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Simulation of equatorial and high-latitude jets on
Jupiter in a deep convection model
Moritz Heimpel1, Jonathan Aurnou2 & Johannes Wicht3

The bands of Jupiter represent a global system of powerful winds.
Broad eastward equatorial jets are flanked by smaller-scale,
higher-latitude jets flowing in alternating directions1,2. Jupiter’s
large thermal emission suggests that the winds are powered from
within3,4, but the zonal flow depth is limited by increasing density
and electrical conductivity in the molecular hydrogen–helium
atmosphere towards the centre of the planet5. Two types of
planetary flow models have been explored: shallow-layer models
reproduce multiple high-latitude jets, but not the equatorial flow
system6–8, and deep convection models only reproduce an east-
ward equatorial jet with two flanking neighbours9–14. Here we
present a numerical model of three-dimensional rotating convec-
tion in a relatively thin spherical shell that generates both types of
jets. The simulated flow is turbulent and quasi-two-dimensional
and, as observed for the jovian jets, simulated jet widths follow
Rhines’ scaling theory2,12,13,15. Our findings imply that Jupiter’s
latitudinal transition in jet width corresponds to a separation
between the bottom-bounded flow structures in higher latitudes
and the deep equatorial flows.
Turbulent energy typically passes from larger to smaller scales.

However, this process can reverse under conditions favouring coher-
ent flow. This is the case for rapid planetary rotation (geostrophy),
where small-scale turbulent motions can feed large-scale zonal jets—
a process that seems to be discernible from analysis of the jovian
surface winds15. The effects of boundary curvature in a rotating
system are quantified by a parameter b. The inverse cascade from
small to large scales ceases at the Rhines length, which is inversely
proportional to b and sets the characteristic width of zonal jets16.
For a shallow planetary layer, with fluid motion constrained to the
outer spherical surface, b depends upon the latitudinal variation of
the local strength of planetary rotation12,13,16. On the other hand,
turbulent flow in a rapidly rotating spherical volume generates deep
cylindrically symmetric flow structures aligned with the rotation axis.
Deep zonal flow is governed by the topographic b-parameter, which
depends on the gradient of the axial fluid column height, and has sign
opposite to that of b for a shallow layer. This sign difference implies
that a shallow layer produces retrograde (westward) equatorial flow
as observed on Uranus and Neptune, whereas full-sphere dynamics
results in a prograde (eastward) equatorial jet, as on Jupiter and
Saturn6,12.
The existence of an inner spherical boundary modifies deep zonal

flow by separating it into three connected but dynamically distinct
regions (north, equatorial and south), bounded by the tangent
cylinder that circumscribes the inner boundary equator. The radius
ratio x ¼ r i/ro sets the location of the tangent cylinder and is of
fundamental importance to rapidly rotating convection. Figure 1
illustrates the structure of geostrophic zonal flow in a spherical shell.
Inside the tangent cylinder, northern and southern flow structures
are separated by the inner boundary. In contrast, flow structures

extend over both hemispheres in the equatorial region. The tangent
cylinder therefore corresponds to a scaling discontinuity. Starting at
the equator, the axial column height increases with latitude. Outside
the tangent cylinder, scaling is identical to that of a full sphere, and
the sign of b is consistent with a prograde equatorial jet. Crossing the
latitude v tc, where the tangent cylinder intersects the outer surface,
the column height is reduced by one-half, b changes sign, and fluid
columns decrease in height toward the pole17. Because of this sign
reversal, jet scaling inside the tangent cylinder is analogous to that of
a shallow layer. (Indeed, the limiting case of a very thin three-
dimensional spherical shell is equivalent to a two-dimensional
layer.) Furthermore the jump in b decreases the Rhines length inside
the tangent cylinder, favouring the formation of multiple jets there.

