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DISCOVERY OF 
MAGNETISM

The Ancients (this has been attributed 
to Thales of Miletus) discovered 
naturally magnetized pieces of 
magnetite (named after the Magnesia 
region of Greece or one of its colonies 
in Asia Minor) called the lodestones. 

The compass has been discovered in 
Ancient China, and used for 
navigation (magnetic north/south) 
since the Middle Ages (Shen Kua 
1088, Alexander Neckham 1190).

Wikimedia Commons



FIRST SCIENTIFIC 
MEASUREMENTS OF THE EARTH’S 

MAGNETIC FIELD

Spherical magnets (terella) were 
used as models of the Earth. The 
concept of magnetic poles 
(attraction and repulsion) has 
been known at least since Petrus 
Peregrinus de Maricourt (1269) 

Placing a magnetic needle in a 
vertical plane allowed measuring 
the magnetic inclination (dip) 
(Robert Norman 1581)

Public domain 
Wikimedia Commons

Public domain 
Wikimedia Commons



“DE MAGNETE” 
(W. GILBERT 1600)

A terella has been used again to 
predict the geographic distribution of 
magnetic dip (William Gilbert 1600)

https://en.wikisource.org/wiki/On_the_Magnet
Public domain, Wikimedia Commons
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Figure 1. A sketch of William Gilbert’s terrella from De Magnete
(1600). From Chapman and Bartels (1940), with permission from
OUP.

field produced by the current was as capable of magnetizing
iron as a permanent magnet. Also in 1820, Jean-Baptise Biot
and Félix Savart published their well-known law relating a
linear current to its magnetic effect. In 1825, Andre-Marié
Ampère published his famous memoir that led to what is now
called Ampère’s law: !!H = J , where J is the electric
current density in A m"2 and H (A m"1) is the magnetizing
force (aka ‘magnetic intensity’); A stands for amp.

Not only was electromagnetic (EM) theory taking shape
but also an alternative origin of geomagnetism had been
identified: the flow of electric current inside the Earth!
The time dependence of the magnetic field discovered by
Gellibrand prompts a reminder of Michael Faraday. Foremost
amongst his prodigious achievements was the discovery of the
law of EM induction, which relates the time derivative of the
magnetic field, B (aka ‘magnetic induction’), to the electric
field E:

!!E = "!tB, consistent with ! · B = 0, (1a, b)

the latter of which is sometimes called ‘Gauss’s law’. The
magnetic field B is in tesla (T) and the electric field in volts per
meter (V m"1). Faraday also introduced the concept of lines
and tubes of (magnetic) force, which will be useful below.

A permanently magnetised material loses its magnetism if
heated beyond the Curie temperature. Except in its outermost
layers called ‘the crust’, the Earth is so hot that magnetism can
only be the by-product of electric current flow. In other words,
B and H are essentially the same but, in the SI units used here,
even their physical dimensions are different! The constant of
proportionality, µ, in the law B = µH is the permeability,
with physical dimensions henry per meter (H m"1, where
H = T m2 A"1). It appears that, in the Earth, µ is almost
the same as µ0, the permeability of free space, which in SI
units is µ0 = 4" ! 10"7H m"1 (precisely!). Ampère’s law
becomes

!!B = µ0J, so that ! · J = 0. (2a, b)

Equations (1a, b) and (2a) are three of the ‘pre-Maxwell
equations’, so called because they pre-date those of James
Clerk Maxwell, who introduced a displacement current to
resolve the inconsistency of (2b) with charge conservation,
which requires !t# + ! · J = 0, where # is charge density in
C (coulomb = A s). Light could cross the Earth’s diameter
in about 40 µs, or in effect instantaneously in comparison
with the time scales of the geomagnetic phenomena considered
below, which are 1 day and longer. Therefore both !t# and
displacement currents are negligible, leading to pre-Maxwell
theory in which light has infinite speed, and the electric field
energy is negligible compared with the magnetic.

Pre-Maxwell electrodynamics are closed by Ohm’s law
which, for a conductor moving with a velocity u much less
than light speed, is

J = $ (E + u!B), (3)

where $ (in siemens per m) is the electrical conductivity. Apart
from boundary conditions, all the electrodynamics needed in
this article have now been assembled.

In 1919, Joseph Larmor made the dynamo hypothesis,
according to which the electric currents responsible for the
magnetic fields of the Earth and Sun are created in much the
same way as by electric generators in power stations. In the
first dynamos, made in the early 19th century, electric current
was created inductively by the rotation of current-carrying coils
in the presence of the magnetic field of fixed permanent mag-
nets. In 1854 Ernst Werner Siemens invented the self-excited
dynamo, in which the inducing magnetic field is instead pro-
duced by fixed current-carrying coils fed by the machine itself.
This self-excited dynamo was what Larmor envisaged, and it
is the only explanation of geomagnetism seriously entertained
today. We next assemble relevant geophysical facts.

To within a factor of 1/300, the Earth is a spherical body
of radius a = 20 000/" km (by the original definition of the
meter). Its internal structure is revealed by seismology, the
study of acoustic waves generated by earthquakes. The waves
travel through the Earth and emerge loaded with information.
They reveal the density of the material they pass through,
and the velocities of the longitudinal and transverse acoustic
waves, called P and S waves. Since the Earth is close to
being spherically symmetric, these quantities are functions of
r alone, the distance from the geocenter O. See for example
the PREM model of Dziewonski and Anderson (1981) or the
ak135 model of Kennett et al (1995). Seismology reveals that
internally, the Earth consists of a rocky mantle lying above a
dense core whose surface is the core–mantle boundary (CMB),
of radius ro = 3480 km. The core has two major parts: the
inner core is a solid sphere of radius ri = 1225 km whose
surface is the inner core boundary (ICB). The outer core is
the annular region between the ICB and CMB and is known
to be fluid because only P waves pass through it. Atop the
uppermost mantle is the crust. See figure 2.

