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Abstract The main geomagnetic field, B, and its secular variation, Ḃ, originate from the same dynamo

process in the outer core. However, their spatial structure and temporal behaviors are drastically different.

Using ‘globally averaged unsigned annual rate’, Ẋ, Ẏ , Ż, Ḣ and Ḟ , to express the magnitude of the Ḃ-field, we

studied periodicity of the Ḃ-field on the basis of IGRF-9 models. The results show that the Ḃ-field experienced

a three-episode variation during the centennial period from 1900 to 2000. The maximum annual rates occurred

respectively around 1910∼1920, 1940∼1950, and 1970∼1980, showing a 30-year period. In addition, the rising

phase in each episode is much shorter than the declining phase. The governing factor of this periodic variation

is proved to be the non-dipole field (mainly the quatrupole field), instead of the dipole field, although the dipole

field is dominative over all other multipoles in the main field B.
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1 INTRODUCTION

The main geomagnetic field, B, is subjected to changes in its direction, strength and spatial pattern on
various timescales, known as secular variation (SV), Ḃ(= ∂B/∂t). The B and Ḃ originate from the same
dynamo process in the outer core. However, their spatial structure and temporal behaviors are drastically
different.

Among the verity of characteristics of the SV, periodic or cyclic features have long attracted studies.
Different periods, ranging from years to millennia and even millions of years, have been revealed by the studies
on paleomagnetism, archeomagnetism and historical data analysis.

Polarity reversal associated with the strength change has long, but irregular period, from tens of thousands
to millions of years[1∼3].

The dipole axis rotates around the geographic axis at a rate of about 0.05(◦)/a, showing an 7000-year
period. The non-dipole field drifts westward at a rate of 0.2(◦)/a, and will take 1800 years for a complete
round[4∼9]. The variations of declination and inclination at London imply a period of some 600 years[10]. Long
records of the geomagnetic field have been analyzed by using various spectrum techniques, such as Fourier
analysis, wavelet analysis, Maximum Entropy Spectrum analysis (MESA), showing a well-known “century
period” from 60 years to 100 years[11].

A typical short-period variation of the main field is geomagnetic jerk, which repeatedly occurs about every
10 years in twenty century. In addition, archeomagnetic jerks have been also examined[12].

Physical aspects of the periodicity in SV have been studied for a few decades. As widely accepted, the main
field and its secular variations originate from fluid flow in the Earth’s core. The flow pattern at the surface of
the Earth’s core can be deduced from the geomagnetic data observed at the Earth surface[13,14]. The knowledge
about the fluid flow within the whole core, however, mainly relies on numerical MHD simulations[15∼17].

The process and frequency of polarity reversals and associated variations of field strength depend not
only on changes of the fluid flow in the core[15], but also on the thermal condition of the Earth’s mantle and
physical-chemical properties of the core-mantle boundary[18].
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Another important feature in the SV of the main field is westward drift of the non-dipole field. In order
to understanding the westward drift, Jault et al.[19] examined the correlation of westward drift with exchanges
of angular momentum between the core and the mantle. Hide[20] suggested a propagating magnetic mode of
MHD wave in the outer core.

Studies of the main field and its secular variations strongly rely on a continuous long data series with proper
accuracy. Unfortunately, this kind of data is now limited. The IGRF models supply a useful database, although
it is too short. Using the method of Natural Orthogonal Components (NOC) to the IGRF models, Xu and Sun[21]

analyzed the relationship between the variation periods of the main field and its special configuration, showing
an interesting association of the eigenmodes (principal components) with special inherent periods. Similar
time-space correlations have been found in other studies. For instance, Bellager et al.[22] correlated geomagnetic
jerks with Changler wobble, whereas Bloxham et al.[23] show that geomagnetic jerks can be explained by the
combination of a steady flow and a simple time-varying axisymmetric, equatorial symmetric toroidal zonal flow.

Previous studies are mostly interested in characteristics of the main field B and its evolution. In this
paper we focus on periodical characteristics of the Ḃ field. The 9-th generation of IGRF[24,25] is used to study
evolution of the secular variation in the main field for recent 100 years.

2 EVOLUTION OF THE SV-FIELD

The potential of the main geomagnetic field is conventionally represented by spherical harmonic series as
follows

V (r, θ, λ) = a
N∑

n=1

n∑
m=0

(a

r

)n+1

(gm
n cos mλ + hm

n sinmλ)Pm
n (θ). (1)

In this series, the first 3 terms with degree n = 1 describe the dipole (briefly, DP) part in the main field. The
following terms with n ≥ 2 represent the non-dipole part (ND), among which the 5 terms with n = 2 represent
a quadrupole field, and the 7 terms with n = 3 for a octapole field. The power of the geomagnetic field of degree
n on the Earth’s surface may be written in terms of Gauss coefficients gm

n and hm
n as follows[5,26]

Rn = (n + 1)
n∑

m=0

[(gm
n )2 + (hm

n )2], (2)

Rn(n), usually called ‘geomagnetic spectrum’, is a function describing the distribution of the power with
respect to degree n. In this paper the function Rn(n) is named as ‘Main field-spectrum’ or ‘B-spectrum’ in
order to distinguish from the spectrum of the SV-field (or Ḃ-spectrum) and the quasi spectrum of the SV-field
(or QḂ-spectrum), which will be introduced in following discussion.

