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Abstract

Large-scale zonal flows, as observed on the giant planets, can be driven by thermal convection in a rapidly rotating spherical s
previous models of convectively-driven zonal flow generation have utilized stress-free mechanical boundary conditions (FBC) for both the
inner and the outer surfaces of the convecting layer. Here, using 3D numerical models, we compare theFBC case to the case with a stre
free outer boundary and a non-slip inner boundary, which we call the mixed case (MBC). We find significant differences in surface zon
flow profiles produced by the two cases. In low to moderate Rayleigh numberFBC cases, the main equatorial jet is flanked by a strong, h
latitude retrograde jets in the northern and southern hemispheres. For the highest Rayleigh numberFBC case, the equatorial jet is flanked
strong reversed jets as well as two additional large-scale alternating jets at higher latitudes. TheMBC cases feature stronger equatorial j
but, much weaker, small-scale alternating zonal flows are found at higher latitudes. Our high Rayleigh numberFBC results best compare wit
the zonal flow pattern observed on Jupiter, where the equatorial jet is flanked by strong retrograde jets as well as small-scale alte
at high latitude. In contrast, theMBC results compare better with the observed flow pattern on Saturn, which is characterized by a d
prograde equatorial jet and a lack of strong high latitude retrograde flow. This may suggest that the mechanical coupling at the b
jovian convection zone differs from that on Saturn.
 2004 Elsevier Inc. All rights reserved.

Keywords: Jupiter; Saturn; Atmospheres; Convection
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1. Introduction

Understanding how large-scale zonal winds are gener
on the giant planets is a longstanding problem in pla
tary and geophysical fluid dynamics (Busse, 1976; Cho
Polvani, 1996a). As shown in Fig. 1, strong eastward
dominate the equatorial regions of both Jupiter and Sa
At higher latitudes, much weaker eastward- and westw
directed flows are found on Jupiter. On Saturn, the h
latitude flow consists of a smaller number of almost pur
eastward-directed zonal jets. Galileo probe measurem
made to a depth of 125 km below the cloud deck showed
the jovian winds extend into the planets interior, well bel
the shallow layer heated by solar insolation (Atkinson et

* Corresponding author. Present address: Department of Earth and Spa
Sciences, 5690 Geology Bldg., UCLA, Los Angeles, CA 90095-1567
USA.

E-mail address: aurnou@ucla.edu (J.M. Aurnou).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.01.013
s

1998). These observations suggest that the large-scale
winds on the giant planets may be generated by deep co
tion. In addition to the observable near-surface winds on
giant planets, studies of planetary core dynamics has sh
that the existence of large-scale zonal flows may also
necessary to maintain dynamo action (Gubbins and Rob
1987).

The deep atmospheric convection zones of the giant p
ets are believed to extend down to the depth of metaliza
of the hydrogen-rich fluid. Estimates of the metallic hyd
gen transition depths are at roughly 0.7–0.9 of Jupiter’s
dius and 0.4–0.6 of Saturn’s radius (Guillot, 1999). It h
been proposed that the metallictransition acts as a vertic
barrier across which convection cannot occur due to the
crease in fluid density that accompanies the change in pha
(Stevenson and Salpeter, 1977). Convection also occur
low the transition, driving the planetary dynamos in th
metalized regions. Any zonal flows will be strongly retard
by the action of Lorentz forces in the vicinity of the met

http://www.elsevier.com/locate/icarus
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Fig. 1. Surface zonal flow observations of Jupiter (solid line) a
Saturn (dashed line) plotted as a function of planetographic latitude
Non-dimensional velocities are given in Rossby number units,Ro =
u/Ωro . Here we use the equatorial planetary radii forro. Adapted from
Porco et al. (2003) and Sanchez-Lavega et al. (2000).

ization transition (Kirk and Stevenson, 1987). In additi
the convection zones of the giant planets are many
sity scale heights deep. Zhang and Schubert (2000)
shown that moderate compressibility effects need not
stroy the geostrophy of rotating convective flows. Howev
conservation of momentum will tend to cause the am
tude of zonal winds to decrease as the fluid density incre
with depth in the convection zone. Therefore, zonal flo
at the base of the deep convection zone are likely to
sluggish relative to the rapid winds measured at the
face, so that the bottom of the deep convection zone ma
be approximated as a stationary boundary in the rotating
erence frame defined by the planetary magnetic field.
lack of strong, measurable secular variation of the jov
magnetic field supports this approximation (Russell et
2001).