The seismically inferred density of Earth’s core, combined
with projections of Earth’s relative chemical abundances based
on chemical makeup of meteorites from which it likely formed,
suggest that Earth’s core is mostly iron. (About 8% of the core
may be nickel but, since the physical properties of these two
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WESTWARD DRIFT OF 
MAGNETIC DECLINATION
in XVII century it has 
been found that local 
magnetic 
declinations turn 
westwards over years 

Edmund Halley 
proposed in 1683 
that the Earth has a 
superrotating 
magnetized core 
separated by an 
effluvium
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E. Halley, Phil. Trans. R. Soc., 13, 208–221 (1683)



MAGNETIC DECLINATION MAP (HALLEY 1701)

London, [W. and J. Mount, and T. Page], Public domain, Wikimedia Commons



Schiehallion experiment 
(1774), by measuring a 
deflection of  of the 
vertical wrt. stars at two 
sides of a mountain, 
allowed to estimate the 
mean density of the 
Earth at .

11.6′ ′ 

4.5 g cm−3

EARTH HAS 
A DENSE CORE

•7 8 2 Mr. h u t t o n ’s Calculations to afccrtain 

ftru&ure of the hill. And the eafieft method of doing 
this would be to procure holes to be bored, in feveral
parts of it, from the furface to a fufficient depth, after 
the manner that is practiced in boring holes to the coal 
mines from the furface of the ground; for by fuch ope-
ration it is known what kind of ftrata the borer is paffed
through, together with their dimenfions and denfities. 
The proper mean among all thefe would be the mean 
denfity of the hill, as compared to water or to any other 
fimple matter; and thence we fhould obtain the compa-
rative denfity of the whole earth with refpe£t to water : 
but in the prefent inftance, we muft be fatisfied with the 
oftimate arifing from the report of the external view of 
the hill; which is, that to all appearance it confifts of an 
intire mafs of folid rock. It is probable, therefore, that 
we (hall not greatly err, if we affume the denfity of the 
hill equal to that of common ftone; which is not much 
different from the mean denfity of the whole matter near 
the furface of the earth, to fuch depths as have actually 
been explored either by digging or boring. Now the 
denfity of common ftone is to that of rain water as to 
1; which being compounded with the proportion of 9 
to 5 above found, there refults the ratio of \ \  to 1 for 
the ratio of the denfities of the earth and rain water;
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C. Hutton, Phil. Trans. R. Soc., 68, 689–788 (1778)



For a mean rock 
density of , 
and a mean density 
of metals 
of  , 
a metallic core radius 
can be estimated at 
2/3 of the Earth’s 
radius.

2.5 g cm−3

10 g cm−3

that is to fay, the mean denfity of the whole earth is 
about \ \  times the denfity of water.

To what ufeful purpofes the knowledge of the mean 
denfity of the earth, as above found, may be applied, it 
is not my bufinefs here to fhew. I lhall therefore put an 
end to this paper with a reflexion or two on the premifes 
before delivered.. Sir I s a a c  n e w t o n  thought it proba-
ble, that the mean denfity of the earth might be five or 
fix times as great as the denfity oh water; and we have 
now found, by experiment, that it is very little lefs than 
what he.had -thought it to be: fo much juftnefs was even 
in the furmifes of this wonderful man! Since then the 
mean denfity of the whole earth is about double that of 
the general matter near the furface, and within our 
reach, it follows, that there mutt be fomewhere within 
the earth, towards the more central parts, great quantities 
of metals, or fuch like denfe matter, to counterbalance 
the lighter materials, and produce fuch a confiderable 
mean denfity. If we fuppofe, for inftance, the denfity of* 
metal to be 10, which is about a mean among the vari-
ous kinds of it, the denfity of water being j ,  it would i 
require fixteen parts out of twenty-feven, or a little more 
than one-half of the matter in the whole earth, to.be 
metal of this denfity, in order to compofe a mafs of fuch - 
mean denfity as we have found the earth to poflefs by '

tire mean Denfity of the . 7 8 3

x. our r
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EARTH HAS 
A DENSE CORE

Mr, b u t t o n 's Calculations to afcertain

our experiment: or T4y, or between j  and -  of the whole 
magnitude will be metal; and confequently or nearly 
j  of the diameter of the earth, is the central or metalline 
part.

Knowing then the mean denfity of the earth in com- 
parifon with water, and the denfities of all the planets 
relatively to the earth, we can now affign the propor-
tions of the denfities of all of them as compared to wa-
ter, after the manner of a common table of fpecific gra-
vities. And the numbers exprefling their relative den-
fities, in refpeit of water, will be as below, fuppofing the 
denfities of the planets, as compared to each other, to be 
as laid down in Mr. d e  l a  l a n d e ’s  aftronomy.

Water . . .  i 
The Sun . . i-A 
Mercury . .
Venus * * . r 
The earth . . 4T 
Mars . . . .  3 |
The Moon . . 3A 
Jupiter . . . iJ- 
Saturn . . #

3 i

Thus then we have brought to a conclufion the com-
putation of this important experiment, and, it is hoped, 
with no inconfiderable degree of accuracy. But it is the

firft
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C. Hutton, Phil. Trans. R. Soc., 68, 689–788 (1778)



MEAN DENSITIES OF 
CELESTIAL BODIES

Mr, b u t t o n 's Calculations to afcertain

our experiment: or T4y, or between j  and -  of the whole 
magnitude will be metal; and confequently or nearly 
j  of the diameter of the earth, is the central or metalline 
part.

Knowing then the mean denfity of the earth in com- 
parifon with water, and the denfities of all the planets 
relatively to the earth, we can now affign the propor-
tions of the denfities of all of them as compared to wa-
ter, after the manner of a common table of fpecific gra-
vities. And the numbers exprefling their relative den-
fities, in refpeit of water, will be as below, fuppofing the 
denfities of the planets, as compared to each other, to be 
as laid down in Mr. d e  l a  l a n d e ’s  aftronomy.

