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Although people have used the Earth’s
magnetic field for navigation for cen-
turies, it was not until 1919 that a re-
searcher first suggested a fluid flow in

the Earth’s metallic core might be generating the
geomagnetic field.1 Because the core’s tempera-
ture is similar to that of the sun’s surface (over
5,000 K), it is far above the Curie temperature and
thus the geomagnetic field cannot be due to per-
manent magnetism. Instead, the field has a free
(dipolar) decay time (based on the core’s size and
electrical conductivity) of 20,000 years— compar-
atively short, given that it has existed for billions
of years. In addition, the geomagnetic field varies
on many different time scales, from the small, sec-
ular variation of its non-dipolar part (a 10- to 100-
year time scale) to dipole reversals, which typically
take about 5,000 years to complete and occur ir-

regularly (on average, once per 200,000 years).
The last complete dipole reversal occurred about
780,000 years ago. Given that the Earth’s field has
existed much longer than its free decay time and
has undergone hundreds of dipole reversals, an ar-
gument can be made that some mechanism con-
tinually regenerates the field. That mechanism is
called the geodynamo. 

Since the 1950s, researchers have proposed
many ideas and developed many kinematic models
in an attempt to understand the geodynamo. The
basic idea is that thermal and compositional buoy-
ancy sources drive convection in the Earth’s fluid
outer core. These sources naturally arise at the in-
ner core’s boundary as the outer core’s iron alloy
fluid cools, plating iron onto the solid inner core
and releasing latent heat and lighter elements into
the fluid core. Planetary rotation (Coriolis forces)
then causes the buoyant fluid to rise in curved tra-
jectories, which twists and shears the existing
magnetic field into a new magnetic field. Basically,
the motion of conducting fluid across the mag-
netic field generates electric currents that produce
a new magnetic field. However, the details of how
this could actually produce a field—with the in-
tensity, structure, and time dependence of the
Earth’s field—were not known until 1995 when
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researchers obtained the first convincing evidence
using a dynamically self-consistent, 3D numerical
simulation of the geodynamo.2,3

Although the first convective dynamo models
were developed to study the solar dynamo,4,5 re-
cent research has focused more on the geody-
namo.2,3,6-14 Here we briefly describe the nu-
merical method and parallel implementation of
the Glatzmaier-Roberts dynamo model and dis-
cuss some of our recent simulations. 

The model and method

The Glatzmaier-Roberts 3D spherical model
solves the magnetohydrodynamic equations
within the anelastic approximation,6 which more
accurately captures the physics than the more
traditional Boussinesq’s incompressible approx-
imation; the Glatzmaier-Roberts model can also
use much longer numerical time steps than a
fully compressible model. The sidebar shows
equations solved to obtain the 3D time-depen-
dent density, pressure, entropy, composition,
fluid velocity, and magnetic field.

Because of limited spatial resolution, the vis-
cous and thermal diffusivities crudely represent
how unresolved eddies transport momentum and
heat. An Earth-like heat flux imposed over the
core-mantle boundary controls the core’s cool-
ing rate, which determines the convection’s vigor
and the intensity of the generated magnetic field.
The Earth’s rotation rate is essential for produc-
ing the dynamo’s sheared and helical fluid flows;
it also makes the numerical method, which treats
the Coriolis force implicitly, very challenging.

To investigate the 3D time-dependent behav-
ior, we developed a computer code that uses a
spectral transform formulation based on expan-
sion in spherical harmonics and Chebyshev poly-
nomials.5 The equations are integrated forward in
time using a third-order Runge-Kutta scheme;
nonlinear terms are treated explicitly and linear
terms are treated implicitly (with the possible ex-
ception of the Coriolis terms, as we discuss below).

Spectral transform
Spectral transform methods use spectral (fre-

quency) domain data to compute extremely ac-
curate spatial derivatives and spatial domain data
to compute various products occurring in non-
linear terms. A fast spectral transform between
the spectral and spatial domains is key to our
method’s success. Using spectral transform
methods has several advantages. First, their ac-
curacy is typically comparable to that of low-or-
der finite difference schemes on much finer spa-
tial grids. This produces substantial savings in
both memory and computational workload. Sec-
ond, the diffusion operator does not couple dif-
ferent spherical harmonic modes; thus, treat-
ment of these linear terms is far less expensive
than it would be with other methods. Finally, in
the case of geodynamo study, the magnetic field’s
outer boundary conditions are expressed quite
naturally in terms of spherical harmonics.

Spectral transform methods have two signif-
icant liabilities for the geodynamo problem.

Sample solutions
The Glatzmaier-Roberts 3D spherical model solved the follow-

ing equations to obtain the geodynamo’s 3D time-dependent
thermodynamic variables (density ρ, pressure p, entropy S, com-
position ξ), fluid velocity (v), and magnetic field (B).

(1,2)

(3)

(4)

(5)

(6)

.

