Global Magnetic Field
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1.INTRODUCTION

The Earth’s magnetic field changes on timescales
from seconds to hundreds of millions of years. On the
one hand, these changes in the field, which result from
processes occuring both inside and outside the Earth,
greatly complicate the process of providing reference
models of the magnetic field; but on the other hand the
temporal variations of the field, in particular those on
periods of a few years and longer and predominantly of
internal origin (the secular variation), provide us with
one of the few available probes of the dynamics of the
Earth’s deep interior. Much of the effort that is cur-
rently invested in geomagnetic research is aimed at ex-
ploiting this potential, but this should not suggest that
other applications are limited. The geomagnetic field is
of great importance in fields as diverse as mineral ex-
ploration, long-range radio communications, cosmic ray
physics, and, of course, navigation.

Largely because of its importance to navigation, ob-
servations of the magnetic field have been made for
well over 500 years, and observations that are useful
for mapping the global magnetic field date back almost
400 years. The very large number of observations that
have accumulated over this period are reduced to form
reference maps. These maps are important for a broad
spectrum of practical and scientific endeavours, ranging
from navigation of ships and aircraft to studies of the
dynamo process in the core which is responsible for the
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generation of the Earth’s magnetic field. We begin by
summarizing the available data; then we review the var-
ious reference fields that are available; following this, we
discuss the basic morphology of the field and its secular
variation; and conclude by considering some of the in-
ferences that may be drawn from maps of the field on
the dynamical regime of the fluid core.

For a comprehensive recent review of geomagnetism
we refer the reader to the first two volumes of Jacobs’
Geomagnetism: of particular relevance are the chapters
by Langel [18] and by Gubbins and Roberts [11].

2. MAGNETIC FIELD OBSERVATIONS

Over the last five hundred years, the technology of
magnetic field measurement has progressed from the
simplest magnetic compass to high resolution satellite
measurements. In this section, we briefly discuss the
various types of magnetic field measurements that are
encompassed by this range of technology.

Rather than attempting a comprehensive review of
geomagnetic observations {for which, see [19]), we aim
instead to guide the reader towards the relevant litera-
ture and data archives. We do so by dividing our treat-
ment into two parts: first we consider modern data,
which we use to describe 20th Century data; and sec-
ond histroical, or pre-1900 data.

The magnetic field is a vector quantity, so to describe
it fully at a point in space three orthogonal components
must be measured. For example, the three orthogo-
nal components X, Y, and Z corresponding to the local
north, east and vertically downward directions, could be
measured as shown in Figure 1. Instead, other compo-
nents are often measured, such as the magnetic decli-
nation (D), the magnetic inclination (I), the horizontal
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Fig. 1. Geomagnetic field elements.

field intensity (H), or the total field intensity (F). Ob-
servations of three oriented orthogonal components of
the field at a point in space are commonly referred to
as vector observations; other observations are referred
to as scalar measurements.

2.1. Modern Data

The first magnetic observatory was established over
150 years ago. Since then, a large number of observa-
tories have been founded, many of which have subse-
quently closed or re-located. The present network of
permanent magnetic observatories represents an invalu-
able source of information on the secular variation.

For mapping the main field (the part of the geomag-
netic field originating in the Earth’s core) and the sec-
ular variation magnetic observatory data are normally
reduced to an annual mean, generally the mean of all
hourly means during a given year. This averaging re-
moves much of the contamination .due to external field
variations, though contamination from solar cycle vari-
ations remains as a leading source of noise in the rate-
of-change of field at some observatories. In addition
a large quasi-stationary offset is present due to the lo-
cal crustal field at the observatory site. This offset has
been the subject of much attention, especially recently
[16,23]. Generally the data are further reduced to yield
the X (north), Y (east), and Z (vertically downward)
components of the field in the local geodetic coordinate
system.

Magnetic survey and repeat station data greatly ex-
pand the geographical coverage of magnetic observa-

tions, especially in the period prior to satellite obser-
vations. Repeat station data, observations made at in-
tervals typically of a few years at the same site, lack the
control of permanent magnetic observatory data (since
the site is occupied at most for only a few days at a
time) but are still of importance for tracking the secular
variation. Repeat station data are reviewed by Barton
3]

Survey data on the other hand are observations made
with no attempt to re-occupy sites at which observa-
tions were made previously. Although much of the mo-
tivation behind magnetic surveys is to map the crustal
field, these data are of great use in mapping the global
magnetic field. Land based survey data are reviewed
by Barraclough and Macmillan [2]; marine survey data
by Sharman and Metzger [24]; and aeromagnetic survey
data for main field modelling by Coleman [10] and Hood
[13].

