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ABSTRACT

ARTICLE INFO

Previous global mantle seismic tomography analyses have revealed the large-scale hor-
izontal structure of the mantle. On the other hand, the large-scale horizontal structure
of the outer core could not be well determined using seismic wave analysis due to its
liquid nature. Therefore, at present, numerical simulations are the only method for under-
standing the horizontal thermal structure of the outer core. Previous numerical studies on
two-layer Rayleigh—Bénard convection with an infinite Prandtl number have shown that the
coupling mode between the two layers changes from mechanical coupling to a transitional
mode to thermal coupling as the viscosity contrast between the two layers increases. This
study presents an ultra-high-resolution numerical simulation of two-layer convection with
a viscosity contrast of 10*. The effective Rayleigh number of convection in the inner low-
viscosity layer reached approximately 2 x 10'°. A spatiotemporal analysis of convection
confirmed a new thermal coupling mode in the two-layer convection, primarily driven by
downwelling plumes. When applied to the coupling between the mantle and outer core
of Earth’s interior, whose geophysical and geochemical structures are considered nearly
hemispherical relative to the axis of rotation, this coupling mode effectively cools Earth’s
core. Conversely, heat from the Earth’s core is slowly released to the Earth’s surface via
mantle convection.
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+ An ultra-high-resolution numerical simulation of two-layer convection with a large viscosity contrast of 10* was

performed in a 2-D spherical geometry.

» Mantle and outer-core convection in the Earth are expected to be coupled under a thermal coupling mode

driven by downwelling plumes.

+ This coupling mode effectively cools Earth’s core, slowly releasing heat from the core to the Earth’s surface

via mantle convection.

1 Introduction

Our planet consists of multiple layers: atmosphere,
seawater, and solid Earth. Most of the Earth’s interior
(~99% of the volume of the entire Earth) consists of the
mantle and outer core, which are composed of solid rock
and molten iron, respectively. The Earth is thought to
have evolved over its long history of approximately 4.6 bil-
lion years through thermal and mechanical interactions be-
tween the mantle and core. The evolution of the solid Earth
has impacted climate change and the evolution of life. The
combination of the interactions between the solid Earth,
atmosphere, and oceans as a single system is called the
“Earth System” (e.g., Condie, 2016).

Fig. 1 shows the coupling modes between the upper
high-viscosity layer (HVL) and the lower low-viscosity layer
(LVL). When the viscosity contrast between the two layers
is equal or sufficiently small, the two layers are mechani-
cally coupled (Yoshida and Hamano, 2016; Yoshida et al.,
2017). In this “mechanical (viscous) coupling mode,” the
vertical flows in the two layers move in opposing directions,
and the direction of the shear stress that drags the inter-
face between the two layers is identical (Fig. 1a). As the
viscosity contrast between air and water is approximately
two orders of magnitude, the atmosphere and ocean must
be mechanically coupled. Conversely, in fluid dynamics,
the “thermal coupling mode” is suggested as an opposing
model to the mechanical coupling mode (Fig. 1d) (Xie and
Xia, 2013; Sun et al., 2024). In the idealized image of the
thermal coupling mode in a two-layer convection without
viscosity contrast or with only a small viscosity contrast,
the direction of the vertical flow between the two layers is
identical (Ukaji and Sawada, 1970a; Ukaji and Sawada,
1970b; Ukaji and Sawada, 1971; Honda, 1982; Johnson
and Narayanan, 1997; Prakash et al., 1997).

Previous global mantle seismic tomography analyses
have revealed the large-scale horizontal structure of the
mantle (e.g., Ritsema et al., 2011; French and Romanow-
icz, 2014; Zhao, 2015; Lu et al., 2019). However, the large-
scale horizontal structure of the outer core cannot be de-
termined from seismic wave analysis because S waves do
not pass through the outer core composed of fluid iron, and
only a limited number of P waves are incident on the outer

core. Therefore, numerical simulations are the only viable
method for furthering our understanding of the large-scale
structure of the outer core.

