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a b s t r a c t
Aiming to understand the physical processes underneath the reversals events of geomagnetic ﬁeld, different numerical models have been conceived. We considered here the so named ‘‘domino’’ model, an
Ising–Heisenberg model of interacting magnetic macrospins aligned along a ring. This model was proposed by Mazaud and Laj (1989) and then applied by Mori et al. (2013) to study geomagnetic ﬁeld reversals.
The long series of the axial magnetic moment (dipolar moment or ‘‘magnetization’’) generated by the
‘‘domino’’ model are empirically studied by varying all model parameters. We present here some results
which are slightly different from those given by Mori et al. (2013), and will provide our explanation on
the presence of these differences. We also deﬁne the set of parameters that supply the longest mean time
between reversals. Using this set of parameters, a large number of time series of axial magnetic moment
are also generated. After de-noising the ﬂuctuation of these time series and averaging them, we compared the resulting averaged series with the series of axial dipolar magnetic moment values supplied
by CALS7k.2, and CALS10k.1b models, ﬁnding similar behavior for the all time series. In a similar way,
we also compared the averaged 14,000 years long series of dipolar moment with the dipolar magnetic
moment obtained by the model SHA.DIF.14k.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
At the present, the physical mechanisms in the liquid outer core
that generate and maintain the geomagnetic main ﬁeld are mostly
known. Although inside the core it is expected that the geomagnetic ﬁeld possesses a variety of complex patterns, when it is
observed at the Earth’s surface it is mostly a dipolar ﬁeld.
However the mechanisms responsible for the remarkable features
of the time variations of the main geomagnetic ﬁeld are not yet
completely known.
Time changes in the dipole moment occur on a wide timescales:
in general, changes at shorter timescales (1  103 years) are small
and are classiﬁed as secular variation (SV), while the greatest variations at longer periods (>103 years) are those associated with
excursions or with full reversals of the geomagnetic ﬁeld.
The switch between the two preferred macroscopic states of the
Earth’s magnetic ﬁeld, the reverse and the normal polarities, is
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University of Tirana, Bulevardi Zogu I, Nr. 25, Tirana, Albania. Mobile: +355
692608193.
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commonly referred to as a polarity reversal (Glaßmeier et al.,
2009). According to Merrill et al. (1996), a geomagnetic reversal
is deﬁned as a ‘‘globally observed 180° change in the dipole ﬁeld
averaged over a few thousand years’’. Paleomagnetic data shows
that reversals occurred many times during Earth’s history at
irregular intervals (Jacobs, 1994; Merrill et al., 1996). Although
the rate at which reversals occur is not uniformly well-determined,
it is nevertheless clear that the rate has varied throughout geological time. Examination of the reversal history suggests that reversals occur at apparently random intervals without a predictable
pattern (e.g. Fig. 7a). The time periods of the same direction of
dipole orientation, named chrons, varies by nearly three orders of
magnitude, i.e. from 40 Myr long superchrons (e.g. CNS –
Cretaceous Normal Superchron) to short subchrons lasting even
less than 40 kyr (Cande and Kent, 1995; Merrill et al., 1996).
According to paleomagnetic data, the mean chron duration
depends on the total time period, i.e. the reversals happened every
about 300 kyr for the last 5 million years, every about 400 kyr for
the last 83 Myr (not including the duration of CNS; e.g. De Santis
et al., 2013), every about 500 kyr for the last 166 Myr. Such different estimations are probably due to the increasing of inaccuracy by
enlarging the geological time and to the presence of CNS
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macrochron. Most reversals inverted their polarity in a time (called
reversal time) between 100 and 10,000 years (Merrill et al., 1996),
although the question is still under debate (Sagnotti et al., 2014).
One can ﬁnd among the paleomagnetism community different
deﬁnitions of excursions (e.g., Roberts, 2008). Usually, excursions
are deﬁned as periods during which the geomagnetic pole deviates
from geographic pole beyond the ‘‘normal’’ range of secular variation (Constable, 2001). The threshold of the geomagnetic pole
deviation is varied according to different authors: for example by
more than 40° away from the geographic pole (Valet et al., 2008),
or more than 45° (Verosub, 1977). While other authors apply different criteria to distinguish the excursions, for example by means
of ‘‘an adaptive cutoff angle’’ method (Vandamme, 1994). A widespread interpretation of excursions is as aborted reversals in which
the ﬁeld returns to its original state after a large perturbation.
Reversals and excursions occur generally during periods of very
weak dipole ﬁeld intensity (Guyodo and Valet, 1999) and could
thus well be associated with similar magnetic processes within
the outer terrestrial core leading to either successful or aborted
reversals depending on the conditions that could be related to
the inﬂuence of the inner core (Gubbins, 1999). Alternately, excursions can be regarded as secular variation events of large amplitude, in contrast to reversals which are sometimes assigned
longer duration and larger spatial scales (Lund et al., 2006).
Numerical simulations of the geodynamo (e.g. Glatzmaier and
Roberts, 1995, 1997) demonstrated several inversions proving that
magneto-hydrodynamic differential partial equations are satisﬁed
by both the orientations of the ﬁeld regarding the Earth rotation
axis, but not revealing the cause of the reversals (Amit et al.,
2010). Most numerical simulations of the geodynamo successfully
reproduced many features of the magnetic ﬁeld of the Earth,
including stochastic reversals (Christensen and Wicht, 2007).
Numerical dynamo studies in particular have also identiﬁed several factors such as the vigor of convection, the rate of rotation,
the heterogeneous core–mantle boundary (CMB) heat ﬂux, that
control the likelihood of reversals (Olson and Amit, 2014).
Modern numerical simulations make it possible the generation
of numerical sequences of magnetic polarity reversals over periods
of time equivalent to several tens of millions of years. For example,
Lhuillier and Gilder (2013) numerically integrated over equivalent
to 40–50 Myr, so generating synthetic data analogous to paleomagnetic data derived from volcanic ﬂows and they found that
the distributions of directions are remarkably similar to those
observed in the paleomagnetic database. Their results suggest that
reversals and excursions may not be extraordinary events but part
and parcel of paleosecular variation as proposed by Biggin et al.
(2008) for the geomagnetic ﬁeld. In other words, this implies a continuum among paleosecular variation, reversals and excursions. In
order to detect reversals, ‘‘failed’’ reversals and ‘‘stable low intensity’’ events in the dynamo solutions, Lhuillier et al. (2013) estimated the mean l over the whole dynamo numerical solution of
the axial dipole moment (ADM) and its standard deviation r and
determined time intervals Dt of ‘‘low intensity’’ during which the
ADM is lower than l  r. According to them a reversal is identiﬁed
if the Dipole Pole is in different hemisphere at extremities of the
time interval Dt, a failed reversal is identiﬁed if the Dipole Pole
is in the same hemisphere at the extremities of Dt.
In order to count only ‘‘true’’ reversals (not ‘‘false’’ reversals and
excursions) in the long magnetization (ADM) series generated by
the ‘‘domino’’ model (Mazaud and Laj, 1989; Mori et al., 2013),
we applied the criteria deﬁned in Section 3 and included time
intervals of ‘‘false’’ reversals or excursions into the chron lengths
(see Fig. 7).
Perhaps the idea of a ‘‘domino model’’ of reversals (Mori et al.,
2013) was properly incited by the theory of the liquid convection
in the fast rotating planetary spherical shells. For a ﬂuid shell