LETTERS

Figure 1 | Illustration of rapidly rotating turbulent convection in a spherical
shell. Flow occurs between outer radius ro and inner radius r i. The latitudes
v tc ¼ ^cos21(r i/ro) mark the intersection of the tangent cylinder with the
outer boundary. The shaded and white areas in the northern hemisphere
correspond (on the outer surface) to the visible jovian belts and zones1. The
radius ratio shown here, and the size of the liquid metal core, are chosen for
the purpose of illustration and do not represent estimates for Jupiter. The
origin of Jupiter’s visible colours is not addressed in this paper.
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Previous analytical models of planetary zonal flow in a spherical
shell have assumed a relatively deep bottom boundary, such that
high-latitude zonal jets develop from flows outside the tangent
cylinder18. More recent numerical models of deep and strongly
turbulent three-dimensional quasigeostrophic convection10,11 have
produced jets of realistic amplitudes. However, these moderately
thick fluid shells (with radius ratios x ¼ r i/ro ¼ 0.6–0.75) produce
only a pair of high-latitude jets in each hemisphere inside the tangent
cylinder10,14, which cannot account for the observed pattern of jovian
jets. Laboratory experiments of rotating convection in deep spherical
shells19 with x ¼ 0.35 and 0.70 have obtained zonal flow patterns that
are broadly comparable to the results of spherical numerical
models9,10. However, multiple jets have been produced by idealized
numerical20 and experimental21 models with a cylindrical geometry, a
free top surface, and a sloping bottom surface. In those local models,
as well as our present global model, the jets are produced by the
topographic b-effect and follow Rhines scaling.
There are various possible reasons why previous spherical shell

models have not produced multiple higher-latitude jets. Instead of
analysing particular cases we list the following conditions that favour
the development of multiple high-latitude jets. Turbulent flow (that
is, high Reynolds number) constrained by rapid rotation (that is, low
Rossby number) is necessary for the development of jets that follow
Rhines scaling. A relatively thin fluid layer allows multiple jets to
form at higher latitudes by decreasing the Rhines length and
increasing the latitudinal range inside the tangent cylinder.
We use numerical modelling to study turbulent thermal convec-

tion in a rapidly rotating three-dimensional spherical shell, with
simulation parameters chosen to reflect our present understanding
of Jupiter’s interior. The spherical shell geometry is defined by the
radius ratio x ¼ r i/ro. We have chosen x ¼ 0.9, which represents a
substantially thinner shell than in previous models of rotating
convection10,14. This value of the radius ratio corresponds to a
depth in Jupiter of approximately 7,000 km, which is shallower
than the phase boundary that separates the outer molecular fluid

from the liquid metal H–He core, estimated at 0.8–0.85 R J, where
R J < 70,000 km is the radius of Jupiter13. Measurements of increas-
ing flow velocity with depth suggest that the surface winds are seated
in the deep molecular H2–He atmosphere22. However, increasing
density and electrical conductivity with pressure result in inertial and
Lorentz forces that are expected to damp the zonal flow between 0.85
and 0.95R J (refs 13 and 23). Thus we have chosen a simulation radius
ratio that lies near the middle of current estimates. A description of
Saturn’s interior is similar to that of Jupiter except that lower
saturnian gravity roughly doubles the estimated layer depth.
Selection of other simulation parameters (see Methods) is based

on recent numerical and experimental scaling analyses for convec-
tion-driven zonal flows in thicker spherical shells11,24. An essential
ingredient in this numerical simulation is that convective turbulence
is quasigeostrophic and close to the asymptotic state of rapid rotation
in which viscosity and thermal diffusivity play a negligible role in
the dynamics. Thus, large discrepancies between the simulation
parameters and those estimated for Jupiter should not strongly
affect the character of the solution. We do not model the jovian
troposphere, nor the effects of latitudinally varying insolation7,8.
Furthermore, we model convection only within the region where
large-scale zonal flows are predicted to occur and we neglect deeper
regions where convection may be vigorous but zonal flows are
expected to be weak. Although fluid compressibility effects are
important to the dynamics of convection in the gas giants25, the
fluid in our numerical model is assumed to be incompressible except
for thermal buoyancy effects (that is, the Boussinesq approximation).
The omission of compressibility effects is possibly this model’s
greatest limitation. However, considering that we use a relatively
thin convection layer, a Boussinesq treatment may be adequate to
simulate the large-scale dynamics12,13.
Figure 2 shows the results of our numerical simulation and the

jovian zonal wind pattern. Figure 2a is a plot of Jupiter’s averaged
surface azimuthal (east–west) velocity profile relative to the deep-
seated magnetic-field reference frame1. Although we focus here on

