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ABSTRACT

The vertical structure of Jupiter’s atmosphere is probed and isolated by evaluating the stability characteristics of planetary
vortices over a wide parameter range. The resulting structures lead to simulating the genesis of single and multiple vortex
states in Part I of this paper and the genesis of an equatorial superrotation and midlatitudinal multiple jets in Part I

The stability and genesis of baroclinic Rossby vortices, the vortices associated with long solitary Rossby waves in a
stratified fluid, are studied numerically using a primitive equation model with Jovian and oceanic parameters and hypo-
thetical structures. Vortex stability, that is, coherence and persistence, depends primarily upon latitude location and vertical
structure and is used to deduce possible stratifications for Jupiter’s atmosphere. The solutions snggest that Jupiter’s large-
scale motions are confined to a layer of depth 4 and are bounded by an abyss with an impermeable interface at a depth
H, such that i/ H < 1/7(. Consequently, they also extend earlier results derived with the reduced-gravity, shallow-
water model, particularly the explanation for the origin, uniqueness, and longevity of the Great Red Spot (GRS).

Beginning at the equator, stable anticyclones are seen to exist only when they have the Hermitian latitudinal
form, the Korteweg~deVries longitudinal form, the confined exponential vertical structure exp(Nz/H), and the
amplitude range as prescribed by the analytical theory of Marshall and Boyd for N = 8. Soliton interactions
occur between equatorial vortices of similar horizontal and vertical form.

In middle and low latitudes, shallow anticyclones with an exponential structure of N = 20 exist quasi-stably for a
variety of sizes. Such vortices remain coherent but tend to migrate equatorward (where they disperse) at rates that depend
upon their size, location, and vertical structure: large and medium anticyclones propagate primarily westward while
migrating slowly, whereas small storms just migrate rapidly and then collapse. The migration of these large, shallow
vortices can be reduced, but not stopped, in low latitudes by an easterly jet with the same vertical structure.

Anticyclones are stabler when they are thinner relative to the abyss. Thus, when N = 60, their migration is
sufficiently slow that it can be stopped by a weak easterly jet. Furthermore, absolute stability sets in when N
= 90 and migration ceases completely for the large, thin anticyclones that now just propagate westward. Such
flows may also be usefully represented by a vertical structure that is linear in z for the velocity and static stability
in the thin upper layer and vanishes in the abyss.

Large, thin (N = 90) anticyclones can exist indefinitely either freely or when embedded within an anticyclonic
zone of alternating jet streams of similar vertical structure. This holds true for the confined linear-z representation also.
The permanence of GRS-like, low-latitude vortices in Jovian flow configurations occurs in a variety of lengthy
calculations with thin structures. Ocean vortices are less persistent because the thermocline is relatively thick.

The baroclinic instability of easterly jets is nonquasigeostrophic and takes on the form of solitary rather than periodic
waves when the jets have a thin exponential (N = 90) or confined linear-z structure. Such nonlinear waves develop into
vortices that exhibit a variety of configurations and evolutionary paths. In most cases multiple mergers tend toward an
end state with a single large vortex. Two types of merging occur in which a stronger vortex either catches a weaker one
ahead of it or reels in a weaker one from behind. This duality occurs because propagation rates depend as much on local
as on global conditions. In a further complication, vortices generated by an unstable easterly tend to have an exponential
structure for exponential jets but a first baroclinic eigenmodal structure for confined linear-z jets.

Single vortex states resembling the GRS, with sizes ranging from 15° to 50° in longitude and with temperature
gradients, velocities, and propagation rates near the observed range, can be generated either directly through the growth
of a jocal front in a marginally upstable easterly jet or indirectly through a series of mergers of the multiple vortices
generated by a more unstable easterly jet. Sets of vortices can be produced simultaneously in the anticyclonic zones
centered about latitudes —21°, —33°, and —41°, and have the same relative scales as Jupiter’s GRS, Large Ovals, and
Small Ovals. Thin anticyclones can also be generated at the equator by the action of vortices lying in low latitudes.
Equally realistic long-lived vortices can also be generated by jets with structures matching the recent Galileo spacecraft
observations by using other hyperbolic forms and greater depth scales.
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1. Introduction

This two part study is concerned with trying to
improve our definition and understanding of the
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global circulations of the atmospheres of Jupiter and
Saturn. The approach adopted is one of using the
highly selective behavior of planetary vortices to ex-
amine hypothetical vertical structures for the planets
to see whether such structures favor the mutual gen-
esis of vortices, equatorial superrotation, and multi-
ple midlatitude jets.

To understand these phenomena and eventually to
simulate Jupiter’s circulation requires, at this stage, that



2686

four interconnected fundamental questions be ad-
dressed in order.

1) What atmospheric structures allow vortices to be
absolutely stable' and so last much longer than in
Earth’s oceans?

2) What processes generate single and multiple
long-lived vortex states?

3) How are multiple midlatitude jets generated in a
way that is consistent with vortex stability and genesis?

4) How is an equatorial superrotation produced in
coexistence with multiple jets and vortices?

These problems are studied numerically using a three-
dimensional, primitive equation (PE) model, mainly
with Jovian parameters and hyperbolic vertical struc-
tures.

a. Approach

Given that a simple PE model may not be particu-
larly relevant to Jupiter, we begin the calculations with
the intent of systematically evaluating the behavior of
planetary vortices with baroclinic and barotropic com-
ponents, with and without zonal currents, at the equator
and in middle and low latitudes. Such modes are at least
of intrinsic value. However, the selective existence of
absolutely stable vortices also allows them to be used
very effectively as an atmospheric probe to deduce the
preferred vertical structure, qualitatively and even, per-
haps, quantitatively. Our presentation follows this sys-
tematic approach to show how and why we reach the
conclusion we do, that the motions occupy a relatively
thin layer.

The main hypothesis invoked, that the atmospheric
circulations are relatively shallow and driven by a bar-
oclinicity supplied by the sun and the planet, was first
put forward two decades ago and has since been ex-
amined with a wide range of standard geophysical fluid
dynamics (GFD) models (Williams 1975a,b; 1978;
1979; 1985b; 1988a,b). For a recent review of the cur-
rent status of Jovian dynamical theory, see Gierasch
and Conrath (1993). To apply this hypothesis to the
primitive equation model requires that the motions be
confined to an upper thermocline layer of indeterminate
thickness that is underlain by a deep abyssal layer,
rather like the ocean.

We are concerned mainly with isolating the vertical
parameters and structures that yield Jovian circulations
for the PE model. Until the global relevance of any
model is established, any detailed analyses seem pre-
mature and are avoided. Many calculations in param-
eter space are needed to achieve this goal because the
phenomena and system are so completely nonlinear

! In this paper the term *‘stability,”” when applied to vortices, refers
to coherence plus persistence.
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that existing GFD theory provides little guidance. Con-
sequently, we work with a Boussinesq model, idealized
to a periodic channel, to provide the simplest, fastest,
most complete dynamical model. This follows the min-
imalist approach of making the least number of as-
sumptions necessary to get a model to produce flows
relevant to Jupiter. The PE model is essentially a 3D
dynamical process model for vortices and jets. Some
additional calculations with an atmospheric model (see
Part II of this paper) indicate that compressibility and
upper boundary conditions have no fundamental influ-
ence on these phenomena.

The vertical structure is probably the factor that has
the most influence on flow form. Fortunately, the pa-
rameters and structures that yield absolutely stable vor-
tices with realistic amplitudes are so narrowly defined
that they should be relevant to Jovian conditions. The
fact that such structures also make superrotation and
multiple jets possible provides an independent cross-
check on their relevance. For the vortex problems dis-
cussed in Part I, we specify existing geostrophically
balanced flows and follow their evolution. Then, using
the vertical structures derived in Part I, we try in Part
II to reproduce complete circulations in flows devel-
oped from rest with simple heating functions.

b. Planetary views

The vortex phenomena that we primarily need to re-
produce and explain are the size, stability, and singu-
larity of the Great Red Spot (GRS) centered at latitude
¢ = —21°, as well as the existence of the three Large
Ovals at ¢ = —33° and the dozen or so Small Ovals at
¢ = —41° [see Audouze and Israél (1994) for a review
of the observations]. We denote the related Rossby
vortices as RV, 3RV,, and 12RV;, where the prefix
refers to the numbers of storms and the suffix indicates
the anticyclonic zone in which they lie. Indeed, we use
indexes to refer to most phenomena by zone or latitude
rather than use the geographical terminology devised
by observers. Thus, starting at the equator, for the zonal
currents we use W, for the superrotating westerly at ¢
= (°, followed by W, and E, for the low-latitude west-
erly and easterly at ¢ = —8° and —15°, and, thereafter,
by W, and E; (i = 2, 3, 4 - - -) for the numerous mid-
latitude currents. Whether the W,, E; jets really are
separate phenomena from those in Jupiter’s midlati-
tudes is an issue that arises and is dealt with during the
study. The equatorial plumes may also be vortices re-
lated to nonlinear planetary waves such as the Rossby
soliton.

Jupiter’s atmosphere in fact displays many forms of
motion, some coherent and long-lived, others irregular
and transient. The ubiquitous waves and turbulence oc-
cur on the smaller scale and the steady zonal currents
on the larger scale, while the GRS, ovals, and plumes
occur on intermediate scales. Because of their vastly
different scales, the various phenomena probably lie in
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different dynamical regimes (Williams and Yamagata
1984). More recent ideas about the vertical structure
and circulation as derived from analyses of the varia-
tions in the radiative emission between belts and zones
are thoroughly discussed by Carlson et al. (1994). But
as Gal-Chen (1988) has so clearly argued, the state of
an atmosphere can never be described from observa-
tions alone and a predictive model must be fully in-
volved for the problem to be well posed.

Jovian motions may also have much in common with
those of the ocean: a strong energy conversion by the
small eddies, activity over a wide range of scales, a
weak dissipation rate, coherent and turbulent forms,
and similar nondimensional parameter ranges. Differ-
ences occur not so much in the basic modes of motion
but rather in their forcing mechanisms and boundary
conditions. Vortices lying between the alternating jet
streams on Jupiter last much longer than those occur-
ring in the oceans near the Gulf Stream for reasons that
need to be delineated. In particular, we need to find out
what structures and environments allow vortices to ex-
ist so much longer in the Jovian system and why they
are also conducive to jet and superrotation formation.

Such planetary-scale motions are predominantly
geostrophic but can take on different forms depending
on their size relative to the Rossby deformation radius
Ly . Quasigeostrophic (QG), intermediate geostrophic
(IG), and planetary geostrophic (PG) motions occur
at the small, medium, and large scales, respectively.
These flow regimes are subsets of a general geostrophic
system and can coexist if their scales are sufficiently
separated (Yamagata 1982; Williams 1985a), although
the governing equations have been derived only for the
shallow-water and two-layer systems so far (Cushman-
Roisin et al. 1992).

In the GFD (thin atmosphere) view of Jupiter pro-
posed earlier (Williams 1985b), the zonally banded
form of circulation, with its multiple easterly and west-
erly jets, is essentially a characteristic of quasi-hori-
zontal turbulence on a rapidly rotating sphere. The flow
is energized by small, Rossby Ly-scale, baroclinic ed-
dies that cascade energy toward the larger, Rhines
(1975) Ls scales, where they generate the planetary
waves that evolve into zonal currents. These jets can
become unstable at larger scales and generate solitary
waves resembling Jovian vortices. The many devel-
opments made in jet theory over the last two decades
are thoroughly discussed by Rhines (1994 ) and James
(1994). Elsewhere, at the equator a superrotating west-
erly current can be produced by eddy energy cascading
from low latitudes (Williams 1978, 1988a); the prob-
able source of these eddies is identified in Part IL

¢. Models past

This GFD view of the circulation has been explored
with a variety of models. In particular, barotropic mod-
els of planetary turbulence show that zonally aligned
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flows are the preferred end state of eddy-driven, quasi-
horizontal, nonlinear cascades on a rapidly rotating
planet (Williams 1978). Studies of QG turbulence fur-
ther show that baroclinic instability can energize the
eddies that drive the multiple Jovian jets provided that
the baroclinicity AT achieves a modest level, further
implying that in midlatitudes Jupiter behaves like a
larger, faster-spinning Earth (Williams 1979; Panetta
1993; Vallis and Maltrud 1993; Pierrehumbert and
Swanson 1995). Calculations with a global circulation
model for Earth’s atmosphere in which the rotation rate
is increased do, in fact, produce multiple jets and equa-
torial westerlies, all resembling Jupiter’s winds in lat-
itudinal form (Williams and Holloway 1982).

Studies of coherence have progressed best with the
reduced-gravity shallow-water (SW) model and show
that long-lived Rossby vortices can exist indefinitely in
the single-layer system at the larger planetary scales,
both in midlatitudes and at the equator (Williams and
Yamagata 1984; Williams and Wilson 1988, hereafter
WW88). Vortices in the two regions are related
through their basis on the long solitary divergent
Rossby wave. Their different characteristics stem from
their different forms of Rossby wave and nonlinearity.
Only anticyclones achieve a balance and a permanence,
and merge during encounters in midlatitudes but be-
have like solitons at the equator. Shallow-water vorti-
ces can be generated by unstable easterly jets. Nezlin
and Sutyrin (1994 ) provide an overview of recent de-
velopments in planetary vortex theory, while Flierl
(1987) and McWilliams (1991) review theories,
mainly quasigeostrophic, for oceanic vortices.

Overall, these early models provide viable but pre-
liminary explanations for the phenomena active on Ju-
piter. They are limited to the extent that they concen-
trate on the horizontal processes involved and simplify
or ignore vertical aspects, partly out of necessity due
to the limited observations, but mainly out of the need
to progress systematically. Clearly, a synthesis and ad-
ditional analyses are needed. Furthermore, given that
we regard the motions as being mostly confined to an
upper layer, the solutions to the GFD models must be
reinterpreted and applied accordingly. Of immediate
concern is whether the SW model, a model based on a
single vertical mode, is relevant for a nonlinear phe-
nomenon such as the Rossby vortex or whether inter-
actions among vertical modes limit the solutions.

d. Models present

The new calculations with the PE model, in seeking
answers to the four basic dynamical issues, cover a
range of phenomena and conditions. In Part I, using
geostrophically balanced initial states, we first isolate
the structures that favor absolute vortex stability and
examine the coexistence of stable vortices and stable
jets. We then proceed to study vortex genesis by un-
stable jets and examine a variety of evolutionary paths.
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Later, in Part II, after adding a heating function to the
PE model, we look at the conditions that lead to the
onset of an equatorial superrotation and to the genera-
tion of multiple midlatitude jets and vortex sets. These
solutions give answers to the four basic problems that
are mutually consistent and synthesize or extend earlier
studies of the thin atmosphere hypothesis.

After describing the numerical model in section 2
and the theoretical basis in section 3, we begin our cal-
culations in section 4 at the equator. We start there
because a correspondence has been established for that
region between the shallow water and continuous sys-
tems by Marshall and Boyd (1987), hereafter MB87,
who have derived a nonlinear analytical solution for
Rossby solitons with a first baroclinic eigenmodal
structure and stratifications of the form exp(Nz/H),
where the integer N = 8 for ocean parameters. Al-
though specialized, the MB87 solution offers hope that
the shallow-water theory for vortex stability and gen-
esis may also be physically meaningful in all regions.
But in doing so, it also makes the N = 8 structure seem
too representative and the issue look too easy, and
therein lie pitfalls that are not immediately overcome.

The calculations, initialized in section 4 with the
MB&87 analytical solution, examine the existence, sta-
bility, and interactions of equatorial vortices for both
the ocean and Jupiter. These yield a preliminary para-
metric and structural system, which we denote as
Py(N8) when N = 8, with which to begin exploring
Jupiter.” Then in section 5, we examine the stability of
vortices of diverse size in the simpler, less dispersive
midlatitudes using a slightly shallower P;(N20) struc-
ture, but find that a stable regime does not exist in this
region.

This leads us to low latitudes, where all processes
and problems are more acute, and in section 6 we pro-
ceed to examine whether zonal currents can condition-
ally stabilize the P,(N20) storms by blocking their
equatorward migration. Because they cannot, we vary
the structure in a more extreme way in section 7. We
then find that vortices can be made conditionally stable
(by jet blocking) if they are thinner, as in the P,(N60)
regime, and even made absolutely stable if they are
very thin, as in the P;(N90+ ) regime. Very thin flows
may also be represented by a ‘‘confined linear’’ struc-
ture that is linear in z over an upper layer of depth h
and vanishes in the abyss, and is denoted as L;(D20+)
when the thickness factor D = H/h equals or exceeds
20. Given that absolutely stable vortices can exist for
the P; and L; systems, we then examine whether they
can coexist indefinitely with zonal currents of like
structure.

2Terms such as P;(N) are used, for convenience, to symbolize
parametric regimes with distinct forms of behavior over certain N
ranges, where i = 0, 1, 2, 3.
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We then proceed in section 8 to examine whether
long-lived vortices can be generated in the P; and L,
systems by the baroclinic instability mechanism. A va-
riety of solutions are needed to determine whether the
single vortex state arises directly at the beginning or
evolves indirectly from a series of mergers, or whether
other end states are more likely. Finally, in section 9,
we describe how long-lived vortices can also be gen-
erated in modified hyperbolic structures that are con-
sistent with the vertical wind variations recently ob-
served by the Galileo spacecraft probe. We reserve for
Part II the discussion of how the jets themselves are
generated and how the character of multiple vortex sets
varies with latitude, as well as how to generate simul-
taneously the equatorial superrotation, the multiple jets,
and vortex sets in a full circulation model.

