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For the past decade, three-dimensional time-dependent computer models have
been used to predict and explain how the geomagnetic field is maintained by con-
vection in the Earth’s fluid core. Geodynamo models have simulated magnetic fields
that have surface structure and time dependence similar to the Earth’s field, includ-
ing dipole reversals. However, no dynamo model has yet been run at the spatial res-
olution required to simulate a broad spectrum of turbulence, which surely exists in
the Earth’s fluid core. Two-dimensional simulations of magnetoconvection show
how the structure and time dependence of even the large-scale features change dra-
matically when the solution becomes strongly turbulent. Although these two-dimen-
sional turbulent simulations lack the important effects of three-dimensional spherical
geometry, based on their results one must question how geophysically realistic the
large-scale dynamo mechanism is in current three-dimensional laminar simulations.
Whatever the answer, we look forward to new discoveries from the next generation
of turbulent dynamo models.

1. BASIC GEODYNAMO THEORY

We spend our entire lives immersed within the Earth’s mag-
netic field yet most people today seldom stop to ponder about
what it is, why it exists, how it changes or how life would be
different without it. The geomagnetic field helps to shield us
from cosmic radiation and for ages has been used for navi-
gation. However, the main reason for studying the geody-
namo is to gain a better understanding and appreciation for the
origin and evolution of this fascinating field we live in.

It has long been known that the geomagnetic field origi-
nates in the Earth’s core. However, the temperature of the core
is well above the Curie temperature for permanent magnetism;
the field would decay away with a half-life of about 15,000

years if it were not continually being regenerated. The Earth’s
magnetic field must therefore be maintained by large elec-
tric currents within its iron-rich fluid core.  

The Earth is cooling and the resulting drop in temperature
with radius through the fluid core is steep enough to drive
thermal convection. In addition, as the core cools, iron in the
iron-alloy fluid preferentially plates onto the solid inner core
releasing latent heat and leaving behind a higher concentration
of light elements. Thermal and compositional buoyancy at
the inner core boundary (ICB) are more effective in driving
convection than the secular cooling of the entire fluid core
because they originate far from the rising fluid’s destination:
the core–mantle boundary (CMB). Additional volumetric
heating sources may exist in the fluid core due to radioactive
decay, potassium-40 being the best candidate [Chabot and
Drake, 1999; Buffett, 2000; Brodholt and Nimmo, 2002; Gess-
man and Wood, 2002; and Murthy et al., 2003]; the amount is
uncertain and the focus of many current studies. Its presence
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would have a significant effect on the age of the Earth’s solid
inner core and the style of convection and magnetic field gen-
eration in the early Earth. 

Hot, light fluid at the ICB, however, does not rise straight up
to the CMB and likewise cold heavy fluid does not sink straight
down. Coriolis forces (within the frame of reference of the
rotating Earth) cause the low-viscosity fluid to flow in curved
trajectories. The resulting twisting and shearing that this elec-
trically conducting fluid does to the existing magnetic field
converts kinetic energy into magnetic energy. Another way of
saying this is that flow of metallic fluid through magnetic field
produces an electromotive force that drives large electric cur-
rents (Ohm’s law). These electric currents induce new mag-
netic fields around them (Ampere’s law) that compensate for
the continual decay of the magnetic field (Faraday’s law). 

The fundamentals of dynamo theory, first proposed in the
1950’s, are the following: that differential rotation within the
fluid core shears poloidal (north–south and radial) magnetic
field into toroidal (east–west) magnetic field and that three-
dimensional (3D) helical fluid flow twists toroidal field into
poloidal field. At the same time, the more sheared and twisted
the field the faster it decays away; that is, magnetic diffusion
(reconnection) continually smoothes out the field. The field is
self-sustaining if, on average, the generation of field is bal-
anced by its decay. Discovering and understanding the details
of how rotating convection in the Earth’s fluid outer core does
this to maintain the observed intensity, structure and time
dependencies requires 3D computer models of the geodynamo. 

2. HISTORY OF DYNAMO MODELING

Many studies of magnetic field generation have been based
on kinematic models. In these models the fluid flow induces
magnetic field; but the feedback on the flow via Lorentz
forces, which resist the movement of conducting fluid through
the magnetic field, is neglected. Some compute or prescribe
a large-scale 3D flow structure [e.g., Kumar and Roberts,
1975]. Other models compute or prescribe only the axisym-
metric (two-dimensional) part of the flow and use it with a
parameterized longitudinally-averaged effect of a hypotheti-
cal 3D helical flow to compute an axisymmetric magnetic
field. Much has been learned from these studies about the
types of fields that can be induced by various flow structures.
However, the lack of the time-dependent magnetic feedback
on the flow precludes a detailed prediction or explanation of
the 3D flow and field structures in the Earth’s core, i.e., the
geodynamo mechanism. In addition, based on rough esti-
mates of the flow and field amplitudes in the core, the mag-
netic energy in the core is likely a thousand times greater than
the kinetic energy of the flow that maintains it; therefore the
neglect of Lorentz forces in kinematic dynamo models is not

really appropriate for detailed investigations of the Earth’s
dynamo mechanism. 

Magnetohydrodynamic (MHD) dynamo simulations, on
the other hand, are dynamically self-consistent, but also more
challenging. They solve a coupled set of nonlinear differen-
tial equations that describe the 3D evolution of the thermo-
dynamic variables, the fluid velocity and the magnetic field
with all the major feedbacks. These geodynamo simulations
are conducted to investigate the structure and time-dependence
of convection and magnetic field generation in the Earth’s
core. So little can be directly observed other than the surface
magnetic field (today’s field in detail and the paleomagnetic
field in much less detail) and what can be inferred from seis-
mic measurements and variations in the length of the day and
possibly in the gravitational field. Therefore, geodynamo
models are used as much to predict what has not been observed
as they are used to explain what has. When an MHD com-
puter model generates a magnetic field with structure, inten-
sity, and time dependence qualitatively similar to the Earth’s
surface field, then it is plausible that the 3D flows and fields
inside the model core are qualitatively similar to those in the
Earth’s core. Analyzing this detailed simulated data provides
a physical description and explanation of the model’s dynamo
mechanism and, by assumption, of the geodynamo. 

