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Thermal convection in the mantle and the outer core is the origins of various Earth's activities and essentially important in the
Earth's evolution. We investigated styles of convection in the mantle by using a three-dimensional spherical-shell code that includes
effects of phase transitions, temperature-dependent viscosity with plastic yielding near the surface, and viscosity variations in the
mantle. We find that, these effects spontaneously reproduce plate-like behaviors and slab stagnation around the transition zone,
with appropriate value of viscosity increase in the lower mantle. In the core convection, one of the most important properties is the
extremely low viscosity of the fluid. Our high-resolution model for geodynamo successfully simulated torsional oscillations, and we
analyzed their details by comparing with theories and observed short-term geomagnetic field variations. On the other hand, we apply
a high-order compact difference scheme to treat such thin boundary layers with smaller computational recourses. As a result, faster
convergence is achieved and we confirmed the validity of the scheme. In addition, study of turbulence in liquid metal convection is
within our scope. Our numerical code on thermal convection with the material properties of a liquid metal can reproduce the character

of motion observed by laboratory experiments.
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1. Introduction of numerical simulations with laboratory experiments.

Our group is composed of two subgroups, aiming for
comprehensive understanding of the dynamics of the Earth's 2. Simulations of mantle convection
mantle and core as a combined solid-Earth system. The mantle The Earth's mantle is composed of solid rocks but it flows
convection group focuses on dynamical behaviors of the like a viscous fluid in a geologic time scale. This convective
Earth's mantle and simulates infinite-Prandtl-number thermal flow of the mantle is emerging as the motion of tectonic
convection. Particular attention has been paid on integrating plates on the Earth's surface. The motion of surface plates
realistic mantle properties (e.g., variable viscosity, phase causes earthquake, volcanism and mountain building at the
transition, plate behaviors) into the model and reproducing the plate margins. As the mantle flow transports the heat from the
images obtained from seismic tomography. The geodynamo hot interior, the whole of the Earth has been cooling through
group simulates thermal convection of the fluid outer core its history. It also controls the boundary conditions of the
and a resultant generation process of the geomagnetic field. In outer core. Hence, mantle convection is the key process for
order to reach the core conditions, we have made attempts to understanding the activity and evolution of our planet. Seismic
reduce viscous effects in the dynamo model by decreasing the tomography reveals the natural mode of convection in the Earth
Ekman number (E = v/2Qr,’; v: kinematic viscosity, Q: Earth's is whole mantle with subducted plates (slabs) clearly seen as
angular velocity, r,: core radius), the Prandtl number (Pr = v/k ; continuous features into the lower mantle. The Earth's mantle is
k: thermal diffusivity), and the magnetic Prandtl number (Pm = characterized by the coexisting state of slabs stagnating around
v/y ; n: magnetic diffusivity). We are also studying the nature of  the transition zone and falling into the lower mantle [1].

turbulence in liquid metal convection by comparing the results We simulated fully dynamical and self-consistent thermal
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convection in high-resolution 3-D spherical shell models which
range up to Earth-like conditions in Rayleigh number, and
succeeded in spontaneous generation of plate-like behavior
with slab stagnation [2]. We examined the influence of three
factors: phase transitions, temperature dependent viscosity with
plastic yielding at shallow depth, and viscosity increase in the
lower mantle, and clarified the condition for generating stagnant
slabs. The temperature dependent viscosity with plastic yielding
spontaneously produces plate-like behavior with very localized
convergence zones at the surface. This plate-like structure can
stagnate in the transition zone with the combination of 660 km
phase transition and viscosity increase in the lower mantle.
The model including these three factors with adequate values
generates the coexisting state of stagnant and penetrating slabs