Previous numerical studies of two-layer Rayleigh—
Bénard convection with an infinite Prandtl number have
indicated that the coupling mode between the two layers
changes from a mechanical coupling mode to a “transi-
tional mode,” as the viscosity contrast between the two lay-
ers increases (Yoshida and Hamano, 2016; Yoshida et al.,
2017) (Fig. 1b). In the transitional mode, the flow pattern in
the LVL periodically switches between two phases (i.e., the
mechanical and thermal coupling phases), separated by a
stagnation period. When the viscosity contrast is 10°—102,
the temporal frequency required for switching is several mil-
lion years (Yoshida et al., 2017).

The thermal coupling mode in two-layer Rayleigh—
Bénard convection with a large viscosity contrast has not
been investigated in previous studies. This is because
(1) numerical simulations are the only viable method for
studying thermal convection with an infinite Prandtl number
and (2) the most advanced supercomputers are required
to numerically resolve the thin thermal boundary layer of
ultra-high Rayleigh number convection. This study per-
formed an ultrahigh-resolution numerical simulation of two-
layer Rayleigh—Bénard convection with a viscosity contrast
of 10%.

2 Numerical model

The computational domain was confined in a two-
dimensional (2-D) spherical-shell geometry with a radius
of riop = 6,371 km and thickness of b = 5,149.5 km
along spherical polar coordinates (r,#), consisting of an
outer HVL and inner LVL (Fig. 2). The thicknesses of the
HVL and LVL were fixed at 2,891 and 2,258.5 km, respec-
tively, which correspond to the thicknesses of the mantle
and outer core of the Earth. The mechanical and ther-
mal boundary conditions at the top and bottom bound-
aries were impermeable, shear-stress-free, and isother-
mal. The layer was heated at the bottom-surface boundary
and cooled to the top-surface boundary.

The conservation equations for the mass, momentum,
and energy of thermal convection with an infinite Prandtl
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Fig. 1. Cartoon of the different coupling modes for two-layer Rayleigh—Bénard convection with a viscosity contrast. (a)
Mechanical (viscous) coupling mode, (b) transitional mode, (c) “downwelling-driven thermal coupling mode” proposed
in the present study, and (d) idealized thermal coupling mode. The solid and dashed black arrows indicate the flow
direction, and the green arrows indicate the direction of shear stress across the interface between the two layers. The
blue and red triangles indicate the negative and positive temperature anomalies, respectively.

number under the Boussinesq approximation have the fol-
lowing dimensionless forms (e.g., Schubert et al., 2001;
Yoshida, 2017):

V-v=0, (1)

0=—Vp+V- -0+ [1 +*y§§2f(r)] TRa& 3e,(2)

or

E—FLMVT:V?T, (3)

where v is the velocity, p is the dynamic pressure, o is the
deviatoric stress, n is the viscosity, ¢ is the time, T is the
temperature, g is the coefficient of thermal expansion of
the HVL, and e, is the radial component of the unit vector
(positive for upward direction). The constitutive equation is
given by

o =1[(Vo) + (Vo)"] (4)
where superscript T indicates the tensor transpose. The
adiabatic and viscous dissipation heating were not consid-
ered in the energy conservation equation (Eqg. (3)).

A key feature of the proposed numerical model is that
the two layers are continuously thermally and mechani-
cally coupled. Following a previous study, a function of
the Gaussian-type phase distribution, f(r), with a peak of
the effective thermal expansion coefficient at the interface
of the two layers was introduced in the buoyancy term of
Eqg. (2), to realize thermally and mechanically continuous
two-layer convection (Yoshida and Hamano, 2016; Yoshida
et al., 2017). Function f(r) is given by

f(r) = 5exp [— ( ‘w)] :

where r;,¢ is the radius of the interface between the two
layers, 3,480 km; and w is the half-width of the transition
boundary. For the simplicity of the numerical model, the
depth of the boundary between the HVL and LVL was fixed
in space and time and independent of physicochemical cir-
cumstances.

