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Geomagnetic field is generated and maintained by the convective motion of liquid iron in the outer core of the Earth. The
geomagnetic field observed at the surface corresponds to the poloidal component, whereas the toroidal component is bound to
the core. Constraining the strength and spatial distribution of toroidal component is important to understand the dynamics of the
geodynamo and the electromagnetic core-mantle coupling. We tested a toroidal magnetic field imaging method using our dynamo
simulation model, by introducing a thin electrically conductive layer at the bottom of the mantle. The imaged magnetic field
successfully reproduced magnitude and pattern of the dynamo model field. On the other hand, we studied flow patterns in the
presence of an imposed magnetic field as an important basic process for liquid metal convection. Viscosity of liquid metals is very
low and their flow easily becomes turbulent, but when a magnetic field is applied on liquid metals, it makes anisotropic flow structure
with suppression of turbulence depending on its direction and intensity. When the flow is moderately constrained by magnetic field,
intermittent reversals of flow direction occur with random intervals. It is recognized by our numerical simulation that an emergence
of large-scale global circulation in the horizontal plane induces flow reversal. It can provide important insight to the mechanism of

geomagnetic field reversals.
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1. Introduction shell, we are conducting the study of convection under an
The existence of geomagnetic field makes the Earth’s imposed magnetic field in a simpler setting. The study on the
surface environment suitable for life. The geomagnetic field nature of turbulence in liquid metals under a magnetic field is
is maintained by convective motions in the outer core. Core also important for the dynamics of Earth’s core. In this type of
convection is thought to be driven by the buoyancy arising from simple setting, we can deal with the realistic values of Prandtl
thermal and chemical effects relating to the secular cooling of ~ numbers those of liquid metal, which is difficult to deal in full
the Earth’s interior. The geomagnetic field has been monitored dynamo simulations. Here we provide a detailed process of the
at the surface or from satellites. It contains information on reversal of flow field in turbulent Rayleigh—Bénard convection.

both the core convection and the electrical conductivity of the

mantle. Paleomagnetic records provide information on the long- 2. Toroidal field estimation using geodynamo
term variation and the evolution of geomagnetic filed. The most simulations with the D” layer
characteristic variation of the geomagnetic field is repetitions The geomagnetic main field and its secular variation

of magnetic polarity reversal with random interval. To better observed by satellites orbiting the Earth and at magnetic
understand the geomagnetic field variation in many time scales, observatories correspond to those of the poloidal part, whereas
we performed numerical simulations of geodynamo with various the counterparts of the toroidal one, which are bound to the
effects and compared the results with the observed behavior of ~ core due to large electrical resistivity of the mantle, cannot be
the geomagnetic field. Here we report two topics of dynamo measured above the core-mantle boundary (CMB). In spite of
simulations. the fact mentioned above, the finite CMB toroidal field could

Besides full geodymamo simulations in a rotating spherical exist, because the electrical conductivity of the lowermost

67



Annual Report of the Earth Simulator April 2014 - March 2015

mantle, that is, the D layer, is much larger than that above [1].
Constraining the strength, the spatial distribution and secular
variation of the toroidal constituents of the geomagnetic field is
essentially important to understand the dynamics of the core and
geodynamo.

A global distribution of the toroidal field at the CMB can
be estimated by a method based on a core flow model inverted
from the radial components of the geomagnetic field and its
secular variation via frozen-flux hypothesis [2]. However, a
fact must be kept in mind that the inverted core flows are in
principle non-unique [3], and there is no way to know how well
the toroidal field is retrieved properly from such a flow model.
Here, we test the method to infer the toroidal magnetic field
at the CMB using a numerical dynamo model. We could have
benefit from utilizing numerical dynamo modeling, because
numerical dynamos provide us with complete knowledge on the
poloidal field, core flow and also the toroidal field.

A thin electrically conducting solid layer above the CMB are
included in a numerical dynamo model to mimic the D” layer.
The thickness and electrical conductivity of the layer can be
specified arbitrarily. The thickness of the layer adopted here is
fixed at 5% of the core radius, which corresponds to about 180
km for the Earth being comparable with D” layer thickness. It
is assumed that the electrical conductivity is uniform within
the layer, and that the conductivity of the layer is 1/2500 of
the core conductivity, which is comparable with the electrical
conductivity of the post-perovskite phase [1].

The azimuthal component of the toroidal field is imaged

at the CMB using the radial magnetic field and horizontal
velocity field obtained from a dynamo model. The dynamo
model toroidal field and the corresponding imaged toroidal
field are compared in Fig. 1. As a whole, the toroidal field is
appreciably well reproduced with respect to the amplitude and
spatial pattern in both the fully resolved and truncated cases.
However, an obvious discrepancy is found around the equator,
where the amplitude of the field tends to be underestimated, and
the direction is even reversed in several places. We consider that
degradation in imaging quality at low latitude is ascribed to the
fact that we have neglected effects of diffusion in retrieving the
toroidal field [4].