Water . . .  i 
The Sun . . i-A 
Mercury . .
Venus * * . r 
The earth . . 4T 
Mars . . . .  3 |
The Moon . . 3A 
Jupiter . . . iJ- 
Saturn . . #

3 i

Thus then we have brought to a conclufion the com-
putation of this important experiment, and, it is hoped, 
with no inconfiderable degree of accuracy. But it is the

firft
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C. Hutton, Phil. Trans. R. Soc., 68, 689–788 (1778)

No longer a hollow 
Earth, but a metallic 
core could be 
expected to be a 
permanent magnet.



THE DYNAMO 
HYPOTHESIS

Discovery of Curie temperature (1895) meant that a 
hot (T > 1000 K) Earth’s interior cannot support 
permanent magnetic field. 

The dynamo hypothesis, that magnetic fields within 
the Earth (and the Sun) are supported by electric 
currents was proposed by Joseph Larmor (1919).



SEISMIC WAVES 
FIRST STUDIES

1906: Richard Oldham detected 
two types of seismic waves: 
primary and secondary 

1912: Beno Gutenberg measures 
the depth of the core-mantle 
discontinuity at 2900 km 

1926: Harold Jeffreys 
demonstrates that the core is 
liquid 

1936: Inge Lehmann discovers 
the inner solid core
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Vol. 62.] OF THE INTERIOR OF THE EARTH. 469

case the second phase, as adopted, presents the same characters

as those which I had recognized at lesser distances ; and if the

times given do not refer to the second phase (in the sense used
elsewhere by me), then this phase is not represented at all in the

more distant records, and instead of a central core which transmits

the waves more slowly, there must be one which is incapable of

transmitting them at all, thus leading to the same conclusion, that

Fig. 3.

[The broken lines represent the first phase, the broken-and-dotted lines the second
phase, and the continuous curve the third phase.]

the deeply penetrating wave-paths enter matter of very different

constitution from that traversed by the shallower paths.

Rejecting the supposition that the second-phase waves are
extinguished by the central core, and accepting the more probable
one that the rate of transmission is reduced in it, there remain two



SEISMIC WAVES: 
MODERN VIEW

Public domain 
USGS

P - primary/pressure/longitudinal (faster) 
S - secondary/shear/transverse (slower) 
K - pressure wave in the outer core

USGS, Vanessa Ezekowitz 
CC BY-SA 3.0 

Wikimedia 
Commons



INTERNAL STRUCTURE 
OF THE EARTH

Rep. Prog. Phys. 76 (2013) 096801 P H Roberts and E M King

Figure 2. The gross structure of Earth’s deep interior.

metals are much alike, this is neither easy to determine nor
important for the geodynamo.) The density of the core is,
however, a few percent less than that expected of pure iron.
The generally accepted interpretation is that both cores are
mixtures of iron and a few percent lighter chemical elements,
but seismology cannot identify these. Being iron-rich the
mixtures should be good conductors of electricity, unlike the
rocky mantle and crust. The variation of density !(r) and
pressure P(r) in the fluid core is consistent with the idea that
it is well mixed by the internal motions, u.

Our review has three main parts. Part 1, made up of
sections 2 and 3, assembles relevant observational data and
interpretations. Section 2 explains how the geomagnetic field
is best represented and interpreted, and section 3 reports on its
time dependence.

Part 2 describes how theory (sections 4–6), computer
simulations (section 7), and experiments (section 8) have
advanced understanding of geomagnetism to where it is today.
Section 4 discusses the geodynamo hypothesis, which frames
all that follows. Section 5 formulates the dynamo problem
with pre-Maxwell electrodynamics. In it we address how
kinetic energy is converted to magnetic energy in a topic called
kinematic dynamo theory. Section 6 presents governing MHD
equations for the geodynamo and discusses the fluid dynamics
of Earth’s core.

Part 3, consisting of sections 9 and 10, points to the
future, where the deficiencies that still exist will ultimately
be resolved. Section 9 discusses turbulence, a substantial
obstacle in understanding natural fluid systems. It may
be fundamentally important for core dynamics and the
geodynamo. Section 10 concludes our presentation.

A few remarks about notation may be helpful: ‘Conduc-
tivity’ and ‘diffusivity’ stand for ‘electrical conductivity’ and
‘magnetic diffusivity’ unless ‘thermal’ is added. ‘Magnetic
field’ is abbreviated to ‘field’ and ‘electric current density’ to
‘current’. Unit vectors are not decorated with a circumflex,
which is used instead to distinguish fields belonging to the ex-
terior of the core (mantle, crust and beyond); unit vectors are
denoted by a bold unity, 1.

PART 1: Magnetic observations

2. Description of the Earth’s magnetic field

2.1. Gauss decisively identifies an internal magnetic origin

Gilbert’s belief that the source of the Earth’s magnetism
is within it was confirmed by Gauss in 1838 through an
application of potential theory. Assuming negligible current
flow !J = 0 at the Earth’s surface r = a, (1b), and (2a) show
that the magnetic field !B at r = a satisfies

!!!B = 0, ! · !B = 0. (4a, b)

Here, ‘hatted’ terms indicate quantities outside the fluid outer
core. Equations (4a, b) shows that !B is a potential field for
which

!B = "!V, where #2V = 0, (4c, d)

and V is the geopotential. In terms of spherical coordinates
(r , " , #), where " is colatitude (i.e. 1

2$ -latitude) and # is east
longitude, the spherical components of (4c) are

!Br = "%V

%r
, !B" = "1

r

%V

%"
, !B# = "1

s

%V

%#
,

(4e, f, g)

where s = r sin " . The components (4e–g) are three of the
magnetic elements, and are usually denoted by "Z, "X and
Y , respectively. Others are the declination, D = tan"1(Y/X)
and the inclination, I = tan"1(Z/H), where H = $

(X2 +Y 2)
is the horizontal field strength; the total field strength is
F = $

(X2 + Y 2 + Z2). Of particular interest to mariners
has been D, which is the eastward deviation of the (magnetic)
compass needle from true North; I is the downward dip of a
freely suspended compass needle to the horizontal.

