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ABSTRACT

The perception has been that the equatorial jets observed n Juplrer and
Saturn cannot be understood in the framework of a zonally symme' ric clircula-
tion; that some kind of eddy process equivalent to upgradient d ffuslon wit:
negative viscosity is rejuired to accelerate the motions. We a rive at a
different conclusion vhen we examlne this problem with spectral models
desceibing a viscous 'luid. Near the equator where the Corioli: force
vanishes, the momertun balance is established between horfzonta! and vertical
diffusion, which, a priocl, does not impose constraints on the (lrection or
magnitude of the zona! winds. Solar raliation abscorbed at low latitudes Is a
ma jor force in driviny large scale mucions with alr rising near the equator
and falling at high latitudes. In the upper leg of the meridiorl cell,
angular momentum {s rveiistributed so that the atmosphere tends 'o subrotate
(or corotate) at low latitudes and superrvotate at high latitude:. 1In the
lower leg, however, the process Is reversed and produces a tendeacy for the
equatorial region to superrotate. The outcome depends on the energy budget
which is closely coupl:d to the momentum budget through the thermal wind
equation; a pressure (temperature) maximum ls required to sustain equatorial
superrotation. Such . condition arises In regions which are convectively
unstable and the temj:rature lapse rate {s superadlabatic. Tt should arise
in the tropospheres of Jupiter and Saturn; planetary energy from the interior
{s carried to higher altitudes where radiation to space becomes {mportant.
Upward equatorial motions in the direct and indirect circulations (Ferrel-
Thomson tvpe) imposed by insolation can then "trap" dynmamic energy for
equatorial heating to sustzin the superrotation of the equatorial region. Due
to vertical momentum diffusion and convection the dynamic signatures from the

troposphere and lower stratosphere are '"mixed" and produce a complex



interference pattern in the zonal circulation near the tropopaus:. We
attribute the large differences between the circulations on Jupiter and Saturn
to differences in sise, gravitational acceleration, temperature, eddy

diffusivity, and tropospheric stability.




INTRODUCT ION

Atmospheric superrotation is observed on virtually every plinet in our
solar system (e.g. King-Hele, 1964; Conrath et al., 1973; Smith «t al.,
1979a,b; Alexander, 1962; Schubert et al., 1980). In each case, the planet’s
rotation axis is nearlv perpendicular to the orbital plane around the Sun, the
equatorial region is hcated preferentially and its pressure decrvases toward
higher latitudes. Appl!ylng t*: concepts of geostrophic and cyclostrophic
equilibria, reasonably small latitudinal pressure gradients (order of

% %g-~ 0.3) can account tor 1% wide range of superrotation rates that are
observed. On the basi- of this evidence, we are led to believe 'hat thermal
forcing (e.g. Lorenz, 1967; Leovy, 1973; Glerasch, 1975) is a maijor if pot the
prime candidate for driving atmospheric superrotation.

In an earlier papcr (Mayr and Harris, 1981 ) we had considered the
angular momentum budget of a thermally driven zonally symmetric circulation
and provided an elemen' ary description of the processes leading to and
maintaining the rigid -hell component of superrotation. It was shown that
depending on the trans ort properties, an atmosphere can go through two
different modes. For 'arge viscosity it behaves almost like a solid body,
frictionally coupled t the planet. The angular momentum for superrotation (s
then "derived" from th decrease in the moment of inertia due to mass
redistribution by the ieridional circuletion; during the "spin up time" the
atmosphere transfers angular momentum to the planet. For lower ind more
realistic values of viscosity there {s an important additional degree of
freedom in the vertica! momentum distribution. Mass can more freely return
from the poles in the lower leg of the meridional cell and the change in the
moment of inertia is not as large. This return flow together with the

{ncreased tendency toward geostrophy causes subrotation in the lower reglons
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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
upwards and in time supplies the angular momentum for large superrotation.
Thus in steady state, under thermal forcing, a rigid shell componant of
superrotation eventually prevails at all altitudes.

A lorgstanding and remaining problem is differential rotation. Out-
standing examples are the banded wind fields and the very large wecll defined
equatorial jets on Jupiter (e.g. Smith et al., 1979a,b) and Saturan (Smith et
al., 1981) which are not understood.

The general perception is that equatorial sup-rrotation cannot develop in
a thermally driven zonally symmetric circulation (e.g., Hide, 1969, 1971;
Glerasch, 1975; Held and Hou, 1980). Large scale eddy processes are therefore
invoked to explain the sbservations. For Jupiter it is estimated (Ingersoll,
19¢1) that eddies ranging in size from 100 to 1000 km contain enough energy to
accelerate the prevailing zonal circulation within a short period of one
month, giving credence to the notion that, somehow, "order comes out of
chaos."

We suggest in this paper, contrary to current theory, that the equatorial
jes on Jupiter and Satirn can be understood in the framework of a thermally
driven zonally symmetric circulation. First, an empirical model is presented
for Juplter’s zonal wind field observed by the Voyager spacecraft. The power
spectrum in terms of vector spherical harmonics conveys a very simple and
beautiful order, in which momentum can be perceived to cascade from lower to
higher order modes. Second, the theorem of equatorial subrotation (e.g.,
Hide, 1969; Held and Hou, 1980) {s critically examined and an alternative
interpretation is presented. Near the equator where the Coriolis force

vanishes, the momentum balance is established between horizontal and vertical
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diffusion, which, a priori, does not impose constraints on the d rection or
magnitude of the zonal winds. Thus, the problem is reduced to explain how
momentum and energy are transported into the equatorial region? Third, a
spectral model and the concept of mode coupling are introduced t« describe the
direct and indirect circulations driven by the absorption of sol: r radiation
at low latitudes. Fourth, the momentum and energy budgets are qualitatively
discussed for the meridional circulation driven by solar differential
heating. Relative to the rigid shell component of superrotation which
recelves most of its angular momentum from the planet during spin up, angular
momentum is redistributed in the upper leg of the meridional cel! so that the
atmosphere tends to subrotate or corotate at low latitudes and superrotate at
high latitudes. In the lower leg, however, the process is reveried and a
tendency for the equatorial region to superrotate is produced. ‘“hether this
actually occurs depends crucially on the eneryy budget which is closely
coupled to the momentum budget through the thermal wind equation, a pressure
(temperature) maximum is required to sustain equatorial superrotition. The
necessary condition for this should arise in the tropospheres of Jupiter and
Saturn, where small scale convection must transport energy from the interior
upwards, and thereforc¢ the temperature lapse rate should be superadiabatic.
Upward equatorial motions in the direct and indirect circulation: (of the
Ferrel-Thomson type), induced by insolation, can then "trap" or "focus"
dynamic energy for equatorial heating which i{s required to sustain equatorial
superrotation. Fifth, using parameterizations in terms of Newtonian cooling
and Raleigh friction, simple analytical solutions for the spectral model are
presented which elucidate some basic properties of the zonal circulation in
different regimes of the atmosphere and under different planetary conditions.

