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THE EARTH’S MAGNETIC FIELD AND ITS DYNAMO ORIGIN

BINOD SREENIVASAN*

The Earth’s magnetic field is powered by convection occurring in its fluid outer core. Variations in
the intensity of core convection over geological time are believed to cause the highly dynamic
behaviour of the geomagnetic field, which includes excursions and occasional polarity reversals.
Although numerical models of the geodynamo operate in regimes far from that in the Earth’s core,
they reproduce the dipole-dominated structure of the field in a large region of the parameter space
as well as reversals in strongly driven convection.
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Introduction

It has been known for centuries that the Earth has a
large-scale magnetic field of internal origin. The earliest
discoveries related to geomagnetism are credited to the

Chinese, who used compasses made of lodestone for
navigation. Gilbert, in his treatise De Magnete (1600),
proposed that the force acting on a compass needle
originated within the Earth. Subsequently, navigators
measured the angle between the magnetic north and true
north - known as the magnetic declination - to conclude
that the Earth’s field was in fact slowly changing with time.
Halley1,2 observed a systematic westward drift of the field,
which he attributed to the slightly slower rotation of the
planet’s solid core relative to its crust, a hypothesis that
relied on the assumption that the core was uniformly
magnetized. However, it was later evident that the
permanent magnetism of ferromagnetic materials cannot be
sustained above the Curie temperature, so the Earth’s field
must have its origins in electric currents induced within
the core. Through his famous disk dynamo, Faraday showed
that an electrical conductor moving in a static magnetic
field produces an electric current. If a disk dynamo operates
such that the induced electric current flows through a loop
in the same direction as the sense of spin3, an induced
magnetic field forms that reinforces the pre-existing field.
In 1919, Larmor4 proposed that motions of an electrically

conducting fluid could sustain the magnetic fields in
sunspots. Earlier studies in seismology5,6 had led to the
inference that the Earth’s outer core is liquid because of
its inability to transmit shear waves.  Hence Larmor’s idea
of a fluid dynamo was an attractive proposition for the
Earth and many other planetary bodies. If there were no
fluid motions in the Earth’s core, an initial magnetic field
would have decayed away by ohmic diffusion on a
timescale of ~104 years3. Yet, the Earth has had a magnetic
field for at least 3 billion years7, which can be explained
by a process of field generation through induction in its
core.

Fluid motion in present day Earth’s core is thought
to be driven by thermo-chemical convection. Buoyant blobs
of light elements released from the boundary of the inner
core constantly stir the fluid outer core, apart from bulk
motion arising from temperature differences. Current
estimates of the age of the inner core are less than 1 Gyr8.
It is therefore likely that the Earth’s dynamo has operated
in its early stages, that is, before inner core nucleation, on
purely thermal convection caused by gradual cooling. The
geodynamo problem requires solution of the
magnetohydrodynamic (MHD) equations, which
simultaneously determine the magnetic field, velocity and
temperature (or composition) in a conducting fluid confined
between two spherical surfaces. Considerable progress has
been made in modelling convection in rotating spherical
shells and their consequences for dynamo action9,10. In
particular, dynamo models have been successful in



VOL. 84, NOS. 11–12 385

reproducing two key features of the geomagnetic field –
its large-scale dipole-dominated structure and occasional
polarity reversals. This paper summarizes some of the
influential developments in geodynamo theory.

A Brief History of Geodynamo Theory

Elsasser11 initiated the study of the interaction between
three-dimensional velocity and magnetic fields in the
context of the Earth’s core. He suggested decomposing the
two fields into poloidal and toroidal components and then
expanding them in spherical harmonics. This approach was
developed further by Bullard & Gellman12 and is being
used in many dynamo models. For example,
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where T and P are the toroidal and poloidal components
of u, r̂  is the unit vector in the radial direction and m

lY
is a normalized spherical harmonic function.