heated from below (positive temperature gradient imposed
between inner and outer boundary), convection starts in the form
of columns outside the tangent cylinder parallel to the rotation
axis (Fig. 1). The basic ﬂow is a vortex motion around the axis of
the column. The ﬂow becomes quasi two-dimensional (geostrophic), minimizing any variation in X-direction (Proudman–
Taylor theorem). Cyclonic and anticyclonic columns rotate in the
same and in the opposite direction, respectively (Busse, 1975). In
strongly driven dynamos the number of columns increases.
Secondary ﬂows are directed away from the equatorial plane in
anti-cyclonic columns, but toward the equatorial plane in cyclonic
columns. The helicity has therefore predominantly one sign in the
northern hemisphere and the opposite sign in the southern hemisphere. The so-called a2-dynamo mechanism can be thought of as
a process where the helicity associated to each convective column
produces its own magnetic ﬁeld. The alignment with the rotation
axis and the organized helicity guarantee that these individual
contributions add up to form the dominant axial dipole ﬁeld.
The numerical simulations show that enhanced CMB heat ﬂux
inside the tangent cylinder promotes dipole stability (Glatzmaier
and Roberts, 1997; Glatzmaier et al., 1999), enhanced equatorial
heat ﬂux increases reversal frequency (Glatzmaier et al., 1999;
Kutzner and Christensen, 2004; Olson et al., 2010), whereas
reduced equatorial heat ﬂux decreases reversal frequency and
may even prevent reversals (Glatzmaier et al., 1999; Kutzner and
Christensen, 2004). Simulations of the geodynamo suggest that
transitions from periods of rapid polarity reversals to periods of
prolonged stability (superchrons) may have been triggered by a
decrease in CMB heat ﬂow either globally or in equatorial regions
(Biggin et al., 2012).
This aspect of the geodynamo simulations is in accordance with
the result of a modiﬁed version of the ‘‘domino’’ model where a
heat ﬂux function is added; it shows that ‘‘the increase of the thermal ﬂux along the axis of rotation leads to the partial suppression
of the reversals of the ﬁeld’’ (Hejda and Reshetnyak, 2012).
Aubert et al. (2008) identiﬁed ﬂow upwellings as the cause of
ﬁeld reversals. These features rise from the inner-core boundary
and produce inverse magnetic ﬁeld. To some extent, the upwellings behave like tilted convective columns, at least what their role
in the dynamo mechanism is concerned. Olson et al. (2014) derived
a scaling relationship for the frequency of magnetic polarity reversals in numerical dynamos powered by thermo-chemical
convection.
For the small, irregular, continued changes of the geomagnetic
ﬁeld (secular variations) and its abrupt changes – geomagnetic
jerks (e.g. Duka et al., 2012), there is not yet a conﬁrmed mechanism for their generation. Generally, it is almost accepted that such
changes are generated by the ﬂuid ﬂow in CMB. The coupled
dynamics of mantle and core convection must have had profound
effects on the magnetic ﬁeld in the more distant past (Heimpel and
Evans, 2013).
The geomagnetic ﬁeld models for the last 5 Ma (Johnson and
Constable, 1997; Hatakeyama and Kono, 2002) based on paleomagnetic data show that the dipolar ﬁeld presents the highest contribution to the total main ﬁeld. As it can be seen in Fig. 2, the
dipolar contribution to the secular time variation of the geomagnetic ﬁeld is almost one order greater than non-dipolar one. The
Fig. 2a shows the time variation of the dipolar moment calculated
by the gm
l (l = 1; m = 0, 1) Gauss coefﬁcients of the gufm1 model
(Jackson et al., 2000) as follows:

m¼

4pa3

l0

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
1 2
ðg 01 Þ þ ðg 11 Þ þ ðh1 Þ

ð1Þ

where a is the mean radius of the Earth (6371.2 km), and l0 the
permeability of free space. The Fig. 2b shows the dipolar Rd and
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Fig. 1. Schematic pictures of: (a) ﬂuid shell rotating with angular frequency X (dashed lines show the inner-outer core tangent cylinder), (b) distribution of the cyconic and
anticyclonic columns outside the tangent cylinder.
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Fig. 2. (a) Time variation of the dipole moment and (b) spatial power spectrum of the dipolar and non-dipolar ﬁeld according to the gufm1 model.

non-dipolar Rnd contributions to the spatial power spectrum calculated by the Gauss coefﬁcients of the gufm1 model according to the
respective formulas (Lowes, 1974):

Rd ¼
Rnd

a6

h
i
2
2
1 2
 2  ðg 01 Þ þ ðg 11 Þ þ ðh1 Þ ;

r
14  2lþ4
l h
i
X
X
a
m 2
2
¼
ðl þ 1Þ
ðg m
l Þ þ ðhl Þ
r
m¼0
l¼2

ð2Þ

at the Earth’s surface (r = a). The gufm1 model (Jackson et al., 2000)
was developed using historical and instrumental directional data
(declination and inclination from navigational routes and ground
observatories) from 1590 up to the present days. The intensity element was only constrained from 1832 to the present, because before
that year there was not any instrument to measure it. For this reason, the authors assumed a linear behavior of the ﬁrst Gauss coefﬁcient g01 before 1840 as shown in the Fig. 2a, evaluating sSV known as
the secular-variation timescale (Lhuillier et al., 2011) to be on order
of 500 yr for time rescale of the geodynamo simulations. Fig. 2b
shows a linear decreasing of the dipolar term Rd during the last
400 years and an increasing trend for the non-dipole terms Rnd.
The short term changes (secular variation) and the long term
changes (reversals) seem to have not the same statistical behavior.
Whether the distribution of chron length obeys a Poisson (Cox,