Sixth, allowing for molecular and eddy transport processes, including vertical




and horizontal momentum diffusion in the meridional and zonal foice balances,
a numerical solution is presented which describes equatorial sup.rrotation in

a zonally symmetr!. circulation driven by solar differential heat ing. Angular

momentum is thereby allowed to cascade from lower order wodes wh. re most of }
the energy is absorbed to higher order modes. The integration i: carried out

from the lower tropospliere (25 bar pressure) up into the exosphe:e. ‘

OBSERVATIONS |

Spectral analyses of the zonal wind field on Jupiter ohserved by the
Voyager Spacecraft (G. Hunt, private communication) are shown in Flgure l.
They are based on empirical representations of the data in terms of vector
spherical harmonics which also serve as basis functions for our ' heoretical
model (Mayr and Harris, 1981). The amplitudes in the lowe. part of Figure 1
are the equatorial val es of the solenoidal harmonics Ez-x (Mors: and
Feschbach, 1953). Positive and negative valucs contribute to superrotation
and subrotation at the equator respectively. 1In the upper part  f Figure 1
analytical representat ons of the Voyager 1 data from both hemispheres are
presented for synthese up to order L=12 and 34. Included are only the
harmonics which are symmetrical with respect to the equator (even wave
number £).

The fundamental h rmonic (2=2) or che rigid shell component of super-
rotation dominates. H gher order modes, £24, are at least a facior of two
smaller ard are apparently in a separate class of thelr own. Afier the abrupt
decrease between £=2 ard =4 the amplitudes decrease gradually and monoton=-
ically toward higher wave numbers. Near &=18 the sign changes, ind the
spectrum up to £=30 contributes to equatorial subrotation. We note that the

spectra for the Voyager 1 and II observations are nearly f{deatlc 1.



Anticipating the theoretical results discussed later on we Hffer the
following interpretation. The rigld shell component of superrotiticn (2=2) (s
primarily driven by differencial heating from solar radlation wh:re most of
the energy is deposited in the lowest order harmonics (e.g., Voliand and Mayr,
1972a). We refer to it as "direct circulation". Tha* component recelves most
of its angular momentun from the planet or the planetary interior during spin
up (Mayr and Harris, 1981 ). 1In contrast, the solar input into “he higher
order modes is relativ:ly small and "direct forcing" is probably not
important. This part »f the circulation spectrum is excited by node coupling
in which momentum (and energy), originating primarily in the solir driven
rigid shell component of superrotation, cascade trom lower to hijher order
modes. We refer to it 1c "i{ndirect circulation".

For vector spherical harmonics, the Coriolis force induces node coupling;
the range of momentum 'ransfer in 2 space being proportional to the planetary
rotation rate. By comparison with the global scale circulation on Venus, a
slowly rotating planet, the zonal velocity fields on Jupiter and Saturn are
therefore confined int» narrow latitude bands. From the synthesis in Figure 1
one can see that the 1),wer order harmonics (L=12) primarily contribute to tle
equatorial jet, suppor' ing our interpretation that solar radiation absorbed in
the lowest order harmonics is drivirg these motions. We attribute equatorial
superrotation to momen: um advection in the lower leg of the meriiional cell
and energy convection into the regiorn nelow the cloud top, where, presumably,
the temperature lapse rate is superadiabatic. The negative (equatcrial)
velocities in the power spectrum around ?=22 are largely responsible for the
positive jet near 25° latitude. We belleve that this feature is the signature
of poleward momentum and energy transport In the upper leg of the meridional

cell. The effect {8 not (or to a much lesser extent) seen on Saturn (Smith et



al., 1981), indicating that the clouds form at a lower altitude c2:ep inside
the (unstable) convection region, consistent with the lcwer temp<ratures

observed on this planet (Hanel et al. 1981).

DIFFUSION ' LARGE SCALE CIRCULATION

Assuming |U| << |wnr|, the conservation of angular momentum with respect

to the planetary rotation ax!s can be expressed as

n
T _8 r aAM
Fel n ) = L+ ST 4 () (1)
where
b} = (U, V, W), wind vector with zonal, meridional aud vertical
components
)
M, = wprzpoco~‘0. "planetary" angular momentum of the atmosphere
AM = Urp cos@, atmospheric angular momentum
"epo 32
F (-— ——), momentum diffusion (viscous flow) due tc
0 m 36 rcosb

meridional shear
Py global avera. e of mass density,
H, density scale height,
m, mass
Ner Migs viscosity coefficients in the vertical or horizontal directions,
W planetary anular velocity
r, radial distance ‘rom the center of the planet
0 latitude
From the contiauity of mass flow, i °(§v0) = 0, the left hand side of (1)

reduces to U (GHO) = ZuperoslnecosG which vanishes at the equator.



Following Held and Hou (1980), the assumption is mad: that F 0. Since

0"
U«) atr the planetary surface and %g-- 0 at the top of the atmoshere, it
follows that

U (r) = v (equator) (2)
at all altitudes.

A parcel of air moving in a Hadley cell fro; the equator twai . the pele
is accelerated under conservation of angular momentum giving riie to super-
rotation. Nowhere along the trajectory can the total angular mjmentum,

MT = Hg + AM, exceed the planetarvy angular momentum at the eguitor (Eq. 2).
This 18 an upper limi' considering viscous dissipation, and it follows

w rsinzl
P

U < (3)

" cosd

Equation (3) is due to Hide (1969) and expresses a fundamental :heorem of
atmos,here dynamics. Consiacring the constraint (Eqs. 2 and 3) on the zonally
symmet ric circulation, Hide (1969), Held and Hou (1980), TngersHil et al.
(1979) and others con-luded that eddy processes, equivalent to upgradient
diffusion with negati ¢ horizontal viscosity, must provide the inguiar
momentum for the equatorial accelerations on Jupiter and Saturn.

We question here the general validity of Hide’s theorem (Ej. 3). By
neglecting horizontal momentum diffusion (F0 = 0) in (1), only the Coriolis
force remains to balance vertical diffusion, and that balance breaks down near
the equator, producing the trivial result that the atmosphere nist corotate
(2). But given the physical reality of rnorizontal diffusion, all that can be
sald about the equator {s that horizontal influx or outflux of nomentum must
be balanced by vertical outflux or i{nflux of momentum, respectively. A

priori, under %his force balance, there 1s no constraint on the direction or
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mignitude of the zonal wind velocity; the atmosphere is permitt:d elther to
subrotate or superrotate at the equator. A good example (s the observed wind
fleld on Jupiter (Figure 2). At latitudes below about 7°, angular momentum 1is
diffusing downgradient toward the equator where it can be carri:d through
vertical shears to lower and or higher altitudes. This being true, the

quest ion reduces to how argular momentum 18 trangported into or out of the

"equatorial region" (Figure 2)?

We assume that solar radlation preferentially absorbed at low latitudes
supplies the energy for the thermally driven meridional circulatfon with alr
rising near the equator and faliing at higher lat{tudes. Under conservation
of mass, more planetary angular momentum is carricd upward by v:rtical motions
at low latitudes than {s descending at hizh latitudes. This gl bal inbalance
1s compensated by downward diffusion or viscous flow (e.g., Leory, 1973;
Glerach, 1975) which requires the atmosphere to assume a globa! average cr
rigid shell component of superrotation all the way down to the surface (Figure
3). The angular momentum is supplied primarily from the »lanet during spin
up. Given that basic component, the guestion {s what are the ciuracteristics
of differential rotat or related to differential (equatorial) heating’

MOMENTUM AND ENERCY BALANCE

In answering the.e questions we present first an fidealized and heuristic
interpretation of equatorial superrotation. At altitudes above the center of
the meridional circulition, where the heat {nput per mass is relativiely
large, angular momentum is8 effectively advected poieward, excep: in the
"equatorial region" where the mer!fdional winds and the Corlolis force go to
zero and the horizont 1 momentum fransport must be carried by horizonta!l
diffusion. This causcs the atmospheric rotation rate, relative to the rigid

she’l component of superrotation, to decrease (minus) at low lacitudes and
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increase (plur) at high latitudes (Figure 4). The equatorlal r glon therefore
tends tu corotate or subrotate, consistent with Hide’s thcorem Eq. 3). Relow
the centar of the meridional circulation the process is reverse . Angular
momec*um is advected from high to low latituldes sv that, relatl e to the rigid
shell component ¢f superrotation, .he rotation rate tends to de rease at high
latitudes and increase at low latitudes (Figure 4). Again, in the vicinity of
the equator, it is understood that the momertum transp.rt is talen over by
horizontal diffusioen.