Figure 2 | Zonal flow for Jupiter and the numerical simulation. a, The
zonal wind of Jupiter. The Cassini space mission data was kindly provided
by A. Vasavada. Wind speed may be converted to Rossby number using
Ro ¼ v/Qro). b, Snapshot in time of the simulation’s outer-surface
azimuthally averaged azimuthal (east–west) velocity. Dashed lines indicate

the latitude where the tangent cylinder intersects the outer surface, for the
simulation’s radius ratio (x ¼ r i/ro ¼ 0.9). c, Snapshot of the simulation’s
azimuthal velocity field on the outer and inner spherical surface, and on a
meridional slice. Red and blue colours represent prograde (eastward) and
retrograde (westward) flow, respectively.
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Jupiter, it is noted that Saturn has a comparable wind pattern, with a
stronger and broader eastward equatorial jet and roughly half the
number of high-latitude jets. Figure 2b and c shows aspects of the
flow field resulting from the numerical model. In the simulation, a
prominent equatorial jet is underlaid by flow structures that are
aligned with the rotation axis and span the two hemispheres. At
higher latitudes, multiple alternating jets form a series of
banded flows that are underlaid by axially aligned flow structures
bounded by the outer and inner spherical surfaces. The cylindrical
symmetry of the simulation’s global flow field shows that it is
quasigeostrophic.
To test the applicability of the spherical shell model to Jupiter we

compare the simulated and jovian jet scaling to that predicted by the
theory of geostrophic turbulence. Analysis of Rhines scaling in
spherical shell geometry (seeMethods) results in predicted jet widths
based on the mean zonal flow velocity within the three regions
bounded by the tangent cylinder (north, equatorial and south).
Predicted versus measured jet widths are plotted in Fig. 3. For both
Jupiter and our numerical model, the jet widths are relatively narrow
and constant at high latitudes and increase sharply toward the
equator. The simulated equatorial jets are broader than predicted,
which suggests that, in our simulation, Rhines scaling is not domi-
nant outside the tangent cylinder. However, at higher latitudes the
simulated jet widths clearly follow Rhines scaling, and the equator-
ward increase in jet widths occurs, as expected, at the latitude of the
tangent cylinder. A similar scaling transition is also evident for the
jovian jet widths. This scaling transition is predicted for turbulent
convection in a rapidly rotating spherical shell, but not for a full
sphere or a two-dimensional shallow layer.
Current understanding of Jupiter’s zonal winds is based largely

upon observations of the surface motions and heat flow. Additional
constraints on the nature and extent of deep flows could come from
accurate measurements of the planetary gravitational field. Deep
zonal flows can carry significant angular momentum, enough to

generate measurable latitudinal gravity variations26. Further evidence
could involve higher-resolution observations of Jupiter’s outward
heat flux. Such evidence will be provided by future space missions,
including the planned jovian polar orbiter Juno27.

