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Geodynamo: We have found a new convection regime of the core that exhibits a dual structure in the low viscous frontier
of numerical simulation of geodynamo; sheet-like radial plumes inside and a westward cylindrical zonal flow outside. The dual
convection structure with the zonal flow is stable under a self-generated strong magnetic field. Mantle convection: We have
improved our numerical code "ACuTEMan" by employing the truncated anelastic liquid approximation (TALA). This has enabled
us to successfully incorporate the effects of adiabaic compression on thermal convection in Cartesian domains. Plate-mantle unified
system: we have developed an iterative solution technique for solving the Stokes flow problem with a large and sharp contrast in
viscosity, for example, between the upper mantle, tectonic plate and sticky air for free surface treatment. Our method with Schur
complement approach with mixed precision arithmetic is very robust against large and sharp viscosity contrast, given by the one to

several grid resolutions.
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1. Geodynamo simulation columnar cells aligned to the rotation axis. Recently, we have
Zonal jets are omnipresent in nature. Well known examples performed geodynamo simulations on the Earth Simulator with
are those in atmospheres of giant planets, alternating jet streams the highest spatial resolution ever achieved. The fine resolution
in the Earth's ocean, and zonal flow formation in nuclear fusion has enabled us to investigate the numerical frontier of the low
devises. A common feature of these zonal flows is that they viscous simulation. One of the most important non-dimensional
are spontaneously generated in turbulent systems. Since the parameters of the core defined with the viscosity is Ekman
Earth's outer core is also believed to be in a turbulent state, number Ek. We have reported that when Ek is sufficiently small
it is an interesting question if a vigorous zonal flow exists in (of the order of 107), the convection motion is composed of
the liquid iron of the outer core. We have found, in the low sheet-like plumes rather than columns [1].
viscous frontier of numerical simulation of geodynamo, a new In this fiscal year, we have found that the sheet-like plumes
convection regime of the core that exhibits a dual structure; are surrounded by a zonal flow (Fig. 1). The simulation model
sheet-like radial plumes inside and a westward cylindrical zonal and results are reported in our recent paper [2]. In the zonal flow
flow outside. The dual convection structure with the zonal flow region, the radial flow component in the cylindrical coordinate,
is stable under a self-generated, strong dipole magnetic field. v,, is feeble while the azimuthal component, v, is dominant.
Convection motion of the Earth's liquid core generates the The zonal flow is westward. We call this convection structure-
geomagnetic field through the magnetohydrodynamic (MHD) --the sheet plumes inside and the zonal flow outside---as "dual
dynamo process. Computer simulation of the geodynamo has convection". We have found that the dual convection state
successfully reproduced the Earth's dipole magnetic field and its always appear when Ek is small and the Rayleigh number, Ra,
reversals, and various scaling lows are reduced. The convection is sufficiently large.

motion in those simulations are basically composed of To prove the stability of the dual convection under the
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Fig. 1 Convection structure viewed from equator. Red and blue

surfaces are positive (red) and negative (blue) isosurfaces of

axial vorticity . The yellow lines are streamlines.

strong magnetic field, we would have to continue the run for
much longer time, but it is practically impossible because the
simulation would take for years with our the total grid size of
511 (in radial) x 514 (in latitudinal) x 1538 (in longitudinal) x
2 (Yin and Yang).

We have therefore made a survey to find a parameter set in
which the dual convection structure is formed under a coarser
grid resolution 255 x 258 x 770 x 2, by which the simulation
can be performed in much more swiftly. With this grid size, we
were able to integrate the calculation for sufficiently long time
to confirm the stability of the dual convection structure. The
dual convection structure is stable even under self-generated
strong magnetic field.

The zonal flow is generated and maintained by the non-
linear coupling of the velocity components, or the Reynolds
stress. Small scale flows ejected from the inner plumes transport
the westward angular momentum at the zonal flow radius. The
three-dimensional structure of the zonal flow is fairly uniform in
the direction of the rotation axis. The flow appears as in a thin
zone in the equatorial plane is actually a cross section of a thin
cylinder of westward flows.

