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Abstract—The ERDA and IGRF-12 geomagnetic field models are used to study the behavior of Earth’s large-
scale magnetic field. The unusualness of the modern field’s behavior is studied from the viewpoint of the
appearance of a new reversal. Estimates are given for the change in energy of the potential magnetic field on
the Earth’s surface and of the liquid core, as well as Joule dissipation in the liquid core over 12000 years. Both
values increase sharply for the modern field, which is associated with an increase in the resolution of obser-
vations. Various methods for describing geomagnetic field reversals are considered. It is shown that the esti-
mate for the duration of the reversal may depend on the method. It is demonstrated how erroneous reversal
predictions may be, based on short time series, in particular, over the last century.
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1. INTRODUCTION

A geomagnetic field is generated by dynamo pro-
cesses in the Earth’s liquid core. Its spatiotemporal
spectrum is extremely wide (Valet, 2003). The degree
to which the field has been studied varies significantly
in the transition from the modern field to more
ancient times: measurement accuracy decreases
accordingly. The latter causes difficulties when com-
paring models encompassing different time intervals,
as well as when trying to extrapolate the behavior of
the geomagnetic field to the future. A particular
dilemma arises: which is better—a prediction based on
a short but accurate series, e.g., with the IGRF-12 model
(Thébault et al., 2015), which covers over a duration of
about 0.01 of the characteristic time of geomagnetic
dipole variations, including reversals (10* years) (Gub-
bins and Herrero-Bervera, 2007), or an attempt to find
field characteristics that are known for longer times?
Despite the apparent obviousness of the answer, that
the characteristic prediction time should be at least
somewhat commensurate with the duration of the
used time series of observations, the number of studies
on the onset of the geomagnetic field reversal based on
modern field data increases every day; for more detail,
see (Gubbins et al., 2006; Constable and Korte, 2006;
Laj and Kissel, 2015; Poletti et al, 2018). To answer
this question, let us consider a number of geomagnetic
field models that describe its evolution and spatial
structure.

Let us recall some of the provisions of the geody-
namo that determine the features of geomagnetic field
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models. The sources that generate the field are sepa-
rated from an observer on the Earth’s surface by the
weakly conducting layer of the mantle. This allows us
to consider the magnetic field B within the mantle at
times greater than 10 years the potential field B = —V U,
where U is the scalar potential satisfying the Laplace
equation AU = 0. The solution to the Laplace equation
in a spherical coordinate system can be represented as
a power series in spherical functions and powers of the
radial coordinate. Power-series expansion was the
basis for the spectral description of the geomagnetic
field based on paleomagnetic (Kono and Tanaka,
1995; Shao et al. 1999) and archeomagnetic (Korte
et al., 2011) data, as well as observatory and satellite
observations (Thébault et al., 2015). The spectral
method is convenient for analyzing the field. Depend-
ing on the age of the observations used, the spatial res-
olution of the models varies from / = 13 (the order of
spherical harmonic) for the modern field in IGRF-12
models, which completely cover a significant part of
the magnetic field penetrating from the Earth’s core to
the surface, to models with / = 1-2 for paleomagnetic
data.

Below, we consider the IGRF-12 and ERDA models,
which cover the last 12000 years and can be used to
assess how atypical the the geomagnetic field behavior
is for the last century. The ERDA archeomagnetic
model (calsl0klb) (Korte et al., 2011), well known
among paleomagnetologists, is the spline approxima-
tion of time of the Gaussian coefficients in the expan-
sion in spherical functions; it is extremely convenient
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both for describing the geomagnetic field behavior and
for comparison with geodynamic models based, as a
rule, on expansion in spherical functions. The modern
field data is taken from the IGRF-12 model, which is
also based on the splines of Gaussian coefficients. The
ERDA and IGRF-12 models can bring some clarity to
studying a problem that has attracted much attention
recently: the rapid decrease in the geomagnetic dipole
and the possible onset of geomagnetic reversal, i.e.,
polarity reversal of the dipole (Gubbins et al., 2006).
The paper shows how reversal predictions depend on
the methods used, and how predictions in the past dif-
fer from present day.