Bullard & Gellman outlined a cyclic process by which
a poloidal magnetic field can regenerate itself. A toroidal
field is swept out from an existing poloidal field through
differential rotation (figure 1a); and a helical motion
comprising an upwelling and a twist recreates a poloidal
field from a toroidal field (figure 1b). These two events
are popularly known as the Ω-effect and the α-effect
respectively. Parker13 independently developed the theory

Figure 1: Schematic of the α–Ω dynamo cycle.3,12 (a) An initial poloidal
field is swept by differential rotation to produce a toroidal field; and (b)
an upwelling lifts and twists a toroidal field line to produce a poloidal
field loop. (Figure adapted from Sreenivasan, Curr. Sci. (2010), 99, 1739–
1750).15

of dynamos based on the Ω and α effects and suggested
that the helical motion that produces the poloidal field can
happen in cyclonic and anticyclonic vortices. Steenbeck et.
al14 provided a mathematical framework for the α-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 b , which, in turn,
is proportional to the mean magnetic field B0. (The constant
of proportionality here is commonly denoted by α.)

The kinematic dynamo problem16,17 addresses the
question of whether or not a given flow u can generate a
magnetic field B. The magnetic field is governed by
Maxwell’s equations and Ohm’s law for a moving
conductor18. Combining these gives the magnetic induction
equation, which determines the evolution of B:
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Here, η is the magnetic diffusivity, which is related
to the magnetic permeability μ and the electrical
conductivity σ by η = (μσ)–1. Magnetic field growth
happens when convection of B, given by the first term on
the right-hand side of equation (3), exceeds magnetic
diffusion, given by the second term. The ratio of the two
terms gives the magnetic Reynolds number, Rm = u*L/η,
where u* is the characteristic velocity and L is the length
scale.

Although kinematic dynamos tell us which flows can
produce growth of the magnetic field, they do not consider
the back-reaction of the magnetic field on the velocity. To
ensure the coupled evolution of u and B, the induction
equation (3) must be solved in conjunction with the
momentum equation for an electrically conducting fluid.
Furthermore, if the fluid motion is driven by thermal
convection, then the temperature must also be solved for.
We then have the additional equations,
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where u and B also satisfy the divergence-free conditions.
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The terms on the left-hand side of equation (4)
represent linear and nonlinear inertia (which together give
the material derivative Du/Dt), and the Coriolis force. The
forces on the right-hand side are, in their order of
appearance, the fluid pressure modified by centrifugal
acceleration, buoyancy, magnetic (Lorentz) force and
viscous diffusion. In the above equations ΩΩΩΩΩ is the
background rotation vector that points in the z-direction, g
is the local gravitational acceleration, ρ and ρ0 are the local
and far-field densities, κ is the thermal diffusivity and Qs
is a uniform volumetric heat source/sink.

In geodynamo models, equations (3)–(6) are made
dimensionless and solved numerically for an incompressible
fluid confined between two concentric spherical surfaces
that mimic the Earth’s inner core boundary (ICB) and the
core–mantle boundary (CMB). The code usually employs
spherical harmonic expansions in the angular coordinates
(θ, φ), whereas the radial coordinate r may be discretized
using finite differences or by a Chebyshev polynomial. The
numerical method and boundary conditions can be found
in several papers.19,20,21

The dimensionless parameters of interest in the
geodynamo problem are the Ekman number, the Rayleigh
number, the Prandtl number, the magnetic Prandtl number.
(The magnetic Reynolds number is an intrinsic parameter.)
The Ekman number, E = ν/2ΩL2, is the ratio of the viscous
to Coriolis forces and is ~10–15 for the core. However,
some studies replace the molecular value of the viscosity
ν by a turbulent viscosity νT and propose E ~ 10–9. The
Rayleigh number for convection can have different
definitions depending on the mode of heating. For
differential heating driven by a temperature difference ΔT,
Ra = gβΔTL3/νκ, where L is the gap-width of the spherical
shell, β is the coefficient of thermal expansion and κ is
the thermal diffusivity. (The thermal diffusivity is related
to the thermal conductivity κ, specific heat capacity at
constant pressure cp and density ρ by κ = k/ρcp.) In dynamo
models the classical Rayleigh number is often multiplied
by the Ekman number to give a ‘modified’ Rayleigh
number19, RaM = gβΔTL/2Ωκ. Estimates for Ra in the core
vary from approximately the critical value for onset of
convection22, Rac to several orders of magnitude above
Rac

23,24, even if the turbulent value of the diffusivity κT is
adopted in place of its molecular value. The Prandtl
number, Pr is given by ν/κ and the magnetic Prandtl
number, Pm is ν/η. The Roberts number, given by q =
PmPr–1 = κ/η, is a popular dimensionless group in many
models, with a molecular value of ~ 10–6 and a turbulent
value of order unity24.

