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Abstract

The concept of local dynamical equilibrium in the form of geoatrophic or
cyclostrophic equilibria, which 18 valid at high altitudes above the solid
surface, may be adequate to describe the wide range of superrotation rates
ohserved in planetary atmospheres. It does not address the problem of
"exactly how this superrotation ..., is produced and maintained agalnst the
tendency for friction to oppose differential motions between the atmosphere
and the underiying planet' (Hide et al,, Nature, 1980). Our analysis, to
some extent pedagogical, is dased on the concept of a thermally driven zonally
symmetric circulation (e.g. Leovy, 1973; Glerasch, 1975). On planets, with
rotation axis perpendicular to the orbital plane, the equatorial reglon is
heated preferentially. The atmosphere expands, and large scale motions in the
form of Hadley cells develop which produce a redistribution of mass and
angular momentum, To provide a basic understanding of the phenomenon simple
analogies are proposed, where mechanical devices with variable moment of
inertia are frictionally coupled to a rotating turntable. Using a three
dimensicnal zonally symmetric spectral model and Laplace transformation, the
time evolution of a fluild leading from corotation under globally uniform
heating to superrotation under globally nonuniform heating is simulated. For
high viscosities atmespheric superrotation can be urderstood in analogy with a
pirouvette. During spin up angular momentum is transferred to the planet. For
reagsonably low viscosities, however, this process is reversed. The increased
tendency toward geostrophy, combined with the increase of surface presaure
toward the poles (due to meridional mass transport)}, Induces the atmosphere to
eucbrotate temporarily at lower altitudes. The resulting viscous shear near
the surface thus permits angular momentum to flow from the planet into the
atmosphere where it propagates upwards and, combined with the change in moment
of inertia, produces large superrotation rates at higher altitudes.
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INTRODUCTION

The phenomenon of atmospheric superrotation ia ubiquitous in our solar
gystem. For Eurth, thece extsts evidence suggesting that the rotation rate of
the thevmosphera is as wmuch as a factor of ' » 1.4 larger than that of the
surface (e.,g., King Hele, 1964). Superrvotation is ohserved on Mars (ege,
Conrath et al., 1973), Jupiter (e.g., Ingersoll et al., 1979) and Saturn {e.g.
Alexander, 1962), the most ririking example being that of Venus (e,.g.,
Schubert et al,, 1980) where the uvotatinn period of the visible cloud top is

P = 60 times shorter than that of the solfd bhedy (243 days). Each of these
atmospheres has a distinctive rigld shell (global average) component of super-
votat{on, {rrespective whether the plenet totates in the prograde (e.g.,
Rarth) or retrograde {(e.g., Venus) directlon.

The difficulty of understanding superrotation has recently been
emphasized in a paper by Hide et al., 1980 from which we quote: "The density
of the atmosphere decrenses rapfdly with height and more than 95X of the mass
of the atmosphere is contained within the troposphere, which extends from the
ground to an altitude of ~ 10 km, and the lower stratosphere. These regions
of the atmosphere rotate €aster oun average than the underlylng solid Karth
with a typical relative speed of about 10 m s~t, Exactly how this super-
rotation (a term used for the generally morve vapid relative motions found in
the very tenous reglons at heights around 300 km) is produced and maintained
against the tendency for friction to oppose differential motions betweea the
atmosphere and the underlying planet i a central problem of dynamkcal
meteorology."

Numarous theovetical models have been proposed to describe the effect
(e.gs Schubert and whitehaad, 1(969; Thompson, 1970; Glevasch, 1970; Hide,

1966, 1971; Gold and Soter, 1971; Gierasch and Stone, 1968; Glerasch, 1973;




Leovy, 1973; the rev.iew of Rishbeth, 1972), but none is fully aceepted. While
different processes are probably important in different regions of the
atmospheres and in various planetary settings, one feature all share in common
18 differential heating by solar radation which has long been known to produce
pressure varlat{ons and zonal wind velocities (e.g. Lorenz, 1967). It is the
purpose of this paper to examine the angular momentum budget of this mecharisnm
and to provide a mechanistic interpretation that may contribute to a basic
understanding of the average or rigid shell component of superrotation, The
important problem of differeuntial rotation and equatorial superrotation will
be discussed in a subsequent paper (Mayr et al., 198la),

Leovy (1973), Gierasch (1975) and others (e.g. Turikov and Chalikov
(1971); Kalvay de Rivas (1975)) proposed models for the zonally symmetric
ciréulation with superrotation resulting from differential heating. It was
suggested by Leovy and showm by Glerasch that superrotation is maintained in a
Salance between upward transport through the meridional cell and downward
transport through eddy processes. With a steady state solution of the
nonlinear energy, continuity and momentum equations, Gierasch described the
superrotation in the viscous atmosphere of Venus from the planetary surface
upwards, The zonal wind field thereby rigorously satisfied slip-free and
stress~free boundary conditions., Due to the neglect of the viscous streﬁs in
the meridional momentum equation, however, the model is not entirely self
consistent in that the meridiocnal winds could not be made to vanish at the
surface., Qur results, which do not suffer from this deficiency nevertheless
confi{rm the importance of the meridional circulation for maintaining
superrotation.

What remains then to be shown is how, precisely, the flow is built up or
superrotation is produced and if =ud how the atmosphere receives angular

momentum in this process? In answering these questions we shall discuss in



the first part of this paper simple mechanical analogies that elucidate the
basic procegs. In the second part we shall present a spectral model which
describes in the linear regime the thermally driven zonally symmetric
atmospheric circulation and superrotation. The approach is taken there to
study the hypothetical spin up of a planetary atmosphere when differential
solar heating is suddenly applied and follow the time evolution until a steady
state is reached. Solutlions obtained over a wide range of parameters thus
provide insight into the processes that estahblish and maintain superrotation.
We find that, consistent with the mechanical analogles, two aspects are
fmportant: With high viscosity the angular momentum for superrotation is
primarily derived from the change in the moment of inertia due to mass
redistribution by the meridional circulation. With reasonable low visocisity,
however, this mass redistribution and the resulting pressure build-up in the
polar reglon at lower altitudes causes the atmosphere to subrotate temporagily
during the spin-up process so that the atmosphere can pick up the angular
momentum from the planet giving rise to superrotation.