The first 3D global convective dynamo simulations were
developed in the 1980’s to study the solar dynamo. Gilman and
Miller [1981] pioneered this style of research by constructing
the first 3D MHD dynamo model. However, they simplified
the problem by specifying a constant background density, i.e.,
they used the Boussinesq approximation of the equations of
motion. Glatzmaier [1984] developed a 3D MHD dynamo
model using the anelastic approximation, which accounts for
the stratification of density within the sun. Zhang and Busse
[1988] used a 3D model to study the onset of dynamo action
within the Boussinesq approximation. However, the first 3D
MHD models of the geodynamo that successfully produced a
dominantly dipolar field at the model’s surface were not pub-
lished until 1995 [Kageyama et al., 1995; Jones et al., 1995;
and Glatzmaier and Roberts, 1995a]. Since then several groups
around the world have developed dynamo models [e.g., Kuang
and Bloxham, 1997; Sarson et al., 1997; Kida et al., 1997;
Busse et al., 1998; Christensen et al., 1998; Sakuraba and
Kono, 1999; Katayama et al., 1999; and Hollerbach, 2000] and
several others are currently being designed. Some features of
the various simulated fields are robust, like the dominance
of the dipolar part of the field outside the core. Other fea-
tures, like the 3D structure and time dependence of the tem-
perature, flow and field inside the core, depend somewhat on
the chosen boundary conditions, parameter space and numer-
ical resolution. Many review articles have been written that
describe and compare these models [e.g., Hollerbach, 1996;
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Glatzmaier and Roberts, 1997; Fearn, 1998; Busse, 2000;
Roberts and Glatzmaier, 2000; Dormy et al., 2000; Chris-
tensen et al., 2001; Busse, 2002; Kono and Roberts, 2002;
and Glatzmaier, 2002]. 

Although considerable progress has been made, none of
these models has been able to run in a realistic parameter
regime for the Earth’s core. The problem is that, because of the
low fluid viscosity, a broad spectrum of turbulence likely
exists in the core, from global length scales down to scales on
the order of meters; whereas current simulations have about
10 to 100 km resolution at best. In addition, because of the
dominance of the Coriolis and Lorentz forces, this turbulence
is heterogeneous and anisotropic. Capturing a good portion of
this spectrum in a 3D geodynamo simulation would require
more computing resources than are currently available. There-
fore, greatly enhanced diffusion coefficients have been used
in geodynamo simulations, which produces smooth large-
scale (laminar) flows, not turbulence. 

3. MODEL DESCRIPTION

We begin by briefly describing the Glatzmaier-Roberts geo-
dynamo model, which employs the anelastic equations of
motion. These equations allow for a realistic variation of den-
sity, temperature and pressure with depth, while filtering out
acoustic waves. Effectively, the sound speed is assumed infi-
nite so the pressure distribution at each numerical time step is
in equilibrium throughout the fluid core. This approximation
is valid when the fluid velocity is small relative to the local
sound speed and the thermodynamic variations, or perturba-
tions, are small relative to their background reference state
values. These conditions are very well satisfied for the Earth’s
liquid core. The reason for using this approximation is that
the numerical time step can be about a million times larger
since fast-moving low-energy sound waves are not simulated.
All other geodynamo models have employed the Boussinesq
approximation, which assumes a constant background den-
sity. The small (20%) change in density across the Earth’s
fluid core would seem to justify this simpler approach; how-
ever, an important source of vorticity, which helps to gener-
ate magnetic field, is consequently neglected. 

The anelastic MHD equations [Glatzmaier, 1984; and Bra-
ginsky and Roberts, 1995] that define our dynamo model
describe the 3D, time-dependent perturbations of the flow,
field and thermodynamic variables relative to a no-flow, non-
magnetic, radially-dependent thermodynamic reference state
fitted to the Preliminary Reference Earth Model (PREM).
The set of equations ensures mass and magnetic flux conser-
vation. An equation of state relates perturbations in the entropy,
pressure and composition to density perturbations, which
determine the perturbations in the gravitational field and the

buoyancy forces. Newton’s second law of motion determines
how the local fluid velocity changes with time due to buoyancy,
pressure gradient, viscous, Coriolis and Lorentz forces and
to advection of momentum by the flow. The magnetohydro-
dynamic equations (i.e., Maxwell’s equations and Ohm’s law
with the extremely good assumption that the fluid velocity is
small relative to the speed of light) describe how the local
magnetic field changes with time due to induction by the flow
and diffusion due to finite conductivity. The second law of
thermodynamics dictates how advection of entropy by the
flow, thermal diffusion, and Joule and viscous heating deter-
mine the local time rate of change of entropy. A final advec-
tion-diffusion equation describes the local time rate of change
of composition. These equations are solved each numerical
time step to obtain the evolution of the 3D fluid flow and
magnetic field and the perturbations in density, pressure, spe-
cific entropy, light constituent mass fraction and gravitational
potential relative to the background reference state in a frame
of reference rotating with the Earth’s mean angular velocity. 

The thermal boundary conditions at the ICB constrain the
local flux of latent heat to be proportional to the local flux of
light constituents and to the local cooling rate [Glatzmaier
and Roberts, 1996a]. The flux of light constituents through the
CMB is set to zero. A non-zero heat flux is prescribed at the
CMB; it controls the cooling rate of the core and therefore
the production rate of buoyancy sources at the ICB and thus
affects the intensity of the magnetic field. Normally, in this
model the total heat flow out of the core is set to 7.2 TW, the
generally assumed, although highly uncertain, value for the
Earth. Of this, 5 TW is due to heat flow conducted down the
adiabat. (Note, thermal convection occurs when the total tem-
perature drop across the fluid outer core is greater than what
it would be for an adiabatic temperature profile.) 

The solid inner core and solid mantle rotate in reaction to
magnetic torques, viscous torques if non-slip boundary con-
ditions are applied, and gravitational torques if the gravita-
tional forces between the mantle and the inner core are included
[Buffett and Glatzmaier, 2000]. Viscous torques in the model
represent the rate of momentum transfer between the fluid
and the boundaries by small unresolved turbulence. The total
angular momentum of the inner core, fluid core and mantle
remains zero in the rotating frame, but the angular momentum
of each of these is time dependent. 

The magnetic field is generated in the model’s fluid outer
core and diffuses into its conducting solid inner core. Since
the electrical conductivity of the Earth’s mantle is very small
relative to that of the core, everything above a thin layer at
the base of the mantle is assumed to be a perfect insulator.
The external magnetic field is therefore a potential field,
albeit time dependent and determined by the dynamics inside
the core. 
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The set of coupled nonlinear equations is solved at each
numerical time step using a spectral method (spherical har-
monic and Chebyshev polynomial expansions) [Glatzmaier,
1984; and Glatzmaier and Roberts, 1996a]. The nonlinear
terms are computed each time step by a spectral transform
method, i.e., the simulated data are transformed from wave
number space to grid space where the nonlinear products are
computed, which are then transformed back to wave number
space where the solution is advanced a time step. Simulations
that span hundreds of thousands of years, involving tens of mil-
lions of numerical time steps, have been run at very low spa-
tial resolution (e.g., 33 radial, 32 latitudinal, 64 longitudinal
levels). Simulations have also been done at much higher res-
olution (e.g., 289 radial, 384 latitudinal, 384 longitudinal lev-
els), which are more accurate because they resolve more of the
energy spectrum; but they span less simulated time, on the
order of tens of thousands of years. 