METHODS
Numerical modelling.The pseudo-spectral numerical code usesmixed implicit/
explicit time stepping and has been benchmarked28. Values of non-dimensional
control parameters28 for the simulation are as follows: x ¼ 0.9, E ¼ 3 £ 1026,
Ra ¼ 1.67 £ 1010, Pr ¼ 0.1. Output parameters are measured to be approxi-
mately Re ¼ 5 £ 104 and Ro ¼ 0.012. The radius ratio x ¼ r i/ro, where r i and ro
are the inner and outer boundary radii, defines the spherical shell geometry. The
Ekman number E is the ratio of viscous and Coriolis forces. The Rayleigh
number Ra gives the strength of buoyancy forces in the flow. The Prandtl number
Pr is the ratio of viscous and thermal diffusion. The Reynolds number Re is the
ratio of inertial and viscous forces. The Rossby number Ro is the ratio of inertial
and Coriolis forces. The top and bottom velocity boundary conditions are
mechanically impenetrable and stress-free. The thermal boundary conditions are
fixed temperature. The initial conditions are zero motion relative to the rotating
frame and a random thermal perturbation, from which convection develops.
Solving the governing equations on an 8-fold azimuthally truncated sphere29, we
use 768 points in latitude, 192 points in longitude and 65 points in radius.
Convergence of the numerical simulation required the use of hyperdiffusion,
which was reduced as the calculation became steadier in time. The hyper-
diffusion has the same functional form (but with 1/10 of the final strength) of
previous dynamomodels30. The Ekman number was also lowered in stages. After
E was reduced from 3 £ 1025 to 3 £ 1026 the model was run for over l,600
planetary rotations and the convective motions approached a quasi-steady state.
The total calculation time represents about 2,200 rotations and 0.14 viscous
diffusion times.
Analysis of jet scaling. In meteorology and oceanography, the b-plane approxi-
mation is often used to represent flows in a very thin spherical shell by two-
dimensional motions on a spherical surface. In this approximation, the Rhines
length (which sets the latitudinal scale of zonal jets) is:

Lb ¼
Vro

Q cosv

! "1=2

ð1Þ

where v is the latitude and V is a zonal flow velocity scale.
Convection in rapidly rotating deep spherical shells is largely invariant along

the direction of the rotation axis, that is, in the z direction. The resulting flows are
quasigeostrophic. In the limit of rapid rotation, flow becomes two-dimensional
and is called geostrophic. The geostrophic Rhines length then refers to the scale
in the cylindrical radius directions s:

Lg ¼
V

Q

h

j›h=›sj

! "1=2

ð2Þ

The Rhines length now depends on the variation of the spherical shell height
h(s), measured in the direction of the rotation axis. This height dependence is
referred to as the topographic b-effect13. Figure 2 demonstrates that the flow of
our numerical simulation is indeed dominated by strong quasi-geostrophic
zonal flows: the flow has a high degree of cylindrical symmetry and depends
mainly on cylindrical radius.

The scales Lb and Lg are similar in many ways: both are based on two-
dimensional approximations for a three-dimensional system13. However, a
profound difference between the b-plane and geostrophic approximations is
the existence of a tangent cylinder, which represents a discontinuity in the Rhines
scaling. The height h(s) doubles discontinuously outward across the tangent
cylinder, while ›h/›s changes sign. Furthermore, stretching of fluid columns
inhibits flow across the tangent cylinder. This effectively isolates the flow fields,
suggesting that zonal flow scaling can be analysed separately inside and outside
the tangent cylinder.

Accordingly, we take the Rhines length to be constant within each of the three
regions bounded by the tangent cylinder (north, equatorial and south). Using this
assumptionwehave derived a precisemapping from the observed regional velocity
V to the predicted regional Rhines wavelength, given here in radians of latitude:

lg ¼ 2p
V

roQCðxÞ

! "1=2

ð3Þ

where C(x) is a geometrical parameter containing latitudinal mean changes in the
spherical shell height for thedistinct regions inside andoutside the tangent cylinder
(see Supplementary Information for details). The regional Rhines widths l/2 are
comparedwith themeasured jet widths of Jupiter and the numerical simulation in
Fig. 3.

Figure 3 |Measured jet widths compared to jet widths predicted by Rhines
scaling for Jupiter (a) and the numerical model (b). Circle and triangle
symbols represent individual jet measurements (see Supplementary
Information for jet-measurement method). Predicted widths (dashed black
lines) are obtained from observed regional (north, equatorial, and south)
zonal velocities (see equation (3) in theMethods section). The latitude of the
discontinuity in predicted jet widths represents the intersection of the
tangent cylinder with the outer surface (see Fig. 1) for the simulation’s
spherical shell radius ratio (x ¼ 0.9). The same radius ratio was used to
obtain predicted jets widths for Jupiter.
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