2. The primitive equation model

Our numerical studies use the primitive equations of
motion with a Boussinesq equation of state, solved for
a regional channel by finite-difference methods. This
formulation provides the simplest, most computation-
ally efficient, three-dimensional model. The model is
made physically minimal to compensate for the large
number of cases that parameter-varying studies require,
while the simple geometry and numerics let us concen-
trate on regional phenomena with a high resolution and
avoid the complexity of atmospheric GCMs. Testing
the model with the nonlinear analytical MB87 solution
confirms that the model conserves vortices accurately,
even with modest resolutions.

Physically, the PE model provides an excellent rep-
resentation of basic dynamical mechanisms such as the
Charney and Eady baroclinic instabilities and the jet
and vortex geneses. Although the validity of a Bous-
sinesq mode] is normally limited to small vertical ex-
tents when applied formally to atmospheres, compari-
son with compressible GCM solutions (in Part II)
shows that the PE model flows can be applied directly
if mapped from vertical to pressure coordinates (cf.
Held and Hou 1980). For a thorough discussion of the
topic of oceanic analogs to atmospheric motions, see
Charney and Flier] (1981).

a. System of equations

The primitive equation model for a thin hydrostatic
fluid is specified by the zonal, meridional, and vertical
velocity components u, v, and w, and by the pressure,
density, and temperature fields p, p, and 7. The equa-
tions are standard but we present the finite-difference
form so as to document recent changes in the formu-
lation of the advection terms. For the Boussinesq equa-
tion of state, these are written in spherical coordinates
and with the central difference operator (4) notation as

it + L(u) —v(f+ mu) = — ﬁéxpﬂ’ + F* (1)
0
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60"+ L(v) + u(f + mu) = - 1 o + F° (2)
apo

6T+ L'(T)=Q + FT (3)

o.p=—gp* p=pll —aT—-Tyl], (4)

where, for ¢ = u or v, at the horizontal velocity grid
points,

1
Lig) =— [ (UG™) + 84(c'VG)] + 6.(wg®)  (5)

—_—
U=g™, ¢'V=ct™ (6)
and where, at the temperature grid points,
1 _
L'(T) = — [6:(u*T")
ac
+ 64(cVT)] + 6,(w'T?)  (7)

with the identities L(1) = 0 and L'(1) = 0 for the
mass conservation defining the w and w' fields. Primes
distinguish items evaluated at the temperature grid
points from their values at the velocity grid points.
The dissipation terms are for computational control
and use simple biharmonic and second-derivative
forms in the horizontal and vertical, respectively:

F' = V4V4u + l/zézzu (8)

F' = 1,V + 1,6, (9)

FT = u,v'T + 25,7, (10)
Y

where the coefficient v, is negative; the parameter vy,
which equals 1 for 7, = 0 and 0 for T, < 0, indicates
that convective adjustment is implemented when the
fluid is vertically unstable; and

1 1
VZQZWCSMQ“*‘E&#(C’&M) (11)
is the Laplacian for ¢ = u or v and also for ¢ = T when
¢ and ¢’ are switched.

In the above notation, f = 22 sing, m = (1/a) tang,
and ¢ = cos¢ define the Coriolis and two map param-
eters” at the velocity grid points. In addition, L is the
advection operator; \, ¢, and z represent the longitude,
latitude, and height; g is the gravity; Q2 and a are the
planetary angular velocity and radius; while p,, Ty, and
a denote two reference values and the thermal expan-
sion coefficient for the Boussinesq equation. The heat-
ing function Q(X\, ¢, z) is set to zero in Part I but is
defined and used in Part II.

The equations are solved using the leapfrog time dif-
ferencing scheme and a Robert filter with a coefficient

3 After section 2b, the variable ¢ refers to the phase speed and
primes generally denote eddies.
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ay for variables defined on the so-called B grid. In the
horizontal, this grid places u and v together at the cor-
ners of boxes centered about the T points and, in the
vertical, places w between the 1 —v points and w’ be-
tween the 7 points (Bryan 1969). The two vertical ve-
locity fields are closely linked by the identity w
= w'*_ This consistency follows from the new form
of the momentum advection operator (5) derived by
Smith et al. (1992) and it leads to better mass conser-
vation and behavior, especially at the equator. Improve-
ments also come from using the complete-column con-
vective adjustment scheme of Rahmstorf (1993) to
help control regions with very active convection.

The computational domain is usually a channel of
sufficient width and breadth to isolate the main modes
of interest from the boundaries. Boundary conditions
assume periodicity in longitude and one of two optional
states on the northern and southern walls: one for mid-
latitude domains and one for low-latitude domains. In
the first system, we assume that no-slip, no-flux con-
ditions hold on both walls so that

(u,v, T =0 at ¢ =g, dy. (12)

For the second system, the northern boundary lies at
the equator, where we assume symmetry prevails so
that

(w, Ty =0 at ¢ =y, (13)

while the southern wall retains the no-slip, no-flux con-
dition of (12). For both systems, the walls lie at u—v
grid points. In the vertical, on the other hand, both sur-
faces are taken to be horizontal rigid lids lying at w grid
points with free-slip, no-flux conditions so that

z=0,—-H, (14)

where H is the thickness of the fluid layer. An option
to include a drag at the lower surface, to help equili-
brate the flow, is never activated.

(w,u,,v,, T,)=0 at

b. Method of solution

To actually solve (1)—(4) for a rigid lid system, we
follow the classic method of eliminating the surface
pressure by splitting the velocity into the internal (baro-
clinic) and external (barotropic) modes (Smagorinsky
1958; Bryan 1969):

(u,v) = (u*,v*) + (4, v),
where

1

0
(#,0) = — f_H (u,v)dz.

= (15)

The procedure then involves time marching a reduced
set of momentum equations with the pressure p re-
placed by its hydrostatic component. This yields a
shifted internal mode that is then normalized so as to
have a zero vertical mean and give the baroclinic mode.
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To obtain the barotropic component, we define a
streamfunction ¢(\, ¢) at the temperature grid points
such that

(16)

This leads to a two-dimensional Poisson equation for
the vertically averaged flow change:

1 . .
@’y [6af + ¢ 64(cégr)]

H .
= [6GV? = 6,(cGUM], (17)

where (') denotes 8/9t and GU, GV represent the ver-
tical means of the nonlinear and diffusion terms driving
the internal momentum changes in (1) and (2).

The boundary conditions in (17) require that there
be no net cross-flow on the northern and southern walls
so that

] 0 at
g = Dy
aH

d’:q)N

GUdp at ¢ = &,

@5

(18)

where () denotes the zonal mean. The Poisson equa-
tion is solved exactly using a fast trigonometric trans-
form in longitude and the Thomas recursion algorithm
in latitude to invert the tridiagonal matrix for the Fou-
rier coefficients. This requires less than 1% of the total
computer time.

c¢. Initialization procedure and parameter values

The vertical structure of the vortices and jets pre-
sented in sections 4-7 is mainly set to that of the first
baroclinic normal mode, as given by solutions to the
equation for the vertical velocity eigenvector W, of or-
der k:

6zzwk + BS(ZZ) Vf)k = O,
Ck
where w, = 0 at z = 0, —H; Bs(2) = ag(dTs/dz) is
the Brunt—Vdisdld stability parameter based on the
background hydrostatic lapse rate; and ¢, is the eigen-
value phase speed.

Differencing (19) over the PE model’s vertical grid
gives a generalized eigenvalue problem of the form A%
= ABW, where A is a diagonal matrix and B is a tri-
diagonal symmetric matrix. This problem is solved for
all k = 1, K, where K is the vertical resolution, using
the EISPACK code (Garbow et al. 1977) for the QZ
algorithm (Moler and Stewart 1973). The normal
mode relations for geostrophic flows, i ~ p ~ W, and
T ~ By, then give the vertical forms of the initial
fields. In practice, only the first baroclinic mode is used,
to which a small barotropic component is sometimes

(19)
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added to make the abyssal flow vanish. For exponential
stratifications, the eigenmodes simplify to Bessel func-
tions.

We calculate, using parameter values that are
thought to be appropriate for Jupiter’s atmosphere, val-
ues that produce flows with the amplitudes and prop-
agation rates comparable to those observed at cloud
level. The parameter values evolve as the calculations
progress toward more relevant solutions. The following
set represents typical values about which variations are
made (see Tables 1-4). The planetary parameters a
=71400km, Q) =176 X 107*s™!, andg =26 m s
remain fixed, but the fluid thickness H changes from
an initial 100 km to 600 and 1200 km in later cases,
and ends up at 10 000 km in responding to the Galileo
data. The Boussinesq coefficient is somewhat arbitrary
for this process model but is kept at & ~ 1/T, = 0.005
K~'. Most importantly, the motions are confined to an
upper layer of thickness # = 30—-500 km by stability
structures B, (z) that vary greatly in steepness by setting
the background hydrostatic temperature to 7, = T,
+ T, exp(Nz'), where T, = 1-4 K, T, = 3-45 K, N
= 8-300, and z’' = z/H.

The computational diffusion parameters, set at v,
=-10"m*s " and v, = 10"* m? s ™!, provide a min-
imal energy loss as well as equilibrium in most cases.
Because the vertical diffusion only becomes active
when v, ~ 107> m s, it is essentially zero. The Rob-
ert time-filter coefficient is fixed at az = 0.005.

Domains cover 60°—180° in longitude and 40°-50°
in latitude and are centered either in northern midlati-
tudes at ¢ = 40° or in southern low latitudes at ¢
= —20°. The standard resolution has 66 X 42 X 20
points in the \, ¢, z directions, with grid increments of
AN ~ 1°-3° and A¢ = 1° and with a time step of At
= (1/50) day. The vertical grid varies exponentially in
its spacing so as to put most points aloft in the active
layer. In particular, the early cases with N = 820 and
H = 600 km vary Az as exp(3z’) to go from 5-8 km
near the top to 60—90 km near the bottom. Likewise,
the later cases with N = 60 and H = 1200 km vary Az
as exp(5z’) to go from 2-5 km aloft to 130-260 km
in the abyss (as in Fig. 20). For the confined linear
structure L;, a simple split grid has 10 points in the
upper 1/2gth of the fluid and 10 points in the remainder,
so that Az; = 6 km aloft and Az, = 114 km below
when H = 1200 km.

All calculations are made on a Cray YMP or C90
with matlab and xlib graphics running in parallel on an
SGI workstation to provide flow animation. Colored
and animated versions of some solutions may be
viewed on the Internet at http://www.gfdl.gov/~gw.
All figures use dashed lines for the negative contour
values and solid lines for the positive or zero values.
The right side of each figure contains a profile of the
field averaged over the abscissa and scaled to unity by
its amplitude. Frames are referenced from the top, with
the left column first. Altitude is measured in kilometers
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in the vertical cross sections. In the figure captions, the
contour intervals are denoted by A and the field, while
the scales of the means are denoted by the field and an
asterisk. The coordinates denote the position at which
the cross section is taken, with the variable Z = H — £
being introduced to indicate the depth below the top
surface. The captions also list the vortex properties ¢,
U, T, and B, which give approximately the amplitudes
of the phase velocity, zonal velocity, temperature vari-
ation, and Brunt—Viisila stability at the end of each
calculation.

3. Theoretical considerations

Large planetary-scale vortices have a very restricted
existence, occurring only in certain parts of Earth’s
oceans for limited periods and in the Jovian atmo-
spheres for lengthy periods. To date they seem to occur
and survive best theoretically in shallow-water (SW)
models with Jovian parameters. Unlike jets and waves,
which are ubiquitous phenomena, planetary vortices
are an exotic species whose reproduction by the SW
model provides the strongest guide to and constraint on
dynamical theories of the Jovian atmosphere. We now
briefly summarize the SW vortex theory, noting some
limitations and some connections with the continuous
primitive equation (PE) system.

a. Shallow-water vortex theory

Away from the equator, geostrophic motions in the
SW system are governed by a single equation for the
geopotential thickness A:

h, — V(f hVh,) + (f 7"),hh,

—J(h, hREf D — J(hf K) =0, (20)

where
{=V(f'Vh),K=0-5f"*(Vh)?,
and

J(h’ 61) = (COSd))‘l(hqu - hyqx)

define the vorticity, kinetic energy, and advective Ja-
cobian for the coordinates x = a\ and y = a¢ (Williams
1985a).

The dispersion and the vorticity advection dominate
in (20) for the small planetary scales of the quasigeo-
strophic regime, whereas the nonlinear divergence
(steepening) due to the interface displacement domi-
nates for the large-scale planetary geostrophic regime
and while the dispersion and the divergence act in bal-
ance for the intermediate scale regime. Although sim-
ple Korteweg—deVries (KdV) balances are not possi-
ble in this general geostrophic system, the KdV
terms—dispersion and steepening—do control aspects
of the nonlinear solitary waves that (20) allows, par-
ticularly the size, strength, shape, and speed of many
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large vortices. The advection and the twisting caused
by the latitudinally varying phase speed tend to prevent
soliton forms of interaction and encourage vortices to
merge instead.

The generalized geostrophic equation (20) cannot
describe processes that act across the equator, and no
equivalent simple equation exists for that region. Nev-
ertheless, a special class of nonlinear analytical solu-
tions to the SW equations at the equator that includes
stable anticyclones describable by a KdV dynamics
does exist (Boyd 1980). In these, the vorticity advec-
tion rather than the steepening produces most of the
KdV nonlinear term through the self-interaction of
components lying on both sides of the equator.

The existence and stability of Boyd’'s equatorial
Rossby solitons are supported by the numerical SW
solutions of WW88 that also show the interactions to
be soliton-like when the vortices have the same latitu-
dinal (Hermite ) order and to be quasi-soliton-like when
they have differing orders. Rossby solitons occupy a
wider parameter range than that given by the theoretical
coefficients and are easily generated in the SW model
by the action of vortices lying in low latitudes.

Although stable SW vortices of different form exist
at the equator and elsewhere, it is not obvious how
relevant they are for a continuously stratified fluid. It
is generally accepted that linear SW processes have
meaningful equivalents in continuous systems because
only a single vertical and horizontal mode is involved
(Gill 1982). Usually, the reduced-gravity SW model
represents flows with a single vertical mode such as the
first baroclinic eigenmode. But the representation is not
so simple when vertically nonlinear phenomena such
as the Rossby vortex and soliton are involved because
multiple vertical modes in the continuous system can
exist that are nonlinearly coupled and capable of leak-
ing significant energy downward from the upper layer
into the abyss. Anderson and Killworth (1979) and
Greatbatch (1985) discuss this issue for midlatitudes
and the equator, respectively, and note that it is the
thermocline form of B(z), confining modes aloft, that
gives the SW theories some relevance.

b. The SW—-PE connection in midlatitudes

A connection between the shallow-water and prim-
itive equation systems has been established for certain
classes of nonlinear motion, in midlatitudes by Ander-
son and Killworth (1979) and at the equator by MBS§7.
Both studies show that for nonlinear Rossby waves the
SW system closely corresponds to a PE system with an
exponential stratification of the form B.(z) = B,
exp(Nz') when N is large.

A limited PE equivalent of the nonlinear long-wave
part of (20) is derived by Anderson and Killworth
(1979) using the Welander (1959) mass function M,
= p/po and the Needler (1967) similarity solution
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M=a+Es com, (21)
H

where A, E, and C are functions of x, y, and ¢ on a -

plane and % is the thermocline thickness. Substituting

(21) into the planetary geostrophic equations, applying

the w boundary conditions, and assuming that # < H

produces the governing equation

C, + <ﬁ—hL;2C>Cx+ﬁCy=0, (22)

where () denotes the barotropic flow component. Con-
tributions from the E term are negligible and only the
exponential part of M contributes to the Brunt stability,
B ~ M,,,. Thus the nonlinear term CC, in (22) defines
the primary baroclinic self-interactions, where C
~ gh*Ap/pe and Ap is the density difference between
the thermocline and the abyss.

The PE nonlinear wave equation (22) differs from
the SW version in that the thermocline thickness A is
constant and the density differential Ap varies, whereas
in the SW case 4 varies and Ap is constant. Thus the
SW system provides at best a simple analog of the PE
system, not an approximation. Furthermore, the PE
long-wave speed, c; = i — Bg’hf ~2, can be Doppler
shifted by the barotropic flow and altered by the ther-
mocline thickness, whereas the SW form ¢g
= —Bg'Hf % cannot, where g’ = gAp/p is the re-
duced gravity. These modifiers, however, are small and
the nonlinear term dominates when the scales are large.
The two-layer version of (22) has nonlinear wave
terms of the form

o= B 4 b = 0
for the upper layer and a longwave drift rate given by
cs = —fg'h f %, provided that h; < H. Thus, overall,
the analysis suggests that a limited SW —PE connection
exists in analog form for nonlinear Rossby waves with
stratifications of the exp(Nz') or confined layer form.
Further limitations of the SW model, with its single
vertical mode, in representing planetary flows are dis-
cussed by Rhines (1989).

(23)

¢. The SW—PE connection at the equator

The exponential stratification also connects the PE
and SW systems at the equator in the remarkable MB87
analysis, thus attaining a global status. The connection,
however, is complex and defined for only one phenom-
enon, the Rossby soliton, and for only one stratification,
B, with N = 8. To show what terms are involved, we
outline the MB87 derivation of the soliton solution that
is used to initialize the calculations in section 4.

In the theory, disturbances on an equatorial 8 plane
are measured relative to a reference frame moving at
the linear Rossby long-wave speed ¢ and are described
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by quantities nondimensioned with respect to c,, Lg,
and H, so that c = —1/(2n + 1), where ¢, = (gH)'"?
and Lg = (c,/8)'"* are the gravity wave speed and the
equatorial Rossby radius. Introducing the slow vari-
ables x’ = £'?(x — ct) and t' = £*?, and then drop-
ping the primes, allows u, v, and p to be expanded in
powetrs of the ordering parameter &.

