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Numerical simulations of convective dynamos and electromagnetic induction in a 3-D heterogeneous earth have been per-
formed by using the Earth Simulator (ES). For the geodynamo simulations, the ESis capable to calculate high resolution mod-
els with low viscosity. A number of dynamo simulations were performed this year based on a Spectral Transforma Method
(STM), confirming that self-exciting dynamo action occurs at the Ekman number as low as 10° and the magnetic Prabditl
number less than unity. They aso indicate the importance of MHD turbulence in dynamo action. Numerical simulations of
nonlinear magnetoconvection were aso performed for fundamenta understanding of the dynamo process in the Earth's core.
A new Fourier spectral Transform Method (FTM) was developed and tested with a standard benchmark model. As for the
electromagnetic induction study, the electrical conductivity structure in the mid-mantle beneath Europe was estimated based
on the geomagnetic depth sounding (GDS) method by using a non-linear iterative inversion code installed on the ES.
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1. Introduction

The main aim of our project is to understand the dynamics
of the core and the mantle through information on the geo-
magnetic field and its variations. In particular, numerical sim-
ulations of the dynamo process and the electromagnetic
induction process in the Earth have been performed with the
use of the Earth Simulator (ES). The geodynamo simulations
are intended to improve our understanding of the fluid motion
and the generating process of the geomagnetic field in the
core. Among the dimensionless parameters prescribing the
dynamical state of the core fluid, the Ekman (Ek) and
Rayleigh (Ra) numbers are most important. Due to extremely
low viscosity of the core fluid, the Ek in the core is estimated
as low as 10°%, whereas Ek > 10 in most of previous studies
because of limitation of computer capability. With the use of
ES, we intend to decrease Ek down to 10° and Ra up to 10°.
In 2004, our numerical geodynamo models, based on the
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Spectral Transformation Method (STM), confirm dynamo
action at Ek as low as 10, These high resolution simulations
revealed the importance of MHD turbulence in generating
magnetic field at low Ek dynamos. Comparison of the mag-
netic and kinetic energy spectra clearly shows the existence of
inertial range of MHD turbulence and equipartition of ener-
gies at the higher wave numbers. Numerical simulations of
nonlinear magnetoconvection were aso performed for funda-
mental understanding of the dynamo process in the Earth's
core. In addition to the STM models, a new simulation code
based on FTM (Fourier Spectral Transformation Method) was
developed and compared with the standard STM models.
Purpose of the electromagnetic induction study is to inves-
tigate the electrical conductivity structure of the Earth from
the electromagnetic field variations observed at the surface.
In order to obtain the deep structure of the Earth's mantle,
induction effects of the strong surface heterogeneity due to
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the distribution of the ocean and land should be evaluated.
Because of the complexity of the surface heterogeneity, high-
resolution models are required to simulate the EM induction
in the actua Earth. In 2004, we installed a non-linear itera-
tive inversion code on the Earth Simulator to estimate the
three-dimensional (3-D) electrical conductivity structure in a
global scale by the electromagnetic (EM) sounding methods.
By using this code, the electrical conductivity structure in the
mid-mantle beneath Europe was estimated.

2. Geodynamo simulations
2.1. Geodynamo simulations at low Ekman number

We consider time-dependent, three-dimensional magnetic
field generation by thermal convection in the Earth's outer
core. Our numerical models are based on the STM with the
spherical harmonic expansion in the angular direction. A finite
difference method or Chebyshev spectral expansions are uti-
lized to resolve radia structures. The numerical code, a part of
which was originally developed by Takahashi et al. (2003),
has been implemented and optimized to perform high resolu-
tion simulations on the ES. We carried out geodynamo simula-
tions at the Ekman number, Ek, aslow as 10° with up to 256 x
384 x 768 grid pointsin the spherical coordinate system.

Summary of the simulation results are given in Fig. 1,
which shows that dynamo action at low Ek facilitates main-
tenance of the magnetic field even at low magnetic Prandtl
numbers, Pm. Structures of the generated magnetic field and
convective motions at Ek = 10, Ra=5 x 10® and Pm = 0.5
are shown in Fig. 2. It is found that the length scale of con-
vection is very small, whereas the counterpart of the magnet-
ic field is much larger and the axial dipole component pre-
vails. It is suggested that the small-scale convection vortices
generate global scale dipole field through backward energy
cascade. In fact, significant fraction of the magnetic energy
is generated by the small-scale convective motion. This is

the main difference from the high Ek dynamos, in which
large-scale flows generate most part of the magnetic energy
in the high Ek dynamos. Such a feature is first found in the
low Ek dynamo models by the extensive use of the ES.