Figure 1a shows the B-spectra Rn for every 5 years during the period from 1900 to 2000 by 21 curves.
It is noted that the power R1 of the dipole field is obviously dominant over other multipoles Rn(n = 2, 3, · · ·),
making the geomagnetic field pattern look like a dipole field.

The SV-field is the first time-derivative of the main field, Ḃ(= ∂B/∂t), usually represented by annual rate
of the field. The power spectrum of the Ḃ-field, referred to as ‘SV spectrum’, or ‘Ḃ-spectrum’, can be deduced
from formula (2)

Ṙn = 2(n + 1)
n∑

m=0

[gm
n ġm

n + hm
n ḣm

n ], (3)

where ġm
n and ḣm

n are the first time-derivative (or annual rate) of the Gauss coefficients gm
n and hm

n . Regardless
of sigh, the Gauss coefficients of the dipole field, mainly g0

1 , are much greater than all other coefficients in
high-degree multipoles. Therefore, even a small annual rate ġ0

1 will leads to a great magnitude of Ṙ1. In other
words, the dipole field is always dominant in the Ḃ-spectrum, just as the dipole field does in the B-spectrum.
Fig. 1b illustrates the Ḃ-spectrum, regardless of sigh of Ṙn, clearly showing a similar trend as those in Fig. 1a.
Fig. 1c shows time-variations of the annual rates Ṙn for n = 1 ∼ 5. The large negative values of Ṙ1(−1× 106 ∼
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4 × 106nT2/a) mean a steady decrease of the dipole field, whereas the relatively small positive Ṙn (generally,
< 0.5× 106nT2/a for n = 2 ∼ 5) represent minor enhancements of the multipole fields.

The above-mentioned features of the Ḃ field may mislead to an incorrect conclusion: the spatial distribution
of the annual rate (or the pattern of the SV-field Ḃ) is also controlled by the dipole field.

In fact, the SV-field pattern is dependent on ġm
n and ḣm

n , instead of gm
n , hm

n and Ṙn. Comparing the annual
rates of the Gauss coefficients of the dipole field (ġ0

1 , ġ1
1 and ḣ1

1) with other ġm
n and ḣm

n for n ≥ 2, we found no
essential difference between them, as shown in Fig. 2.

Fig. 2 Comparison of annual rates of Gauss coefficients in the main geomagnetic field

(a) For dipole; (b) For quatrupole.

Using two successive IGRF models for epochs t1 and t2, one can obtain the average annual rate of the main
field during this time span. Fig. 3 shows the SV-field of Z component calculated for several 5-year intervals. It
is noted in the figure that the most important features of the SV-field are several local regions with remarkable
annual rate, instead of global decrease, as suggested by the dipole moment decline. This fact implies the leading
role of the non-dipole field in the SV-field.

Since the number of Gauss coefficients for a special degree n is 2n+1, the contribution of a multipole with
degree n to the main field is a comprehensive exhibition of all coefficients included in this multipole. Following
the idea of B-spectrum in Eq.(2) and replacing gm

n and hm
n with ġm

n and ḣm
n , we define a ‘Quasi spectrum of

the SV-field’ (or briefly, QḂ-spectrum) as follows

Wn = (n + 1)
n∑

m=0

[(ġm
n )2 + (ḣm

n )2]. (4)

Figure 4 depicts the QḂ-spectra for every 5 years during 1900∼2000. It is noted in the figure that the
quadrupole is dominant in the QḂ-spectrum, showing a different feature from the Ḃ-spectrum,.
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Fig. 3 Secular variation (SV-field) of Z component
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Fig. 4 Quasi spectrum of the SV-field

The main purpose of this paper is to study the overall features of the global SV-field, instead of its detailed
spatial distribution. Therefore, it is necessary to choose a proper measure for this description. As discussed
above, the dipole moment is obviously not a suitable quantity for describing the SV-field. The maximum value
of the field is also not suitable, since this value is for only one position, instead of for the whole globe. The
global average value of the field seems to be a better choice.

Bondi and Gold[27] elucidated a quantity, pole-strength, as an useful measure of the strength of an internally
generated magnetic field

P (S, t) =
∫∫

s

|B · n̂|dS,

where S is a closed surface surrounding the magnetic sources, such as the surface of a planet, n̂ is the outward
unit vector of the surface,B the magnetic field at the surface. This quantity, later called “unsigned magnetic
flux”, is widely used in geomagnetism[28∼33]. Since the contributions from both the dipole and the multipoles
are included, the pole-strength is an adequate measure for describing the global features of the field, in compa-
rison with the dipole moment and the maximum field
strength.