The resulting zero-order variables obey the classic
linear equations and their eigenmodal solutions (Mat-
suno 1966):

H, 1 (y)
2(1 —¢)

_ an—l(y)
(1 +c¢)

Hn+l(y)
2(1 - ¢)

an—l(y)
(1+¢)

00 = OA(x, t)
Ox

where H,(y) is the Hermite polynomial of order n, and
®,(z) is the vertical eigenvector of order [ as given by
the structure equation (B ~'®,,), = — \,®, for the eigen-
value \,. Solutions may be expressed as the double sum
2, 2; of such modes.

At this order the amplitude A (x, t) is arbitrary but
can be defined by vertically integrating the first-order
equations for the velocity and divergence of a particular
vertical mode /. Although some of the terms involved
vanish for long waves, the integrals still involve cubic
products of ®, ®,, and &, when the variables are elim-
inated to give the single equation

1
Uy (;2' + )’2)”1 = (s,

u® = A(x, t)|:

T° = A(x, t)[
—y%2 @

]e g2 (z) (25)

H,(y)e™ 2 ®,(2), (26)

(27)

where Q; is a complex function of first-order
terms from three equations. Then, on substituting
the zero-order solutions (24)-(26) into the Qs ex-
pressions and applying the orthogonality condition
f O:H,(y)e™ 2’ 2dy = 0 to eliminate the secular term,
the Hermite-weighted integrals regroup into tendency,
nonlinear, and dispersion terms to form the KdV am-

plitude equation
A, — a,AA, — (A = 0, (28)

where «,, 8, involve complicated cubic terms based on
integrals of ®, and H, (see Table Al of MB8&7 for details).
Solutions to (28) of the form

A 1/2 Y
A(x,t) = Ay sechz[ (% 1—;) (x - ct + %Ad)]

(29)
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TABLE 1. Vortex stability cases at the equator and in midlatitudes. Constant parameter values are resolution: 66 X 42 X 20 in \, ¢, z; A¢
=1° Az ~ %', and \y = A/2. The A grids are actually 60/64 of the values shown, as 64 internal points are specified for FFT efficiency.
Cases marked (a) are for the ocean’s physical parameters. Case marked (b) defines the vortex using the streamfunction . The abbreviations
BC1 and BTR denote the first baroclinic eigenmodal and barotropic vertical structures. Computational parameter: v, = —10' m* s™! except

ve = —0.5 X 10" m* s™' for E2-E4.

Domain length Grid Depth H Structure rate Static stability
Case A AN (km) N T, Vortex form
(ay, B1, A T (2)
El 120° 2° 100 8 4 + 20 ™ (0.46, 0.099, 0.25) BC1
E2® 120° 2° 4 8 4 + 20" (0.46, 0.099, 0.25) BC1
E3® 120° 2° 4 8 4 420 €™ (0.23, 0.099, 0.25) BC1
E4® 120° 2° 4 8 4 + 20 ™ (0.92, 0.099, 0.25) BC1
T, (6N X 6¢) &y T (2)
M1 60° 1° 600 20 1+ 10e™ 0.6 (6 X 4) 40°-BC1
M2 30° 0.5° 600 20 1 + 10e™ 0.3 (2 X 1.5) 40°-BC1
M3 15° 0.25° 600 20 1+ 10" 0.1 (1 x 0.75) 40°-BCl
M4 60° 1° 600 20 I+ 10e" 0.6 (6 X 4) 40°-BC1
M5® 15° 0.25° 600 20 1+ 10 e" 10" (1 X 0.75) 40°-BTR

are combined with (24)—(26) to define the Rossby
soliton for the initial states in section 4. The finite am-
plitude effect boosts the linear easterly phase speed by
a,A/3 and gives an effective longitudinal wavenum-
ber of [(a,/B.)(As/12)]"2.

The PE solitons have the same horizontal form as
their SW counterparts in Boyd (1980) but differ in the
vertical by having a normal mode structure. They also
have new or modified contributions to the «, coeffi-
cients, particularly from the vertical derivatives, advec-
tions, and structure. The vertical density variations are
the main cause of changes in the size of the nonlinear
coefficients «, from their SW values. The dispersion
coefficients £, remain the same as their SW counter-
parts, being unaffected by the coupling of multiple ver-
tical modes.

4. Stability of equatorial solitons

We begin our numerical calculations by examining
the existence and stability of the MB87 stratified
Rossby soliton solutions in the PE model. The solutions
confirm that the exponential B,(z) structure favors sta-
ble vortices at the equator and thus provides a prelim-
inary system for Jovian exploration.

a. Parameter selection

The initial parameters and flows are limited by the
MBB87 analysis to the first-order latitudinal and vertical
eigenmodes and to an exponential stratification with N
= 8. To initialize the calculations with the expressions
in (24)—(26) and (29), the value of nonlinear o, co-
efficient given by MB87 must be modified to allow for
differences in normalization procedures. The linear co-
efficient, however, remains unaffected at 5, = 8/g;. We
chose to normalize the Hermite polynomials by factors
of (2"n!7"/?)""? and thus require values of a, = 0.460
for the PE soliton and «; = 0.816 for the SW soliton

of WW88. These values correspond to the PE «,
= (.258 in MB87 and the SW «, = 0.444 in Boyd
(1983), where energy normalization factors are used.

The nonlinear coefficient is significantly smaller for the
exponential stratification than for the SW system and van-
ishes completely for a constant stratification. Although no
attempt is made to isolate the contributions from the dif-
ferent terms due to their complexity, we note that the SW
a; is mainly determined by the advection of u and thus
expect that the PE « is similarly influenced. Neither do
we try to re-solve the MB87 equations for other condi-
tions, and so our initial choice for the Jovian structure and
parameters is limited to that given by mapping from the
ocean to Jupiter in such a way that the known «;, £,
coefficients may be used.

We also use ocean parameters, in section 4c, to ex-
amine some basic properties of the Rossby solitons. For
those calculations, the domain constants are

1

a=637x10°m, g=98ms™!,
0=729%x10"s"!, H=4000m
a=0.00025K"", v,=-5%x10"m*s"!,
ar = 0.005
N = 0°:120°,
Ar = 0.1 day,

v, =5%107"m?s7!,
¢ = —20°:20°,
Az ~ &7,
and
resolution (N, ¢, z) = 66 X 42 X 20,

and the soliton constants are A, = 0.25, a; = 0.46, 5,
= 0.099, T, = 4 + 20e®', and n = [ = 1. The value
of «a, is also halved and doubled in two later cases to
examine the robustness of the MB87 solution (Ta-
ble 1).

Selecting Jovian parameters for the MB87 soliton is so
restricted that only the depth H needs to be derived. To
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FiG. 1. Equatorial solution El, stability of the Marshall and Boyd (1987) soliton. For Jovian P,(N8) parameters and soliton coefficients,
as in Table 1. Properties are c = —47ms™ !, U=43ms™', T= 09K, B =2 X 107*s72; Contour intervals and scales are Day 1: (a) AT
=005K, T#=01K,Z=1km; (b)) Aw=0.02cms !, w*=00013cms ', Z=2km;(c)Au=5ms,u*=8ms™',Z=1km;
(d) Augr = 0.05 ms™', ujr = 0.004 m s~ and Day 480: (¢) AT =0.05K, T* = 0.1 K, Z=1km; (f) Aw = 0.02 cm s™!, w* = 0.002

ecms™, Z=2km;(g) Au=5ms,u*=81ms™',Z=1km; (h) Augr =02ms™, upr = 0008 ms~'.

map the theoretical ocean conditions to Jupiter requires
that the Lamb parameter é = (Lg/a)* = c,/2Qa be kept
unaltered (see Gill 1982 for definitions). This requires
that the gravity wave speed ¢, and hence (agH) ' be 30
times larger to match the a increase. Given that (ag)'”?
is 7 times larger, this implies that H be 20 times deeper.
We settle on H = 100 km as an initial estimate. Alter-
natively, we could take N = 80 and H = 1000 km if the
«, coefficient were known for such a steep static stability.

Consequently, the Jovian parameters for the soliton
calculation in section 4b use the planetary constants
discussed in section 2c¢, together with the following do-
main constants:

H=100km, o =0.005K™",
ve=—-10%"m*s™", v, =10"m?s"
¢ = —20°20°, N = 0°:120°

Az ~ e, At = (1/50) day,

1 1

and
resolution (N, ¢, z) = 66 X 42 X 20.

The soliton amplitude A, is set to a small value to
keep velocities within the preferred theoretical limits
and the observed range, so that the phase speed c,/
(2n + 1) approaches 50 m s~ for Jupiter and 1
m s~ ! for the oceans. For convenience, we refer to
the above Jovian parameters and structure as the Py

_system or regime.

b. Equatorial vortices in the Jovian P, regime

When an equatorial anticyclone based on the MB87
solitary wave described in section 3c is inserted into
the PE model with the Jovian P, parameters listed
above, it-behaves as the case E1 shown in Figs. 1 and
2. The basic T, u, and w fields alter little from start to
finish, so the progression over 480 days suffices to con-
firm the existence, stability, and longevity of these sin-
gular modes. The soliton nature of their interactions is
established in the next section.

The horizontal temperature fields in Fig. 1 confirm
the theoretical view that the two vortex halves inter-
act across the equator to form a coherent whole. De-
viations from the theory are seen in the occasional
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formation of a distinctive, but weak, third tempera-
ture peak right on the equator and in the existence of
transient wavelike tails behind the main peaks. In the
vertical, however, the first baroclinic mode prevails
throughout (Fig. 2). The 0.9-K temperature ampli-
tude, chosen to give a soliton with a 30° longitudinal
scale, is much smaller than the value needed to. pro-
duce a vortex of comparable size and strength in mid-
latitudes. The maximum value of the Brunt—Vaisild
stability field, B = 2 X 10~*s~?, matches some ob-
servational estimates (Gierasch and Conrath 1993)
and produces a small Rossby radius.

The motion within the vortex is mainly easterly
aloft, reaching —43 m s ! at the equator, a value just
below the propagation speed of —47 ms™', in line
with the theory (Fig. 1). Most of the action is con-
fined to an upper layer with #/H < 0.25, while in the
abyss the motion forms a weak but uniform westerly
of 5 m s~ ! in keeping with the eigenvector distribu-
tion (Fig. 2). The associated vertical motions form

a downwelling in the leading western half and an
upwelling in the east, as expected from the connec-
tion w ~ — BT, discussed in section Sa. Although
peaking aloft at 0.1 cm s}, the vertical motion ex-
tends strongly into the abyss and implies that vortex
formation requires an impermeable lower boundary
to support the w = O constraint.

The vortex does vary slightly in time, with a reg-
ular 100-day oscillation recorded in the energy in-
tegrals. Some adjustment occurs at the start due to
the generation of a barotropic flow by the inertia
gravity waves created by the stirring action of the
baroclinic vortex. The barotropic zonal flow devel-
ops a 2 m s ' amplitude and a 10° scale but, being
disorganized, has no strong feedback on the vortex.
Clearly, the Rossby soliton is highly stable in the
preliminary Jupiter P, regime. The MB87 theory al-
most completely defines its dynamics, although the
development of the barotropic component lacks an
explanation.
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¢. Equatorial vortices in the oceanic P, regime

We now consider a PE model with ocean parameters
and insert the MB87 solitary wave, first with the stan-
dard coefficients and then with the nonlinear coefficient
altered to create an imbalance and thereby test the ro-
bustness of the form. One case incidently confirms that
the vortex interactions are soliton-like.

The first case, E2 in Fig. 3, uses the standard ocean
and soliton parameters listed in section 4a and Table 1.
The flow exhibits a strong stability and a permanence
out to 2000 days, but it has less variation in its energy
integrals than case El did, even though the barotropic
energy component now equals half the baroclinic
value. The two cases E1 and E2 do not correspond
exactly, despite mapping the parameters closely and
keeping the amplitude factor the same at A, = 0.25.
Other amplitudes were examined: a lower value, 0.15,
gives a steadier soliton, whereas a higher value, 0.40,
gives a strongly fluctuating vortex with an energy os-
cillation resembling that for the E1 case.

In the second ocean case, E3 in Fig. 4, an MB87
solitary wave, unbalanced by halving its nonlinear co-
efficient to o, = 0.23, adjusts its size, strength, and
shape to achieve a new stable configuration. It begins
by forming a positive tail by 100 days that is shed by
400 days to create a weak second vortex of the same
order. This differs from the SW solutions of WW88,
where an overly strong soliton tends to shed a vortex
of a higher latitudinal order.

The two vortices go through a series of exchange
phases, where they overlie each other to temporarily
form a larger vortex at 800 and 1600 days, and of re-
currence phases, where their individual identities are
restored at 1300 and 2000 days. The total baroclinic
kinetic energy decreases during exchanges and in-
creases at recurrences. The gradual dispersion or ab-
sorption of the secondary vortex in Fig. 4 suggests that
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Fi1G. 3. Equatorial solution E2, stability of the Marshall and Boyd
(1987) soliton. For ocean parameters and soliton coefficients, as in
Table 1. Properties: c = —1.3ms ', U=1.0ms™", T=09K, B
= 107*s72; contours: AT = 0.1 K, T* = 0.19K, Z = 0.2 km.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 18
DAY 100 TEMPERATURE MEAN
20
o i
S '
= 1
= I
3 :
. N
£ |
E i
3. y
101
w @ |
N —> :
E —° = )
5 @ ;
T
20
DAY 1300
w 10 .l\
S Ll
: S === | 9
t
3 -104 1
. DAY 1600
w 104 :
lg__ o ® G !
g B !
104 b
K
g :
=]
E 1 <
3 r

0 20 4 60 80 100
LONGITUDE
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the interactions are not fully soliton-like. Pure soliton
interactions may require the existence of two strong
solitary waves that are properly balanced from the be-
ginning. Here, however, the interactions do result in
the E3 vortex approaching the E2 soliton in size,
strength, and shape to restore the preferred theoretical
balance.

In the third ocean case, E4 (not shown), where the
nonlinear coefficient is doubled to «; = 0.92, the sol-
itary wave adjusts more simply by elongating and by
lowering its amplitude. This involves shedding a weak
negative cyclonic tail that it later reabsorbs. Thus, the
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equatorial vortices based on the MBS87 solitary wave
and the 8% structure appear to be more robust than the
theory suggests and so, perhaps, more readily realized.
Furthermore, the existence of similar modes within
zonal currents in the numerical solutions suggests that
the solitons may be relevant to Jupiter’s plumes. Re-
solving the MB87 equations with eigenfunctions mod-
ified by zonal jets, however, presents a daunting task.

5. Stability of shallow (N = 20) vortices in
midlatitudes

We now examine whether exponential stratifications
also favor the existence of stable vortices in midlati-
tudes. The more hostile, more dispersive regime that
occurs in low latitudes, where the GRS lies, is dealt
with later. For generality, we consider generic Gaussian
forms rather than specific solitary wave solutions. This
gives us the freedom to choose the values of N, H, and
T, such that certain observational constraints are met.
After selecting representative values, we show how the
size of a vortex affects its stability and then proceed to
isolate the main destabilizing process.

a. The N, H, T, parameter selection

Global observations of dynamic value are limited to
Jupiter’s upper-cloud level* but, nevertheless, are suf-
ficient to constrain some of the parameters. To begin
with, we note that Jovian vortices propagate® at about
—5 ms~', which implies from the longwave phase
speed relationship ¢; = — BL% that the deformation ra-
dius is about 1000 km. This in turn implies that the
internal gravity wave speed, ¢, = foLg, is about 150
m s~'. Then, given the estimated stability value of B
= 0.3 X 10™* s 72 near the cloud tops (L. E. Branscome
1982, personal communication ), we derive a thickness,
h = c,/B"?, of about 40 km for the upper layer. Un-
fortunately, there is no observational constraint on the
abyssal depth but theory suggests that h/H must be
small, of order 10 ', for vertical nonlinearity to prevail
(Anderson and Kiliworth 1979).

To meet these constraints, we select values that are
not too far removed from the initial P, set: 7, = 1
+ 10e™', N = 20, and H = 600 km. The thermal wind
relation u ~ (aghAT)/ (fL) then gives velocities of
about 60 m s ™' for horizontal temperature differentials
of about AT = 3 K over distances of about L = 5000
km and depths of 2 = 100 km. We refer to these pa-
rameters as the P, (N20) system. Vortices in the P, sys-
tem are shallower than those in the P, regime and
should be typical of all shallow, vertically confined
storms, but they are not; thinner vortices behave dif-

* Most of this study preceded the Galileo data (see section 9).
* For issues concerning variations in propagation rates and ambi-
guities about the rotational reference frame, see WW88.
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ferently. Nevertheless, it is useful to examine their be-
havior to reveal the processes involved and see why
even thinner structures must be invoked for Jupiter.

It is important to realize that this initial set of param-
eter values is based on limited observational estimates
and on arbitrary theoretical arguments. Fortunately, we
are dealing with generic modes, so all solutions can be
simply rescaled in the vertical to apply to systems with
other values of 4 and H, provided the relative scale
factor A/H is maintained, as in section 9. But the main
problem for planetary application remains the lack of
an absolute vertical scale.

