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Strong zonal winds from thermal convection in a

rotating spherical shell

Jonathan M. Aurnou
Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC

Peter L. Olson
Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD

Abstract. Zonal wind (ZW) generation by thermal con-
vection in rotating spherical shells is studied using numeri-
cal calculations. Strong ZW accompany quasi-geostrophic,
high Rayleigh number convection in shells with stress-free
boundaries. In a thin shell (radius ratio 0.75) with stress-
free boundaries, nearly 90% of the total kinetic energy is
contained in the ZW at Rayleigh number 106 and Taylor
number 4.4×107. The same parameters in a thicker shell
produce weaker convection and weaker ZW. Rigid bound-
aries reduce the kinetic energy in the ZW to less than 20% of
the total. The ZW are eastward (prograde) in the equatorial
region and westward at higher latitudes, and are driven by
Reynolds stresses associated with the convection. Episodes
with strong ZW alternate with episodes of strong convec-
tion. Although far from the dynamical regime of Jupiter
and Saturn, our results support the interpretation that the
prograde equatorial jets on these planets originate from deep
convection.

Introduction

The dominant circulation on the giant planets is a sys-
tem of zonal winds [Gierasch and Conrath, 1993; Dowling,
1995]. Both Jupiter and Saturn have strong eastward jets in
the equatorial region, and a pattern of alternating east-west
winds at higher latitudes [Beebe, 1994]. Despite the wealth
of information on the giant planets, the origin of these zonal
jets remains uncertain.
Zonal winds (ZW) refer to the axisymmetric part of the

azimuthal (east-west) fluid velocity. Observations indicate
that the ZW on Jupiter extend to significant depths, and
are related to atmospheric convection. The Galileo probe
measured wind speeds of 170 m/s down to ∼125 km beneath
the cloud tops [Atkinson et al., 1998]. Since the surface heat
loss is nearly twice that received from solar insolation [Hanel
et al., 1981; 1983], convective heat transfer is important
in the deep atmosphere of each planet [Stevenson, 1982].
However, the depth of the convection is unknown. Here we
assume it occupies the outer 25% of Jupiter, where models
indicate the molecular-metallic hydrogen phase transition
and changes in hydrogen-helium ratios occur [Guillot, 1999].
Earlier studies of rotating spherical convection produced

weaker ZW with low Rossby number values [Zhang, 1992;
Sun et al., 1993; Manneville and Olson, 1996]. Recent cal-
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culations by Christensen [2001] show that convection can
produce strong ZW if the convection is fully developed and
the ratio of the Rayleigh to Taylor numbers is in a certain
range.

Numerical Model

We compare the ZW generation in numerical models of
3D time-dependent thermal convection in a rotating Boussi-
nesq fluid. Two spherical geometries are considered. The
first is a thin shell, with an inner/outer radius ratio ri/ro
= 0.75; the second is a thicker shell with ri/ro = 0.35. For
each geometry, two mechanical boundary conditions are con-
sidered: (i) zero-slip (rigid) at ri and ro, and (ii) zero-stress
(free) at the same surfaces. In all other respects, the calcula-
tions are the same. The shell boundaries are isothermal and
gravity varies linearly with radius. The governing dimen-
sionless parameters are the Taylor number, Ta = 4Ω2D4/ν2

