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Geomagnetic dipole moment collapse by convective mixing in the core
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[1] Convective mixing in the fluid outer core can induce
rapid transient decrease of the geomagnetic dipole. Here we
determine rates of dipole moment decrease as a function of
magnetic Reynolds number following convective instability
in a numerical dynamo and in axisymmetric kinematic
flows. Our calculations show that mixing flows induce
reversed magnetic flux on the core-mantle boundary through
expulsion of mostly poloidal magnetic field by convective
upwellings. The dipole field collapse is accelerated by
enhanced radial diffusion and meridional advection of
magnetic flux below the core-mantle boundary. Magnetic
energy cascades from the dipole to smaller scales during
mixing, producing a filamentary magnetic field structure
on the core-mantle boundary. We find that the maximum rate
of dipole moment decrease on century time scales is weakly
sensitive to the mixing flow pattern but varies with the
velocity of the flow approximately as cRm”, with.Rm the
magnetic Reynolds number and (¢, 8) ~ (0.2 £0.07, 0,78 +
0.05). According to our calculations, a mixing flow in the
outer core with Rm in the range of 200—300 can account for
the historically-measured rate of decrease of the geomagnetic
dipole moment, although it is unlikely that a single mixing
flow event with this intensity would cause a full.dipole
collapse or polarity reversal. Citation: Liu, L.jyand P. Olson
(2009), Geomagnetic dipole moment collapse by convective
mixing in the core, Geophys. Res. Lett., 365 LXXXXX,
doi:10.1029/2009GL038130.

1. Introduction

[2] The geomagnetic dipolé:moment is decreasing at a
rate of nearly 6% per century [Langel et al., 1980; Hulot
et al., 2002], which is‘atileast one order of magnitude faster
than the free decay rate of the fundamental dipole mode in
the core [Olson and Amit, 2006]. This decrease has been
sustained for the past 160yyears [Jackson et al., 2000].
There is new evidence the”axial dipole moment changed
relatively little between 1590 and 1840 [Gubbins et al.,
2006; Finlay, 2008]. Extensive patches of reversed magnetic
flux have evolved on the core-mantle boundary (CMB) over
this time [Bloxham and Gubbins, 1985] that have contributed
to the observed dipole moment decrease [Gubbins, 1987].
Meanwhile there has been relatively little change in the total
magnetic flux crossing the CMB [Benton and Voorhies,
1987].

[3] A variety of mechanisms have been suggested for
inducing the reversed magnetic flux patches and producing
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the dipole moment/decrease. These include expulsion of
reversed magnetic field/across the CMB following resistive
instabilities of the toroidal magnetic field inside the core
[Bloxham, 1986] possibly related to inner core size [Stanley
et al., 2007], and'the growth and poleward propagation of
kinematic dynamo,waves [Gubbins, 1987]. Like resistive
instabilities, ,dynamo wave mechanisms are limited by
magnetic diffusion [Gubbins and Gibbons, 2002] and are
therefore expeeted.to develop on relatively long time scales
in the outer core.

[4]" Numerical dynamos reveal there are fast, advection-
driven mechanisms for reducing dipole moment that are
induced by fluctuations in the amplitude and pattern of
convection. On average, convection in the outer core con-
tributes‘energy to the dipole field in order to maintain the
geodynamo against Ohmic dissipation. But because the
convection is time variable, it sometimes has the opposite
effect, extracting energy from the dipole field by advective
mixing and enhanced magnetic diffusion. These mixing
events happen when instabilities reduce the symmetry of
the flow [Nishikawa and Kusano, 2008], especially during
transition between bistable dynamo states [Simitev and
Busse, 2009] and are associated with increases in the ampli-
tude and time-variability of convection [Olson et al., 2009].
Velocity fluctuations in chaotic numerical dynamos are
enhanced by the action of the Lorentz force on the fluid,
which is heterogeneous in space and time [Christensen and
Wicht, 2007].

[s] Several independent lines of evidence indicate that
the geodynamo is subject to mixing events. The long-term
behavior of the geomagnetic dipole moment is characterized
by continuous large-amplitude intensity fluctuations [Valet
et al., 2005] including many periods of rapid decrease. On
shorter time scales, the pattern of core flow inferred from the
geomagnetic secular variation includes significant changes
occurring over decades or less [ Voorhies, 1995; Holme, 2007;
Amit and Olson, 2008; Olsen and Mandea, 2008]. In addi-
tion, equatorial symmetry of the core flow in some frozen
flux analyses of the secular variation is rather low [Amit and
Olson, 2006], which is qualitatively consistent with dynamo
model behavior during dipole collapse. Taken together, this
evidence suggests that dipole mixing occurs frequently in
the outer core and may be active now.

2. Magnetic Mixing Flows

[6] We consider the effects of convective instability due
to an unstable thermal gradient in a rotating, electrically
conducting fluid with an initially axial dipolar magnetic
field in the core. This is an idealization of the types of
flow variability that occur spontaneously in a continuously-
evolving dynamo. In this case the initial state corresponds to
zero flow and free magnetic decay and the convective
instability produces flows that result in the mixing event.
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