The general solution of (4d) is

V (r, ", #, t) = Vint(r, ", #, t) + Vext(r, ", #, t), (5a)

where

Vint(r, ", #, t) = a

%"

&=1

#a

r

$&+1

!
&"

m=0

[gm
& (t) cos m# + hm

& (t) sin m#]P m
& ("), (5b)

Vext(r, ", #, t) = a

%"

&=1

# r

a

$&

!
&"

m=0

[ĝm
& (t) cos m# + ĥm

& (t) sin m#]P m
& ("), (5c)
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INTERNAL STRUCTURE 
OF THE EARTH

crust: solid, locally ferromagnetic 

mantle: 
- solid, unmagnetized 
- convectively unstable 
- extremely slow convection ( , )  

outer core (3480 km): 
- liquid (does not transmit S-waves; Jeffreys 1926) 
- kinematic viscosity comparable to that of water 
- convection driven by inner heat (and light elements) 

inner core (Lehmann 1936; 1220 km): 
- solid, unmagnetized 
- slowly grows due to cooling 
- age highly uncertain: 0.5-4 Gyr 
- density jump by 6% 
- higher iron/nickel abundance 
- differential rotation 

∼ 3 cm yr−1 ∼ 108 yr

≲ 1∘/yr
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Figure 2. The gross structure of Earth’s deep interior.

metals are much alike, this is neither easy to determine nor
important for the geodynamo.) The density of the core is,
however, a few percent less than that expected of pure iron.
The generally accepted interpretation is that both cores are
mixtures of iron and a few percent lighter chemical elements,
but seismology cannot identify these. Being iron-rich the
mixtures should be good conductors of electricity, unlike the
rocky mantle and crust. The variation of density !(r) and
pressure P(r) in the fluid core is consistent with the idea that
it is well mixed by the internal motions, u.

Our review has three main parts. Part 1, made up of
sections 2 and 3, assembles relevant observational data and
interpretations. Section 2 explains how the geomagnetic field
is best represented and interpreted, and section 3 reports on its
time dependence.

Part 2 describes how theory (sections 4–6), computer
simulations (section 7), and experiments (section 8) have
advanced understanding of geomagnetism to where it is today.
Section 4 discusses the geodynamo hypothesis, which frames
all that follows. Section 5 formulates the dynamo problem
with pre-Maxwell electrodynamics. In it we address how
kinetic energy is converted to magnetic energy in a topic called
kinematic dynamo theory. Section 6 presents governing MHD
equations for the geodynamo and discusses the fluid dynamics
of Earth’s core.

Part 3, consisting of sections 9 and 10, points to the
future, where the deficiencies that still exist will ultimately
be resolved. Section 9 discusses turbulence, a substantial
obstacle in understanding natural fluid systems. It may
be fundamentally important for core dynamics and the
geodynamo. Section 10 concludes our presentation.

A few remarks about notation may be helpful: ‘Conduc-
tivity’ and ‘diffusivity’ stand for ‘electrical conductivity’ and
‘magnetic diffusivity’ unless ‘thermal’ is added. ‘Magnetic
field’ is abbreviated to ‘field’ and ‘electric current density’ to
‘current’. Unit vectors are not decorated with a circumflex,
which is used instead to distinguish fields belonging to the ex-
terior of the core (mantle, crust and beyond); unit vectors are
denoted by a bold unity, 1.

PART 1: Magnetic observations

2. Description of the Earth’s magnetic field

2.1. Gauss decisively identifies an internal magnetic origin

Gilbert’s belief that the source of the Earth’s magnetism
is within it was confirmed by Gauss in 1838 through an
application of potential theory. Assuming negligible current
flow !J = 0 at the Earth’s surface r = a, (1b), and (2a) show
that the magnetic field !B at r = a satisfies

!!!B = 0, ! · !B = 0. (4a, b)

Here, ‘hatted’ terms indicate quantities outside the fluid outer
core. Equations (4a, b) shows that !B is a potential field for
which

!B = "!V, where #2V = 0, (4c, d)

and V is the geopotential. In terms of spherical coordinates
(r , " , #), where " is colatitude (i.e. 1

2$ -latitude) and # is east
longitude, the spherical components of (4c) are

!Br = "%V

%r
, !B" = "1

r

%V

%"
, !B# = "1

s

%V

%#
,

(4e, f, g)

where s = r sin " . The components (4e–g) are three of the
magnetic elements, and are usually denoted by "Z, "X and
Y , respectively. Others are the declination, D = tan"1(Y/X)
and the inclination, I = tan"1(Z/H), where H = $

(X2 +Y 2)
is the horizontal field strength; the total field strength is
F = $

(X2 + Y 2 + Z2). Of particular interest to mariners
has been D, which is the eastward deviation of the (magnetic)
compass needle from true North; I is the downward dip of a
freely suspended compass needle to the horizontal.

The general solution of (4d) is

V (r, ", #, t) = Vint(r, ", #, t) + Vext(r, ", #, t), (5a)

where

Vint(r, ", #, t) = a

%"

&=1

#a

r

$&+1

!
&"

m=0

[gm
& (t) cos m# + hm

& (t) sin m#]P m
& ("), (5b)

Vext(r, ", #, t) = a

%"

