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It is widely accepted that the Earth’s magnetic field is
powered by a convection-driven dynamo operating in
its liquid iron core. The twentieth century witnessed
remarkable advances in the field of magnetohydro-
dynamics, which eventually led to three-dimensional
computer simulations of the geodynamo. In this
review we look at the significant developments that
shaped our present understanding of magnetic field
generation in the Earth’s core. We also examine the
successes and shortcomings of current geodynamo
models.
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Introduction

THE Earth has a large-scale dipolar magnetic field, a fact
of historical importance because of the role of the mag-
netic compass in the exploration of our planet. The mag-
netic lines of force originate from the magnetic North and
South Poles, which are presently about 11.5° away from
the geographic North and South Poles. The Earth’s mag-
netic field acts as a shield against high-energy particles
from the Sun and outer space, thereby protecting our
atmosphere and the life that it supports. No better reason
can be given for understanding the Earth’s magnetic field
and its evolution over 4 billion years. The Earth’s field
has varied considerably over geological time, sometimes
being weak, sometimes strong and intermittently revers-
ing direction completely, so that North becomes South
and South becomes North. This pattern of changes,
and notably the polarity flips, have left a distinctive
fingerprint on the surface of the Earth. Palacomagnetists
examine rocks and seabed sediments which formed in
ancient times to follow the long-time behaviour of
the geomagnetic field. For instance, magnetic minerals
crystallize in cooling lava flows and orientate themselves
towards the magnetic North Pole. This magnetic record
is permanently locked in the rocks when they harden.
Data from volcanic rocks and sediments show that the
last flip in magnetic field polarity occurred about 780,000
years ago. Direct vector measurements of the geomag-
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netic field were pioneered by Carl Friedrich Gauss in the
1830s, and since the 1960s an excellent global distribu-
tion of the field has been provided by satellites. However,
at lengthscales shorter than 2600 km the core magnetic
field is obscured by the remnant crustal field, thus
limiting our knowledge of the field in the planet’s deep
interior.

The concept of magnetic field generation goes back to
Michael Faraday, who showed that an electrical conduc-
tor moving in a static magnetic field produces an electric
current. This was the principle behind his disk dynamo,
which consisted of a conducting disk spinning in a mag-
netic field. The next step was to examine whether this in-
duced electric current could, in turn, produce a magnetic
field that reinforces the original field. A disk dynamo can
be designed such that the induced electric current flows
through a loop in the same direction as the sense of spin';
this results in an induced magnetic field that points in the
same direction as the pre-existing field. It was Larmor?
who first suggested that an electrically conducting fluid
in which suitable motions were produced could sustain
magnetic fields in the Sun and Earth. Earlier studies in
seismology™ had already led to the inference that the
Earth’s outer core is liquid because of its inability to
transmit transverse (shear) waves. Hence Larmor’s idea
of a self-excited fluid dynamo was an attractive proposi-
tion for the Earth. Why do we need a dynamo theory for
the Earth? If there were no fluid motions in the core, any
primordial magnetic field would have decayed away on a
timescale of ~10" years'. Yet, the Earth has had a mag-
netic field for ~10° years, which can be explained by a
process of field generation through induction in its core.
Fluid motion in the outer core is thought to be driven
either by natural convection or by buoyant plumes of
light material released from the boundary of the inner
core as pure iron crystallizes’. The presence of dissolved
radioactive heat sources cannot be ruled out. The iron-
rich core ensures that the motion of the fluid in a mag-
netic field is an inductive process that generates new
magnetic field through stretching and twisting of flux
tubes by the background velocity, the process being
limited by magnetic diffusion. Alternative mechanisms
for generation of the Earth’s magnetic field, such as
thermoelectric and electrochemical effects, have been
proposed, but they cannot plausibly provide the energy
required to maintain the observed field.
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SPECIAL SECTION:

