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Abstract The dipole moment of Earth’s magnetic field has
decreased by nearly 9% over the past 150 years and by
about 30% over the past 2,000 years according to
archeomagnetic measurements. Here, we explore the causes
and the implications of this rapid change. Maps of the
geomagnetic field on the core–mantle boundary derived
from ground-based and satellite measurements reveal that
most of the present episode of dipole moment decrease
originates in the southern hemisphere. Weakening and
equatorward advection of normal polarity magnetic field
by the core flow, combined with proliferation and growth of
regions where the magnetic polarity is reversed, are
reducing the dipole moment on the core–mantle boundary.
Growth of these reversed flux regions has occurred over the
past century or longer and is associated with the expansion
of the South Atlantic Anomaly, a low-intensity region in the
geomagnetic field that presents a radiation hazard at
satellite altitudes. We address the speculation that the
present episode of dipole moment decrease is a precursor
to the next geomagnetic polarity reversal. The paleomag-
netic record contains a broad spectrum of dipole moment
fluctuations with polarity reversals typically occurring
during dipole moment lows. However, the dipole moment
is stronger today than its long time average, indicating that
polarity reversal is not likely unless the current episode of
moment decrease continues for a thousand years or more.
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Introduction

The main part of the geomagnetic field originates in the
Earth’s iron-rich, electrically conducting, molten outer core.
The outer core is in a state of convective overturn, owing to
heat loss to the solid mantle, combined with crystallization
and chemical differentiation at its boundary with the solid
inner core. The geodynamo is a byproduct of this convection,
a dynamical process that continually converts the kinetic
energy of the fluid motion into magnetic energy (see Roberts
and Glatzmaier 2000; Buffett 2000; Busse 2000; Dormy et
al. 2000; Glatzmaier 2002; Kono and Roberts 2002; Busse et
al. 2003; Glatzmaier and Olson 2005 for the recent progress
on convection in the core and geodynamo).

According to the dynamo theory the geomagnetic field has
a complex structure within the core. But this dynamo-
generated field, often called the core field, is relatively
simple near the Earth’s surface, consisting of a dipole
slightly inclined to the rotation axis that accounts for about
80% of the total and a weaker nondipole part that accounts
for the remainder (Langel et al. 1980; Olsen et al. 2000).
When the core field is time-averaged over intervals of
several centuries or longer, the nondipole part tends to
vanish, leaving a field that consists almost entirely of an
inclined geocentric dipole, as illustrated in Fig. 1. The
inclination (or tilt) of the dipole, the primary deviation from
rotational symmetry in the core field, is also a transient
property, although time averages over several millennia are
needed to remove its effects (Carlut et al. 2000). What
remains of the core field once the tilt and nondipole
components are averaged out is nearly a geocentric axial
dipole, an important reference state that is abbreviated GAD.

The tendency toward the GAD configuration is a defining
property of the geomagnetic field, both in the recent past
and through most of Earth’s history. It is estimated that the
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5 Ma time-averaged field is about 95% GAD (Johnson and
Constable 1997; Carlut and Courtillot 1998), and the 120 Ma
average field is comparably dipolar (Livermore et al. 1984).
Paleomagnetic evidence indicates that the main departure from
the GAD configuration in the time-averaged field consists of a
small axial quadrupole. There is additional paleomagnetic
evidence suggesting there may also be small nonaxial, higher
order multipoles in the time-averaged field, although the precise
composition of these terms is not agreed on (Dormy et al.
2000). No vestige of when the geodynamo began was found in
the geologic record. The magnetization of ancient rocks
indicates the Earth had a magnetic field and an active dynamo
as early as 3.5 Ga (Hale and Dunlop 1987; Yoshihara and
Hamano 2000). Most theoretical studies of the early Earth
conclude that the geodynamo began to operate during or
shortly after the formation of the core (Stevenson 1990), which
is estimated to have taken place around 4.5 Ga (Wood and
Halliday 2005).

In spite of its remarkable persistence, the geomagnetic
dipole is continually changing, sometimes dramatically.
Polarity reversals are probably the best-known example of
rapid dipole changes. The geomagnetic field is known to
have reversed its polarity hundreds of times in the geologic

past (295 reversals were identified in the 160 Ma marine
magnetic anomaly record alone), and there is a comparable
number of instances where the field has made large
amplitude, transient deviations from the GAD configuration
called excursions (Gubbins 1999; Merrill and McFadden
1999; Constable 2003). In addition to directional changes,
the strength of the dipole is also variable. In our own time,
we are witnessing a precipitous drop in the dipole moment,
which we describe more fully in the following section.

The particular combination of long-term steadiness and
short-term fluctuations of the dipole raises fundamental
questions about the core and the geodynamo. Why does the
core field tend toward an axial dipole? Are there significant
long-term departures from GAD? What controls the dipole
moment strength and why does it fluctuate? What causes
polarity reversals? Is today’s dipole moment decrease a
precursor of a more fundamental change, such as a polarity
reversal? Answers to these questions would have both
practical and scientific benefits. In this review, we focus on
one of these issues, the origin of the present-day rapid
decrease in the dipole moment. We begin by describing the
present-day dipole moment change and compare it with
theoretical rates for Ohmic decay of dipole fields in the
core. We then summarize the evidence for dipole moment
changes on historical (centennial), archeomagnetic (millen-
nial), and paleomagnetic (geological) time scales. We
analyze the structure of the present-day geomagnetic field
and its secular variation on the core–mantle boundary,
delineating the places where today’s rapid drop in the
geomagnetic dipole moment is occurring. The sources of
the South Atlantic Anomaly (SAA), a region of the external
field with low magnetic intensity that has attracted recent
attention as a space radiation hazard, are identified with
some of these locations on the core–mantle boundary. We
discuss some consequences of a weakened geomagnetic
dipole moment, particularly for manned and unmanned
travel in space. We quantify some of the dynamo
mechanisms responsible for the observed moment change
and show that these similar mechanisms cause rapid dipole
moment drops in numerical dynamo models. Lastly, we
project our results into the future. We argue that the present
state of the field at the core–mantle boundary and the
persistence of certain large-scale flow structures just below
the core–mantle boundary indicate that the dipole moment
will continue to decrease for some time, although the
prospect of this being a prelude to full polarity reversal is
remote.

The dipole moment and the core field

Figure 1 shows the basic spherically symmetric structure
of the Earth’s interior, including the metallic core, the
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Fig. 1 Idealized cross-section of the Earth showing an inclined dipole
magnetic field maintained by the slowest decaying (fundamental
mode) electric current distribution in the core. re ¼ 6371 km,
rc ¼ 3480 km, and ri ¼ 1221 km denote surface, core–mantle
boundary, and inner–outer core radii, respectively. The solid mantle
and crust (r > rc) are poor electrical conductors. The liquid outer core
(r < rc) and solid inner core are electrically conducting, iron-rich
alloys. Field lines show the present-day (normal) geomagnetic dipole
polarity and its inclination or tilt (10:3�). Filled contours represent
density of azimuthal (east–west) electric currents with shading
proportional to negative (west-directed) current density

520 Naturwissenschaften (2006) 93:519–542



solid silicate and oxide mantle, and the crust. The core is
subdivided into the liquid outer core and the solid inner
core. According to the seismic Preliminary Reference Earth
Model (Dziewonski and Anderson 1981), the mean
spherical radii of the surface, core–mantle boundary, and
inner–outer core boundary are re ¼ 6371, rc ¼ 3480, and
ri ¼ 1221 km, respectively. Figure 1 also shows an inclined,
fundamental mode dipolar magnetic field originating from
an idealized distribution of azimuthal electric currents in the
core.

The internal origin of Earth’s dipole was first established
by Gauss (1877) and it is now accepted that its source
consists almost entirely of free electric currents within the
core. The silicates and oxides that make up the mantle and
crust are very poor electrical conductors in comparison with
the iron-rich core alloys (see Stacey 1992 for a general
discussion of the electrical conductivity structure of the
Earth) and for purposes of this review the mantle and crust
can be considered as insulators. A possibly important
exception is the D″-region, a 50- to 200-km-thick layer at
the base of the mantle just above the core–mantle boundary.
Some properties of the D″-region differ significantly from
the rest of the lower mantle (Schubert et al. 2001;
Murakami et al. 2004) and, in particular, there is evidence
it may have a higher electrical conductivity (Buffett 1992).
However, the D″-layer does not appear to have much effect
on the dipole moment. Ferromagnetism is limited to
shallow depths in the crust and is also spatially heteroge-
neous, so it contributes little to the dipole and other large-
scale components of the field (Cain et al. 1989; Maus et al.
2002, 2005; Sabaka et al. 2002, 2004). By restricting
attention to the long wavelength part of the geomagnetic
field, regularized inversion methods combined with poten-
tial theory (Gubbins 2004) allow downward continuation of
surface and satellite magnetic measurements through the
crust and mantle, all the way to the core–mantle boundary.
Further downward continuation of the surface field is not
possible because of the presence of electric currents in the
core, but at least we can image the large-scale part of the
field as it emerges from the core.

Above the core–mantle boundary, the standard represen-
tation of the geomagnetic field B (SI unit: Tessla) is as a
potential field satisfying B ¼ �rΨ in which the geomag-
netic potential Ψ has the following definition:

Ψ ¼ re
X1

l¼1

Xl

m¼0

ðre
r
Þlþ1Pm

l ðcos θÞðgml cos mφþ hml sin mφÞ

ð1Þ

where ðr; θ;φÞ are geocentric spherical coordinates (radius,
colatitude, and east longitude, respectively), Pm

l are the
Schmidt-normalized associated Legendre polynomials, and
gml and hml are the Gauss coefficients of degree l and order

m (Chapman and Bartels 1962; Backus et al. 1996). The
geomagnetic dipole moment vector m can be expressed in
terms of the radial component of the geomagnetic field Br,
or in terms of the degree l ¼ 1 coefficients in Eq. 1 as:

m � ðmxx̂þmyŷþmzẑÞ
¼ 3r

2μ0

Z
Brðsinθcosφx̂þ sinθsinφŷþ cosθẑ ÞdS

¼ 4πr3e
μ0

ðg11x̂þ h11ŷþ g01ẑ Þ

ð2Þ

where ðx̂; ŷ; ẑÞ are Cartesian unit vectors with origin at
Earth’s center (z is the polar axis, x and y are axes in the
equatorial plane with x through 0� longitude and y through
90� East longitude), ðmx;my;mzÞ are the dipole moment
components along these axes, μ0 ¼ 4π� 10�7 Hm�1 is the
free space magnetic permeability, dS denotes surface
integration over a sphere with radius r, and g01 and
ðg11 ; h11Þ are the axial and equatorial dipole Gauss coef-
ficients, respectively. As defined in Eq. 2, m has units Am2