Following this idea, we define a globally averaged
unsigned annual rate of Z component as follows

Ż =
1
S

∫ π

o

∫ 2π

0

|Ż|r2 sin θdλdθ, (5)

where θ and λ are colatitude and longitude, respec-
tively. Ż represents the annual rate of Z component
at the position (θ, λ). Similarly, we have Ẋ, Ẏ , Ḣ and
Ḟ for northward, eastward and horizontal components,
as well as total intensity.

In this paper the 9-generation of IGRF, which in-
cludes 21 main field models for every 5 years from 1900
to 2000 and one secular variation model for 2000∼2005,
is used to calculate the SV-field. Fig. 5 shows the

Fig. 5 Variations of the globally averaged unsigned

annual rates Ẋ, Ẏ , Ż, Ḣ and Ḟ
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variations of the globally averaged unsigned annual rates of 5 elements X, Y, Z,H and F . It is interesting to
note that the annual rates of these components consistently show a fairly regular oscillation variation. During
the centennial period from 1900 to 2000, the secular variation of the main field experienced a three-episode
variation. The maximum annual rates of these elements consistently occurred around 1910∼1920, 1940∼1950,
and 1970∼1980, showing a 30-year period variation. In addition, the rising phase in each episode is much shorter
than declining phase. The detail information of the annual rates are listed in Table 1.

Table 1 Characteristics of the main field secular variation for 1900∼2000

Mean (nT·a−1) Max.(nT·a−1) Min.(nT·a−1) Range(nT·a−1) 1-st peak tmax1 2-nd peak tmax2 3-rd peak tmax3

Ẋ 29.6 38.9 21.4 17.5 1915∼1920 1940∼1945 1970∼1975

Ẏ 26.5 34.0 19.4 14.6 1910∼1915 1945∼1950 1975∼1980

Ż 48.0 58.1 41.7 16.5 1910∼1915 1940∼1945 1975∼1980

Ḣ 28.1 37.1 20.8 16.3 1915∼1920 1940∼1945 1970∼1975

Ḟ 40.1 49.3 27.6 21.7 1915∼1920 1940∼1945 1970∼1975

Average 1910∼1920 1940∼1950 1970∼1980

3 ORIGIN OF THE PERIODIC VARIATION IN THE SV-FIELD

As well known, the most prominent feature in the secular variation of the main field is steady decrease of
the dipole moment. Let us examine first if the dipole moment variation can explain the periodic trends of the
Ḃ-field shown in Fig. 5 and Table 1.

Figure 6a and 6b illustrate the steady decrease tendency of the dipole moment MDP and the time-variation
of its annual rate ṀDP for the period 1900∼2000. It is noted that the magnitude of the annual rate of the
dipole moment, |ṀDP|, reaches the maxima around 1930 and 1980, while there is a minimum around 1950. This
variation implies that the 1950’ peak in Fig. 5 and Table 1 is hard to be explained by the dipole field variation,
even though the 1920’ and 1980’s peaks might be attributed to the dipole field. In fact, even the 1920’ and
1980’s peaks are mainly caused by the non-dipole field, that will be shown in the following discussion.

Fig. 6 Time-variations of the dipole moment (a) and its annual rate (b)

In order to determine the principal contributor to the Ḃ-field, we calculated the total SV-fields ḂTT and
the parts caused by the dipole field (ḂDP) and non-dipole field (ḂND). As an example, Fig. 7 illustrates the
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global distributions of ḂTT, ḂDP, and ḂND for three components X, Y , and Z. The left column in Fig. 7 is for

Fig. 8 Globally averaged unsigned annual

rates of the dipole, non-dipole

and total field for Z component

ẊTT, ẎTT, and ŻTT, the middle column for ẊDP, ẎDP,
and ŻND, and the right column is for ẊND, ẎND, and
ŻND. It is noted that the overall features of the ḂTT

are generally similar to those for the ḂND in both
pattern and intensity, suggesting that the SV-field is
mainly governed by the non-dipole field ḂND.

Figure 8 shows the unsigned average annual rates
of the Z component for the dipole field (ŻDP), non-
dipole field (ŻND), and the whole field (ŻTT). In
general, ŻND is about twice of ŻDP, suggesting that
the SV-field is mainly governed by the non-dipole field
ḂND. Around the 1950’ peak, the rate is about 55
nT/a, much greater than the rate ŻDP (10 nT/a),
showing a dominant role to the total rate. As for 1920’
and 1980’ peaks, the rate ŻDP reaches its maximum,
although it is less than the rate ŻND.

4 SUMMARY

(1) During the centennial period from 1900 to 2000, the secular variation of the main geomagnetic field
experienced a three-episode variation. The maximum annual rates occurred respectively around 1910∼1920,
1940∼1950, and 1970∼1980, showing a 30-year period. In addition, the rising phase in each episode is much
shorter than declining phase.

(2) Comparison of the dipole and non-dipole fields shows that the non-dipole field is dominant in the
SV-field (Ḃ-field). This feature is different from the main field (B-field).

(3) The governing factor of 30-year periodic variation in the SV field is the non-dipole field. The contri-
bution of the non-dipole field to the SV field is about twice of the dipole field.
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