(%)
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Fig. 2. Numerical model for two-layer Rayleigh—Bénard convection with a highly viscous layer (HVL) in the outer shell
and low-viscosity layer (LVL) in the inner shell for a two-dimensional (2-D) spherical-shell geometry. The orange circle
indicates the interface between the HVL and LVL. The radial computational grids in the lower part below the green

dashed circle are 15 times finer than those in the upper part.

The dimensionless parameters in Eq. (2) are the ther-
mal Rayleigh number (Ra), boundary layer number (Rb),
layering parameter (), and ratio of the thickness of the
convection layer to the radius at the top surface boundary

(©):

AT gob? A b3
Raq = PHOQ0Z- 909 Rb = 2PLIY
KoTlHO KoM HO
ATE b
v=E—, §= : (6)
pPHO0YoD Ttop

where pgo is the density of the HVL, Ap;, is the density
difference between the two layers, AT is the temperature
drop across the convection layer, g, is the gravitational ac-
celeration, kg is the thermal diffusivity, g is the viscosity
of the HVL, and = is the degree of layering (subscript “0”

indicates the reference value in the HVL). The values of
the quantities and dimensionless parameters are listed in
Tables S1 and S2, respectively, in the Supplementary Ma-
terial.

The viscosity is spatiotemporally constant in each layer.
The reference viscosity of the HVL was fixed at ngo =
1022 Pa s, which is the typical viscosity of the Earth’s lower
mantle (e.g., Lau et al., 2016; Lambeck et al., 2017; Argus
et al., 2021). In contrast, the viscosity of the LVL, n,, was
taken as a free parameter in previous studies and set to
108 Pa s in this study. Thus, in this study, the viscosity con-
trast between the HVL and LVL, Any, = ngo/nL, was set to
10%, in contrast to previous studies in which A7y, reached
approximately 10% (Yoshida and Hamano, 2016; Yoshida
et al., 2017). The viscosity contrast of 10* is a higher limit
value considering the current computational power, even
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when performing parallel computation using 1,024 cores in
the Earth Simulator supercomputer at the Japan Agency
for Marine-Earth Science and Technology.

The thermal convection was computed using a
staggered grid and finite-volume-based code ConvRS
(Yoshida, 2010). The Semi-implicit Method for Pressure-
Linked Equations Revised (SIMPLER) algorithm was used
to compute the velocity and pressure fields on a staggered
grid (Versteeg and Malalasekera, 2007; Ferziger et al.,
2020). A multicolor relaxation scheme was used to solve
the coupled equations in Egs. (1) and (2) using the SIM-
PLER algorithm.

The numbers of the finite volumes were 4,096 and
4,096 in the radial and longitudinal directions, respectively.
The grid intervals for the longitudinal direction were ~9.7
and ~1.9 km at the top and bottom surface boundaries.
The grid interval in the lower part of the spherical shell was
15 times finer than that in the upper part; thus, the radial
grid intervals in the upper and lower parts of the spherical
shell were ~10.1 and ~0.7 km. In the preliminary run, the
thicknesses of the thermal boundary layers at the top and
bottom surfaces of the LVL were approximately 35 and 7
km, respectively, when the viscosity contrast between the
HVL and LVL was set to 10*. Therefore, the grid numbers
across the thermal boundary layers are ~50 (= ~35/0.7)
and ~10 (= ~7/0.7), respectively, which are significantly
larger than the minimum required number of grid intervals
(i.e., at least three grid intervals), guaranteeing the accu-
racy of the numerical solution of the Rayleigh—Bénard con-
vection (McKenzie and Parker, 1967; Moore and Weiss,
1973).

The initial condition of the thermal field used a previ-
ous solution of convection with A, = 10° (Yoshida et al.,
2017). After the temperature and velocity fields reached
a statistically steady state, the simulation was performed
for ~1000 million years (Myr), which is a sufficiently long
timescale comparable to Earth’s history.