2. EVOLUTION OF THE FIELD

For synthesize the geomagnetic field over the past
12000 years, the ERDA model (cals10k1b) was used
from 10000 BCE to 1910, and the IGRF-12 model,
from 1915 to 2015. The last point in time for 2018 was
taken from the World Magnetic Model (WMM)
(Chulliat et al., 2015). These models contain a tabu-

lated set of Gaussian coefficients (g/",4") with time
steps of 40 and 5 years, respectively. The Gaussian
coefficients determine the scalar potential (Parkinson,
1986):

h 42 !

U =Y 22 (g/"cosme + h'sinme) 0
=1 ' m=0

x P"(cos0),

where (r,0, 9) are spherical coordinates, B” are associ-
ated Legendre polynomials, the Gaussian coefficients

(g™ h") are calculated on the Earth’s surface r = a,

a = 6381 km, and /; is the maximum number of the
harmonic. The potential U uniquely gives the mag-
netic field vector B. The use of the bispline approxi-
mation of time (De Bor, 1985) makes it possible to cal-
culate the magnetic field at an arbitrary time instant.

The most reliable information about the geomag-
netic field pertains to the behavior of the magnetic
dipole. The dipole strength is proportional to

F, = \/(glo)z +(g11)2 +(h:)2. Over the considered time
interval, the dipole intensity varied more than two
times (Fig. 1a). At present, a decrease in the dipole
intensity is observed, comparable in rate to that
observed 11000 years ago. Variations in the dipole with
a period of ~10000 years are sometimes called the fun-
damental period of the geodynamo. The concept of
period is very arbitrary: its varies from 8 to 11000 years
and is not the most energy-intensive compared to
other oscillations (Ziegler and Constable, 2015).

F =

q

\/(g3)2 "'(gé)2 +(h21)2 + (g22)2 +(h22)2 has a shorter
characteristic time (Fig. 1b). According to the esti-

A quadrupole
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mates in (Christensen and Tilgner, 2004) based on the
gufm model (1840—1990), the characteristic time of the
variation in a quadrupole / = 2 is T, ~ 535/ = 270 years.
Extension of the time series taking into account the
ERDA model results in variation with a large charac-
teristic period (Fig. 1b), comparable to a period of F,.

The horizontal dipole component Fdl =

2 2
( g11) + (hll) (Fig. 1b) has a characteristic time scale

close to T, without an appreciable long-term compo-
nent, like for F,. The spatial scale of the field depends

only on subscript / in (g,’” N ); therefore, a decrease in

the characteristic time for E,,l cannot be related to an
increase in m. This is well known in geomagnetism: the
characteristic time of western drift (10° k) (Gubbins
and Herrero-Bervera, 2007), related to the drift of a
nonaxisymmetric magnetic field, is an order of magni-
tude less than the oscillation period of an axisymmet-

ric dipole, 10* years. Both quantities F, and E,l, are
now increasing. In the considered time interval, their
current values are comparable with values in the past.

An interesting feature of the geodynamo is the
excess, by three orders of magnitude, of magnetic field
energy over the kinetic motion energy in the core in a
rotating reference frame with respect to the mantle
(Reshetnyak and Sokolov, 2003). In contrast to slowly
rotating objects, such as our Galaxy or the Sun, in
which a regime of equidistribution between the mag-
netic and kinetic energies has been established (Wein-
stein et al. 1980), in the planetary dynamo, where the
Rossby number is much less than unity, magnetic
energy accumulates, which exceeds the kinetic energy
by several orders of magnitude. This, in turn, imposes
restrictions on the law of conservation of total energy,
including kinetic and thermal energy. For the Earth’s

dynamo, oscillations of an axisymmetric dipole gl0 .
significantly exceeding the values of the remaining
harmonics, cause large fluctuations in magnetic
energy.