However, this picture is not unique as demonstrated in the upper part of
Figure 5. Three different velocity distributions are 3hown which can balance,
through vertical diffusion, the momentum advection into and out of tue
equatorial region in the upper and lower legs of the meridisnal cell. At the
planetary surface or deep .nside the atmosphere the velocity is assumed to he
zero. For case (b) the zonal velocities are positive (superrot tion) and
negative (subrotation) at lower and higher altitudes, respectiv: ly,
representing the scenirio described in Figure 4. But ior (o) and (c) the
atmosphere superrotates and subrotates at all altitudes.

Whether *he redi-iribution of angular momentum by the merilional circula-
tion actually leads t» superrotation or subrotation crucially depends on the
energy budget which i: closely coupled to the momentum budget t'irough the
thermal wind equation. Applying perturbation theory, we consider the conser-

vation of energy in simpiified form

_ a2 3To
(a - -‘t -a?) AT + pr (5—'— + r) - AQ (’0)

where

cp. specific heat per mass at constant pressure

11



a, coefficient of radiative cooling,
thermal conductivity per unit mass
W, vertical velocity
average temperature
AT, temperature perturbation
IS adiabatic lapse rate
AQ, energy input per unit mass
For the indirect circulation (AQ = 0), the temperature perturbacion is

determined by energy convection due to vertical motions

3T0
~c W(g== +T)
aT =R 25 . (5)
(¢ = K. ;:f
' 2
Under "local" condit! ns it 1is reasonable to assume K. =5 < 0.
oT or”~

Jormally, with s atic stability (5?2-+ ') > 0, the upward aotiorns (W > 0)
near the equator caus. the temperature to decrease, AT < 0. Through the
thermal wind equation, the resulting pressure decrease tends to produce
subrotation, and case (c) in Figure 5 describes the moment'un budget. This
condition applies to he atmosphere at higher altitudes.

\ However, when the temperature lapse rate is superadiabatic,

(323 +T) <0, the indirect meridional circulation is capable of "trapping"
dynamic energy cunvecied upwards from lower altitudes (Figure 5). The
temperature then incrcases, AT > O, and the accompanying /ressure maximum
permits superrotation in the equatorial region. Such a condition arises in
regions of the atmosphere which are characterized by global scale energy
diffusion to nigher altitudes where radiation to space 1¢ important. On Venus
this is observed below the visible cloud top, between 50 and 60 km. Tt should

also arise in the tropospheres of Jupiter and Saturn where enerzy from the

planetary interior is carried upwards by small scale convection To a much
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lesser extent, it may also arise in the troposphere on Earth.

In summary, we emphasize some subtle polnts which are {important to under-
stand equatorial superrotation:

(a) Balancing vertical momentum dfffusfon with Coriolis focce, when
applied to the equator, led to an unphysical constraint on the :onal wind
velocity (Eq. 2). Wi'h the reality of horlzontal diffusion, this process may
or may not be important in various reglons of the atmosphere. But it is
certain that horizont 1l diffusion must be important near the equator. The
vanishing Coriolis force on {ts own cannot provide a halance for vertical
diffusion which {s known to play a major part in the global mom:ntum budget.
With the inclusion of horizoutal diffusion, there is no constralnt on the
direction or magnitud: of the equatorfal zonal wind veloclity.

(b) Under the costraint (2), the tacit assumptions were mide that the
meridional motions ca ry angular momentum from the equator toward the poles
(only), and that in t {s process angular momentum is (always) 1)st through
diffusion; the consequence of the argument was Hide’s theorem (3). At higher
altitudes where the s ecific heat input 1s relatively large, it {s indeed
reasonable to assume hat the meridional motions are directed away from the
equatorial source and that dissipative processes due to diffusi n would tend
to dampen the zonal wind velocities. However, in the lower leg of the
meridional circulatio where the return flow occurs, this process is
reversed. The motisn . are directed toward the equator. Angular momentum
diffusing downwards from higher altitudes can be picked up and “ransported to
lower latitudes which would tend to accelerate the equatorial r:gion. A
factor contributing t. this protlem may have been the neglect o" viscous
momentum transfer i{n the meridlonal force balance. Under that simplifylag

assumption the meridional velocities cannot be forced to vanish, as they
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should, at the planetary surface. Thus an excessive amount of tie momentum
return flow is confined to the lowest altitudes where the ronal velocities
must vanish.

(¢) Finally, the plcture of a fluid belny spun up by polewa d motions
under conservation of .ngular momen.um was incomplete for anothe reason, the
most {mportant one per'aps. While vertical diffusion was consid red with the
inclusion of dissipati n, momentum and energy convection by the vertical
motions in the meridioral circulation did not play a part in Hide’s theorcm
(3). Yet we know that this transport process {s (mportant {n supplying the
atmuspliere with angula: momentum from the vas! reservolr of the lanet;
computer simulatfons o' the spin up in which the average or rigic shell
component of superrotat fon {s establishod cleirly demonstrale its fmportance
(Mayr and Harris, 1981 ). Within the atmosphere that angular mo entum is then
redistributed by the { direct circulation, and the upward motion: at the
equator play again an aportant part. In replons of the atmosph-re, below
radlating cloud-or haz -1° ‘rs where the temperature lapse rate -an be
superadfabatic, energy convection from below Increases the tempe ‘ature (and
pressure). This is turn provides the bhasis, energetically, for iccelerating
the equatorial reglon (rectly, or indirectly due to vertical exsransion and

diffusion which can ca ry angular momentum to higher altitudes.

MODEL AND MODE COUPLIN

To describe diffeientlal rotatfon we adopt a spectral model (Mayr and
Volland, 1972; Harris nod Mayr, 1975; Mayr et al., 1978; referrel to as MH).
[ts proparties relevan for our analysis are briefly summaized: (1)

Advection and convection of energy, mass and momentum assocliated with the




large scale zonally svmmetric circulation are considered. (2) Jertical and
horizontal diffusion f energy and momentum (in both the zomal ind meridional
force balances) are iicluded. (3) Perturbation theory is appli:d relative to
a globally uniform at osphere which corotates with the underlyi g planet; the
physical variables su h as temperature, density and wind vector are expanded
in terms of spherical harmonics (with the zonal wave number bei g zero) which
effectively separate latitude from altitude variations. (4) Using tridiagonal
block elimination, the resulting set of difference equations ar: solved from
the planetary surface (or atmospheric interior) up to the exospiere. (5) At
the lower houndary, the vertical, meridional and zonal velociti:s as well as
the density and temperature variations are set to zero. For th: upper
boundary corditions, 'he dominance of molecular diffusion requires that the
vertical gradients of temperature and horizontal winds vanish.