3 Results

Fig. 3 shows snapshots of the temperature and velocity
fields obtained from the simulations. The convection speed
of the HVL is of the order of 1 cm yr—', which is compara-
ble to the convection speed of the mantle, whereas that of
the LVL is of the order of 100 cm yr—'. The convection
pattern of the HVL has remained stable for approximately
100 million years, whereas that of the LVL has exhibited a
strong time dependence (see Movie 1 in Appendix). The
convection pattern of the HVL becomes more stable as
the viscosity contrast between the HVL and LVL increases
(Yoshida and Hamano, 2016; Yoshida, 2023a). This is be-
cause when the viscosity contrast increases, the coupling
model between the two layers switches from a purely me-
chanical coupling mode to a different coupling mode.

Habitable Planet, 2025, 1(1&2):145—-156

The previous numerical model with An; of up to 10°
demonstrated that the temporally averaged temperatures
in the HVL and LVL increased with increasing Any. Fig. 4
shows that this trend was confirmed even when Az, = 10*
(red curve in Fig. 4a). The effective Rayleigh number in
each layer is defined as follows:

_ pao (AT) gob®

KoTlHO

Racg (7)
where (AT) denotes the temporally averaged temperature
difference across the layers. Because the average temper-
ature of the interface between the two layers is ~1800 °C,
Racg of the HVL was estimated as ~4.2 x 10°, and Ra.g of
the LVL was estimated as ~1.8 x 10'°, which is a sufficiently
large Rayleigh number for realizing chaotic convective flow
(Fig. 3b).

In the LVL, the thermal boundary layer of the top surface
(“P” in Fig. 4b) is thicker than that of the bottom surface
(“Q” in Fig. 4c). The downwelling instability that developed
in the thick thermal boundary layer (Fig. 3b) was caused
by a large heat flux at the interface between the two lay-
ers, which was due to the downwelling plumes of the HVL.
Concurrently, the upwelling plume originating from the bot-
tom thermal boundary layer of the LVL contributes to the
emergence of downwelling instability. Previous numerical
simulations of thermal convection with an infinite Prandtl
number and Rayleigh number of 1 x 10!° demonstrated that
upwelling plumes are extremely weak and cannot reach the
top surface boundary layer (Vecsey, 2003; Vecsey et al.,
2003). In contrast, in the LVL of the present simulation, the
upwelling plumes originating at the bottom surface bound-
ary were sufficiently strong to reach the top surface bound-
ary layer (Fig. 3b) owing to the return flow of the strong
downwelling plumes.

Fig. 5a and b demonstrate a spatiotemporal analysis of
the temperature anomaly (67) field (i.e., temperature de-
viation from average at each radius) across the interface
between the two layers. The patterns of radial and lon-
gitudinal velocities correspond to that of 67 (Fig. 6a and
b). At the mid-depth of HVL (i.e., a radius of 4,925.5
km), the distributions of negative and positive 47" exhibit a
striped pattern, indicating that the longitudinal locations of
the downwelling and upwelling plumes in the HVL are prac-
tically stationary against the long-elapsed time (Fig. 5a).
Conversely, in the LVL, the patterns of negative and pos-
itive 97T are chaotic, indicating that the behavior of down-
welling and upwelling plumes is spatiotemporally vigorous
(Fig. Bb). The most striking feature of the convection in the
LVL is that the low temperature-anomaly region (wide blue
band marked by “L” in Fig. 5b) dominates the time-space
rather than the high temperature-anomaly region (narrow
red band marked by “H” in Fig. 5b). This indicates that con-
vection in the LVL was primarily dominated by the down-
welling flow. In this study, this coupling mode is called
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Fig. 3. Snapshots of temperature and velocity fields in the HVL and LVL (a, c, and e), with close-up views focusing on
the interior of the LVL (b, d, and f). The viscosity contrast between the HVL and LVL is An; = 10*. The elapsed times
are (a and b) ~25 Myr, (c and d) ~50 Myr, and (e and f) ~75 Myr from the start of the simulation. See also Movie 1 in
Appendix.