LOCAL DYNAMICS

We cronsider simplified equations to describe the zonally symmetric com-

porient of horizontal momentum conservation
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with U, zonal velocity

V, meridional velocity

p, mags density

n, kinematic vigeosity

p, kinetic pressure

mp, rotation rate of the planet

0, lattrude
Asguming V] << [Uland with a given pressure field, p(r, 0), the solutions of
(i) and (2) yield Ln the limit of small but finite viscosity (Mayr et al,,

1981b) the equation for gradient flow

w ’
. P 2 2e0s0 - SERO 3p
v -mprcoso + prT—'V/mp r“cos™Q S e {3)

It reduces bto

d
" 30

V= 2:pwpsin0

(101 << lmprl) (4)

and

W "
ve+_B. /. ctel dp (1 >>|mprl) (5)

lmpl p 90
in the geostrople aml cyclostrophic approminations respectively.

Formally, the above solutions represent a local balance between fnertial
forces aund pressure gradients. They represent the simplest and perhaps post
powerful concept for describing superrotation. On most planets in the solar
gystem the rotation axis is perpendicular to the orbital plane, the equatorial
region 1s heated preferentially and the pressure tends to increase toward the

equator (%g-< 0) at higher altitudes. The propensity toward superrotation in



planatary atmospheres 1s thus explicable in terms of Equations (3) through
(5). Moreover, the largest supervotation rates are likely to occur at higher
altitudes away from the viscous constraint by the rotating planet. Tn that
regime the ahove solutions are approximately valid and may provide a good
quantitative description of the phenomenon. An outstanding example i the
work by leovy (1973) whers the large superrotation rate of Venus was
attributed to cyeclostrophic balance.

Using the same horizontal pressure gradient, %-%% = ~0.3, for different
planets, we note that the concept of local dynamical equilibrium produces a
»ide range of values %2-- 53 (Venus), 0.20 (Earth) and 0.0014 (Jupiter) which
match the observed ave?nge rotation rates within a factor of two. The zonal
valoeity 1s here expressed Iin the form of a rotation rate, Aw,

ANGULAR MOMENTUM BUDGET

The concept of local dynamical equalibrium does not provide a connection
between superrotation and source mechanism. Moreover, it is restricted to
that part of the atmosphere where, formally, viscosity i{s unimportant and thus
it cannot provide a mechanistic connection between the superrotating
atmosphere and the rotating planet.

The concept of angular momentum consetvatilon is fundamental for our
understanding of superrotation. With the primary emphasis on elucidating the
physics, we shall describa here a scenario of atmospheric superrotation which
heuristically evolves from fluid dynamical elements that can be readily under-
stood to a more realistic configuration containing these elements. In support
of this i{nterpretation we shall make use of mechanical analogles.,

As reference, a globally uniform atmosphere with mass density po(r) is
chosen. It is heated with a source, Q,(r), representing the global average of

solar input. Due to viscous interaction this atmosphere corotates with the



angular veloelty of the planet, w,. Without adding an exteranl torque to the

I*

entlre atmosphere=planct system, we change the heat source to ((r,0) =
Qn(r) 4+ AQ(r,0) which in turn changes the density disteibution to p(r,0) =
p“(r) 4 Ap (r,0), The questlon we ask is how AQ maintalns an atmospheric
rotation rate w(r,0) = mp 4+ Aw(r,0) with a vigid shell component different
from that of the planct?

In reallcy, the votatlon vate of the planet also changes during the spin
up process. For the purpore of discussing superrotation, however, we are
justified to neglect this cffect since the moment of inertia of the atmosphere
{s mueh smaller than that of the planet.

Under conservation of angular wmwinentum, L, the physical conditions for
uniforn and nonuniform heating, representiug end states of equilibris, are

related

L, (@ = L(Q) - &, (6)

where

AL = LP(Q) - Lp(Qo) | (N

represents the total amount of angular womentum that is teansferred from the
atmosphere to the planet (positlve) or visa versa (negative) during the spin
up process. Subseripts a and p refer to atmosphere and planet respectively.

Assuming Ap <X Py the explicit form of Egq. (6) is

fﬁmpod\b = -u, /Apdw - AL. (8)
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2c0520d1, the Integrations are taken over the entlre

With the definftion d¢ = v
volume of the atmospheve (with element dr). Equation {B) states that three
components contribute to the conservation of the total angular momentum: {a)
atmospheric supecrotation, dw, (b) changes in the atmospheric momant of
inertia which are associated with chasges in mass density, Ap, and (c) the
above defined exchange of angular momentum between atmesphere and planet, AL,
during the transition from one (Q,) to the other (Q) equilibrium state.

A slmple thought experiment fllustrates the nature of AL. Starting out
with an atmosphere characterized hy Qr Py and w,, corotating with the
planet, we lower the heat source uniformly over the globe Q(r) = Q,(r) -
AQ{r). Under mass conservation the atmosphere contracts, p(r) = po(r) -

Ap(r) and Lts moment of Inertia decreases. During this change, the
atmosphere tends to maintain Lts angular momentum and {nitially there is
superrotatlon., This motion produces viscous Lnteractinn with transfer of
angular momentum to the planet, until eventually a new static equilibrium is
established In which atmosphere and planet corotate with the angular veloclty,

w. Of course, for this particular case the solutfon is simply

AL = T (w~w)>0 (9)

with

(T, [edel (10)

where In vefers to the planet’‘s moment of inertia, Constdering Auw = O another

form of the solution can he ohtained from Eg. §,




ML= j.Ap(r) dyse (n
This means that the atmosphere transfers an amount of angular momentum
equivalent to the entire change in Lts moment of inertia; thus none remains in
the atmosphere to malntaln superrotntlon.