Studies of rapidly-rotating convection have found t
convection tends to occur dominantly in the form of qua
geostrophic columns aligned in the direction of the rotat
axis (Roberts, 1968; Busse, 1970; Jones et al., 2000).
convection columns first form outside the imaginary, rig
cylinder, referred to as the tangent cylinder, that circu
scribes the equator of the inner spherical boundary of
fluid volume (see Fig. 2). Near the onset of convection,
geostrophic “cartridge belt” convective planform genera
net Reynolds stresses (Busse, 1976; Zhang, 1992; C
and Olson, 1994). These stresses transfer net positive a
lar momentum outward and negative angular momentum
ward. Because the flow is geostrophic, the Reynolds stre
drive zonal flows that do not vary strongly in the axial dire
tion.

It is known that rigid inner and outer boundaries
hibit the production of zonal flows, whereas strong zo
flows develop for stress-free inner and outer boundaries
rnou and Olson, 2001). Studies of freely-evolving shall
layer or two-dimensional turbulence on a spherical s
have been used to simulate flows in the Earth’s oceans, a
mosphere, and on the giant planet cloud decks (Cho
s

-

s

Fig. 2. Schematic showing a spherical shell with a radius ratioχ =
ri/ro = 0.75. The tangent cylinder intersects the outer surface,ro , at
θTC = ±cos−1 χ = ±41◦ latitude.

Polvani, 1996a, 1996b; Rhines, 1975; Yoden and Yam
1993). A shallow layer parameter study applied to Jup
(Cho and Polvani, 1996b) reproduced several generic
tures of the giant planets, including multiple alternating je
vortices, and a strong equatorial flow; although the equa
ial flow was retrograde, opposite in direction to the obser
prograde equatorial flows on Jupiter and Saturn. Experim
tal studies of rotating convection at high Rayleigh num
and low Ekman number found that zonal flows can deve
with two rigid boundaries (Manneville and Olson, 199
Aubert et al., 2001). However, in these studies, strong
grade equatorial jets were not observed. Most of the re
studies relevant to zonal flow generation on the giant p
ets have focused on deep convection in a rapidly rota
spherical shell bounded by stress-free boundaries (Zh
1992; Sun et al., 1993; Ardes et al., 1997; Tilgner and Bu
1997; Christensen, 2001, 2002; Wicht et al., 2002; Yan
al., 2003). In these studies, Reynolds stresses, which
balanced only by weak viscous forces, drive strong p
grade jets at low, equatorial latitudes and retrograde
at higher latitudes. In strongly supercritical rotating con
vection with stress-free boundaries, Christensen (2001)
shown that alternating, large-scale, east–west zonal jets
be generated at high latitudes when convection beco
vigorous within the tangent cylinder. In truncated mod
of high latitude convection, Jones et al. (2003) found t
the formation of multiple, small-scale alternating jets w
facilitated in cases in which they assume strong magn
fields produce a rigid lower mechanical boundary con
tion while leaving the outer boundary mechanically stre
free.

Here we carry out a study of deep layer rotating sph
ical shell convection, similar to the low resolution work
Gilman (1978), in which we compare cases with stress-
boundary conditions against “mixed” cases where the out
boundary is stress-free and the inner boundary is rigid
the following section we willoutline the numerical method
used in this study. In Section 3 we present the results f
the simulations. Lastly, in Section 4, we discuss our res
and compare them to the gross features of the observed
flows on the giant planets.
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2. Numerical methods and models

We study the convective response of a layer of Bou
nesq fluid in a rapidly rotating, three-dimensional spher
shell geometry subject to isothermal temperature boun
conditions. Gravity varies linearly with radius, with valuego

on the outer boundary atro. The simulations have been ca
ried out in a spherical shell of fluid such that the inner/ou
radius ratioχ = ri/ro = 0.75, whereri is the inner boundar
radius (see Fig. 2). This radius ratio is geometrically si
lar to estimates for the deep atmosphere of Jupiter (Gu
1999). We do not simulate the convection in the outerm
atmosphere affected by solar insolation or in the fluid in
rior to ri , which represents the metallic transition depth.