1968) or Gamma law (Naidu, 1971) has been a controversial issue.
Recent analyses of the geomagnetic polarity timescale (e.g. Lowrie
and Kent, 2004) as well as numerical dynamo simulations (e.g.
Wicht et al., 2009; Lhuillier et al., 2013) suggest that the distribution of chron lengths follows a Poissonian process (with no
occurrence of superchrons); while distributions of reversal and
failed reversal durations are better ﬁtted by log-normal distributions. The secular variations can be considered as Gaussian
process, although also the dipolar and non dipolar parts seem to
have different statistical distributions (Constable and Parker,
1988).
Our simulated series of the dipolar geomagnetic moment
showed a difference between statistics of long timescales and short
timescales components (see Section 3). This will be compared with
the statistical behavior of the long time series of the ADM according to the paleomagnetic database.
According to Mori et al. (2013), the ‘‘domino model’’ is appropriate to simulate reversals but it is not for secular variations.
Differently from their position, we think that, choosing the values
of ‘‘domino’’ model parameters in a proper way, e.g. by reducing
the factors due to randomness, we can adapt the model to ﬁt statistically the behavior of secular variations.
In this paper, after the description of the ‘‘domino model’’, we
will confront our results of applying the model for ‘‘reversals’’
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simulation with Mori et al. (2013) results. Then we will show how
the results depend on the model parameter values. Lastly, we will
show that for an appropriate set of model parameters, we can
apply the model to simulate secular variations that are in average
close to SV given by different global geomagnetic ﬁeld models of
the recent past, such as CALS7k.2 (Korte and Constable, 2005),
CALS10k.1b (Korte et al., 2011), and SHA.DIF.14k (Pavón-Carrasco
et al., 2014).
2. The ‘‘domino’’ model
2.1. Standard ‘‘domino model’’ description
The term ‘mechanism’ of geomagnetic generation often refers to
the process that generates axisymmetric poloidal ﬁeld from
axisymmetric toroidal ﬁeld and viceversa. The mechanism is more
easily elucidated in weakly driven dynamos (Davidson, 2013),
where the ﬂow outside the tangent cylinder is organized in welldeﬁned geostrophic columns with negative helicity in the northern
hemisphere and positive helicity in the southern hemisphere.
Kageyama and Sato (1997) describe the mechanism of how the
columnar convection cells convert an axisymmetric toroidal ﬁeld,
into the poloidal ﬁeld of an axial dipole. This mechanism for poloidal ﬁeld generation seems to operate in all published numerical
dynamo models with columnar convection (Christensen and
Whicht, 2007). The axisymmetric toroidal ﬁeld can, in principle,
be produced by an a-effect acting on the dipole ﬁeld, or through
shearing it by differential rotation in the mean zonal ﬂow (Xeffect). Depending on which mechanism dominates for the creation of the toroidal mean ﬁeld, dynamos are classiﬁed as a2 or
a–X dynamos (Christensen and Wicht, 2007).
Recent numerical simulations of magnetohydrodynamics
(MHD) for geomagnetism (Roberts and Glatzmaier, 2000; Kono
and Roberts, 2002) seem to describe such dynamics. Inspired by
these simulations, Mori et al. (2011) proposed a simple model
(‘‘domino’’ model) composed of many macro-spins which are each
other interacting. This coupled spin model is based on the idea that
the whole dynamo mechanism is described by global interactions
of many small dynamo elements (macro-spins) (Nakamichi et al.,
2011). This model naturally yields many of the observed features
of the Earth’s magnetic ﬁeld: its time evolution, the power spectrum, the frequency distribution of stable polarity periods, etc.
(Mori et al., 2011). In the case of the Earth, the dynamo element,
that a macro-spin describes, is considered to be the Taylor cell in
the iron ﬂuid core produced and supported by the Coriolis force
(Nakamichi et al., 2011).
Following Mori et al. (2013) description, the model consists of N
macro-spins aligned along a ring and pair-wise interacting. The
macro-spins are embedded in a uniformly rotating medium with
unit velocity vector X = (0; 1) along the rotational axis. Each spin
Si (i = 1, . . ., N) has unit length and is described by its angle hi with
respect to the rotational axis, such that Si = (sinhi; coshi). The
orientation of the macro-spins can vary in time due to the forcing
tendency of each spin to be parallel to the rotational axes and to
the spin–spin interaction (coupling of spins) (Fig. 3). These two
terms of interactions are expressed in the potential energy as the
ﬁrst and the second summation, respectively:
N
N
X
X
PðtÞ ¼ c ðX  Si Þ2 þ k ðSi  Siþ1 Þ
i¼1