= 4.4×107, the Rayleigh number, Ra = αg∆TD3/νκ = 106,
and the Prandtl number, Pr = ν/κ = 1. Here α is the ther-
mal expansion coefficient, g is the gravitational acceleration
at ro, Ω is the angular velocity of rotation, ν is the kinematic
viscosity, κ is the thermal diffusivity, D = ro-ri is the shell
thickness, and ∆T is the temperature difference across the
shell. The Rayleigh number is roughly six times critical in
all four cases [Zhang and Jones, 1993]. No hyperdiffusivities
are used in these calculations. Dimensionless fluid velocities
are given in Rossby number Ro = u/2ΩD units, where u is
the ZW velocity. Dimensionless heat flux is expressed as the
Nusselt number Nu = FD/k∆T , where F is the total heat
flux and k is the thermal conductivity. Time is measured
in viscous diffusive time scales D2/ν. The numerical tech-
nique is described in Christensen et al. [1999]. In the radial
direction we use Chebyshev polynomials with 25 nodes con-
centrated near the boundaries. We use 144 and 288 grid
points in colatitude and longitude, respectively, and trun-
cate at spherical harmonic degree and order 96. In order
to make sufficiently long calculations (one diffusion time)
we impose six-fold longitudinal symmetry on the solutions.
Each calculation is initialized with a thermal perturbation.

Flow Patterns

Figure 1 shows instantaneous patterns of velocity and
heat flow from the four cases. Results from the thin shell
calculation with stress-free boundaries are shown in Figure
1a-c. The convection planform consists of an array of col-
umnar cells, sheared into a pinwheel pattern by the strong
zonal flow. The azimuthal wavenumber of the convection
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Figure 1. Thermal convection in rotating spherical shells at
Ta = 4.4×107, Ra = 106, and Pr = 1. First column: outer sur-
face heat flux (a) and azimuthal velocity pattern (b) for the thin
shell (ri/ro = 0.75) with stress-free boundaries. Second column:
thin shell sections with free (c) and rigid boundaries (d). Third
column: thick shell sections with free (e) and rigid boundaries
(f). In c-f , left halves show contours of zonal azimuthal veloc-
ity. Right halves show contours of temperature in the equatorial
plane. Contours from blue (minimum) to red (maximum).

columns ism ≈ 30, in agreement with theory for the onset of
convection in a rotating annulus [Tilgner and Busse, 1997].
The zonal flow is basically geostrophic (invariant along the
direction of the rotation axis). It is predominantly east-
ward (prograde) outside of the tangent cylinder of the inner
spherical boundary, and reaches its maximum speed at the
equator. At higher latitudes, the zonal flow is westward.
Zonal flow vanishes toward the poles, where the convection
appears to be near critical.
Figure 1d shows results from the rigid thin shell. A very

weak large-scale zonal flow is generated in this case. Along
the inner equator, the convection has an m ≈ 24 azimuthal
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Figure 2. Zonally-averaged azimuthal velocity versus latitude.
Velocity is expressed in Rossby number Ro = u/2ΩD units.
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Figure 3. Time series of convective oscillations in the stress-free
thin shell case. a) average Nusselt number on the boundaries; b)
kinetic energy of the total and zonal velocity fields (dimensionless,
normalized by 103).

wavenumber, while the characteristic wavenumber is m ≈
48 along the outer equator. A similar radial increase in
wavenumber has been seen in experiments by Sumita and
Olson [2000], caused by plumes dividing as they meander
across the shell.
Figure 1e shows results from the thick shell with free

boundaries. These conditions permit a relatively strong
zonal flow. Here the zonal flow at the outer boundary is pro-
grade below latitude 50o and retrograde above 50o in each
hemisphere. This flow pattern imparts a spiral structure to
the convection planform, similar to results by Zhang [1992].
In the thick shell the characteristic azimuthal wavenumber
is m = 6. For comparison, the theory of Tilgner and Busse
[1997] predicts m ∼ 5 at convective onset for the same pa-
rameters.
Figure 1f shows results from the thick shell with rigid

boundaries. This case produces a weak retrograde zonal flow
near the tangent cylinder and a weak thermal wind near the
outer boundary. The convection consists of an array of six
columnar plumes that extend from the tangent cylinder to
the outer boundary. Here the plumes show some division,
but it is not complete.
Figure 2 shows the variation of zonal velocity with lati-

