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ABSTRACT

The Geomagnetic field for the period 1945-1990 has been analyzed

in terms of Spatial Power Spectra of the Main Field and its Secular

Variation. It is observed that for the above interval, the magnetic

energy density at the core-mantle boundary is almost conserved. This

supports the idea that an exchange of energy between different spherical

harmonic constituents could occur. The distinctive behaviour of the first

two terms (Dipole and Quadrupole), as seen from the spectra of the main field

field and secular variation, probably indicates somewhat different feature

associated with the field origin.
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1. INTRODUCTION

It is generally accepted that the geomagnetic field of internal

orlain, usually referred to as the Main Field (e.g. Peddie ,1362;

Alldredge ,1983 ,1984), and the Secular Variation associated with

it are due to some dynamo process activated by the fluid motions

in the Earth's cor*. How»vir, there is not good agreement on the

dynamic process responsible for the main field. Considerable

efforts made in recent years to mathematically model (Geodynamo

models) the likely mechanism in the core have shown only a limited

success (see the review by Merril and McElhinny, 1363)

Undoubtedly, more work needs to be done at the present stage

on both the theory and experiments in order to clarify the

problem of the field origin. Unfortunately, the mathematical

complexity of the problem and the constraints imposed by the

physical properties of the core as well as the theory itself have

made it difficult to obtain a complete solution by a purely the- -

oretical approach. Therefore, the experimental evidence based on

geomagnetic field measurements are to bi treated as having great

importance for improving the existing theoretical models, and also

for gaining more insight into the the complex process in the core.

Recent developments in measuring techniques and instrumentation

of geomagnetism have facilitated the determination o f t he behaviour

of the geomagnetic field to quite a high accuracy. The observed

behaviour of the magnetic field on the Earth's surface could serve

as a valuable source of information for inferring certain prop-

erties of the field origin. Several workers (Brooker, 1969; Ball

et.al., 19G9; Elphic and Russel, 1978; Meyer et.al., 1983) have

even attempted to extrapolate the field down to a 'Source Layer'

below the Earth's core-mantle boundary, although such a process

would run into a number of difficulties < Merril and McElhinny,

19B3*.

The present paper investigates the pattern of the Main field

<MFt and its Secular Variation<SV), with a view to demonstrate its

relation to the process in the Earth's core, using the recently

published spherical harmonic cofficients of the International
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Geomagnetic Field for the interval 1945-1990 ( IAGA Division 1

Working Group 1,19BG). Although it is quite uncertain as to what is

the exact number of harmonic coefficients needed for describing

core field (Cain et.al., 1974; Harrison and Carle, 13S1; Carle and

Harrison, 19BEf Benton et. al.,19SZ ),a truncation of the harmonic

series at a level assigned to the order n =10 seems to be fairly

reasonable (Alldredge, 1963).The spherical harmonic representation

used here, therefore attributes the magnetic sources corresponding

to n ^ 10 to the core field. Moreover, this choice suits

well the present MF models the accuracy of which is confined

to the harmonics of order, n < 1 0 , by the nature of the presently

available data.

As described in section 2, it is convenient to reduce data to

a Spatial Power SpectruiMLowes, 1974), which is independent of the

system of co-ordinates and closely related to the magnetic energy

density (Meyer, 19B5),

2. REVIEW OF BASIC FORMULAS

The Spherical Harmonic representation of the geomagnetic field

of internal origin in terms of a scalar potential V is given by;

(a/r)"*l {( gm cos m-e-+ hn
m sin m&) P™(cos-fr)} (It

where 'a' is the mean radius of the Earth, (r,-0-, ̂  ) are the

spherical polar co-ordinates with respect to the centre of the

Earth, g™ £ hn are the Spherical Harmonic Coefficients and

Pn(cos^-lare the semi-normalised Associated Legendre Polynomials

of degree 'm' and order 'n'.

The components of the vector magnetic field £ are;

B, •- -<dv/dx.)