We numerically integrate the Navier–Stokes equation
the heat equation

E

(
∂u
∂t

+ u · ∇u − ∇2u
)

+ 2ẑ × u

(1)= −∇p +
(

RaE

Pr

)
rT
ro

,

(2)
∂T

∂t
+ u · ∇T =

(
1

Pr

)
∇2T ,

subject to the continuity condition

(3)∇ · u = 0,

whereu is the velocity vector,p is the pressure, andT is
the temperature. Equations (1)–(3) have been non-dim
sionalized using the temperature difference�T across the
shell thicknessD = ro − ri = ro(1 − χ) which is used as
the length scale,D2/ν for time-scale, whereν is the kine-
matic viscosity,ν/D for the velocity-scale, andρΩν for the
pressure-scale, whereρ is the fluid density, andΩ is the
angular rotation rate. This scaling produces the follow
non-dimensional control parameters:

(4)E = ν

ΩD2 ; Pr = ν

κ
; Ra = αgo�T D3

νκ
,

whereα is the thermal expansivity andκ is the thermal dif-
fusivity.

The Ekman number,E, is defined in Eq. (4) as the ra
tio of viscous to Coriolis forces and is fixed at a value
3 × 10−4 in the majority of the calculations presented he
The Prandtl number,Pr, which is a physical property of th
fluid, is maintained at unity in our calculations. The Rayle
number represents the strength of buoyancy forces in
fluid. Convection occurs only for Rayleigh numbers grea
than the critical Rayleigh number,RaC . As Ra is increased
aboveRaC , convection becomes increasingly vigorous.
both sets of boundary conditions,FBC andMBC, RaC � 105

at E = 3 × 10−4 and Pr = 1. In this study we will focus
on the two casesRa = 10RaC andRa = 30RaC . Following
the work of Aubert et al. (2001) and Christensen (2002),
will also present some of our results in terms of the m
ified Rayleigh numberRa∗ = RaE2/Pr = αgo�T/Ω2D,
for which Christensen (2002) has derived asymptotic s
ing laws for rotating convection in aχ = 0.35 spherica
-

shell geometry subject to stress-free boundary condition
Christensen (2002) arrives at this modified Rayleigh n
ber by using 1/Ω as the characteristic timescale in no
dimensionalizing the equations of motion. The advantag
this scaling is thatRa∗ does not depend on any microsco
transport properties of the fluid that appear not to contro
convection in the asymptotic lowE, highRa regime (Aubert
et al., 2001). Although our parameter values are many
ders of magnitude from estimates for the giant planets
asymptotic laws of Christensen (2002) suggest that our
ulations may not be very far from the asymptotic regim
Thus, we will later compare our results against observat
of the planets, while still keeping in mind that Christense
(2002) scaling laws may or may not hold at far more extre
planetary parameter values.

A critical output parameter from the calculations is
Rossby number

(5)Ro = ReE(1− χ) = u

Ωro
,

which is the fluid velocity non-dimensionalized by the eq
torial rotation rate of the outer boundary. Here the Reyn
numberRe = uD/ν is the non-dimensional flow velocit
output from our calculations. Peak Rossby number va
for our calculations reach∼ 0.12, which is far larger than
the observed peak values of∼ 0.01 and 0.05 for Jupiter an
Saturn, respectively.

Equations (1)–(3) are solved using the pseudo-spe
technique of Glatzmaier (1984). Chebyshev polynomials
used in the radial direction on 81 radial levels. Spher
harmonics are used on spherical surfaces with 576 n
in longitude and 288 nodes in latitude. The spherical ha
monic expansion is truncated at degree and order of
We initialize all our calculations by randomly perturbi
the temperature field. Solutions are integrated until t
reach a statistically-steady-state, typically after 5–10 viscou
diffusion timescales. To lessen the total computational
pense, we have imposed 4-fold longitudinal symmetry
our solutions. Calculations ofRaC in spherical shells hav
shown that 4-fold symmetry does not strongly affect the h
wavenumber convection that develops in spherical sh
with χ > 0.4 (Al-Shamali et al., 2004). More detailed d
scriptions of the numerical technique can be found in Ch
tensen et al. (1999). Hyperdiffusivities are not employe
these calculations. In theFBC cases, in which both the inne
and outer mechanical boundary conditions are stress-
angular momentum is conserved in the fluid layer to wit
∼ 1%. InMBC cases, where the inner boundary is rigid a
the outer boundary is stress-free, angular momentum is
conserved because the rigid inner boundary can apply
cous torques to the fluid andΩ is held fixed.