Present day numerical geodynamo models mostly
operate in the regime E >~ 10–7, q = κ / η >~ 0.05 and
Ra/Rac <~ 100.

Figure 2: Contour plots for the radial velocity at r = 0.8ro, where ro is
the outer radius (left panel), and the radial magnetic field at r = ro
(right panel). The plots show longitudes spaced 90o apart and the equator.
The thick dashed line in the magnetic field plot is the latitude at which
the tangent cylinder (imaginary cylinder that circumscribes the inner
core and parallel to the rotation axis) cuts the core surface (≈70o). The
figures represent a dynamo model at E = 1.5 × 10–6, Ra ≈ 50 × Rac, Pr
= 1 & q = Pm = 0.1.

Snapshots of the flow and field produced in a dynamo
simulation are given in figure 2. The long-time columnar
structure of convection has origins in the Taylor- Proudman
theorem25,26 for a rotating fluid; the number of columns
increases with decreasing Ekman number, as predicted by
linear theory27. Although columns are the enduring feature
of convection in rotating dynamos, recent studies28 indicate
that the columns may be the long-time manifestation of
damped fast Magneto-Coriolis (MC) waves that
propagate along the rotation axis. The large-scale axial
dipole structure (figure 2, right panel) is a dominant feature
of the radial magnetic field generated in rapidly rotating
dynamo models.

The Axial Dipole and Polarity Reversals

Most planetary dynamos are approximately axial
dipoles, the exceptions being Uranus and Neptune, whose
physical properties are not well understood. Studies of
convection-driven dynamo models show that different
polarities of the magnetic field may be generated, such as
the axial dipole, quadrupole29 and even the equatorial
dipole30, that is, a dipolar field with its axis on the
equatorial plane. However, the axial dipole forms in a wide
range of the parameter space where the nonlinear inertial
term is negligible in the equation of motion31. Recent
simulations of strongly driven and rapidly rotating
dynamos32 indicate that the axial dipole would be favored
in the Earth-like parameter regime of low Ekman number
E and low magnetic Prandtl number Pm. However, columns
parallel to the rotation axis by themselves do not necessarily
lead to an axial dipole field. Rotating kinematic dynamo
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models at low Ekman number and low magnetic Prandtl
number33 favour quadrupolar modes over dipolar modes,
even though the z-velocity has the same equatorial
symmetry as that for convection-driven flow in rotating
spherical geometry. Sreenivasan and Jones34 showed that
an axial dipole gives rise to enhanced velocity gradients

zu z∂ ∂  above and below the equator, and the in-phase
relation between the velocity and vorticity (curl of the
velocity) produces enhanced kinetic helicity compared with
that found with quadrupolar fields or in non-magnetic
convection. Because helicity is thought to be an important
ingredient for dynamo action, an axial dipole can form from
a seed magnetic field of mixed polarity. Although the
mechanism outlined above may only operate at certain
length scales in the dynamo, it helps explain why the axial
dipole is preferred in nonlinear dynamos, but fails to pick
up strength in kinematic dynamos at the same parameters.
Given that strong convective motions negate the helicity
generated by the field, any explanation for dipole collapse,
including polarity reversals, must originate from an
explanation for the selection of the dipole in rotating
dynamos.