The code is run on massively parallel computers with the
data spread over the processors according to radial grid lev-
els and spherical harmonic wave numbers. The spectral
method requires each processor to send data to and receive
data from every other processor every time step. This global
communication among the parallel processors quickly grows
as one increases the number of processors. In addition,
although fast Fourier transforms are used for the spectral
transform in longitude and radius, no efficient fast transform
exists in latitude, and so this operation is very time consum-
ing at high resolution. 

The review articles mentioned above describe the varia-
tions on the equations and numerical methods employed in
other geodynamo models [e.g., Glatzmaier, 2002]. Most
dynamo models use spherical harmonic expansions, which
have proven to be very accurate and efficient at relatively
low spatial resolution. However, to reach much greater spa-
tial resolution in the future, new methods are being devel-
oped that do not employ spherical harmonics and therefore
avoid global inter-processor communication and the latitudinal
spectral transform. 

4. MODEL RESULTS

Since the mid 1990’s 3D computer simulations have
advanced our understanding of the geodynamo. This is true
even though they have been forced to use signif icantly
enhanced diffusion coefficients that result in large-scale lam-
inar convection. That is, the boundaries have a significant
influence on the structure of the simulated flow because con-
vective cells and plumes typically span the entire depth of the
fluid outer core, unlike the turbulence that likely exists in the
Earth’s core. The simulations have however shown that a
strong, dominantly dipolar magnetic field, not unlike the

Earth’s, can be maintained by convection driven by an Earth-
like heat flux.

A typical snapshot of the simulated magnetic field from a
geodynamo model is illustrated in Figure 1 with a set of field
lines. In the fluid outer core, where the field is generated,
field lines are twisted and sheared by the flow. The field that
extends beyond the core is significantly weaker and domi-
nantly dipolar at the model’s surface, not unlike the geomag-
netic field. For most geodynamo simulations, the non-dipolar
part of the surface field, at certain locations and times, prop-
agates westward at about 0.2? per year, as has been observed
in the geomagnetic field over the past couple hundred years
[e.g., Bloxham and Jackson, 1992]. 

Several dynamo models have electrically conducting inner
cores that on average drift eastward relative to the mantle
[e.g., Glatzmaier and Roberts, 1995a; Sakuraba and Kono,
1999; and Christensen et al. 2001], opposite to the propaga-
tion direction of the surface magnetic field. Inside the fluid core
the simulated flow has a “thermal wind” component that, near
the inner core, is predominantly eastward relative to the man-
tle. The magnetic field in these models that permeates both this
flow and the inner core tries to drag the inner core in the direc-
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Figure 1. A snapshot of the 3D magnetic field structure generated
with the Glatzmaier-Roberts geodynamo model and illustrated with
a set of magnetic lines of force. The axis of rotation is vertical and
centered in the image. The field is a smooth, dipole-dominated,
potential field outside the core. The color version of this is Plate 1
on the CD associated with this book; red represents outward directed
magnetic field and blue represents inward directed.



tion of the flow. This magnetic torque is resisted by a gravi-
tational torque between the inner core and mantle [Buffett and
Glatzmaier, 2000].

Figure 2 shows the resulting time dependent angular rota-
tion rate of the inner core relative to the mantle during a short
interval of a simulation that prescribed a vanishing viscous
torque on the inner core. Most of the time the inner core is
rotating slightly faster than the mantle; but the rate is highly
variable. The average super-rotation of the model’s inner core
depends on the very poorly constrained viscosity assumed
for the inner core’s deformable surface layer, which by defi-
nition is near the melting temperature. The amplitude of the
super-rotation rate predicted by geodynamo models depends
on the model’s specified parameters and assumptions; the
original prediction was an average of about 2° longitude per
year [Glatzmaier and Roberts, 1995a]. Since then the super-
rotation rate of the Earth’s inner core today has been inferred
from several seismic analyses [e.g., Song and Richards, 1996;
Su et al., 1996; and Xu and Song, 2003], but is still quite
uncertain [e.g., Creager, 1997; Souriau, 1998; and Laske and
Masters, 1999]. Currently there is a spread in the inferred
values, from the initial estimates of 1° to 3° eastward per year
(relative to the Earth’s surface) to some that are zero to within
an uncertainty of 0.2° per year. The average simulated rate in
Figure 2 is closer to the lower end of this range; but again
this depends on how deformable the model’s inner core sur-
face is assumed to be. 

On a much longer time scale, some dynamo simulations
have produced spontaneous non-periodic magnetic dipole
reversals [Glatzmaier and Roberts, 1995b; Sarson and Jones,
1999; Kageyama et al., 1999; Glatzmaier et al., 1999; and
Kutzner and Christensen, 2002]. Periodic reversals, like the
dynamo-wave reversals seen in early solar dynamo simula-
tions [Gilman, 1983], have also occurred in recent dynamo

simulations [Kida et al., 1997; Kida and Kittauchi, 1998;
Grote et al., 1999, 2000; and Simitev and Busse, 2002]. The
highly variable times between reversals seen in the paleo-
magnetic record are measured in hundreds of thousands of
years; whereas the time to complete a reversal is typically a few
thousand years, less than a magnetic dipole decay time [e.g.,
Merrill and McFadden, 1999].

One of the simulated reversals is portrayed in Figure 3 with
four snapshots spanning about 9000 years. The radial com-
ponent of the field is shown at both the CMB and the surface
of the model Earth. The reversal, as viewed in these surfaces,
begins with reversed magnetic flux patches in both the north-
ern and southern hemispheres. (It is interesting that a reversed
flux patch is currently growing in the Earth’s southern hemi-
sphere as the dipole moment of the geomagnetic field is slowly
decreasing.) In addition, the longitudinally-averaged poloidal
and toroidal parts of the field inside the core are illustrated at
these times. Although when viewed at the model’s surface the
reversal appears complete by the third snapshot, another three
thousand years is required for the original field polarity to
decay out of the inner core and the new polarity to diffuse in. 