Although observation of the Earth’s magnetic field has
a long history of over 400 years®, geodynamo theory
made significant progress only in the last century due to
advances in the subject of magnetohydrodynamics
(MHD), which deals with the flow of electrically con-
ducting fluids in magnetic fields. The development of
numerical methods and solutions and the advent of fast
computers aided this progress. The self-consistent
dynamo problem requires solution of the MHD equations,
which simultaneously determine the magnetic field,
velocity and temperature (or composition) in a conduct-
ing fluid. Recent advances in computational ability have
enabled us to perform three-dimensional simulations of
the geodynamo, which provide realizations of geomagnetic
field features such as the dipolar structure, secular varia-
tion (time-changes of the magnetic field), high-latitude
magnetic flux concentrations and polarity reversals. The
aim of this article is to discuss the progress made over the
decades in modelling the geodynamo and the challenges
that lie ahead. This review is by no means exhaustive;
aspects of the geodynamo not covered here can be found
in earlier reviews’ ',

Early developments in geodynamo theory

It was natural for early investigators to consider rotating
MHD systems in which both the velocity and magnetic
fields were axisymmetric. As the Earth’s external field is
essentially a dipole, one might look at a steady, axisym-
metric dynamo in which the magnetic field B is poloidal,
(B,, 0, B,) in cylindrical polar coordinates (r, &, z). The
electric current j is then toroidal, (0, jg, 0). The velocity
field u is also poloidal. Cowling'? considered such an ide-
alized system and concluded that an axisymmetric mag-
netic field could not be supported by axisymmetric fluid
motions. His argument was that an axisymmetric poloidal
field always has a neutral ring where B, and hence j are
zero. This anti-dynamo theorem showed that nonaxisym-
metric configurations had to be considered to make pro-
gress in dynamo theory. (It was, however, shown later that
axisymmetric flows could support non-axisymmetric
fields.) It was Elsasser’> who initiated the study of the in-
teraction between non-axisymmetric (three-dimensional)
velocity and magnetic fields. He also suggested decom-
posing the two fields into poloidal and toroidal compo-
nents and then expanding them in spherical harmonics.
This approach was developed further by Bullard and
Gellman'* and is being used in dynamo models today. For
nstance,

u=Vx(r)+VxVx(Pr), (1)
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where 7" and P are the toroidal and poloidal components
of w and Y7 is a normalized spherical harmonic function.

Bullard and Gellman outlined a cyclic process by
which a poloidal magnetic field can regenerate itself (see
pages 259-260 of their paper)'*. A toroidal field is swept
out from an existing poloidal field through differential
rotation (Figure 1a); and an upwelling followed by a
twist recreates a poloidal field from a toroidal field
(Figure 1 5). These two events came to be known as the
w-effect and the oreffect respectively. The concept of the
oeffect was developed further by Parker'”, who sug-
gested that the deformation of the toroidal field can hap-
pen in cyclones and anticyclones similar in structure to
those found in the atmosphere. Steenbeck er al.'® provided
a mathematical framework for the o-effect by noting
that a small-scale, non-axisymmetric velocity u’ interacts
with a small-scale magnetic field b’ to generate a large-
scale electromotive force E =u’xb’, which, in turn, is
proportional to the mean magnetic field B,. (The constant
of proportionality here is denoted by ) The small-scale
motion can be generated in the Earth’s core either by free
convection or by buoyant blobs of light elements released
from a mushy zone near the inner core boundary”.

The popularity of the o-effect inevitably led to the
kinematic dynamo problem' >, which addresses the
question of whether a given flow can generate a magnetic
field or not. The magnetic field is governed by Maxwell’s
equations and Ohm’s law for a moving conductor®’. Com-
bining these gives the magnetic induction equation,
which determines the evolution of B:
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Figure 1. Schematic of the o—w dynamo cycle™'®™ a, An initial

poloidal field is swept by differential rotation to give a toroidal field,
b, Fluid motion lifts and twists a toroidal field line to produce a pol-
oidal field loop.
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where # is the magnetic diffusivity. Magnetic field
growth happens when convection of B, given by the first
term on the right-hand side, exceeds magnetic diffusion,
given by the second term. The ratio of the two terms
gives the magnetic Reynolds number, Rm = /7, where
uy 1s the typical velocity and L is the lengthscale.