To fulfill the general law of conservation of energy,

the fluctuation g,o must be compensated by some-
thing. This can be done in two ways: redistribute the
magnetic energy over the spectrum, i.e., transfer it to
higher harmonics; the second is to perform the work of
the Lorentz force. The latter cannot be done on a large
scale, since, as mentioned above, the magnetic energy
is much greater than Kkinetic energy, and we have no
evidence that this property was violated. In other
words, we dispense with catastrophic development
scenarios and exclude from consideration the possibil-
ity of sharp jumps in kinetic energy by several orders of
magnitude. It should also be noted that the impossi-
bility of direct conversion of magnetic energy into
motion energy is related to the forceless structure of
the magnetic field, when a large-amplitude magnetic
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Fig. 1. (a) Magnetic dipole intensity F; (b) quadrupole F, (solid line) and horizontal dipole F;‘ (dotted line).

field is collinear to the electric current flowing in a
fluid, as a result of which the Lorentz force remains
relatively small. Taking into account the above, we

conclude that fluctuations glo are compensated both
by the energy redistribution over the spectrum (on
large scales) and the work of the Lorentz force (mainly
on small scales). Since the local Rossby number
increases with decreasing scale, the magnetic field and
electric current cease to be collinear and, accordingly,
the role of the Lorentz force in energy transfer from
the magnetic field to the fluid flow increases.

The motion of the dipole in the equatorial plane is

described by the ( g/ ,h,'") diagram (Fig. 2). The ampli-
tude of the equatorial dipole today is greater than its
typical value in the past. Around the year 1330, an
reversal of the equatorial dipole was observed: both

components gll , hll changed their sign (the event is
marked with a triangle in the diagram). The axisym-

metric dipole glo at this moment reached its maxi-
mum: its value, accurate to a few percent, was maxi-
mum for the entire considered time interval. Reversals
of the equatorial dipole occurred earlier, but after the
reversal, the amplitude of the equatorial dipole was
significantly less than in the last few hundred years.

Traditionally, magnetic field reversal is understood
as a sign change g,o . However, there are indications
that it is not limited to this: a change in sign and equa-
torial dipole can occur (Clement and Kent, 1985;
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Shao et al., 1999). Since the Lorentz force is quadratic
in the magnetic field, this means that the system tends
to return to a state with the same Lorentz force as
before the reversal. The current observation accuracy
is insufficient to state with certainty which dipole
reversal occurs earlier: axisymmetric or equatorial.
The presence of a large number of equatorial dipole

reversals without gl0 reversal does not contradict the
hy, nT
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Fig. 2. (gll,hll) diagram. Beginning of time series corre-

sponds to circle; = 1330, triangle; modern field, square.
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Fig. 3. Evolution of latitude ¥ of magnetic dipole.

viewpoint that for a complete reversal, all three dipole
components should change sign.

For a number of reasons, in paleomagnetology,

reversals are sometimes described not by gl0 ,but by the
angle of deviation 6 of the dipole from the axis of rota-
tion. One reason for this preference is the large error in
the absolute magnetic field strength (or sometimes
even the complete absence of information thereof). In
this case, it is extremely helpful to use the angular
characteristics of the field operating at some relative
strength (i.e., field values normalized to some value).
As before, reversal is determined by a change in sign

gl0 , but the dynamics of the process in terms of the
angle of deviation of the magnetic dipole with respect

o 0
to the vertical axis 6 = @arccos(i—l] may already

T d
be very different from the behavior gl0 in time. For
example, if all three dipole components the have the
same time dependence, then 0 will not depend on time

until the change in sign gl0 . More complex scenarios
are also observed when Figs. 1 and 3 are compared, the
latter of which shows the evolution of 0. Whereas the
decrease in the dipole amplitude over the past century
is sometimes interpreted as an impending reversal, the
behavior of 6 after 2000 demonstrates movement of
the magnetic dipole toward the geographic pole, i.e.,
the reversal process. Clearly, a reliable conclusion

about impending reversal requires information on gl0 .
If there is none, one should at least define what is
meant by reversal in terms of 0, e.g., deviation beyond
6 > 20— 30°.