(Ampere meter-squared).
The Kersted satellite measurements give g01 ¼ �29617:37,

g11 ¼ �1729:24, and h11 ¼ 5185:65 nT (nano-Tessla) for the
core field at epoch 2000 (Olsen et al. 2000). According to
these values, the axial moment was mz ¼ �7:66� 1022 Am2

at epoch 2000, and the components of the equatorial moment
were mx ¼ �0:447� 1022 and my ¼ 1:34� 1022 Am2 at the
same time. Therefore, the strength of the dipole moment at
2000 was jmj �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

x þm2
y þm2

zÞ
q

¼ 7:79� 1022 Am2

and the so-called GADM (GAD moment) was
7:66� 1022 Am2. The equatorial component of the dipole
moment at 2000 had strength jmej �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

x þm2
yÞ

q
¼

1:41� 1022 Am2 and was oriented along longitude
φe ¼ tan�1ðmy=mxÞ ¼ 108:4E. The south geomagnetic pole
is the projection of the geocentric dipole moment vector onto
the Earth’s surface, and the north geomagnetic pole (NGP) is
its antipode. The (geocentric) colatitude and east longitude of
the NGP are given by:

θN ¼ cos�1ð� g01
g
Þ ¼ cos�1ð� mz

jmjÞ;

φN ¼ tan�1ðh
1
1

g11
Þ ¼ tan�1ðmy

mx
Þ

ð3Þ

where g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðg11Þ2 þ ðh11Þ2 þ ðg01Þ2

q
. In 2000 the NGP was

located at (79.6N, 71.6W). Note that the geomagnetic poles
defined this way are distinct from the magnetic poles (or dip
poles), the locations on Earth’s surface where the field
orientation is vertical. The distinction is due to the fact that
the dip pole locations are affected by the nondipole part of the
field and the dipole part.

There are multiple reasons why the geomagnetic dipole
moment and its secular change are important properties of
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the geodynamo. The main observational reason has already
been discussed: The core field at the Earth’s surface is
predominantly dipolar. The dipolar field far exceeds the
nondipole field, especially in time average where the axial
dipole dominates. Other reasons for considering the dipole
moment as a distinct entity concern its role in the
geodynamo. The geomagnetic dipole moment is a weighted
integral of the transverse electric currents in the core (see
Eq. 6). It is therefore an intrinsic, frame-invariant, and
global property of the Earth (other moments of the field
have some of these attributes but they are smaller and less
persistent). Furthermore, the dipole moment can be deter-
mined using surface measurements alone according to
Eq. 2. It differs in this regard from other global measures
of geodynamo activity such as magnetic and kinetic
energies, heat flow, and Ohmic dissipation, which cannot
be determined directly from surface observations.

History of the dipole moment

Dipole axis motion

Because magnetic orientation was the primary method of
navigation during the age of exploration, there is a globally
distributed record of magnetic directional data that provides
a picture of the dipole moment direction and its secular
change starting around 1,600 AD (Jonkers et al. 2003). As
Fig. 2 shows, both the latitude and the longitude of the
NGP have changed in historical times. Between 1650 and
1860 the tilt angle increased from about 7:5� to 11:4�, while
the NGP drifted generally westward through about 30� of
longitude (Fraser-Smith 1987; Bloxham and Jackson 1992;
Jackson et al. 2000). Since then, the westward motion of
the pole has continued, while its north–south motion has
reversed. From 1860 to 1960, the tilt remained almost
constant. Then starting about 1970 the pole began to move
northward, and by 2000 the tilt had decreased by more than
1°. This poleward motion of the dipole moment vector is
evidently continuing. According to the model POMME 2.5
(Potsdam Magnetic Model of the Earth) derived from Øersted
and CHAMP (Challenging Minisatellite Payload) satellites
(Maus et al. 2004), the NGP moved further northward by
0:1� between 2000 and 2002.5, and has moved an additional
0:1� northward since 2002.5 according to the 2005 Interna-
tional Geomagnetic Reference Field (IGRF, http://www.ngdc.
noaa.gov/seg/geomag/models.shtml).

The sustained westward motion of the NGP evident in
Fig. 2 corresponds to an average angular velocity of the
dipole moment relative to the crust of −0.05 to −0.1°
longitude per year, a motion that used to be interpreted as
evidence for a retrograde differential rotation of the outer
core relative to the mantle and crust (Bullard et al. 1950;

Yukutake 1967). This explanation is no longer favored,
however, because archeomagnetic and paleomagnetic data
now indicate that the dipole axis motion over longer time
intervals is highly irregular and includes abrupt directional
changes.

Over the past several thousand years the NGP has traced
out an irregular sequence of prograde and retrograde loops,
generally within 15� of the geographic pole (Ohno and
Hamano 1992; Constable et al. 2000; Johnson et al. 2003).
The path of the NGP over the last 2 kyr determined from
archeomagnetic pole measurements (Merrill et al. 1998) and
from the CALS7K.2 archeomagnetic field model (Korte and
Constable 2005) are shown in Fig. 2b. The underlying cause
of this irregular motion is not yet established, but its
kinematic effect is clear: It suppresses the equatorial
component of the geomagnetic dipole, leaving only the axial
part, the GAD, in time average. The length of time needed
for this averaging out process is longer than it would have
been if the NGP only moved westward, but is still rather
short on the order of a few thousand years (Constable and
Parker 1988; Carlut et al. 2000).

Recent decrease in dipole strength

Direct measurements of the dipole moment, beginning with
Gauss’ famous 1839 analysis (Leaton and Malin 1967;
Malin 1982) and continuing into the era of magnetic
satellites (Langel et al. 1980; Olsen et al. 2000), reveal a
sustained decrease in moment strength. As shown in
Fig. 2a, the strength of the dipole moment has decreased
from jmj ¼ 8:5� 1022 Am2 in 1840 to 7:79� 1022 Am2 in
2000. The average rate of decrease over the intervening
160 years was jṁj ’ 1:40� 1012 Am2s�1, an overall rate
of nearly 6% per century. The average decrease in the
strength of the axial dipole moment (ADM) over the same
160 years was jṁzj ’ 1:33� 1012 Am2s�1, accounting for
about 95% of the total moment drop during that period. The
latest satellite and observatory magnetic measurements
confirm this trend. According to the POMME 2.5 satellite
model (Maus et al. 2004) the dipole moment strength
decreased by an additional 0.146% between epochs 2000
and 2002.5, very nearly equal to the historical 6% per
century rate. By 2005 the strengths of the dipole moment
and its axial component had fallen to jmj ¼ 7:77� 1022

and jmzj ¼ 7:644� 1022, respectively, according to the
2005 IGRF. As many authors have noted, if the present-
day decrease were to continue at the same (linear) rate, the
dipole moment would be reduced to zero within 2000 years
(Leaton and Malin 1967; McDonald and Gunst 1968;
Fraser-Smith 1987; Olson 2002). However, the nearly
uniform rate of decrease since 1840 may not apply further
into the past. Archeomagnetic measurements indicate a
somewhat slower decay rate (see below) and Gubbins et al.
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(2006) have proposed that the present episode of rapid
decrease actually commenced around 1840.

The equatorial moment strength has also decreased since
1840 at an average rate of j ṁej ’ 5� 1011 Am2s�1, which
is nearly 11% per century. In percentage terms this is even
faster than the axial component decrease and accounts for

the poleward motion of the NGP since 1970 as shown in
Fig. 2b,c. In absolute terms, however, the decrease of the
axial moment is the most important change in the present-
day dipole as well as the most important change in the past
couple of thousand years and is the main subject of our
analysis.

Fig. 2 Recent evolution of the geomagnetic dipole moment. a Change
in dipole moment strength from 1840 to 2000 (symbols) compared
with theoretical free decay rates of fundamental (p ¼ 1) and higher
mode (p > 1) dipole fields in the core, calculated using Eq. 4,
assuming an electrical conductivity of σ ¼ 4� 105 Sm�1. b NGP for
the past 2,000 years. Crosses: pole since 1590 in 10-year intervals

from historical field model gufm1 (Jackson et al. 2000), Øersted
satellite field model (Olsen et al. 2000), and 2005 IGRF field model.
Squares: NGP 0–1950 at 25-year intervals from core field model
CALS7K.2 by Korte and Constable (2005). Diamonds: mean
archeomagnetic poles 0–1900 from Merrill et al. (1998). c, d NGP
latitude and longitude, 1840–2000
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We can put the present-day dipole moment strength
decrease into physical perspective by comparing it with the
theoretical Ohmic-free decay rate of dipole fields in the
core. In Ohmic-free decay (the decay due to electrical
resistance alone, without any effects of fluid motion) the
dipole moment in a sphere with radius rc and uniform
electrical conductivity σ decays according to:

m ¼
X1

p¼1

mp expð�t=τpÞ ð4Þ

where p is the radial mode number, mp is its amplitude at
time t ¼ 0, and τp ¼ μ0σr

2
c=ðpπÞ2 (Moffatt 1978). Figure 1

shows the magnetic field lines and the electric current
density of a fundamental (p ¼ 1) mode dipole field, which
has the slowest free decay rate of any magnetic field mode
in the core. Using rc ¼ 3480 km for the core radius and
σ ¼ 4� 105 Sm�1 (corresponding to a magnetic diffusivity
of λ ¼ 1=μ0σ ¼ 2 m2s�1) for the electrical conductivity of
the core (Poirier 1994, 2000) gives τ1 ¼ 19; 580 years for
the free decay time of the fundamental mode and τp ¼
19; 580=p2 for the free decay time of the pth dipole mode.

Initial free decay curves from Eq. 4 are shown in Fig. 2a
in comparison with the observed changes in geomagnetic
dipole moment strength. The time constant of the observed
moment change over the past 160 years is about
τ ¼ jmj=jṁj ’ 1840 years. For an assumed electrical con-
ductivity in the core 4� 105 Sm�1, this exceeds the
fundamental dipole mode decay rate by a factor τ1=τ ’ 11.
The disparity is even greater if a higher electrical conductivity
of the core is assumed. According to Secco and Schloessin
(1989), σ ¼ 6� 105 Sm�1 in the core, which implies
τ1=τ ’ 16. It is clear that the present-day decrease is not
free decay of the fundamental mode dipole field in the core.

