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Thelnternational Geomagnetic Reference Field (IGRF) for 1900-2000istested inthispaper. A peculiar behaviour
isfound in the time variations of higher-degree coefficients of the IGRF models. During the 1945-1955 period the
spherical harmonic coefficients g’ and h' with n > 7 show unusual jumps, while their variations before and after
thisperiod are quite smooth. Theseirregular variations havelittle effect on the main features of the surface magnetic
pattern. However, when we extrapolate the field pattern downward through the insul ating mantle to the core-mantle
boundary (CMB), the contributions of the higher-degree coefficients become more important and are likely to affect
the shape of the geomagnetic energy spectrum, distribution of magnetic flux, and magnetic determination of the
conducting coreradius. It seems necessary to re-examine and revise these coefficients in the IGRF models.

1. Introduction

Since the adoption of the first International Geomagnetic
Reference Field (IGRF) model, designated |GRF 1965, by
IAGA in 1968 (IAGA Commission 2 Working Group 4,
1969; Zmuda, 1971), the IGRF has been revised seven times
(IAGA Division 1 Study Group on Geomagnetic Reference
Field, 1975; IAGA Division 1 Working Group 1, 1981, 1985,
1987; IAGA Division 5Working Group 8, 1991, 1996, 2000).
The historical development of the IGRF has been described
indetail by Langel (1992) and Barton (1997). Chartsand ta-
bles of gridded values of the IGRF were published as IAGA
Bulletins before the seventh generation of IGRF (Baldwin
and Langel, 1993), and from then on have been replaced
by IGRF software for desktop computers (Macmillan and
Barton, 1997).

The purpose of the IGRF models, as described by Zmuda
(1971), is to form an agreed basis for main field calcula-
tion and to unify results in studies on, for example, removal
of trend to yield surface anomalies, field residuals poten-
tially applicable to the calculation of ionospheric and mag-
netospheric currents, the shape of a field line, locations of
conjugate points, and field values used in the B-L space
of trapped particles. Geomagnetic main field models are
also an important database for studying secular variation of
the main geomagnetic field and core dynamics (Bloxham
and Gubbins, 1985; Bloxham and Jackson, 1991; Olson and
Aurnou, 1999).

In this paper the IGRF for 1900-2000 is examined. The
IGRF comprises discrete main-field models at 5-year in-
tervals; those for 1945-1990 are definitive (DGRFs), and
the rest are non-definitive (IGRFs). The time variations of
Gauss coefficients during the 100-year period are shown in
Section 2, the magnetic spectra at the earth’s surface and
core-mantle boundary are compared in Section 3, unsigned

Copy right© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismologica Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.

magnetic flux is calculated for different depthsin Section 4,
and finally, in Section 5 we test the influence of high-degree
Gauss coefficients on the determination of the core radius by
using magnetic-field models.

2. Temporal Changes of | GRF Gauss Coefficients

The IGRF is a series of spherica harmonic models of
the Earth’'s main magnetic field and its secular variation
(Chapmanand Bartels, 1940; Langel, 1987). Theeighth gen-
eration of IGRF comprises 21 main-field models at epochs 5
years apart from 1900 to 2000, and a secul ar-variation model
for 2000-2005. Each main-field model has 120 spherical
harmonic (or Gauss) coefficients, g" and h[T', and extends
to degree and order 10. The secular-variation model has 80
coefficients and extends to degree and order 8. The geomag-
netic potential in the IGRF modelsis given by

vy ()

n=1 m=0

- (gy' cosmg + hT'sinmg) P."(cos6) 1)

where a is the mean radius of the earth, r is radia dis-
tance from the earth’s centre, ¢ is longitude eastward from
Greenwich, 6 is geocentric colatitude, and P,"(cosé) is the
associated Legendre function of degree n and order m, nor-
malised according to the convention of Schmidt. N is the
maximum spherical harmonic degree of the expansion, or
truncation level.

Barton (1997) showed the time variations of the Gauss
coefficients up ton = m = 8. In order to check the rest of
the coefficients, Fig. 1 shows the time variations of all 120
coefficients g7 and h' in the IGRF model s during the period
1900-2000.