around the transition zone, which are characteristics of mantle

convection revealed by seismic tomography (Fig. 1). The key
mechanism to generate stagnant slabs is the partly decoupled
state of the upper and lower mantle flow due to the phase
transition. Behaviors of subducted plates are sensitive to the
viscosity increase in the lower mantle. We examined several
cases by varying the reference viscosity structure through the
mantle (Fig. 2). We confirmed that it is necessary more than 40
times of viscosity increase in the lower mantle to form large-
scale stagnation. With smaller value of increase, small-scale
stagnations are realized, which is different from the views
of mantle tomography. If the value of the viscosity increase
exceeds 100 times, the behavior of the slab is weakly depends
on the value. The steepness of the viscosity increase is also
important for the behavior of subducted slabs. If the viscosity

increase is more gradual, the range of stagnation depth is

Fig. 1 Various styles of subducted slabs in the mantle. (left) Images from mantle tomography by [3] (blue: high velocity, red: low velocity), (center)

the location of each cross-section. (right) Similar styles of subduction reproduced in our 3-D spherical shell convection model containing

phase transitions, viscosity layering, and plastic yielding near the surface (blue: low temperature, red: high temperature). The Earth's mantle is

characterized by the coexisting states of stagnant and falling slabs, and our numerical model spontaneously reproduces these features.
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Fig. 2 Comparison among the setting of viscosity profiles in the mantle. (a) Settings of reference viscosity at each depth. The upper mantle viscosity

is kept constant, and the lower mantle viscosity is increased from 40 to 400 times. (b) An example of 3-D structure shown by temperature for

the case with 40 times viscosity increase. (¢) Horizontally averaged temperature profiles. The degree of stagnation is reflected by the difference

of the lower mantle temperature and the existence of inflection points around 660 km depth. The effect of viscosity increase is not so large

when the viscosity increase exceeds 100 times. (d) Same as (c) but for the comparison of the steepness of the viscosity increase with 40 times.

If the viscosity increase is more gradual, the depth range of stagnation becomes broader and the average temperature of the lower mantle

increases.

broader. We can elucidate the viscosity structure of mantle that
is not clearly understood yet, by quantitatively comparing the
result with these viscosity profiles and the images of seismic

tomography.

3. Geodynamo simulations
3.1. Torsional waves

We have made attempts to decrease viscosity of the model
fluid for the Earth's outer core in order to better simulate core
thermal convection and dynamo process [4,5,6]. Our lowest-
viscosity model is now capable of decreasing the Ekman
number to O(107) and the magnetic Prandtl number to O(0.1).
Reduction of viscosity brings dramatic changes to flow and
magnetic field structures. For example, the boundary condition
for the core surface temperature becomes a more important
factor for the system to be an Earth-like strong-field dynamo
[7]. Low-viscosity geodynamo models make it possible to study
geomagnetic field variations of short timescales. Theoretical
studies indicate that a field variation obeys a wave-like equation
when the system is close to a Taylor state, where both viscous
diffusion and inertia have negligibly small effects and the
azimuthal component of Lorentz force is zero when averaged
over C(s), the side surface of a cylinder of radius, s, coaxial
with the rotation axis. The resultant torsional oscillations, which
travel in the cylindrically radial (s-) direction with an Alfven-
wave speed proportional to the s-component of the magnetic
field, have been recognized to be one of the most important

origins of decadal field variations [8]. Our recent model well
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justifies this theory. Using a uniform-heat-flux condition for
the surface temperature, we succeeded in producing a strong-
field dynamo, in which the magnetic field is largely generated
by a large-scale flow in contrast to other uniform-surface-
temperature models that fail to drive large-scale flows and
sustain strong magnetic fields [5,9]. Viscous diffusion does not
affect the primary force balance and the fluid domain outside
the inner-core tangent cylinder is in a Taylor state to a good
approximation; within 1% in our definition (see Fig. 3 (a)). The
degree of Taylorization is better than previous low-viscosity
geodynamo models [4]. The time-averaged zonal flow outside
the tangent cylinder is westward and particularly stronger near
the equator. For a wave analysis, the fluctuating part of the
zonal flow, which is almost independent of the height, z, from
the equatorial plane, is integrated over C(s) to obtain ¥ (s,f) as a
function of radius and time. This fluctuating zonal flow is further
transformed to two-dimensional Fourier modes and decomposed
into two components that travel toward the equator and toward
the rotation axis (the stationary component is negligibly small
because of conservation of angular momentum). Figure 3 (b)
shows results of our wave analysis. At a fixed radius outside the
tangent cylinder, the zonal flow turns eastward and westward
in an oscillatory fashion. The phase travels both inward and
outward. We calculated the averaged magnetic stress in a similar
way and found that the Lorentz force acted as a restoring force
for the oscillatory fluctuations of the zonal flow. These results
suggest that our solution is basically in a Taylor state and the