Description of reversals in various terms may cause
wide scatter in estimates for the duration of magnetic
field reversals, ranging from several thousand to one
hundred years (Jacobs, 1994; Sagnotti et al., 2014).
Whereas the first estimate is comparable in order of
magnitude to the characteristic times of evolution of
the large-scale magnetic field in the Earth’s liquid
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core and the decay time of the magnetic field in the
solid core, the second estimate, as a rule, raises great
doubts among dynamo theory specialists. When the
duration of an reversal is estimated by 6, and the time
dependences of all three magnetic dipole components
are close, the duration of the reversal may be signifi-
cantly reduced. In fact, its duration will be determined
by that of the time interval during which the dipole
amplitude will remain comparable to the amplitude of
the nondipole field. In this time interval, for the cur-
rent observation accuracy, the behavior of the dipole
cannot be reproduced in detail. The dipole compo-
nents cease to correlate with each other due to
increased measurement error, and 0 begins to change
rapidly over time.

It cannot be ruled out that unreliable estimates for
the strength of the magnetic dipole during reversals are
the reason for the different reversal scenarios (Petrova
et al., 1992). According to one scenario, reversals

occur with a successive decrease in amplitude gl0 ,a
change in its sign, and further recovery of the ampli-
tude. According to another, during an reversal, the
dipole flips under relatively constant strength. This, in

turn, means that when ‘glo ‘ there is an increase Fdl. If

we take into account the fact that the equatorial dipole
has a shorter characteristic time, then the second sce-
nario gives a shorter reversal duration. Such consider-
ations should, of course, be approached with caution,
since the relative accuracy in measuring the equatorial
dipole in the past is much less than for an axisymmetric

dipole. The latter follows from the fact that F, > F;".
The definition of reversal is not limited to the two

ways considered above, namely, the evolution of gl0
and 0. From the vantage point of an observer with no
knowledge about the multipole expansion of the mag-
netic field, it is possible to describe the reversal by
monitoring the movement of the magnetic poles, i.e.,
points at which the tangential magnetic field is zero,
but in practice it is equal to the minimum value in the
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Fig. 4. Time dependence of latitude & of points at which tangential magnetic field strength is minimal in Northern (N) and South-

ern (S) hemispheres.

hemisphere. Generally speaking, such a description
can be obtained from more than one magnetic pole in
the hemisphere, especially during an reversal, when
the field ceases to be a dipole. Conversely, the method
itself is much simpler; in fact, only information on the
trajectory of the minima of the absolute values of the
tangential magnetic field in each hemisphere is
required. The accuracy of the method may be quite
satisfactory as long as the poles are at high latitudes. In
such an analysis, the position of the south and north
magnetic poles need not be symmetrical with respect
to the center of the Earth, as was the case with expan-
sion in multipoles.

Figure 4 depicts the evolution of the latitudes
¥ =90 — 0 of the magnetic poles. Two features are
noteworthy. First, movement of the magnetic poles
over the past hundred years differs little from their
movement in the past. Second, the south and north
magnetic poles behave differently: fluctuations in the
latitude of the north magnetic pole are less than those
for the south over the entire time. It should be borne in
mind that during calculation, the sphere was divided
into latitudinal zones with a step of 5° and 3, was found
for which the tangential field is minimal. Therefore,
the coincidence of the magnetic and geographical
poles observed for the Northern Hemisphere, with the
exception of small spikes, reflects the accuracy of the
data used. To answer whether the second feature is sta-
tistically significant, let us examine what other mag-
netic field characteristics related to location of the
magnetic poles have broken symmetry with respect to
the equator. Analysis shows that over the entire time
interval, the maximum values of the magnetic field
strength in the hemispheres (~6 % 10* nT) coincide to
within 30%. The minimum strength values (2.5 X 10* nT)
show even greater agreement. The maximum values of
the tangential magnetic field (3 x 10* nT) are also
close. However, the minimum values of the tangential
field, which in fact also determine the movement of
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the poles, differ significantly from each other. For the
Northern Hemisphere, this value is less than 100 nT,
and for the Southern Hemisphere, about 500 nT. The
resolution of fields with such amplitude is equivalent
to a relative accuracy of ~1% or less, which is not com-
parable with the accuracy of archeomagnetic data. In
summary, this method of determining the magnetic
pole trajectories, which requires a large number of
measurements, is inferior in accuracy to the other two
described above.