ð3Þ

i¼1

where Si+1 = Si when i = N. Here c is a parameter characterizing the
tendency of the macro-spins to be aligned with the rotation axis,
while k is a parameter characterizing the spin–spin interaction.
Both these parameters should be negative as the respective terms
are negative potential energy (attractive interaction). The scalar

Fig. 3. Sketch of the standard ‘‘domino’’ model (according to Mori et al., 2013).

product squared in the ﬁrst summation ensures that there is no preferred polarity. In the standard ‘‘domino’’ model or SCS (Short-range
Coupled Spin) ‘‘domino’’ model (Nakamichi et al., 2011), the interaction is such that each macro-spin interacts with the two nearest
neighboring macro-spins The macro-spin N interacts with macrospins N  1 and 1, i.e. we are considering periodic boundary
conditions.
The Lagrangian L of the system would be:

L¼

N
N
N
X
X
1X
h_ i ðtÞ2  c ðX  Si Þ2  k ðSi  Siþ1 Þ
2 i¼1
i¼1
i¼1

ð4Þ

A Langevin-type equation is set up as follows:



@ @L
@t @ h_ i


¼

@L
ev
 jh_ i þ pﬃﬃﬃi
@hi
s

ð5Þ

where the term jh_ i describes energy dissipation and the term epvﬃﬃsi is
a random force acting on each spin. The parameter j represents the
whole energy dissipation that, in MHD dynamos, includes the terms
with viscosity parameters: m, g, and term eT, with parameter e
representing the inhomogeneous heat generation from the inner
iron core and the random perturbation from the other element
spins (Nakamichi et al., 2011). Finally, vi is a Gaussian-distributed
random number with zero mean and unit variance associated to
each spin, which is updated each correlation time s. Even the ‘‘minimal model’’ (Nakamichi et al., 2011), i.e. the model with no added
dissipation and random terms in the Eq. (5), yielded almost the
same features of the polarity reversals.
Substituting (4) into (5), the system of differential equations
becomes:

€hi  2c cos hi sin hi þ k½cos hi ðsin hi1 þ sin hiþ1 Þ

ev
 sin hi1 ðcos hi1 þ cos hiþ1 Þ þ jh_ i  pﬃﬃﬃi ¼ 0

s

ð6Þ

where i = 1, 2, . . . N; h0 = hN and hN+1 = h1.
After transforming the system of N equations of the second
order (6) to a system of 2N equations of the ﬁrst order, we integrated them forward in time with a 4th-order Runge–Kutta algorithm using an internal function of MatLab (ode45). The initial
values of hi and time derivatives h_ i are randomly distributed
between 0 and 2p. The values of model parameters: N, c, k, j, e
and s are chosen in the intervals used by Mori et al. (2013) in their
study of reversals. In the following section, some results that are
different from Mori et al. (2013) results will be presented. The
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Fig. 4. Time series of magnetization generated by (a) standard ‘‘domino’’ model and (b) mean ﬁeld ‘‘domino’’ model. Here are shown values for the ﬁrst 30,000 time units.

output of each simulation is the cumulative orientation of all
macro-spins, named magnetization:

M¼

N
N
1X
1X
ðX  Si Þ ¼
cos hi ðtÞ
N i¼1
N i¼1

ð7Þ

that should correspond to the normalized axial dipolar momentum
(ADM) of the geomagnetic ﬁeld. It corresponds to the ﬁrst Gauss
coefﬁcient g 01 of the multipolar expansion of the geomagnetic
potential. The value of dipolar moment (DM) can be calculated as
the output:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 X
2  X
2
N
N
1
1
MðtÞ ¼
cos
h
þ
sinh
i ðtÞ
i ðtÞ
i¼1
i¼1
N
N