For a4 realistie atmosphere with globally nonuniform source the conserva-
tion of anpgular momentum {8 complicated, ns will be shown in numerical simula-
tions of the spin up proevss. To provide a fundamentnl understanding of
superrotation it 1s therefore helpful to discuss Ficvst a simple model which
proves to b¢ valld for very large kinemitic viscosities.

The process s {1lustrated in Fipure 1. On a plancet where the equatorial
region is heated preferentially th compresaible viscous atmosphere cxpands.
Thus large scale motions in the Foom of Hadley cells are set up (e.g. Lorenz,
1967, Leovy, 1973, Glerasch, 1975) that coffectively transport mass from the
equiator toward the poles closer to the rotation axis. As a result the

atmospheric moment of inertia Jdecrvascs

AT o fzmw u - fAthp <0 (12)

which tends to decrease the angular momentum. tUnder Newton’s law such a
change is met with inertia and the angular velocity must increase (super-
votatlon) to conserve angular momentum. We assume that during the fnitial
phase of the spln up process the atmosphere supervotates all the way down to
the planetary surface and "veacts" by transferring, through a viscous torque,
angular momentum to the planet.
Unlike the case for a uniform source where this momentum transfer cor-

responds to the entire change in moment of inertia (Eq. 11), only part of it

ie



{s transforred to the planet (AL>0) under nonuniform henting; thus super-

rotation can be sustained, which is reatated in mathematical form

<£\m>Ia ﬁwpo dy = w, prd\p -AL > 0. (13)

Apart from the poleward transport of mass (term containing 4p in Eq. 13)
which {8 driving superrotation, the meridionnl winds are also {mportant in
"{golating" the superrotating atmosphere from the planet. The assoclated
inertinl forces (which change sign as one vervtically transverses a Hadley
cell) are in balance with the viscous forces from the zonal wind field, so
that in equilibrium superrotation can be maintained with stress free
boundaries. Solar hentfng and the resulting meridional circulation thereby
continually supply the energy that is expended through viscous dissipation.
During the spin up process (non-equilibrium) the inertinl forces effectively
Hwit the transfer of angular momentum to tlie planet.

The magnitude of this momentum tvansfer {s proportional to the viscosity
and {t bas the e¢ffect of damping superrvotation. A more viscous atmosphere is
tighter coupled to the planet which tends to constrain it into corotation.

In support of this interpretation a mechanical model 1s presented which
is closely velated to the spin up in a pirouette. This analogy is crude by
comparison with the dish pan experiments (e.g. Schubert and Whitehead, 1969)
providing a fluld dynamice simulation of superrotation. However, it contains
some of the important elements to describe the process and has the advantage
that the physics 1s more transparent.

The dfscrete phases of the plrouette experiment are 1llustrated in Figure
2, Sitting on a rotating turntable, representing the solid planet, is a

mechanical device referred to as "figure" which represents the atmosphere; 1its

11
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configuration and moment of inevtls {with masses in shaded areas) can be
changed by pulling a string. The angular velocity of the figure is schemat-
feally shown as a function of time. 1In the first picture frame the string is
relaxed and no external force is applied. The figure has the maximum moment
of inertia attalnable and corotates with the turntable, which is the analogy
of an armosaphere under globally uniform heating.

In the second frame the string {8 pulled. Expending encrgy against
gravity, inertinl forces (e.g. centrifugal and Coriolis) and friction, the
figure stralghtens out, 1ts moment of Inertia decreascs and it superrotates.
Locked In this positlon, the new fligure would continue to superrotate indefin-
itely if there were no frictional interactlon or momentum exchange with the
turntable (thin solid iine In the veloclty diagram). Under realistic
conditions, however, friction causes d slowdown (heavy solid line in the
valoetty Jdiagram) which eventually would lead to corotation. To prevent this
the Tl = w0 at be spun up perliodically. This is accomplished by relaxing the
scring $o that the figure assumes fte original moment of inertia. All of the
potential energy and part of the initial energy previously expended are
thereby released. In that position the figure subrotates and picks up angular
momentum from the turntable. By pulling the string the figure is then spun up
again, and a new cycle begins,

The rotation rates in Figure 2 illustrate the steady state condition
during an experiment cycle and indicate that the net result of the procedure
is superrotation. A simple analysis of the mechanism can readily verify
this.

The equation of motion has the form
5 (I») = - 2 Tu, (14)

12



where I{t) is the time varying moment of inertia, w is the difference between
the angular velocities of the figure (with mass m) and the turntable, and a is
the friction coefficlent. Over the experiment cycle, in steady state, the net

amount of momentum exchange with the turntable must be zero

T g4 o T
of I (1) dtu_a.o Iwdt = O, (15)

al and W being the average angular velocities during the two phases of the
eycle and t, I;, and tg, Iy being the corresponding time periods
(t = tl + t2) and moments of inertia, Equation (15) becomes

I, w, k£, +I. w, t. = 0. (16}

It follows then immediately that the average superrotation rate is

- 1 ¥ 1
m:-;l_-uf mdt:;l_-(mltl+m2t2)=

I I
Lot -y .ln - -1

which is positive, since w , > 51 >w,,> 0and I, < I,. The angular vel-
ocities Wy, and Wy, are defined in Figure 2. The figure superrotates because
of the cyclic change in the moment of inertia. Energy is thereby continually
fed into the system where it is dissipated through friction. The super-
rotation rate increases inversely proportional to friction.