Alternatively, can the present decrease represent an
episode of free decay of a higher mode dipole field in the
core? As indicated in Fig. 2a, the present-day decrease
approximates the free decay rate of dipole modes p ¼ 3 or
4, depending on the electrical conductivity assumed for the
core. Higher mode dipole fields imply a layered structure of
electric current beneath the core–mantle boundary with
layer thicknesses roughly ðrc � riÞ=p. For p ¼ 4 the electric
current layer in the outer core would be about 600-km-
thick. While it is theoretically possible that the present
decrease is entirely due to free decay of such a uniform
current sheet, it is unlikely the correct explanation for
several reasons. First, the moment decrease has generally
accelerated with time over the last 2,000 years according to
the data in Fig. 3a. This behavior is inconsistent with free
decay of a mixed-mode field in which the fast decaying,
higher modes would disappear first, leaving the slowly
decaying fundamental mode to dominate the dipole field at
later times. Second, if free decay was the only mechanism

at work, the energy in degrees l � 2 of the core field would
also be decreasing. However, this does not appear to be the
case. Analyses of the energy of the core field indicate that it
has changed relatively little over this time period (Verosub
and Cox 1971; Benton and Voorhies 1987; DeSantis et al.
2003), despite the fact that increasing resolution of the core
field introduces a bias into magnetic energy estimates.
Finally, we demonstrate in the next section that the sources
of dipole moment change on the core–mantle boundary are
very heterogeneous, quite unlike a free decay process. We
therefore conclude that the geodynamo has not simply shut
itself off. Dynamical processes must be at work in the core,
extracting energy from the dipole field and causing the
moment to decrease faster than it would by free decay
alone.

Fig. 3 a VADM over the past 12 ka (symbols) from combined
archeomagnetic and paleomagnetic field intensity measurements by
McElhinny and Senanayake (1982), Thouveny et al. (1993), and Yang
et al. (2000) compared with the core field model CALS7K.2 (solid
curve) by Korte and Constable (2005). Each symbol represents an
average over several centuries. b VADM over the past 2 Ma from a
stack of paleointensity curves obtained from sediment cores by Valet
et al. (2005). Top bar graph shows major polarity chrons; symbols
with error bars are data from volcanic rocks used for moment
calibration. The average and standard deviation for the current
Brunhes chron is shown in subpanel a
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What other mechanisms are available to change the
dipole moment? Fluid motion, which we have ignored so
far in this discussion, can act to increase and diminish the
dipole moment. As it is now understood, the geomagnetic
dipole moment is generated mostly by convection in the
outer core through an induction process related to the α-
dynamo mechanism (Busse 2000; Roberts and Glatzmaier
2000; Davidson 2001). Because it is affected by the
Coriolis acceleration due to the Earth’s rotation, convection
in the outer core has a property called helicity in which the
vorticity and velocity of the fluid motion are correlated.
Through its helicity, the convective motions transform
toroidal-type magnetic field (toroidal magnetic field lines
are wound in the core like a ball of string) into poloidal-
type magnetic field (poloidal magnetic field lines have a
radial component and extend beyond the core, the dipole
field being an example). Helical induction transfers mag-
netic energy from the toroidal field into poloidal field, first
on the length scales of the convective motion, and then to
larger length scales, such as the dipole field. According to
numerical models of the geodynamo, the convective
helicity is negative on average in the northern hemisphere
and positive on average in the southern hemisphere of the
core (Olson et al. 1999; Christensen et al. 1999; Glatzmaier
2002; Takahashi et al. 2005); and this is the primary reason
why the core field tends toward a time-averaged GAD
configuration. The efficiency of this helical induction
process governs the rate of energy flow into the dipole
field, and according to these same numerical dynamo
models, controls the strength of the time-averaged dipole
moment.

Fluid motion in the core can also act to reduce the dipole
moment strength by transferring energy from the dipole to
other harmonics of the magnetic field as in ordinary
turbulent cascade processes. Transfer of energy from the
dipole by fluid motion can and likely does occur at times
throughout the whole outer core. An example where this
process can be inferred from geomagnetic secular variation
is the reduction of the dipole moment through redistribution
of magnetic flux over the core–mantle boundary by the
flow in the outer core. For the ADM, this particular process
occurs by meridional advection of magnetic flux, as we
demonstrate in a later section. Fluid motion within the core
can also promote the reduction of the dipole moment by
enhancing magnetic diffusion. Here, the fluid motion
sharpens the gradients in the magnetic field within the core
leading to shorter characteristic length scales, accelerated
magnetic diffusion, and increased magnetic field line
reconnection (Moffatt 1978). These moment reduction
mechanisms must be subordinate, on average, to moment-
enhancing mechanisms such as the one described in the
preceding paragraph, for otherwise the geodynamo would
not be self-sustaining. However, it is possible for the

reduction mechanisms to exceed the growth mechanisms
for some time, causing a transient decrease in the dipole
moment and even a polarity change.

Is there evidence that these types of dynamical moment-
reducing processes are active in the geodynamo today?
Because the dipole tilt is currently decreasing, we can
conclude that the energy now being lost from the axial
dipole is not being transferred into the equatorial dipole. We
have already mentioned in connection with the GAD
reference state that the nondipole terms in the core field
fluctuate with century time constants. Because the time
constants for all nondipole field components are shorter
than the time constant of dipole moment decrease, the
energy in the dipole is not being transferred into any single
nondipole field component (the quadrupole field is now
growing, but not fast enough to account for all of the dipole
decrease). Instead, it appears that the energy in the dipole
field is being redistributed among the higher harmonics of
the field, a process that is opposite to the dominant energy
flow that is thought to sustain the dipole in a long time
average. In a later section we analyze the field and its
secular change on the core–mantle boundary. We show
evidence that the moment-reducing mechanisms of advec-
tion and diffusion are indeed active today, each contributing
to the observed moment decrease.

The archeomagnetic dipole moment

Before examining how fluid advection and diffusion of
magnetic field in the core combine to produce rapid dipole
moment decrease, it is important to establish how long the
present episode of decrease has been in place and to
compare this event with the behavior of the dipole moment
at earlier times. The plots in Fig. 3 show the virtual axial
dipole moment (VADM) over time. The VADM is
determined from the intensity of magnetization of crustal
rocks or archeological artifacts, and assumes the inducing
field is GAD (Merrill et al. 1998). The data in Fig. 3a
represent time averages of historical measurements plus
measurements from rock magnetization at archeological
and recently active volcanic sites over the past 12,000 years
(McElhinny and Senanayake 1982; Thouveny et al. 1993;
Yang et al. 2000). Following usual procedures, the VADM
data was time-averaged in bins to reduce contamination by
the nondipole part of the field. Figure 3a also shows dipole
moment variations over the past 7,500 years from the
CALS7K.2 core field model of Korte and Constable (2005)
and the mean and standard deviation of the intensity for the
whole of the current Brunhes normal polarity chron as
determined by Valet et al. (2005).

The current episode of dipole moment decrease evident-
ly commenced between 1000 and 2000 BP, following an
approximately 2,000 year-long interval when the average
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strength was high, nearly 11� 1022 Am2 according to the
archeomagnetic VADM, and nearly 9:5� 1022 Am2 accord-
ing to the CALS7K.2 field model. The moment decrease
has generally accelerated over the past millennium. This
most recent maximum ended around 3500 BP and was
preceded by a longer period of intensity increase that
commenced around 6000 BP, which in turn followed a
shorter period of moment decrease starting around 9000 BP.

Two additional points concerning Fig. 3a are worth
emphasizing here. First, although the intensity drop in the
past few hundred years might appear to be more rapid than
the characteristic rates of change for the time interval as a
whole, this may be a sampling bias. Higher resolution
archeomagnetic measurements (Yang et al. 2000) indicate
that additional shorter period intensity fluctuations are also
present during this period, but these were eliminated by the
binned averages in Fig. 3a to emphasize the major trends.
Furthermore, the root-mean-square variation of the moment
strength over the past few hundred years in the CALS7K.2
field model is not anomalous compared to its value over the
whole 7,500-year period (Constable and Korte 2005).
Another significant point is that the present-day moment
is about equal to the average for the entire 0.78 Ma Brunhes
polarity chron, while the peak moment near 2000 BP is
close to the maximum for the entire Brunhes chron (Valet et
al. 2005). In short, the present-day moment is above its
long time-averaged strength, as indicated in the data in
Table 1. Although it is decreasing rapidly, the dipole
moment is still large in absolute terms. All of this is
evidence against the interpretation that the present-day
decrease signals the disappearance of the dipole, or that a
polarity reversal is imminent.

The paleomagnetic dipole moment

Paleomagnetic intensity measurements on rocks of various
ages reveal dipole moment fluctuations over a wide spec-

trum of frequencies, corresponding to periodicities from
less than one thousand years to hundreds of millions
of years (Constable and Johnson 2005). Inferring the
intensity of the ancient paleomagnetic field from the
intensity of magnetized volcanic and sedimentary rocks is
a challenging task. For comprehensive reviews of the
various paleointensity measurement techniques and their
results, see Selkin and Tauxe (2000), Valet (2003), and
Yamamoto and Tsunakawa (2005). Very briefly, volcanic
rocks can provide absolute vector data and generally yield
the best intensity values, but these are typically discrete in
time. More continuous records of the dipole moment come
from the magnetization of marine and terrestrial sediments,
but the conversion from the measured sample magnetiza-
tion to the intensity of the inducing field is often
problematic.

Moment oscillations

Paleomagnetic vector data older than about 50 ka is
relatively sparse, which limits our ability to track absolute
dipole moment variations much further back in time than the
archeomagnetic window. But recently, several long time
series of paleointensity were constructed by stacking
sediment records and calibrating the resulting composite
curves against volcanic intensity data for periods up to 2 Ma
(Guyodo and Valet 1999; Gee et al. 2000; Yokoyama and
Yamazaki 2000; Valet et al. 2005). A 2-Ma composite of
VADM records from marine sediments by Valet et al. (2005)
is shown in Fig. 3b. This and other similarly constructed
composite records generally show a series of large amplitude
oscillations about a mean moment strength with character-
istic periods in the 10–80 ka range and peak-to-trough
moment variations as large as a factor of four or five.

The cause of these oscillations is unknown. Occasionally,
long period fluctuations are seen in these records that may
have an origin in climate variations. For example, Yokoyama
and Yamazaki (2000) report 100-ka intensity variations,
suggestive of the period of orbital eccentricity variations. But
for the most part, the fluctuations in these records occur over
a wide frequency band, rather than discrete frequencies. As
pointed out by Valet et al. (2005) and others, several lines of
evidence point to a geodynamo origin for these oscillations.
First, the mean VADM in Fig. 3b during the current Brunhes
polarity epoch differs from earlier epoch means. Second, the
polarity reversals occur during VADM lows, a relationship
that was seen in other paleomagnetic reversal records
(Merrill and McFadden 1999).