ð8Þ

that corresponds to values of m given by (1).
2.2. ‘‘Domino model’’ with global interaction (mean-ﬁeld dominomodel)
Applying minor modiﬁcations to the standard version of the
‘‘domino model’’, such as the substitution of the Gaussian noise
vi by a white noise, or the substitution of the interaction term
P
P
c Ni¼1 ðX  Si Þ2 by the term c Ni¼1 ðX  Si Þ, we received the same
results as Mori et al. (2013): by the ﬁrst modiﬁcation the magnetization does not change much, except for slightly less frequent
reversals, while by the second modiﬁcation no reversals were
observed.
The most important modiﬁcation is the substitution of the local
interaction of nearest neighbor macro-spins by a global interaction
of each spin with all other spins. According to Nakamichi et al.
(2011) this modiﬁcation supplies two versions of ‘‘domino’’ model,
the ﬁrst (‘‘standard’’) one named Short range Coupled Spin (SCS) and
the second (‘‘mean ﬁeld’’) one named Long range coupled spin (LCS).
The geodynamo considered two interactions among Taylor Cells
that are produced respectively by non-linear ﬂow (inward-winding
or outward-winding) and by magnetic ﬁelds of the electric currents. The ﬁrst one is a short-range interaction and the second
one is a long-range interaction corresponding respectively SCS
‘‘domino’’ model of the macrospin interactions and LCS ‘‘domino’’
model of the macrospins interactions (Nakmichit et al., 2011).

Modifying the interaction term of the potential energy P(t) (3),
it becomes:
N
N X
X
k X
PðtÞ ¼ c ðX  Si Þ2 þ
ðSi  Sj Þ;
2N i¼1 j>1
i¼1

ð9Þ

and the equations derived from the modiﬁed Lagrangian become:
N
X
€hi  2c cos hi sin hi þ k
ðcos hi sin hj  cos hj sin hi Þ  jh_ i
2N j–i

ev
s

þ pﬃﬃﬃi ¼ 0; i ¼ 1;    ; N:

ð10Þ

In this case the numerical integration of the system of 2N ODE
equations needed some modiﬁcations that considered multi-coupled equations and cyclic boundary conditions.
According to Mori et al. (2013), the mean-ﬁeld model results in
less frequent reversals, but shows otherwise qualitatively similar
behavior. We compared the results of both versions of ‘‘domino’’
model for the same parameters values and conﬁrmed the above
conclusion. But in the quantitative aspect, the comparison of statistical behavior (e.g. in terms of power spectrum density – PSD)
between magnetization series generated by both versions of ‘‘domino’’ models and polarity reversals series supplied by paleomagnetic data, there is better accordance for the ‘‘mean ﬁeld’’
version. In the Fig. 4 we show the time series of magnetization
for the ﬁrst 30,000 time units (Fig. 4a for standard model and
Fig. 4b for the mean ﬁeld model) and the respective statistical
analyses in Fig. 5 (Fig. 5a for standard model and Fig. 5b for mean
ﬁeld model). The time series of polarity reversals during
157.53 Myr provided by Cande and Kent (1995) with additional
short subchrons summarized by Lowrie and Kent (2004) is shown
in the Fig. 6a and the respective PSD is shown in Fig. 6b. According
to the values of line slopes (power indexes – m), one can see that
statistical behavior for ‘‘mean ﬁeld‘‘ model (Fig. 5b) is better
matched to the statistical behavior of long series of polarity reversals of geomagnetic ﬁeld (Fig. 6b). Therefore we applied this model
version to simulate series of dipolar magnetic moment that are
comparable with that given by the geomagnetic ﬁeld models like
CALS7K.2, CALS10k.1b, and SHA.DIF.14k.
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3. Some results of ‘‘domino’’ model
We present here some numerical results of the ‘‘domino’’ model.
Please note that there are some little differences or even discrepancies with Mori et al. (2013) results that we will try to explain.
The output of simulations i.e. the time variation of magnetic
moment M, is similar as can be seen by comparing the Fig. 2 of
Mori et al. (2013) with our Fig. 4a. These graphs are for the same
values of model parameters: c = 1, k = 2, j = 0.1, e = 0.4, N = 8,
the same number (30,000,000) of steps of running the Runge–
Kutta subroutine (output results every 100 steps) and with the
same value of s = Dt = 0.01 as the Runge–Kutta integration step of
each run of subroutine. s is also the correlation time, i.e. the time
of updating the random number value (vi). The initial conditions
were taken: hi - random uniformly distributed between 0 and 2p,
while h_ i ¼ 0 at t = 0. Our resulting series, even when we applied
the same error tolerance (1010 absolute tolerance for each component as their absolute error bounds equal to 1010 for hi), contains
more frequent passes from positive to negative values i.e. zerocrossing values, than their series. But the greatest difference
between our series of magnetization and their respective series is
related to the power spectrum density of these series. Comparing
Fig 3 of Mori et al. (2013), and our Fig. 5a, one can see the difference
of the statistical analysis of the whole time series. Their power spectrum over a large range comprising most of the reversals, follows a
power law with an exponent of about 1.7, is ﬂatter (power law
with the exponent of 0.15) for small frequencies or long polarity
chrons and is a steeper decrease at high frequencies (power law
with the exponent of 6.1). Differently, the power spectrum for
our respective series of magnetization (Fig. 5a) follows two different power laws: the ﬁrst one for the low frequencies (long timescale
components) with the exponent 0.29 and the second one for the
high frequencies (short timescale components) with the exponent
1.57. In fact, most of power spectrum analyses of paleomagnetic
VADM series shows, similarly to our analyses, only two different
slopes in the log–log plots [see Aubert et al. (2010), where one
can ﬁnd the analyses for Sint-2000 (red, Valet et al., 2005) and
PISO-1500 (blue, Channell et al., 2009)].
We think that the important differences between our results
and Mori et al. (2013) results can be explained by the two