Geomagnetic reversals are perhaps the most interesting
phenomena in geophysics. Magnetic records from ancient
volcanic rock and sea-bed sediments are our main source
of information on reversals. The average reversal frequency
in the last 20 Ma was about 5 every Ma, but the last
reversal, named after Matuyama and Brunhes, had occurred

0.78 Ma ago. During reversals, the axial dipole moment
can decrease by a factor of 5 compared to its time-averaged
value. The dipole moment begins its decline 60–80 kyr
before a reversal and recovers rapidly (within a few
thousand years) after the dipole transition. There have been
long periods without recorded reversals, notably the
Cretaceous Normal Superchron of 118–83 Ma and the
Kiaman Reverse Superchron of 312–262 Ma. Excursions,
the periods during which the dipole axis deviates
considerably from the pole before returning to its original
state, have been frequent in Earth’s history. As reversals
and excursions likely occur from similar convection states
of the core35, it is possible that the geodynamo operates
for long periods in a narrow transition zone that lies
between dipolar and chaotic field configurations. In
between, however, the dynamo might pass through
relatively quiet periods that make the superchrons.

The first polarity reversal in a geodynamo model was
obtained by Glatzmaier & Roberts36. Since then several
strongly-driven dynamos have reported spontaneous polarity
reversals37,38,39, some resembling paleomagnetic reversals.
Most reversing dynamos have operated in a high Ekman
number (E >~ 10–4) regime, which has been justified on
grounds of suitability for long simulations. A high Ekman
number is a natural choice for studying reversals as a strong
convective state is obtained for moderate Rayleigh numbers.

The progression from a stable, dipole state to a
reversing state may be obtained by gradually increasing

the driving force (buoyancy) in a
convection-driven dynamo model.
Figure 3 shows the magnetic
colatitude θ (angle made by the
field with respect to the vertical
axis) at the core–mantle boundary
for three convective states of
progressively increasing strength.
The non-reversing axial dipole
component is dominant for RaM =
810, whereas for RaM = 990,
excursions and reversals of the
dipole are present. The case RaM =
1350 is a chaotic, multipolar
dynamo. The axial dipole
component of B is shown in figure
4 for three snapshots in time at the
start, during and at the end of a
polarity reversal. The reversal
period is ≈ 0.1 magnetic diffusion
time, consistent with the estimate of
a few thousand years for the core40.

Figure 3: Dipole colatitude versus magnetic diffusion time for geodynamo simulations at three states
of convection, given by the modified Rayleigh numbers (a) RaM = 810, (b) RaM = 990 and (c) RaM =
1350. (Figure taken from Sreenivasan, Sahoo & Dhama, Geophys. J. Int. (2014), 199, 1698–1708).

Figure 4: Streamlines of the axial dipole component of the magnetic field vector shown at three
different snapshots in time during a polarity reversal at the modified Rayleigh number RaM = 990. The
time elapsed between the first and third snapshots is approximately 0.1 magnetic diffusion time. (Figure
taken from Sreenivasan, Sahoo & Dhama, Geophys. J. Int. (2014), 199, 1698–1708).
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Conclusion

Paleomagnetic records indicate that the Earth’s
magnetic field is ancient. Since permanent magnetization
cannot be a source for this field, dynamo action within the
Earth’s fluid core is widely accepted as the mechanism for
field generation. Although convection, both thermal and
compositional, is believed to be the main driving
mechanism for core motion, precession of the Earth’s
rotation axis and tidal deformation of the core–mantle
boundary have also been considered41. Geodynamo models
have improved our understanding of the physical processes
within the core that sustain the planet’s dipole-dominated
magnetic field. Deviations from the axisymmetric dipole,
such as the high-latitude flux concentrations beneath Canada
and Siberia42 and regions of weak or reversed polar flux43,
have been investigated by incorporating lower-mantle heat
flux anomalies in dynamo models, as well as by looking
at tangent cylinder phenomena. As dynamo models are
unable to reach the Ekman number of the Earth, the effect
of small length scales on the dynamo process may be
understood only through simplified models of core
turbulence. Furthermore, as small-scale MHD turbulence
in the core is likely in a state of perpetual damped wave
motion28, their role in dynamo energy transport and secular
variation of the field may be far more important than
previously envisaged. Recent ideas of enhanced thermal
conductivity of liquid iron in the core favour the existence
of stably stratified regions, whose effect on the dynamo
process needs to be known. Laboratory experiments with
liquid metals are useful because they reach the
geophysically relevant regime of low magnetic Prandtl
number, otherwise impossible in present day simulations.
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