&=1

# r

a

$&

!
&"

m=0

[ĝm
& (t) cos m# + ĥm

& (t) sin m#]P m
& ("), (5c)
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PARAMETERS OF THE 
EARTH’S INTERIOR

mantle: 
- dynamic viscosity  
- kinematic viscosity  
- convective velocity  
- dynamical time scale  
- Reynolds number  

outer core: 
- mean magnetic field strength  
- convective velocity  
- dynamical time scale  
- Alfvén velocity  
- magnetic/kinetic energy ratio  
- kinematic viscosity  
- Reynolds number  
- magnetic diffusivity  
- diffusive decay time scale  

inner core: 
- kinematic viscosity 

μ ∼ 1023 Pa s ∼ 1024 g cm−1 s−1

ν = μ /ρ ∼ 1023 cm2 s−1

v ∼ 10−7 cm s−1 ∼ 3 cm yr−1

τdyn = ΔR /v ∼ 108 yr
Re = v ΔR /ν ∼ 3 × 10−22 ≪ 1

B ∼ 2.5 mT = 25 G
v ∼ 0.04 cm s−1 ∼ 1 in min−1

τdyn = ΔR /v ∼ 200 yr
vA = B/ 4πρ ∼ 2.2 cm s−1 ≫ v

uB/ukin = (B2/8π)/(ρv2/2) ∼ 3 × 103 ≪ 1
ν ∼ 10−2 cm2 s−1

Re = v ΔR /ν ∼ 109 ≫ 1
η ∼ 7 × 103 cm2 s−1 ≫ ν

τ ∼ R2
o /π2η ∼ 6 × 104 yr ≫ τdyn

ν ∼ 1018 cm2 s−1
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north magnetic pole has 
been shifting by 

 over the 
past 2 decades 

magnetic dipole 
moment has been 
decreasing by 5% per 
century (faster than 
diffusive decay)

∼ 50 km yr−1

MAGNETIC 
POLE SHIFT

Cavit, CC BY 4.0, 
Wikimedia Commons



POWER SPECTRUM OF 
THE GEOMAGNETIC FIELD

surface magnetic field 
projected onto the core-
mantle boundary 
(CMB) 

magnetic curtain for 
 hides the core 

field by cool ( ) 
magnetized crust

l > 13
T < TCurie
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and P m
! (") is the Legendre function of degree ! and order

m. In these expansions, gm
! , hm

! , ĝm
! and ĥm

! are called
gauss coefficients. (The Legendre functions are ‘Schmidt
normalized’, an option not much used outside geophysics.
The mean square over the unit sphere of P m

! (") cos m# and
of P m

! (") sin m# is (2! + 1)!1.)
The potential Vint(r, ", #, t) represents the field created

by sources below the Earth’s surface. In (5b), it is expressed
through multipoles at the geocenter, O, the monopole (! = 0)
being excluded. The g0

1 term gives the (centered) axial dipole,
while g1

1 and h1
1 determine the (centered) equatorial dipole.

Since the units of B are tesla (T), the components of the dipole
moment are obtained in T m3 by multiplying g1

1, h1
1 and g0

1 by
4$a3. The dipole moment, m, of the Earth is, however, usually
expressed in A m2, so the field of the central dipole is

!Bd(r) = 1
f0

"a

r

#3
[3(m · 1r )1r ! m],

where m = f0(g
1
11x + h1

11y + g0
11z), (6a, b)

f0 = 4$a3/µ0 " 2.580 # 1027 m4 H!1 and 1r = r/r; see
section 1. The strength of the central dipole is m = f0[(g0

1)
2 +

(g1
1)

2 + (h1
1)

2]1/2 and is currently about 7.8 # 1022 A m2 and
decreasing. The coefficients g0

2 , g1
2, h1

2, g2
2 and h2

2 correspond
to quadrupoles at O, g0

3 , g1
3, h1

3, g2
3 , h2

3, g3
3 and h3

3 to octupoles,
etc. The larger the !, the more rapidly does that part to Vint

increase with depth.
The potential Vext(r, ", #, t) represents the field created

by sources above the Earth’s surface, such as currents flowing
in the ionosphere. The leading terms, ĝ0

1 , ĝ1
1 and ĥ1

1, in (5a),
give uniform fields in the z-, x- and y-directions, The larger
the !, the more rapidly does its contribution to Vext increase
with r . Further details about the harmonic expansions can be
found in many places, including Chapman and Bartels (1940)
and Langel (1987).

In 1838, Gauss published the first spherical harmonic
analysis of the geomagnetic field. From data available to him,
he interpolated for X, Y and Z at 84 points, spaced 30$ in
longitude on 7 circles of latitude. He assumed that Vext = 0
and truncated (5b) at N = 4:

V (r, ", #, t) = a

N$

!=1

"a

r

#!+1

#
!$

m=0

[gm
! (t) cos m# + hm

! (t) sin m#]P m
! ("). (7)

Without any computational aid for the considerable arithmetic
labour involved, he extracted the 24 g and h coefficients.
(According to the usual mantra, he avoided aliasing, because
84 points >3#(24 gauss coefficients) = 72.) He then tested
how well (7) fitted the data at the 84 points, and concluded
from the excellence of the fit that Vext was in fact small enough
to be ignored. Subsequent analyses, drawing of much larger
data sets, have confirmed the smallness of Vext and electronic
computers have made (7) readily accessible for large N .

2.2. The power spectrum; the magnetic curtain

From now on we accept that the main source of the magnetism
of the Earth lies entirely beneath its surface, so that (7) holds
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Figure 3. A Mauersberger–Lowes spectrum for geomagnetic field
intensity as a function of harmonic degree; see (8a). Gauss
coefficients for data points are taken from the xCHAOS model of
Olsen and Mandea (2008), derived from field measurements from
satellite and ground-based observatories made between 1999 and
2007. Hollow symbols show the spectrum at Earth’s surface, R!(a);
solid symbols show it at the CMB, R!(ro). The shading illustrates
where information about the core is hidden behind the magnetic
curtain, the edge of which is indicated.

exactly. We denote by !B!(x, t) the field created by the 2! + 1
harmonics of degree !. Its mean square over the sphere of
radius r , which we denote by S(r), is R!(r, t). This is the
power spectrum of Mauersberger (1956) and Lowes (1966),
which we call the ‘ML-spectrum’:

R!(r, t) =
"a

r

#2!+4
(! + 1)

!$

m=0

[(gm
! (t))2 + (hm

! (t))2]

and %!B2(r, t)& =
'$

!=1

R!(r, t). (8a, b)

The ML-spectrum for Earth’s surface field, R!(a, t), is shown
in figure 3 as hollow symbols. Surface field power decreases
steadily until about ! = 13, above which the spectrum flattens.
Assuming there are no magnetic sources in the mantle, we can
project this surface ML-spectrum to the CMB by multiplying
R!(a, t) by (a/ro)

2!+4 = 11.2(3.35)!. This factor tips the
spectrum up, the result of which is shown as solid symbols in
figure 3. The CMB spectrum is nearly flat up to ! = 13, above
which the power increases with !.

