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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. Our
previous results showed that high-resolution and long-time integration is essential to investigate the formation and maintenance
mechanisms of the banded structures in Jovian type planetary atmospheres. For this purpose, we have been developing
ISPACK3, a fast and large-scale spherical harmonic transform library in order to use our planetary atmosphere model. Now
we introduced ISPACK3 on two systems with x64 CPUs (ES4CPU) and SX-Aurora TSUBASA (ES4VE) of the updated Earth

Simulator, and have succeeded in obtaining good computational performance on each system.

Keywords : Jupiter, Saturn, zonal jet, banded structure, spherical harmonic transform

1. Introduction

The surface flows of Jupiter and Saturn are characterized by
broad, prograde jets around the equator and alternating narrow
jets in the mid- and high-latitudes. It is still unclear whether
these surface jets are generated by convection in deep regions or
are the result of fluid motion in the surface layer. One of the
numerical simulations succeeded in illustrating these features
was Heimpel and Aurnou (2007) [1]. They argued that deep
convective motion in a thinner spherical shell than those
considered so far can reproduce the coexistence of an equatorial
prograde jet and alternating narrow jets in the mid- and high-
latitudes. This work led to the active studies of thermal
convection in thin rotating spherical shells, and recently, high-
resolution numerical simulations of anelastic models have been
performed to study the jet formation problem (e.g., Gastine et
al. 2014 [2], Heimpel et al. 2015 [3]).

However, these studies are based on the so-called sectorial
domain calculations assuming longitudinal symmetry, and only
solve for fluid motion in a part of the domain, not the whole
spherical shell. We have therefore performed numerical
calculations of thermal convection in a thin rotating spherical
shell in the whole domain, and found that the mid- and high-
latitude banded structure disappears after longer integration time
than in previous studies (Takehiro et al. 2015 [4]). This indicates
that high-resolution and long-time integration is essential to
investigate the formation and maintenance mechanism of the
banded structure of Jovian type planetary atmospheres.

For this purpose, we have been developing a fast and large-

scale spherical harmonic transform library ISPACK3 and an
anelastic thermal convection model in a rotating spherical shell
with density stratification in the depth direction by using
ISPACK3, and tuning it for various architectures. Now we
installed and tuned ISPACK3 on two systems, ES4CPU and
ES4VE, which consist of x64 CPUs and SX-Aurora
TSUBASA, newly introduced in the updated Earth Simulator.

2. ISPACK3 Tuning

ISPACKS3 was initially developed targeting x64 CPUs. One of
the key points in coding for fast transforms is the implementation
of a new method (Ishioka 2018 [5]) for fast computation of the
asymptotic formulas of Legendre functions. This method is also
incorporated into other spherical harmonic transform libraries for
astronomical and planetary interior dynamo calculations.
Another point is that the lowest-level subroutines of the
transforms are implemented in assembler in order to take full
advantage of the SIMD instructions of the CPU. In addition,

M 4095 8191 16383 Performance

bw fw bw fw bw fw %)

ES4CPU | 1380 | 1582 | 1813 | 1996 | 2094 | 2405 | 91,105

ES4VE 648 379 798 622 893 866 36, 35

Table 1. Performance of single-layer spherical harmonic
transforms. ES4CPU: AMD EPYC 7742, 64 threads. ES4VE:
SX-Aurora TSUBASA, 8 threads. Peak performance of
ES4CPU is 2300 GFLops, and that of ES4VE is 2450 GFLops
for the vector accelerator. M denotes truncation total

wavenumber.
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faster calculation speed is achieved with the code in
consideration of the CPU cache. Other notable features are that
the number of grid points in the longitude direction is not limited
to powers of 2, but also allows the numbers with prime factors of
2, 3, and 5, and that the MPI parallel communicator can be
partitioned for application to multilayer models.

For the SX-Aurora system, we first supported long vector
lengths. In the implementation for x64 CPUs, the vector length
was set to 4 or 8, while it is set to 256 for the SX-Aurora system.
Moreover, in the sections of the inner-product type computation,
we modified the code to avoid the inner-product type
computations as much as possible by performing the reduction
within the vector after calculating the sum of vectors with the
length of 256.

The ISPACK3 library developed in this study is available on
the web server (https://www.gfd-dennou.org/library/ispack/).
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Fig. 3. Strong scaling performance of multi-layer spherical
harmonic transforms on ES4CPU. The left and right panels
show the results of the forward and backward transforms,
respectively. The number of parallel threads is 1 (black), 4
(red), 8 (blue), and 16 (purple). The black dotted line
indicates slope 1. The number of parallel threads is 64.
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Fig. 1. Strong scaling performance of single-layer spherical
harmonic transforms on ES4CPU. The left and right panels
show the results of the forward and backward transforms,
respectively. The number of parallel threads is 1 (black), 4
(red), 16 (blue), and 64 (purple). The black dotted line

indicates slope 1.
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Fig. 2. Same as Fig. 1 but for ES4VE. The number of parallel
threads is 1 (black solid line) and 8 (red solid line).

3. Benchmark results

Table 1 shows the benchmark calculations for single-layer
spherical harmonic transforms. With the above-mentioned
innovations, the conversion speeds on ES4CPU (x64 CPUs) are
about 100% of the peak performance. Even on ES4VE, the speed
of transforms are about 40% of the peak performance.

Figs. 1 and 2 show the strong scaling performance of single-
layer spherical harmonic transforms on ES4CPU and ES4VE,
respectively. The truncated wavenumber is 16883, and the
longitude and latitude grid points are 32768 and 16384,
respectively. Both on ES4CPU and ES4VE systems, good
parallelization acceleration rates of almost 100% are achieved.

Figs. 3 and 4 show benchmarks of hybrid calculations on

Fig. 4. Same as Fig. 3 but for ES4VE. The number of
parallel threads is 8.

ES4CPU and ES4VE, respectively. The truncated wavenumber
is 4095, and the longitude and latitude grid points are 8192 and
4096, respectively, and the number of vertical layers is 16.
Acceleration of conversion speed stops with a small number of
the CPU cores for the parallelization on a single layer alone,
while acceleration can be extended for larger numbers of the core

by parallelizing in the layer direction.

4. Summary

We have introduced and tuned ISPACK3, a fast and large-scale
spherical harmonic transform library, to two new Earth Simulator
systems, x64 CPUs and SX-Aurora TSUBASA, and have
succeeded in obtaining good computational performance on each
system. Based on these results, we have implemented ISPACK3
in our anelastic Jovian type planetary atmosphere model. By
using this model, we will perform numerical simulations with

high-resolution long-time integration.
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