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In order to investigate the origin of the banded structures observed at the surface of Jupiter and Saturn, we perform numerical

simulations of Boussinesq thermal convection in whole thin spherical shells. The Prandtl number and Rayleigh number are fixed to

0.1 and 0.05, respectively. The Ekman number and radius ratio are 10* and 0.75, or, 3 x 10 and 0.85, respectively. The boundary

conditions at the inner and outer boundaries are free-slip and horizontally uniform temperature. We do not assume any longitudinal

symmetry adopted in the previous study.

Prominent banded structures in mid- and high-latitudes cannot be found, possibly because the integration periods may be

insufficient. However, eastward spike features are observed near the tangent cylinder in the surface mean zonal profiles, which is

considered to be caused by angular momentum transport of topographic Rossby waves excited by the small convective motions. This

mechanism may explain the origin of the strong thin jet at about 25 degrees north observed at the surface of Jupiter.
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1. Introduction

Surface flows of Jupiter and Saturn are characterized by the
broad prograde zonal jets around the equator and the narrow
alternating zonal jets in mid- and high-latitudes. It is not yet
clear whether those surface jets are a result of fluid motions in
the “shallow” weather layer, or they are produced by convective
motions in the “deep” region.

“Shallow” models consider atmospheric motions driven by
the solar differential heating and the intrinsic heat flow from
the deeper region under the assumption of hydrostatic balance
in the vertical direction as a result of the thin atmospheric layer
compared with the radius of the planet. These models can
produce narrow alternating jets in mid- and high-latitudes, while
the equatorial jets are not necessarily prograde.

On the other hand, “deep” models, which describe thermal
convection in rapidly rotating spherical shells whose thickness
is comparable to the radius of the planet, can produce equatorial
prograde flows easily, while it seems to be difficult to generate
alternating jets in mid- and high-latitudes.

Heimpel and Aurnou (2007) [1] proposed thin spherical shell
models and show that the equatorial prograde zonal jets and
alternating zonal jets in mid- and high-latitudes can be produced
simultaneously when the Rayleigh number is sufficiently

large and convection becomes active even inside the tangent
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cylinder. However, they assumed eight-fold symmetry in the
longitudinal direction and calculated fluid motion only in the
one-eighth sector of the whole spherical shell. Such artificial
limitation of the computational domain may influence on the
structure of the global flow field. For example, zonal flows may
not develop efficiently due to the insufficient upward cascade
of two-dimensional turbulence, or stability of mean zonal flows
may change with the domain size in the longitudinal direction.
Therefore, in the present study, we try to perform numerical
simulations of thermal convection in the whole thin spherical

shell domain.

2. Model

We consider Boussinesq fluid in a spherical shell rotating
with a constant angular velocity Q. The non-dimensionalized
governing equations consist of equations of continuity, motion,
and temperature [2]. The non-dimensional parameters appearing
in the governing equations are the Prandtl number, Pr = v/,
the Ekman number, Ek = v/(QD%), and the modified Rayleigh
number, Ra = a g, AT/(Q2 D), where v, D, «, a, r,, g&,, and AT
are the kinematic viscosity, the shell thickness, the thermal
diffusivity, the thermal expansion coefficient, the outer radius of
the shell, the acceleration of gravity at the outer boundary, and

the temperature contrast between the boundaries, respectively.
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The spherical shell geometry is defined by the radius ratio,
x= r/r,, where r; is the inner radius of the shell. The boundary
conditions at the inner and outer boundaries are free-slip and

horizontally uniform temperature.

3. Numerical method

The numerical method used in the present study is a
traditional spectral method [3]. The toroidal and poloidal
potentials of velocity are introduced in order to satisfy
the equation of continuity. The velocity potentials and the
temperature field are expanded horizontally by the spherical
harmonic functions and radially by the Chebychev polynomials.
The non-linear terms of the governing equations are evaluated
in the physical space and are converted back into the spectral
space. The time integration is performed using the Crank-
Nicholson scheme for the diffusion terms and the second-order
Adams-Bashforth scheme for the other terms.

4. Experimental Setup

The combinations of the non-dimensional parameters and
the resolutions of the model used in this study are summarized
in Table 1. The initial condition of the velocity field is state of
rest and that of the temperature field is the steady conduction

solution with random temperature perturbations.