as “downwelling-driven thermal coupling mode” (Fig. 1c), The shear stress across the interface is defined by

in contrast to the well-known “thermal coupling mode” ob- 19 5

served in a two-layer thermal convection with a low Prandtl Tor =1 <_ Ur L 9V _ ”_¢) : 8)
number, in which the upwellings and downwellings are syn- rdp - or r

chronized between the two layers (Fig. 1c). where v, and v, are the radial and longitudinal velocities.
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Fig. 4. (a) Radial profiles of the temporally averaged temperatures at each radius for the models with a viscosity contrast
of An;, =1 (i.e., no viscosity contrast between the LVL and HVL, dotted black), 10" (blue), 10 (green), 10° (orange),
and 10* (red). (b and c) Close-up view focusing on the profiles near the interface between the two layers at a radius of
3,480 km (b) and the bottom surface boundary at a radius of 1,221.5 km (c).

In the idealized thermal coupling mode, the direction of the
shear stress across the interface should be the opposite
(Fig. 1c). In contrast, in the downwelling-driven thermal
coupling mode, the directions of shear stress across the
interface are identical, indicating that negative (positive)
T4 just above the interface corresponds to the negative
(positive) 14, just below the interface (Fig. 5¢ and d). The
corresponding normal stresses in the radial and longitudi-
nal directions across the interface show that the upwelling
plumes exert tension on the interface and the downwelling
plumes exert compression on the interface (Fig. 6¢ and d).
This mechanical interaction between the two layers also
provides evidence that the two-layer convection shown in
Fig. 3 consists of a new thermal-coupling mode that has
not been presented in previous studies.

4 Discussion

4.1 Implications for the top-down dynamics of the Earth

On Earth, the lower mantle is a solid silicate layer with
perovskite and post-perovskite compositions, whereas the
outer core is a fluid iron-nickel alloy. Therefore, although
the lower mantle is slightly cooler, it is still lighter than the
underlying liquid core, preventing mass transfer from the
mantle to the core. Nevertheless, heat transfer from the
mantle to the core may be possible via a thermal boundary
layer between the two (i.e., core-mantle boundary; CMB).
In the downwelling-driven thermal coupling mode, in which
the upwelling flow is not directly linked between the two lay-
ers (Fig. 1c), heat is transported relatively slowly from the
LVL to the HVL compared to the idealized thermal coupling
mode (Fig. 1d). This is consistent the extremely slow cool-

ing of the Earth (~80°C over 1 billion years) (e.g., Herzberg
et al., 2010).

Based on recent geochemical and geophysical obser-
vations of the Earth, lateral variations in water distribution,
seismic velocity, and electrical conductivity of the mantle
show a hemispherical structure (lwamori and Nakamura,
2015; lwamori et al., 2022) (Fig. 7). A top-down link from
the supercontinents through the mantle and outer core to
the inner core has been proposed; namely, surface tec-
tonics (i.e., cold-plate subduction) control the formation of
large-scale structures throughout the entire solid Earth.
The convection pattern and heat transfer between the two
layers obtained in the present simulation imply that con-
vection in the highly viscous mantle controls convection
in the extremely low-viscosity outer core in a top-down
manner. Such thermal and mechanical interactions be-
tween the mantle and the outer core can be explained by
the downwelling-driven thermal coupling mode proposed
in this study. This coupling mode effectively cools the core
and releases heat from the deep Earth to the surface.

The behavior of subducting plates is crucial to the
top-down dynamics hypothesis. Several studies have
suggested that the subducting plates are not driven by
negative buoyancy (i.e., slab pull) (e.g., Cruciani et al.,
2005; Faccincani et al., 2021). Faccincani et al. (2021)
demonstrated that the density of the oceanic lithosphere
is smaller than the underlying asthenosphere through a
theoretical mineral physics analysis. In truth, understand-
ing the main driving force behind plate subduction remains
one of the major challenges in modern geophysics. Re-
cently, using an instantaneous global mantle flow calcula-
tion, Yoshida (2023b) demonstrated that buoyancy-induced
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Fig. 5. (a and b) Longitudinal and temporal variations of the temperature anomaly (67") at mid-depth of the HVL (i.e.,
radius of 4925.5 km; a) and at mid-depth of LVL (i.e., radius of 2350.8 km; b). “L” and “H” indicate the low and high
temperature-anomaly areas, respectively. (¢ and d) Longitudinal and temporal variations of the shear stress (ry,) just
above (c) and below the interface between the two layers (d). The shear stress (7,,) is positive at ¢ = 360°.

