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Banded structures and alternating zonal jets observed in the surface atmospheres of Jupiter and Saturn
have attracted many researchers in planetary atmospheric sciences, however, their physical explanations and
understandings are not satisfactory. In this study, we try to perform massive parallel numerical experiments
treating both small scale convection and planetary scale flows simultaneously, and to illustrate dynamical
origin of global scale structures of surface flows of Jovian planets.

We started to perform highly resolved numerical simulation of anelastic rotating spherical convection with
full spherical domain. The broad and strong equatorial prograde jet emerges. The weak but alternating zonal
jets are also generated in mid and high latitudes. However, kinetic energy does not saturate but still increases,

meaning that the system does not reach statistically steady state. It is necessary to continue the time

integration and to observe the transition and characteristics of banded structures.

Keywords : Jupiter, Saturn, banded structure, equatorial prograde jet

1. Introduction

Surface flows of Jupiter and Saturn are characterized by
broad prograde zonal jets around the equator (equatorial
superrotation) and narrow alternating zonal jets in mid- and
high-latitudes. ““Shallow" models can produce narrow
alternating jets in mid- and high-latitudes, while equatorial jets
are not necessarily prograde. On the other hand, ““deep" models
can produce equatorial prograde flows easily, while it seems to
be difficult to generate alternating jets in mid- and high-
latitudes.

One of the researches to overcome these difficulties is
performed by Heimpel and Aurnou (2007) [1], proposing
thermal convection in a rapidly rotating thin spherical shell
model. They showed 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 cylinder.
Successive studies for the zonal flow generation problem in thin
rotating spherical shells have been performed, some of which
deal with radial density contrast using anelastic systems. (e.g.
Gastine et al. 2014 [2], Heimpel et al. 2015 [3]).

However, these studies assume longitudinal symmetry and
calculate fluid motion only in a sector of the whole spherical
shell. Such artificial limitation of the computational domain

may influence the structure of the global flow field. For
example, zonal flows may not develop efficiently due to the
sufficient upward cascade of two-dimensional turbulence, or
stability of mean zonal flows may change with the domain size
in the longitudinal direction. Moreover, their integration times
seem to be insufficient for achieving statistically steady states.
In order to clarify these points, we performed long-time
numerical experiment of thermal convection both in the one-
eighth sector of the whole spherical shell and in the whole thin
spherical shell domain, where the experimental setup is the
same as that of Heimpel and Aurnou (2007). The results show
that a strong equatorial prograde surface zonal jet and weak
alternating banded zonal jets in mid- and high-latitudes
appeared simultaneously in the 1/8 sector domain calculation,
while in the whole domain calculation, banded zonal jets in
mid- and high- latitudes disappeared and only three prograde
jets (equatorial and high-latitudes jets) survived (Takehiro et al.
2015 [4]). This suggests that large-scale and high-resolution
simulations with long integration time are necessary for
investigating origin of the banded structure and equatorial
superrotation.

2. Model development and parallelization
For this purpose, we improved the spectral transform library
used for performing long-term integration of high-resolution
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simulations of Jovian and Saturnian atmospheric flows. MPI
parallelization is introduced not only in the latitude direction but
also in the radial direction. As a result, we succeeded in
increasing the number of parallel processes which had been
limited by the number of latitudinal grid points, and more
massive parallel numerical experiments became possible. Further,
we developed an anelastic model of thermal convection in a
rotating spherical shell considering basic radial density variation,
and parallelized it using the improved spectral transform library.
For the implementation, the model variables divided in the radial
direction are needed to be gathered in order to calculate radial
differentiation and to adapt radial boundary conditions in each
time step, however, the model showed high parallelization
performance because communication costs between the
processes are negligible comparing with those for spectral
transform.

Further, we developed an anelastic rotating spherical
convection model using the improved spectral transform library.
The model was validated by performing benchmark numerical
calculations proposed by Jones et al. (2011) [5].

3. Numerical simulation with full spherical domain

We started to perform highly resolved numerical simulation of
anelastic rotating spherical convection with full spherical domain.
The numerical setup follows the case5 of Gastine eta al. (2014)
[2], which is one of the highest resolution and most rapid rotation
cases performed so far. However, Gastine et al. do not treat full
spherical domain but assumed eight-fold symmetry in the
longitudinal direction.

The Prantl number Pr=v/k is set to 0.1, the Ekman number

Ek=v/(QD?) is 3x10, the radius ration of the inner and outer radii
¥=ri/ro is 0.85, the modified Rayleigh number Ra=goAS/(CpQ2°D)
is 0.116. The thermal and mechanical boundary conditions are
fixed entropy and free-slip at the top and bottom of the shell. The
numbers of the grid points in the longitudinal, latitudinal and
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Fig. 1: Latitudinal distribution of mean zonal flows

radial directions are 2048, 1024, and 193, respectively. The
spherical harmonics and the Chebychev polynomials in the radial
direction are calculated up to 682 and 192 order, respectively.
Hyper-viscosity and thermal diffusivity are given as a function of
the total wave number of the spherical harmonics | as d(l) =
{1+a[(I-1)/(Imax-1)]P]. Gastine et al. set a=22, B=3, whereas we
set B=1 in order to suppress abrupt growth of the convective
activities with lower horizontal wavenumbers.

Starting with a pointwise entropy disturbance, we performed
time integration until 20000 non-dimensional time (about 1600
rotation). It took about 170 days with 128 nodes (512 cores) of
the Earth Simulator (ES3).

Figure 1 shows latitudinal distribution of the surface mean
zonal flows, and Figure 2 is the surface longitudinal velocity. The
broad and strong equatorial prograde jet emerges. The weak but
alternating zonal jets are also generated in mid and high latitudes.
Their amplitudes are far small compared to that of the equatorial
jet. Inthe solution of Gastine et al. (2014) , the strength of banded
jets are small but comparable to the equatorial jet. This

difference may be caused by the difference of the value of hyper-
Viscosity.

-0.08 O 0.08 0.16 0.24
Fig. 2: Surface longitudinal velocity

4. Summary

We reported the result of long-time numerical simulation of
anelastic rotating spherical convection with full spherical domain
in the present stage. Our previous studies with Boussinesq system
suggest that time integration period is not sufficiently long.
Actually, kinetic energy does not steady but still increases,
meaning that the system does not reach statistically steady state.
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It is necessary to continue the time integration with fitting the
value of the hyper-viscosity, and observe the transition and
characteristics of banded structures.
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