On an even longer time scale the frequency of reversals
seen in the paleomagnetic record varies. The frequency of
non-periodic reversals in geodynamo simulations has been
found to depend on the magnitude of the convective driving
relative to the effect of rotation [Kutzner and Christensen,
2002]. It also depends on the pattern of outward heat flux
imposed over the CMB [Glatzmaier, et al. 1999]. In the Earth,
the CMB heat flux distribution might be determined by the dis-
tribution of cold subducted slabs at the base of the mantle.
Since this distribution is determined by mantle convection,
which is a million times slower than core convection, time-
independent patterns of the CMB heat flux are prescribed via
thermal boundary conditions. In addition, convection in the low
viscosity outer core is so efficient that the maximum tem-
perature variation in the core fluid at the CMB is no more
than 10-3 K, compared with temperature variations in the high
viscosity mantle of the order of hundreds of degrees K. There-
fore the temperature drop, and so also the heat flux, between
the core and mantle is presumably greatest where the mantle
is relatively cold. 

Two case studies are illustrated in Figure 4. One has higher
heat flux imposed in the polar regions and in the equatorial
region, with minimum heat coming out at mid-latitude. The
other has a CMB heat flux patterned after today’s seismic
tomography of the Earth’s lower mantle, with high heat flux
along the high seismic velocity “rim around the Pacific” where
cold slabs are thought to currently reside. The latitude of the
south magnetic pole and the dipole moment are plotted for
300,000 years of these two simulations, for which the average
numerical time step is about 15 days. The first case is seen to
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Figure 2. The angular velocity of the solid inner core for a 20,000
year interval of a geodynamo simulation. Positive is eastward rela-
tive to the mantle. [From Buffett and Glatzmaier, 2000] 



be extremely stable, with the magnetic pole never wondering
far from the geographic pole. Since the natural convective
heat flux within the fluid core preferentially transports more
heat to the polar and equatorial regions, the imposed pattern
of heat flux at the CMB for this case is very compatible with
the internal fluid dynamics. Therefore magnetic instabilities
have little chance of growing to significant amplitude. The
second case is more Earth-like, with several reversal attempts
and two successful reversals in the 300,000 years. Also, as
seen in the paleomagnetic record, the intensity of the field
typically decreases by at least an order of magnitude during
a reversal. 

Small changes in the local flow structure continually occur
in this highly nonlinear chaotic system [e.g., Olson et al.,
1999]. These can generate local magnetic anomalies that are
reversed relative to what would be the direction of the global
dipolar field structure. If the thermal and compositional per-
turbations continue to drive the fluid flow in a way that ampli-

fies this reversed field polarity while destroying the original
polarity, the entire global field structure would eventually
reverse. However, more often the local reversed polarity is
not able to survive and the original polarity fully recovers
because it takes a couple thousand years for the original polar-
ity to decay out of the solid inner core [Hollerbach and Jones,
1993; Glatzmaier and Roberts, 1995b]. This is a plausible
explanation for “events” [Lund et al., 1998], which occur
when the paleomagnetic field (as measured at the Earth’s sur-
face) reverses and then reverses back, all within about ten
thousand years [Gubbins, 1999; Glatzmaier et al., 1999]. 

These studies of reversals require long simulated times;
and, other than setting the values of the diffusion coefficients
and the pattern of heat flux out of the CMB, they are not
adjusted to get preferred results. Also, the simulated rever-
sals are not externally triggered; they occur naturally and
spontaneously in this highly nonlinear system. However, these
long simulated times require tens of millions of numerical
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Figure 3. A sequence of snapshots of the longitudinally averaged magnetic field through the interior of the core and of the
radial component of the field at the core–mantle boundary and at what would be the surface of the Earth, displayed at roughly
3000-year intervals spanning a dipole reversal from a geodynamo simulation. In the plots of the average field, the small
circle represents the inner core boundary and the large circle is the core–mantle boundary. The poloidal field is shown as
magnetic field lines on the left-hand sides of these plots (light shade or blue is clockwise and dark or red is counter-clock-
wise). The toroidal field direction and intensity are represented as contours (not magnetic field lines) on the right-hand sides
(dark or red is eastward and light or blue is westward). Aitoff-Hammer projections of the entire core–mantle boundary and
surface are used to display the radial component of the field (with the two different surfaces displayed as the same size).
Light shades or red represent outward directed field and dark or blue represent inward field; the surface field, which is typ-
ically an order of magnitude weaker, was multiplied by 10 to enhance the color contrast. [From Glatzmaier et al., 1999]
The color version of this image (Plate 2) is on the CD associated with this book.



time steps, which can only be afforded at relatively low spa-
tial resolution. Alternatively, studies of the structure and time
dependence of the flow and field during relatively quiet times
between reversals requires less simulated time and therefore
can be done at much greater spatial resolution. 

For example, in the 1970s, there was a debate concerning
the presence of radiogenic elements in the Earth’s core. Due
to a lack of convincing evidence to support their presence,
this debate ended with a general consensus that there are no
significant amounts of radioactive elements present [e.g.,
Stacey, 1992]. Recently, however, new evidence in the form of
experimental studies [e.g., Chabot and Drake, 1999; Gess-
man and Wood, 2002; and Murthy et al., 2003] and thermal
evolution models [e.g., Buffett, 2000; and Brodholt and Nimmo,
2002] have shown that potassium-40 may have partitioned
into the Earth’s iron core during its formation; however, the pre-
dicted concentration today is still debated, ranging between 1
ppm and 300 ppm. 

In an attempt to shed some light on this question, we have
run a modified version of the Glatzmaier-Roberts geodynamo
model to check if there are any significant effects on the sim-
ulated magnetic field due to radiogenic heating from 250 ppm
of potassium-40 in the core. This corresponds to prescribing
25% of the core–mantle boundary heat flow to be coming

from a volumetric heating source proportional to the radially-
dependent density. Another case, the control case, was run
without radiogenic heating. The other three quarters of the
CMB heat flow for the internally heated case (and the total for
the control case) comes from the latent heat source at the ICB,
Joule and viscous heating and secular cooling. Otherwise the
two cases are the same. In this model, the viscous, thermal,
compositional and magnetic diffusivities are set to be con-
stant, equal and independent of the length scale of the spher-
ical harmonic mode. (Note, this prescription differs from
previous Glatzmaier-Roberts simulations and the calculations
have been performed at much greater spatial resolution.) 

Snapshots of the vertical flow in the equatorial plane are
shown in Figure 5. Notice that even for these more highly
resolved and less diffusive simulations, the convective plumes
typically span the entire depth of the outer core. That is, these
simulations are still not turbulent. The results show a subtle dif-
ference in the vertical flow structure (Figure 5); the internally
heated case has weaker upwellings at the ICB. This occurs
because the thermal gradient at the ICB, which drives con-
vection there, is less steep relative to the control case since the
diffusive heat flux (and compositional flux) there is less. Note,
that this also implies that the inner core for the internally
heated case would be much older than the same size inner
core of the control case. 