3. Results

Figure 3 shows plots of the azimuthally-averaged s
face zonal flows(a, c) and the azimuthally-averaged zon
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es:

Fig. 3. Plots of zonally-averaged azimuthal velocity. Left column (a), (c): surface winds versus latitude; right column (b), (d): equatorial plane velocities plotted
versus radius. Top row (a), (b): 10RaC ; bottom row (c), (d): 30RaC . Solid lines:MBC results (rigid inner boundary, stress-free outer boundary); dashed lin
FBC results (stress-free boundaries). All velocities are given inRo units. Thin horizontal lines ina andc denote the tangent cylinder latitude,±θTC.
-

files

eak
et-

of

d of
,
the
d-

nal

yp-
eir

s
-
e the
ice

ro-

s
e
igh
en

ith
lat-

yer

igh-

rgy

he

er
s.
c-

ified

e
lops
use
te-
velocities in the equatorial plane(b, d). Dashed lines corre
spond toFBC cases. Solid lines correspond toMBC cases.
Figure 3a shows the surface azimuthal zonal wind pro
generated in cases withRa = 106 � 10RaC . In the FBC
case, a large prograde equatorial jet is formed with a p
Ro = 0.024. Flanking this prograde jet are two large r
rograde jets that form near the tangent cylinder latitude
θTC = ±cos−1(χ) = ±41◦. In marked contrast, theMBC
case features a stronger equatorial jet with peakRo = 0.038
and no flanking retrograde jets at high latitudes. Instea
retrograde jets, mixed boundary conditions produce weak
small-scale, high latitude zonal flows that are similar to
high latitude results from calculations with two rigid boun
aries (Aurnou and Olson, 2001). In theFBC case, 90% of the
kinetic energy is located in the zonal flow field. The zo
flow contains 95% of the total kinetic energy in theMBC
case. Similar calculations with rigid outer boundaries t
ically contain less than 10% of the kinetic energy in th
zonal flow fields.

The equatorial azimuthal zonal flow profiles for theRa �
10RaC cases are plotted in Fig. 3b. TheFBC andMBC pro-
files are similar in shape, but in theMBC case the zonal flow
is zero at the inner boundary whereas theFBC case feature
a retrograde flow atri . This similarity of the equatorial pro
files demonstrates that the structure of convection outsid
tangent cylinder is remains largely unaffected by the cho
of inner mechanical boundary condition.

Figure 3c shows the surface azimuthal zonal wind p
files in cases withRa = 3 × 106 � 30RaC . Additional im-
ages of the azimuthal velocity field onro are shown in
Figs. 4a, 4b. In caseFBC, the prograde equatorial jet ha
a peakRo = 0.06. In addition, strong convection within th
tangent cylinder now drives a set of alternating jets at h
latitude, very similar to the pattern found by Christens
(2001). Here theMBC case features an equatorial jet w
peakRo = 0.11 and numerous small-scale jets at high
itudes, in basic agreement with the high latitudeMBC-like
models of Jones et al. (2003) as well as with shallow la
models such as those of Rhines (1975), Williams (1978),
and Yoden and Yamada (1993). Similar small-scale, h
latitude jet structures are found inRa = 3× 106 calculations
made with two rigid boundaries. The zonal kinetic ene
fractions are 94 and 89% for theMBC andFBC cases, re-
spectively.

The results in Fig. 3d are similar to those in panel (b). T
MBC profile can be reproduced by shifting theFBC profile
forward such that no retrograde zonal motion occurs atri .