fluctuating fields behave as torsional waves, at least outside the
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Fig. 3 (a) A Taylorization factor defined as the ratio of the integral of F, the azimuthal component of Lorentz force, over C(s),

the side surface of an axial cylinder of radius, s, to the integral of the absolute value of F, over the same surface. Time

is scaled by a magnetic diffusion time. Broken line represents the inner core radius. (b) Shown are the time variations of

the magnetic torque, BsB,, and the azimuthal component of velocity, ¥, integrated over C(s). Both integrated BsB; and

V4 represent fluctuations from their time averages and have been decomposed into outgoing (left) and ingoing (right)

components by Fourier analysis. The actual fluctuation is the sum of these two components.

tangent cylinder, as predicted by previous theory.

Gillet and coauthors recently reported that the observed
geomagnetic data suggested faster propagation of torsional
waves than previously estimated and its cause could be
attributed to a stronger interior magnetic field [10]. They also
showed that the propagation direction was primarily outward,
which is totally different to our calculation. Although a direct
comparison to the Earth's core convection is too premature,
our solution seems to be still crude to represent ideal torsional
waves. For example, there is a trend of slower outgoing
propagation in the zonal flow at around 7 = 1.491 and s = 0.7.
This signature cannot be explained by Alfven waves and is
probably caused by a local effect of advection. In our model,
the magnetic energy density is only ten times greater than the
kinetic energy density on average, whereas this ratio, considered
to be an index of magnetically dominated strong-field dynamo,
is expected to be at least several hundreds in the Earth's core.
Simulations of higher-resolution and lower-viscosity geodynamo
models are still needed to reach the core condition and to make

a comparison to the geomagnetic data.

3.2. Implementation of a high-order scheme

As noted in the previous section, the currently most advanced
models are run at E = O(107). At such a low-Ekman number,
a very sharp Ekman boundary layer with radial thickness of
O(E"?) develops near the inner and outer boundaries of the
core. Numerical models must be capable of resolving such thin
boundary layers. Since a spectral approach using Chebyshev
expansion is, in general, not very good at representing a
very sharp structure, we have investigated finite difference
discretization for low-Ekman-number simulations. However,
in ordinary finite difference discretization, fine mesh and many

stencils are needed to yield solutions of acceptable accuracy.
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As a result, a lot of memory space and computing time may
be consumed. One approach to perform numerical dynamo
simulations at a low-Ekman number with high accuracy and less
computational cost is to use higher order discretization scheme,

which use coarser mesh to yield solutions of comparable
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Fig. 4 Convergence behavior of the solutions with respect to radial
resolution N,: (a) kinetic energy, (b) azimuthal velocity, (c)
magnetic energy, (d) axial magnetic field, (e) temperature, and
(f) drift rate. The present results are classified by L31 and L47
corresponding to spherical harmonic expansion up to 31 and 47,
respectively, while ACD, GJZ and TMH denote results from
different codes. Horizontal solid lines show the standard values
and horizontal dashed lines represent the deviation by 0.5% from
the standard values.



accuracy relative to the lower order discretization scheme using
finer mesh. A combined compact difference scheme (CCDS)
can achieve a high-order accuracy and good spectral resolution
with a small stencil. We apply a high-order three-point CCDS
in the radial direction to problems of thermal convection
and convection-driven dynamo in a rotating spherical shell
[11]. To evaluate accuracy of the CCDS, we have solved the
benchmark problems. It is confirmed that accuracy better than
1% is achieved with the CCDS even with a modest number of
grid mesh. Quantitative comparison with other finite difference
schemes indicates that the CCDS is superior to others using
more stencils. As a result, faster convergence behavior of the

CCDS is observed in most quantities with an accuracy of 0.5%
(Fig. 4).