The ML-spectrum for ! ! 13 and ! " 13 are generated
by different processes. The large scale observed field, ! ! 13,
is the main geodynamo field produced in the core. The field
measured on smaller scales, ! " 13, however, is due to crustal
magnetism. The Curie temperature of mantle materials is
typically in the range 300–1000 $C. These temperatures are
reached within tens of kilometers of Earth’s surface, so that
the crust can be at least partially magnetized. The excessive
amount of power attributed to the small-scale CMB field in
the upper curve of figure 3 is unphysical, since ferromagnetic
sources in the mantle render (4c, d) and (7) invalid below
r = a. We have therefore incorrectly extrapolated a local
source of magnetism to a more distant origin, artificially
amplifying its intensity. Instead, we observe distinct spectral

5
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originates 
from the core

originates 
from the crust
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Figure 5. Radial magnetic field !Br (left panels) and secular variation !t
!Br (right panels) at Earth’s surface (top panels) and the CMB

(bottom panels). Data from observations in 2004 are taken from the xCHAOS model of Olsen and Mandea (2008) for " ! 13.

different ways of analyzing it are given in section 12.3 of
Langel (1987). Whether it is a permanent feature of the field
is unknown and sometimes doubted. As even its reality or
otherwise is inessential for this article, we ignore it below,
except in section 7.5.

Information about the time dependence of D, I and F

has been gathered in historical times mainly in the past 4, 3
and 2 centuries, respectively; it is called the historical secular
variation (HSV) (Jackson et al 2000). During this time, the
field has been dipole dominated, with a moment, m, that has
decreased at a rate of about 5% per century, which is faster
than the natural diffusive decay rate; see section 5.2.1. Also,
several small abrupt changes, called ‘geomagnetic impulses’
or ‘jerks’, have occurred on a worldwide basis. The origins of
these are unknown. We ignore them here, but see Courtillot
and LeMouël (1984), Mandea et al (2010).

Today, the Earth’s field is constantly monitored by a global
array of ground based observatories and dedicated satellites.
Figure 5 shows an example of such measurements, taken from
the xCHAOS model of Olsen and Mandea (2008). The left
panels are maps of Earth’s radial field !Br at the surface (r = a)
and CMB (r = ro). The right panels show secular variation as
!t

!Br for the surface and CMB. If the magnetic curtain could
be pierced, the lower panels would show much greater detail
from the high " harmonics; see figure 4.

Such maps of secular variation are made possible by
measurements of the time derivatives, ġm

" and ḣm
" , of the Gauss

coefficients. These measurements also permit analysis of the
spectra of secular variation which, in analogy with (8a), is
defined as

A"(r, t) =
"a

r

#2"+4
(" + 1)

"$

m=0

[(ġm
" (t))2 + (ḣm

" (t))2] (10a)

(Lowes 1974). From this spectrum, a characteristic time scale
can be derived for each harmonic ", sometimes called its
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Figure 6. Estimates of magnetic (circles) and kinetic (squares)
energy spectra for " ! 13 at the surface of Earth’s core,
using (10d, e).

correlation time (Stacey 1992):

!# cor
" =

%
R"

A"

&1/2

=
'("

m=0[(gm
" (t))2 + (hm

" (t))2]
("

m=0[(ġm
" (t))2 + (ḣm

" (t))2]

)1/2

.

(10b)

If changes in the large scale field at the CMB are directly related
to flow there, the speed of such flow for each " can be crudely
estimated as

U" = 2$ro/"!# cor
" , (10c)

which leads to estimates of the core’s magnetic and kinetic
energy spectra:

M" = 1
2µ0

R"(ro)Vo and K" = 1
2

MoU2
" , (10d, e)

where Vo (! 1.77 " 1020 m3) is the volume of the core and
Mo (!1.8 " 1024 kg) is its mass. See figure 6. As (10d, e)

7
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TOTAL MAGNETIC FIELD 
FROM EARTH’S NUTATIONS

Nutations are variations in the orientation of 
the Earth’s rotation axis, caused by tidal forces 
from the Moon and Sun on slightly aspherical 
Earth structure (  for the inner core). 

Phase delays are measured between the tidal 
forces and Earth’s response. These allow to 
estimate the damping rate and total 
dissipation. 

The inferred dissipation rate can be explained 
by electric currents induced by magnetic field 
of total strength  .

ϵ = 0.0025

2.5 mT = 25 G

addition of the electromagnetic force. The ratio of dissipation esti-
mates is used to correct the numerical results in Fig. 3.
I also calculate the dissipation due to magnetic coupling at the

inner-core boundary20. In this case, the strength of the magnetic field
refers to the radial component at the inner-core boundary. A strong
radial field is required to explain the observed dissipation with mag-
netic coupling3. Alternatively, a high fluid viscosity (n5 10m2 s21) has
been proposed6 as the source of dissipation. Allowing for the influence
of internal shear layers eliminates the need for a high viscosity or a
strong radial field at the inner-core boundary. The nutation observa-
tions can be explained with a 2.5-mT field when the flow is corrected
for the effects of electromagnetic forces. The weak-field limit estab-
lishes a lower bound of roughly 2mT.
Numerical models1,21 and theoretical consideration22 suggest an

internal magnetic field of 1–4mT. The field strength inferred from
tidal dissipation is compatible with these predictions, although the
tidal estimate is not sensitive to the azimuthal component of the mag-
netic field. This lack of sensitivity is due to the conical structure of the
shear layers, which causes little distortion of the azimuthal field.
However, the tidal estimate is sensitive to the field that controls the
propagation of torsional oscillations2. Recent evidence5 for a strong
field from the propagation of torsional oscillations is consistent with
the estimate presented here. A source of uncertainty in the tidal estim-
ate arises from the viscosity of the fluid core because it controls the
thickness of the shear layers. A higher viscosity reduces the shear and
decreases the ohmic dissipation. However, the change in the ratio lb/lv
causes an increase in dissipation. The net effect is a modest decrease in
dissipation. Doubling the viscosity requires a 10% increase in the field
strength to explain the observed dissipation. In spite of these uncer-
tainties, there are few observations that constrain the strength of the
internal field. The tidal estimate represents a core-wide average with
sensitivity to all but the azimuthal component of the field. It is striking
that radio emissions from distant quasars23 offer insights into the
internal magnetic field by providing a precise determination of the
Earth’s nutations.