The dipole moment through geologic time

Because continuous magnetic intensity records are lacking
for older times, the usual way of characterizing dipole

Table 1 Average dipole moment over different time intervals

Time
interval

Average dipole
moment

Reference

160 a 8:12� 1022 Am2
Jackson et al. (2000)

7 ka 6 Korte and Constable (2005)
10 ka 8:75� 1:6 Valet et al. (2005)
15–50 ka 4:5 Merrill et al. (1998)
300 ka 8:4� 3:1 Selkin and Tauxe (2000)
800 ka 7:5� 1:5 Valet et al. (2005)
0.8–1.2 Ma 5:3� 1:5 Valet et al. (2005)
0.3–5 Ma 5:5� 2:4 Juarez and Tauxe (2000)
0.5–4.6 Ma 3:6� 2 Yamamoto and Tsunakawa (2005)
5 Ma 7:4� 4:3 Kono and Tanaka (1995)
0.3–300 Ma 4:6� 3:2 Selkin and Tauxe (2000)
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moment variations deep into the geologic past is to compare
means and standard deviations of moments averaged over
different time intervals (Merrill et al. 1998). Even though the
amount and quality of paleointensity data is growing
rapidly, we do not yet have a clear picture of the dipole
moment through Earth’s history. For example, although we
know the geomagnetic field has existed for 3.5 Ga or
longer, we only have a crude estimate of the average
moment over that time. In addition, while there is plenty of
evidence for dipole strength variations on geologic time
scales, there is no clear evidence for a secular trend and
little agreement on the time and amplitude of long-term
moment fluctuations. With these uncertainties in mind, we
summarize in Table 1 some recent estimates of means and
standard deviations of the paleomagnetic dipole moment
strength over different time intervals.

Over the past 10 ka, the archeomagnetic intensity data in
Fig. 3a give jmj ¼ 8:75� 1:6� 1022 Am2, whereas the
more detailed archeomagnetic field model by Korte and
Constable (2005) that takes the nondipole field into account
when calculating the dipole moment results in a smaller
value, around jmj ¼ 6� 1022 Am2 for the past 7 ka. Before
this, between 15 and 50 ka, archeomagnetic intensity data
indicates the moment was significantly smaller, around
jmj ¼ 4:5� 1022 Am2 (Merrill et al. 1998).

Average moments were estimated for a few individual
polarity chrons. For the current Brunhes chron, the sedimentary
records shown in Fig. 3b give jmj ¼ 7:5� 1:5� 1022 Am2,
whereas the same records give jmj ¼ 5:3� 1:5� 1022 Am2

during the preceding 400 ka (Valet et al. 2005). The large
average moment during the Brunhes chron was substan-
tiated by several other studies (Guyodo and Valet 1999;
Gee et al. 2000). In particular, the study by Selkin and
Tauxe (2000) gave jmj ¼ 8:4� 3:1� 1022 Am2 for the
past 300 ka, generally consistent with the results in
Fig. 3b.

The first estimates of the average dipole moment for the past
5 Ma gave values close to the present-day strength. For
example, Kono and Tanaka (1995) found jmj ¼ 7:4�
4:3� 1022 Am2. However, more recent estimates are
significantly lower than this. Juarez and Tauxe (2000)
found jmj ¼ 5:5� 2:4� 1022 Am2 for 0.3–5 Ma, and
Yamamoto and Tsunakawa (2005) report jmj ¼ 3:6�
2� 1022 Am2 for 0.5–4.6 Ma. Clearly, the trend is toward
lower moment estimates for this time period.

Determining the average moment on geologic time
scales becomes increasingly difficult with age due to loss
and overprint of rock magnetic information. A survey by
Kono and Tanaka (1995) of intensity measurements on
rocks between 100 and 3,500 Ma shows evidence for
moment strength fluctuations on roughly 1,000 Ma time
scales, but little or no evidence of a secular trend. Overall,
their study found dipole moments generally lower than, but

within a factor of 2, its present-day value for most of that
time. A more recent study by Selkin and Tauxe (2000)
gives jmj ¼ 4:6� 3:2� 1022 Am2 for 0.3–300 Ma, again
with no secular trend apparent. Similar results were found
by Juarez et al. (1998) for 0–160 Ma.

The large standard deviations associated with these
estimates indicate there may be long period fluctuations in
dipole moment strength that correlate with indicators of
variability in the mantle, such as changes in tectonic plate
motions or the activity of volcanic hotspots, or with other
indicators of variability in the core. Heller et al. (2003) find
evidence for a bimodal distribution of intensities in the past
230 Ma, perhaps related to plate tectonic or other mantle
processes. Hale (1987) and Biggin and Thomas (2003) have
interpreted dipole moment changes and other paleomagnet-
ic data in terms of major events in the Earth’s history,
including plate tectonics and the nucleation of the inner
core. Another indication of long-term change in the
geodynamo is the secular change in polarity reversal
frequency, which is discussed in more detail in the next
section. The dipole moment during the Cretaceous polarity
superchron (82–125 Ma) is of particular interest in this
context because some paleomagnetic data (Valet et al.
2005) and some geodynamo models (Larson and Olson
1991) predict that polarity chron length should correlate
with dipole moment strength. A number of studies were
made of the paleomagnetic intensity at different parts of the
superchron, but unfortunately, these give rather different
results, with some indicating average or weak moment (Zhu
et al. 2001; Pan et al. 2004), while others indicating
anomalously strong moment (Tarduno et al. 2001).

In summary, the dipole moment fluctuates on time scales
ranging from centuries to tens of thousands of years and
perhaps longer. The amplitudes of these fluctuations are
variable, but are generally limited to 50–75% of the mean
value. There is growing evidence that today’s dipole
moment and the average dipole moment during the present
polarity chron are substantially stronger than the longer
term average. As the data in Table 1 indicates, we have yet
to determine the average dipole moment over geologic time
with adequate precision. Even when the stronger moment
during the recent past and possible long-term fluctuations
are taken into account, there is little evidence for a secular
trend in dipole moment over the Earth’s history.

Polarity reversals

A major achievement of paleomagnetism is the delineation
of the polarity reversal record over the past 160 Ma. For the
purposes of this review, we use the Merrill et al. (1998)
definition of polarity reversals, transitions between two
quasiequilibrium geomagnetic states that have statistically
similar characteristics, apart from the change in sign of the

Naturwissenschaften (2006) 93:519–542 527



dipole moment. The paleomagnetic record of reversals is
quite extensive, and much of it is beyond the scope of this
review. The reader is referred to Jacobs (1984), Merrill and
McFadden (1999), and Constable (2003) and references
therein for recent summaries of the reversal record and its
geological and geophysical implications.

As is the case with dipole moment variations, many
important aspects of polarity reversals are poorly under-
stood. For example, the morphology of the transition field
is not yet agreed upon. There are two basic end-member
models, the first consisting of dipole moment rotation from
one hemisphere to the other, the second consisting of loss
of the ADM followed by regeneration with the opposite
polarity. Each of these appears too simple to explain all
transition field data, which are complex and evidently vary
from one reversal to another (Constable 2003). Another
unresolved issue is the significance of individual reversals.
Unlike the periodic reversals of the solar dynamo, geomag-
netic reversals are aperiodic and appear to be largely
independent events (Merrill and McFadden 1999) with an
average frequency of one in about 240,000 years over the
past 5 Ma (Constable 2003). The aperiodic character of
individual reversals is exemplified by the fact that the last
reversal occurred 785,000 years ago, so the present-day
Brunhes chron is almost three times longer than the average
polarity chron in the recent geologic past.

It is known that polarity reversals do not require an
external perturbation to occur. Many numerical dynamo
models exhibit polarity reversals, both quasiperiodic (Wicht
and Olson 2004; Takahashi et al. 2005) and aperiodic
(Glatzmaier et al. 1999; Kutzner and Christensen 2002) in
time. These model reversals are internally excited insta-
bilities in the flow or the magnetic field, or both. In general,
polarity reversals in dynamo models tend to occur when the
dipole moment is weak and its tilt is large and variable.
This is consistent with the known behavior of paleomag-
netic reversals as discussed below. Quasiperiodic reversals
in numerical dynamo models indicate oscillatory dynamo
action. Here, the dipole field oscillates out of phase with the
toroidal field, the part of the magnetic field in the core that
has no radial component. Aperiodic reversals in numerical
dynamo models usually begin with a fluctuation in the fluid
motion, which in turn precipitates a magnetic instability,
which sometimes leads to polarity change, particularly
when the dipole moment is low (Glatzmaier and Roberts
1995; Kutzner and Christensen 2002). The irregular time
intervals between reversals in this type of dynamo are a
consequence of the chaos in the fluid motion. If this is the
mechanism by which reversals occur in the core, then
individual geomagnetic polarity reversals may have little
significance of their own.

Although individual geomagnetic reversals appear to be
independent events, the average rate of reversals has

changed systematically with time, and this may have broad
geophysical significance. In particular, the average frequen-
cy of polarity reversals has steadily increased since the
Cretaceous superchron, a 43-Ma interval ending around
82 Ma that was devoid of polarity changes (Merrill and
McFadden 1999; Constable 2003). This long time scale
increase in reversal frequency is suggestive of mantle
control, partly because it correlates with changes in tectonic
plate motions and volcanic hotspot activity (Courtillot and
Besse 1987; Larson and Olson 1991), and partly because a
100-Ma time-scale fluctuation seems excessively long to
have its origin in the core’s own dynamics, independent of
the mantle. Slow changes in the pattern and magnitude of
heat flow or topography on the core–mantle boundary, in
response to changes in the pattern of mantle convection or
the distribution of mantle plumes, were implicated in this
process (Courtillot and Besse 1987; Loper and McCartney
1986; Larson and Olson 1991; Olson 2003), but a full
understanding of the connection between mantle dynamics
and polarity reversal frequency remains elusive.

Despite the uncertainties surrounding the polarity rever-
sal phenomenon, there are some characteristics that are well
established and involve significant dipole moment changes.
First, most reversals are associated with a large drop in the
dipole moment that typically occurs before the major
directional changes of the field. During many reversals
the field intensity drops to about 25% of its normal value at
the height of the directional transition (Lin et al. 1994;
Tanaka et al. 1995; McFadden and Merrill 1997). Second,
the duration of this intensity drop generally lasts 5,000 to
20,000 years (Merrill and McFadden 1999; Valet 2003),
while the directional transition is usually shorter, typically
lasting 2,000–7,000 years (Bogue and Paul 1993; Dormy et
al. 2000; Clement 2004). We note that the rate of
paleointensity decrease before polarity reversals is compa-
rable to the present-day moment decrease rate.