tude near the outer boundary for the four cases. The ratio
of zonal velocities versus convective velocities is about 10 in
the stress-free cases and about 1 in the rigid boundary cases.
In the stress-free thin shell case, the maximum ZW occurs
in the center of the equatorial jet, where Ro ' 0.1. A simi-
lar ZW pattern was found by Zhang [1992] in a low Prandtl
number fluid. The ZW in the other cases are substantially
weaker, with Ro ' 0.01.
Time averages of the Nusselt number on the outer bound-

ary Nu, the total kinetic energy Ekin, and the kinetic energy
in the zonal flow divided by the total kinetic energy ezt are
given in Table 1. There is an inverse correlation between the
fraction of the kinetic energy in the ZW and heat transport
by the convection. The total kinetic energy is more sensitive
to shell thickness than to mechanical boundary conditions.
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Table 1. Time averages from the calculations.

Shell Nu Ekin ezt
thin, free 1.82± 0.44 9.43 ± 1.52 0.89
thin, rigid 3.43± 0.22 3.62 ± 0.49 0.04
thick, free 1.22± 0.05 0.67 ± 0.20 0.75
thick, rigid 1.78± 0.14 0.81 ± 0.25 0.16

Mechanics of Zonal Wind Generation

The calculations with strong zonal flows show oscillations
in ZW speed and intensity of convection, which illustrate
how the ZW are sustained. Figure 3 shows time series from
the stress-free thin shell case. Upward spikes in the Nu co-
incide with increases in the Ekin total and drops in ezt. The
sudden increases in Ekin total and Nu correspond to break-
out events, where the convection intensifies. Prior to these
events, the ZW are weak and the plumes are developing.
As the plumes traverse the shell, they develop a prograde
tilt, and induce azimuthal Reynolds stresses, which acceler-
ate the ZW. The intensified ZW then shear out the plumes,
tending to suppress the convection. This leads to a decrease
in the Reynolds stresses and the ZW decelerate. The con-
vection then redevelops, and the cycle repeats.
ZW are generated by Reynolds stresses, by thermal

winds, or by both mechanisms jointly, and are resisted by
viscous stresses. Reynolds stresses produce nearly geostroph-
ic flows (Fig. 1c, 1e), whereas thermal winds contain shear
in the axial direction (Fig. 1d, 1f). In our calculations, con-
vection within the tangent cylinder is weak or non-existent.
Convection tends to occur at lower Ra outside the tan-
gent cylinder, compared to inside [Tilgner and Busse, 1997;
Christensen et al., 1999]. Christensen [2001] finds, at higher
Ra, zonal flows outside the tangent cylinder similar to our
stress-free cases. He also finds strong convection excited
within the tangent cylinder, and a pattern of weaker, alter-
nating ZW there.

Discussion

These calculations are not directly applicable to the gen-
eral circulation in the interiors of the giant planets, because
the Ra and Ta are far smaller than planetary values, and be-
cause we do not include a stratified uppermost atmosphere
or electrical conductivity. It has been argued that strati-
fication and hydromagnetic effects may also be important
in this part of the atmosphere [Zhang and Schubert, 2000;
Kirk and Stevenson, 1987]. Even so, we have identified con-
ditions that promote prograde equatorial jets by convection
in a deep planetary shell, which may have significance for the
giant planets. First, convection with stress-free boundaries
results in a strong prograde equatorial jet flanked by strong
retrograde jets. The ZW produced by convective Reynolds
stresses contain most of the kinetic energy in the flow. Sec-
ond, the velocity of the ZW is higher in thin shells, because
the strongly tilted convection columns are better organized
than in thicker shells. In our calculations the equatorial jet
has a Rossby number comparable to that inferred for the
equatorial jet on Jupiter, even though our Ra and Ta are

unrealistically low. Calculations at higher Ra and Ta are
necessary to establish an asymptotic scaling law for the ZW.
Christensen [2001] has proposed one such law at moderate
Ra and Ta values, but additional calculations at larger val-
ues of the parameters are still needed.
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