The Gaussian vortices inserted into the PE model all
have temperature fields of the form

rene[ (52

)\._)\0 2 A
+[ N ”]T(z), (30)

where 7, is the amplitude, (6¢, S\) are the half widths,
(o, No) define the center, and the vertical form 7'(z)
is normally the first baroclinic eigenvector. The values
used in the calculations are documented in Tables 1
and 2. The vortex velocities are set geostrophically.

b. Large anticyclone at ¢y = 40°

Our calculations show that midlatitude anticyclones
with P, structures are ‘‘quasi-stable’’ if they are suffi-
ciently large and strong. The designation quasi-stable
refers to the fact that all P, vortices tend to migrate, at
rates that depend on their size, into low latitudes, where
they rapidly disperse. We must determine the cause of
this migration and discover how to eliminate or contro}
it, if possible.

The first midlatitude solution, M1, illustrates the be-
havior of a large strong vortex that initiaily has the
elliptic and first-baroclinic forms of (30). According
to the temperature field in Fig. 5, the vortex continu-
ously adjusts its size and shape while losing strength
as it propagates steadily westward and migrates slowly
equatorward over 1000 days. The cause of the migra-
tion lies in the asymmetry of the u field and in the
elongation of the easterly flow produced by the grow-
ing barotropic component, as comparison with case M4
later reveals in section Se. The first baroclinic modal
structure resembles that seen in many later cases (cf.
Fig. 12) and prevails in the vertical because there is no
apparent downward transport of heat and no generation
of higher baroclinic modes. It confines motion to an
upper layer of thickness 100—150 km.

The vertical flow remains constant in form and par-
allels that of the equatorial solitons, with western
downwelling and eastern upwelling, peaking aloft with
a value of 0.4 cm s ™! and extending strongly into the
abyss (cf Fig. 35). This pattern follows from the basic
geostrophic relations, written as
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TABLE 2. Vortex stability and jet coexistence cases in low latitudes. Constant parameters are H = 600 km, except H = 1200 km for L8—
L10; A = 60° resolution in (\, ¢, ) R = 66 X 42 X 20; AN ~ 1°, A¢ = 1% Az ~ %' for L1-L4, Az ~ €% for L5—L7 and L10, Az
= [0.05, 0.95) H/10 for L8 and L9; vortex centered at g = A/2. Easterly jets have slower exponential rates where marked (a) ¢**”'* and (b)
€™ The abbreviations BC! and BTR denote the first baroclinic eigenmodal and barotropic vertical distributions. Jet profiles are given by
&, = B4, Where the subscripts refer to the central jet width in degrees, such that & = [0, —8, —16, —24, —32, —40)°, &, = [0, —7, —14,
—23, —33, —40]°, and @, = [0, —6, —15, —25, —35, —40]° denote the latitudes at which the sinusoidal jets vanish, except for the first two

4 —1

for the simplest vertical form w = W cos(lz) that sat-
isfies the boundary conditions.

The M1 vortex differs from iis shallow-water coun-
terpart (M1 of WW88) to the extent that it migrates,
generates barotropic motion, and is only quasi-stable.
Nevertheless, similarities suggest that the PE vortex
evolution is mainly brought about by the advection and
twisting processes, as is evident from the elongation
and tilt of the temperature field at 250 days in Fig. 5.
Unfortunately, no three-dimensional equivalent of the
geostrophic potential vorticity equation (20) exists to
define the vortices in terms of basic processes. Because
of its size, the M1 vortex probably lies in the planetary
geostrophic regime and probably obeys some sort of
Rossby—KdV balance, as do the large SW vortices of
WW88. Generally, vortices such as M1 exist over a
narrower range than their shallow-water counterparts,
with only modest changes of amplitude or shape al-
lowed. Clearly, the P; system is not very accurately
described by the shallow-water analog.

¢. Medium anticyclone at ¢y = 40°

The medium vortex M2 in Fig. 6 has less than half
the amplitude and size of the M1 storm but remains

values that denote the extent of the W, jet maximum. Computational parameters are: At = (1/50) day, vs = —(4 to 10) 10" m* s, v, =
107 m* 57! for L1-L5, v, = 107 m? s™" for L6-L10.
Structure N or Static stability Vortex form Jet amplitudes Jet form
Case h. (km) Ts — 1 T, (6N X 6¢) ¢y T (2) Wi+E +W,+E, Ux2), Ay)
L1 N=20 10 ™ 1 (6 % 4)(—25° BC1 — —
L2 N=20 10 €™ 1 (6 X 4.5)(—25% BC1 50-20 +20-0 BCl1, &4
L3 N=20 10 €™ 1 (6 X 4.5)(—30°) BC1 0-20 +0 -0 BTR, &3
L4 N=20 10 e — 50—-25 +25-5 BCl1 + BTR, &4
L5 N =60 10 ™ 3 (4 X 4)(-25°) BCl — —
L6 N =60 10 e™ 3 (4 X 4)(—25° BC1 06— 5 +0 -0 BC1 + BTR, &,
L7 N=90 10 ™ 3 (4 X 4)(—25°) BC1 —_ —
L8 (LIN) h, = 40 10 C [z, 0] 8 (6 X 4)(—23°) C[1, 0] — —
L9 (LIN) h. = 40 20C [gﬁ, 0] 6 (6 X 4)(-23° C[1,0] 100 —40 + 30~ 15 C [z, 0], Dy
L10 N =180 45 ™ 36 (6 X 4)(—23°) e 100 — 30® + 30 — 12® e B
_ 1 _—1 _ a1 coherent while propagating westward at —1.9 ms™'
V= P T P W T TR T (31)" and rapidly migrating 3° equatorward in 200 days. The
) tight core, 5° scale, and wave dispersion, when com-
which reduce to pared with their shallow-water counterparts (cf. M6 of
of WW88), all suggest that the M2 vortex lies in the com-
=-=Lr7 32) plex intermediate-geostrophic regime. Therefore, we
W, 2 Lx ( ) . . .
f expect the dispersion to force the dynamics and be bal-
anced by the vorticity advection and by the steepening
and then to - .
and twisting produced by the c(¢) phase speed varia-
. —af tion.
WS T, (33) The zonal velocity field (not shown ) reveals that the

main barotropic component takes the form of a west-
erly current centered at 40° latitude. Although the vor-
tex develops some asymmetry between its easterly and
westerly parts, the barotropic flow is not involved and
is not the cause of the migration in this case. This sug-
gests that barotropy only influences the large P, vor-
tices.

d. Small anticyclone at ¢, = 40°

Halving the vortex size once more then leads to
the M3 case with standard quasigeostrophic charac-
teristics (Fig. 7). At this scale, both cyclones and
anticyclones are considered to be quasi-stable as they
remain temporarily coherent and do not collapse im-
mediately into waves. They do, however, migrate
rapidly to latitudes where the ambient potential vor-
ticity f/7T matches their initial potential vorticity,
whereas large vortices tend to determine their own
local potential vorticity gradient. In this instance, the
M3 vortex propagates 7° westward at —1.0 m s ~' and
migrates 3° equatorward in just 75 days, while losing
amplitude and developing a strong core and trailing
wave envelope through the action of dispersion just
as in its shallow-water counterpart (M7 of WW88).
Migrating vortices such as this have been studied in
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Fic. 5. Midlatitude solution M1, quasi-stability of a large P, anticyclone. For Jovian P,(N20) parameters and a geostrophic Gaussian
vortex, as in Table 1. Properties: ¢ = ~2.5ms™, U=20ms™", T=1.5K, B = 0.4 X 107*s7%; contours: (a) AT = 0.1 K, T* = 0.21
— 026K, Z=8kmand (b) Au=2ms™', u*=(—-19, -4.1, -5.1, -47)ms™!, Z =8 km.

great detail, usually with the quasigeostrophic equa- e. Large anticyclone without barotropy at ¢y, = 40°
tions, for Earth’s oceans [see the reviews by Flierl

(1987) and McWilliams (1991)]. Overall, the de- To examine the role of barotropy in large vortices,
pendence of vortex behavior on size in the P, regime case M1 is rerun with the external mode suppressed.
parallels that seen for the shallow-water system. This produces the M4 anticyclone in Fig. 8, which
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Fig. 6. Midlatitude solution M2, quasi-stability of a midsize P,
anticyclone. For Jovian P,(N20) parameters and a geostrophic
Gaussian vortex, as in Table 1. Properties: ¢ = —2.0ms™!, U = 10
ms™ ', T=05K,B=04Xx 107572 Contours: AT = 0.05 K, T*
=0.1K,Z=8km.

barely changes once it has adjusted and only migrates -

0.5° in 1000 days while propagating 188° westward at
—2.1 m s™~". The vortex appears destined for longevity.
Moreover, the zonal flow remains symmetrical, al-
though some dispersion is evident toward the equator
at 1000 days.

Comparing the M1 and M4 solutions clearly sug-
gests that, for large vortices, the main cause of the mi-
gration and deviation from shallow-water behavior lies
in the development of a barotropic component. Thus
the basic problem in deriving the conditions for stabil-
ity reduces to finding out how to control or eliminate
the projection of the baroclinic mode onto the baro-
tropic. In the equatorial soliton, this projection is small
because the baroclinic mode is more self-interacting
and consequently the baroclinic kinetic energy greatly
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exceeds the barotropic, whereas in midlatitudes the op-
posite holds true. Reducing the projection by putting
the vortex in a larger domain is not enough; rather, the
projection must be fully controlled or eliminated.

|- Small barotrgpic anticyclone at ¢y = 40°

To reinforce the result that a vortex must be verti-
cally confined for longevity, an example is given that
describes the behavior of a completely barotropic an-
ticyclone in a stratified fluid, case MS in Fig. 9. Only
small barotropic vortices remain coherent but, com-
pared to baroclinic storms, even they collapse quickly
through wave dispersion. In the M5 case, the equator-
ward migration actually exceeds the westward propa-
gation, and the vortex soon approaches the southern
boundary, where energy is reflected to create a new
vortex to the north.

6. Stability of shallow (N = 20) vortices
in low latitudes

As we saw in the previous section, vortices can exist
for about 1000 days in midlatitudes in the P, system
provided they lie within a rather narrow range of sizes
and strengths. These vortices all tend to migrate slowly
equatorward and eventually collapse in the highly dis-
persive low latitudes. The cause of the migration is seen
to lie in the projection of energy from the baroclinic
mode onto the barotropic and the consequent feedback.
Given the lack of a simple regime with absolute sta-
bility in midlatitudes, we now move to low latitudes —
where all problems and processes are more acute but
must be dealt with for application to the Great Red
Spot—and consider the possibility that zonal jets can
block migration and make vortices long-lived the way
they do in the shallow-water system (WW88).

In the shallow-water calculations, the low-latitude
anticyclones are stable only when zonal currents exist
to eliminate the generation and propagation of the
highly dispersive equatorial modes. Specifically, the
westerly currents W, + W, limit the wave propagation
by modifying the eigenfunctions so that only the largest
modes occur at the equator. The generation of these
large equatorial modes, however, is reduced by the
easterly jet E, through its modification of the internal
vortex dynamics by eliminating twisting (see WW88).
To see if such mechanisms are effective in stabilizing
vortices in the P, system, we examine how anticyclones
behave in the presence of one or more of these currents.

The following solutions, L1-L5 in Table 2, reveal
that the vortices cannot be stabilized by the jets in low
latitudes, so the shallow-water analogy is yet further
limited for the P, system. All of the remaining calcu-
lations are set in the Southern Hemisphere so that the
symmetry boundary condition in (13) may be applied
at the equator.
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Fic. 7. Midlatitude solution M3, quasi-stability of a small P, an-
ticyclone. For Jovian P, (N20) parameters and a geostrophic Gauss-
ian vortex, as in Table 1. Properties: c = —1.0ms™ ', U=9ms™',
T = 0.2 K; contours: AT = 0.02 K, 7* = 0.1 K, Z = 8 km.

a. Large anticyclone at ¢y = —25°

For reference, we first examine the behavior of a
vortex in low latitudes in the absence of jets. Typically,
when a large anticyclone such as L1 in Fig. 10 is placed
at ¢ = —25°, it remains coherent and persistent for
about 600 days. After quickly adjusting to a narrower
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shape by 100 days, it continues to propagate westward,
migrate equatorward, and generate highly dispersive
equatorial Rossby waves.

During its 600-day existence, the vortex propagates
340° westward at a phase speed that increases from
—6.2m s~ "to —10.7 m s ! as it migrates 7° into lower
latitudes, where a larger 8 and a smaller f, both boost

c; = — BB/ f}. The anticyclone also becomes smaller
and weaker as it progresses, especially after it reaches
¢ = —18° and the dispersion intensifies, and it vanishes

completely by 650 days. The elongation of the easterly
component again implies that the baroclinic kinetic en-
ergy is projecting onto the barotropic mode. Compared
to its M1 midlatitude counterpart, the L1 storm has a
shorter timescale, adjusting more quickly, dispersing
more rapidly, moving faster, and vanishing sooner.

b. Large anticyclone in westerly and easterly jets at
¢o = —25°

Consider now what happens when Jupiter-style, al-
ternating zonal currents, U, are introduced and the
large vortex is embedded within the anticyclonic zone
formed by the W, westerly and E, easterly jets, as for
case L2 in Figs. 11 and 12. To set their amplitudes
individually, the jets are made up of a series of half-
sine functions that are joined together at their zero val-
ues, at latitudes spaced at 8° intervals in this particular
case (Table 2). In the equatorial zone, ¢ = 0° to —8°,
the W, westerly is made uniform and set equal to the
W, amplitude (Fig. 12). The amplitudes chosen for the
Jets are smaller than the observed to keep them in scale
with the vortex. More realistic values are used later in
sections 7-9. Vertically, the jets have the same first
baroclinic eigenmodal structure as the vortex.

The temperature field T, associated with the jets is
formed by integrating geostrophically over latitude and
is arbitrarily normalized over the domain so as to have
a zero net value, {7,) = 0. Note that the temperature
in Fig. 12 and in all other vertical plots excludes the
hydrostatic component 7, that stabilizes the cool c¢y-
clonic zones. Comparing the fields in Fig. 12 with the
eigenfunctions shows that the flow retains the first
baroclinic eigenmodal structure and is accurately re-
solved by the gridpoint distribution, Az ~ e3¢, used
for the P,(N20) system throughout section 6 (cf.
Fig. 20).

The imposed U, and T, fields produce a very orderly
flow when the vortex starts to propagate and come into
coexistence with the jets (Fig. 11). The vortex steepens
by 250 days, forming a front on its northwest frontier,
and temporarily resembles some Voyager spacecraft
views of the GRS. This suggests that the GRS may be
defined, to first order, as a nonlinear baroclinic Rossby
wave embedded in jets with the same vertical structure.
The flow ahead (west) of the vortex resembles the GRS
wash (not wake) and persists longer when more ap-
propriate parameter values are used, as in sections 7—
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F1G. 8. Midlatitude solution M4, stability of a large P, anticyclone with a suppressed barotropic mode. For Jovian P,(N20) parameters
and a geostrophic Gaussian vortex, as in Table 1. Contours: (a) AT = 0.1 K, T* = 0.21 — 0.24 K, Z = 8 km; (b) Au =2 ms™', u*

=—-19t0o —-25ms™', Z= 8 km.

9. This flow pattern is caused by the impact of the
vortex on the easterly jet, in part due to its tendency to
migrate.

The easterly jet blocks the migration for the first 400
days, holding the vortex at ¢ = —25°. The anticyclone,
however, becomes smaller and rounder over this pe-
riod, while the easterly jet becomes broader and weaker
due to instability, wave action, and the generation of a
barotropic westerly current of 6 ms™' at ¢ = —20°.
Consequently, the vortex manages to migrate equator-
ward to ¢ = —20° by 600 days and to ¢ = —15° by
750 days, gradually shrinking to 6° in diameter before
vanishing at 800 days. Comparing the L2 and L1 so-
lutions shows that the easterly current merely slows the
migration, extending vortex existence by only a 100
days.

Calculations with just an easterly jet resemble the
multijet case L2, confirming that only that current has
any real effect on vortex stability in the P, system. How
the 7, temperature field associated with the easterly jet
actually influences the vortex is not known. In the sim-
pler shallow-water system, the easterly jet acts through
the latitudinal variation of the height field 4; to match
the f, variation and make c; = —fBgh,/f § more uni-
form, thereby reducing the twisting and the vortex col-
lapse. In the PE model, however, long waves can be
Doppler shifted, as (22) shows, and may also be influ-
enced by the turning and critical latitudes produced by
the U,(¢) field.

Although an easterly jet can, in principle, block mi-
gration completely if it is strong enough, we were un-
able to verify this because we could not find any form
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Fic. 9. Midlatitude solution M5, stability of a small barotropic
anticyclone. For Jovian P;(N20) parameters and a geostrophic
Gaussian vortex with no vertical variation, as in Table 1. Contours:
Au=2ms ",u¥=-1310~1.7ms"',Z=8km.

of easterly jet with an amplitude above 20 m s™! that
remains baroclinically stable in the P, regime. A vari-
ety of vertical forms of U,(z) and B,(z), with a van-
ishing shear at the surface and a vanishing QG potential
vorticity gradient internally, did not give stable jets be-
cause, as we shall see in Part II, these quasigeostrophic
constraints are not relevant in these regimes.

¢. Anticyclone and barotropic easterly jet

One way to make easterly jets stronger without mak-
ing them more unstable is by adding a barotropic com-
ponent. To see what flow strength is needed to block
migration, we consider a fully barotropic easterly jet
first, case L3 in Fig. 13. Placing the vortex at ¢ = —30°
allows it to adjust gradually to the —20 m s~! jet at ¢
= —20°
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The vortex starts to interact with the easterly jet
when it reaches ¢ = —28° at 200 days, according to
the u field in Fig. 13. The jet holds the vortex at ¢
= —26° and causes it to become longer and narrower
by 500 days. The length doubles to 50° by 800 days,
so the storm becomes self-interacting in its final stage.
This collapse also widens the jet by 4° of latitude. This
interaction is consistent with the well-known fact that
baroclinic waves are absorbed by the critical layer as-
sociated with barotropic easterly jets (Killworth 1979).