The geomagnetic field on the core mantle boundary

The geodynamo is a fully three-dimensional process
involving the whole of the core, and imaging the geo-
dynamo from the surface is a major Earth Science
objective. It is perhaps unfortunate that the geophysical
methods, which have provided spectacular images of crust
and mantle structure—seismic waves, gravity, and magne-
to-tellurics—do not provide a clear image of the geo-
dynamo. The limitations of these methods in this context
stem from the physical properties of the molten iron
compounds in the outer core, particularly their low
viscosity. The viscosity of liquid iron alloys is so low, even
at elevated pressure (the kinematic viscosity of liquid iron
measured at several kilobar pressure is around 10�4 m2s�1
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De Wijs 1998; Dobson et al. 2000), that the outer core fluid
cannot dynamically maintain large lateral heterogeneity of
any property that is linked to its density. Because seismic
wave speeds, electrical conductivity, and other properties of
iron compounds that can be inferred from geophysical
observations tend to have some relationship to density (Poirier
1994), there is no observable lateral variation expected for
these properties in the outer core (Stevenson 1987).

The clearest image of the structure of the geodynamo
available to us comes from the pattern of the core field and
its secular variation on the core–mantle boundary. Much
information about the geodynamo was gleaned by inter-
preting the geomagnetic field on the core–mantle boundary
in terms of the flow at the top of the outer core (Gire et al.
1986; Voorhies 1986; Jault et al. 1988; Bloxham 1989; Gire
and LeMouël 1990; Bloxham and Jackson 1991; Jackson et
al. 1993; Jackson 1997; Pais and Hulot 2000; Holme and
Whaler 2001; Hulot et al. 2002; Amit and Olson 2006).
Here we summarize what was learned from the core field
and its secular variation as it applies to dipole moment
change. For this purpose we use the time-dependent
geomagnetic field model gufm1 of Jackson et al. (2000)
for years 1840–1990, which was derived from ground-
based magnetic observatory and navigation records along
with the 1980 Magsat satellite data. We also use the Øersted
satellite field model (Olsen et al. 2000) for epoch 2000.
Because of interference from crustal magnetization and
other near-surface effects, these core field models use
spectral regularizations that effectively remove structure
above spherical harmonic degree lmax ’ 13 (Bloxham et al.
1989; Bloxham and Jackson 1992; Langel and Hinze
1998), which limits the scale of magnetic and flow
structures that can be imaged on the core–mantle boundary
to about 500 km or larger.

Subpanels a and b of Fig. 4 are the maps of the radial
component of the core field on the core–mantle boundary
for the years 1900 and 2000, respectively. Figure 4c is a
map of Br cos θ at epoch 1980 and Fig. 4d is the secular
variation (time derivative) of this quantity at the same
epoch. These maps reveal several important properties of
the geodynamo. First, the field on the core–mantle
boundary deviates substantially from a simple axial dipole,
particularly in the 2000 map. The radial field is concen-
trated in several high-intensity patches or lobes, the most
significant of these are located between 60 and 70° latitude
in both hemispheres. Two large high-intensity patches
appear in the northern hemisphere—one below North
America, the other beneath Siberia. A somewhat similar
pattern of normal polarity flux concentration is also present
in the southern hemisphere, although it takes the form of a
single large patch with two lobes, rather than distinct
separate patches. Although they are not completely station-
ary, these high field intensity regions are persistent

structures, clearly identifiable in field maps 100 years apart.
In 1900 the North American patch is centered near 45�N
latitude; the southern hemisphere lobes are more poleward
of 70�S latitude at both epochs. In addition to strong normal
polarity flux patches at high latitudes, the 2000 core field
includes local intensity minima near both geographic poles
where an axial dipole field would be strongest. Local
intensity maxima also appear at low latitudes, particularly
beneath equatorial Africa (Jackson 2003).

There are also several regions in each hemisphere where
the radial field has the wrong polarity, the so-called
reversed flux patches. The largest reversed flux patches
are located in the southern hemisphere beneath the South
Atlantic, but there are several in the northern hemisphere as
well, including some in the polar regions and one beneath
Bermuda. Comparison of the 1900 and 2000 maps shows
that unlike the high-latitude normal polarity flux patches,
some of these reversed flux patches have formed within the
past century, and several have become stronger over this
period time (Gubbins 1987).

Figure 4c,d shows how these normal and reversed flux
concentrations on the core–mantle boundary contribute to
the geomagnetic ADM and its rate of decrease. Figure 4c is
a map of the axial component of the dipole moment
Br cos θ, the integrand of mz in Eq. 2 on the core–mantle
boundary. The most striking aspect of this map is the
overwhelming contribution of the high-latitude normal
polarity flux patches to the ADM. Essentially, these
structures are the source of the axial geomagnetic dipole
moment. Significant negative contributions to the axial
dipole are confined to the region beneath the South Atlantic
where the large reverse flux patches are located.

A related but somewhat more complex picture emerges
from the pattern of ADM secular change shown in Fig. 4d.
Positive on this map indicates regions where the ADM is
being weakened, whereas negative indicates regions where it
is being strengthened. Both types of regions are represented
well on the core–mantle boundary at this epoch, and indeed
at every epoch we have examined. This is yet another
testimony to the highly dynamical environment of the core.
Even when the dipole moment is rapidly diminishing, there
are extensive regions in the core where the dipole moment is
actively being regenerated with the decrease of the dipole
moment being the small difference between these two types
of regions. Note that the Atlantic hemisphere is more active
in this process than the Pacific hemisphere.

Figure 4e,f shows the partial contributions to the ADM
by hemisphere and by magnetic field polarity between 1840
and 1990. In these plots, it is the relative contributions from
each hemisphere that have the most significance. The
absolute values are more difficult to interpret because large
amounts of flux cancellation occur within each hemisphere.
Even so, these maps point to the localities on the core–
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mantle boundary where major GADM changes occur.
Figure 4e,f reveals that the dipole moment decrease
attributable to changes in the normal and reverse magnetic
flux in the northern hemisphere of the core–mantle
boundary are relatively small over this time interval. In
contrast, although the southern hemisphere contributes less
to the overall dipole moment, it contributes far more to its
secular change. This demonstrates that the current decrease

of the dipole moment is mostly a southern hemisphere
phenomenon. As we show in a later section, the current
dipole decrease involves a major persistent component of
the circulation at the top of the outer core, the large
anticyclonic gyre beneath the South Atlantic and Indian
Oceans. This gyre advects normal polarity field toward the
equator and reversed field toward the South Pole, reducing
the dipole moment. In addition, the major reversed flux
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Fig. 4 The geomagnetic field and the geomagnetic ADM on the core–
mantle boundary, 1840–2000. Maps a–d include continental outlines for
reference. a Radial component of the core field Br at 1900 (Jackson et
al. 2000) with NGP (open diamond) shown for reference. b Br at 2000
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patches in the southern hemisphere are located within or
adjacent to this gyre, and their formation and growth may
be related to this flow structure.

The South Atlantic Anomaly (SAA)

The region on the core–mantle boundary that includes the
weakened and reverse flux at midlatitudes of the southern
hemisphere, extending from beneath the Indian Ocean to
South America, is the source of the magnetospheric SAA.
At the Earth’s surface and at satellite altitudes, the SAA
region appears as a roughly elliptical area several thousand
kilometers in diameter in which the magnetic field intensity
is weaker than would be expected for a simple inclined
geocentric dipole (Pinto et al. 1992; Badhwar 1997;
Heirtzler 2002). The minimum intensity in the SAA today
is found just off the coast of Brazil, and amounts to about a
35% reduction at low-orbiting satellite altitudes.

The significance of the SAA comes from the effect of
the low-intensity field on the Van Allen radiation belts. The
two Van Allen radiation belts are low-latitude, torus-shaped
regions in the magnetosphere consisting of charged
particles extracted from the solar wind (Hargreaves 1992).
The Van Allen radiation belts contain magnetically trapped
electrons with energies up to about 10 MeV, protons of up
to several hundred mega-electron-volts, and some helium
nuclei. The inner radiation belt extends to two Earth radii
and contains both electrons and protons, while the outer
belt extends to about ten Earth radii and contains mostly
electrons. These belts are approximately aligned with the
geomagnetic dipole moment axis and are inclined with
respect to the rotation axis by approximately the same
amount as the dipole tilt, which is 10–11° (Brasseur and
Solomon 1984). Because of the nondipole structure of the
core field, the radiation belts vary in altitude over various
parts of the Earth. The inner belt extends down to 200–
800 km altitude above South America and the western
portion of the South Atlantic where the field intensity is
low, creating the region of the SAA (Heirtzler 2002). The
SAA also fluctuates in time. On short time scales, its
fluctuations are in response to variations in solar activity
and magnetospheric conditions (Badhwar 1997); on long
time scales it changes in response to the secular changes in
the core field.

Satellites and other spacecrafts passing through this SAA
are bombarded by 10 MeV protons at rates as high as
3,000 cm−2 s−1 (Lean 2005). It is known that particles with
energies greater than about 1 MeV pose a threat to
spacecraft systems (Carlowicz and Lopez 2002). Such
energetic particles can degrade electronics, optics, solar
panels, and other critical systems by breaking chemical
bonds and disrupting crystalline structure. It is also well

documented that radiation damage on satellites passing
through the SAA causes problems with the operation of on-
board electronic systems and malfunction of spacecraft
components (Golightly et al. 1994; Konradi et al. 1994;
Deme et al. 1999; Buhler et al. 1996). For example, the
Hubble Space Telescope passes through the SAA multiple
times each day, and has spent nearly 15% of its time in this
particular environment, likely shortening its operational
life. In the future, spacecraft must be designed with
additional hardening to withstand the radiation in this
environment, at the cost of significant additional mass.

SAA radiation also poses a potential threat to personal
and biological systems during low Earth orbit. As they pass
through tissue, heavy particles deposit their energy by
ionizing water and proteins, causing cellular damage,
modifying DNA and RNA, and increasing susceptibility
to cancers and immune system disorders (Durante 2002).
Ionizing radiation can directly affect DNA, leading to
single and double strand breaks. The cell’s ability to repair
DNA damage becomes impaired, leading to DNA deletions
and other forms of mutations (McCormack et al. 1988). As
in the case of electronic components, protecting humans
from particles in the mega-electron-volt range requires
additional mass added to the spacecraft for shielding.

Are there health issues posed by the SAA at lower
altitudes? Energetic particle fluxes at low altitudes are low
due to atmospheric absorbtion and scattering. However,
there is some indication of an SAA effect in the 5- to 10-km
altitude range of commercial jet travel. For example,
radiation dose rates as high as 0.3 mrem/h were measured
along Paris-Buenos Aires flight paths beneath the center of
the SAA (Bottollier-Depois et al. 2000), somewhat higher
than expected for normal airline travel (Gundestrup and
Storm 1999). At this rate, several hundred hours of
exposure at this level would be needed to reach the
1 mSv (millisievert) annual limit traditionally recommend-
ed as a safety maximum for exposure to ionizing radiation.
However, the concept of a safety threshold for low-level
ionizing radiation is coming under increasing scrutiny and
doubt. The recent 2005 Biological Effects of Ionizing
Radiation VII report to the US National Academy of
Sciences supports the “linear-no-threshold” model in which
radiation-induced cancer risk increases linearly at low doses
without a threshold so that even the smallest dose has the
potential to cause a small but nonzero increase in risk to
humans (BEIR VII Phase 2 2005). With increasing amounts
of space and high altitude travel, the effects of exposure to
such small radiation doses will likely become a more
significant issue in the near future.