The magnetic field structures for the two cases look sur-
prisingly similar; a snapshot of the field for the internally
heated case is displayed in Figure 1. The internally heated
case does, however, maintain an average magnetic field
10–20% more intense than that of the control case, and an
average kinetic energy 10–20% less (Figure 5) than that of
the control case. There are also slight differences in the mag-
netic energy spectra between the two cases. The internally
heated case, unlike the control case, usually has a greater
quadrupole component than octupole at the surface, as is the
case for the present day Earth. The control case however also
displays this characteristic occasionally. Unfortunately, we
have seen no significant difference in the surface fields of
the two cases to argue for or against potassium-40 in the
Earth’s core. This is in agreement with a similar dynamo study
[Kutzner and Christensen, 2002]. Higher spatial resolution
and lower diffusivities may be needed to produce a notice-
able difference in the dynamo. 

Many other studies have been conducted via dynamo sim-
ulations to, for example, assess the effects of the size and
conductivity of the solid inner core [e.g., Sakuraba and Kono,
1999; Bloxham, 2000; Morrison and Fearn, 2000; Roberts
and Glatzmaier, 2001; and Wicht, 2002], of a stably strati-
fied layer at the top of the core [Glatzmaier and Roberts,
1997], of heterogeneous thermal boundary conditions [e.g.,
Sarson et al., 1997; Glatzmaier et al., 1999; Bloxham, 2000;

GLATZMAIER ET AL. 7

Figure 4. The latitude of the south magnetic pole and the dipole
moment (in units of 1022 A m2) versus time (in units of 1000 years)
for two 300,000-year geodynamo simulations. The tic marks on the
time axis are at intervals of 20,000 years, one dipole magnetic dif-
fusion time. The pattern of the imposed heat flux at the core–man-
tle boundary (CMB) is displayed for each case: solid contours
represent outward heat flux greater than the mean and broken con-
tours represent heat flux less than the mean. [From Glatzmaier et al.,
1999]



Olson and Christensen, 2002; and Christensen and Olson,
2003], of different velocity boundary conditions [e.g., Kuang
and Bloxham, 1999; Kuang, 1999; and Christensen et al.,
1999] and of computing with different parameters [e.g.,
Gilman, 1983; Olson et al., 1999; Christensen et al., 1999,
Grote et al., 2000; Simitev and Busse, 2002]. These models dif-
fer in several respects. For example, models employ either
the Boussinesq or the anelastic approximation, compositional
buoyancy is usually neglected as are perturbations in the grav-
itational field, different boundary conditions and spatial res-
olutions are chosen, the inner core may be treated as an
insulator instead of a conductor or may not be free to rotate.
As a result, the simulated flow and field structures inside the
core differ. For example, the strength of the shear flow on the
“tangent cylinder” (the imaginary cylinder tangent to the inner
core equator), which depends on the relative dominance of
the Coriolis forces, varies among the simulations. Likewise,
the vigor of the convection and the resulting magnetic field
generation tends to be greater outside this tangent cylinder
for some models and inside for others. But all the solutions
have a westward zonal flow in the upper part of the fluid core
and a dominantly dipolar magnetic field outside the core. 

However, when assuming Earth values for the radius and
rotation rate of the core, all models of the geodynamo have
been forced (due to computational requirements) to use a
greatly enhanced viscous diffusivity to account for mixing by
the small-scale (unresolved) turbulence. However, the val-
ues used have been at least three or four orders of magni-

tude larger than estimates of what it should be for the current
spatial resolutions that are employed, which is roughly equal
to the Earth’s actual magnetic diffusivity. One must also
decide how to prescribe the thermal, compositional and mag-
netic diffusivities [e.g., Dormy et al., 2000; Kono and Roberts,
2002; Simitev and Busse, 2002; and Glatzmaier, 2002]. They
all have units of length squared per time and serve as coef-
ficients that relate the degree of structure in the temperature,
composition and magnetic field, respectively, to the rates
these quantities diffuse. One of two extremes has typically
been chosen. These three diffusivities could be set equal to the
Earth’s actual magnetic diffusivity (2 m2/s), making the vis-
cous diffusivity much greater than these; this was the choice
for the previous Glatzmaier-Roberts simulations. Alterna-
tively, they could be set equal to the enhanced viscous dif-
fusivity, making all (turbulent) diffusivities too large, but at
least equal; this was the choice of most of the other models,
including the internally heated version of the Glatzmaier-
Roberts model presented above. Neither choice is satisfactory. 

5. TWO-DIMENSIONAL MODELS

The fundamental question about geodynamo models is how
well do they simulate the actual dynamo mechanism of the
Earth’s core. Many of us have argued, or at least suggested, that
the large (global) scales of the temperature, flow and field
seen in these simulations should be fairly realistic because
the diffusivities may be asymptotically small enough. That
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Figure 5. Snapshots of the amplitude of the radial flow in the equatorial plane for two dynamo simulations that have the
same total heat flow out of the core. One has no specified internal heating; the other has one quarter of the heat flow out
of the core coming from internal heating. For the color version of this image (Plate 3) on the CD associated with this
book, red represents upward flow and blue represents downward flow. 



is, although molecular viscosity of the fluid in the outer core
may be as much as 1010 times smaller than what the (turbu-
lent) viscosity is set to in current geodynamo simulations,
viscous forces in most simulations (away from the bound-
aries) still tend to be about 104 times smaller than the Corio-
lis and Lorentz forces. No one believes geodynamo simulations
need to use the actual molecular viscosity to be able to get
realistic large-scale flows because the transport of momen-
tum by the small unresolved turbulence is much more efficient
than actual viscous forces. All models of the geodynamo have
in fact crudely modeled this nonlinear mixing process as a
simple linear diffusion process with a very enhanced viscous
diffusivity. The question is how much of the turbulence spec-
trum needs to be numerically resolved to depict adequately the
large scale flow, and therefore field, in the Earth’s core, i.e.,
the geodynamo mechanism. Only when numerical methods
and computing resources improve to the point where we can
further reduce the turbulent diffusivities by several orders of
magnitude and produce at least moderately turbulent 3D
dynamo simulations will we be able to answer this funda-
mental question.