As noted by Barton and seen in Fig. 1(a), the coefficients
oy and hT' change smoothly up to n = 5. However, some
steps between 1940 and 1950 are detectablein g2, gg, h3, hg,
and h.
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Fig. 1(a). Variations of Gauss coefficients gf' and hT' in the IGRF models for 1900-2000, n = 1-6.

More prominent jumps can beseenin g and h)! withn =
7 during the period 1945-1950 (Fig. 1(b)). Asn increases,
jumpsbecome dramatic, and thetime span of jumpsexpands.
For example, in Fig. 1(c) coefficient gg suddenly changes
from 10 nT for 1900-1940 to —21 nT for 1945, and then
quickly recoversto 9 nT in 1955; h3 increases from 5 nT for
1900-1940 to 29 nT for 1945, and then decreases to 7 nT
in 1955; h3, changes from 2 nT for 1900-1940 to —20 nT
for 1945, and then gradually recoversto O nT in 1960. All
of these step variations are limited to arelatively short time
span, namely 1945-1955.

These irregular variations in higher-degree Gauss coeffi-
cients have little effect on the main features of the surface
magnetic pattern (Barton, 1997). However, when we ex-
trapolate the field pattern downward through the insulating
mantle to the core-mantle boundary, the contributions of the
hi gher-degree coefficients become more and moreimportant,
that they are likely to affect the shape of the geomagnetic
energy spectrum, distribution of magnetic flux, magnetic de-
termination of the conducting core radius, and the pattern of
fluid flow on CMB.
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. 1(b). Variations of Gauss coefficients g’ and h[T' in the IGRF models for 19002000, n = 7 and 8.
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Fig. 1(c). Variations of Gauss coefficients g’ and h{' in the IGRF models for 1900-2000, n = 9 and 10.
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3. Anomalous Behaviour in the Geomagnetic En-
ergy Spectrum
The energy characteristics of the earth’s main magnetic
fieldiscommonly described by the geomagnetic energy spec-
trum. The total magnetic energy external to the earth’s core
(radius r = b) can be expressed as follows (Verosub and
Cox, 1971; Benton et al., 1982)

1 X p21 pw
M(b,t) = —/b/ / B2(r, 6, ¢, t)r’sinddodedr.
0o JO

210
@)
Using (1) and B = —VV gives
N N 27a® n41 ja\2n+l
M(b,t) = Mp = — (=
® ; " ;,uo 2n+1<b>
n
Y L@ + ()2 ©)
m=0

where M,, isthe energy related with the harmonics of degree
n. A little different form is sometimes used for the ‘spa-
tial power spectrum’ (Lowes, 1966, 1974; Langel and Estes,
1982)

Ri=+1> (%)2n+4 [E?+ (M (4
m=0

in which the lack of the factor (2n + 1)~1, compared with
My in Eq. (3) makes it converge more slowly than does the
seriesin(3). Besides, someother different factorsproceeding
the sum square of the spherical harmonic coefficients and
different exponents of (a/b) are used (Cain et al., 1989).
Displaysof log M, (Joules) vs. degreen at theground surface
(r = a = 6371 km) and the CMB (r = b = 3480 km) for
different epochsof 1900-2000 aregiveninFig. 2, whereonly
the spectra for 1945 and 1950 are marked. The spectrum
can be approximated by a straight line and this indicates the
relative importance of the different harmonics in the total
magnetic energy. The spectrum varies only slightly with
time except Mg and My for 1945 and 1950, which show
much larger strength compared with other epochs.

In order to show more clearly the unusual variation of
Mg and Mg, theratios of My (b, t)/M, (b, 1900) are plotted

logM, (Joules)

Fig. 2. Geomagnetic energy spectra at the ground surface (r = a) and the
CMB (r = b) for different epochs of 1900-2000.
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Fig. 4. Total geomagnetic energy vs. time.

in Fig. 3, where My (b, 1900) is the energy of harmonic of
degree n for epoch 1900. In Fig. 3 smooth and consistent
secular variations are seen in ratios M (b, t) /M, (b, 1900)
upton = 5. A step between 1945 and 1950 is detectable
at n = 7, and becomes more prominent as n increases. The
biggest jumps for n = 8, 9, and 10 are respectively 1.837,
2439, and 4.681, compared with approximately 1 before
1940. After 1960 their variations recover smoothly.