Clearly, a barotropic jet of —20 m s ' stops the mi-
gration completely, as does a jet of —10 ms™', but a
—5 m s~ current fails to block the vortex. This implies
that we can add, at most, only a —5 m s ' barotropic
component to the basic baroclinic easterly, and this
may not even be enough to counter the westerly baro-
tropic current generated by the vortex, let alone block
the vortex. Fortunately, as we see in section 7, the role
of the easterlies becomes simpler for other vertical
structures.

d. Baroclinic instability of an easterly jet

As we have seen, the coexistence between a vortex
and the zonal currents is complicated by the tendency
of easterly jets to become baroclinically unstable. Such
instabilities generate waves in the P, regime, but in the
more nonlinear P; regime examined later in section 8§,
they generate vortices. Case 1.4 in Fig. 14 illustrates the
conventional instability for jets that are totally confined
to the upper layer by adding a small barotropic com-
ponent to counter the first baroclinic mode in the abyss.

The instability starts at 220 days in an easterly of
—25 ms~! that is centered at ¢ = —20° and abutted
by stable westerly jets. Because the jet barely exceeds
the critical value, the instability produces regular waves
and only lasts about 20 days. According to the vertical
velocity, the instability arises at the easterly jet axis at
¢ = —20° and evolves into waves trapped by the crit-
ical latitude at ¢ = —12°. These features bear some
similarity to those of the classic terrestrial easterly in-
stabilities (Feldstein 1991).

Complete eddy mixing of the u and T fields in the
easterly jet eliminates most of the zonal flow and bar-
oclinicity in that zone. Vertical plots (not shown) re-
veal that the eddy T', v’ fields are confined to the upper
layer, while w' extends into the abyss. The u’ eddies
become deeper as the cascade to barotropy grows. The
northwest—southeast orientation of the initial eddies in
the barotropic zonal flow reflects the equatorward
transport of barotropic vorticity and the formation of
the barotropic westerly and easterly jets, seen later at

¢ = —20° and —15°.
7. Stability of thin (N = 60-180) vortices

From the above cases, we conclude that the P, sys-
tem, unlike the shallow-water model, does not support
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F1G. 10. Low-latitude solution L1, quasi-stability of a large P1 anticyclone. For Jovian P, (N20) parameters and a geostrophic Gaussian
vortex, as in Table 2. Properties: c = —6.2t0 —10.7 ms™', U=30ms™", T= 12K, B = 0.4 X 10™* 572, Contours: (a) AT = 0.2
K, 7% =035-043K,Z=8km; (b) Au=5ms™!, u* = (—47, —62, —8.6, =92, ~7.8) ms™!, Z = 8 km.
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Fic. 11. Low-latitude solution L2, quasi-stability of a large P1 anticyclone in alternating jet streams. For Jovian P, (N20) parameters and
a geostrophic Gaussian vortex embedded in geostrophic sinusoidal jet streams, as in Table 2. Contours: AT = 0.2 K, T* = 1.98 K, Z = 8

km.

long-lived stable vortices. Although strong easterly jets
slow the tendency for vortices to collapse by migration,
such jets also tend to collapse from baroclinic instabil-
ity, while the vortices tend to shrink and tunnel through
regardlessly. Other factors, such as the westerly jets,
help shape and guide the vortex and may also help the
easterly jet survive longer, but none alter the basic char-
acter of the regime.

Given the difficulties in stabilizing the P, (N20) vor-
tices, we now vary the parameters in a more extreme
way and thus depart further from our MB87 theoretical
roots. We stay in low latitudes but move from shallow
to thin vortices, first by increasing the exponential
structural rate N to 60 to define a P, regime, and then
by increasing N to 90—-180 to define a P; regime and
its alternative confined linear representation L;. The

corresponding calculations, LS-L10 in Table 2, reveal
that the above P, cases are not fully representative of
confined vortices because their basic character alters as
the rate N increases: migration does not just diminish,
it stops completely; baroclinically unstable waves do
not become smaller, they become solitary.

Indeed, the basic problem alters in the P; regime
because vortices can exist without jets and for a wide
range of amplitudes, scales, and shapes. We no
longer need to see if jets can block vortices but rather
need to see if they can coexist with them. Neither
need we apply the P, solutions to the planets because
the P, and P; regimes are more relevant. But the best
solutions remain difficult to isolate because of the
long timescales (10° days) and the degree of nonlin-
earity involved.
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Fi1G. 12. Vertical sections for the low-latitude solution L2, sampled
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a. Thin anticyclone in the P,(N60) system

Calculations that vary the rate N of the exponential
structure show that the large anticyclones become more
stable when they are made thinner. The first solution
with N = 60, case L5 in Fig. 15, illustrates this devel-
opment. After the initial adjustment, the vortex mi-
grates only 2° in latitude over 1000 days, far less than
in the L1 case with N = 20 in Fig. 10. Migration still
occurs, however, so the storm is still only quasi-stable
although jets can now make it conditionally stable, as
we shall see.

The L5 vortex propagates 230° westward at a real-
istic speed of —3 m s ! but has scales that are on the
low side. If H is increased to 1200 km while 7, is dou-
bled in amplitude and 7 halved, the vortex has more
realistic scales, but a greater migration of 4° over 1000
days. Vertically, the storm extends about 50 km, sup-
porting the idea that a small thickness factor A/H
< 0.1 is needed for stability. For thin flows such as L5
the barotropic kinetic energy remains weaker than the
baroclinic, which adds to the stability. The vortex also
retains the first baroclinic modal form and is well re-
solved by the Az ~e*’ grid distribution (cf. Fig. 20).

Varying the vortex amplitude reveals that the prop-
agation rate, in flows such as L5, depends as much on
the vortex 7, field as on the background T,(z) profile.
The T, contribution is essential, however, for coherence
and cannot be made too small in trying to minimize the
phase speed. When jets are present, their static stability
contribution, B;, can exceed B, and add a latitudinal
variation, making it difficult to define a basic state. Be-
cause the phase speed depends on B;, B,, and B,, the

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 53, No. 18

‘

first baroclinic eigenmode based on B, alcne may not
be the most meaningful structure. Moreover, when the
jets are free to generate the vortex structure, they select
their own e form rather than an eigenmode, as in
section 8.

b. Thin anticyclone with easterly jet in the P,(N60)
system

Given that the thin P, vortices migrate so much more
slowly than the P; storms, we now reconsider the issue
of whether easterly jets can block them completely and
thereby produce conditionally long-lived flows. The
example, L6 in Fig. 16, shows that a weak easterly jet
of —5 m s ™! can indeed stop the migration of a P, vor-
tex indefinitely. Consequently, this parameter range
could be relevant to the planets.

The easterly jet is centered at ¢ = —20° and has the
same vertical structure as the vortex but with a small
barotropic component added to remove the abyssal
flow. After some initial adjustment, the jet and vortex
enter into a balance in which the jet remains stable and
the vortex remains at ¢ = —25° with the relevant scales
U=40ms ', T=6K,and ¢ = =3 ms~'. The
conditional longevity found in L6 is oversimplified,
however, because if the jet is strengthened to —15
m s~', it not only stops the migration, it actually re-
verses it, gradually pushing the vortex 3° poleward over
800 days.

c. Thin anticyclone in the P;(N90) system

Although the large P, vortices are coherent and can
be made conditionally long-lived by easterly jets, they
suffer from a complex dependence on jet amplitude and
from reverse migration. This leads us to consider even
thinner systems, P;, with N = 90. Consequently, we
find that somewhere between N = 60 and N = 90 we
enter the realm of absolute stability for large vortices.
Behavior for N > 90 remains constant in character, so
there is no need to distinguish regimes beyond P;. In
this parameter region the large vortices no longer mi-
grate and can exist indefinitely, with or without jets.
The issue of jets then simplifies to one of establishing
coexistence and later of genesis.

The existence of absolute stability in the P; regime
is illustrated by the L7 case detailed in Figs. 17—19.
Because its initial circular shape is not optimal, the L7
anticyclone undergoes a major adjustment toward the
preferred elliptic form in the first 100 days (Fig. 17).
This adjustment reduces the temperature amplitude
from 8 K to 6 K and produces some residual zonally
aligned isotherms equatorward of the vortex in the zone
between ¢ = —10° and —20°. Such residual isotherms
or ‘‘background radiation’’ are not produced by elliptic
vortices and so may be regarded as containing histori-
cal information about the original storm.

The vertical cross sections in Fig. 18 reveal both the
residual temperature zone and the persistent first baro-
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FiG. 13. Low-latitude solution L3, effect of a barotropic easterly jet on the stability of a large P; anticyclone. For Jovian P, (N20) parameters
and a geostrophic Gaussian vortex bordered by a barotropic sinusoidal easterly jet, E; = —20 m s ™', over ¢ = —16° to —24°, as in Table 2.
Contour intervals and scales all at Z = 8 km. Day 200 and 500: (a) AT = 0.2 K, T* = 0.52 — 056 K; (b) Au = 10 ms™', u* = 19.5
—17.7ms '. Day 800: (¢) AT =0.1 K, T* = 0.59K; (d) Au =5ms~ ", u* = 167ms™".

clinic modal structure. The thickness factor for the ac-
tive layer h/H now drops to about 25/¢00 or 1/24, a mea-
sure of the small value needed for absolute stability.
Furthermore, the Brunt-Viisild stability field B(¢, z)
indicates that the storm’s negative B, contribution aloft
matches the hydrostatic B, component to the extent that
convection will occur if the vortex is made stronger.
The form of the first baroclinic mode, with 7, < 0 near
the top, limits vortex strength, but the simpler e’ pro-
file used later does not. Nevertheless, with scales of U
=30ms ', T=6K B=17x10"%s72, and ¢
= —2 m s~ !, the vortex is relevant.

The orderly evolution is summarized by a histo-
gram that displays the much sought after flat latitu-
dinal track that signifies zero migration (Fig. 19). Of
course, migration may still be occurring on a time-

scale exceeding 1000 days, but for present purposes
the P; vortices are deemed to be absolutely stable
within the computational limits set by the resolution
and dissipation. The gridpoint arrangement, Az
~ % in Fig. 20, guarantees accuracy in the vertical
by providing a close spacing near the top, where the
temperature eigenmode drops rapidly, and an ade-
quate spacing in the abyss. The vertical resolution is
never a major issue, even for the thin P; system, and
the €% spacing is used for most of the remaining
calculations in Parts I and II.

The vertical grid arrangement does, however, affect
the sampling of the flow and can be a factor in trying
to compare the solutions with observations. This leads
us next to devise an alternative structure that is less
sensitive.
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FIG. 14. Low-latitude solution L4, baroclinic instability of a P, easterly jet. For Jovian P,(N20) parameters and geostrophic
sinusoidal jet streams, as in Table 2. Contour intervals and scales: (a) AT=02K, T*=19K,Z=8km;(b) Au=5ms!,
u*=52ms',Z=8km; (c) Aw=02cms™}, w* =0.15—-0.19cms™", Z =11 km; (d) Augr = 1 ms™, ujy = 4.2
ms™'; (e) Algr = 107" 57!, {3 = (0.06 — 0.22) 107" 571,
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d. Alternative linear-z structures

The pressure eigenmode in Fig. 20 indicates that ve-
locities are almost linear in z over the upper layer for
exponential systems with N = 90. This leads us to de-
velop an alternative structure where some fields are in-
itialized with simple linear-z forms over a confined up-
per layer, |z| < h., and with zero or constant values
below. We refer to this setup as the LIN system and to
its being in the L; regime when layers remain as thin
as those in the associated P; regime, now also desig-
nated as the EXP system for comparative purposes. Be-
cause it may easily be improved upon, the LIN system
should not be thought of as an approximation to the
EXP system, but rather as an alternative form with
some similar characteristics—it favors stable vorti-
ces—and some useful dissimilar characteristics; for
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Fig. 15. Low-latitude solution L5, quasi-stability of a large P,
anticyclone. For Jovian P,(N60) parameters and a geostrophic
Gaussian vortex, as in Table 2. Properties: ¢ = -3.0ms™', U = 35
ms~!, T=43K,B=12x 10"*s~2. Contours: AT = 0.5 K; T*
= 0.69, 0.79, 0.90 K; Z = 1.9 km.
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FI1G. 16. Low-latitude solution L6, effect of a weak easterly jet on
the stability of a large P, anticyclone. For Jovian P,(N60) parameters
and a geostrophic Gaussian vortex bordered by a sinusoidal easterly
jet, E; = —5ms™!, over ¢ = —15°to —25°, as in Table 2. Properties:
c=-32ms™', U=38ms"'. Contours: AT = 05K, T* = 1.6
— 17K, Z=3.6km.

example, it allows westerly and easterly jet instability,
whereas the EXP system only allows easterly insta-
bility.

It is not obvious which items should be represented
by the linear-z functions, but the two main options® are
(a) LIN (v, B,), with linear velocities and static sta-
bility, and (b) LIN(B,, B,), with linear stability for the
vortex, jet, and static components. Both systems allow
stable vortices but option (a) gives lower phase speeds.
On the other hand, option (b) provides a better ap-
proximation to the EXP form but as such fails to pro-

6 A third option with linear 7, (constant B;) aloft is possible but
does not allow stable vortices.
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FIG. 17. Low-latitude solution L7, absolute stability of a large P; anticyclone. For Jovian P;(N90) parameters and a geostrophic Gaussian
vortex, as in Table 2. Properties: ¢ = —2.0 m s, U=25ms™', T=6K. Contours: AT =05K, 7% =09 — 1.1 K, Z = 3.6 km.

vide a real alternative.” So we select the LIN(v, B;)
option, which requires that T, vary quadratically aloft
and that 7, and 7, be constant aloft, thus forming a
sharp interface with the abyss. The physical signifi-
cance of this difference between the T, and T, forms is
unclear, as is the process by which such distributions
could be created in an atmosphere.

The LIN structure is implemented with a split ver-
tical grid, denoted as Az = [Az;, Az;] = [0.05, 0.95]
2H/K, where half the K grid points have the thin Az,
spacing and half have the thick Az,. The upper grid
thus resolves a layer of depth H/20. The initial fields
are defined by the split functions T, ~ Cl[zZ, 01, T,
~ C[1, 0], and U; ~ Clz., 0] in the upper and lower

7 Option (b) requires that 7 vary quadratically, and v cubically.

regions, where z. = 1 — |z|/h, for |z| < h.. The mo-
tions extend over the first 6-8 grid points when K
= 20, so they always lie within the high resolution layer
and create no computational problems at the Az,:Az,
interface.

e. Anticyclone in the linear L; system

We now introduce the LIN (v, B;) structure into our
calculations and also make the fluid deeper, setting H
= 1200 km, so as to get more flow for less baroclinicity.
Furthermore, we stay with elliptic vortex shapes to re-
duce the horizontal adjustment and place them at ¢
= —23° as they no longer migrate. Selecting a linear-z
velocity profile also means that the vortex no longer
has an initial eigenmodal structure. Calculations with
this setup confirm that stable vortices can exist indefi-
nitely in the LIN system provided that the thickness
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N = 52°

factor remains low. The solution L8, in Fig. 21, is typ-
ical of large vortices in the L; regime and has a thick-
ness factor #/H = 50/1200, equaling that of L7 in the
P; regime.

The evolution of the L8 vortex differs from its EXP
counterpart because it must adjust both horizontally
and vertically in the first 100 days (Fig. 21). It adjusts
horizontally by forming a smaller core and creating a
frontal layer that breaks off to produce a weak storm.
This new disturbance is eventually absorbed so that,
unlike the L7 case, there is no residual background tem-
perature field. The L8 vortex propagates 428° westward
at a rapid —6 m s~' rate that may be large because
c(Lg) depends on the vertical integral of a bulkier B(z)
distribution.

The vertical adjustment mainly involves the vortex
relaxing its interface until the temperature takes on a
smoother profile and the velocity softens its cutoff (as
for the L9 vortex in Fig. 23). Both the temperature and
the velocity remain unaltered aloft, so the vortex does
not revert to the first baroclinic eigenmode. Neverthe-

WILLIAMS

2711

less, being a longwave phenomenon, it may be adjust-
ing toward some normal mode structure. Jets, on the
other hand, are not wave related and do not relax ver-
tically but instead maintain their steep thermal interface
and linear velocity. Furthermore, as we shall see in sec-
tion 8, the LIN jets tend to generate vortices of eigen-
modal baroclinic form, while the EXP jets generate
vortices of exponential form.

f. Vortex and jet coexistence in the L; system

Given that absolutely stable vortices can exist in a
resting fluid, we now show that they can also coexist
with jet streams. Having increased the depth to 1200
km for all remaining calculations, we try to realize
flows with realistic scales U ~ 80m s~ ', T~ 6 K, and
¢ ~ —5m s~!. But given the limitations of the model,
scales suchas U ~50ms ™!, T~ 20K, andc ~ —10
m s~ are deemed acceptable. The LIN system is con-
sidered first.

The mutual adjustment—horizontal and vertical—
of the vortex and jets toward a stable coexistence in
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FiG. 19. Time sections for the low-latitude solution L7. Temper-
ature is sampled at the latitude, shown on the right-hand side, where
the vortex maximum occurs. Scale: maximum 7 = 7.9 K = 3X ver-
tical increment.
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the L, regime is exemplified by the case L9 in Figs. 22
and 23. The vortex becomes smaller and rounder but
remains strong and stable, with its peak temperature
dropping from 10 K to 9 K, and its peak velocity re-
maining near 60 m s~'. Barotropic zonal flows with a
5 m s~ amplitude are generated but do not form sys-
tematic currents. Over 1000 days the anticyclone prop-
agates 794° westward at a rather rapid speed of —10.6
ms~'.