Figure 5 shows the results fromMBC calculations at
E = 10−4 and Ra = 107. An equatorial jet forms with a
peakRo = 0.068, while convection in the tangent cylind
interior drives small-scale, high-latitude alternating flow
Downwelling flows at the poles drive the polar vortex stru
tures there. In this lower Ekman number case, the mod
Rayleigh number takes on the value ofRa∗ = 0.10. This
value is very close to the case withE = 3 × 10−4 and
Ra = 106, whereRa∗ = 0.09. We find similar results in thes
two MBC cases. In both, a prograde equatorial jet deve
with very weak alternating flows at high latitudes beca
convection is not yet vigorous in the tangent cylinder in
rior. The peak equatorial jet Rossby number is∼ 0.07 for



496 J.M. Aurnou, M.H. Heimpel / Icarus 169 (2004) 492–498

sults
c-
nied

ed
er, a
ret-
e

t on

i-
tion
nat-
ins

sition
ti-
ry
im-
r is

h
ent
lled

inner
n-
zero
ua-

is
ent

s.
theE = 10−4 case and∼ 0.04 for theE = 3 × 10−4 case,
in good agreement with Christensen (2002). These re
show that at lower Ekman number and comparable conve
tive vigor, a stronger equatorial jet develops, accompa
by finer-scale high-latitude zonal flow structures.

4. Discussion

Large-scale equatorial jets form for both the mix
boundaries case and the free boundaries case. Howev
high latitudes these two cases markedly differ: strong
rograde jets develop in theFBC cases in order to conserv
angular momentum in the fluid layer, whereas in theMBC
case viscous torques at the non-slip inner boundary ac
the adjacent fluid to spin it up to the imposed rotation rateΩ .
In the Ra � 10RaC cases with two rigid boundary cond
tions studied by Aurnou and Olson (2001), weak convec
within the tangent cylinder generates small-scale alter
ing zonal flows such that all the high latitude fluid rema
close to the rotation rateΩ . Here, theRa � 10RaC MBC
t

case produces a flow pattern that resembles the superpo
of theFBC velocity (or Rossby number) profile at low la
tudes with the high latitude velocity profile of rigid bounda
calculations (which are not presented in this paper). This
plies that the fluid convection outside the tangent cylinde
strongly affected by the outer boundary condition, whic
is stress-free for theMBC case, whereas inside the tang
cylinder the convection pattern is more strongly contro
by the rigid inner boundary.

The MBC cases feature peak progradeRo and zonal ki-
netic energy percentages that are higher than respectiveFBC
cases. These differences occur because the non-slip
boundary in theMBC cases acts to torque forward the e
tire equatorial jet structure until the viscous stresses are
atri . However, the peak-to-trough differences in zonal eq
torial velocity are identical for theMBC and FBC cases
for Ra � 10RaC . For 10RaC < Ra � 30RaC , the peak-to-
trough velocity difference for theMBC case monotonically
increases over theFBC case by up to 10%. This difference
caused by the different flows that develop within the tang
cylinder depending on the mechanical boundary condition
w
Fig. 4. Azimuthal velocity on the outer boundary,ro , for E = 3 × 10−4 and Ra = 3 × 106 � 30RaC . (a) FBC; (b) MBC. Red represents prograde flo
(eastward flow; positiveRo); blue represents retrograde flow (westward flow; negativeRo). The same color scale is used in (a) and (b).

Fig. 5. Plots of (a) zonally-averaged azimuthalsurface velocity versus latitude, (b) meridional slice of zonally-averaged angular velocity, and (c) equatorial
temperature contours viewed from the northern pole for theMBC case withE = 10−4 andRa = 107.
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We note that the total angular momentum is greate
the MBC cases than in theFBC cases because we hold t
rotation rate of the bottom boundary fixed in all of the cal
lations. If we held the total angular momentum fixed, inst
of the value ofΩ , we would expect to find smaller diffe
ences in peakRo and zonal energy percentage betweenMBC
andFBC cases. However, the choice of mechanical bou
ary conditions does result in fundamental differences in
zonal flow pattern relative to the rotating reference frame
is these fundamental differences in the flow pattern that
most relevant for comparisons with the planetary obse
tions.