Relative to the initial state of corotation (with wo), the subsequent

state of superrotation has a lower (average) angular momentum. The differ-
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ence, AL > 0 (Fq. 13) 1s trausferred to the turntable during the spin up
process. It ingreases with frietion and decrcases superrotation.

In summary, we note the analogles with the superrotating atmosphere. The
ospillatory motions within one eycle of the pirouette experiment rimulates the
Hadley cell. The higher the frequency 1s in the experiment cycle, the shorter
is the turnover time in the ladley cell and the more energy is golng throuph
the superrvotation engilne. In the former, mass and momentum exchinge take
place secquentially, while in the latter they occur simultancously in the upper
and lower legs of the clreculation. The externul force on the strliag repre-
sents the horizontal pressure gradient due to differential heating. These
forces drive the radial motions of the pirouette experiment and the meridionanl
motions in the atmosphere. thereby contrelling the moments of inertia iIn both
systems, They are primarlly balances by Corlolis and centrifugal forces which
provide the link with frictlon and viscous dissipation where energy is
ultimately dissipated. Thus closing the energy chain we obtain a basic under-
standing of superrotation which is consistent with the interpretations of
Leavy, 1973 and Glerasch, 1975.

One casily sees that the concept of this mechanical analogy can also be
applied to individuwal particles of alr moving with a Hadley cell. In a fluid,
at any given time, every phase of this motion is equally represented and thus
Justifies the time averaging procedure as a means of representing the dynamie
system in steady state.

DOUBLE PIRQUETTE

The problem with the ahove analogy is that the entire atmosphere is
portrayed as a uody which can be deformed horizontally but not vertically.,
Such a picture Is essentially valid when larpe viscosity provides enough

rigidity. Under more realistic conditions with reasonably low viscoesity,
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however, the situation is move complicated.

A loglcal extension of the mechanical model is the "double pirouette"
experiment which is significantly different from the earlier single pirouette
experiment in that is has an additional degree of freedom for the vertical
momentum distribution. Instead of one mechnical device, two are used on top
of each other, separated by a friection plate (Figure 3). Pulling the string
at the upper figure (F,) supplies the energy. As F, is stretched and its
moment of lnertia decreases, the lower figure (Fl) 18 compressed and its
moment of inertia increases. Springs in F; may provide a restoring force due
to the compressibility of the atmosphere.

The analytical solution for this thought experiment is straightforward,
But depending on the conditions, the results may differ signiffcantly, and a
detalled discussion would go bheyond the scope of this paper. Adopting here a
simplified description, we conslder the corotating (wo) double pirouette with

moments of Inertia Ig and Id repraseating the atmosphere under globally

1
uniform henting. The string is pulled during the “energization phase" and the
moments of inertia change to Iﬁ, I;; it 18 relaxed during the "dissipation

g, Ig. Subscripts u and 1

refer to the figures F, and Fy, while superscripts e and d indicate the

phasc" and the moments of inertia return back to I

energization and dissipation phases respectively. During the energization
phase, the time average rotation rates (relative to mo) are aﬁ > 0 and
Gi < 0in F, and Fy respectively.

Conservation of angular momentum with a system of two coupled equatiouns

corresponding to (15) yields

1® ) iy y ool oo
-d d - ¥ ~a 1 u -g 1 u
“WETHTD %Wt Y m @ (18)
Il Iu : I1 Iu
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I friction cocfficient between turntable and pilrouette device

a, Ffriction coefficient hotween hotli plrouette devices.

Since Iﬁ ¢ Iﬁ (ﬁﬁ > 0) and IT > I? (ai < 0), it follows from (18) and (19)

that the average rvotation rates for both flgures are positive

= 1l e e ~d d
w, == (mu t- + , t)Yy >0 (210}
= 1= e =d d
Llll -{_* (D)l £ 4+ llll t ) >0 (2[)

Examing the angular nomentum budget (Egs. 8 and 13)

- .= oad = ad e e _ q4dy .
0 <@T =& T Fu I = (I~ I +17=-1) « AL (22)

produces an interesting result. Suppose we chose Iﬁ = Ii and Ii = I: which is
the case illustrated in Figure 3. Under this condition the total change in

the moment of inertia is AI =5 (Iﬁ - Iﬂ + I; - Ig) = 0. Knowing from (20) and

(21) that there is superrotation, Eq. 22 then implies that the double
pirouette device is capable of picking up angu’ «r snmentum, AL < 0, from the

turntable during the transition from (uniform) corotation to superrotation.
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This vesult {s completely different from that obtained with the single
pirouette experiment where the decrease in moment of inertia causes
superrotation and, additionally, permits angular momentum to be transferred to
the turntable during the spin up process. Depending on the amount of
friction, the total change in moment of inertia, AL, and or the (initial)
exchange of angular momentum with the turntable (planet), AL, may thus con-
tribute to the angular momentum for superrotation. Under atmospheric
condltlons with reasonably low viscosity it is the latter which is usually
more lmportant.

The particular form that was used here to energlze the double plrouette
experiment 18 not unique. An external foree applied to the lower figure would
lead to virtually the same conclusions.

On tho basis of this analysis which s congistent with the results from
our numerical simulation of atmospherice superrotation In the second part of
this paper, the following conclusions are drawn:

Viscosity. 1In the case of ldeukically zero viscosity or friction, the
equations (20) and (21) cannot be applied. But assuming that initially the
mechanical device {or the atmosphere under uniform heating), somehow,
uniformly corotates, one can easlly show that au 2 0 but ﬁl < 0. The anpular
momenta In reglons of super—and sub-rotation add up to zero implying that the
average change in the rotation rate i1s also zero. Superrotation cannot be
understood without viscosity. To sustain this motion the system must be
capable of converting kinetic energy back into thermal energy.