During the adjustment phase, between 100 and 120
days, the vortex gets a boost from instabilities centered
at ¢ = —12° and —30°. But repeating the calculation
without a vortex shows that the jets are basically stable.
Thus, the instabilities are local and produced by the
combined vortex and jet flows. The instabilities also
cause the easterly jet to weaken gradually from —40
ms~' to =32 ms~! by 300 days, then to-drop down
and equilibrate at —20 m s~! by 600 days.

Vertically, the vortex relaxes its thermal interface by
100 days (Fig. 23). The jets, however, maintain their
thermal interface and linear velocities indefinitely. The
undulating form of the stability B(¢, z) section sug-
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gests that the anticyclone lies in a warm potential well
and reveals just how vertically nonlinear the system
is—and has to be for vortex formation—when the lo-
cal stability variations match the background compo-
nent.
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FiG. 21. Low-latitude solution L8, absolute stability of a large LIN
anticyclone in the confined linear v, B, system. For Jovian L3(H/h
= 24) parameters and a geostrophic Gaussian vortex, as in Table 2.
Properties: ¢ = =5.7ms™ ', U=38ms™", T=43K, B =09
X 107572, Contours: AT = 05K, T*=14—- 16K, Z=9km.
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FiG. 22. Low-latitude solution L9, coexistence of a large LIN an-
ticyclone and alternating jet streams in the confined linear v, B, sys-
tem, for Jovian Ly (H/h = 24 ) parameters and a geostrophic Gaussian
vortex embedded in geostrophic sinusoidal jet streams, as in Table
2. Properties: ¢ = —10.6 ms™', T =88 K, B = 1.7 X 107*s72,
Contours: AT=1K, T*=85—-87K,Z=9km.

8. Vortex and jet coexistence in the P; system

Naturally, if vortices and jets can coexist for the
rough L; structure, they can do so much more cleanly
in the smooth P; system, as the case L10 in Figs. 24
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and 25 shows. This flow needs to adjust only in the
horizontal and does so with little change in the vortex
shape, size, or strength over 1030 days. This suggests
that we may be approaching the optimal parametric
conditions here.

The initial conditions differ slightly from earlier
cases (see Table 2). In particular, the jets and vortices
are given the same exponential structure as B, rather
than an eigenmodal form, and the system is made even
thinner by setting N = 180, so the thickness factor
h/H = 30/1200 = 1/4¢ reaches a new low. In addition,
the easterlies are given a slower exponential rate than
the other fields, E, = —30 ¢"/*% and E, = —12 "'/,
so that they can remain stable for larger amplitudes. In
the solution, the E, jet drops from —30 ms™' to —20
m s~!, while the E, jet goes from —12 ms™! to —8
m s~! after the instability at 550 days (Fig. 24). Co-
existence does not depend on these rate variants, which
are not used in the EXP cases with weaker easterlies
nor in any LIN cases, but they do allow greater control
and do represent a feasible state.

The jets and vortex retain their original structures
throughout, and the vortex, in particular, does not revert
to the first baroclinic form (Fig. 25). Because of its
exponential form, the temperature reaches much higher
values aloft than its LIN counterpart in L9, but the ver-
tically averaged temperature remains similar and leads
to a similar phase speed, with the vortex propagating
755° westward at ¢ = —10 m s ~'. The vortex velocities
reach relevant (66 and —54 m s ') values near the top
surface but are very sensitive to the choice of sampling
height.

The stability field B(¢, z) in Fig. 25 almost disap-
pears in the highest latitudes, and convective adjust-
ment is very active there. This situation occurs when
the static temperature T is not strong enough to match
the negative temperatures associated with the jets when
the (T;) constraint is imposed. This problem is typical
of atmospheric or oceanic layers that are cooled aloft
in high latitudes and is discussed further in Part II. The
T, amplitude cannot be increased arbitrarily because
that leads to unrealistic phase speeds. For our calcula-
tions we try to maintain the smallest 7 consistent with
vortex coherence and with convective stability.

8. Genesis of thin vortices

Having shown that thin anticyclones can exist with
absolute stability in a resting fluid or within alternating
jets, we can now proceed to examine the origin of such
vortices. We know from quasigeostrophic linear theory
(Gill et al. 1974 ) that easterly jets readily become baro-
clinically unstable for exponential systems. Numerical
tests reveal that the periodic waves produced by such
instabilities in the thicker P, , regimes (cf. Fig. 14) give
way to solitary wave vortices in the thinner P; regime
as motions become more nonlinear in the vertical. This
section describes the variety of paths that the generated
vortices can take in the P; and L; regimes.
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We are particularly interested in determining the
conditions that favor the formation of single and mul-
tiple vortex states and in defining how they evolve
along various paths. To help understand the origin and
uniqueness of Jupiter’s Great Red Spot, we continue to
confine our calculations to low latitudes and try to find
the simplest, most general conditions under which sin-
gle vortex states occur. The more general problem of
the simultaneous formation of vortex families in the
three anticyclonic zones centered near ¢ = —21°, —33°,
and —41°, relating to Jupiter’s Ovals, is reserved for
Part II.

From a variety of calculations, we find that while
factors such as the strength of the easterly, the width
of the anticyclonic zone, and the magnitude of the static
stability determine the initial development, the final
vortex state depends primarily on the interaction his-
tory. But, predicting exactly how an instability will
evolve is difficult in these nonlinear regimes. The main
tendency, however, is toward a final single vortex.

1.3 X 107*s7% and Day 1000 at A = 16°% (d) Au = 10 ms™', u* =26 ms™'; (e) AT = 1 K, T*

The following genesis examples, listed in Table 3,
illustrate the range of vortex states and the paths that
can occur. The first two cases, G1 and G2, give ex-
amples of a single vortex created ab initio; then cases
G3-G6 give examples of a single vortex emerging af-
ter a series of mergers from various initial states, and
finally, case G7 describes a possible two-vortex end
state. We work with both the EXP (N = 90-180) and
LIN structures, and try to achieve the realistic ¢, U,
and 7T levels in most of the cases. Furthermore, the ini-
tial perturbation to the easterly jet is always localized
so as to favor the emergence of a dominant vortex.

A major variant in the calculations is the longitudinal
extent of the domain; it varies from 60° to 120° to 180°.
The smaller domains are used to study smaller vortices,
or larger vortices in greater detail, and to avoid plotting
monotonous regions. The use of smaller domains,
while extremely useful, also distorts some aspects of
the flows, particularly the interaction history, and re-
quires careful interpretation—hence the need for so-
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FI1G. 24. Low-latitude solution L10, coexistence of a large P; an-
ticyclone and alternating jet streams. For Jovian P;(N180) parame-
ters and a geostrophic Gaussian vortex embedded in geostrophic si-
nusoidal jet streams, where the easterlies have modified structures,
as in Table 2. Properties: c = —10ms™!, T=34K,B = 103572,
Contours: AT = 4 K, T* = 31.7 — 312K, Z = 3.8 km.

lutions with a variety of domain sizes. Small domains,
provided they remain representative, also help over-
come the practical problem of mergers taking a long
time in large domains. In drawing conclusions from
small domains, a useful hypothesis to make and test
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involves that of ‘‘merger extrapolation.”” With it, for
example, we may assume that if two vortices merge
into one in a 120° domain, then six will merge into one
in a 360° domain. We see some justification for the
merger extrapolation hypothesis from the solutions in
the general tendency for all vortices to merge into one.

Overall, vortex genesis in the PE model resembles
that in the simpler SW model in that easterly shears
provide the preferred source and a single dominant vor-
tex remains the preferred end state (cf. Fig. 27 in
WW88). Mergers, however, are more complex in the
PE model and exhibit two possible modes: strong vor-
tices can, in classic SW fashion, catch and absorb
weaker ones ahead of them, or can, in unique fashion,
reel in weaker ones from behind.

a. Single vortex ab initio in a 60° domain

The basic vortex formation process is shown close-
up in Fig. 26. The G1 anticyclone develops from a very
long wave that starts to grow at 200 days and reaches
maturity at 350 days. At the start the leading edge forms
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FiG. 25. Vertical sections for the low-latitude solution L10, sam-
pled at the longitude of the vortex center. For an upper-level sub-
domain. Contours: (a) Au = 10 ms~!, u* = 26 ms™'; (b) AT
=4K T*=54K;(c) AB=10"*s"2, B* =7 X 10™*s7%; all
fields at A = 33°.
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TABLE 3. Vortex genesis cases in low latitudes. Constant parameter values are H = 1200 km, ¢» = —40: 0° resolution in (\, ¢, z) R = 66
X 42 X 20, except R = 194 X 42 X 20 for G7; A¢ = 1°, AN ~ 1°, except AN ~2° for G4 and A\ ~ 3° for G2, G5, and G6; Az ~ €% for
EXP cases, Az = [.05, .95]H/10 for LIN cases; At = (1/50) day, v, = —10"7 m* 5™, v, = 107® m® s™'. Jet profiles are given by &, = &,,
except ®; = @ for G3, where $q are defined in Table 2. Easterly jets have slower exponential rates where marked (a) ¢**/'* and (b) "</~
The superscript (e) indicates that the W jet goes to zero at the equator in this special case.

Structure N or

Static stability

Jet amplitudes Jet structure

Case Domain length h. (km) T.— 1 W, +E +W,+E, Uy(2)

G1 (LIN) 60° h. = 40 25 C 23, 0] 100 —50 +30-—15 Cz., 0]
G2 (LIN) 180° h, = 40 25 C [, 0] 100 —40 +30-15 C [z, 0}
G3 60° N =180 40 &% 50 =30 +50-5 N

G4 (LIN) 120° h, = 40 25 C [z, 0] 1009 — 50 +30 — 15 C [z, 0]
G5 180° N =90 40 & 100 — 60“ + 30 — 12® &

G6 180° N=90 40 &M 100 — 60® + 30 — 12® &

G7 180° N =180 25 & 50 -20 +20-5 &M

a steep kink at ¢ = —20° in the warm isotherms asso- along the north—south isotherms in the front, they re-

ciated with the easterlies of the anticyclonic zone.
These isotherms close off by connecting with those at
¢ = —28° while the disturbance propagates westward
and creates a secondary cold spot ahead at ¢ = —15°.
Once the leading edge has occluded, the anticyclone
relaxes the sharp front and pulls up the rear to give a
sech’-like profile over 40° of longitude.

The mechanism by which the instability in the E, jet
forms a three-dimensional frontal surface is not known
but probably involves a KdV-related, nonlinear vertical
steepening of the isotherms, as discussed in section 3b.
Although the E, and W, jets are reduced by the flow

DAY 300 TEMPERATURE

LATITUDE

DAY 500

LATITUDE

0 10 20 30 40 50 6o -
LONGITUDE

FG. 26. Vortex genesis solution G1, generation of a single long-lived
LIN anticyclone ab initio in a 60° domain from baroclinically unstable
currents. For Jovian L;(H/h = 24) parameters and geostrophic sinusoidal
jet streams, as in Table 3. Properties: c = —1l ms™, T=7K,B=19
X 10™*s72. Contours: AT = 1 K, T* = 75K, Z = 9 km.

main zonally continuous but with the mean easterly
flow dropping from —50 to —25 m s~ over the 500
days. The anticyclonic zone remains centered at ¢
= —23° but the final vortex is centered at ¢ = —28°
and has a strong latitudinal asymmetry resembling that
seen in the very large SW vortices (cf Fig. 9 of
WWSE88). In the vertical, the flow resembles that of the
basic LIN case in Fig. 23 but with the vortex temper-
ature peaking more toward the middle of the active
layer like the first baroclinic eigenmode (cf Fig. 30).

The G1 solution is compromised by having such a
large vortex in a small domain but is still meaningful
as the self-interaction is not serious. Similar calcula-
tions with a larger domain indicate that the G1 solution
gives a reasonable representation of the final vortex,
although it does not tell us that in a larger domain no
other vortex would occur.

b. Single vortex ab initio in a 180° domain

A more realistic genesis requires that the domain be
much larger than the vortex and this is so for case G2 in
Fig. 27. The structure and parameters remain those of case
Gl but with the easterly jet reduced to —40 ms~' to
minimize the instability and the energy available for vor-
tex growth (Table 3). Consequently, the instability pro-
duces from the beginning a single, large, dominant vortex
together with a lengthy complex tail that the vortex grad-
ually assimilates. Presumably, a similar scenario would
occur if the domain extended to a full 360°, with the single
vortex possessing perhaps a longer tail.

Initially, the U, and 7, fields remain geostrophically
balanced and constant for 200 days, while the weak lo-
calized perturbation slowly grows. The vortex emerges
over the 300-400-day period when the leading edge
forms a closed front that continues to strengthen until 500
days (Fig. 27). At this stage, the anticyclone is trailed by
three weak cores. The G2 vortex continues to grow and
becomes dominant by absorbing the cores by reeling
them in from behind, rather than catching and sweeping
them up at the front in the classic SW way. By 1200 days,
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FiG. 27. Vortex genesis solution G2, generation of a single long-lived LIN anticyclone ab initio in a 180° domain from baroclinically
unstabie currents. For Ly(H/h = 24) parameters and geostrophic sinusoidal jet streams, as in Table 3. Properties: ¢ = —10 ms™', 7 = 8.1

K,B=18x 10 *s7% Contours: AT=1K, T*=85-86K,Z=

all cores have been absorbed and the vortex has relaxed
to the standard sech?like profile in longitude, with the
same 40° length as the G1 case. As in the other LIN cases,
the vortex also relaxes in the vertical toward the first baro-
clinic eigenmode, with the temperature peaking in mid-
layer (cf. Fig. 30).

c. Vortex genesis at the equator

We now make a brief detour to present an example of
the vortices that are sometimes generated at the equator,
such as for case G3 in Fig. 28. These equatorial vortices
display many of the characteristics of the analytical
Rossby soliton discussed in section 3c, even though they
are now embedded in strong equatorial jets. They occur
more often in the EXP system than the LIN, but the gen-
eral conditions for their genesis remain obscure.

Initially the unstable easterly generates four vortices
that proceed to merge at 150, 300, and 400 days (Fig.
28). The final vortex almost fills the domain and is kept
at ¢ = —23° by the strong W, jet. The u field shows
that the waves generated by the vortices create local-

9 km.

ized disturbances at the equator, one of which contains
a small westerly flow of 33 m s~* at 200 days. Later,
the larger waves create an equatorial vortex with the
Hermitian soliton form seen earlier in Fig. 1: easterlies
at the equator, with amplitudes of ~30 and —15m s~
at 500 and 800 days, and westerlies at ¢ = —6°.

d. Single vortex by mergers for the LIN system in a
120° domain

To assess the effect of parameters on genesis in the
LIN systems, we consider case G4 in Figs. 29 and 30,
which is equivalent to the G1 case with a larger domain
and to the G2 case with a stronger easterly jet. The initial
development is similar to G2 with a large vortex and three
weak cores forming, but these all evolve further. Com-
pared to G1, the same processes are at work at similar
scales and produce a similar final vortex, but we also see
that the G1 state is not periodic and that doubling the
domain does not double the vortex number.

Initially, the instability produces a strong leading
frontal vortex plus three weak trailing cores by 300—
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FiG. 28. Vortex genesis solution G3, generation of an equatorial anticyclone by the action of vortices produced in low latitudes by
baroclinically unstable currents. For Jovian P;(N180) parameters and geostrophic sinusoidal jet streams, as in Table 3. Contours: (a) AT
=1K T*=136 - 128K;(b) Au=5ms™", u* =18, 21,23 ms~". All fields at Z = 7.2 km.

350 days (Fig. 29). The lead vortex reels in the nearest
core by 380 days, and the remaining cores then merge
to form a second vortex over 400—500 days. Despite
their proximity, the two vortices merge very slowly but
they do so in the classic manner with the rear one ro-
tating anticyclonically about the lead one to give a sin-
gle 30° long anticyclone with relevant scales at 900
days. The instability reduces the easterly jet from —50
ms'to—19ms™".

In the vertical, the final vortex adopts the first
baroclinic eigenmodal form and the same depth as
the jets (Fig. 30) unlike when the vortex is imposed
as in Fig. 23. Not only does the vortex relax its own
structure, it also forces the mean flow to relax in the
vortex zone, though elsewhere the interface re-

mains sharp. Consequently, the temperature peaks
at the layer’s midheight in the ¢ = —10° to —30°
region.

One other change made in this calculation involves
altering the latitudinal profile of the W, westerly jet
so that it vanishes at the equator. This is done to see
if the waves generated by the instability and by the
vortices can drive an equatorial flow. Although a
westerly flow of 24 m s ' does develop, mostly dur-
ing the first 200 days, other cases that selectively
omit the vortices, instabilities, and computational
diffusion show that this flow can be attributed to the
v, diffusion. To get a realistic 100 m s~ equatorial
current requires a real physical source, as we see in
Part II.