following reasons. The ﬁrst reason is that although both groups
(Mori et al., 2013 and us) used essentially the same Runge–Kutta
method of integration for the numerical integration of the equation
system (6), they implemented it in different software platforms.
More precisely, Mori et al. (2013) implemented a traditional
Fortran subroutine named RK4 (Press et al., 1996). According to
their paper, they used ‘‘two different algorithms from the
ODEPACK, a predictor–corrector scheme after Adams (suitable for
non-stiff systems) and a backward differentiation scheme after
Gear (for stiff cases)’’ and both gave the same results as the
Runge–Kutta scheme (RK4), once the error tolerances were chosen
small enough. Even when they reduced the time step of the Runge–
Kutta routine, the overall statistical behavior did not change.
Instead, we used ode45 function of the MatLab platform. This
function is based on ‘‘Dormand and Prince’’ method of Runge–
Kutta algorithm (Dormand and Prince, 1980). In this method, the
error terms in the higher order approximation are minimized
and in some sense overcome the problem of under estimating
the local error. We believe that ode45 of MatLab is effectively a
higher order method than RK4. It produces error oscillatory that
grows in between the integration points due to the interpolation,
but the error at the true steps grows more slowly than the error
for RK4. We can afﬁrm that ode45 is more precise but slower than
RK4 (for example, one simulation with 30,000,000 steps of integrations by ode45 lasted about two days clock time in a PC: PentiumÒ
dual-core CPU E5500 @ 2.80 GHz, 2.79 GHz, 1.96 GB RAM). We also
changed the order of absolute error tolerance from 106 to 1010
(extending the clock time from two days to one week) and did
not notice any signiﬁcant differences in the overall statistics of
the output magnetizations series. In order to verify quantitatively
the differences between the different methods of integration (fortran RK4 and ode45), the execution of the respective Fortran code
used by Mori et al. (2013) is needed. We tried to do this with a testing code1 that was not running providing several compilation errors.
After ﬁxing the code, we received unexpected results, in particular
no reversals occurred even after 300,000,000 conventional temporal
steps. Further check, correction and rewriting the Fortran code of the
1
The testing code was send us from a collaborator of one (SD) of the authors of
Mori et al. (2013).
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Fig. 6. (a) The time series of the polarity reversals for the period of 157.53 Myr provided by Cande and Kent (1995) and (b) its power spectrum (PSD).