No separable eig:'n functions exist to describe the latitud: dependence
for the prevailing at wospheric circulation. Hough modes are appropriate eigen
functions only wiien d ssipative processes due to viscosity can be neglected
(Chapman and Lindzen, 1968), and spherical harmonics are appropriate only when
the Coriolis force is unimportant (Volland and Mayr, 1972b). Neither of these
conditions is satisfied, and mode coupling must be considered.

For a set of bas's functions, chosen to be spherical harmonics, this
implies that an exter al source in one spherlcal harmonic "mode" not only
excites an atmospheric perturbation in that particular mode; it also excites,
to various degrees, all the other modes. Given a latlitudinal distribution of
the source, the structure of the atmospheric response changes d2pending on the
{mportance of mode coupling, and one of the principle determining factors in
that is the planetary rotation rate (Corlolis force).

Since individual modes are coupled together, their definition should, in
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principle, not affect the solution as long as the set of basis functions {is
complete and the expansion includes a sufficifently large number of terms. For
mathematical convenience we chose “P! modes" of order & each defined by a set

of (vector) spherical harmonics (?l' ﬁl' 5‘_1; Morse and Fesch'ich, 1953)

AQ
AT
N2
» = 1 D7 x (x) B (9) (6)
l-').l.o-o
Alogp
%) /
N - .
Ve y (—1)2/‘ v, (o) B (7
I
. v N (_l)(i/2+l)U (;) c (8)
L - -
2-2‘4'.. 1‘ il

where Alogp Is the 1o jarithm of the pressur: ratio (disturbed to undisturbed).
For even f values the circulation [s symmetrical with respect to the
equator. The amplitvies in (6), (7) and (8) are so defined that, arbitrarily

close to the equacor, positive amplitudes (x, (r), Ve Cr) g Ul-l (r)) give

L
positive contributions to the physical varfables such
+* »>
as AT (r, ), V (r, () and U (r, O).
With this ansat - the equations of energy, mass and momentum conservation

take the form

(0 + 228 o 2o) oy 4 e W 24 T (9

1 ar”
-
e _ ¥y YR+ v =B .
o T (e
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where g is the gravit

3 N - & T = {
5;-A105P2 KT 9~1 0 (1)

o
VEe(r+1)
o

s(e+l) o al

wm f(R) 'l-l -(——:7—— Ny ", ;:7) Vl - kT“ Alogp2
(12)
=um f(R + 1) U1+l
» (2220, 'i’i) U, . = wn £(2=1) V (13)
¢ 7 "o T e T3 Vg T Um -1
r ar
tional acceleration and
2 LR +2) (L +1)°
@) =y Y s eoeny L (14)

For brevity, we
and horizontal energy
example, the horizont
are considered in our

The equations (9
larger system schemat
of (12) and (13) are
from the Coriolis for

To simplify the

re omitting here a number of terms Involv ng vertical

and momentum diffusion. In the lowest orler mode, for

1 momentum flux should vanish. The compl:te expressions
numerical analysis.

through (14) describe the Pl mode in the context of a
cally i{llustrated in Figure 6. On the right hand side
he momentum sources due to mode coupling which arise
‘e and involve the adjicent modes.

{iscussion, we assume that the atmospheric circulation is

forced only with the lowest order heat source

8Q, = -q, (r) P, (9)
(15)

4Q, = 0, for ¢ > 2,

representing differential heating by solar radiation which is preferentially
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absorbed at low latitudes.

In an earlier paper (Mayr and Harris, 1981 ) we discussed some
characteristics of the fundamental P, mode or the rigid shell couaponent of
superrotation which is directly driven by the solar input (15). This mode 1s
unique in that its glohal angular momentum and moment of inertia do not
vanish. During spin up, that angular momentum is primarily supplied by the
planetary torque at th: surface and is transported to higher altitudes through
viscous shears and the meridional circulation. 1In contrast to the fundamental
mode, the global angulir nomentum and moment of inertia of the higher order
modes Pl(i)Z). describ ng differential rotation, are identically zero, and the
problem is no longer where the angular momentum for superrotation comes from
but how it is redistrihuted within the atmosphere?

Later on a numeri ‘al soluton of the differentiil equations (9) through
(13) will be presented in which we consider in self consisteat form the mode

(momentum) coupling or ginating from the lowest order heat source (15).

QUALITATIVE ANALYSIS

The vertical stru-:ture of the atmospheric circulation is parameterized

aZATl
- » - C AT, (16)
azul_l
-nr __T._ar - CnUl-l (17)
-Mmg h
(8]
——_ h
Wp = HAMHD T vy (19)



where the sign of W, is determined by the sign of V, in the low:r leg of tae
meridional circulation. h is a measure for the vertical extent of the
circulation, and is pusitive.

Since thermal forcing by solar radiation is only considerei in the lowest
order mode (15), it 1. reasonable to aasume, that, in the proceis of cascading
momentum te higher orler modes, the zonal and meridional wind components would
tend to decrease

U U - Ul_ﬁl - 8) (20)

=1

Voo = Vp =V, (1 - 8) (21)

The parameter 0 < B < 1 vanishes as mode coupling ceases to be {mportant.
Substituting (16) through (21) and ignoring momentum diffusion in (12),

the equations (9) through (14) take the form

L(2+1) ¢ ATRHT) h aTo
L(2+1) - - - ”
e %5 h AT, = wm(Up_,= Uy, ) ~ wa(1=B)Y, (23)

(—-2—‘(“” Y+ C) Uy_ = wm (V,_, = V) ~ wm(1-8) V, for L # 2 -

= —Wn Vl for L = 2
The equations (22) and (24) describe the conservation of energy and angular
momentum respectively, and the thermal wind equation (23) describes the
coupling betwecen energy and angular momentum. To first approximation (23)
does not involve diffusion processes and is therefore more "rigid" than (22)
or (24), where C_ or C, can be either positive or negative. Normally, unless

specified otherwise, it is reasonable to assume that local conditions prevail
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and

Cx
I } >0. (25)
n

For the lowest order node, 2=2,the heat source q2>0 causes the :empera=-
ture to increase at the equator AT2>0. Equation (23) then yields th: rigid
shell component of superrolation, U;>0, which is consistent with the momentum
balance (24) for meridional winds flowing away from the equator (V,<J) in the
upper leg of the circulation. In the lower leg of the circulation the direc-
tion of the meridional winds is reversed. Put the rigid shell component is
unique in that, in steady state, it cannot exchange angular momentum with the
planet. To satisfy this constraint, the vertical flux of momentum nust
approach zero near the low:r boundary requiring that the sign of the curvature
(17) must change (Cn<0)' ‘onsistent with the energy and momentum balances, a
rigid shell component of ¢ iperrotation thus prevails all the way down to the
planet (Figure 7a).

For 1>2 and q, = 0, tie situation is different. In such an "indirect
circulation" the motions :ire driven through momentum coupling between adjacent
modes, and the temperature variations ATl arise from dynamic heating.
Moreover, for higher otd;r modes there is no constraint on the viscous stress
at the lower boundary, (-:%:L) # 0. We consider the indirect circularion ro
be forced by solar (equat rial) heating ‘n the lowest order mode, q3>0. At
low latitudes the meridional winds in the lower leg »f the cell are then
directed toward the equator, and the positive sign applies in Equation (22).