3. SPECTRAL PROPERTIES

The Gaussian coefficients determine the so-called
Mauersberger spectrum (Mauersberger, 1956). We
write it in dimensional form so that the spectral coef-
ficients are in J/m (magnetic energy density):

P 21+2)
&:[szzl&) ¢+
r
1 Lo Lo )

x’;((g,'")2+(h,m)2), 1<i<1,

where u, = 1.25663706 N/A~? is the magnetic con-
stant and (g, /) is measured in B, T. On the /=1, (/, = 13)
boundary, the spectrum has a kink (Lowes, 1974).
Mode with / </, pertain to sources at the core—man-
tle boundary. The high-frequency part of the spec-
trum is attributed to magnetized rocks in the crust.
Spectrum (2) can be extrapolated to the core—mantle
boundary r =r,, r. = 3480 km, where the field energy
increases by two orders of magnitude, mainly due to
high modes. On the surface of a liquid core, the mag-
netic energy density for the modern field has the
dependence (Lowes, 1974)

S, =0.006e"", 1>1. (3)
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Fig. 5. Evolution of energy of potential magnetic field: on Earth’s surface (a); at core—mantle boundary (solid line); spatial parity
parameter P, dotted line, (b); evolution of minimum joule dissipation energy J (c).

The spectrum .S, between reversals has a maximum

at / = 1 (dipole configuration of the geomagnetic
field).

The energy density of the potential field £ is equal
to the sum S, over all /. The behavior of energy £ (Fig. 5a)
on the surface of the Earth will be determined by the
magnetic dipole (Fig. 1), demonstrating an increase in
the time interval (—10, 0) of a thousand years and a
slight decrease over the last two millennia. The field
energy on the surface of the liquid core E° indicates a
similar increase for the first time interval, stabilization
for the second interval, and a sharp increase in energy
over the past century (Fig. 5b). The last increase in
energy was accompanied by high-frequency oscilla-
tions. This behavior is associated with a change in
observation accuracy, which which both spatially and
temporally become less smoothed with decreasing age.

GEOMAGNETISM AND AERONOMY  Vol. 60

The magnetic field symmetry with respect to the
equator is determined by parity of the value / — m. For
antisymmetric (a) modes — / — m is odd, and for sym-
metric (s) modes, even. Using this terminology, we

expand E° into two components: E = E; + E;, hav-
ing excluded from consideration the dipole / = 1,

which significantly exceeds other modes in amplitude,
and we introduce the spatial parity parameter:

E -E;
’l): s a

c ¢’ (4)
E; +E,

For predominance of the symmetric component, P
tends to +1; for predominance of the antisymmetric

component, to —1. The behavior of P is shown in Fig. 5b.
For the first 11 000 years, P was positive. Then, a
short-term change in sign was observed P. The cur-
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rent value of P is close to zero. It is possible that this
phenomenon is associated with an increase in the
accuracy of the observational data and reflects that for

the high modes resolved in IGRF-12, the E; and E;
values are close to each other. More details on the
problems of magnetic field symmetry can be found in
(Coe and Glatzmaier, 2006; Hulot and Bouligand,
2005).