An overbar indicates reference state variables (such as tempera-
ture, T , and gravitational acceleration, ), which are specified
functions of radius (only) and represent a mean state. The rotation
rate of the Earth is Ω. The viscous and thermal eddy diffusivities
are and , respectively. The usual thermal diffusivity, , and
magnetic diffusivity, are based on their molecular values. The
specific heat capacity, cp, and the magnetic permeability, µ0, are
assumed constant. Also, U is the perturbation of the gravitational
potential, is the rate of strain tensor, and is the unit diagonal
tensor.
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First, although fast transforms exist for the az-
imuthal and radial directions, there is no effi-
cient Legendre transform, and, as the grid res-
olution increases, the Legendre transforms
come to dominate the computational work-
load. However, this is somewhat ameliorated
by the near-peak processor performance of the
Legendre transform’s matrix-matrix multipli-
cation. Second, unlike the diffusion terms, the
Coriolis terms couple other spherical harmonic
modes and therefore significantly complicate
the scheme when treated implicitly. We discuss
this in more detail later.

Implementation
Because the primary constraints on the pre-

dictive power of our model are spatial resolution
and the length of integration time, we developed
a high-performance parallel implementation
based on the message-passing paradigm. Our
implementation exploits the existence of mas-
sively parallel computers that have an order of
magnitude more memory and performance than
was available even a few years ago. In the broad-
est terms, our parallelization strategy has been
to perform the spectral transforms on data which
is “in processor” while distributing the orthogo-
nal directions among the processors in a load-
balanced manner. Global memory transposes
then rearrange the data as necessary for each
type of operation. The spectral transforms them-
selves are highly efficient operations (in terms
of hardware utilization) on virtually all proces-
sors, but particularly on the cache-based hier-
archical memory systems typical of modern par-
allel computers.

As part of NASA’s Earth and Space Science High
Performance Computing Cooperative Agreement,
we highly optimized our code for the Cray T3E.
The T3E possesses an extremely low-latency,
high-bandwidth network that is ideal for the
global memory transposes used in spectral
transform methods, and we have taken great
care to exploit its capabilities. We made every
effort to maximize cache reuse, reduce the
number of communication packets, and exploit
the specialized e-registers for local and remote
memory transfers. Because the computational
load of the Legendre transforms is dominant for
all but very low-resolution cases, the time spent
in transforms also dominates the time spent
communicating, thereby enabling excellent scal-
ability. Our code has run on as many as 1,490
processors and attained performance in excess
of 600-billion floating-point operations per sec-

ond (Gflops). For the moderate grid resolutions
suitable to our current research, it typically
achieves between 100 and 200 Gflops on the
T3E’s 512 processors.

Coriolis terms
Treating Coriolis terms becomes critical at

the finer grids that large computer memories
now make possible. For the parameter regime
corresponding to the Earth, the extremely rapid
rotation (relative to the convection and diffu-
sion) presents a severe constraint on the time-
step size if we treat the Coriolis terms explicitly
along with the nonlinear terms. Alternatively, if
we treat the Coriolis terms implicitly along with
the other linear terms, we can
use much larger time steps, al-
though this creates a set of
significantly larger linear sys-
tems to be solved at each iter-
ation. These large linear sys-
tems arise because the
Coriolis terms directly couple
other spherical harmonic
modes. The storage require-
ments for the associated fac-
tored matrices grow as O(n4),
where n is the typical number
of grid points in any direction,
and dominates the memory
requirements even at quite
modest resolutions. Implicit
treatment also brings extra
computational cost, but it is
still relatively small compared with the cost of
the Legendre transforms. If, however, the ma-
trices were constructed and factored on the fly,
the memory cost would once again be negligi-
ble, but the computational costs would be so
large (O(n5)) as to obviate the advantage of the
larger time step as compared with explicit treat-
ment. For the present, we are treating the Cori-
olis terms explicitly to enable short-duration,
high-resolution simulations and implicitly for
low-resolution simulations over longer time
scales.

Because none of the current options for treat-
ing Coriolis terms is particularly desirable, we
are actively researching alternatives. At present,
our optimism resides with a scheme to use itera-
tive methods with an inexpensive preconditioner
based on finite differences. Such a scheme uses
roughly 50 times less memory than the direct
method, but at this point we don’t know how
many iterations would be required for adequate
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convergence for high-resolution simulations.

The simulations

Over the past five years, the Glatzmaier-
Roberts model has been used to obtain several
numerical simulations of the geodynamo.
These simulations span more than a million
years, using a numerical time step of 15 days
or less. Here, we describe a medium resolution
case with 49 radial levels (plus 17 in the inner
core), 144 latitudinal levels, and 144 longitu-
dinal levels. The magnetic energy, integrated
through the core, is more than three orders of
magnitude greater than the kinetic energy of
the convection that maintains it. Maximum
magnetic field intensity, in the core’s deep in-
terior, can be 20 mT (milliTesla), and maxi-
mum fluid velocity is typically about a mil-
limeter per second. Although this is much less
than, for example, atmospheric wind speeds, it
is a million times greater than mantle convec-
tion. Convection of the dense metallic core
fluid is so efficient that the maximum temper-
ature variation (on a sphere of constant radius)
is only about 0.001 K.