Mass Transport. Wilthout an external torque, conservation of angular

momentum requires that the moment of inertia must change in order to sustain
superrotation. This Is accomplished through mass redistribution by the

meridional circulation of the atmosphere induced by solar heating and pressure
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pradients, oar by Lhe vscillatory mottons due to extermal forcing in the
priouette experiments. To understund superrotation Lt {s dimportant that the
change in moment of inertla is not malntained statically but through transport
processes.  The mass carrying meridional cetirculation of the atmosphere and the
osciliatory wotlons of the mechanical analogies continually supply the
energies that are expended by viscous dissipation associated with super-
rotation.

Momentum cxchange with the planet. During the transition from corotation

under globally uniform heating to superrotation under differential heating the
atmosphere exchanpes angular momentum with the planet. In simplest form, one
expects a beohavier similar to that of the single pirouctte experiment where,
through viscous interactlon, anpular wmomentum {s transferred ts the turntable
thus slowing down superrntatlon. However, under more raalistic conditions
with reasonably low viscosity, a secondary clreulation develops temporarily at
lower altitudes and the analogy with the double pirouette experiment s
appropriate, Initially, duriocg the spin up process of the atmosphere or
during the energization phase of the mechanical analogy, subrotation prevails
near the surface, so that the systems can actually receive angular momentum
from the planet or the turntable.

Analogy with subrotation. The double plrouette experiment represents a

mechanical model for an atmosphere, preferentially heated at the equator. Our
simplified description of this analogy, almed toward a basic understanding. of
guperrotation, liowever, cannot be adopted for subrotaticn. In reality, the
changes in the moment of inertia due to the oscillatory motions of the pir-
cuette device are continuous and the Corlolis force must be considered. Under
this condition the analysls is more complicated but shows that external com-

pression agolnst the action of the Coriclis force indeed leads to sub-
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rotation. This analopy was used to illustrate the subrotation on the sun
whose atmosphere is preferentially heated at the poles (Schatten et al.,
1980). Analogous to the fluid (e.g. Eq. 3}, the mechanical c¢xperiment Is not
symmetrical for large values of super— and sub=-rotation when the centrifugal
force becomes important.

FLUID DYNAMIC MODEL

In the framework of a spectral model, we shall concentrate here on the

lowest order harmonic or rigid shell component of superrotation which {is
unique in that it alone pocesses a plobal angular momentum; the angular
momenta of the higher order vector spherical harmonics are identically zero.
A subsequent paper will discuss the problem of differential rotation and the
acceleration of the equatorial region (Hide, 1970) by extending the analysis
to hipgher order modes under consideration of mode coupling and viscous flow
(Mayr et al., 1981a).

In the following sections the model 1s presented, and boundary conditions
employed at the planetary surface are discussed. Steady state solutions are
then considered followed by a presentation and discussion of time evolution
simulations. The thrust of this study is toward a general understanding of
superrvetation rather than to provide quantitative results for a specific
planetary atmosphare.

To describe atmospheric superrotation, a three dimensional spectral model
(Mayr and Volland, 1972; Havrris and Mayr, 1975; Mayr et al., 1978, referred to
as MH) is adopted whose properties are summarized here: (1) Energy advection
and convection associated with large scale circulation are considered. (2)
Heat conduction and dissipative processes due to lon drag and viscosity in
both the zonal and meridional force balances are included. (3) Vertical and

horizontal mass transport including momentum transfer between the major
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species of the atmosphere are consldered in self consistent form. (4)
Perturbation theory is applied relative to a globally uniform atmosphere which
corotatas with tha underlying planet. The physical quantities including
temperature, densities and winds ave represented in an expansion of spherical
harmotules and time functions such as Fourier harmonics, which effectively
separate latitude and time dependences from altitude variations. (5) The
equations of energy, mass and momentum conscrvation are integrated from the
planetary surface up to the exosphere., At the lower houndary, the vertical,
meridional and zonal velocities relative to the rotating planet are set to
vrero, and adiabatic conditions are assumed to prevail, For the upper boundary
conditions, the properties of molecular heat conduction and viscosity require
that the vertical gradients of temperature and horizontal winds vanish.

In the swanally symmetric ¢lrculation (m=0) we consider the "fundamental

mode" of superrotation

AQ?.
ATz

= x, (£) B (0) = x, (r) Y3 (3 stn0 - 1) (23)
P2
W, ]
Yy Uy(x) B, (0) = Fy U,(x) sin 0 cos © (24)
T)l = V() Ei (0) = '5¢ AwrcosO (25)

where AQ2 is the external heat source, and ATZ' Apz, ﬁz, Vz, ﬁl are the
resulting perturbations in temperature, density and velocity components in the
vertical, meridional and zonal directions respectively. Standard notations
are used for the scalar~ (PZ) and vector- (ﬁg. 52) spherical harmonics. Due

to the orthogonality of spherical harmonfcs, the contributions to the glohal
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angular momentum budget (Eq. 8) from the zonal wind field and the mass

redistribution (or changes in the moment of inertia) are

d 0 By = 0 10
fpo (o) § v C,r cos 8 dr 'fpn): v.e, C dr
afp V¥ ((}0 )2 dr = fp Awrcosdc®dr
o 1 1 o 1

2 = P°
ﬁA?‘ P t2cos? 0 dr = f ):Ap p“ 3 (2p9- P,) dr

2 2
--5 p rﬁp(P) dr

(26)

(27)

Apart from the corotating globally uniform atmosphere, only the fundamental

mode or the rigid shell component of rotation (angular velocity independent of

latitude) has non-vanishing angular momenta due to Aw and Ap2. For higher

order modes which represent differential rotation (variable angular velocity

a8 a function of latitude) the global angular momenta are identically zero at
each haight.