The first satellite measurements of the field were
made almost 25 years ago by Sputnik 3. Near global
coverage was achieved with the POGO series of satel-
lites from 1965 to 1971, which measured the total field
intensity; Magsat in late 1979 and early 1980 achieved
near global measurement of 3 orthogonal components of
the field. Magsat remains unsurpassed in the quality
of data provided, although several more recent satel-
lite missions have provided useful data. These include
the DE2 satellite in 1982, and the POGS satellite (part
of the U.S. Defense Meteorological Satellite Program)
launched in 1990. Satellite data are reviewed by Langel
and Baldwin [21].

2.2. Historical Data

The last decade has seen a resurgence of interest in
using historical measurements of the field to extend the
timescale over which the field can be studied; a recent
review is given by Jackson [17]. Adequate observations
exist for mapping the global magnetic field back to the
17th century. These observations consist mostly of ma-
rine survey data early in the period, with an increasing
number of land based survey measurements and some
permanent magnetic observatory measurements later in
the period. Many problems are encountered with these
data, especially owing to the uncertainty in the geo-
graphical coordinates of the observation points, a prob-
lem that was especially great prior to the advent of reli-
able chronometers for the determination of longitude in
1768. Despite much work, the compilation of these data
is incomplete, and it is likely that a substantial num-
ber of measurements remain to be included. The data
available are summarised in Table 1. For more complete
accounts of the problems associated with using histori-



TABLE 1. Compiled Historical Data
Time Period Number of Data

1600 — 1699 3135
1700 — 1799 10042
1800 — 1899 45494

cal data for global magnetic field mapping see [4,8,14].

In Table 1 we summarise the approximate number of
data that are available prior to 1900. Generally, maps
of the field for this period use all the available data, and
would benefit from additional data.

3. THE GLOBAL MAGNETIC FIELD

Maps of the global magnetic field aim to describe
the magnetic field originating in the Earth’s core (the
main field). Inevitably, these maps are contaminated by
the crustal field at all wavelengths. These maps may be
used either to study the core field, or to produce a refer-
ence field at the Earth’s surface to be used, for example,
as a baseline for crustal surveys, or for navigation.

3.1. Spherical Harmonic Expansion of the Mag-
netic Field

All models of the global magnetic field are based on a
potential field representation of tie magnetic field. The
magnetic field B(r, 8, ¢,t) where (r,0, ¢) are spherical
polar coordinates, and ¢ is time, can be written in the
form

B(r,0,¢,t) = —VV(r,0,6,t) (1)

Most models use a spherical harmonic expansion of V

V(r,6, q&,t)—aZZ( )"

=1 m=0

(97" (t) cosme + h[*(t) sinmep) P (cos #) (2)

where a is the mean radius of the Earth (6371.2km), L is
the truncation level of the expansion, and the P/™(cos §)
are Schmidt quasi-normalized associated Legendre func-
tions, where

?{(Pl (cos 9))2dQ =

2l + 1 (3)
The coefficients g;"(t) and h]*(t) are called the Gauss
geomagnetic coefficients. Note that, given the Gauss
geomagnetic coefficients, the expansion (2) can be used
to determine the field at all points within the region in
which the field is potential, thus, provided the weak elec-
trical conductivity of the mantle is neglected, allowing
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determination of the field at the core-mantle boundary.
The components of the field in spherical polar coor-
dinates are then given by

Br = T a_ (4)
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Measurements are typically reported as one of the seven
geomagnetic elements which, for a spherical reference
Earth, are given by

X = -—-By north component

Y = B east component

Z = -B, vertically downwards
component

H = X24+Y? horizontal field intensity

F = +/X2+Y2?2+Z? total field intensity

I = arctan(Z/H) inclination

D = arctan(Y/X) declination

Note that only the X, Y, and Z components are lin-
early related to the Gauss geomagnetic coefficients. The
geometry of these seven field elements is illustrated in
Figure 1.