4.1. Comparison to observed flows on the giant planets

The equatorial jets that form for theMBC andFBC cases
may be crudely compared to the broadest-scale structure
the low latitude flows on both Jupiter and Saturn. Our sim
lations capture none of the shallow vortex structures, the
in the equatorial jet cores or the precise jet amplitude
widths. In addition, the asymmetry in the jovian profile, d
to the Great Red Spot, increases the difficulty in compa
the profiles from our simulations with the equatorial reg
of Jupiter. It is nonetheless clear that the overall jovian fl
structure within±20◦ latitude is that of a large-scale pr
grade jet with a peakRo ∼ 0.05, which agrees with ou
results at low latitudes (i.e., outside the tangent cylind
Surrounding the jovian equatorial jet are narrow but re
tively strong retrograde jets. At higher latitudes on Jupi
small-scale alternating, zonal flows are observed, which
slightly skewed in the prograde direction. On Saturn
equatorial jet is surrounded in each hemisphere by tw
three large-scale, dominantly prograde, high latitude jets

The results of our simulations suggest that the equ
rial jets may demarcate the region exterior to the tang
cylinder. Using the data shown in Fig. 1, we approxim
the latitudinal extent of Jupiter’s equatorial jet to be±20◦
and Saturn’s equatorial jet to be±40◦. These provide es
timates of the convection zone radius ratio, via the rela
χ = cosθTC, of ∼ 0.9 and∼ 0.75 for Jupiter and Saturn
respectively. These dynamically-based results are in b
agreement with range of estimates for the base of the
ian convection zone but are significantly higher than cur
estimates for Saturn (Guillot, 1999), suggesting that the
fective base of the zonal flow generation region on Sa
may be strongly effected by magnetic fields or compre
ibility effects. Clearly, simulations over a range ofχ should
be carried out to determine which spherical shell geome
best fit the equatorial jet observations.

TheFBC results at 10RaC do not compare well with the
observed high latitude surface flows on either Jupiter or
urn, both of which lack the large-scale retrograde flow th
dominates the high latitude regions in this case (see Fig.

The 30RaC FBC results compare better with the zon
flow profile for Jupiter. The equatorial jet and the relative
narrow, flanking retrograde jets that form along the tang
.

cylinder are similar to the jovian profile for latitudes belo
±30◦ latitude. The pair of large-scale, alternating jets t
form in the tangent cylinder interior in this case have lar
spatial length scales than the flows in the jovian high
itude observations. This difference in length scale may
expected for the lowRa and highE used in our calculation
relative to their far more extreme planetary values. Ad
tionally, we find that theMBC results are comparable
the most recent polar observations of Jupiter made by
Cassini probe, which show fine-scale, alternating jets at
high latitude (Porco et al., 2003).

The MBC calculations, which feature a large-scale p
grade jet at low latitudes with little retrograde flow at hi
latitudes, compare better with the zonal flows observed
Saturn. Alternating large-scale jets form in theRa = 3× 106

FBC case that are similar in relative length scale and m
nitude (but not direction) to the prograde high latitude j
observed on Saturn. Although ourMBC calculations are un
able to produce strongly prograde, large-scale, high lati
jets, as are observed on Saturn, further studies made at h
Ra and lowerE may generate such flow patterns. We s
some tendency for high latitude jets to form asE is scaled
down by comparing Figs. 3a and 5a. Those figures re
sent two cases that have a similar modified Rayleigh num
value (Ra∗ � 0.10). Note that in Fig. 3a there is very littl
motion within the tangent cylinder, whereas in Fig. 5 sm
scale zonal flows exist. In contrast, theMBC case shown
in Fig. 3c hasRa∗ = 0.27 and the high-latitude jets are f
stronger and larger in scale. Taken together our result
dicate that, at lowerE and comparableRa∗, more realistic
high latitude flows may be generated. At more extreme
rameter values similar jets may become excited in theMBC
cases, but, analogous to our present results, the effects
rigid inner boundary may cause these flows to be stron
skewed in the prograde direction.

The MBC calculations, which lack strong retrogra
flows at high latitude, are similar, at first order, to the zo
flow features on Saturn at both low and high latitude. Ho
ever, quantitatively, the equatorial jet is too strong and
high latitude jets are too weak relative to the equato
flows. The 30RaC FBC case compares well with the low
latitude jovian equatorial jet and its flanking, mid-latitu
retrograde jets. This suggests that the effective mecha
coupling at the base of the convection zone may be we
on Jupiter, and better approximated by a stress-free bo
ary condition, than on Saturn, where a rigid inner bound
condition may better apply. Clearly, bothMBC and FBC
cases deserve further study in order to understand how z
flows can develop from deep convection on the giant plan
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