METHODS SUMMARY
The numerical calculations are based on the dynamo model of ref. 24 with the
nonlinear terms omitted. The velocity and magnetic fields are represented using
vector spherical harmonics in a series expansion up to degree 260. I apply stress-
free boundary conditions to the velocity field and insulating boundary conditions to
themagnetic field. This choice ensures that all of the viscous and ohmic dissipation

is due to the internal shear layers. Use of no-slip boundary conditions introduces
thinner, O(E1/2), shear layers at the boundaries and a radial flow due to Ekman
pumping, but the net effect on the dissipation is small for realistic values of E. I use
finite differences for the radial derivatives on a uniformly spaced gridwith up to 360
radial levels. Both the velocity and magnetic fields have periodic time dependence
with a prescribed frequency. The governing equations yield a system of algebraic
equations for the radial coefficients of the vector spherical harmonic expansion. I
obtained solutions iteratively using the GMRES method25.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 3 | Predicted dissipation as a function of magnetic field strength.
The numerical calculation represents a weak-field approximation because the
electromagnetic force is not included in the dynamics. A correction for the
electromagnetic force is based on a local analysis of inertial waves in the
presence of amagnetic field. Ohmic dissipation due tomagnetic coupling at the
inner-core boundary requires a radialmagnetic field of 7mTormore to explain
the observed dissipation2. Internal shear layers in the outer core explain the
observed dissipation with an average magnetic field of 2.5mT.
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for the true field. Figure 1b shows the magnetic energy in b for
E5 23 1027 and an initial magnetic field of B5 1mT. A comparison
of the ohmic dissipation with themagnetic energy in b confirms that lb
is approximately equal to the skin depth.
The amplitude of b, b, depends on both the shear, v9/lv, and the ratio

of length scales lb/lv. Because the ratio lb/lv is held constant in the
calculation, the magnetic perturbation is expected to scale as b/B /
v/E1/3, where v is the amplitude of v9. Order-of-magnitude estimates
for the resulting magnetic energy and ohmic dissipation are b2 and
Db2/lb

2, respectively. Both of these quantities varywith Ekmannumber
as E22/3 because lb is set by the skin depth. Direct calculations confirm
the trend in dissipation with E (Fig. 2). Thus, the ohmic dissipation is
substantially larger for realistic values of E owing to the thin shear
layers. For example, the dissipation rate for E5 1027 in Fig. 2 increases
toW5 1.83 1026 at E5 10215 for an internal magnetic field of 1mT.
By comparison, the (dimensionless) kinetic energy of the motion is
4.43 1023. This level of dissipation is sufficient to explain an anom-
alous source of dissipation in the Earth’s nutations.

Dissipation is evident in nutation measurements as a phase lag
between the tidal force and the Earth’s response. Corrections are rou-
tinely applied for the effects of mantle anelasticity17 and ocean tides18,
but several large phase lags remain unexplained, particularly at tidal
periods close to the natural periods of the free modes. The measured
phase lags are often related to the quality factor,Q, of the freemodes, in
analogy to the relationship for a damped harmonic oscillator. A lowQ
for the FICN mode is inferred by fitting nutation measurements to a
theoretical model19. An estimate3 based on nutation measurements
before 2000 yielded Q5 677, whereas a more recent study6 using an
extra nine years of data and a different estimation procedure obtained
Q5 4596 27. The quality factor for the predicted flow is given by

Q{1~
tW

2pEk
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where t5 2p/Re(v) is the period of the motion and Ek is the total
kinetic energy. Most of the kinetic energy in the FICN mode is due to
relative rotation of the inner core (that is,Vs2Vm). The dependences
of Ek andW onVs2Vm are identical, so the predicted quality factor is
independent of the amplitude of the inner-core tilt.
Figure 3 shows the predicted Q21 as a function of the internal field

strength, B. The numerical calculations represent a ‘weak-field’
approximation because the electromagnetic force due to b is not
included in the dynamics. This approximation is reasonable when the
field isweak, but it tends tooverestimate thedissipationwhen the field is
strong20. Scaling arguments suggest that the electromagnetic force is
small in comparison with the viscous force at computationally access-
ible values of E, so a reasonable internal field would have little influence
on the calculated flow. Instead of including the electromagnetic force in
the calculation, I correct the numerical results using a local analysis for
the interaction of flow and magnetic field in the shear layers.
The shear layers can be represented by a linear superposition of

inertial waves with a short wavelength in the direction perpendicular
to the layers. The amplitude of the local wavenumber is nominally
k< lv