A small complication is introduced by the slight as-
phericity of the Earth’s surface. To a reasonable approx-
imation, the Earth’s surface can be described as an ellip-
soid of revolution about the rotation axis. Observations
on the Earth’s surface are oriented with respect to the
local geodetic frame, so that the X and Z components
in the local geodetic frame must be transformed to give
the —By and — B, components in the geocentric frame;
additionally, the coordinates of the observation site (al-
titude above the Earth’s surface and geodetic latitude)
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must also transformed to yield geocentric coordinates
(radius and co-latitude, ). Details are given in [18].
The time-dependency of the field can be handled in
one of two ways. The first is to produce discrete models
at particular points in time, using data from a window
centered on the time point, usually with some correc-
tion for secular variation within the time window. The
second approach is to solve for the time-dependency ex-
plicity by expanding the Gauss geomagnetic coefficients
in time, using, for example, a Taylor expansion, an ex-
pansion in orthogonal polynomials, or an expansion in
cubic B-splines. Using a Taylor expansion we then have

m . t—to)® .,

G (8) = g (t0) + (= t0)a" o)+ i to) .7
where t is the reference epoch of the model. More gen-
erally, we can we can expand the field in basis functions,

say, Mp(t), giving

g () =Y o™ Ma(t) (8)

The Taylor expansion is just a special case of this more
general representation of the time dependency of the
field.

One further aspect of field modelling is the choice of
truncation level L in the spherical harmonic expansion
(2) and N in the temporal expansion (8). The models
discussed in this summary fall into two classes: trun-
cated models where L and N are prescribed, and the
remaining coefficients determined by a least squares pro-
cedure; and converged models where L and /V are chosen
large enough that the series (2) and (8) have converged,
with some regularization imposed on the expansions to
force convergence. Truncation can exacerbate some of
the problems associated with uneven data distribution
leading to models with spurious detail in areas of poor
data coverage, and converged models require a rather
subjective choice of regularization, so neither is without
shortcomings.

How is the truncation level, or degree of regulariza-
tion, chosen? In Figure 2 we plot the power spectrum
of the magnetic field out to spherical harmonic degree
66, calculated from model M0O7AV6 [9]. A change in
the slope of the spectrum is apparent around spherical
harmonic degree 14 or 15. This break in the spectrum
has been interpreted as representing the point where the
crustal field overwhelms the main field at the Earth’s
surface: at longer wavelengths (lower degree) the main
field dominates, and a shorter wavelengths (higher de-
gree) the crustal field dominates. Accordingly, main
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Fig. 2. Spectrum of the magnetic field at the Earth’s
surface in 1980, calculated from model M07AV6 [9].
The power is measured in nT2.

field models are generally constructed so as to have neg-
ligible power above degree 14.

3.2. Representative Field Models

The most widely used field model is the International
Geomagnetic Reference Field (IGRF). The latest revi-
sion of the IGRF (1991 Revision) includes nine Defini-
tive Geomagnetic Reference Field (DGRF) models (at
five year intervals from 1945 to 1985) and a model for
the period 1990-1995 (IGRF 1990), which consists of
the main field and the first time derivative at 1990. The
IGREF is tabulated in Table 2. However, the IGRF has
several shortcomings. It is based on a truncation of the
spherical harmonic expansion at degree 10 which un-
necessarily excludes part of the main field resolved by
recent data. Furthermore, by design the IGRF does not
yield a model of the field at all points in time. Partly
because of these shortcomings, a large number of other
models of the field are used, especially in studies of the
core which are particularly sensitive to these problems.

In Table 3 we list a number of models that have been
produced recently. Our list is not comprehensive: more
complete lists are given by [1] and [18]. Instead we have
sought to give a representative list of field models that
are in current use for a range of different purposes.