= - < l / r > • idV/d-64 <Z>
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The magnetic vector B averaged over the surface of the Earth,

as shown by Lowas (1966) ;

< B.B >

th
where Rn is the mean square, field of the n'"'" order harmonic and;

(4)

The plot of 'Rn' against harmonic number 'n' is usually termed the

Spatial Power Spectrum of the geomagnetic field (Lowes ,1374;McLeod

and Coleman ,19B0j Ostrowski ,19B2; Meyer ,19BS). Actually, this is

analogous to a power spectrum of a tine, series determined from the

squared amplitude of Fourier components as a function of frequency.

Physically, Rn is a relative measure of the magnetic energy

B.B|><McQueen et. al., 19B3; Meyer et. al.,1983)

that;

density,

in order

where En is the contribution to the energy density from the field

constituents of harmonic number n.

Similarly, the mean square of the secular variation (say Rn ) can

be expressed as

In principle, R and

(6)

given in equations (4) & (G) may

be reduced to any other concentric reference sphere of radius r,

multiplying by a factor (a/rl , provided the region bounded

by radii ,'/ and 'a*, is source free and hence subject only to

geometrical attenuation. If the above condition is valid down

to the level of the core-mantle boundary, then the power

spectrum at the core surface can be expressed as;

where 'b' is the radius of the core surface.

Same evaluation may be made for the spectrum of secular variation

given in equation (6|.
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3. DATA SET

The quality of the Spherical harmonic (Gauss! coefficients used

in describing the geomagnetic field has been improved quite sig-

nificantly over the past decade or so, mainly due to; (a).advan-

cement in world-wide magnetic observatory practice (b). advent of

Magnetic Field Satellite (MAGSAT) data <c). increase in activity

of regional survey <land, marine and airbone) and (d). improvement

in field modelling techniques and scientific colaboration.

The Gauss coefficients of the Main field <MF> and the Secular

Variation (SV) used in the present analysis are those determined

recently by applying revised IGRF (International Geomagnetic

Reference Field) models (IAGA Division 1 Working Group 1 ,19B6).

Peddie (19B2) has given a complete review of all the IGRF models

from its inception in 196B up to the Field 1980.0. The latest

revision of the IGRF, as indicated above, (IAGA Division I

Working Group 1) replaces the IGRF 19B0.0 and adopts a new set

of field models for the period 1945 -1990. This new set consists

of four definitive MF models for 1965.0, 1370.0, 1975.0 and

19B0.0; an IGRF model for the Field 19S5.0 along with a predic-

tive model of SV for the interval 1985 -1990; a series of MF

models for the epochs 1945.0, 1950.0, 1955.0 and 1960.0 . The

MF models for the interval 1365-1985 have 120 Gauss coefficients

(up to n =10), whilst the models 1945.0, 1950.0 S 1955.0 and the

predictive SV model have only B0 Coefficients (up to n =8).
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4. RESULTS

Table 1 gives the values of the mean square field, Rn as cal-

culated from equation (4), for the set of t«n MF models covering

the interval 1945 -1390, and the mean (say "Rn)obtained by averaging

them over 45 years. It should be noted that the Rn values for the

Epoch 1990.0 are obtained by applying the predictive (1985-1990)

SV model to the IGRF 1985.0. Since the SV model has coefficients

only up to n 38, the ninth and tenth values are considered to remain

constant, having same values as for the 19B3.0, The set of mean square

values for all the above field models exhibits convergence out to the

higher order harmonic*, confirming the overwhelming dominance of

the core field at least up to n • 10 (Table 1).

The lower part of Fig. 1 shows the variation of ~Rn plotted

on a logarithmic scale against n. The contribution to the

power spectrum appears to fall quite unift. mly with increasing

n. But the terms corresponding to n =1 (dipole) and n = 2

(quadrupole) clearly stand away from the general trend shown by

the other terms. This is in agreement with the previous analyses

for different MF models (Lowes, 1974; Harrison and Carle, 19B1;