In Fig. 4 the total energy log M (b, t) at the core-mantle
boundary is plotted with respect to time. A prominent peak
appears at epochs 1945 and 1950. This spike-like variation
is obviously caused by the high-degree (n = 8, 9, 10) Gauss
coefficients.

4. Magnetic Flux at Different Depths

High-degree Gauss coeffi cients describe small-scale mag-
netic configurations. The intensities of these magnetic
anomalies on the earth’s surface are usualy much weaker
compared with the low-degree coefficients.

Itisnoted in the magnetic potential expression Eq. (1) that
the importance of a harmonic of degree n is proportional to
aratio (a/r)"?1. On the Earth’s surface this ratio is 1 for
any degree n, while on the core-mantle boundary thisratiois
about 231, 423, and 774 for n = 8, 9, and 10, respectively.
As for energy spectrum, these values are even larger (see

Eq. (3)).
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Fig. 5. Variations of magnetic flux at different depths.

Rapid increase of the contribution from high-degree har-
monics will greatly affect the magnetic field pattern on the
core-mantle boundary and the values of geomagnetic flux in
the deep interior.

A useful measure of the strength of the earth’s magnetic
field is its magnetic pole-strength P, the unsigned (or abso-
[ute) magnetic flux linking aclosed surface S surrounding the
earth’s core (Voorhies and Benton, 1982). If Sisa spherical
surface of radiusr, then

2 pm
P(r,t):/o/o |B: (.0, ¢,t)|r2sinodods.  (5)

Thetimevariation rate of theflux, 0 P(r, t)/at iscommonly
used to determine the conducting core radius.

Figure 5 shows the unsigned magnetic flux at different
depths (or radius) during 1900-2000. Itisnoted in thefigure
that the flux varies very smoothly before 1940 and after 1955
at each of the depths. The variation rates and tendencies
during thesetwo periodsareconsistent. Against theseregular
variations an unusual jump stands out at epochs 1945 and
1950, and its range enhances as depth increases. It will be
interesting to study thiskind of unusual short-term variation
in detail.

5. Effect of High-Degree Harmonics on Deter mi-
nation of Core Radius

The earth’s magnetic models are an important data source
for studying core dynamics (Bloxham and Gubbins, 1985;
Bloxham and Jackson, 1991; Olson and Aurnou, 1999). One
of the interesting applications is magnetic determination of
the conducting core radius.

If the earth’s core is assumed to be perfectly electrically
conducting sphere surrounded by the insulating mantle, the
magnetic field lineswill befrozen in and move together with
the core liquid. On the basis of this ‘frozen-flux hypothe-
sis’, Hide (1978) proposed a method for determining elec-
trically conducting core by extrapolating d P(r, t)/at down-
ward through the insulating mantle until the CMB isreached
where dP(r,t)/9t = 0. By using this method, Hide and
Malin (1981), and Voorhies and Benton (1982) calculated
the radius of the conducting core.

Rapid increase of the contribution from high-degree har-
monics will greatly affect the values of geomagnetic flux

1231

50 -
IGRF 1955-2000

40
b =3480km

=3150km
=3442km

=3639km
b,,~368%m

s
30 7
bs
9
1

b

e \'\.\.\
e . V—y—y g

FLUX CHANG RATE (MWb/a)
3
T

—t=t=t=y

-10 1 A 1 . 1 A I " I . I
3000 3200 3400 3600 3800 4000

r (km)

Fig. 6. Earth’s core radius determined by geomagnetic field.

P(r,t) and its change rate dP(r,t)/dt at depth. Conse-
quently, it is expected that the determination of the core ra-
dius would be affected by truncation level in the spherical
harmonic series of the main geomagnetic field.

