).

Zonal flows are generally easterly in the summer hemisphere and westerly
in the winter hemisphere as a result of these temperature gradients (Williams
and Holloway, 1982, 1985; Hunt, 1982). The easterlies are produced by
Hadley circulations, which straddle the equator symmetrically from +30°
when Q* = { to £ 15° when Q* = 4 for most 6, values. Only in an extreme
case (QQ* = 4, 6, = 90°) does the cell extend from pole to pole and do unique
diagonal convective bands occur in the summer tropics. Normally eddies are
most active in the winter hemisphere.

Hadley circulations cool the summer hemisphere and heat the winter
tropics, which is then cooled by eddies transferring heat to the winter pole.
Angular momentum balance is achieved globally with the meridional circu-
lation providing the exchange between the positive surface torque in the
winter hemisphere and the negative torque in the summer hemisphere.

3.3.8. Planetary Implications. The ECM solutions suggest that when a
simplified, Earth-like atmosphere is placed in the rotational configuration of
another planet it displays that planet’s form of motion despite thermody-
namical and other differences. Table I contains a preliminary classification
of planetary circulations by rotation rate and obliquity.

For Earth, the solutions indicate that the poleward eddy momentum
transport is a consequence of the hybrid mix of three circulation types. Mars
has a strong seasonal variation because it lacks oceanic thermal inertia and so
its circulation resembles those of our simple ECM at Q* = 1 (Williams and
Holloway, 1982, Fig. 2c). Venus appears to lie in the narrow range of Q
values where diurnal effects modify rather than dominate the circulation.

Both Jupiter and the moist ECM at Q* = 4 have pre-eminent tropical jets
and multiple, highly zonal, extratropical jets, plus assorted eddies [cf. Wil-
liams and Holloway (1982, Fig. 4)]. If the analog is completely valid, Jupiter
should have easterly trade winds in the lower tropics. However, the analog is
weakest in the tropics because it is uncertain whether moisture and surface
stress occur on Jupiter or whether enhanced internal heating and cumulus
friction can act in an equivalent way. Tropical westerly jets can be produced
either by Hadley circulations or by enhanced eddy activity in S-turbulence
cascades. Further studies are needed to determine which process, if either,
occurs.

Saturn, Uranus, and Neptune should resemble Jupiter at equinox but
during solstice their summer hemispheres should contain easterly winds.
Internal heating could reduce seasonal variations on Saturn and Neptune.
On Uranus, diagonal convective bands could occur in the summer tropics
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while a Hadley cell straddles the equator to about + 20° latitude — unless the
rotational influence is unexpectedly weak, in which case it could go from
pole to pole.

4. PLANETARY PROSPECTS

4.1. Observations

The upcoming Voyager encounters with Uranus (in 1986) and Neptune
(in 1989) will complete the recent reconnaissance of the solar system by some
two dozen spacecraft (Kondratyev and Hunt, 1982; Beatty ez al., 1981) and
reveal whether or not these planets fit into the general scheme. Although
planetary exploration appears to be no more than a remote possibility at this
time, detailed monitoring of Jupiter is imminent.

The long period, high-resolution observation of Jupiter by the Galileo
orbiter and by the Space Telescope should yield details of wave and eddy
interactions that, if imaginatively analyzed, could reveal the vertical struc-
ture of the atmosphere. For example, baroclinic instabilities have speeds and
growth rates that vary as u, and u,/N, so the shear and stability could be
estimated from temporal data. Instabilities may also be absolute or advective
and exhibit spatial or temporal growth depending on the ratio of ii/ii (Farrell,
1982, 1983). In absolute (advective) instabilities the front and rear edges of a
pulse move in opposite (identical) directions. Thus the study of wave packet
evolution could also give a value for the vertical shear.