To gain some insight to what the answer might be, we exam-
ine two simulations of two-dimensional (2D) magnetocon-
vection. Magnetoconvection refers to an MHD simulation
with an imposed background magnetic field; convection ampli-
fies and distorts the field and Lorentz forces affect the flow,
but, unlike in a convective dynamo, the field cannot decay
away. Although the 2D constraint precludes realistic global
flows and a dynamo mechanism, it does allow us to run at
much greater spatial resolution and therefore with much
smaller viscous, thermal and magnetic diffusivities. That is, we
are able to run in a more realistic parameter regime, one that
we would like to be able to reach someday in 3D. 

We specify a box of fluid in the horizontal (x) and vertical
(z) directions, with no flow, field or variations in the y direc-
tion. There is a constant gravitational acceleration in the -z
direction; and the frame of reference is rotating about an axis
in the y direction. This box can be considered a small part of
the equatorial plane, far from the axis of rotation. The top
and bottom boundaries are impermeable and stress free and
there is a specified drop in specific entropy across the depth
of the box. There is an externally applied, uniform, back-
ground magnetic field in the z direction. The side boundaries
are periodic. 

We solve a system of magnetohydrodynamic equations in
2D for the thermodynamic perturbations, the fluid flow and the
induced magnetic field using a numerical method that has
been employed in many previous 2D Boussinesq studies [e.g.,
Weiss, 1981], but with modifications that account for the den-
sity stratification of our anelastic model [Rogers et al., 2003;
and Glatzmaier, 2004]. The numerical time step is limited by

a Courant condition based on the fluid and Alfvén velocities
and the grid resolution. That is, to maintain numerical stabil-
ity, the time step cannot exceed the shortest time it takes fluid
to flow, or magnetic waves to propagate, between any two
adjacent grid points. We use 2001 (non-uniform) grid levels
in the vertical direction and 4001 (uniform) grid levels in the
horizontal direction. 

We begin by describing a 2D simulation that is time depend-
ent but laminar. The density stratification across the con-
vection layer is set to that of the Earth’s outer fluid core, i.e.,
the density at the bottom boundary is about 20% greater than
that at the top. The viscous, thermal and magnetic diffusivi-
ties are constant and equal but much larger than Earth values.
Buoyancy, rotational, magnetic and viscous effects on the
flow are similar in magnitude to those in current 3D geody-
namo simulations. 

The resulting convective velocities are a thousand times
greater than the diffusive velocity and ten times smaller than
the rotational velocity. The induced magnetic field has an
average maximum intensity about an order of magnitude
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Figure 6. Snapshots of the entropy for two different 2D anelastic,
rotating, magnetoconvection calculations. Gravity is downward. Hot
(red) plumes rise from the bottom boundary and cold (blue) sink
from the top. The turbulent case has viscous, thermal and magnetic
diffusivities one thousand times smaller than those of the laminar
case. The color version of this image is Plate 4 on the CD associated
with this book.



greater than the applied background field intensity and the
magnetic energy is comparable to the kinetic energy. Figure
6 is a snapshot of the perturbation of entropy (approximately
the temperature perturbation). The flow is said to be “laminar”
because thermal plumes extend from one boundary to the
other, similar to large convection cells. The evolution resem-
bles the flow seen in a lava lamp. This time-dependent large-
scale laminar convection is typical of the style of convection
simulated with current 3D geodynamo models. 

Now we examine what happens when we reduce all three dif-
fusivities, each by a factor of a thousand. Convective veloci-
ties are now almost a million times greater than the diffusive
velocity and the resulting Coriolis forces are typically 109

times greater than the (turbulent) viscous forces, closer to the
conditions in the Earth’s fluid core. A snapshot of this turbu-
lent case is also shown in Figure 6. As expected, there is much
more energy in the small spatial scales compared with the
laminar case. After detaching from the boundaries, turbulent
plumes interact with each other, not the boundaries.

However, somewhat unexpected, deep turbulent boundary
layers exist. This occurs because kinetic energy of buoyant
plumes rising from the bottom boundary is converted into
rotational kinetic energy. That is, as plumes rise from the bot-
tom boundary the Coriolis forces resulting from the expansion
(due to the slight density stratification) generate vortices with
counter-clockwise rotation. Clockwise rotating vortices are
generated in plumes sinking from the top boundary. This effect
is relatively insignificant in the laminar case and in the cur-
rent 3D anelastic geodynamo simulations because viscosity in
these calculations is too large. It is completely absent in
Boussinesq simulations, which do not account for density
stratification. 

A movie of this turbulent case shows high-frequency high-
amplitude Alfvén waves manifested as local horizontal oscil-
lations of the entropy and magnetic field structures. The kinetic
energy of this wave motion exceeds the kinetic energy of the
convection. This effect is not seen in current 3D geodynamo
simulations because the large viscosity used in those simula-
tions damps these waves. 

6. NEXT GENERATION OF MODELS

Our understanding of how the geomagnetic field is gener-
ated by convection in the Earth’s outer fluid core has improved
during the past decade with the development of magnetohy-
drodynamic dynamo models. The relatively Earth-like mag-
netic field structure and time dependence, including dipole
reversals, produced by these models is certainly encourag-
ing. However, no dynamo model has yet simulated strongly tur-
bulent convection, which likely exists in the Earth’s core. We
have assumed that the enhanced diffusivities in our laminar

simulations are adequately, albeit crudely, accounting for the
mixing by the unresolved turbulence. Two-dimensional mag-
netoconvection simulations, however, demonstrate that strongly
turbulent rotating magnetoconvection is significantly differ-
ent than the corresponding laminar simulations obtained with
much larger diffusivities. 

These findings suggest that current 3D laminar dynamo
simulations may be missing critical dynamical phenomena. It
is important, therefore, to strive for much greater spatial res-
olution in 3D models in order to significantly reduce the
enhanced diffusion coefficients and actually simulate turbu-
lence. This will require faster parallel computers and improved
numerical methods, which hopefully will happen within the
next decade or two. In addition, sub-grid scale models need to
be added to geodynamo models to better represent the het-
erogeneous anisotropic transport of heat, composition, momen-
tum and possibly also magnetic f ield by the part of the
turbulence spectrum that remains unresolved. 

How geophysically realistic is the laminar dynamo mech-
anism in the current geodynamo models? Whatever the answer,
these findings suggest that there are still several exciting and
important phenomena about the geodynamo waiting to be
discovered with the next generation of models. 

Acknowledgments. The computing resources were provided by
the NSF (MCA99S012S) at the Pittsburgh Supercomputing Center
and at UCSC via an NSF MRI grant (AST-0079757) and by the
DOE at NERSC (DE-FC02-01ER41176). Support for this research
was provided by grants from NSF (EAR-9902969, EAR-0221941),
NASA (NAG5-11220) and from Los Alamos National Laboratory
IGPP (1225A) and UCDRD (9948). 