As Fig. 5 shows, the unsigned magnetic flux, P(r, t), for
each of depths changes at a nearly constant rate during the
period of 1900-1940 and 1955-2000. The average change
rate for 1955-2000 is used to determine the core radius in
this paper. A comparison of the core radii, by, magneti-
cally determined for different truncation level N isshownin
Fig. 6. The obtained radii are respectively 3150 km, 3442
km, 3639 km, and 3689 km for N = 7, 8, 9, and 10, which
are within 9%, 1%, 4%, and 6% of the seismic radius bs.
The truncation of N = 8 yields the closest value. This re-
sult leads to a conclusion that high-degree harmonicsin the
geomagnetic field expression are important for determining
the Earth’ core radius. Unfortunately, the accuracy of high-
degree coefficientsis poor, especialy, for 1945 and 1950. It
can be seenin Fig. 5 that the change rates for 1945-1950 are
positive at all of the depths, while those for 1950-1955 are
negative for all of depths. If using the change rate for these
two periods, we could not get 9 P(r, t)/dt = 0.

Since the geomagnetic field and its SV models truncated
at high degree (for example, n = 13) are usually used to
infer the core-mantle boundary flow, the accuracy of these
models are essential to geodynamo theory. As Hulot et al.
(1992) and Pais and Hulot (2000) showed, the accuracy of
the coefficients in the geomagnetic field and its SV models
imposes some serious limitation on what can be said about
the core flow. A lot of improvement in the higher degree
coefficients is still needed.

6. Discussion and Summary

The IGRF is compiled on the basis of the candidate mod-
els submitted by several agencies or authors (Sabaka et al.,
1997). In the IGRF models high-degree Gauss coefficients
are usually much smaller than low-degree ones. Their val-
ues are comparable to the ranges of the corresponding coef-
ficients in the candidate models. This condition is common
at about n = 10 for the main field and about n = 8 for
the secular variation. As pointed out by Barton (1997), in
this case, the coefficients are essentially unresolved. In other
words, the high-degree coefficientsin the IGRF are not well-
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determined. Thisis common to every model. However, the
above-mentioned irregular behaviour of the high-degree co-
efficients for 1945-1955 cannot be ascribed to this origin.

Thesecular variation of themaingeomagneticfieldismore
or less continuous and smooth, although sometypes of short-
term variations, such asjerks, occur occasionally (Ducruix et
al., 1980; Malin et al., 1983). The above-mentioned irregu-
lar behaviour of the high-degree coefficientsfor 1945-1955,
however, cannot be explained by the claimed jerks, among
which the most credible are those which occurred near 1913,
1970, and 1978.

Between 1900 and 1940, the | GRF varies smoothly, being
based on the single time-dependent model GSFC (S95-sc).
On the contrary, the models for 1945 onwards were adopted
with a view to obtaining the best fit to the available data at
discrete 5-year epochs with little or no regard to continuity
(Barraclough, 1985, 1987; Langel and Estes, 1987; Langel
etal., 1988; Sabakaet al., 1997). Thisfact leadsto aconclu-
sion: the irregular variation of the high degree coefficients
for 1945-1955 can be ascribed to the original datawhich are
used to establish the candidate models.

The | GRF modelsfor the 1945-1955 period were adopted
in 1985 (Barraclough, 1985, 1987), and their definitive ver-
sionsin1987 (Langel etal., 1988). Althoughthe datausedto
produce the models were collected during and after the war,
the modelling work was done in the 1980s for the 4th and
5th generations of the IGRF. What is mainly tested in this
paper is the internal consistency of the IGRF series. | aso
show the influences of the unusua behaviour of the IGRF
during the 1945-1955 period on magnetic flux, spectrum,
and the magnetic determination of the core radius. The ex-
planation of the unusual behaviour of the IGRF during the
19451955 period requires are-examination of the candidate
models, their original data, and the error analyses. Compari-
son of the IGRF for the 1945-1955 period with other models
(Bloxham and Jackson, 1992) is also necessary. That is our
next task and is beyond the scope of this paper.

The results obtained in this paper can be summarised as
follows,

(1) The high-degree (n > 7) Gauss coefficients of the
DGRF modelsfor 1945 and 1950 show some peculiar jumps
when compared with models from other epochs, athough
the low-degree (n < 7) Gauss coefficients are consistent.

(2) This unusua behaviour may be ascribed to the data
used to create the candidate models, however, afurther study
is needed.

(3) It seems necessary to re-examine the candidate models
of the DGRF 1945 and 1950, check their original dataand the
error analysis. Comparison of the IGRF for the 1945-1955
period with other modelsisalso needed. Until then asimple
approach is linear interpolation between 1940 and 1960 for
then > 7 Gauss coefficients.
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