Ostrowski, 1982; Mayhew and Estes ,1983). This observed

discrepancy is quite significant in view of the fact that
— 9 ^ — 7 2

R = 1.903 x 10 nT and R2 = 5.65 x 10 nT represents about 94*

and 3% of the total spatial power at the Earth's surface respectively,

suggesting that a separate treatment may be needed for the

dipole-quadrupole field. The logarithmic power spectrum fits

fairly well a straight line , Log ~Rn - <-0.595)n + 9.318 ,for

3;;.. ns;10. This line is less steep than a similar line obtained

by Lowes (1974) for the IQRF 1965.0 ( 3 < n < 8 ) ,but comes

closer to the calculations made by Harrison and Carle <1981) for

the Field 1975.0 ( 3 < n < 1 2 ) . This diffei.uce together with the

slight deviation of values for n '8 and n =9 may be explained as

due to the level of truncation of the spherical harmonic series

(see Hodder, 1981) .
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The above spectrum would exhibit convergence (upper part of

Fig. 1> even if the values were extrapolated to the level of the

core-mantle boundary (a reference sphere of radius, d 3470 km) ,

as given by equation (6) assuming only geometrical attenuation.

The points on the extrapolated line (with an expected slope = -0.067),

however, are more scattered. This is not surprising, because the above

;r:~°==: ....:: <?-_ises the significance of the less accurately known

higher order harmonics, magnifying the errors associated with them.

It is clear that the dipole term loses its dominance as the depth

inctease?,, and at the core—mantle boundary the dipole contribution

is almost identical to the non-dipole contribution, Rp (Table 2).

To illustrate this graphically, the mean square values (extrapolated to

the core surface) for the (dipole, quadrupole and octapole) as well as

their sum are plotted as a function of time period spanned by the

epoch 1945.o to epoch 1390.0 (Fig. 2>. The decrease of dipole term is

virtually compensated by the increase of the other two terms, keeping

the total contribution nearly constant.

TABLE 2

F.poni

EARTH'S SURFACE

> l 2

CORE-MAMTI.L BOUNDARY

R. R . . ,
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1 Q d O . 0

1 0 6 S . 0

l<>70 . 0

i " 7 s . o
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1.916

1 . go 1

! . H H 5

1.870

1.853

1.836
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0.W2
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6 . 7 90
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Fig. 3 presents (a) the mean square values of SV ( Rn ) and

(b) the ratio of root mean square value of MF to SV(V^n/ R
n ) a 5

functions of n (n<B), for the mean SV coefficients obtained by

averaging the coefficients of the MF models over the interval

1945-1930. The quadrupole tern is the most dominant of all,

in contrast to the low contribution it makes to the spectrum

of the MF. The spectrum of SV is more irregular than that of MF,

probably as an direct consequence of comparatively less reliability

of SV data. The non-linearity of the temporal variation of the

geomagnetic field tends to increase the scatter of SV models

based on linear interpolation (Barraclough and Malin.,1379).

In spite of irregularity, the higher order terms ( n ? 3 ) show

approximately a linear trend with 5th and 8th terms being

significantly scattered. The best fitting line excluding dipole

and quadrupole terms (dotted line), with a slope = -0.340 (Fig. 3a),

is less steep than that corresponding to the MF. Lowes (1974)

has attributed the slow fall off of the spectrum of SV to the

overestimated contribution of higher order harmonics made by

the west-ward drift of the non-dipole field.

For comparison, the values of Rn for the predictive (1985-1990)

model (open triangles in Fig. 3) are also plotted. They are even

more scattered and hardly show any meaningful linear tendency,

further substantiating that the present representation of SV

coefficients are not sufficiently accurate. Alldredge (1964)

points out that a higher order harmonic model is needed for SV

than MF for obtaining SV equally good as MF. Present SV models

adopted by IAGA determine coefficients only up to n < 6, because

of the difficulty in obtaing the SV data.

5. DISCUSSION AND CONCLUSIONS

The present investigation in the magnetic field of internal

origin involves a downward continuation of the spectrum to the

core-mantle boundary, neglecting the effects of possible

electromagnetic attenuation in the mantle. This would be valid,

only if the mantle conductivity is insignificant with respect
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to the wave period characteristics of the harmonic terms

used in the analysis <at present n<10). Although the

conductivity of the mantle is not precisely known, an estimated

value -100 S nf1 for the lower mantle (Currie,1967; Banks, 1969)

appears to be quite reasonable. This finite conductivity would

screen out the field components with periods <i years and

significantly attenuate fields with periods £30 years (Currie, 19G7J.