Suppose that the current trends persist in the southern
hemisphere of the core–mantle boundary, the dipole
moment continues to fall and the SAA continues to
develop. What might be some of the consequences?
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Sustained loss of dipole moment at its current rate for
several more centuries would be expected to have major
effects on the external field, with reductions in the radius of
the magnetosphere and ionosphere ring currents (Sisco and
Chen 1975) and changes in size of the polar cap (Glassmeier
et al. 2004), all of which could change Earth’s sensitivity to
space weather events. If the decrease would continue for
another ten centuries or so, the internal field would begin to
assume a configuration close to what is regarded as the
conditions typical of the onset of polarity reversal. During
an actual reversal where the dipole moment typically falls
to about 25% of its nominal value and the transitional
field likely includes several dip poles including some near
the geographic equator, the effects of such reduction
would be seen and felt globally. The reduction in the
magnetopause radius described above would be at its
height. Visual effects that would become apparent in the
early stages of a polarity change might include changes in
the aurora australis, the southern lights. Now seen mainly
over the South Polar region, they would appear closer to
the equator as the SAA grows. A strongly nondipolar
transition field might conceivably affect migratory ani-
mals, which now rely on the geomagnetic field to navigate
(Phillips 1996; Walker et al. 2002; Mouritsen et al. 2004).
More significant effects might come from the higher levels
of ionizing radiation expected to reach the lower atmo-
sphere in the densely populated low-latitude regions. The
loss of the magnetic field could lead to spike occurrences
of cancer and other radiation-induced maladies. However,
there is little evidence that magnetic field-induced biolog-
ical perturbations have happened before. Although it has
long been speculated that the signature of polarity
reversals might be seen in the paleontological record of
extinctions, there is no established correlation between
extinction rates and polarity reversals (Raup 1985).
Evidently, the effects of weak geomagnetic field on
biodiversity are not strong, either because the increased
radiation is not severe enough, because the environmental
change is slow enough to permit organisms to adapt to it,
or because the external field strengthens as the internal
field weakens. For example, it was proposed that the solar
wind can induce an external field through interaction with
the ionosphere that would be strong enough to protect the
surface from cosmic radiation during times when the
internal field is weak (Birk et al. 2004).

Geomagnetic images of flow in the core

We now address the question of how the present-day dipole
moment decrease is occurring by examining the interaction
of magnetic field and fluid motion just below the core–
mantle boundary. Maps of the fluid velocity below the

core–mantle boundary were derived for different epochs by
assuming the magnetic field in the core acts like a passive
tracer, frozen into and moving with the outer core fluid, the
so-called frozen-flux assumption (Gire et al. 1986; Voorhies
1986; Jault et al. 1988; Bloxham 1989; Gire and LeMouël
1990; Bloxham and Jackson 1991; Jackson et al. 1993;
Jackson 1997; Pais and Hulot 2000; Holme and Whaler
2001; Hulot et al. 2002; Amit and Olson 2006). The
theoretical basis for the frozen-flux method is the magnetic
induction equation in its infinite magnetic Reynolds
number limit where effects of magnetic diffusion are
assumed to be negligible in comparison with the effects of
advection by the flow. In this limit the secular variation of
the magnetic field is balanced by advection, tilting, and
stretching of magnetic field lines by the outer core fluid
motion. The magnetic Reynolds number for the core is
defined as UL=λ where U is the characteristic outer core
fluid velocity, L is the length scale of the flow, and λ is the
magnetic diffusivity of the outer core fluid. Estimates for
the core give Rm � 300� 500 (Gubbins 1982; Bloxham
1989; Bloxham and Jackson 1991; Olson et al. 2002; Amit
and Olson 2004), certainly large compared to one, although
finite.

Just below the core–mantle boundary, close enough to
the solid mantle that the radial core fluid velocity is small
compared to the tangential fluid velocity u, but below the
viscous boundary layer, the radial component of the
magnetic induction equation in the frozen flux limit takes
the form (Roberts and Scott 1965):

@Br

@t
þ u � rBr þ Brr � u ¼ 0 ð5Þ

where Br is the radial magnetic field, t is time, and u is the
fluid velocity tangent to the spherical core–mantle bound-
ary. The physical interpretation of this equation is either in
terms of frozen magnetic flux attached to the fluid or Br on
the core–mantle boundary playing the role of passive tracer
for the core flow with Eq. 5 being the column-density
conservation equation for this tracer. The inversion proce-
dures that are used to convert Br and its time derivative on
the core–mantle boundary into maps of u in the outer core
consistent with Eq. 5, including the limitations of these
methods, are discussed in Bloxham and Jackson (1991).

An example of one such core flow map is shown in
Fig. 5a for epoch 1980. This particular frozen-flux core
flow was obtained by inverting Eq. 5 for u, assuming a
combination of tangentially geostrophic and helical motion
(Amit and Olson 2006). We selected this particular year for
display because the field model is heavily constrained by
Magsat satellite data, it lies a decade away from the 1990
terminus of the gufm1 field model, and is characterized by
a large instantaneous GADM change, about 2 TAm2s�1.
Like other core flows derived using frozen-flux (Bloxham
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1989, 1992; Jackson et al. 1993; Holme 1998; Pais and
Hulot 2000; Hulot et al. 2002; Eymin and Hulot 2005), the
pattern of streamlines in Fig. 5a are derived by interpreting
the changes in the field on the core–mantle boundary as the
result of magnetic induction by a time variable, large-scale,
mostly horizontal (i.e., tangential) outer core velocity field.
Although frozen-flux core flow models are nonunique and
are subject to diverse sources of error, including short-lived
transients, unresolved small-scale flows, diffusion, crustal
filtering, and limited data accuracy, many of the largest
structures in Fig. 5a are found in these models, and they
tend to be rather persistent over time. Examples of these
flow features include the mid- and low-latitude westward
motion beneath the Southern Atlantic, equatorward motion
beneath the eastern Indian Ocean, westward motion beneath
Africa, and the generally poleward motion beneath the
western margin of the South Atlantic. Together these flow
structures form the large anticyclonic (counterclockwise)
gyre that dominates the flow in the southern hemisphere.
Typical flow speeds in this gyre are on the order of

10 km year�1, equivalent to a circulation time of about
1.5 ka. Other significant flow features include an anticy-
clonic (clockwise) gyre below North America and west-
ward polar vortices at both hemispheres.

Analysis of dipole moment change on the core–mantle
boundary

We can identify the sources of the observed dipole moment
change as they appear on the core–mantle boundary using
the following theory for the evolution of the dipole moment
produced within a conducting fluid. The dipole moment
vector m can be expressed in terms of the current density J
or the magnetic field B inside a conductor as:

m ¼ 1

2

Z
r� JdV ¼ 3

2μ0

Z
BdV ð6Þ

where dV denotes volume integration and r is the radial
position vector. Assuming the conductor is a fluid and
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Fig. 5 Analysis of geomagnetic ADM change mechanisms on the
core–mantle boundary. a Radial magnetic field Br (filled contours)
plus streamlines of frozen-flux core flow (solid curves with circulation
direction arrows) at 1980. b ADM density change

:
ρz defined in Eq. 9

at 1980. c Advective contributions to axial moment change from
frozen-flux core flow (filled contours, in As�1) with streamlines
superimposed. d Contributions to axial moment change from frozen-

flux core flow model for different model k values shown in symbol
key, compared with the observed total axial moment change (solid,
asterisk) and reduced axial moment change (solid) from 1840 to 1990,
all in units of 1012Am2s�1. Insert: time-averaged frozen-flux
advective moment change (solid, asterisk) vs model k value. Also
shown are the observed time-averaged change (long dash) and the
time-averaged reduced change (short dash)
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Ohm’s law applies, the rate of change of the dipole moment
in a sphere can be written (see Moffatt 1978; Davidson
2001) as:

ṁ ¼ 3

2μ0

Z
@B

@t
dV ¼ 3

2μ0

Z
ðuBr � λr̂� ðr � BÞÞdS

ð7Þ
where r̂ is the radial unit vector and dS denotes integration
over the surface of the sphere. Because the outer core fluid
velocity vanishes at its boundary with the solid mantle, u in
Eq. 7 is usually interpreted to be the tangential, free-stream
velocity beneath the boundary layer that is adjacent to the
core–mantle boundary.

We are primarily concerned here with using this theory
to interpret the changes in the axial moment. The axial
component of Eq. 7 can be written as:

m
:

z �
Z

ρ
:

zdS ¼ � 3

2μ0

Z
ðuθ sin θBr

þ λ
rc

@ðrBθÞ
@r

sinθ� λ
rc

@Br

@θ
sinθÞdS ð8Þ

The left hand side of Eq. 8 is just the observed axial
moment change expressed as a surface integral of the
change in ADM density ρ

:
z, which is defined as:

ρ
:

z ¼
3rc
2μ0

cos θ
:
Br ð9Þ

Figure 5b shows the distribution of ρ̇z at 1980 in units of
A s�1. The terms on the right hand side of Eq. 8 denote
contributions to ṁz on or just below the core–mantle
boundary, and represent the effects of meridional advection
of magnetic field, radial magnetic field diffusion, and
meridional magnetic field diffusion, respectively. If the
observed dipole moment change were entirely due to
diffusion, as in the case of Ohmic-free decay considered
earlier, then the sum of the two diffusion terms would equal
ṁz in Eq. 8. Alternatively, if frozen-flux conditions are held
exactly everywhere on the core–mantle boundary, then the
meridional advection term in Eq. 8 would equal ṁz.

The contribution of meridional diffusion to ṁz can be
calculated using the θ-derivative of the radial core–mantle
boundary field shown in Fig. 5a. It is easily shown that
meridional diffusion is far too small (by a factor of 30 or
more, depending on the choice of magnetic diffusivity λ) to
account for the observed ṁz, and can be ignored in our
analysis. This is consistent with the interpretation of the rate
of Ohmic-free decay of the fundamental dipole mode in the
core, and indicates that only meridional advection of
magnetic field and radial magnetic diffusion are large
enough to account for the observed axial moment changes.
The effects of radial magnetic diffusion can be seen
indirectly at many places on the core–mantle boundary,

most prominently, where the reverse flux spots in Fig. 5a
have formed. However, because the radial diffusion term in
Eq. 8 involves unknown r-derivatives of the field inside the
core, we cannot calculate the radial diffusion effect directly
from a map of Br on the core boundary.