The kinetic and magnetic energy spectra as functions of
the azimuthal wave number m show characteristics of turbu-
lence. In the case of dlower rotation at Ek = 10 the spectral
curve of the kinetic energy has a broad peak around m = 6
and decreases with increasing the wave number in propor-
tion to nr¥2, well representing the inertial range of MHD tur-
bulence. At the higher wave numbers greater than m = 40 the
kinetic energy steeply decreases together with the magnetic
energy, which indicates the equipartition of the energies.
Similar behavior is seen in the cases of faster rotation. The
equipartition of kinetic and magnetic energies implies that
the small-scale flows are suppressed by magnetic diffusion
even if molecular viscosity is extremely small and numerical
simulations with a magnetic Prandtl number of order unity is
still applicable to the actual geodynamo.
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Fig. 1 Diagram of dynamo solutions as functions of Pm and Ra for each
Ek, where Pm, Ra, and Rac denote the magnetic Prandtl number,
the Rayleigh number, and the critical Rayleigh number for
the onset of convection. Pluses are for Ek = 4 x 107, circles are
for Ek = 105, triangles are for EK = 4 x 10%, and boxes are for
Ek = 10. Filled symbols denote the failed dynamos.

Fig. 2 Structures of the magnetic field and convective motion in the fluid outer core on the equatorial plane for Ek =
10°% Ra=5x 108, Pm= 0.5, and Pr = 1. The axial component of the magnetic field (left) and the streamlines
(right) are drawn. Red (blue) regions represent positive (negative) values of the magnetic field and clockwise

(counter-clockwise) flows.
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2.2. Magnetoconvection at low Ekman number

Numerical simulations of nonlinear magnetoconvection
are performed for fundamental understanding of the dynamo
process in the Earth's core. The numerical code is essentially
the same as that of the geodynamo simulation but a uniform
magnetic field parallel to the spin axis is externally applied.
The Ekman number islowered down to 2 x 10, one order of
magnitude smaller than previous studies (Sakuraba and
Kono; 2000, 2002), so that we can investigate magneto-con-
vective flows peculiar to arapidly rotating system. At a mod-
erate Rayleigh number the convection pattern is character-
ized by a few convection rolls superimposed on a strong
westward zonal flow circulating around the inner core.
Magnetic field lines near the equatoria plane are concentrat-
ed in anti-cyclonic vortices as is well known from previous
studies. In this case, however, the induced magnetic field
becomes so strong that the circulating flow around the anti-
cyclone tends to be concentrated in a narrow band along its
outer rim, essentially because the Ekman number is very low.
Under the influence of the zonal flow, the circulating flow is
modified and a thin jet ensues at the downstream side of the
vortex. An electric current sheet also forms parallel or anti-
parallel to the jet because the magnetic field induced inside
the anti-cyclone sharply decreases across the jet region. We
designate this jet-like structure as a magnetic front by analo-
gy to fronts in mid-latitude cyclones. Substituting parameters
relevant to the Earth's core, we can estimate a magnetic front
of width 15 km and of flow speed 1 cm/s. In spite of such a
thin structure, a viscous force is totally negligible and an
inertial force is also of secondary importance in the equation
of motion. Therefore, the magnetic pressure (Lorentz force)
at the front is compensated not by the inertial force but by the
Coriolis force which cannot be given until a thin jet forms
parallel or anti-parallel to the electric current sheet. Since the
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ratio of the inertial to the Lorentz forces is exactly the same
as the ratio of kinetic to magnetic energy densities which is
proportional to the Ekman number, use of alow Ekman num-
ber is crucial for simulating a magnetic front and this may be
the reason why such jet-like flows have never been found in
previous studies.