15 SEPTEMBER 1996

TEMPERATURE

WILLIAMS

TEMPERATURE

LATITUDE

LATITUDE

LATITUDE

P A LS T N

LATITUDE

1
'
[}
1
[
|
[}
)
5
1
'
i
[
4
0

LONGITUDE

e. Single vortex by four mergers in a 180° domain

In this and the next section, two closely related EXP
cases—@G5 and G6—illustrate the variety of merger
paths and the sensitivity of the vortex formation to the
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FiG. 30. Vertical section for the genesis solution G4, sampled at a longitude
near the vortex center, Contours: AT =1 K, T* = 1.5 K, x = 51°

t
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FIG. 29. Vortex genesis solution G4, generation of a single long-lived LIN anticyclone by mergers in a 120° domain. For Jovian L,(H/h
= 24) parameters and geostrophic sinusoidal jet streams, as in Table 3. Properties: ¢ = —11ms ', U=62ms ', T=9K, B =19
X 107*s 2. Contours: AT = 1K, T* = 6.6 K, Z =9 km.

initial conditions in a realistic 180° domain (Table 3).
While in the earlier cases the lead frontal vortex usually
forms the nucleus of the final vortex, here in the G5
case the second vortex becomes the dominant one.
Mergers of both types occur and proximity seems to be
more important than strength or speed in determining
which type prevails. The V and C labels in Fig. 31 are
used to track storms from their origins as frontal vor-
tices or trailing core disturbances.

Initially, two vortices, rather than the usual one,
form out of the instability by 200 days (Fig. 31).
They are trailed by three cores that grow into full
vortices by 300 days, at which time the second vor-
tex, V,, starts to reel in the adjacent C; storm to be-
come the strongest by 400 days. The V, storm catches
the lead vortex V, at 500 days and absorbs it to be-
come dominant by 600 days. Then the C, and C,
storms, while being chased by the V, anticyclone,
merge over 800-900 days to produce a stronger C,
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FI1G. 31. Vortex genesis solution G5, generation of a single long-lived anticyclone by four mergers in a 180° domain. For Jovian P;(N90)
parameters and geostrophic sinusoidal jet streams, as in Table 3. Labels V;, and C,,; refer to the vortex and core origins. Properties: ¢
=—-15ms",U=45ms™',T=12K,B =47 X 107*s7% Contours: AT =2 K, T* = 10.7 — 105K, Z = 7.2 km.

storm. By 1000 days, the resulting V, and C, storms
have a similar size but a different strength. The
stronger, faster V, storm then proceeds to close the
90° gap with C,, making contact at 2150 days and
merging fully by 2300 days. The final vortex in Fig.
31 is strong enough and centered at a low enough
latitude, ¢ = —20° to disrupt the zonality of the
equatorward cool zone and induce a secondary dis-
turbance there. In the vertical, the vortex extends to
a greater depth (50 km) than the jets but retains an
exponential form with a slower rate.

f- Single vortex by three mergers in a 180° domain

If we repeat the previous case with just the expo-
nential rate of the easterly jet reduced from N/1.3 to

N/1.5 for the basic P;(N90) system, then the insta-
bility is substantially reduced and only generates two
major vortices compared to the previous five (Table
3). This G6 case in Fig. 32 also shows how difficult
it is to control and minimize the instability so as to
get only a single vortex ab initio. Compared to G5,
the G6 vortices take longer to develop from the sta-
bler easterly jet but, being fewer in number, lead to
a single vortex state more quickly, in 1500 days
rather than 2500 days.

Initially, the long perturbation becomes more
wavelike before becoming frontal and forming the
lead vortex and the three trailing cores at 400 days
(Fig. 32). The vortex V, then absorbs the adjacent
core C, at 460 days, so that by 700 days it is trailed
by an equally large C, vortex and by a distinct C;
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FiG. 32. Vortex genesis solution G6, generation of a single long-lived anticyclone by three mergers in a 180° domain. For
Jovian P3(N90) parameters and geostrophic sinusoidal jet streams, as in Table 3. Labels V; and C, ,; refer to the vortex and core

origins. Properties: ¢ = —14 ms™', U=50ms™', T = 128 K, B = 4.3 X 107572, Contours: AT = 2 K, T* =

= 7.2 km.

storm. The two main vortices merge at 900 days to
produce a 50° long anticyclone that propagates at a
rapid one degree per day (¢ = —14 ms~'). Mean-
while, the easterly jet, being more stable, has only
decreased to —36 m s ~'.

8. Three vortices by eight mergers in a 180° domain

Although vortex genesis takes a variety of paths,
it usually ends with a single large anticycione. We
now present an example that either is an exception
to this rule or does not realize it within a reasonable
time. Such flows may be more relevant to Jupiter’s
Ovals than its GRS. Case G7 shows how an initial
state with numerous vortices evolves toward an end
state of three anticyclones. Since this is the most
spectacular flow in our series, it is fully documented
in Figs. 33-36. The vortices are smaller® and more
numerous than in other cases, and from them we
conclude that size is determined more by jet am-
plitude than by jet width through the contribu-
tion of B; to the local Rossby radius of deforma-
tion.

8 Because of this smallness, the AX ~ 1° resolution is used.

113K, Z

For variety, the jet amplitudes are set at half the
observed strength. Consequently, the instability pro-
duces a disturbance of wavenumber 16 initially, from
which 11 full vortices grow (Figs. 33 and 34). Then,
after a series of eight mergers, four of each type, the
system reduces to a three-vortex state that may per-
sist or may be evolving too slowly to be detected at
2500 days.

The paths added in Fig. 33 show where the
final trio originates in the initial perturbation
and provide a reference frame for describing
the overall evolution. The main vortex, labeled
M, originates clearly but unusually at the back
of the pack, while the other two, A and B, emerge
somewhat ambiguously from pairs of vortices.
In particular, vortex A arises from the merger
of the one so marked and its westward partner
at 350 days, but either one may be regarded as
the nucleus because the resulting storm is cen-
tered between the pair. Vortex B, however, forms
from the merger of the one so marked and its
eastward partner at 550 days, and the B vortex
is considered to be the nucleus because the re-
sulting storm adheres to its path. The small central
vortex C, the last to be absorbed, is also tracked in
Fig. 33.
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FIG. 33. Vortex genesis solution G7, generation of three long-lived anticyclones by eight mergers in a 180° domain. For Jovian P;(N180)
parameters and geostrophic sinusoidal jet streams, as in Table 3. Labels M, A, and B refer to the main and major vortices; C refers to the

Initially, the localized perturbation spreads out
into a wave packet and produces a group of five vor-
tices at 200 days that come to dominate the evolution.
Weaker storms form ahead of this group and by 350
days have caught the M vortex from the east to start
the self-interaction of this 11-vortex system. The
main merger phase begins when vortex M reels in the
first and second of the four small storms in the lead-
ing group at 500 and 550 days, while the other two
small storms merge, and vortex B absorbs its partner
(Figs. 33 and 34). By 600 days, the flow has sim-
plified into the three major vortices and the three mi-
nor storms.

The six-pack configuration propagates steadily
westward until vortex M reels in a small storm at

900 days,® and vortex A sweeps up another at 1000
days (Fig. 33). The resulting group of three major
vortices and the sole surviving minor storm C per-
sists until 1500 days when vortex M reels in C (Fig.
34). The final trio then remains centered at ¢
= —23°and evolves so slowly that the final outcome
remains unpredictable. During the last phase cal-
culated, the gap between vortices M and B increases
over 1500-2000 days but then remains constant,
whereas the gap between vortices A and B decreases
continuously but very slowly. This suggests that

¢ After 900 days the plots in Fig. 33 are no longer uniformly sam-
pled, so see Fig. 34 for a more continuous representation.
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FiG. 33. (Continued) longest surviving core. Properties: c = —4.5ms™', U=30ms™, T= 13K, B =67 X 10™*s"2.
Contours: AT=1K,T* =85 - 84K, Z=7.2km.

vortices A and B may well merge, but only after
another 1000 days or more, and they could give a
system with two near-equal anticyclones that may
or may not merge after an even longer period. Thus,
any final state with a few well-separated vortices
seems to be possible and depends as much on evo-
lution as on origin.

The final vortices extend to depths that depend on
their amplitudes and take on an exponential, not eigen-
modal, variation (Fig. 35). The vertical motion pro-
duced by the propagation dominates the w field and
extends deeply into the abyss. The flow scales remain
low but relevant: ¢ = 45 ms™, U=30ms™!, T
= 13K, and B = 7 X 10™* s (Fig. 36). The jets hold
their strength throughout, with only the E, easterly

dropping to —10 m s~', and with a narrow E, equato-

rial countercurrent of —15 m s ~' arising from the wave
action.

9. Genesis 2: The Galilean variations

The solutions presented in sections 4—8 describe ge-
neric vortex modes and the generic structures that favor
their prolonged existence. Theoretically, these modes
can exist for a wide range of values for the vertical
scales # and H, provided that their relative ratio h: H
remains small, <<1/20. For example, the above solutions
with A ~ 50 km and H ~ 1000 km are identical in form
to those with 2 ~ 500 km and H ~ 10 000 km if the
temperatures are reduced accordingly by a factor of 10
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FiG. 34. Time sections for the genesis solution G7. Close-up on the left side illustrates the initial mergers. Temperature is sampled near

the top surface at the latitude, shown on the right, of the vortex maximum. Scale: on the left, maximum 7 = 5.5 K = 2X vertical increment;
on the right, maximum 7 = 5.9 K = 1.2X vertical increment.

to maintain similar velocities. This generality, together
with the absence of adequate temperature observations
and of a reliable estimate for an absolute vertical scale,
limits the direct application of the vortex theory to Ju-
piter. However, observations just made by the Galileo
spacecraft probe may have altered this situation, and
we now consider to what extent the new data provide
a definitive vertical scale and affect our analysis and
conclusions.
Essentially, the Galileo velocity sample, derived
from Doppler measurements of the probe’s descent
through the atmosphere at a latitude of 6.5°N, shows
that the ‘‘winds were fairly constant’ and that
“‘wind speed increased with depth,”” according to
D. Atkinson (see Carlowicz 1996). These measure-
ments extended to about 100 km below the tropo-
pause, thus sampling the outer 1/7g0th of the planet’s
envelope. Before applying this data to models, we need
to consider how representative the sample really is and

whether it relates more to local than global conditions
or to weather more than climate. In particular, we note
that the flow measurement is Lagrangian and not Eu-
lerian; that it is limited in time and longitude and so
does not define the mean current at ¢ = 6.5°% that it
incorporates a strong eddy component in a very tur-
bulent region, while remembering that on Earth eddies
are often strongest at depth even though jets peak aloft;
and that the sample is from a complex transitional zone
between the equatorial and subtropical regimes that, as
on Earth, may differ completely from the midlatitude
regime in its structure. Furthermore, given that the
winds must eventually vanish at some depth, the ab-
sence of any decline suggests that the probe did not go
deep enough to be definitive. What the data primarily
suggests is that the active layer has a depth of about
500 km rather than the 50 km often invoked. Dynam-
ically, this has quantitative, but not fundamental, con-
sequences.



15 SEPTEMBER 1996

Despite these limitations, we will take the data
at face value and assume it represents the glo-
bal and climatological state, not just the local
weather, and proceed to examine whether our
generic vortex modes and structures can be modi-
fied to comply with it while still maintaining
their basic character. To do this, we examine
the behavior of vortices generated by baroclini-
cally unstable jets with flat or reversing U,(z)
profiles extending over the top of the active layer
to a depth d ~ 100 km. For convenience, we refer
to this uppermost region as the ‘‘mixed layer,”’ fur-
ther extending the oceanic connection. Clearly, a
very thin mixed layer with d < 2 < H would not
alter the EXP or LIN systems significantly and
would only modify vortex behavior slightly. The
question is whether a substantial mixed layer can be
accommodated or whether vortices quickly collapse
in its presence.
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Fig. 35. Vertical sections for the genesis solution G7,
sampled at latitudes near the vortex center. Contours: (a) AT
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= —24°.
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To include a substantial mixed layer, we first extend
the fluid domain to a depth H = 10 000 km, which is
an order of magnitude greater than before and one near
which Jupiter makes its transition to a metallic state
(Audouze and Israél 1994). Then, for an exponential
structure with N = 100, we have an active layer to a
depth A = 500 km. When such a structure is modified
to include a mixed layer, a variety of calculations show
that the vortices remain coherent and prolonged pro-
vided the mixed layer does not exceed 100 km in ex-
tent,'® or, more generally, provided that d < h/5 and &
< H/20.

' This limit can be extended to a maximum of 150 km by using
H = 15000 km and N = 60, but we stay with the minimum values
needed to comply with the Galileo data. Presumably, the limits of
the Boussinesq model noted in section 2 are no greater when A
= 500 km than when 2 = 50 km and it still represents the main
dynamical processes correctly. Although the primitive equation limit
that H/a <€ 1 may not be as well met, this should not affect motions
confined to the active layer.
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TABLE 4. Vortex genesis cases in low latitudes for variant structures. Constant parameter values are // = 10 000 km, N = 100, ¢ = —40:0°,
X = 0:180°; resolution R (\, ¢, z) = 98 X 42 X 20, Ad = 1°, A\ ~ 2°, Az ~ &%, At = (1/50) day, v, = =10 m* s, v, = 107  m? s~

Jet profiles are defined, as in Table 2, by the latitudes ®, where the flow vanishes, with ®; =

[0, —6, —14, —21, 28, —40], &y, = [0, —6,

=13, =21, —29, —40], &5 = [0, -9, —14, —23, —33, —40]. The superscript (a) denotes easterly jets with a slower exponential rate, e/,
In case A2, the function f (¢¥*') denotes an exponential form that is flattened over the top four grid points to give constant U, (z) and B, (2)

distributions over the upper 100 km. In case A4, the sech distribution has a maximum at the scaled depth d’

—~0.6 to give reversing U, (2)

and B, (z) distributions of the upper 100 km. Note that the integral in A3 is simply f (sech Nz') dz = 1 + (2/m) tan™' (sinh Nz').

Static stability Jet structure Jet amplitudes Jet profiles
Case T, — 1 U; (@ W, +E +W,+E, P,
Al 5V v 100 — 60® + 30 — 12® By
A2 6 [ F(e¥) dz f(™) 105 -65 +45-15 b,
A3 3.5 [ (sech Nz') dz sech Nz’ 105 — 55 +40 - 15 By,
A4 3 [[sechN(z' —d")ldz sech N (z" —d") 105 -65 +50-15 D,

We present four solutions that illustrate the essential
effects of a mixed layer on vortices in hyperbolic struc-
tures, cases Al1—-A4 in Table 4. The first case Al has
the generic EXP structure to provide a reference for the
A2-A4 cases and to confirm that solutions can be re-
scaled linearly in the vertical. A mixed layer is intro-
duced in case A2 by resetting the values of the expo-
nential function at the top three grid points to the value
at the fourth and renormalizing. This flattened expo-
nential function, denoted as f( ™) or FEXP, produces
uniform U,(z) and B,(z) profiles over the upper 100
km (see Fig. 41).

TEMPERATURE

For the second pair of solutions, a new generic struc-
ture sech Nz’ is first introduced in case A3. This func-
tion, denoted as SECH, is almost identical to ™' in the
abyss and the lower half of the active layer but deviates
significantly in the upper half to produce a smooth ap-
proach to a flat flow profile. This form is modified in
case A4 to sech N(z' — d'), denoted as DSECH, so
that the jets peak at the nondimensional depth d' = d/
H and have reversed shears over the mixed layer (see
Fig. 46).

All cases in Table 4 are chosen so as to generate a
single vortex, either from the beginning or after merg-
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FiG. 37. Vortex genesis solution Al, generation of a single long-lived anticyclone ab initio in a deep EXP system from baroclinically
unstable currents. For Jovian N100 parameters and geostrophic sinusoidal jet streams, as in Table 4. Properties: ¢ = =13 ms™', U = 64
ms™',7=15K,B=5x% 10"%s7% Contours: AT =02K,7*=71—- 69K, Z = 60km.
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ers. But multiple vortex states also occur for these var-
iant structures. The specific way in which the mixed
layer, with a flat or reversing flow, is included is not
critical provided the depth is limited and the same layer
is applied to both U, and B,. Consequently, the vortices
in the generic EXP and SECH systems evolve and be-
have in essentially the same way as each other, while
the vortices in the modified FEXP and DSECH systems
evolve in another way, to provide a subtle observational
test for the planetary structure.

a. Genesis in the deep EXP system

In the reference case Al for the 10* km deep EXP
system in Fig. 37, the baroclinically unstable easterly
jet produces a single large vortex over the 100-300
day period when the leading edge of the initial localized
perturbation forms a closed front. The lengthy tail con-
tains three cores, two of which continue to develop
slowly until they are absorbed by the vortex at 400 and
700 days. After the mergers, the vortex adjusts into a
balanced form by 1000 days and then propagates stead-
ily and unchanged for the next 1000 days.

This A1 solution generally resembles that for the sin-
gle vortex genesis in case G2 for the 10° km deep sys-
tem in section 8b, except that the temperature variations
are an order of magnitude weaker, reaching only 2.5 K
in Fig. 37. Profiles of the main jets in Fig. 38 confirm
that they maintain their form and reach a depth of &
~ 500 km, as does the vortex temperature field, which
again takes on an exponential form rather than the first
baroclinic mode. Overall, the vertical structure of the
final state matches that of the G7 case in Fig. 36, apart
from the greater vertical scale.

b. Genesis in the FEXP system

In the FEXP system, with its vertically uniform
mixed-layer flows, the initial development of the vor-
tices follows a different path from those seen in the
generic EXP system (Fig. 39). Specifically, the first
vortex to emerge, seen at A = 110° at 150 days, does
so in the tail end of the perturbation and precedes the
second vortex, seen at A = 140° at 150 days, that
emerges in the head of the disturbance and becomes
the dominant anticyclone. Subsequently, one minor
storm forms ahead of the first vortex and three such
form behind the main vortex. The leading pair in the
triplet merge at 300 days to produce a storm matching
the main one, while its remaining member just fades
away. The two major vortices then proceed to merge
over 400-500 days. The first vortex also fades away
by 700 days and this leaves just the main vortex to
chase and catch the remaining minor storm at 1800
days, in the only classic merger type seen in the Al—
A4 solutions. The final vortex propagates steadily
thereafter, maintaining its amplitude but becoming
slightly smaller by 3000 days.