It is possible to estimate the contribution to moment
change from advection near the core–mantle boundary.
Geometrically, meridional advection acts to reduce the axial
moment by transporting outward-directed magnetic flux
(positive Br) toward the north geographic pole and inward-
directed magnetic flux (negative Br) toward the south
geographic pole. Places on the core–mantle boundary
where advective effects are most active can be identified
using a frozen-flux core flow model. Figure 5c shows a
map of the integrand of the advective term in Eq. 8, the
quantity �3uθ sin θBr=2μ0 where in this case Br is the 1980
radial field in Fig. 5a and uθ is the meridional component
of the frozen-flux velocity field at the same time. As Fig. 5c
shows, the contribution from frozen-flux advection is very
heterogeneous over the core–mantle boundary, strengthen-
ing the dipole moment at some locations and weakening it
at others with a large amount of cancellation, particularly
within individual vortex structures. The largest frozen-flux
sources and sinks of dipole moment correspond to places
where the core flow crosses the Br contours with a large
meridional (i.e., north–south) component. Beneath North
America and the westernmost Atlantic, for example, the
western limb of a large clockwise gyre is strengthening the
dipole moment by advecting inward-directed field toward
the North Pole, while the eastern limb of the same gyre is
reducing the dipole moment by advecting inward-directed
field away from the North Pole. The two limbs of the
clockwise gyre beneath East Asia also generate a source–
sink pair, as do the two limbs of the vortex beneath Central
Africa. The net effect on the ADM of these two northern
hemisphere vortices is quite small, however, because the
sources and sinks tend to cancel. This is consistent with the
results in Fig. 4e,f, which show that the northern hemi-
sphere contributes little to the dipole moment change.

In contrast to the situation in the northern hemisphere,
frozen-flux flow in the southern hemisphere has a far larger
influence on the ADM change. Figure 5a shows the eastern
limb of the main counterclockwise gyre advecting a large
lobe of outward-directed field from below Antarctica
toward the equator below the Indian Ocean, roughly along
the 90�E meridian. This is the most persistent unbalanced
advective sink of axial moment over the last 150 years, and
is the largest advective sink in the southern hemisphere in
1980, as indicated in Fig. 5c. It contributes more than one
half of that hemisphere’s frozen-flux dipole moment
decrease rate at 1980, and about one half of the global total.
Figure 5a–c reveals the spatial relationships between Br, the
moment density change ρ̇z, and the advective contribution
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to ṁz in this region. Figure 5b shows that the center of
moment density change lies beneath the Antarctic coast, on
the western margin of the high-intensity flux spot seen in
Fig. 5a where the meridional velocity is large and directed
toward the equator. Comparison of subpanels b and c of
Fig. 5 indicates that the advective transport is located
downstream of the center of ρ̇z in this region. Overall,
frozen-flux advection accounts for about 80% of the
observed ṁz at 1980. Figure 5d shows the global advective
contribution to ADM change between 1840 and 1990
according to our frozen-flux flow model, compared with the
observed moment change ṁz for the same time interval. We
also show the reduced moment change obtained by
integrating ρ̇z in Fig. 5b with reversed flux regions omitted.
A range of frozen-flux calculations are shown in Fig. 5d,
corresponding to different values of the parameter k, the
ratio of surface divergence to radial vorticity in our model
(Amit and Olson 2006). Small values of k result in less
streamline diffusion and overall larger fluid velocities. The
moment change associated with frozen-flux advection
shows a pattern of variation similar to the observed ṁz

with some suggestion of a phase lag in the early and middle
portions of the 20th century. In terms of magnitude, the
time-averaged advective contribution in models with small
k values is about 67% of the observed change, and since
1970 these same models account for nearly 80% of the
observed change.

Attempts to constrain the frozen-flux flow to exactly
satisfy the observed ṁz resulted in a large misfit with the
other harmonics of the secular variation, the size of the
misfit scaling with the unexplained moment change in
Fig. 5d. As remarked previously, frozen-flux core flow
models are inherently uncertain due to errors in the data,
crustal filtering, unseen small-scale flows, and other effects
stemming from their finite resolution (Bloxham and
Jackson 1991). More importantly in this context, however,
is the fact that the frozen-flux assumption ignores radial
magnetic diffusion. Previous studies have found that
frozen-flux core flow models commonly underestimate the
secular variation of the axial dipole (Jackson 1997; Whaler
and Davis 1997), a bias that has already been ascribed to
diffusion (Holme and Olsen 2006). A similar bias might be
present in this case as well. Most of the discrepancy in
Fig. 5d between observed and calculated moment changes
is a result of the contribution from growth of reversed flux
patches. The insert plot in Fig. 5d shows that the frozen-
flux advection has nearly the same amplitude as the reduced
ṁz for small k values. Furthermore, the contribution to
frozen-flux advection that comes from reversed flux patch
motion is minimal. As seen in Fig. 5a,c, reverse flux
patches do not coincide with strong meridional flow and
subtracting their contributions hardly changes the model
curves in Fig. 5d. Reversed flux patch formation and

growth are evidence for radial magnetic diffusion, possibly
combined with smaller scale advective effects that are
unresolved in the core field models. It is therefore possible
that frozen-flux advection basically accounts for the
observed axial moment change since 1840 except for the
part due to reverse flux patch growth, which is diffusive in
origin.

The above analysis suggests how the interplay between
diffusion and advection can induce a rapid yet sustained
decrease in dipole moment. First, convection transports
magnetic field lines upward from deeper in the outer core,
inducing radial gradients in the magnetic field below the
core–mantle boundary. Radial diffusion then acts on these
magnetic boundary layer structures, inducing rapid changes
of the field on the core–mantle boundary and creating
reversed flux patches in some places (emergence of
reversed flux is an obvious sign of diffusion, but diffusion
acts on normal flux as well). The large-scale circulation in
the core then redistributes the magnetic flux over the core–
mantle boundary.

In this scenario, radial magnetic diffusion plays a crucial
but largely invisible role in changing the dipole moment as
seen on the core–mantle boundary. Fluid motion below the
core–mantle boundary sustains the boundary layer-type
magnetic flux distribution that allows the rapid outward
diffusion of the field to occur, and it transports flux over the
core–mantle boundary. Applying this interpretation to the
trends shown in Fig. 5d suggests that the current episode of
dipole moment decrease will continue for some time into
the future. According to our analysis, the influence of
advection was in roughly constant proportion to the
observed moment change at least for the past century. This
supports the inference that diffusion and advection are
working together, and the rapid moment decrease we are
experiencing today is likely to persist until the geodynamo
substantially alters the arrangement. Finally, we remark that
the capacity for a very large moment decrease under present
conditions may be somewhat limited. Relatively little
magnetic flux crosses the equator, and the frozen-flux core
flow consists mostly of recirculating vortices with a strong
tendency for advective cancellation.

Rapid dipole moment decrease in a numerical dynamo

The geomagnetic field and its secular variation delineate
regions on the core–mantle boundary where dipole
moment changes are occurring, regions where frozen-flux
transport effects are large (both positive and negative),
and help identify regions where radial diffusion is active.
But there are limits to how accurately we can measure
the strength of these mechanisms and, in any case, the
picture is incomplete because the moment analysis
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applies only to the neighborhood of the core–mantle
boundary. However, the geodynamo is a three-dimen-
sional process with magnetic field generation taking place
throughout the outer core. Important pieces of informa-
tion on the field inside the core that are needed to fully
understand dipole moment change are not accessible to
us. For example, theory dictates that a principal component
of the geomagnetic field, the toroidal component, has little or
no surface manifestation, yet plays a crucial role in the
dynamo process (Bloxham 1986; Glatzmaier and Roberts
1995; Glatzmaier et al. 1999; Christensen et al. 1999;
Kageyama et al. 1999; Olson et al. 1999; Sarson and Jones
1999; Buffett 2000; Jones 2000; Kutzner and Christensen
2002; Wicht and Olson 2004; Glatzmaier and Olson 2005)
and may play a significant role in the current dipole
moment decrease. Accordingly, geomagnetic field phe-
nomena on the core–mantle boundary are symptoms of
the more fundamental, three-dimensional processes at
work in the core’s interior. The problem then is how to
diagnose these dynamo processes from their surface
symptoms.

One approach is to exploit the recent advances in
numerical modeling of self-sustaining fluid dynamos. The
past decade has witnessed huge strides in the ability to
model the dynamo process numerically, starting from the
equations of magnetohydrodynamics (Busse 2000; Dormy
et al. 2000; Glatzmaier 2002; Kono and Roberts 2002). A
major advantage of this approach is its self-consistency.
Numerical dynamos simultaneously solve the time-depen-
dent induction equation for the magnetic field plus the
Navier–Stokes equation for the fluid motion and transport
equations for buoyant constituents in the rotating spherical
geometry of the core (Zhang and Busse 1989; Glatzmaier
and Roberts 1995; Kuang and Bloxham 1997; Olson et al.
1999; Grote et al. 2000; Kutzner and Christensen 2002;
Takahashi et al. 2005). The main drawback of these models
is their inability to reach the correct parameters for the
geodynamo. In particular, the numerical models must
assume too large values for the fluid viscosity and thermal
and chemical diffusivities relative to other physical param-
eters. This makes the dynamo models more diffusive (less
turbulent) than the actual core, particularly with respect to
diffusion of momentum and buoyancy (Simitev and Busse
2005). At the present time we do not have a complete
picture of all the ramifications these shortcomings entail.
Even so, numerical dynamos have had some remarkable
success. For example, they provide an explanation for the
low order part of the core field, especially the dominant
axial dipole, in terms of the style of convection in the core
(Dormy et al. 2000; Kono and Roberts 2002). They also
exhibit many forms of secular variation, including realistic-
looking polarity reversals in some cases (Glatzmaier et al.
1999; Kageyama et al. 1999; Sarson and Jones 1999;

Kutzner and Christensen 2002; Wicht and Olson 2004;
Takahashi et al. 2005).

Figures 6 and 7 show images of a numerical dynamo
model with time variable dipole moment, which exhibits
episodes of rapid dipole moment decrease. This dynamo
model is driven by thermal convection in a rotating,
electrically conducting Boussinesq fluid in a spherical shell
with the same geometry (inner/outer core radius ratio) as
the Earth. Control parameters are Rayleigh number
Ra=6:5� 105, Ekman number E=4� 10�4, Prandtl number
Pr=1, and magnetic Prandtl number Pm=5. Details of the
numerical dynamo model used in this example are
described in Christensen et al. (1999).