3. Geodynamo simulations with a stably stratified

layer

While seismic observations detect a stably stratified layer
beneath the CMB [5], the origin of the stable layer is still
uncertain. In order to constrain the origin of the stable layer
below the CMB from a viewpoint of magnetic field, we have
carried out numerical dynamo simulations driven by double
diffusive convection. The Ekman number ranges from 3x107
to 3x10™, whereas the three Prandtl numbers are fixed at 0.1 for
the ordinary thermal Prandtl number, 1 for the compositional
one, and 3 for the magnetic one, respectively. Moreover, a thin
stably stratified layer beneath the outer boundary is implemented
to mimic a stably stratified layer. The layer is either thermally or
compositionally stably stratified. The layer thickness is 10% of
the core radius (~350 km).

—-0.0030 -0.0015 0.0000 0.0015 0.0030

Fig. 1 The azimuthal component of the CMB toroidal magnetic field. (a, ¢) Dynamo model magnetic field and (b, d) the imaged magnetic field. (a)

and (b) are in full resolution, while (c) and (d) are in truncated resolution with spherical harmonic degree 12.
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Fig. 2 The radial component of the magnetic field at the CMB for a dynamo model (a) without a stably stratified layer, (b) with a compositionally

-0.5

stably stratified layer, and (c) with a thermally stably stratified layer.

It is found that magnetic field strength substantially varies
between the cases with and without the stable layer irrespective
of the origin of stratification. In general, the stable layer filters
out the small-scale, short-period components through the skin
effects. Consequently, the resultant magnetic field at the CMB is
much weaker than the case without the stable layer (Fig. 2a, b),
which may not support the presence of the stably stratified layer
beneath the Earth’s CMB. However, in case that compositional
buoyancy dominates thermal one like the Earth’s core, and
the layer is thermally stably stratified, we have found that the
dynamo-generated magnetic field is, on average, stronger than
the case without the stable layer. In that case, strength of the
magnetic field at the CMB is comparable without the stable
layer in spite of the skin effect (Fig. 2¢). Based on these results,
it is suggested to be compatible with the geomagnetic field that
the stably stratified layer below the CMB detected from seismic
wave observations are thermal origin due to high core heat flux
across the CMB [6].

4. Reversal process of flow field in liquid-metal
convection in the presence of a magnetic field
Coherent flow structures in the outer core are controlled by

the magnetic field and rotation of the Earth. It is important to

know the basic behavior of flow in relation to the magnetic field,
for understanding the flow patterns observed in the real Earth
and core dynamo simulations. On the other hand, the occurrence
of flow reversals in Rayleigh—Bénard convection is exhibited

by many laboratory experiments and numerical simulations,
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in which reversals are related to large-scale circulations in
turbulent convections (recent review in [7]). The mechanism of
reversal may provide important insights to the geomagnetic field
reversals.

We performed numerical simulations of Rayleigh—Bénard
convection of an electrically conductive low-Prandtl-number
fluid under a uniform horizontal magnetic field. We reproduced
flow reversals in a square vessel with an imposed horizontal
magnetic field, that is consistent with observed behaviors in
laboratory experiments previously reported in [8]. Here we
present a three-dimensional process of a flow reversal in Fig. 3.
The Q,p criterion [9] is used to illuminate the roll structures
and their transition. At the time t=40.1 in the figure, the pattern
shows 5-roll structure with its axis parallel to the magnetic field;
the direction of circulation is clockwise for the rolls located
close to the right and left sidewalls and at the center. These roll
structures bend horizontally at t=40.8, with the rolls at frontal
half are moving toward right, and the roll at the right sidewall
is shrinking. Bended 4-roll structure is observed at t=41.3, and
the flow velocity is much smaller than that of 5-roll structure.
Then, reconnection of the rolls between front and back occurs,
and aligned 4-roll structure emerges for a short period. A new
roll is growing along the left sidewall at t=42.0, and 5-roll
structure is reproducing. In this process, the key mechanism is
the emergence of a global circulation in the horizontal plane.
The horizontal circulation is related to the skewed-varicose
instability of two-dimensional roll structure aligned in the

direction of the magnetic field. An increase of global circulation
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induces bend and reconnection of convection rolls. It establishes
a reversed flow state through roll number transitions. This is a
newly identified mechanism of flow reversal that works in large-

scale three-dimensional geometry.

Fig. 3 A process of flow reversal reproduced by a numerical simulation.

The isosurface of Q;p,=0 is shown, with the flow near the x=0
wall is displayed by arrows. Homogeneous magnetic field is
imposed in the x-direction.
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