asthenospheric flow in the shallow upper mantle is essen-
tial for reproducing the observed plate motion of the Pacific
Plate, indicating that the primal driving force of the plate
motion is mantle drag. In any case, the large amount of
subducted plate accumulated at the CMB may affect the
temperature structure of the uppermost part of the outer
core.

For simplicity, the present model is based on the
Boussinesq approximation; thus, adiabatic heating is not

considered in the HVL. However, the lower mantle is con-
sidered to have subadiabatic conditions, meaning that the
potential temperature is too low to stimulate mantle convec-
tion (e.g., Birch, 1951; Jeanloz and Morris, 1987). Ander-
son (2002) suggested that irreversible mantle stratification
was caused by convection in the mantle, which conveyed
higher-density elements (e.g., Fe) into the lower mantle,
thereby enhancing mantle stratification. However, even
when adiabatic temperature gradients are incorporated
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Fig. 6. (a) Longitudinal and temporal variations of the vertical velocity (v,) at mid-depth of the HVL (i.e., radius of 4925.5
km; upper panel) and LVL (i.e., radius of 2350.8 km; lower panel). The vertical velocity (v,.) is positive upward. (b)
Longitudinal and temporal variations of the longitudinal velocity (v4) at mid-depth of the HVL (i.e., radius of 4925.5 km,
upper panel) and at LVL (i.e., radius of 2350.8 km, lower panel). The longitudinal velocity (v4) is positive at ¢ = 360°.
(c) Longitudinal and temporal variations of the normal stress in the radial direction (7,..) above (upper panel) and below
(lower panel) the interface between the two layers. (d) Longitudinal and temporal variations of the normal stress in the
longitudinal direction (7,,) above (upper panel) and below (lower panel) the interface. The normal stresses in each
direction are given by 7., = 2n(0v,/0r) and 144 = 2n(0vs/rdd + v, /1), Where v, and vy are the radial and longitudinal
velocities and 7 is the viscosity. Negative and positive values indicate the compressive and tensional stresses, respec-

tively.

into numerical simulations of mantle convection, the sub-
ducting plates still reach the CMB (e.g., Yoshida, 2008b).
Indeed, seismic tomography models consistently detect
high-velocity seismic anomalies above the CMB, that rep-
resent the accumulation of subducted plates (e.g., Ritsema
et al., 2011; French and Romanowicz, 2014; Zhao, 2015;
Lu et al., 2019).

4.2 Future directions for the whole solid-Earth numerical
simulation

Because the geometry of the actual Earth is spherical,
the present 2-D model must be updated to a 3-D model
as supercomputers become more advanced in the future.
Recently, Demou et al. (2024) performed direct numerical
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Western Hemisphere

OB MORB

Fig. 7. Schematic illustration of “top-down hemispherical dynamics” of the Earth’s interior from geochemical and geo-
physical observations modified from previous publications (lwamori and Nakamura, 2015; lwamori et al., 2022). The
many streaks in the mantle indicate the melt component that accumulates near the boundary between the mantle and
outer core. In the Eastern Hemisphere (orange region), the hydrophile component is enriched in the mantle and the
seismic velocity in the inner core is relatively high, whereas in the Western Hemisphere (cyan region), the hydrophile
component is depleted in the mantle and the seismic velocity in the inner core is relatively low. The existence of large-
scale cold downwelling in the outer core of the Eastern Hemisphere (white solid arrows) is proposed in this study. The

green arrows under the plates indicate mantle drag.

simulations to study two-layer Rayleigh—Bénard convection
with a low Prandl number and 10° < Ra < 10% in 3-D
Cartesian space. In contrast, the present numerical model
is limited to a 2-D spherical shell geometry owing to the
constraints of current computational power. However, be-
cause columnar cells parallel to the axis of rotation domi-
nate the extremely low-viscosity outer core of the real Earth
(e.g., Busse, 1970; Kono and Roberts, 2002), the present
2-D spherical shell model is reasonable and approximates
convection along a cross-section of the equator. Further-
more, aiming for a “Whole Solid-Earth Numerical Simula-
tion” (Yoshida, 2023a), future 3-D models will need to con-
sider the growth of the inner core.