In order to save computational resources, we use
hyperdiffusion with the same functional form as the previous
studies [1,4]: v=v, for [ < I, while v= v,[1+&(l-1,)"] for [ > [,

where / is total horizontal wave number.

Table | Summary of the nondimensional parameters and the resolutions
used in this study.

Parameters Experiment 1 | Experiment 2| HA2007
Radius ratio y 0.75 0.85 0.85
Prandtl number Pr 0.1 0.1 0.1
Rayleigh number Ra 0.05 0.05 0.05
Ekman number £k 10% 3x10° 3x10°
Resolution (lon,lat,rad) 512%256x65 |1024x512x65| 128x512%65
Hyper viscosity 1,=85, ¢=0.01 | /=42, ¢=0.01 ?
5. Results

Figure 1 shows snapshots of the surface zonal flow, axial
vorticity and mean zonal flow at =35000 for Ra=0.05, Pr=0.1,
Ek=10", and y=0.75. (Experiment 1). Kinetic energy is almost
saturated and the system seems to reach a statistically steady
state. Obtained velocity field satisfies Taylor-Proudman
theorem; it is almost uniform in the direction of the rotation
axis. An equatorial prograde surface zonal jet emerges in the

region outside the tangent cylinder. In the inside of the tangent

cylinder, the surface zonal flows are retrograde.
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Fig. 1 Snapshots of surface zonal flow (left), axial vorticity at the equatorial cross section (center) and mean zonal flow (right) at +=35000 for

Ra=0.05, Pr=0.1, Ek=10", and »=0.75.
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Fig. 2 Snapshots of surface mean zonal flow (left), and vertical velocity at the middle of the shell (right) at #=35000 for Ra=0.05, Pr=0.1, Ek=10",

and =0.75.
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Figure 2 shows surface mean zonal flow profile and vertical
velocity at the middle of the shell for Ra=0.05, Pr=0.1, Ek=10-
4, and y=0.75. Prominent multiple banded structure cannot be
found, while eastward spike features appear near the tangent
cylinder in low latitudes. Correspondingly, coherent small scale
convective motions exist in these latitudinal zones. It is thought
that these convective motions excite topographic Rossby waves
which remove westward angular momentum from these zones,
producing the eastward spike features.

Figure 3 shows snapshots of the surface zonal flow, axial
vorticity and mean zonal flow at /=4700 for Ra=0.05, Pr=0.1,
Ek=3x10", and y=0.85 (Experiment 2). In this case, toroidal
kinetic energy is still growing and the system does not reach
statistically steady state. However, some characteristics of
obtained velocity field are similar to those of Experiment 1. A
narrower equatorial prograde surface zonal jet emerges in the
region outside the tangent cylinder, while sharp retrograde zonal
flows appear just inside of the tangent cylinder.

Figure 4 shows surface mean zonal flow profile and vertical
velocity at the middle of the shell for Ra=0.05, Pr=0.1,
Ek=3x10"°, and y=0.85. Weak multiple banded structures can
be found in high latitudes, while eastward spike features appear
near the tangent cylinder in low latitudes. Again, coherent small
scale convective motions exist in these latitudinal zones also in

this case.
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6. Concluding Remark

We have tried to perform numerical simulations of thermal
convection in the whole thin spherical shell domain. It cannot be
found prominent banded structures in mid- and high-latitudes,
however, this may be due to insufficient integration time. The
eastward spike features are observed near the tangent cylinder
in the surface mean zonal profiles, which is considered to be
caused by the angular momentum transport of topographic
Rossby waves excited by the small convective motions. This
mechanism may explain the origin of the strong thin jet at about

25 degrees north observed on the surface of Jupiter.
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Fig. 3 Snapshots of surface zonal flow (left), axial vorticity at the equatorial cross section (center) and mean zonal flow (right) at #=4700 for Ra=0.05,

Pr=0.1, Ek=3x10", and y=0.85.

T T T
50 i} s
P "
) T | o
o — o
2 ol > 1 2
prry | -+
E o 3
—_
—-50 é’ -
P RS - T
-0.1 0.0 0.1 10

lon—velocity

50 100 150 200 250 300 350

Longitude

—0.016-0.008 0 0.008 0.016

Fig. 4 Snapshots of surface mean zonal flow (left), and vertical velocity at the middle of the shell (right) at =4700 for Ra=0.05, Pr=0.1, Ek=3x10°,

and y=0.85.
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