It is interesting to compare the magnetic energy
density with the kinetic energy density of flows in the
core. The estimate for the western drift velocity on the
surface of the core V,,,= 0.2 °/g. =4 X 10~* m/s gives a

kinetic energy density of E, = pV2/2 =7x107* J/m3,
the value of the magnetic energy density of the dipole

for the modern field S, = 2.6 x 107 J/m? is 35 times
greater. The excess of magnetic energy density over the
kinetic energy density in the reference frame with
respect to the Earth’s surface is associated with fast
diurnal rotation. Below we will see that this ratio can
be even larger. Also note that on the surface of the
core, the dipole’s contribution to the total energy is

small: S, ~ 0.44E°. Because the magnetic Reynolds

number R, = 10% in the liquid core is large and, there-
fore, the number of excited modes exceeds the number

of observations /, = 13, the relative contribution of the
dipole to E;, should be even smaller.
There are more fundamental reasons for the

change in E; when switching from the ERDA to the
IGRF-12 model. To calculate the Gaussian coeffi-
cients in the ERDA model, the hypothesis of minimal
Joule dissipation at the core—mantle boundary is used
(Gubbins, 1975). For the IGRF-12 model, where the
accuracy of the data is higher, this hypothesis is not
used. Taking into account a priori information about
the magnetic field on the surface of the liquid core
makes it possible to suppress the increase in errors in
the high-frequency part of the spectrum when calcu-
lating the Gaussian coefficients based on observa-
tions. Gubbins idea was that the minimal dissipation
mode occurs when the solution is representable as the
superposition of free damping modes. This hypothesis
is based on the closeness of the period of magnetic
dipole variation to the characteristic decay time of the
magnetic field in the Earth’s liquid core, 10000 years.
This viewpoint, however, is quite controversial,
because the magnetic Reynolds number in the liquid
core is large, but at the same time, this approximation
is seen in low-mode geodynamo models (Sobko et al.,
2012), which reflect some features of the geomagnetic
field. The amplitudes of the attenuation modes in the
ERDA model are calculated from the condition of
continuity of the magnetic field on the surface of the
core. Calculating the current squared gives the
required estimate for the minimum dissipation energy,
which is used in the penalty function to minimize the
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functional. In sewing together the potential field and
the solution in the liquid core at the core—mantle
boundary, the ERDA model uses ordinal estimates
based on the asymptotic behavior of the spherical Bes-
sel functions that occur in free damping modes (Gub-
bins, 1975). As a result, the following expression is
obtained for the ohmic dissipation spectrum:

2+ 1)1(21 + 3) s, (5)

where 1 is the magnetic diffusion coefficient. A more
sequential analysis (Roberts et al., 2003), taking into
account the exact shape of the free modes for the
poloidal field (Moffat, 1980), leads to

4

oy
S, 6
120 +1) ©

where o, is the minimum positive root of the spherical
Bessel function j, (o). It is this estimate that we will use

q, =2nr,

q, = TN/,

below. The total ohmic dissipation J = Zj_l q, calcu-

lated by formula (6) exceeds estimate (5) by 50 times.
The shapes of the evolutionary curves are similar.
Since estimates (5) and (6) differ only by the numeri-
cal factor and their ratio does not depend on time, we
can use estimate (6) below, although estimate (5) was
used to construct the ERDA model itself.

Figure 5¢ shows the evolution of J using formula (6).
If we exclude small variations J, then for the ERDA
model, ohmic dissipation increases five times over
12000 years. The increase in J may reflect both an
objective change in the magnetic field generation
regime in the Earth’s liquid core and be associated
with an increase in the accuracy of data and their
quantity, i.e., the resolution of the model. Most likely,
an increase in the number of spherical functions /;
used in (1)—(2) and in the IGRF-12 model leads to a
sharp jump in J.

The maximum values of J/ ~ 1 MW for the modern
field is attributed to a poloidal magnetic field pene-
trating the Earth’s surface and contributing to the
Gaussian coefficients. This estimate may be signifi-
cantly increased due to three factors. First, modern
dynamo models record a slight decrease in the spec-
trum of the magnetic field and kinetic energy in the
liquid core (Christensen et al., 1999; Roberts et al.,
2003). In other words, the length of magnetic energy
spectrum can significantly exceed /,, the choice of
which is determined by both the amount of observa-
tional data and the distribution of magnetic field
sources in the crust. Second, taking into account the
contribution of a poloidal magnetic field that does not
penetrate the surface will also increase J. As shown by
three-dimensional calculations, part of the poloidal
magnetic field has closed field lines inside the liquid
core and does not penetrate the surface. Lastly, this is
a toroidal magnetic field, which is completely invisible
to the observer. As a result, estimates of ohmic dissipa-
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tion can reach 1-2 TW (Roberts et al., 2003). In sum-
mary, estimate (6) gives only a very approximate idea
of the evolution of the magnetic field in the core.