The s;;gle most {mportant factor determining the dynamics is the

term So = 5;2 + T in the energy balance which 1s also a measure for the

stability of the atmosphere. With SO)O the atmosphere is convectively stable,
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the temperature lapse rate s subadiabatic and, in the global average, heat is
diffusing downwards. Conversely, with s°<o the atmosphere is unstable, the
lapse rate is superadiabatic and thermal energy is diffusing upwards.

T
So (r) = ,;2 +T > 0: This condition holds, when, above r, the

atmosphere absorbs more radiative energy than it emits. It usually applies to
the more tenuous regions at higher altitudes, far away from the heat
dissipation by the planet, where the solar radiation is less attenuat:d and
collisional excitation is less effective. With Qg=0, the upward motions at
the equator then cause the temperature to decrease, AT‘<0 (22), and (23)
requires that the zonal wind component also de:reases (Ul-1< 0) relative to
the rigid shell component of superrotation. This is consistent with poleward
transport of angular moment:m in the upper leg of the circulation (24). The
return flow of angular momentum toward the equator in the lower leg o° the
cell, however, tends to increase the zonal velocity so that its curvature must
change sign (Cn<0). fulfilling force balance (24). Such a scenario i
i1llustrated in Figure 7b.

oT
So(r) = :;3 +T < O0: This condition holds when, above r, the atmosphere

emits more radiative energy than it absorbs. It usually applies to the denser
regions at lower altitudes, c'cse to the heat dissipation by the planet, where
the solar radiation is more attenuated and collisicnal excitation is more
effective. With ql-o. the ' pward motions at the equator cause the tenperature
then to increase, ATt> 0 (2.), and (23) requires that the zonal wind component
also increases (U, _,> 0) relative to the rigid shell component of
superrotation. This is con:istent with the equatorward return flow of angular
momentum in the lower leg of the circulation (24). In the upper leg of the
cell, however, angular momentum is transported away from the equator which
tends to decrease the zonal velocity to the exteat that its curvature must

change sign (Cn<0). fulfilling force balance (24). Such a scenario is
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illustrated in Figure 7c.

3,(r)<0 (lower altitudes) and S, (r)>0 (higher altitudes): Under

realistic conditions it is reasonable to assume that planetary atmospheres are
convectively stable with suhbadiabatic lapse rates at higher zltitudes and that
they would tend to be conve-tively unstable with superadiabat.c lapse rates at
lower alcitudes. For such 1 scenario, the circulation is then 1 combination
of the two earlier examples and its structure near the equator is {llustrated
in Figure 7d. At lower altitudes, below the tropopause (S°<0), the upward
motions supply energy (22) which is carried toward the equator in the lower
leg of the meridional cell. As a result the temperature Increases (ATl>0) and
forces the zonal wind component to increase (U!_1>0) relative to the rigid
shell component of euperrot ition. This is coasistent with momentum transport
{n the lower leg of the mer . dional circuiation which is balanced (24) by a
divergence in the vertical iomentum diffusion (Cn>0)' Above the center of the
meridional cell and above the tropopause (So>0), enargy 1s carried away from
the equator and the tempera:ure decreases (AT2<0). forcing the zonal velocity
to decrease (Ul-l<°) relative to the rigid shell component of superrotation.
The poleward transport of momentum is again balanced by a convergence in the
vertical momentum diffusion (Cn)o).

The picture portrayed here is somewhat simplified. 1In reality, the
pressure increase due to thermal expansion in the troposphere extends upwards
into the region which is coavectively stable and thereby transports angular
momentum to higher altitudes. Moreover, vertical diffusion of energy and
momentum also contribute to couple the different regions. The result is that
a complex interference pattern can develop such as we see it in the Jovian
circulattion.

For a net emitted flux of radiation, F, , and glven a vertical eddy
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diftusion coeiticient K, che "stability" S, at the yreasure level p, 1s

estimaled

aTo kToFo
SOE (rr + r) . = —'-‘-"‘cppo.‘.(- (26‘

On Jjupiter, F, = l.SxIO“crgalcnzlcc (Orton and Ingersoll, 1976). Assuming K =
10% and T, = 1/0”, we derive a value of §, = -10°6°de5/cm a. the 1 bar
pressure level uhich proves significant for the zonal circulation. Compared
to Jupiter, Ssturu is further away from the Sun and the net outwarce (lux of
rediation 15 sme=ller (R. Hanel, private communicatien). But, {ts troposphere
anpears to be less turbule t. Both effects would tend to compensate each
other so that the superadiabatic lapse rate on Saturn may be comparahble to
that of Jupiter. on Venus, superadiabatic lapse rates have been inferred for
the reglon between 50 to 60 km below the visible cloud top (Schubert et al.,
1960) which, we believe, i+ important to understand the equatorial super-
cotation on chat planet (M yr and Harris, 1981).

Latitude Structure: To understand the nature of mode coupling affecting

the latitudinal structure of the circulation, we discuse here 2 simplified
analycical soilucion for the equations (22) throueh (24). This will also
elucidate some of the important elements that distinguish the atmospheric
circulations on Jupiter, Siturn and Venus.

for q, = 0, we coneid:r the homogeneous equations (22) through (24) and

ohtala the expression

(ad"—(—":—l-)— (ei-C‘)

¢~ /T = Dem)  E ‘- v' (27)
RN T [(E3)) A
Po (=—ng¥C,) .
r

23



¢
Ignoring radiative cooling and assuming (-&S-“Tll K+ C‘)/(ﬂ"—zune+ Cn) - -E.

0
r r
the coupling coefficient can be estimated
v
L 2 8
B~1-~- - S (28)
rw |v‘| 'ro o

For small & values, near the fundam.ntal mode where solar energy is depcsited,
mosentum coupling is most effective; the "slippage" between the meriaional
velocity components of adjacent modes is small, and the value for [ 18 close
to one. Conversely, with +0, mode coupling becomes small and a churucter=~
istic wsve number R can be defined, which is a measure for the vang. ver

which momentum cascades

'
rw v L To

R~ - — . (29)
Ivll 850

We consider the lower leg of the meridional circulation with

<0 and § <O. Adopting h=100 km, T,=170° and S,=-107® for Jupicer, wue

\
360°
vbtaine R=28 and a characteristic latitude structure of A = = ‘a « 127, in

reasonable agreement with observations (Smith et al., 1979a,b). For tecurn,
the gravitational acceleration as well as the planetary radius and ritacion
rate are smaller than for Jupiter. If we assume that on both planc.
temperatures and the superadiabatic temperature lapse rates are abou! t.e same
at the cloud level, this ylelds R = 14 or A = 24° consistent with l.e Voyager
measurements (Smith et al., 1981). The atmosphere of Venus 18 morc coworessed
and we assume h = 10 kn. Adopting an atmospheric rotation perioc cu the order
of 10 days and S, = -l”'6. we obtain R = 4 or A = 900; the clrculation wes
global scale character in substantial agreement with obu.rvatiouws (‘vrubect et
al., 1980).

The Equations (22) through (24) may serve to estimace (e fyvacamcis .
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mode or the rigid shell component of superrotation

=
- Q%qu
v, = L (30)
‘ 6 ogh 6 2
c, ??o_c" s, Ha +;-2.-=° +C) wla2(1-8)
um
Ul .1; !vzl (31)
aT, = rumA(1-6 v, - (32)

Considering mode coupling in (24) due to Vy_p» and taking V, from (31), the
solution for the higher order modes (q‘-c, £>2) can then be obtained in the
form of simple recursion relationships given below.