Unfortunately, the geomagnetic records to date are not long

enough to carry out a meaningful time-series analysis of frequency,

for obtaining the periodicities associated with each harmonic

term. Nevertheless, a crude estimate of the scale time, % ,

approximated to the typical period for a harmonic of order

n (Brooker ,1959; McQueen et.al.,19B3),indicates that the attenuation

in the mantle is not significant at least up to n =10. The values

estimated presently (curve b in Fig. 3) for T (n< B) are also

sufficiently large and well above the cut-off value (<4 years).

These values, especially for the higher order terms, might even be

considered as a lower estimate for %n , in view of the possibility that

the higher order terms of SV are overestimated.

The general trend of linearity shown by the power spectrum of

the MF confirms that the transition between core field and

crustal field occurs at n 10 and the tenth degree MF model

is a representative of the core field. The convergence of tho

spectrum at core-mantle boundary and the fact that the slope of the

extrapolated line is nearly horizontal indicate that the sources of

field origin are located in the outer core, but not too far from

the boundary. The spectrum of the SV, if extrapolated to care,

would have shown a trend of divergence, in spite of the fact that

the long period changes of the field originate in the core. This

discrepancy may have arisen from the possible overestimation of

the values of SV at the Earth's surface.

Technically speaking, the linearity of the spectrum of MF

may be extrapolated for deducing a 'source layer (depth)' at

which the spectrum becomes'white' <i.t. all the harmonic

constituents would miki equal contributions), Such a reduction

will place the 'source layer' corresponding to the present MF data

at a radius ^(0.304)a ,~Z60 km below the surface of the core.

The source depths estimated for different field models are

summarized in Table 3.

Table

SOURCE DEPTH

(km below the core surface)

300

BOO

500

470

147

260

REFERENCES

Elsasser (1941>

Nagata (1965)

LOWBB (1374)

Elpic and Russel (1978)

Meyer et.al., (19B3)

present study

An estimate of a source layer below the surface of core in

this manner depends heavily on the slope of the extrapolated

line, which may not be evaluated to a higher accuracy. A more

serious problem could arise due the fact that the above procedure

involves the neglect. of the effects of the conductivity between

the 'source layer' and core-mantle boundary. This seems to be quite

unrealistic, because the conductivity of the metallic core is much

greater than the average conductivity of the mantle.

The present trend cf decreasing surface field intensity is

clearly due to the predominance of the dipole features at the

Earth's surface. However, the dominance of the dipole field is

largely reduced near the region of field origin, where its

decay is almost compensated by the net growth of the field

due to other harmonic terms. This supports the idea that the

-9-
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structural changes of the fluid motions of the core may be

associated with an exchange of energy between spherical harmonic

degrees of different degrees (McDonald and Gunst, 196B; Meyer,

1965). Although this model appears to be reasonably good for the

International Field for the past 50 years and also since 1900 A.D.

(McDonald and Gunst, 1968), this time span is quite insufficient

for drawing conclusions on the conservation of magnetic energy

.utside the core surface over much longer periods.

The distinctive pattern of the first two terms with respect to

•the higher order harmonics, as observed from both MF and SV spectra^

indicates that the mechanism responsible for the dipole and

quadrupole field has be to considered separately (see Senanayake,

1987).
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HARMONIC NUMBER, n

W

FIG. 1 Mean square contribytion to the averaged
Geomagnetic field over 10 4 5-1990; • at the
Earth's surface and ^ at core-manlle boundary.
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1945 1950 1955 1960 1965 1970 1975 1980 1985 1990
EPOCH

FIG.2 : Mean square values of the field extrapolated
to the core surface; (a) quadrupole (n=2),
(b) octapole (n=3), (c) dipole (n=l) and
(d) sum of the 3terms.
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^(a)Spatial power contribution to the Secular
variation at the Earth's surface; g for
interval 1945-1990.and line fitting
A for the interval 198 5-1900.

(b)Variation of"A
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