Although kinematic dynamos have been successful in
telling us which flows can produce magnetic fields
resembling that of the Earth, they have ignored the effect
of the magnetic field on the velocity. To ensure the cou-
pled evolution of u and B, the induction equation (3)
must be solved in conjunction with the momentum equa-
tion for a liquid metal. And if the flow is driven by, say,
thermal convection, then the temperature must also be
solved for.

We therefore have the additional equations,

N Vs 20xu=—tvps Ly

ot Ao Po
d (VxB)xB+vV7u, )
Loty

aa—f+ (u-W)T = kVT +Q,, )

where u and B also satisfy the divergence-free conditions

V.u=0, V-B=0. 6)

The terms on the left-hand side of eq. (4) represent linear
and nonlinear inertia (which together give the material
derivative Du/Dr), and the Coriolis force. The forces on
the right-hand side are, in order of appearance, the fluid
pressure modified by centrifugal acceleration, buoyancy,
magnetic (Lorentz) force and viscous diffusion. In the
above equation, o is the permeability of free space,
(1/4)V x B the current density j by Ampere’s law, Q the
background rotation vector that points in the z-direction,
g the local gravity pointing downward, p and g, the local
and far-field densities, x the thermal diffusivity and Q; a
uniform volumetric heat source/sink.

Before discussing the solutions of the MHD eqs (3)—
(6), a note on convection subject to rotation and magnetic
field is appropriate.

Onset of convection and the effects of rotation
and magnetic field

The classical problem of Rayleigh—-Bénard convection
consists of a fluid layer confined between two plates of
infinite horizontal extent and heated from below. The dif-
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ference in temperature across the layer, A7 is related to
the difference in density, Ap via the Boussinesq approxi-
mation, which gives Ap=—po AT, where £ is the volu-
metric expansion coefficient and py is the density at the
upper boundary, where the temperature is 7. As the tem-
perature difference across the layer exceeds a critical
value, up-and-down convective motions are set up. The
driving force for these motions is buoyancy, which is the
difference between the force of gravity acting on light
and heavy fluid elements. Now, the effect of background
rotation on this fluid layer may be understood by looking
at the curl of the momentum conservation eq. (4) for an

incompressible fluid incorporating the Boussinesq
approximation:
Jm
Eﬂl ‘Vo-(2Q+ ) Vu
. 1
=Vxgflz+ V X[(VxB)x B]+VV’w, (7)
o

where o is the vorticity. 7 is the total temperature, which
is the sum of the basic state (conductive) temperature and
the deviation from this state. If we consider slow and
steady motions in an inviscid fluid and assume there are
no body forces arising either from the magnetic field or
from temperature (or density) perturbations, then we
immediately obtain 2Q0du/dz = 0, the famous Proudman—
Taylor theorem®*>. This axial invariance of velocity is
also known as the geostrophic state, where the Coriolis
force 20,82 X u is in exact balance with the horizontal
pressure gradient —Vp in eq. (4). As the flow is purely
two-dimensional, it cannot transmit heat across the fluid
layer. Evidently, the onset of convection can occur only if
the Proudman-Taylor (or rotational) constraint is broken,
which would be the case if viscous diffusion is present®”.
The smaller the viscosity, the more difficult it is to start
convection because the buoyancy forces must be large. In
rotating convection the flow takes the form of rolls (Taylor
columns) aligned with the axis of rotation. Later we shall
look at the consequences of the Proudman—Taylor theorem
for convection in the Earth’s core.

We now consider the case when the above fluid layer is
electrically conducting and permeated by a magnetic field,
B. The Lorentz force in eq. (7) overcomes the rotational
constraint by inducing velocity gradients via the Coriolis
force 2Q0u/dz, a process that occurs even for zero visco-
sity. The effect of the magnetic field may also be under-
stood from energy arguments. An axially varying
azimuthal field causes axial variations in the lengthscale
of the fluid columns perpendicular to Q, with regions in
a strong field being preferentially thicker than regions in
a weak field. Any increase in lateral dimension of the col-
umns would result in reduced energy dissipation, so that
buoyancy does not have to work so hard to maintain
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