3.3. Coherent structure with oscillation in liquid metal
convections
The study on the nature of thermal convection in low Prandtl
number fluids is essential for the dynamics of the Earth's outer
core, and the difference of the flow behavior from Pr~1 fluids

like water and air is very important. In lower Pr fluids, the

(a) geometry and setting

heating
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two-dimensional steady roll structure emerging at the onset of
convective flow easily becomes time-dependent just above the
critical Rayleigh number (Ra), and theoretical studies propose
oscillatory instability such as "traveling-wave convection" in
the direction of the roll axis [12]. Transition to turbulence with
increases in Ra in low Pr fluids occurs at much lower Ra than
water or air, and large-scale flow is also expected to emerge
casily.

Our laboratory experiments on thermal convection
with liquid metal by using an ultrasonic velocity profile
measurements visualized the flow pattern in a gallium layer with
simultaneous measurements of the temperature fluctuations,
from 10 to 200 times above the critical Ra [13,14]. It was made
in a non-rotating rectangular container. In those experiments,
the presence of a roll-like structure with oscillatory behavior
was established (Fig. 5), even in the Ra range where the power
spectrum of the temperature fluctuation shows features of
developed turbulence. The flow structure was interpreted as a
continuously developed one from the oscillatory instability of
two-dimensional roll convection around the critical Ra. It was

shown that both the velocity of the flows and the frequency of

(c) oscillation of roll-like structure
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Fig. 5 Setting and result of ultrasonic flow velocity measurements for Rayleigh-Bénard convection in liquid gallium (laboratory experiment). (a)

Geometry of the container and setting of the measurement beam lines in liquid gallium. (b) Examples of the velocity profiles for the case Ra =

8x10°; horizontal axis is the elapsed time, vertical axis is the position, and color maps indicate the horizontal component of the convective flow

velocity. The vertical temperature difference was set at the time = 200 s, and convection pattern emerged after that. Four clusters of velocity

with periodic oscillations are clearly observed. (c¢) Interpretation of the global flow pattern. Oscillatory roll-like structure exists in the vessel,

and the oscillation period is comparable to the circulation time of the flow in a roll.
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the oscillation increase proportional to the square root of Ra,
and that the oscillation time of the roll structure is comparable
to the time to complete one circulation of the flow.

We made up a code for numerical simulation of thermal
convection to compare with the results obtained by the
laboratory experiments. Furthermore, we analyzed the fine
scale structure and short time variation relating to turbulence,
those are difficult to obtain by laboratory experiments due to
the limitation of measurements. The numerical simulation is
performed for three dimensional rectangular box, with no-
slip boundary conditions at all boundaries, fixed temperature
at the top and bottom, and insulating at side walls. The range
of Ra for numerical simulations is from critical value to 200
times above it. The material properties of the working fluid
are those of liquid gallium and Pr=0.025. We used enough
grid points to resolve the small-scale behavior without any
assumption for the turbulence. Our numerical result reproduced
oscillatory convection patterns as observed in the experiments.
Statistical values, such as the relation of the circulation time and
oscillation period, Rayleigh number dependence of the mean
velocity and the oscillation frequency, are good agreement in
both laboratory and numerical studies (Fig. 6). This confirms
that both of our laboratory experiment and numerical simulation
are reliable ones. The series of numerical simulations with the
increase in Ra revealed the onset point of oscillatory convection
and subsequent transition to turbulence. The power spectrum

densities calculated from the velocity and temperature dataset

(a) velocity profiles

Ra = 1.0x10*

clearly indicate the feature of low Pr fluid, that is, temperature
is more diffusive than momentum and the corner frequency
is higher for velocity spectrum in the region of developed

turbulence.
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