We emphasize again that in this paper no attempt is made to simuladte a
particular scenario of atmospheric (rigid shall) superrvotation which would
require a thorough analysis of thé energy sources (due to e.g. solar
radiacion, auroral particles and Joule heating) and external forces (due to
e.g. electric fields of solar wind-magnetcspheric origin) that are
important. For fllustrative purposes we chose a global average atmosphare
with T,, Po which corotates with the planetary rotation rnte-wp representing

the conditions on Venus, To drive superrotation, a specific heat

gource AQ, is adopted which peaks at an altitude of 50 km. With these inputs
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fixed, the helght independent eddy diffusion coeffecient K and the
corresponding coefficlent of eddy viscosity are varied to examine the effects
on atmospheric superrotation.

BOUNDARY CONDITIONS

Disregarding the complexities due to composition, eight boundary
conditions are required to solve the ordinary differential equations that
describe the vertical structure of temperature, density and velocity filelds.
Of these, seven conditions are firmly established: (a) the vanishing vertical
and horizontal (zonal and meridional) velocities at the lower boundary, (b)
the requirement that the energy equation 1s satisfied under neglect of heat
conduction at the lower boundary and (c) the assumption that ths heat
conduction-and momentum-fluxes vanish at the upper boundary.

In steady statc, one must further require for the rigid shell component

of superrotation that the viscous torque or the momentum transfer vanishes at

the planetary surface r,

dAw .
('{ﬁ:—)‘ro a ) (5"&‘ 0) (28)

In implementing the stress free boundary condition (28) it is important to
realize that mass rediastribution (and the resulting change in moment of
intertia) is one of the three elements that balance the steady state angular
momentum budget (see¢ Eq. 8). This mass redistribution also produces.a
pressure varfation at the surface, Apz, which, a priori, 18 not knewn. Also
contributing to the momentum budget is the atmosbheric momentum exchange with
the planet, AL, during the spin up process which is related to the surface
stress. We require, therefore, that the surface pressure or density

amplitudes associated with on are chosen such that the stress free boundary
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semdinfem “To, 28 kg satisfied im stealy sTate
-
EA -;g-iﬁ*r@ - (2
Tm oar computer model an frerative procedure is used caadined with haary
sear=v 5 enfarse condizion {263,

Tr zurus =ut that far a slovly rotacing planed swh as Venus this
rigsrous agproach to the bosndary value problez praduces results ressonably
olase to thise obtained with the (redundant) assumption of hydrostatic
equilibrinz, 7This indicates that without counstraint the systea tends to find
its natural state and in turn justifiess using the hydrostatic condition for
the time dependent solution.

The concrpt of influencing the angular momentum budgat by varying the
gurface pressure distribution proves valuable in still another way., Thus a
computer experiment can b2 performed in which the surface pressure

distribution is chosen so that the atmospheric angular momentum is iunvariaunt

during the transition from corotation to superrotation
(Apz)ro + AL = Q. (30)

STEADY STATE

For a fixed heat soutce, & Q,, which peaks at the equator, Flgure 4 shows
computer results of rigid shell superrotation in steady state ( %E = 0}, Two
differont values of kinematic viscosity corresponding to eddy diffusion
coefficients of K = 104 and 109 are chosen. Solid lines represent realistie
conditions for which the viscous stress or the vertical gradient of the zonal
velocity s forced to zero at the planetary surface (Eq. 29). Under this
condition, rigid shell superrotation prevails for both viscositles throughout

the atmosphere.
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In analyzing the angular momentum budget we evaluate the integrals of

supetrotation and mass redistribution from Eq. 8, or Eqs. 26 and 27
2. .2
5 » Aw(r)por cos“0dr (31)
Mw -0 _fA B (2)r2cos?
= .pz(r) Pz(Q)r cos 0dr (32)

where AL = M=S5., The ratios R‘- %-nre given in Figure 4 and reveal that {n the
case of large viscosity the atmosphere has lost angular momentum to the
planet AL > 0; while for the smaller value of viscosity the atmosphere has
gained angular momentum from the planet AL < 0 during the spin up process.
Retaining the input parametevs, we show for comparison a second set of
solutions (dashed lines) which are artific{al and dlagnostic In nature. Here
the surface pressure amplitude is adjusted (Eq. 30) so that, under
differentfal heating, AL=(), For large viscosity superrotation prevails all the
way down to the surface. 1In that state the velocities are consistently larger
than those under the stress free boundary condition (solid line), and a

surface torque (%%Eor > 0 tends to slow down the excess auperrotation while
o]

transferring angular momentum to the planet, Obviously, such a condition
cannot prevall Iin steady state. Initially, during the transition from
corotation under uniform heating to superrotation under nonuniform heating the
atmosphere tends to conserve its angular momentum. Solutions for AL=0 are
therefore interpreted as heuristic representations of the transient state

aAm)

which, combined with the true steady state solutions qr—-

= ro = 0, may serve to

{llustrate the mechanics of the spin up process.
For small viscosity the situation is reversed. With AL = 0 the

valoclties are now consistently lower than those under the stress free
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boundnry condition., The atmosphere actually subrotates (minus) at lower
altitudes. In this state a negative surface torque (%ég)r < 0 induces the
atmosphere to plck up angular momentum from the planet whic; contributes to
the larger guperrotation.

TIME EVOLUTION

Steady state solutions contain no information on causallty and therefore
cannot afford a complete understanding, An example is the Hadlay cell: Mass
transport in the upper leg of the circulation away from the source and in the
lower leg of the circulation toward the source are in balance. But in the
translent process of establishing the circulation, it is precisely the
inbalance of mass flow which is huilding up the pressure in the polar region
at lower altitudes, and it {s that pressure force which keeps the atmosphere
in motion.,

We shall find that in principle the situation is similar for
superrvotation, There is, however, an important additional complication in
that the atmosphere is coupled to a planet with virtually unlimited angular
momentum. While the atmosphere’s mass budget that governs the Hadley cell
formatipon is closed, its angular momentum budget which governs superrotation
is not.