Whereas in early works on archeo- and paleomag-
netism (Petrova et al. 1992) and the linearized geody-
namo theory (Braginsky 1967), emphasis was placed
on substantiating periodic variations in the magnetic
field, later, with the increase in observations and
advent of new spectral methods (see, e.g., the wavelet
analysis results in (Burakov et al., 1998)), quasiperi-
odic variations began to be favored. In fact, the longer
the time series became, the more indications there
were that the variations were of a relaxation nature and
their characteristic time (quasiperiod) were on the
same order with the duration of the variations: what was
previously considered a variation period came to be
regarded as the correlation time of the process. A similar
viewpoint, supported by the large number of observed
geomagnetic field quasiperiods (Petrova et al., 1992),
raises no objections among dynamo experts, who
clearly observe a continuous spectrum of kinetic and
magnetic energies (Christensen et al., 1999). As
expected from the idea of the turbulent nature of con-
vection in the Earth’s liquid core, variations at differ-
ent scales are statistically independent processes
(Christensen and Tilgner, 2004; Hulot and Le Mouél,
1994). New statistical methods played an important
role in this direction, making it possible to synthesize
observations (Khokhlov, 2012).

Considerations about the random nature of geo-
magnetic field variations apply equally to the behavior
of the dipole at large times, in particular, to the distri-
bution of geomagnetic field reversals (Jacobs, 1994;
Valet, 2003). If the spatial spectrum of the magnetic
field were “purely” turbulent, i.e. self-similar, with a
power-law dependence, the magnetic dipole would
change sign in time according to a random law, one of
the parameters of which would be the correlation
time, in order of magnitude equal to the time of revo-
lution of the convective vortex on a scale of /= 1. How-
ever, this viewpoint contradicts the observations.
First, as follows from Fig. 1, the amplitude of the
dipole on the Earth’s surface exceeds the amplitude of
the quadrupole by seven to ten times. On the surface of
the core, this corresponds to a ratio of 4—5, while
according to (3), starting from / = 2, the decrease for
the magnetic field is 5% with an increase in / by unity.
This means that the dipole does not fit the typical idea
of turbulence. It is more logical to compare it with the
mean field, described by mean-field theory (Krause
and Radler, 1984). Moreover, the exponential depen-
dence (3) for 1 < /<[ is more reminiscent of damped
turbulence near the solid core—mantle boundary than
that developed in the bulk of the liquid core, where
power-law dependences should be observed (Frick,
2010). Most likely, small-scale fields are a trigger that
takes the dipole from an equilibrium position near the
geographic poles (Reshetnyak and Hejda, 2013). The
relaxation time of such a fluctuation, i.e., the duration
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of the reversal, is much less than time between the
reversals themselves.

In addition to energy exchange between modes,
when describing reversals, it is necessary to take into
account the effect of rotation. Rotation can be consid-
ered an external field that leads to the appearance of
attractors for magnetic poles, the position of which
coincides with that of the geographical poles (Reshet-
nyak and Hejda, 2013). The higher the speed of diur-
nal rotation, the less often reversals occur, but rotation
does not affect the random nature of reversals. All that
rotation can do is to stop reversals or make them more
frequent, i.e., change the statistical distribution law
and increase the correlation time between adjacent
reversals. One of the simplest laws of the time distribu-
tion of reversals is fractal (Anufriev and Sokoloff,
1994). The fact that rotation is also a necessary condi-
tion for the existence of a dipole field makes the geo-
dynamo problem even more interesting. Therefore,
obviously, it is impossible to predict reversals over
time. The appearance of a new reversal in the near
future is certainly possible, especially since the last
reversal was 780000 years ago (Gradstein et al., 2012),
which in order of magnitude coincides with the time
interval between the last reversals. However, the sig-
nificance of such a prediction will be low. We show
this by the example of the data considered above.