The Galileo probe of Jupiter’s equatorial atmosphere should test for mois-
ture, vertical motion, and vertical shear to determine whether a Hadley
circulation exists. Deeper probes are needed to explore the lower atmo-
sphere, while multiple mid-latitudinal probes are needed to measure baro-
clinicity. ‘

4.2. Modeling

The completion of the class of circulations generated by the ECM for a
semi-infinite atmosphere requires the evaluation of models for vertically
unbounded fluids. Such models should also reveal how baroclinic instabili-
ties, Hadley circulations, etc., behave in the absence of a surface. Evaluating
ocean models as a function of Q* would supplement and guide such calcula-
tions.

The existence of Rossby vortices and solitons in models with a continuous
stratification needs to be studied to help circumscribe the vertical form of the
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atmosphere. Then JCMs can be designed to synthesize the results from the
different models for the different phenomena. Our understanding of Ju-
piter’s, jets, vortices, and eddies is good at the basic level and should be
greatly enhanced in this decade.

4.3. Theory

To deepen our understanding of the various circulations requires that
some basic GFD problems concerning geostrophic regimes, waves, instabili-
ties, and turbulence be resolved (see CD85). Perhaps the most important
immediate problem is to determine the influence of nonlinear divergence on
the energy decascade into zonal flow at the IG scales and at the equator.

To improve numerical models, we need to discover which methods best
describe the intermittent, part random, part coherent nature of the 2D
exchanges that underlie much of planetary turbulence and must be allowed
for in subgrid closure schemes. Can renormalized perturbation schemes be
created for the planetary subgrid scales? Can fractal dimensions really de-
scribe the space occupied by dissipative eddies and explain intermittency
(Rose and Sulem, 1978)? Or can the successive averaging methods of renor-
malized group theory be used to design layers of subgrid scales to give better
eddy representations (Rose, 1977)? The original nonlinear viscosity de-
signed for planetary modeling (Smagorinsky, 1963) appears to have “suc-
ceeded brilliantly” (Leslie, 1982) for 3D turbulence —more so, perhaps,
than for quasi-2D motions. Perhaps direct simulations with resolutions
greater than the 256 and 2562 modes used for quasi-3D turbulence (Brachet
etal., 1983)and 2D turbulence (Frisch and Sulem, 1984) will answer some of
these questions.

5. CONCLUSION

Fool: “The reason why the seven stars are no more than seven is a pretty
reason.”

Lear: ‘“Because they are not eight.”

Fool: “Yes indeed. Thou woulds’t make a good fool.”

W. Shakespeare

In this article we have tried to indicate how meteorological unity might
exist among the planets of the solar system and how it can be used to
construct preliminary or provisional models for individual planets. The
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reason the unity exists is because no disunity is apparent. Whether this
attempt to recreate the solar system in Earth’simage has any more merit than
previous views only time, observation, and better theory will decide. For
now, its advantage appears to be that it yields explanations—where none
existed before — of various phenomena without apparent inconsistencies
and with verifiable (or falsifiable) predictions.

For Jupiter, the main implication of the GFD view is that the zonally
banded form of circulation, with its multiple easterly and westerly jets, is
essentially a characteristic of quasi-horizontal turbulence on a rapidly rotat-
ing sphere. The flow is energized by small-scale (Lg) baroclinically unstable
eddies that cascade energy toward the large scale (L), where they generate
the Rossby waves that evolve into zonal currents. These jets can become
barotropically unstable and produce solitary waves resembling the Great
Red Spot and Large Ovals. The greatest uncertainties at present concern the
extent to which eddy action or Hadley cell deflection produce the tropical jet
and the extent to which baroclinicity influences the GRS.

In the past decade, modeling and observation have drastically altered our
perspective of Earth and our view of the solar system. There are indeed
connections between the terrestrial and planetary meteorologies, but these
are often subtle and involve great parametric changes. The planets are no
longer semimythical bodies, glimpsed “through a glass, darkly”’ by inade-
quate telescopes or ideas, but real worlds demanding imaginative interpreta-
tion.
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