21, which characterizes the width of the layers. A plane-wave
solution for the inertial waves can be coupled to the magnetic induc-
tion equation to account explicitly for the electromagnetic force in the
dynamics of the waves (Supplementary Information). The local plane-
wave solution permits calculations with realistic values for viscosity
and field strength, avoiding some of the limitations of the numerical
calculations. Including the electromagnetic force in the dynamics
decreases the amplitude of the waves, reducing both the electric cur-
rent and the associated dissipation. These local solutions are used
to obtain estimates for the ohmic dissipation with and without the

a

b

Figure 1 | Structure of flow andmagnetic field perturbation in the fluid core
when the inner core tilts out of alignment with themantle. a, Kinetic energy
in v9 on a meridional cross-section for E5 23 1027. The flow is driven by
radial motion at the inner-core boundary with a prescribed frequency
v5V0(12 e), where e5 0.0025 is the hydrostatic flattening of the inner core.
Shear layers of width O(E1/3) are oriented in the direction of inertial wave
propagation. Red, highest energy; deep blue, reference (zero-energy) state.
b, Magnetic energy in the perturbed field due to the influence of shear layers on
a uniform, vertical magnetic field. Steep gradients in the perturbed magnetic
field cause electric currents that damp the tidal motion.
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Figure 2 | Ohmic dissipation in the core due to internal shear layers.
Decreasing the Ekman number E causes higher ohmic dissipation: a series
of calculations confirm the expected dependence, W / E22/3, which is
indicated by the slope of the solid line. The quality factor is calculated from
equation (1) using 2Ek5As |Vs2Vm | 2, where As is the moment of inertia of
the inner core. The numerical calculations use a constant-amplitude tilt of
|Vs2Vm | 5V0, corresponding to a unit-amplitude tilt in non-dimensional
variables. The non-dimensional kinetic energy is Ek5 4.43 1023.
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PALEOMAGNETISM

local measurements of prehistoric 
magnetic field orientation 
confirm that the magnetic dipole 
has been preferentially aligned 
with the Earth’s rotation axis 

rich record of polarity reversals, 
most recent at 0.78, 2.6, 3.6 Myr 
ago. Is one ongoing presently? 

a reversal may last 1-10 kyr. 

no statistical preference for either 
orientation

Rep. Prog. Phys. 76 (2013) 096801 P H Roberts and E M King

Figure 8. Time-averaged CMB field over 0–0.5 Myr from lava and
sedimentary data (Johnson and Constable 1997). This material is
adapted from Johnson et al (2008) with permission from John
Wiley & Sons, Inc. Copyright 2008.
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Figure 9. A timeline of geomagnetic polarity reversal occurrences.
Data extracted from Kent and Gradstein (1986).

result is called the paleomagnetic pole and is the focus of
most paleomagnetic research.
A significant way of interpreting paleomagnetic pole
positions is suggested by figure 8, which is !Br at the
CMB, averaged over the last 0.5 Myr. The result is
dominantly that of an axial dipole, with its axis parallel
to the current direction of the Earth’s angular velocity,
!. This idea led to the geocentric axial dipole hypothesis
(GAD hypothesis), which asserts that the average of !B
over a period of order 104–105 yr is the field (6a) of an
axial dipole, m̄ = m̄(t)1z! , where m̄(t) is the virtual dipole
moment and 1z! is in the direction of the geographical axis
for that period. The main significance of the hypothesis
for the present article is its demonstration that the rotation
of the Earth is important in determining its magnetism;
see section 6.3.

2. Polarity reversals; chrons, subchrons. Often and
irregularly over geologic time, the earth’s magnetic
polarity has changed sign; see figure 9. A polarity
epoch, or chron, is when m(t) of one sign endures for
more than about 105 yr. The sign of m is denoted by

Figure 10. Histogram of polarity intervals for the past 330 Myr.
From Merrill et al (1996), with permission.

N (normal) or R (reversed), according as to whether m

is negative or positive. The 4 most recent chrons are
named after scientists who made notable contributions
to paleomagnetism and geomagnetism. They are the
Brunhes (780 kyr BP–present), Matuyama (2581–780 kyr
BP), Gauss (3580–2581 kyr BP) and Gilbert (5894–
3580 kyr BP), where BP = Before Present. In contrast,
some polarity states, called subchrons, are short-lived,
enduring for at most a few times 105 yr. These are named
after places not people. For example, the Jaramillo N
subchron was from 1070–990 kyr BP, and the Réunion N
subchron only from 2150–2140 kyr BP.
Polarity transitions are not as abrupt as they might seem
from figure 9, but take a finite time, !rev, to complete.
We take !rev " (1–10) # 103 yr this being uncertain as
the beginning and end of a reversal transition cannot be
precisely defined (e.g. Clement 2004; Valet et al 2012).
It seems that the magnetic poles may have followed
preferred longitudinal paths during recent reversals
(Valet et al 2012). The frequency of reversals varies
over geologic time, but statistical analysis suggests that,
over periods longer than !rev, reversals are almost random
events, statistically approximating a Poisson process; see
Merrill et al (1996) for more sophisticated statistical
treatments. It must be particularly emphasized that,
although many attempts have been made to find significant
differences between N and R states, none have been
discovered.

3. Superchrons. Sometimes, though rarely, a chron lasts for
107–108 yr, and is then called a superchron. Examples
are the Cretaceous N superchron (120.6–83.0 Myr BP)
and the Permo-Carboniferous (Kiaman) R superchron
(312–262 Myr BP); there is evidence of another
superchron in the Ordovician epoch (488–444 Myr BP).
The reversal frequency and field strength diminish as
a superchron is approached and increase after it. The
irregularity of reversals is seen in the histogram on the left-
hand side of figure 10, but the right-hand side shows two
remote outliers, the Cretaceous and Kiaman superchrons.
These indicate that superchrons do not conform with the
Poisson distribution described above.
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GEODYNAMO

Earth’s magnetic field decays on the 
time scale of ~50 kyr. 

A regeneration mechanism is 
necessary - the geodynamo. 

The geodynamo is supported by 
circulation of conducting matter, 
which is possible in the fluid outer 
core due to convection. 

Convection is enabled by a net heat 
flow from the core to the much 
cooler mantle. 

The Earth’s rotation and Coriolis 
forces are important for shaping the 
core convection.

Andrew Z. Colvin, CC BY-SA 4.0, Wikimedia Commons



SUMMARY

The strength of Earth’s magnetic field is ~0.3 G on the surface and 
~25 G in the core (including strong hidden toroidal component). 

It is dominated by dipole on the surface roughly aligned with the 
rotation axis, but has a flat spectrum at the core boundary. 

It shows complex variations on very different time scales, 
including secular magnetic pole wander and prehistoric polarity 
reversals. 

It is generated by dynamo in the liquid outer core, driven by 
convection due to gradients of temperature and chemical 
potential, augmented by rotation.