It is known from numerical simulations of planetary
atmospheres that relatively strong azimuthal flows are formed
in a rotating spherical shell convection under the stress-free
boundary condition for the spherical boundaries. In contrast
to those systems, the core is "capped" by the mantle. Our
simulation suggests that convection in a spherical vessel may be
closer than we had expected to the planetary atmospheres and

oceans when viscosity or Ekman number is sufficiently small.
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2. Development of mantle convection simulation code
with adiabatic compression

In this FY, we developed a simulation code of mantle
convection in a three-dimensional Cartesian domain which
includes of the effect of adiabatic compression of mantle
materials [3]. In most of numerical models of mantle convection,
including our previous ones [4,5], the effects of adiabatic
compression is ignored simply because of the numerical
difficulty, although it has been commonly acknowledged that
there occurs a significant compression of mantle materials by
an extremely high pressure (exceeding 100GPa) expected in
the Earth's interior. Here, by improving the thermodynamic
treatment of the convecting fluid, we successfully incorporated
the effects of adiabaic compression on thermal convection in
Cartesian domains.

In this study, we improved our numerical code "ACuTEMan"
by employing the truncated anelastic liquid approximation
(TALA). The term "truncated" means that the effect of
compression by dynamic pressure is ignored in the buoyancy
force. This assumption is sufficiently validated by the fact that
the dynamic pressure due to the fluid motion is much smaller
than the static pressure by the overburden load. Compared to the
well-known incompressible and/or Boussinesq approximation,
the TALA enables us to include the effects of (i) the change in
reference (i.e., zero-motion) density with pressure (or depth)
and (ii) the conversion from mechanical to thermal energies
such as an adiabatic (de)compression and viscous dissipation
(or frictional heating). In particular, the first effect is taken
into account through the change in the definition of thermal
buoyancy and the divergence-free constraints on the mass flux
(not on velocity). In the actual numerical model, the effect
of adiabatic compression is expressed by a nondimensional
parameter called "dissipation number", which is a measure of
a ratio of the scale-height of density change to the thickness of
the convecting layer. By conducting series of calculations of
steady-state and time-dependent convection with systematically
varying the Rayleigh and dissipations numbers, we confirmed
that accurate results are successfully reproduced even for the
cases with viscosity variations of several orders of magnitude.
The present numerical code was chosen as one of the benchmark
programs for a thermal convection of compressible fluids in

two-dimensional Cartesian geometry.

. Development of robust Stokes flow solver against
viscosity jump by Schur complement approach with
mixed precision arithmetic.

We develop an iterative solution technique for solving the
Stokes flow problem with a large and sharp contrast in viscosity,
for finite volume discretization in three dimensions. Robustness
and scalability of the solver against viscosity contrast is
important to treat the problems of the realistic geodynamical

modeling. The large viscosity jump of the property on the sharp
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Fig. 2 Convergence history of the outer iterations by BFBt pre-
conditioner for the falling block problems with different viscosity

contrast.

interface is expected at the boundary interface, for example,
between the upper mantle and the tectonic plate, or the treatment
of free surface by the sticky air [6,7]. We use the Schur
complement reduction with the Krylov subspace method. For
the pre-conditioning of Schur complement, we employ scaled
BFBt pre-conditioner as a scalable approach against the strong
variation of viscosity profile. In addition, in order to improve
the convergence of Krylov subspace method for momentum
equation required for BFBt pre-conditioner, we propose to use
a mixed precision technique. We implement quad precision
arithmetic on Earth Simulator 2 by using the double-double
precision method.

In order to see the performance of our iterative method, we
solve the falling block benchmark test with a high viscosity
jump Az within one discretized grid length. Figure 2 shows
a history of outer solver residual. This plot presents that the
number of iteration with the scaled BFBt pre-conditioner shows
good scalability against the viscosity jump in the finite volume

discretization.
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