In describing the spin up process we assume tpat up to the time t = 0
the atmosphere is heated with a globally uniform source, AQ2 = 0, and
corctates with the planet, Aw = 0. A globally nonuniform source is intraduced
as a step function

AQZ (t) m0; £t <0
(33)

A _Q2 (t) = const,; t > 0.

25



Using Laplace transformations, the time dependences of the heat source (33)
and tha physical variables X(t) (Equ. 23, 24, 25) are described in the form
o 1
Ba,(f) =[ et aq, () de g (34)
o
and

4, () x(6) = [* ™" x(e) ar, (35)

respectivaly., With the time dependence eft, f being a variable time constant,
the MH model is used to compute the transfer function x(f) for unit heat
input. The Integral equation {(35) 1is solved with the Gauss-Legendre technique
of Bellman et al, 1966. Using six Gaussian points, the calculations are
carried out over varfous tlmescales to provide the necessary resolution,

For the same input values that produced the results of Figure 4, the time
evolution of atmospheric superrotation is simulated and is given in Figures 5,
6, and 7. VFor large viscosity the atmosphere superrotates ar all altitudes
throughout the apin up process. Immediately above the surface (2 km altitude)
a transient velocity maximum developes. In time, this velocity returns to a
small value near zero. The corresponding (transient) surface etress has the
effect of decelerating and accelerating the atmosphere and the underlying
planet respectively. That momentum transfer is also reflected in the steady
state superrotation rates throughout the atmosphere which are lower than those
during the initial phase of the spin up process. This confirms our earlier
interpretation of the solutions in Figure 4. Judgiong from the time evolution
of the height integrated superrotation rate we find that the atmosphere spins
up like a solid body and transfers angular momentum to the planet, in analogy
with the single pirouctte experiment (Figure 2).

For the smaller viscosity the results are entirely different (Figure
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rotational energy comes from the planet, a scale analysis yields

., AW 1
Rag-T=duep (36)

where the symbols K, %%& and 1t stand for the viscoasfty, the vertical velocity
gradient near the surface during the spin up process and the spin up time
respectively. A decrease in viscosity 1s overcompensated by ﬁn {ncrease in
the gradient and spin up time so that the atmosphere can receive an
increasingly larger amount of angular momentum. The meridional circulation
transports angular momentum upwavds and Lts time response to the solar
radiative i{nput is almost tnstantancous. By comparleon, the viscous flow of
angular momentum from the planet {s slow and slows further down as the
viscosity decreases. Thus with decreasing viscosliy, larger velocity shears
must be bullt up and a longer spin up time {s requiraed before the viscous flow
can match the convective momentum transport.

The dependence of atmospheric superrotation on viscosity is i{llustrated
In more detail with Figure 8. For a fixed heat source and a wide range of
eddy diffusion (viscosity) coefficients, the velocities are shown at various
eltitudes. To characterize the angular momentwa budget, the ratio between
mass and rotatlional momenta, R, is prescnted. We identify two regimes: (a)
For lower viscositics and R € 1 (AL ¢ 0) the atmosphere receives an
increasingly larger amount of angular mumentum as K decreases. The velocity
Ls inversely proportional to viscosity. (b) At the higher viscosities X > 2 x
108 the atmosphere is loslng angular momentum to the planet and the velocity
deccrease is more precipitous. For AL > 0 and AL < 0 the analogies with the
single and double pirouette expaviments are appropriate, respectively.

CONCLUSTON
The spin up process leading to.superrotatlon s discussed for the linear

regime of the thermally driven conally symmetric clrculation. Depending on
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the state of turbulence the atmosphere can go through two diffecrent modes.
For large viscosity (K > 2x108, in this study) it behaves almost like a solid
body, tightly coupled to the planet. The superrotation rates are small and
the spin up times are short. The angular momentum of superrotation is
P"driven" by the decrease in the moment of inertia due to mass redistribution
by the meridional clrculation. During the spin up time the atmosphere
transfers angular momentum to the planet., This process has an analogy in the
single pirouette experiment.

For lower values of viscosity there is an important additional degree of
freedom in the vertical momentum distribution, and the analogy with the double
plrouette experiment is appropriate. Mass can more freely return from the
poles In the lower leg of the meridional circulation. The change in the
moment of Inertia 1s therefore not as large. This return flow combines with
the Lncreased tendency toward geostrophy to cause subrotation in the lower
reglon of the atmosphere during the initial phase of the spin up process.
Through viscous shear the planet applies a torque to the atmosphere which
propagates up and in time supplies the angular momentum for large super=-
rotatlon conslstent with a suggestion by Leovy (1973). The spin up times iIn
this process are long. Below a critical altitude level which 1s about A40km
for K=10% the momentum flow during spin up 1s apparently carried by upward
propagating gravity and viscosity waves. For a critical viscosity of about 2
X 108, in this analysis, the atmosphere does not exchange angular momentum
with the planet.

It is again emphasized that no attempt was made here to describe
differential rotation and equatorial jets, such as obsérved on Jupliter and
Satura. By expanding the spectral model to include higher order modes, the

concept of mode coupling is used to describe differential rotation 1in an
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atmosphere with zonal and meridional viscous stresses (Mayr et al., 198la).
Momentum is thereby allowed to cascade from lower order modes (which "absorb”
most of the solar energy) to higher order modes, and the feedback on the rigid
shell component of superrotation is considered. At altitudes above the center
of the meridional cireculation, where the specific heat input is relatively
large, angular momentum is effectively advected poleward, except near the
equator where the meridional winds and the Coriolis force wvanish and where the
horizontal momentum transport must be carried by horizontal diffusion (viscous
flow). This causes the atmaspheric rotation rate to decrease at low latitudes
and increase at high latitudes, relative to the rigid shell component of
superrotation; inducing a tencency for the equatorfal reglon to subrotate,
However, helow the center of the meridional circulation and below the maximum
energy input, energy and angular momentum are advected from high to low
latitudes., Thus the equatorial reglon can be accelerated to the extent that
positive Jjets develop, Agaln, near the equator, angular momentum must be
carrled by horizontal diffusion; the equatoria) minima In the angular
velocities of Juplter and Saturn being evidence for down gradient momentum
flow toward the equator.