RIR+1)

2.2(1-8)(a S kg *C )V,

2 2 . L(L41) L(L+1) ng 2 L a(e-1
wini(1-8) r €e*C,) = = - b cPs°l"gl ( zl-\e+cn)

wm(Vy_p=Vy)
-1 T EED, o

(34)

- m(1-8) Hr .
a1, = 2O8) e g (35)

The vertical veleccity is given by (19), and the coupling coefficient B is

- . "

defined with (27) o. (28) in simplified foru.

A wove rigoious approach to the 1;wu~ogch;OUI (q2¢0) ;;uationl (72)
through (24), wiiLlout the necd of a coupling coctficlacf 8, would require a
camerical scletior thec allove for momertun transfer over o wide range of
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modes. The order of this system would be limited by horizontal diffusion

which damnens the amplitudes at rates proportional to 555511 K

R+ *

2 8°
r

The analytical model (27) through (35) proves useful to gain some insight

8

and

into the properties of atmospheric circulations. We present here an example
representative of the conditions on Jupiter. Adopting w = 1.8x10-4. S =
t10'6, m = 3.3x10'24, H =100 km and K = 10° and ignoring radiative cooling,
results from the model are shown in Figure 8. Presented are the power spectra
for the computed amplitudes of the zomal velocity, Ul-l’ at the equator and
their synthesis describing the latitudinal variations. It is assumed that

under negative and positive stabilities, S,, the meridional winds are directed

0’
toward the equator (V1>0) and the poles (V,<0) at lower and higher altitudes
respectively. For positive values of C. and Cn’ the expression under the
radical (27) is then positive.

Compared to the fundamental mode or the rigia shell component of super-
rotation (U£>1).which is driven primarily by the solar input (q2 >0), the
indirect circulations driven by the momentum coupling with the lowest order
mode are distinctly different. At lower altitudes wlere S,<0, the indirect
circulation contributes to equatorizl superrotatior. The amplitudes

Uz-L’ starting with £ = 4, are significantly smaller than that of the
fundamental mode and fall off gradually toward higher wave numbers (shorter
wave lengths). This is in substantizl agreement with the observations
for £ < 18 (Figure 1). In the synthesis cf this spectrum a nmarrow equatorial
jet 1s reproducaed.

At higher altitudes wlih 5,50, the direct circulation is again driven hy
differenrfal solar heating <whican produces superrotation (U:)O). However. the

indirect «{rculation Is now characterized by energy and mosentum transport
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toward the poles. Starting with L=4 the zonal velocity <o “nents are nega-
tive and contribute to equatorial subrotation. Synthesizing this power
spectrum, the result is that the atmosphere nearly corotates at the equator
and superrotates at midlatitudes. The inclusion of horizontal diffusion and,
partially, the truncatior in our spectral analysis account for momentum
tranafer toward the equator at low latitudes which sustains a small
superrotation rate.

Due to -artical convection and éiffusion, the abuve discussed signatures
from the upper and lower regions of the atmosphere are mixed, and we suggest
that thie is responsible for the complex circulation partzin observed on
Jupiter. The observed negative equatorial velocity components around 2£=22 in
Figure 1 may originate from a spectrun of the kind shown with the theoretical
results in the lower part of Figure S.

With the large rotation rate and large planetary radius of Jupiter, the
second term in the denominator of (30) dominates. Assuming a=0, the
meridional velocity from (30) is Vz =qy, and the rigid sheil component of
superrotation from (31) is Ul¢q2/K. Considering (28), (33) and (34), a trend

analysis for the indirect circulation with L>2 gives

(36)

where Y is an expression, usually positive, which involves atmospheric and
planetary parameters. With increasing S, a major component of the power

spectrum {s shifted toward lower wave numbers.
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NUMERICAL RESULTS

We are demonstrating with this paper that in principle and contrary to
current theories equational superrotation can be understood in the framework
of a zonally symmetric circulation driven by solar differential heating. This
suggests that the process {s fmportant for the large scale atmospheric motions
observed on Jupiter and Saturn. To determine the extent that this {s true
will require a nonlinear analysis with general circulation models which
account in self consistent form for the solar ftaput and convective as well as
radlative energy transfer. The results will depend on the vertical and
horizontal eddy diffusivities and on the Prandtl number, and transport of
latent energy s probably {mportant.

Our discussion here {s restricted to convey a general understanding of
the mechanism. No attempt is made to simulate a particular planetary
scenario.

For {llustrative purposes a global average atmosphere is adopted which
rotates at a rate of 1.8x10"%sec™! {n a gravitational fleld with g=2400 and {s
representative of the conditions on Jupiter. The data are based on the
{nfrared measurements from the Vovager spacecraft (Hanel et al., 1979a,b).
They are shown {n Figure 9. Below the 1 bar pressure level, the temperature
{s extrapclated to lower altitudes assuming a (negative) stability § = -5 x
10~7 whose absolute walue decreases toward lower altitudes satisfying flux
continufity. The lower boundary i{s chosen to be at a pressure of 25 bar.

Above the 2 mb level we assume the temperature to be constant. The upper

boundary {s chosen to be at a pressure of 5x10~!1 bar where dissipative




processes due to molecular diffusion dominate.

For the energy source driving the circulation, qu(r), we chose a height
distribution shown in Figure 9 which was adopted from the work of Wallace et
al., 1974, The specific heat input increases with height and accounts for the
temperature inversion above the tropopause. Radlative cooling is considered
in the form of a Newtonian coefficient a=6.5 x 10-6p° (ergs deg'l sec'lgm'l)
provided by B. J. Conrath (private communication). Vertical and horizontal
eddy diffusion coefficients of 2.5x10% and 2.5x1011, respectively, are chosen
at the lower boundary and are assumed to increase with height at a rate
inversely proportional to the square root of the density (Chapman and Lindzen,
1970).

We have used two different schemes to obtain solutions of the
differential equations (9) through (13):

(1) Iterative Mode Coupling: With the heat source 9y A solution of the

fundamental mode (2=2) is obtained which describes a simple Hadley cell and
the rigid shell component of superrotation (Mayr and Harris, 1981 ). The
meridonal velocity in that mode couples momentum,through the Coriolis force,
into the next higher mode (see the Equation (13) and the connection on the
left hand side of the block diagram in Figure 5), and we obtain successive
solutions for ¢=4,6... Choosing some limiting wave number, we then turn
around in our iteration procedure and consider the feedback due to momentum
coupling by the zonal velocities (see Equation (12) and the connections on the
right hand side of the blsock diagram in Figure 6), until we return to the
fundamental mode of superrotation. The results substantially confirm our
earlier conclusions. This solution procedure shows in particular that the
feedback from the zonal velocity component in the higluer wave numbers (shorter

wavelengths) contributes to accelerate the equatocial region in the lower
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order modes (longer wave lengths). Since the energy clearly comes from the
heat source in the lowest order mode, our interpretation is that the feedback
acts as a trapping mechanism. Under viscosity, velocity shears can
numerically propagate in altitude, and the procedure eventually becomes
unstable as one increases the number of iterations.

(2) Simultaneous Mode Coupling: With a limited number of 12 modes,

momentum coupling is considered in self consistent form by simultaneously
solving a system of 60 second order differential equations (egs. 9 through 13
for £ = 2 to 24). The shortest wavelength covers about 15° in latitude which
is crude by comparison with the observed details in the Jovian circulation.
It is again assumed that the lowest order heat source qy is driving the
motions.