WILLIAMS

2727

9900

8800

97001

ALTITUDE

9600

95001

=

-20 20 40 60 80 100 120
MEAN ZONAL VELOCITY

TEMPERATURE MEAN

D

ALTITUDE

N v T T
0 30 60 90 120 150 180 -t 0 1
LONGITUDE

FiG. 38. (Top) Vertical structure of the mean zonal flow for the
genesis solution Al. The W,, E,, and W, jets are sampled at ¢
= —(7, 17, 25)° and plotted with solid, dashed, and dash—dot lines.
Crosses mark the gridpoint distribution for the Az ~ ¢’ spacing,
for an upper level subdomain; Units: km, m s™'. (Bottom) Vertical
section for the genesis solution Al. Sampled at a latitude near the
vortex center; contours: AT = 0.1 K, 7% = 0.35 K, ¢ = —24°.

In the vertical, all the major jets retain their unifor-
mity in the mixed layer (Figs. 40 and 41). The tem-
perature field reaches a peak of 1.3 K at a depth of 150
km but has no latitudinal variations at the top and pro-
duces a complex Brunt-Viiséld stability distribution
in the mixed layer. Again the vortex structure follows
that of the jets rather than the first baroclinic eigen-
mode, thus vanishing at the top (Fig. 41).

¢. Genesis in the SECH system

In the generic A3 SECH case in Fig. 42, the evolu-
tion generally resembles that seen in the EXP system
(cf. Fig. 37) in that the main vortex forms out of the
frontal occlusion at the leading edge of the perturba-
tion. Three cores also arise and grow to give a complex
tail. The main vortex absorbs the first pair of these at
300 and 500 days, but the assimilation of the final one
proceeds extremely slowly over 800—1800 days. This
reluctance to merge was also seen in the G7 solution.
The final A3 vortex maintains its strength and size al-
most as well as its A1 EXP counterpart, suggesting that
the SECH structure forms a viable alternative system
for prolonged vortices.
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FiG. 39. Vortex genesis solution A2, generation of a single vortex by three mergers in a deep FEXP system. For Jovian N100 parameters
and geostrophic sinusoidal jet streams, as in Table 4. Properties: ¢ = —13 m s, U=52ms™ !, T=15K,B =2 X 107®s™2; contours:

AT=02K,T* =141 — 146 K, Z = 143 km.

In the vertical, the A3 jets maintain their smooth ap-
proach to a zero shear aloft (Fig. 43). The vortex tem-
perature varies like the mean field, decreasing smoothly
upward from a peak of 1.0 K at the 100-km depth but
without vanishing at the top.

d. Genesis in the DSECH system

Although the DSECH structure departs fundamen-
tally from the generic forms by reversing the vertical
jet shears and the horizontal baroclinicities over the
mixed layer, prolonged vortices are still possible pro-
vided the layer is no deeper than 100 km. In such a
case, A4 in Fig. 44, the vortices form rapidly with the
first emerging at 100 days at A = 160° in the zail of
the perturbation and the second forming in the head
of the perturbation at 150 days at A = 150°. Whereas
only one dominant vortex usually forms in the generic
systems, the formation of two in mixed-layer systems
seems to be typical behavior (cf. Fig. 39). Three of
the four cores that form the A4 vortex tail at 150 days
continue to grow and proceed to merge with the main

vortex at 200, 400, and 600 days. The small vortex
propagates faster than the main and the two even-
tually merge at 1000 days. Although balanced, the
final vortex gradually shrinks in longitudinal size
over the next 2000 days while keeping its amplitude
at 1.2 K.

In the vertical, both the final vortex and equatorial
jets display reversed shears and baroclinicities in the
mixed layer (Figs. 45 and 46). These reversed baro-
clinicities produce minima in the Brunt—Vaiisild sta-
bility aloft. However, of the zonal mean flows, only the
W, jet fully maintains the original form, as the E, and
W, jets tend to develop vanishing shears aloft (Fig.
46).The vortex itself again adopts the same structure
as the jets, thus activating both the first and second
baroclinic eigenmodes, whose interactions may be the
cause of the slow shrinkage (Fig. 46).

Overall, it appears that vortices can flourish in sys-
tems with reversed shears in the mixed layer but that
they do not persist— without renewal—as well as
those with flat shears or with no mixed layer. Thus
the basic modes for generic exponential structures
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can be modified to comply with the Galileo data and,
therefore, are not contradicted by it. The calculations
suggest, however, that the structure implied by the
data can persist at the latitude where it was taken but
that when it 1s imposed elsewhere, it tends to relax
toward greater uniformity. Although Jupiter could
have an FEXP or DSECH vertical structure, with d
~ 100 km, A ~ 500 km, and H ~ 10 km, it is un-
certain whether the observations at A = 6.5° really
have a global relevance. Consequently, we still lack
an estimate of an absolute vertical scale that is more
accurate than the range 50 < h < 500 km suggested
by our calculations.

10. Conclusions

The parametric behavior of planetary vortices has
been derived for atmospheres with static stability struc-
tures primarily of the exponential form e"* by varying
the rate N in a three-dimensional primitive equation
model. Our numerical model allows vortices to exist
indefinitely when they are physically capable of doing
so. Vortices are found to be absolutely stable when they
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are generally large compared to the Rossby radius, thin
compared to the abyssal depth, anticyclonic, and pos-
sess a first baroclinic eigenmodal or exponential struc-
ture. The vortices are essentially nonlinear baroclinic
Rossby waves and are an extension of the Rossby vor-
tices of the shallow-water system. Such anticyclones
are generated naturally by baroclinically unstable east-
erly jets and can exist at all latitudes under conditions
that vary from midlatitudes to low latitudes to the
equator.

At the equator, anticyclones are stable when they
have the Hermite latitudinal form, the Korteweg—
deVries longitudinal form, and the first baroclinic ei-
genmodal vertical form for exponential stratifications
as derived by Marshall and Boyd (1987). Only vortices
based on the first-order Hermite mode have been ana-
lytically defined and numerically studied but are the
most stable and the most likely to exist for a wide range
of parameters. In fact, this Rossby soliton exists indef-
initely for both Jovian and oceanic parameters. The nu-
merical solutions, unlike the analytical, let the vortex
generate a barotropic mode that is substantial but is
distributed so as not to feedback onto the storm. Fur-
thermore, when unbalanced vortices are inserted into
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FIG. 41. (Top) Vertical structure of the mean zonal flow for the
genesis solution A2. The W,, E,, and W, jets are sampled at ¢
= —(7, 17, 25)° and plotted with solid, dashed, and dash—dot lines.
Crosses mark the gridpoint distribution. For an upper-level subdo-
main. Units: km, m s~'. (Bottom) Vertical section for the genesis
solution A2. Sampled at a latitude near the vortex center. Contours:
AT =01K,7T* =0.13K, ¢ = —23°.
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the numerical model, they adjust by shedding second-
ary vortices with which they later undergo quasi-soliton
interactions. Thus, baroclinic Rossby solitons appear to
be robust and not too dependent on being exactly like
the analytical forms.

Equatorial anticyclones can also be generated quite
easily by waves emanating from low-latitude distur-
bances and can .also exist in modified form when em-
bedded within zonal currents. These solutions confirm
that a connection exists between the shallow water and
baroclinic phenomena when the latter have an expo-
nential structure. This leads us to look for connections
at other latitudes with the preliminary set of parameters
and structures, P;(N20), suggested for Jovian studies
by the equatorial analysis.

In midlatitudes, the largest Rossby vortices with the
shallow P, structures are quasi-stable in the sense that
they remain coherent but slowly lose amplitude as they
migrate equatorward. Migration, followed by a rapid
dispersion in low latitudes, is the main cause of P, vor-
tex collapse. Medium and small vortices migrate even
faster and, thus, collapse more quickly. This variation
in behavior corresponds to that seen in the shallow-
water model and also displays features associated with
PG, IG, and QG dynamics. In the shallow-water sys-
tem, however, the large vortices are absolutely stable,
whereas in the PE system they achieve that status only
when N = 90. The difference occurs because large P,

; contours:

vortices generate a barotropic mode that forces migra-
tion.

In low latitudes, the evolution in the P, regime is
determined more by dispersion than by migration, so
vortex lives are shorter than in midlatitudes. Zonal jets,
especially easterlies, can prolong vortex existence but
not indefinitely. Vortices that are temporarily blocked
by an easterly jet become smaller until they can tunnel
through the jet and resume their equatorward migra-
tion. Although stronger jets block migration more, their
amplitudes are limited by baroclinic instability to levels
that still allow vortices to get through at least in the P,
regime.

The best way to make vortices less migratory and
more long-lived is by making them thinner relative to
the abyss. Thus, in the P,(N60) regime, thin vortices
migrate so slowly they can be blocked by a weak east-
erly jet and made conditionally permanent. Further-
more, in the P;(N90+ ) regime,'' very thin vortices do
not migrate at all, so they are absolutely stable in mid-
dle and low latitudes. Coexistence and genesis then re-
place blocking as the main role of the jets when N be-
comes large enough.

' Although absolute stability requires that N = 90 in low latitudes,
it may occur for N ~ 50 in midlatitudes; this issue was not examined.
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FIG. 43. (Top) Vertical structure of the mean zonal flow for the
genesis solution A3. The W,, E,, and W, jets are sampled at ¢
= —(7, 17, 25)° and plotted with solid, dashed, and dash—dot lines.
Units: km, m s '. (Bottom) Vertical section for the genesis solution
A3, sampled at a latitude near the vortex center; contours: AT = 0.1
K, 7T* =024 K, ¢ = -23°.

Very thin, steeply exponential (EXP) vortices in the
P; regime can also be represented by confined linear-z
(LIN) distributions for the velocity and the stability B
in the upper layer. This alternative L, structure for sta-
ble vortices also has different baroclinic instability
properties that are useful for generating jets (see Part
I). Very thin vortices of the EXP or LIN form also
remain absolutely stable when embedded in alternating
jet streams of identical form and limited amplitude.

When they are strong, easterly jets become baroclin-
ically unstable in the P; and L, regimes and energize
wave packet perturbations into solitary long waves or
vortices if the preferred scale exceeds the Rossby radius
sufficiently. A large variety of evolutionary paths are
possible but most result, after a series of mergers and
enough time, in a single vortex end state.'? Single vor-
tex states can also arise at the start and persist there-
after, but they are harder to realize. The scale of the
vortices generated by an instability depends more on

12 Because of this tendency, we can use small domains to study
basic behavior and then extrapolate to large domains where time-
scales are often impractically lengthy.
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the jet amplitude than on the jet width. Exceptions to
the merger rule do occur, with multivortex end states
occurring when the merger timescale is too long to be
realized or when the vortices are too equally matched
to approach each other. Interactions may even lead to
vortex collapse if the components are so strong that
their combination cannot reach a balanced equilibrium.

Vortex behavior in the P, regime differs significantly
from its shallow-water prototype. For example, in the
PE model the vortices are generated by the baroclinic
instability of an easterly jet, whereas in the reduced-
gravity SW model the nature of the shear instability is
somewhat ambiguous. The propagation speed is the
ambiguous quantity for the PE model, being as much
determined by local flow fields as by the planetary
long-wave speed c;. This complexity also helps make
the vortex interactions more varied. In the shallow-
water system, the mergers are relatively simple; the
stronger vortices move faster than the weaker ones and
eventually catch and absorb them. Although this also
happens in the PE system, the strong vortices can also
reel in the weaker ones trailing behind them. Proximity
and advection seem to be as important as propagation
in determining the character of the interactions.

Vortex behavior also serves a wider purpose: the se-
lective existence of stable vortices allows them to be
used effectively, both qualitatively and quantitatively,
as an atmospheric probe to examine Jupiter’s atmo-
spheric structure. The vortex stability characteristics
primarily give the thermal T(z) structure, while the co-
existence with jets yields the flow u(z) structure, and
genesis suggests a timescale of about 1000 days. Work-
ing with realistic levels of ¢, u, T, and B could make
the probe quantitative, but selecting representative val-
ues for these quantities still involves arbitrary assump-
tions and produces ambiguous estimates.

Indeed, the existence of the conditionally stable P,
vortices and the absolutely stable P; vortices implies
that Jupiter’s atmosphere is thin and confined to a layer
of thickness  above an abyss of depth H such that
h/H < 1/5q. The vortex solutions, however, are rescal-
able in the vertical, so they do not allow us to deduce
absolute values of 4 and H. The recent Galileo space-
craft observation suggesting that the winds are uniform
or increase downward over the upper 100 km of the
troposphere at N = 6.5° relates to this problem but,
given that the data do not represent the mean conditions
at that latitude and come from a complex zone that may
not be globally representative, does not resolve this is-
sue. However, if the data are assumed to have global
and climatological relevance, the vortex theory can be
made to comply with the observations by introducing
a shallow mixed layer of depth d < h aloft, represented
by truncated e™# or by sech N(z — d)/H hyperbolic
structures. Vortex coherence and longevity are main-
tained in such systems and suggest that Jupiter’s at-
mosphere has layers with d ~ 100 km, # ~ 500 km,
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FiG. 44. Vortex genesis solution A4, generation of a single vortex by four mergers in a deep DSECH system. For Jovian N100 parameters
and geostrophic sinusoidal jet streams, as in Table 4. Properties: ¢ = =14 ms™, U= 51 ms™ ', T= 12K, B =4 X 107°s~%; contours:

AT=0.15K, T* = 1.1 K, Z = 143 km.

and H ~ 10 000 km, a depth near which the transition
to a metallic state occurs.

The baroclinic P; and L; vortices also extend the
shallow-water model for Jupiter’s Great Red Spot.
They imply that the GRS was generated by the baro-
clinic instability of the easterly jet E, and is maintained
by a continuing instability and by eddy absorption.
Such vortices can exist freely, however, if dissipation
is negligible. Evolution, particularly the interaction his-
tory, primarily determines the number of vortices that
exist in a zone. But the uniqueness of the GRS could
be due to its initial emergence as such or could be the
result of a series of mergers. The Large Ovals are
smaller because they lie in latitudes where the Rossby
radius is smaller and the jets are narrower, and remain
multiple because their interaction times are so long (see
Part II for their simulation). At the equator, Jupiter’s
plumes could be related to the Rossby soliton of MB87
if allowance is made for the superrotating current.

To be more specific, four stages of GRS existence
have been observed (see section 9 of Williams and Wil-
son 1988). In the high-drift Cassini phase, the vortex

was smaller and had a propagation speed of —10 m s ™

in 1665 that is in close agreement with our PE solu-
tions. The changes in size and drift speed that occurred
during the other phases are significant and complex but
consistent with the finding that the drift rate of the P,
vortices depends as much on the local amplitudes as on
the planetary cg factor. Although the GRS is a low-
latitude vortex, its stability does not depend on the ad-
jacent easterly and westerly jets if it lies in the P; re-
gime. The spots on Saturn may be less prolonged be-
cause their structure puts them in the P, regime or
because seasonal shifts in the jets destroy their internal
balance. The large anticyclone seen on Neptune (Sro-
movksy et al. 1993) could easily be stable without jets
to support it if it lies in the P, regime, but its origin
would then be mysterious.

The PE solutions also generally support the hy-
pothesis, first put forward in Williams (1975a), that
close dynamical ties exist between Jupiter’s atmo-
sphere and Earth’s oceans. The connections occur
because both systems have a small Rossby radius that
leads to a wide range of dynamical scales and be-
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cause both seem to have exponential-like structures
that concentrate their motions in an upper thermo-
cline layer and, perhaps, also in a mixed layer. These
connections exist despite geometric and energizing
differences. So is Jupiter some sort of primeval or
primitive ocean—but larger, deeper, and simpler
than Earth’s? The answer depends upon whether one
distinguishes an ocean from an atmosphere primarily
by its fluid composition or by the vertical distribution
of its motions.

Jupiter’s vortices last longer than the Gulf
Stream’s because its abyss is deeper and its flow en-
vironment is simpler and more benign. Whatever the
physical connection, the ocean studies of MB87 give
us the theoretical connection between the shallow-
water and three-dimensional modes at the equator
that provides the key to the dynamics of exponential
systems such as Jupiter may have. We have extended
that connection from the equator to all latitudes, from
low vertical rates (N = 8) for the ocean to high rates
(N = 100) for the planets, and from solitons to vor-
tices and jets.
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FiG. 46. (Top) Vertical structure of the mean zonal flow for the
genesis solution A4. The W,, E,, and W, jets are sampled at ¢
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Units: km, m s~'. (Bottom) Vertical section for the genesis solution
A4, sampled at a latitude near the vortex center. Contours: AT = 0.1
K, T* = 0.16 K, ¢ = —22°.

In this paper we present solutions that address basic
issues concerning vortex stability and vortex genesis.
In Part II, we use what we have learned from these
solutions to address two more basic issues that need to
be solved to complete our model for the Jovian circu-
lation, those concerning multiple jet genesis and su-
perrotation onset. There, we examine first how the jets
assumed in this paper can be produced by standard pro-
cesses in fluids driven by simple heating arrangements.
This leads to a study of the simultaneous genesis of the
multiple jets and vortex sets that lie in the three zones
containing Jupiter’s major ovals. Then, at last, we come
to the mystery of the origin of the equatorial superro-
tation and offer a simple but fundamental explanation.
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