Let us ask ourselves what linear extrapolation will
make it possible to predict a reversal. We estimate the

time Tt,, through which the sign of the modulo
decreasing function f must change as — f/f', where
f' is the time derivative. Knowing the function f, let

us calculate the total duration of time intervals 7,,
during which the reversal must occur no later than

after time 1,. For function gl0 (or, which is almost the
same, for F;), the following approximation takes

place in the 1.1x10° < 1, <10%

T, = —2.97x107°1; + 0.691, — 603, where 1, and 1, are
measured in years. Using this formula, we calculate 1,,
for which linear extrapolation predicts a reversal no
later than the half-period of the dipole variation, tak-
ing T, = 4500 years. The estimate gives T, = 2500
years, i.e., more than half the time during which the
field decreased (more than a quarter of the period).
Since previously we indicated that the rate of modern
field attenuation was observed 11000 years ago, let us
estimate T, for T, = 5500 years: 3200 years. In other
words, in the past 12 000 years, over the course of
3200 years, linear extrapolation predicts the appear-
ance of a reversal no later than after 5500 years. Note
that the contribution to T, does not correspond to any
particular time period, e.g., the recent millennia, but
consists of different time intervals. However, the fact
that 1, is comparable to one quarter of the period of
the main cycle already indicates that the modern

interval
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change in the magnetic dipole strength is not unusual
in the history of the geomagnetic field.

Consider the probability of a reversal at short
times. There are no indications that a reversal may

occur earlier than after 1, =1100 in the considered
interval: T, = 0. For t, = 1100 years, this was observed in

1925—1930. For 1, = 1500 years, we have T, = 120 years.
Two time periods contributed equally to this estimate:
from (—8675, —8610) and from the 20th century For

T, = 2000 years, T, =620 years. The contribution
comes from (—8750, —8360), (—5540, —5525) and for
some periods, starting from 1785. Given the duration
of these three time intervals, we conclude that the
probability of a reversal over the course of 2000 years
has now lessened. This simple analysis demonstrates
how precarious it is to use linear extrapolation to pre-
dict reversals based on short time series, in particular,
over the last century.

4. DISCUSSION AND CONCLUSIONS

The use of long series of geomagnetic field varia-
tions has been very instructive for assessing the
uniqueness of the behavior of the modern field. On the
one hand, we saw that there is nothing extraordinary
in the behavior of the modern magnetic dipole. On the
other hand, the number of energy characteristics asso-
ciated with small-scale magnetic fields changes sig-
nificantly as observation accuracy increases with time;
in particular, this pertains to the magnetic energy den-
sity at the core—mantle boundary. Meanwhile, the

change in symmetry of the magnetic field (parity P)
with respect to the equatorial plane depends weakly on
the length of the series /, and may be a more significant

evolutionary characteristic. The change in P indicates
strengthening of modes asymmetric with respect to
the equatorial plane over the past millennium.

Note that when calculating P, large-amplitude
dipoles are excluded. The use of various methods for
describing the evolution of the geomagnetic field indi-
cates that estimates for the duration of the reversal can
differ significantly using the same data. A evolutionary
scenario is possible when a magnetic dipole decreasing
in amplitude approaches the geographic pole, which is
currently being observed. This behavior of the mag-
netic dipole corresponds to the reversal scenario when
the dipole decreases in amplitude without reversal. How-
ever, as shown in this paper, over the past 12000 years,
such magnetic dipole behavior is not unique. With
varying degrees of probability, there were predictions
of an imminent new reversal during the entire time
interval, which makes us very cautious about such pre-
dictions. However, the starkest of such predictions
date back to 10500 years ago. The behavior of the field
at that time was reminiscent of the modern one.

This may mean that the currently observed
decrease in magnetic field strength, taken as the
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beginning of a reversal, is nothing but a manifestation
of the 10000th variation cycle.
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