Results are shown for the zonal velocity and the relative temperature
amplitude in the form of latitudinal distributions at various altitudes
(Figures 10 and 11). The meridional cir:culation, of the Ferrel-Thompson type,
is illustrated in Figure 12. One should expect that the dynamic properties of
the atmosphere are sensitive to the tropospheric temperature lapse rates and
the vertical and horizontal diffusivities as they vary with altitude. To
understand the model fully and in relation to observations, will therefore
require an extensive parametric analysis, the subject of a subsequent paper.

In the lower troposphere the temperature lapse rate is almost
adiabatic. The meridional circulation does not extend all the way down but
instead i{s broken up into smaller cells (Figure 12) which is reflected in the
complex structure of the zonal wind field (Figure 10). Higher up, where a
larger temperature gradient is required, so 35x10-7 y, to conduct the heat
from the planetary interior, the meridional circulation effectively fccuses

and traps energy and angular momentum in the equatorial region. A local
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temperature maximum (Figure 10) and a well defined equatorial jet thus develop
at the equator. Very high up in the atmosphere where the temperature lapse
rate is subadiabatic, heat is diffusing downwards and effectively disperses
the energy that is transported upwards by the meridional circulation. As a
result the latitudinal temperature distribution flatens and a blunt maximum
develops at low latitudes where the solar energy is deposited (Figure 11).
Moreover, angular momentum is carried to higher latitudes and broad maxima
develop in the (eastward) zonal wind velocity. Due to upward convection in
the form of thermal expansion from below and vertical as well as horizontal
momentum diffusion, the equatorial region superrotates even at higher
altitudes.

In the intermediate regions near 30 km, between the "dispersing" stable
region above and the "focusing" unstable region below, the form of the zonal
wind field resembles that of Jupiter. The horns near 10° latitude are
reproduced and secondary maxima develop near 30° and 60°. Lower down well
within the unstable convection region at =20 km, the equatorial jet is larger
by more than a factor of three and the form of the latitudinal velocity
distribution resembles that of Saturn (Smith et al., 1981).

Based on this result we suggest that the large difference in magnitude
betweeu the equatorial jets of Jupiter and Saturn can in part be explained
(Figure 13) by the temperature differences observed on both planets (Hanel et
al., 1981). The clouds, which allow us to trace atmospheric motions, are
formed on Jupiter near the tropopause where the transition occurs between two
vastly different dynamic regimes one convectively stable the other one
unstable. A complex interference pattern thus develops in the zonal
circulation. On Saturn which is much colder, the clouds form at a much lower

altitude, deep inside the convection region (S, < 0) where the meridional
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circulation prevails in funneling energy and momentum into the equatorial
reglion.
CONCLUSION

The important elements of the model are summarized in Figure l4. On
Jupiter and Saturn global scale convection carries energy from the interior
CUMasu wapiies @ililuues wnere radiation to space becomes important. The
troposphe~ic regions should therefore be convectively unstable with small
superadiabat.c lapse rates on the order of 10'6des/cn. Under this condition,
the upward motions in the direct and indirect atmospheric circulations imposed
bv {nenlation can then supply dynamic energy for "localized" equatorial
heating which in turn drives equatorial superrotation. Preferential solar
heating at low latitudes induces the ordered structure in the atmospheric
motions. The efficiency of this process is determined by the degree of
turbulence in the troposphere, the energy conversion in the planetary interior
and the radiative loss from the upper troposphere and stratosphere.
Differences in these global properties and the relative location of the clouds
may contribute to the large differences between the zonal velocity fields on
Jupiter and Saturn.

Adopting a spectral model, the concept of mode coupling is used to
describe differential rotation and equatorial superrotation in an atmosphere
with zonal and meridional Adscous stresses. Momentum is thereby allowed to
cascade from lower order modes, which "absorb" most of the solar energy, to
higher order modes. At altitudes above the center of the meridional circula-
tion, where the specific heat input i{s relatively large and the atmosphere is
convectively stable, angular momentum {s effectively advected poleward, except
near the equator where the meridional winds and the Coriolis force vanish and

the horizontal momentum transport must be carried by horizontal diffusion



(viscous flow). This causes the atmospheric rotation rate to decrease at low
latitudes and increase at high latitudes relative to the rigid shell component
of superrotation; inducing a tendency for the equatorial region to corotate.
However, below the center of the meridional circulation and below the maximum
energy input where the atmosphere tends to be convectively unstable, angular
momentum (and energy) are advected from high to low latitudes, thus the
equatorial region can be accelerated to the extent that equatorial jets
develop. Again, near the equator, angular momentum must be carried by
horizontal diffusion; the equatorial minimum in the angular velocity on
Jupiter (Figure 2) being evidence for down gradient diffusion toward the
equator. This picture is complicated by vertical energy and momentum
diffusion as well as convection which can effectively extend the
characteristic circulation signatures from the troposphere into the
stratosphere or visa versa.

Our theoretical results suggest that four factors are important in
understanding the structure of the zonally symmetric circulation on Jupiter
and Saturn: (1) Their large planetary size and rotation rate produce through
mode /momentum-coupling a multiple Ferrel-Thomson type circulation with upward
motions at low latitudes. Differences in the gravitational acceleration as
well as in the planetary radius and rotation rate of both planets
significantly contribute to broaden the latitudinal structure of the zonal
esirculation on Saturn relative to Jupiter. (2) Energy from the interior is
diffusing radially outwards and maintains a superadiabatic lapse rate. This
provides the condition for trapping or focusing dynamic energy that is
advected toward the equator in the lower leg of the meridional circulation.
(3) The eddy diffusivity is sufficiently low to require large temperature and

velocity gradients in the energy and momentum balances. A vertical eddy
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diffusion coefficient between ].05 and 106 may produce the zomal velocities
observed on Jupiter; but a smaller value is probably required to explain the
zonal circulation on Saturn. (4) Since the clouds are the tracers cf
atmosphric motions, their location is very important. On Jupiter they occur
near the tropopause, in the transition zone between convectively stable and
unstable regimes, and a complex interference pattern develops in the zonal
circulation. In the atmosphere of Saturn which is colder, the clouds occur
lower down well within the unstable convection region where the meridional
circulation prevails in funneling energy and momentum into the equatorial
region. This in turn is conducive to the development 2f 2 etvano eaquatorial
jet.

Mayr et al., 1981 argue that the large scale circulation on Jupiter
provides the order in the formation of the small scale circulation features
such as the great red spot and the white and brown ovals. Thus a relatively
simple picture emerges for the Jovian circulation. The energy Jupiter
radiates to space must be transported upwards through the troposphere. If
that transport is accelerated by the prevailing upward motions in the solar
driven meridionial circulation, eastward jets develop such as observed in the
equatorial region. But, if that vertical transport is impeded by the pre-
valiling downward motions in the solar driven multicellular meridional circula-
tion, the atmosphere "reacts" and tends to maintain the process through the
development of hurricanes. Dynamically induced by solar differantial heating,
a beautifully simple and ordered latitudinal structure, with alternmating
"stability" and "instability", is imposed on the troposphere, to form
alternating zonal strata where hurricances in the form of red, brown, and

white ovals are "forbidden" and "permitted", respectively.
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FIGURE CAPTIONS

Figure 1: Empirical model of the zonal wind velocities observed from the
Voyager spacecraft (G. Hurt, private communication) in terms of vector
spherical harmonics which are used as basis functions in the subsequent
theoretical analysis. Data from both hemispheres are taken, but only the
terms symmetrical with respect to the equator are presented (lower part) and
considered for the syntheses. Syntheses up to wave number L = 12 and 34 are
shown (upper part). The rigid shell component (&=2) , directly driven by
sclar differential heatirg, dominates, and the lower order terms reproduce the
equatorial jet. Note the simple form of the power spectrum; the Voyager I and

II data being nearly ideatical.