In this model the tropospheres of Jupiter and Satuen are assumed to be
convectively unstable with a superadiabatic temperature lapse rate accounting
for global scale energy diffusion toward higher altitudes where radiation to
space becomes ilmportant. Under this condition, the upward motions in the
direct and indirect atmospheric circulations imposed by insolation can then
supply dynamic energy for "localized" equatorial heating which in turn drives
equatorial superrotation. Preferential solar heating at low latitudes induces
the orderod structure in the atmospheric motions. The efficliency of this

procegs 1is determined by the stabllicy of the troposphere, the energy
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conversion Ln the interlor and the radiative loss from the upper troposphere
and stratosphere. Differences in these global properties may be responsible
for the large differences between the zonal velocity fields on Jupiter and
Saturn. Assuming zonal symmetry and thermal forcing by solar differential
heating, we belleve that three factors are important in understanding the
atmosphere dynamics of these planets: (1) Their large size and rotation rate
produce through wode coupling a multiple Ferrel-Thomson type circulation with
upward motlons st low latitudes. (2) Energy from the interior is diffusing
radially outwards and maintains a superadiabatic lapse rate which provides the
condition for trapping some energy that is advected toward the equator in the
lower leg of the meridional circulation. (3) The eddy diffusivity is suf-
fleiently low to require large temperature and velocity gradients for the
energy and momentum balances, the atmosphere of Saturn being perhaps less
turbulent than that of Juplter.
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Figure 1:

Figure 2:

Figure 3:

Flgure 4:

Figure Captions

Planet with rotatfon axis penpendicular to the orbital plane around
the Sun. Schematic diagram 1llustrating the energy deposition in
the equatorial reglon, the Hadley cell and the resulting mass relo-
cation toward the poles. Under the tendency to conserve angular
momentum the dynamically induced decrease in the moment of inertia
produces superrotation,

Single pirouette experiment as analogy for an atmosphere with high
viscosity. A mechanical device (figure), its moment if inertia
being cyclically changed by an external force (representing solar
differential heating apd pressure gradient), is frictionally
coupled to a rotating turntable. Averaged over an "experiment
cycle" the figure superrotates receiving the angular momentum from
the (average, decrease In moment of {nertfa, During the apin up
process, angular momentum, AL, is5 frictionally transferred to the
turntable which slows down superrotation.

Double pirouette experiment ns an analogy for an atmosphere with
(reasonably) low viscosity. Compared to Figure 2 a second figure
provides the added degree of freedom for the vertical momentum
distributioni. By alternatingly changing the moments of inertia of
both figures they superrotate in the time average. But this can
now be accomplished without changing the total moment of inertia,
thus the device {s capable of picking up the angular momentum for
superrotation from the turntable.

Computed vertical distribution for the rigid shell component of -
"guperrotation", UcosG. Velocitles are zero at the surface. In

solid lines steady state solutions are presented with stress free.
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Figure 5:

Figure 6

Flgure 7:

boundary conditfons. In dashed lines an artificlal condition 1is
shown for which the angular momentum of the atmosphere 1is
conserved, AL = 0, It is interpreted as a heuristic representation
of the transient state during spin up. The results are given for
two vigcosities corresponding to eddy diffusion coefficients of K =
109 (Figure 4a) and K = 104 (Figure 4b). Plus and minus signs
indicate super~ and sub-rotation respectively.

Simulation of the time evolution leading to superrotation for K =
109. The latitude dependent component of solar heating which
causes superrotation is turned on abruptly as indicated in the
dashed line. Note that the atmosphere super-rotates throughout the
spin up, with the positive velocity above the surface providing the
viscous stress for momentum transfer to the planet during that
process.

Results for the same heat source as in Figure 5 except that K =
104,  The atmosphere at lower altitudes subrotates during the
initial phase of the spin up. The negative velcelty above the
surface is picking up a torque form the faster rotation planet
which provides most of the momentum for superrotation. Note that
in both results (Figures 5 and 6) superrotation prevails all the
way down to the planetary surface in steady state. With low
viscosity, the spin up times are longer and the superrotation rates
are larger compared to the corresponding values for large
viscosity.

The results from Figure 3 are shown for mass flow, poUs at various
(approximate) times during the spin up process. Note that

initially, about 2 months after energization, the angular momenta
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Figure 8:

in regions of super- and sub-rotation alwmost balance each other,
thus justifying our interpretation of the AL = O solutions in
Figure 4.

Dependence of the steady state superrotation rate on viscosity.
Also shown {s the ratio R between the total angular momenta due to
changes in the atmospheric moment of inertia and rotation rate,

For R >> 1 superrotation is primarily driveu by the mass
redistriburion {Figure 4a and §) with angular momentum beiag
transferred to the planet during spin up. For R << 1 superrotation
is primwarily driven by the angular momentum picked up from the
planet during spin up (Figures 4b, 6 and 7). For R > 1 (AL > 0) an
analogy with the single pirouette can be made, while

for R { 1 (AL < 0) the analogy with the more complicated double
pirouette must be invoked. For the critical value

of K= 2 x 108 the atmosphere does not exchange angular momentum

with the planet.,
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