How different are these models of the field, and
are these differences important to the user? In Ta-
ble 4 we show the coefficients of model ufm1 evaluated
at the epochs of the nine DGRF models, and model
GSFC(9/80) evaluated at each DGRF from 1960.0 to
1980.0. Not surprisingly, the models do not agree pre-
cisely, with greater discrepancies at earlier times. In



TABLE 2. The International Geomagnetic Reference Field (1991 Revision)
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l m 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990
g 1 0 -30594 -30554 -30500 -30421 -30334 -30220 -30100 -29992 -29873  -29775
g 1 1 -2285 -2250 -2215 -2169 -2119 -2068 -2013 -1956 -1905 -1851
h 1 1 5810 5815 5820 5791 5776 5737 5675 5604 5500 5411
g 2 0 -1244 -1341 -1440 -1555 -1662 -1781 -1902 -1997 -2072 -2136
g 2 1 2990 2998 3003 3002 2997 3000 3010 3027 3044 3058
h 2 1 -1702 -1810 -1898 -1967 -2016 -2047 -2067 -2129 -2197 -2278
g 2 2 1578 1576 1581 1590 1594 1611 1632 1663 1687 1693
h 2 2 477 381 291 206 114 25 -68 -200 -306 -380
g 3 0 1282 1297 1302 1302 1297 1287 1276 1281 1296 1315
g 3 1 -1834 -1889 -1944 -1992 -2038 -2091 -2144 -2180 -2208 -2240
h 3 1 -499 -476 -462 -414 -404 -366 -333 -336 -310 -287
g 3 2 1255 1274 1288 1289 1292 1278 1260 1251 1247 1246
h 3 2 186 206 216 224 240 251 262 271 284 293
g 3 3 913 896 882 878 856 838 830 833 829 807
h 3 3 -11 -46 -83 -130 -165 -196 -223 -252 -297 -348
g 4 0 944 954 958 957 957 952 946 938 936 939
g 4 1 776 792 796 800 804 800 791 782 780 782
h 4 1 144 136 133 135 148 167 191 212 232 248
g 4 2 544 528 510 504 479 461 438 398 361 324
h 4 2 -276 -278 -274 -278 -269 -266 -265 -257 -249 -240
g 4 3 -421 -408 -397 -394 -390 -395 -405 -419 -424 -423
h 4 3 -55 -37 -23 3 13 26 39 53 69 87
g 4 4 304 303 290 269 252 234 216 199 170 142
h 4 4 -178 -210 -230 -255 -269 -279 -288 -297 -297 -299
g 5 0 -253 -240 -229 -222 -219 -216 -218 -218 -214 -211
g 5 1 346 349 360 362 358 359 356 357 355 353
h 5 1 -12 3 15 16 19 26 31 46 47 47
g 5 2 194 211 230 242 254 262 264 261 253 244
h 5 2 95 103 110 125 128 139 148 150 150 153
g 5 3 -20 -20 -23 -26 -31 -42 -59 -74 -93 -111
h 5 3 -67 -87 -98 -117 -126 -139 -152 -151 -154 -154
g 5 4 -142 -147 -152 -156 -157 -160 -159 -162 -164 -166
h 5 4 -119 -122 -121 -114 -97 -91 -83 -78 -75 -69
g 5 5 -82 -76 -69 -63 -62 -56 -49 -48 -46 -37
h 5 5 82 80 78 81 81 83 88 92 95 98
g 6 0 59 54 47 46 45 43 45 48 53 61
g 6 1 57 57 57 58 61 64 66 66 65 64
h 6 1 6 -1 -9 -10 -11 -12 -13 -15 -16 -16
g 6 2 6 4 3 1 8 15 28 42 51 60
h 6 2 100 99 96 99 100 100 99 93 88 83
g 6 3 -246 -247 -247 -237 -228 -212 -198 -192 -185 -178
h 6 3 16 33 48 60 68 72 75 71 69 68
g 6 4 -25 -16 -8 -1 4 2 1 4 4 2
h 6 4 -9 -12 -16 -20 -32 -37 -41 -43 -48 -52
g 6 5 21 12 7 -2 1 3 6 14 16 17
h 6 5 -16 -12 -12 -11 -8 -6 -4 -2 -1 2
g 6 6 -104 -105 -107 -113 -111 -112 -111 -108 -102 -96
h 6 6 -39 -30 -24 -17 -7 1 11 17 21 27
g 7 0 70 65 65 67 75 72 71 72 74 77
g 7 1 -40 -55 -56 -56 -57 -57 -56 -59 -62 -64
h 7 1 -45 -35 -50 -55 -61 -70 =77 -82 -83 -81
g 7 2 0 2 2 5 4 1 1 2 3 4
h 7 2 -18 -17 -24 -28 -27 -27 -26 -27 -27 -27
g 7 3 0 1 10 15 13 14 16 21 24 28
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