Figure 2: The zonal wiud field based on Voyager and Earth based measurements

is taken from the NASA publication Voyage to Jupiter (Mocrison and Samz, 1980)

and shows a ainimum below /° latitude, indicative of downgradient diffusion
toward the equator. We cons’‘der an equatorial region (right side) in which
the angular momentum budget is established with horizontal and vertical
diffusion. Thus, a priori, there is no constraint on the direction or
magnitude of the zonal velocity at the equator and the question reduces to how

angular momentum is effectively transported into the ejuatorial region?

Figure 3: Schematic illustration of the mass (top)-and momentum (bottom)=-
budgets for the direct circulation producing rigid shell superrotation which
is observed on irtually every planet in our solar system. The balance {is
established between upward transport of momentum by convection (more being

carried upwards at low latitudes than i{s carried downwards at high latitudes)
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and diffusion. During "spin up" the atmosphere receives the angular momentum

for superrotation from the planet or the planetary inferior.

Figure 4: Relative to the rigid shell component of superrotation (dashed
11.°3), angular momentum is redistributed by the indirect circulation within
the atmoiphere. The momentim transport is toward the poles in the upper leg
of themeridionzl cell thus increasing the superrotation at mid latitudes (plus
sign) and ducreasing it near the equator (minus sign). In the lower leg of
the meridior " circulation this process is reversed; angular momentum is
redistributed toward the equator and an equatorial jet can develop (plus »ign)
under certain conditions (See Figure 5). It is thereby understood that in the
equatorial region the horizontal momentum transport is taken over by horizon-

tal diffusion (Figure 2).

Figure 5: 1Ignoring the added complexity due to horizontal diffusion, the
momentum balance between horizontal advection and vertical diffusion is
schematically illustrated. The equator is understood to be the equatorial
region. Three different height distributions satisfy the budget. Case (a) is
illustrated in Figure 4. 1In cases (b) and (c) the atmosphere superrotates and
subrotates at all altitudes. The cutcome depends on the energy budget
illustrated in the lower part. To sustain equatorial superrotation the
meridional circulation must accumulate energy at the equator. The condition
for thigrarises when the atmosnhere is convectively unstable,

So = (3?2-+ ) <0, which is presumably satisfied in the tropospheres of

Jupiter and Saturn.
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Figure 6: Block diagram illustrating the mode/momentum coupling for the
spectral model. The heat source in the fundamental mode, qj, is directly
driving the rigid shell component of superrotation. Mode coupling through the
solenoidal (meridional) velocity field in turn is driving the indirect circu-
lation by cascading momentum from lower to higher order modes (left hand side
of the chain link). A feedback through the solenoidal or zonal velocity field
(right side of the chain link) tends to trap angular momentum in the lower

order modes.

Figure 7: Heuristic discussion of various scenarios for the zonal velocity
field in the equatorial region based on the equations (22) through (24). An
equatorial heat source is forcing upward motions and equatorward and poleward
winds in the lower and upper legs of the meridional circulation, respectively.
In the direct circulation a rigid shell component of superrotation is produced
(a). Superimposed on that fundamental mode the indirect circulation produces
differential rotation with zonal velocities at the equator illustrated in the
upper part of Figure 7. The sum of the rigid shell component and differential
rotation 1is shown in the lower part of Figure 7. Cases (b) and (c) represent
conditions where the atmosphere is convectively stable and unstable,
respectively. Under case (d) the atmosphere is unstable and stable in the

lower and upper legs cf the meridional circulation, respectively.

Figure 8: The analytical model (30) through (35) is used to describe the
latitudinal distribution in the upper and lower legs of the circulation
corresponding to case (d) in Figure 7. The power spectra are shown in the
lower part; for this display the amplitudes of the indirect circulation are

scaled by a factor of three. Considering (25) the solution represents local

41



conditions where the two altitude regimes are weakly coupled. When coupling
{s important near the transition from one to the other regime a complex
interference pattern can develop such as observed on Jupiter where besides the

equatorial jet eastward jets are also observed at higher latitudes.

Figure 9: Input data for the average temperature, T,, and pressure, p,, the
vertical eddy diffusion coefficient, k, and the heat input, q3. In the
troposphere near the 1 bar pressure level, the (negative) stability is assumed
to be §, = -Sx10'7; its absolute value decreasing toward lower altitudes so

that the heat flux 1s conserved.

Figure 10: Latitudinal velocity distributions at various altitudes obtained
from a numerical solution of the theoretical model. Note the large equatorial
jet at =20 km and the velocity maximum near 30° at higher altitudes. 1In
between a complex velocity field develops which has some resemblance with that

of Jupiter.

Figure 11: Same as Figure 10 except that the relative temperature amplitude

i3 shown. Note the sharp maximum at the equator at altitudes where the narrow
eastward jet develops. At higher altitudes the maximum is very broad, {ndica-
tive of poleward energy transport (adiabatic cooling) by the indirect circula-

tion.

Figure 12: The meridional circulation, based on out theoretical results, is

illustrated. We refer to it as a multicellular Ferrel-Thomson cfrculation.
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Figure 13: Based on the results from Figure 10, we suggest that the observed
differences in temperature between Jupiter and Saturn (Hanel et al., 1981) are
in part responsible for the large differences between the velocity fields
observed on both planets (Smith et al., 1981). On Jupiter, the clouds
condense near the tropopause which is in a transition region between the
stable and unstable convection regimes above and below, where poleward and
equatorward transport dominate, respectively. Thus a complex interference
pattern develops such as seen in Figure 10 at 20 km. On Saturn which is much
colder, the clouds condense about 50 km lower well within the unstable
convection regime. The lower leg of the meridional circulation thus dominates
in funneling energy and momentum iot .... equatorial region, much like
hurricanes are formed on a much smaller scale. This process is conducive to
the development of a relatively large equatorial jet such as seen in Figure 10

at =30 km which is analogous to the conditions on Saturn.

Figure 14: The important elements of the model are summarized in schematic
form. On average the troposphere is convectively unstable; a superadiabatic
temperature lapse rate accomodates the upward transport of heat from the
planetary interior which is radiated to space at higher altitudes. Above the
tropopause the solar heat input dominates and energy is conducted to lower
altitudes where collisional excitation permits reradiation. Against this
"homogeneous" background, the atmosphere is preferentially heated by solar
radiation at low latitudes which brings order into the large scale atmospheric
motions, effectively polarizing them. Air is rising at the equator and falls
at higher latitudes. Thus angular momentum from the vast reservoir of the
planet is stored in the atmosphere during "spin up" causing it to superrotate

on average (rigid shell component of superrotation). With the large rotation
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rate and radius of the planet the Hadley circulation is broken up into a
multicellular meridional circulation with alternating rising and falling
motions in the troposphere. Under conditions which are convectively unstable,
the upward motions, focused by the Coriolis force into narrow latitude regimes
effectively funnel energy and momentum into the equatorial region, for

example, which is conducive to the formation of an equatorial jet.
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