REFERENCES

Braginsky, S. I., and P. H. Roberts, Equations governing convection
in Earth’s core and the geodynamo, Geophys. and Astrophys. Fluid
Dyn., 79, 1–97, 1995. 

Bloxham, J., Sensitivity of the geomagnetic axial dipole to thermal
core-mantle interactions, Nature, 405, 63–65, 2000. 

Bloxham, J., and A. Jackson, Time-dependent mapping of the mag-
netic field at the core–mantle boundary, J. Geophys. Res., 97,
19537–19563, 1992.

Brodholt, J. and F. Nimmo, Core values, Nature, 418, 489–491, 2002. 
Buffett, B. A. , Estimates of heat flow in the deep mantle based on

the power requirements for the geodynamo, Geophys. Res. Lett.,
29, doi:10.1029/2001GL014649, 2002. 

Buffett, B. A., and G. A. Glatzmaier, Gravitational braking of inner-
core rotation in geodynamo simulations, Geophys. Res. Lett., 27,
3125–3128, 2000. 

Busse, F. H. , Homogeneous dynamos in planetary cores and in the
laboratory, Ann. Rev. Fluid Mech., 32, 383–408, 2000. 

Busse, F. H. , Convective flows in rapidly rotating spheres and their
dynamo action, Phys. Fluids, 14, 1301–1314, 2002. 

10 MODELING THE EARTH’S DYNAMO



Busse, F. H., E. Grote, and A. Tilgner, On convection driven dynamos
in rotating spherical shells, Studia Geoph. Geod., 42, 1–6, 1998. 

Chabot, N. L. and M. J. Drake, Potassium solubility in metal: the
effects of composition at 15 kbar and 1900 C on partitioning
between iron alloys and silicate melts, Earth Planet. Sci. Lett.,
172, 323–335, 1999. 

Christensen, U. R., J. Aubert, P. Cardin, E. Dormy, S. Gibbons, et
al., A numerical dynamo benchmark, Phys. Earth Planet. Inter.,
128 25–34, 2001. 

Christensen, U. R. and P. Olson, Secular variation in numerical geo-
dynamo models with lateral variations of boundary heat flow,
Phys. Earth Planet. Inter., 138, 39–54, 2003. 

Christensen, U., P. Olson, and G. A. Glatzmaier, A dynamo model
interpretation of geomagnetic field structures, Geophys. Res. Lett.,
25, 1565–1568, 1998. 

Christensen, U., P. Olson, and G. A. Glatzmaier, Numerical model-
ing of the geodynamo: a systematic parameter study, Geophys. J.
Int., 138, 393–409, 1999. 

Creager, K., Inner core rotation rate from small scale heterogeneity
and time-varying travel times, Science, 128, 1284–1288, 1997. 

Dormy, E., J.-P. Valet, and V. Courtillot, Numerical models of the
geodynamo and observational constraints, Geochem. Geophys.
Geosyst. 1, 2000GC000062, 2000. 

Fearn, D. R., Hydromagnetic flow in planetary cores, Rep. Prog.
Phys., 61, 175–235, 1998. 

Gessman, C. K. and B. J. Wood, Potassium in the Earth’s core?, Earth
Planet. Sci. Lett., 200, 63–78, 2002. 

Gilman, P. A., Dynamically consistent nonlinear dynamos driven by
convection in a rotating spherical shell. II. Dynamos with cycles
and strong feedbacks, Astrophys. J. Suppl. Ser., 53, 243–268, 1983. 

Gilman, P. A. and J. Miller, Dynamically consistent nonlinear dynamos
driven by convection in a rotating spherical shell, Astrophys. J.
Suppl. Ser., 46, 211–238, 1981. 

Glatzmaier, G. A., Numerical simulations of stellar convective
dynamos I. The model and the method, J. Comput. Phys., 55,
461–484, 1984. 

Glatzmaier, G. A., Geodynamo Simulations—How Realistic are
They?, Ann. Rev. Earth Planet. Sci., 30, 237–257, 2002. 

Glatzmaier, G. A., Planetary and stellar dynamos: Challenges for
next generation models, in Astrophysical and Geophysical Fluid
Dynamics and Dynamos, A. M. Soward, C. A. Jones, D. W. Hughs
and N. O. Weiss eds., Taylor and Francis, 2004, in press. 

Glatzmaier, G. A., R. S. Coe, L. Hongre, and P. H. Roberts, The role
of the Earth’s mantle in controlling the frequency of geomagnetic
reversals, Nature, 401, 885–890, 1999. 

Glatzmaier, G. A., and P. H. Roberts, A three-dimensional convec-
tive dynamo solution with rotating and finitely conducting inner
core and mantle, Phys. Earth Planet. Inter., 91, 63–75, 1995a. 

Glatzmaier, G. A., and P. H. Roberts, A three-dimensional self-con-
sistent computer simulation of a geomagnetic field reversal, Nature,
377, 203–209, 1995b. 

Glatzmaier, G. A., and P. H. Roberts, An anelastic evolutionary geo-
dynamo simulation driven by compositional and thermal convec-
tion, Physica D, 97, 81–94, 1996a. 

Glatzmaier, G. A., and P. H. Roberts, Rotation and magnetism of
Earth’s inner core, Science, 274, 1887–1891, 1996b. 

Glatzmaier, G. A., and P. H. Roberts, Simulating the Geodynamo,
Contemp. Phys., 38, 269–288, 1997. 

Grote, E., F. H. Busse and A. Tilgner, Convection-driven quadrupo-
lar dynamos in rotating spherical shells, Phys. Rev. E, 60,
5025–5028, 1999. 

Grote, E., F. H. Busse and A. Tilgner, Regular and chaotic spherical
dynamos, Phys. Earth Planet. Inter., 117, 259–272, 2000. 

Gubbins, D., The distinction between geomagnetic excursions and
reversals, Geophys. J. Int., 137, F1–F3, 1999. 

Hollerbach, R., On the theory of the geodynamo, Phys. Earth Planet.
Inter., 98, 163–185, 1996. 

Hollerbach, R., A spectral solution of the magneto-convection equa-
tions in spherical geometry, Int. J. Numer. Meth. Fluids, 32,
773–797, 2000. 

Hollerbach, R. and C. A. Jones, Influence of the Earth’s inner core
on geomagnetic fluctuations and reversals, Nature, 365, 541–543,
1993. 

Jones, C. A., A. Longbottom, and R. Hollerbach, A self-consistent
convection driven geodynamo model, using a mean field approx-
imation, Phys. Earth Planet. Inter., 92, 119–141, 1995. 