Figure 1 shows a snapshot of the 3D field
structure using magnetic lines of force (gold di-
rected outward, blue inward). The field is much
more intense and complicated inside the core,
where it is generated, than outside, where (like
the Earth) it has a dominant dipolar structure.

Figure 2 shows a typical magnetic energy
spectrum (in spherical harmonic degrees) for the
field at the Earth’s core-mantle boundary (CMB)
(out to degree 12) and for the Glatzmaier-
Roberts simulation (to degree 95). (The Earth’s
core field is known only out to degree 12 because
the crustal magnetic field significantly interferes
for larger degrees.) Both spectra show the dipole
(l = 1) component dominating. Because the field’s
dipole part decreases the least rapidly with dis-
tance from the core, the structure appears even
more dipole dominated at the Earth’s surface, as
Figure 3 shows, where the field’s radial compo-
nent is plotted in equal area projections. Figure
3 also shows that although including degrees 13
to 95 produces no detectable difference in the
surface field, it makes a significant difference in
the field’s structure at the CMB. This argues for
a smaller structure in the geomagnetic field at
the CMB than is seen in the geomagnetic field’s
current degree-12 spectrum. The intense con-
centrations of magnetic flux (core spots) in the
simulated field at the CMB are somewhat similar
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Figure 2. A snapshot of the magnetic energy density at the core-
mantle boundary for today’s Earth (solid circles, up to degree 12)
and for the Glatzmaier-Roberts geodynamo simulation (open
circles, up to degree 95).15

Figure 1. A snapshot of the 3D magnetic field structure, illustrated
with a set of magnetic lines of force, which are blue where directed
inward and gold where directed outward. The rotation axis is vertical
and centered in the image. The lines are drawn out to two Earth radii.
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to sunspots on the solar surface.
Figure 4 shows a snapshot of the fluid velocity

in the equatorial plane. Time-dependent con-
vection cells exist on a background of westward
zonal flow. This fluid flow continually advects
the magnetic field (which changes the Lorentz
forces) and perturbations in the temperature and
composition (which changes the buoyancy
forces). These feedbacks maintain a chaotic so-
lution with magnetohydrodynamic instabilities
always occurring, although they seldom become
significant.

On occasion, the opposite polarity field
grows while the original polarity decays and a
magnetic dipole reversal spontaneously occurs.
Figure 5 shows 300,000 years in the middle of
a long simulation during which two dipole re-
versals occur. Each takes only about 1,000
years, although more time is required for the
dipole to return to full intensity after the re-
versals. Figure 5 shows this in the plot of the
dipole moment, which decreases during each
reversal, as it does in the paleomagnetic rever-
sal record. The pole latitude and pole trajec-
tory track the dipolar structure of the field

(a)

(b)

(c)

Figure 3. The mag-
netic field’s radial
component at the
surface (left) and at
the core-mantle
boundary (right) for
the Earth (up to de-
gree 12) and for the
Glatzmaier-Roberts
simulation (up to de-
gree 12 and up to
degree 95). The sur-
face field has been
multiplied by 10 to
give comparable
color contrast. (a)
Geomagnetic field
(1980) up to degree
12; (b) Glatzmaier-
Roberts simulation
plotted up to degree
12; and (c) Glatz-
maier-Roberts simu-
lation up to degree
95.15
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Figure 4. A snapshot of the fluid velocity in a Glatzmaier-Roberts
simulation shown in the outer fluid core’s equatorial plane.15
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(outside the core).
Figure 6 shows four snapshots during a dipole

reversal, which is easily seen in the field’s radial
component at the surface. The longitudinally av-
eraged part of inner core’s field shows that (in
this case) the reversed polarity starts near the
CMB and slowly works its way inward. Note

how the inner core’s field reverses long after the
surface reversal is complete.

Our results offer clear examples of how
computer simulations can provide
insight to geophysical phenomena,
particularly those for which little ob-

servational data is available. Our future work will
focus on obtaining solutions with greater reso-
lution—and thus less parameterized “eddy dif-
fusion”—which will produce more geophysically
realistic solutions.
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Figure 6. Four snapshots spanning a dipole reversal in a Glatzmaier-Roberts simulation. The upper row shows the
magnetic field’s radial component at the Earth model’s surface. The lower row shows the longitudinally averaged part of
the field through the core. The poloidal field lines are shown on the left of each plot (green is clockwise, yellow is coun-
terclockwise). On the right of each plot is the toroidal field (red is eastward directed, blue is westward).16