The magnetic field in this particular model is dominated
by the axial dipole component. The ADM fluctuates on
both long and short periods with amplitude variations up to
50%. No polarity reversals occurred during this simulation
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Fig. 6 Axial dipole moment (ADM) decrease event in a numerical
dynamo model. The dynamo model is driven by thermal convection in
a rotating, electrically conducting spherical shell of fluid with the
same geometry as the Earth’s core. Control parameters are Rayleigh
number Ra=6:5� 105, Ekman number E=4� 10�4, Prandtl number
Pr=1, and magnetic Prandtl number Pm=5. a Time series of ADM
decrease event marked by dashed line. b Time series of ADM rate of
change, assuming an electrical conductivity of σ ¼ 4� 105 Sm�1

(corresponding to a magnetic diffusivity of λ ¼ 2 m2s�1). c Time
series of kinetic energy in convective azimuthal modes 3 (dotted) and
4 (dashed) and smoothed ADM (solid)
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and it is uncertain if the moment fluctuations seen here
would lead to an occasional reversal. The polarity shown in
Fig. 7 happens to be the reverse of the present-day
geomagnetic field polarity, a consequence of the initial
conditions of the calculation, although the dipole polarity
has no effect on the dynamics. This model was chosen
because it exhibits a number of properties that may be
considered “Earth-like” despite being far from the Earth in
physical parameter space. Its ADM comes mainly from a
few (2–4) high latitude high-intensity flux spots in each
hemisphere. It has a magnetic spectrum similar to the
geomagnetic field and the slope of its secular variation
spectrum is comparable to the slope of geomagnetic secular
variation spectrum. The scale of flow (azimuthal modes 3,
4, and 5 dominate) is commensurate with the scale of core

flow imaged by the frozen-flux methods described previ-
ously. The flow speeds in this model are smaller than in
Fig. 5, roughly by a factor of five, as is the magnitude of the
magnetic secular variation. These scaling differences are due
to the fact that the magnetic Reynolds number in this model
is smaller by the same factor of five than estimated for the
Earth’s core (Christensen and Tilgner 2004).

The snapshots of the radial magnetic field, radial
velocity, surface heat flow at or just below the core–mantle
boundary, and zonal (azimuthal average) sections of
azimuthal current, magnetic field, and velocity (Fig. 7)
correspond to the dipole moment decrease event indicated
by the dashed line in the time series plots (Fig. 6). During
this event, the ADM fell by about 23% at a peak rate of
1:6% per century based on an assumed magnetic diffusivity
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Fig. 7 Snapshot images of the dynamo model during the moment
decrease event: red contours = positive values and blue contours =
negative values. a Heat flow on the core–mantle boundary. b Radial
fluid velocity just below the core–mantle boundary. c Radial magnetic
field on the core–mantle boundary. d Cross-section of zonal azimuthally
averaged (east–west) electric current density (filled contours) with zonal

azimuthally averaged poloidal magnetic field lines superimposed.
e Cross-section of zonal azimuthally averaged (east–west) fluid velocity
(filled contours) with meridional streamlines superimposed. f Illustration
of convective circulation (left) interacting with a simple axial dipole field
(right), inducing reverse electric currents in the core, reverse magnetic
field on the core–mantle boundary, and axial moment decrease
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of 2 m2s�1. The origin of this event can be seen in Fig. 6c,
which compares a smoothed version of the ADM variations
with time series of fluid kinetic energy in azimuthal modes
3 and 4, the dominant convective modes. The convective
structure vacillates between two states, one with mixed
modes and the other dominated by mode 4. The dipole
moment decrease coincides with a transition to the mode 4
state, which is evidently less efficient as a dynamo. Similar
transitions can be seen in other parts of the time series.

The effect of the flow transition can be seen in the
snapshots in Fig. 7, particularly in the radial magnetic field,
which shows several reversed flux spots forming at
midlatitudes above a sector with enhanced convective
activity. These reversed flux spots first appear early in the
dipole decrease event and coincide with the change in the
convective style. Because they are associated with a flow
transition, the high-latitude reversed flux patches are most
evident when the dipole is relatively strong before the
moment decrease event. Paradoxically perhaps, the periods
with weakest dipole moment in this model are characterized
by relatively little reversed flux.

The relationship between azimuthal electric currents and
convective velocity in the dynamo interior tells a similar
story. According to Eq. 6, positive azimuthal current
enhances and negative azimuthal current reduces the ADM
in this model so that changes in the relative strength of the
positive and negative current distributions shown in Fig. 7d
are equivalent to changes in the ADM. The positive electric
currents in Fig. 7d are mostly generated by the nonaxisym-
metric convection outside the tangent cylinder of the inner
core. The reversed currents are mostly generated near the
inner core tangent cylinder in the outflow from the polar
plumes and in the equatorial upwelling, all evident in the
meridional circulation in Fig. 7e. Reversed electric current
regions are relatively strong after a flow transition because
magnetic field lines are distorted by newly formed upwellings
and downwellings. Where the field lines transported upward
in a convective upwelling reach the outer boundary, magnetic
reconnection occurs as illustrated in Fig. 7f above the
equatorial upwelling. Enhanced radial diffusion and reversed
flux patch formation occurs at these locations as shown, for
example, in the convectively active sector in Fig. 7a–c.

The various contributions to ADM decrease in the event
shown in Figs. 6 and 7 can be analyzed using Eq. 8, as in
this case, all the input quantities are known with adequate
precision from the dynamo model. The interaction between
transverse advection and radial diffusion on the boundary
of this dynamo model is qualitatively consistent with our
interpretation in the previous section of the geomagnetic
field behavior during the present-day dipole moment
decrease event. For example, meridional advection and
radial diffusion are the dominant mechanisms below the
Ekman boundary layer, contributing about 40% and 50% to

the ADM decrease, respectively, whereas meridional
diffusion is secondary, contributing only 10%. Preliminary
results indicate that rapid dipole moment changes in
dynamo models involve both advective and diffusive
contributions in roughly comparable amounts, provided
the magnetic Reynolds number is large. However, this
phenomenon is far from being fully understood and
deserves systematic numerical study.

Speculations on the future

The recent history of the geomagnetic field indicates that
reversed magnetic flux proliferation combined with weak-
ening and equatorward motion of the high-intensity normal
polarity flux patches on the core–mantle boundary may
continue into the future with further erosion of the dipole
moment. How long this will continue is uncertain, but even
a modest continuation of the present trends can have
practical consequences if, for example, the SAA source on
the core–mantle boundary continues to extend by growth of
reversed flux regions beneath South America, Southern
Africa, and Antarctica.

The location of the SAA in the more distant future
depends on the development of these features on the core–
mantle boundary, plus the evolution of the intense normal
polarity field patches that control the location of the
equatorial dipole. Over the past century, the intense normal
field patches below Australia and the Indian Ocean have
exerted the most control on the equatorial dipole, fixing its
location in the eastern hemisphere. We have argued that the
existence and location of the SAA is partly attributable to
reverse flux patches in the southern hemisphere. The large
gyre in the southern hemisphere core flow transports high-
intensity normal polarity field toward the equator below the
Indian Ocean and reverse field westward toward beneath
South America. So long as this circulation continues to have
this effect, the conditions that produce the SAA—reverse
flux in the west and intense normal flux in the east—are
likely to prevail in the southern hemisphere.

There is some evidence suggesting this situation is
beginning to change. The geomagnetic tilt, which had been
nearly constant for more than a century, has diminished
since 1970 despite the rapid decrease in the GADM.
Another indication of change is the spot of reversed flux
can be seen in its infancy below the subequatorial North
Atlantic. This feature has evidently developed within the
past 30 years and is growing as it drifts toward the
Caribbean. If it continues to develop and if the NGP
continues its current trajectory, passing over the north
geographic pole, the stage would be set for a new magnetic
structure on the core–mantle boundary, a North Atlantic
Anomaly.
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What about the next reversal? Is the present episode of
dipole decrease a prelude to a full polarity change? The last
full reversal occurred around 785 ka, a long time compared
with the 240 ka average period of polarity chrons over the
past 5 Ma. However, today’s large dipole moment indicates
that the processes in the core, which could lead to a polarity
reversal, were not active long enough for a reversal to be
imminent, in spite of the currently rapid moment decrease.
It is more likely that this event is another one of the many
dipole moment fluctuations in evidence throughout the
paleomagnetic record. But even if the present-day episode
is just a part of a fluctuation, it is well worth understanding
its underlying physical processes because these are likely
the same processes that cause reversals when they occur.

Perhaps we should ask a different question: What would
it take for the current event to develop into a full polarity
reversal? According to Maxwell’s equations, a dipole
polarity change corresponds to reversal of the main
azimuthal electric current system in the core. Reversed
magnetic flux patches are one symptom of reversed
electric currents lying below the core–mantle boundary.
Suppose that a perturbation in the convection generates a
localized region somewhere deep in the core with
reversed electric currents and reversed magnetic flux on
the core–mantle boundary, similar to the ones shown in
Fig. 7c. Ordinarily, such perturbations will be subcritical,
too small to grow on their own, capable of temporarily
diminishing the dipole, but not reverse it. However,
suppose this perturbation with its reversed electric currents
is located in a region of the core where the convection is
particularly energetic. In this situation the local magnetic
Reynolds number based on the size and velocity of the
perturbation might exceed the critical value for regenera-
tion. The perturbation could then transition from benign to
malignant, able to grow by drawing energy from the normal
polarity field around it. Such malignant growth is often
seen in numerical dynamo models with reversals
(Glatzmaier et al. 1999; Kutzner and Christensen 2000,
2002). In other models, similar growing perturbations take
the form of propagating diffusive magnetic disturbances
called dynamo waves (Wicht and Olson 2004; Takahashi et
al. 2005).

Regardless of the internal mechanisms, surface expres-
sion of a dynamo perturbation at depth includes prolifera-
tion of reversed flux patches on the core–mantle boundary,
and in particular, reversed flux patches at middle and high
latitudes (reversed flux near the equator has little effect on
the ADM and is generally not an indication of a major
perturbation to the dynamo). Following up an early
suggestion by Cox (1975), Gubbins (1987) proposed that
the reversed flux patch growth observed at middle latitudes
in the southern hemisphere of the core–mantle boundary
over the past century is an indication of the polarity reversal

process at work. In this connection, the evidence for new
middle and high latitude reversed flux patches in the
Øersted and CHAMP satellite core fields model are
especially intriguing. We anticipate that a full understand-
ing of this phenomenon will emerge from improvements in
our ability to model the geodynamo numerically, coupled
with better spatial and temporal resolution of the core field
using satellite measurement programs such as the planned
SWARM constellation.
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