2.3. Benchmark test of Fourier Spectral Transformation
Method (FTM)

In this FTM method, velocity and magnetic fields are
transformed to the Fourier spectral space in longitudinal
direction and the variables in the spectral space are solved
by the two-dimensional finite difference method in the lati-
tudinal and radial directions. Since the time-consuming
Legendre transformation is not employed in this method,
higher computation efficiency is expected than the standard
STM simulation code. To test this method, we solved the
dynamo benchmark problem advocated by Christensen et al.
(2001). The benchmark was based on a quasi-stationary
solution that is stationary aside from azimuthal drift, and
defined some values for quantitative comparison. We com-
pared these values with the standard solution suggested in
the benchmark. The error levels of the mean kinetic and
magnetic energy densities and some values at a defined local
point were within 3% and that of the drift frequency was
about 9%. Fig. 4 compares the results of the FTM simulation
with that of the standard STM method as functions of the
average spatial resolutions per one-dimension. It is conse-
quently found that the present FTM model with sufficient
resolution can simulate a self-exciting dynamo with an
acceptable accuracy. The code is being optimized for higher
resolution calculations which are critical to simulate the
Earth-type dynamos with low Ekman numbers.

Fig. 3 Magneto-convective patterns on the equatorial plane viewed from the north. (a) The axial vorticity is represented by
a color map and the velocity by instantaneous streamlines starting from dots. The color of the streamline indicates
the flow speed, while its length is arbitrary. (b) The axial magnetic field is shown by a color map and the electric
current by streamlines.
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Fig. 4 Convergence of results for dynamo benchmark problem. Black = benchmark contributors,
Red = this study. @) Mean kinetic energy density, b) mean magnetic energy density, c) local

magnetic field, d) drift frequency.

3. Three-dimensional electrical conductivity structure
in the mid-mantle beneath Europe estimated by
geomagnetic depth sounding method
We installed a non-linear iterative inversion code on the

ES to estimate the three-dimensional (3-D) electrical con-
ductivity structure in a global scale by the electromagnetic
(EM) sounding methods. By using this code, the electrical
conductivity structure in the mid-mantle beneath Europe was
estimated by using the geomagnetic depth sounding (GDS)
method which is a kind of EM sounding methods. The geo-
magnetic field data were used for the data analysis from
twelve permanent observatories in mid latitude of European
regions. The GDS responses are estimated in a frequency
domain between 0.018 to 0.19 cpd, which are ratios of verti-
cal and horizontal components of the geomagnetic field and
are data parameters of our analysis hereafter. A total number
of data parameters are 264. The external EM source is ring
currents in the magnetosphere, and then the source field is
approximated to P10 distribution over a frequency range of
our analysis.

At the beginning, a one-dimensional (1-D) structure of the
electrical conductivity was estimated, which is radially sym-
metric and can fit all the data parameters averagely. The esti-
mated 1-D structure in the mid-mantle beneath Europe is
very similar to the 1-D reference model beneath the north
Pacific by Utada et al. (2003). It might mean that the el ectri-
cal conductivity is aimost radially symmetric in a whole
mid-mantle of the Earth.

Next we estimated a 3-D anomalous structure of the elec-
trical conductivity from the 1-D reference model. The model
parameters are log(o,./o,;) in each model grid, where o,
and o, are values of 3-D and 1-D reference model of the
electrical conductivity, respectively. The surveyed area is
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between 30N, 15W and 75N, 30E. The depth range is
between 350 and 850 km. The grid size is 15 degrees x 15
degrees x 100 km, and then number of model parameters are
405. The inverse calculations were executed on the ES. The
fixed ocean-land contrast is included at the surface layer.
The other regions are fixed to the 1-D reference model. Each
MPI rank is distributed to each frequency to paralely solve
independent EM induction equations. The vector operation
ratio is about 98%.

Fig. 5(a) shows the 3-D anomalous model in the mid-
mantle of the electrical conductivity estimated by the inver-
sion. Thisindicates that the northern part is more conductive
and the southern part is more resistive than the 1-D reference
structure. Focusing on the southern part, resistive anomaly is
embedded beneath and northern part of the plate boundary.
The African plate subducts northward from this boundary
beneath Eurasian plate, and the resistive part might be a
stagnant slab which has low temperature. There is the high
velocity anomalies in both of bulk and shear modulusin Fig.
5(b) and (c) (Gorbatov, personal communication), which is
consistent with anomaly by low temperature. Therefore the
3-D inversion solver of the electrical conductivity on the ES
can reveal the anomalous structure such as a stagnant slab
which is very important to elucidate the mantle dynamics.
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Fig. 5 The anomalous structure in the mid-mantle beneath the Europe. (a): electrical conductivity. Yellow marks and green
curves are positions of geomagnetic observatories and plate boundaries, respectively. (b), (c): bulk and shear modulus
estimated by seismic joint tomography both of P and S wave travel times by Alexei Gorbatov (personal communication).
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