Kageyama, A., M. Ochi, T. Sato, Flip-flop transitions of the magnetic
intensity and polarity reversals in the magnetohydrodynamic
dynamo, Phys. Rev. Lett., 82, 5409–5412, 1999. 

Kageyama, A., T. Sato, K. Watanabe, R. Horiuchi, T. Hayashi, et al.,
Computer simulation of a magnetohydrodynamic dynamo II, Phys.
Plasmas, 2, 1421–1431, 1995. 

Katayama, J. S., M. Matsushima, and Y. Honkura, Some character-
istics of magnetic field behavior in a model of MHD dynamo
thermally driven in a rotating spherical shell, Phys. Earth Planet.
Inter., 111, 141–159, 1999. 

Kida, S., K. Araki, and H. Kitauchi, Periodic reversals of magnetic
field generated by thermal convection in a rotating spherical shell,
J. Phys. Soc. Japan, 66, 2194–2201, 1997. 

Kida, S. and H. Kitauchi, Thermally driven MHD dynamo in a rotat-
ing spherical shell, Prog. Theor, Phys., 130, Suppl. 121–136, 1998. 

Kono, M. and P. H. Roberts, Recent geodynamo simulations and
observations of the geomagnetic field, Rev. Geophys., 40, 4–1–53,
2002. 

Kuang, W., Force balances and convective state in the Earth’s core,
Phys. Earth Planet. Inter., 116, 65–79, 1999. 

Kuang, W. and J. Bloxham, An Earth-like numerical dynamo model,
Nature, 389, 371–374, 1997. 

Kuang, W. and J. Bloxham, Numerical modeling of magnetohydro-
dynamic convection in a rapidly rotating spherical shell: Weak
and strong field dynamo action, J. Comp. Phys., 153, 51–81, 1999. 

Kumar, S. and P. H. Roberts, A three-dimensional kinematic dynamo,
Proc. R. Soc. London, Ser. A, 344, 235–258, 1975. 

Kutzner, C. and U. R. Christensen, From stable dipolar towards
reversing numerical dynamos, Phys. Earth Planet. Inter., 131,
29–45, 2002. 

Laske, G. and G. Masters, Limits on differential rotation of the inner
core from an analysis of the Earth’s free oscillations, Nature, 402,
66–69, 1999. 

Lund, S. P., G. Acton, B. Clement, M. Hastedt, M. Okada, and T.
Williams, Geomagnetic field excursions occurred often during
the last million years, EOS Trans. AGU, 79, 178–179, 1998. 

GLATZMAIER ET AL. 11



Merrill, R. T. and P. I. McFadden, Geomagnetic polarity transitions,
Rev. Geophys., 37, 201–226, 1999. 

Morrison, G. and D. R. Fearn, The influence of Rayleigh number,
azimuthal wavenumber and inner core radius on 2D hydromagnetic
dynamos, Phys. Earth Planet. Inter., 117, 237–258, 2000. 

Murthy, V. R., W. van Westrenen, and Y. Fei, Experimental evidence
that potassium is a substantial radioactive heat source in planetary
cores, Nature, 423, 163–165, 2003. 

Olson, P. and U. R. Christensen, The time-averaged magnetic field
in numerical dynamos with nonuniform boundary heat flow, Geo-
phys. J. Int., 151, 809–823, 2002. 

Olson, P., U. Christensen and G. A. Glatzmaier, Numerical modeling
of the geodynamo: mechanisms of field generation and equili-
bration, J. Geophys. Res., 104, 10383–10404, 1999. 

Roberts, P. H. and G. A. Glatzmaier, Geodynamo theory and simu-
lations, Rev. Mod. Phys., 72, 1081–1123, 2000. 

Roberts, P. H. and G. A. Glatzmaier, The geodynamo, past, present
and future, Geophys. Astrophys. Fluid Dyn., 94, 47–84, 2001.

Rogers, T. M., G. A. Glatzmaier, and S. E. Woosley, Simulations of
two-dimensional turbulent convection in a density-stratified fluid,
Phys. Rev. E, 67, 026315–1–6, 2003. 

Sakuraba, A., and M. Kono, Effect of the inner core on the numeri-
cal solution of the magnetohydrodynamic dynamo, Phys. Earth
Planet. Inter., 111, 105–121, 1999. 

Sarson, G. R. and C. A. Jones, A convection driven dynamo rever-
sal model, Phys. Earth Planet. Inter., 111, 3–20, 1999. 

Sarson, G. R., C. A. Jones, and A. W. Longbottom, The influence
of boundary region heterogeneities on the geodynamo, Phys. Earth
Planet. Inter., 101, 13–32, 1997. 

Song, X., and P. Richards, Seismological evidence for differential rota-

tion of the Earth’s inner core, Nature, 382, 221–224, 1996. 
Souriau, A., New seismological constraints on differential rotation of

the inner from Novaya Zemlya events recorded at DRV Antarctica,
Geophys. J. Int., 134, F1–F5, 1998. 

Simitev, R. and F. H. Busse, Parameter dependences of convection
driven spherical dynamos, in High Performance Computing in
Science and Engineering ‘02, E. Krause and W. Jager, eds, pp.
15–35, Springer, 2002. 

Stacey, F. D., Physics of the Earth, Brookfield Press, 1992. 
Su, W., A. M. Dziewonski, and R. Jeanloz, Planet within a planet:

Rotation of the inner core of the Earth, Science, 274, 1883–1887,
1996. 

Weiss, N. O., Convection in an imposed magnetic field. Part 1. The
development of nonlinear convection, J. Fluid Mech., 108,
247–272, 1981. 

Wicht, J., Inner-core conductivity in numerical dynamo simulations,
Phys. Earth Planet. Inter., 132, 281–302, 2002. 

Xu, X. and X. Song, Evidence for inner core super-rotation from
time-dependent differential PKP travel times observed at Beijing
Seismic Network, Geophys. J. Int., 152, 509–514, 2003. 

Zhang, K. and F. H. Busse, Finite amplitude convection and magnetic
field generation in a rotating spherical shell, Geophys. Astrophys.
Fluid Dyn., 4l, 33–53, 1988. 

Thomas L. Clune, Science Computing Branch 931, NASA God-
dard Space Flight Center, Greenbelt, MD 20771.

Gary A. Glatzmaier, Earth Sciences Department, University of
California, Santa Cruz, CA 95064.

Darcy E. Ogden, Earth Sciences Department, University of Cal-
ifornia, Santa Cruz, CA 95064.

12 MODELING THE EARTH’S DYNAMO



GLATZMAIER ET AL. 13