The major limitation of the present numerical model is
that the studied convection regime is not directly applica-
ble to the fluid core. In the core, the largest dynamic term
is the Coriolis force, and the main force balance is mag-
netostrophic (i.e., the Coriolis, pressure, buoyancy, and
Lorentz forces). The inertial accelerations were orders of
magnitude larger than those of the viscous forces. Even
if we focus on pure thermal convection (neglecting the
Lorentz force), the first-order dynamics of convection in
the fluid core must include the Coriolis force and acceler-
ation terms. These effects must be considered in future
two-layer convection models with larger viscosity contrasts

between the HVL with an infinite Prandtl number and the
LVL with a finite Prandtl number. In such cases, further
advances in supercomputer capabilities are required to de-
velop higher-resolution models.

As stated in Section 2, in the present model, the depth
of the boundary between the HVL and LVL is fixed in space
and time. In the real Earth, in contrast with earlier seismo-
logical results revealing that large-scale topographic am-
plitudes exceeds +~4 km (e.g., Morelli and Dziewonski,
1987), more recent studies have implied smaller peak am-
plitudes of +~1.5 km (e.g., Koper et al., 2003; Sze and
van der Hilst, 2003; Tanaka, 2010). A numerical study us-
ing the instantaneous mantle flow model suggested that,
to account for the small CMB topography inferred from
these seismological results, lateral viscosity variations in
the mantle, compositionally dense piles in the deep man-
tle, and a low-viscosity D” layer are required for the nu-
merical models (Yoshida, 2008a). Using a 2-D numerical
simulation of mantle convection, Heyn et al. (2020) pre-
dicted a short-wavelength topographic depression with a
width of ~100 km surrounding the thermo-chemical pile,
named Large Low Shear Velocity Provinces (LLSVPs).
They suggested that the depth of this depression depends
on the viscosity contrast between the surrounding mantle
and these piles. If such small-scale CMB topography be-
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comes seismologically observable in the future, the validity
of the numerical simulation models used in this and previ-
ous studies can be verified.

5 Conclusions

In this study, to investigate the coupling mode in man-
tle and outer-core convection of the Earth, an ultra-high-
resolution numerical simulation of two-layer convection
with a viscosity contrast of 10* was performed using 1,024
cores in a supercomputer. The concluding remarks are as
follows.

1. The effective Rayleigh number of convection in
the inner low-viscosity layer reached approximately
2x10'%, which is the larger that those used in previ-
ous numerical simulations of thermal convection with
an infinite Prandtl number.

2. The spatiotemporal analysis of convection confirmed
a new thermal coupling mode in two-layer convec-
tion, primarily driven by downwelling plumes, called
“downwelling-driven thermal coupling mode” in the
present study. This coupling mode is different from
the standard “thermal coupling mode” in two-layer
convection with the constant viscosity.

3. When applied to the coupling between the mantle
and outer core of the Earth’s interior, whose geo-
physical and geochemical structures are considered
nearly hemispherical relative to the axis of rotation,
this coupling mode effectively cools the core. Con-
versely, heat from the Earth’s core is being slowly re-
leased to the Earth’s surface via mantle convection.

Appendix

Movie 1 can be found at https://doi.org/10.5281/
zenodo.14226711. This movie shows the temperature and
velocity fields in the highly viscous layer (HVL) and low-
viscosity layer (LVL) (left panels) with close-up views focus-
ing on the interior of the LVL (right panels). The viscosity
contrast between the HVL and LVL was Any, = 10%.
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