whole procedure would need an extra huge work that is beyond the
aims of this study.
The second reason that could explain the differences is that, the
two groups used different functions to generate Gaussian distributed random numbers. Mori et al. (2013) used the Fortran subroutines RAN1 and RAN3 (Press et al., 1996), while we used the
internal function random (‘normal’, 0, 1) of the MatLab platform.
Both methods supply a Gaussian distribution, expected to have
zero mean (l = 0) and unit standard deviation (r = 1). To assess
the overall difference between the two functions, we have generated random numbers by means of both ways (Fortran and
MatLab), and we have seen very slight differences from the
expected values. However, we noticed that the MatLab results

are a little better than the Fortran results. In average, after
several generations of the long series (100,000 values) of random
numbers, we found: l = 0.003341 (Fortan); l = 0.00171 (Matlab);
r = 0.998048 (Fortan) and r = 0.999084 (MatLab).
Not all zero-crossings of magnetization are considered as reversals by Mori et al. (2013). They considered ‘‘true reversals’’ only
those passes that cross the central band of M = [0:5; 0:5].
Indeed, we applied another criterion for identifying the ‘‘true
reversals’’. We considered duration of a reversal the time interval
during which the magnetization goes from the band 0.5 ± 0.1 to
the band 0.5 ± 0.1 or vice versa with a change greater than 0.9.
According to this criterion the mean time interval between the
successive zero-crossings resulted 17 time units, i.e. the mean
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duration of reversals is 17 time units. Then we have considered as
true reversals those that last at least 17 output units, i.e. when the
time interval between the successive crossing zeros is equal or
greater than 17 units. According to our calculations (see below
for the time scale of our model), these 17 time units correspond
to about 20,500 years of real time, which is near the minimum
time of a real complete inversion of the geomagnetic ﬁeld
(Gubbins, 1999). So our criterion considers the chrons longer than
17 time units, including in chrons not only ‘‘false’’ reversals (when
the next zero-crossing is near than 17 time unit) but even ‘‘excursions’’ (see Fig. 7). We made this choice because we think it is normal to consider true reversals of the geomagnetic ﬁeld as those
that produce stable polarization, i.e. enough longstanding chrons.
Our choice is further supported by noticing that, in our time series
of magnetization, almost all zero-crossings of magnetization below
17 time units (‘‘short-living’’ inversions) are ﬂuctuations with very
small amplitudes.
We also checked if the discrepancy between Mori et al. (2013)
results and ours is due to the difference between our criteria and
their criteria of decision about the true reversals. Applying their
criteria to our series, we found almost the same discrepancies.
Therefore, we think the reason is due to the differences in the used
random generated functions and the algorithms for the integration.
Regarding the correspondence between the running step of the
subroutine and time interval of the model, the reasoning is based
on observing the mean number of reversals in the time series generated by several runs of the same parameters simulation. In our
example there are 1339 reversals (averaging several runs). The
mean time mtr between two consecutive reversals, i.e. the average
length of chrons, is calculated as the ratio of the length of the time
series with the number of reversals identiﬁed in this series. So, for
our simulation of the standard ‘‘domino model’’, mtr = 224 time
units. According to the polarity reversal series of paleomagnetic
data (Fig. 6a), considering only chrons with duration shorter than
1 Myr, we ﬁnd that the mean of chron durations is about
269 kyr, therefore we approximated the mtr for the geomagnetic
ﬁeld to 270 kyr. The difference of our result from Mori et al.
(2013) result (300 kyr) is probably due to the difference of full series length (ours is 157.53 Myr, theirs is 166 Myr). Equaling the 224
units of time of the model to the 270,000 years of the real geomagnetic ﬁeld, results that one unit of time of the model is the equivalent of about 1200 real years. So the full run spans a period of
nearly 360 Myr. We have considered this time scale valid for all
time series generated by the standard ‘‘domino’’ model.

Regarding the magnetization and chron length (time between
reversals) distribution, one can compare our Figs. 8a and 9a with
the respective ﬁgures of Mori et al. (2013), (their Figs. 3b and 4b).
The distribution of the magnetisation peaks near ±1 with a wide
and deep valley between them (this is the same in their Fig. 3b
and our Fig. 8a). This reﬂects the fact that the reversal times are
short events compared to the average duration time between them
and that the spins are most of the time closely aligned with the
rotation axis. In addition, the horizontal component of dipolar
moment calculated as the output:

Mh ¼

N
1X
sin hi ðtÞ
N i¼1

ð11Þ

is most of the time close to zero (see Fig. 8b).
In order to get the distribution of the chron duration (less than
1 Myr) in the paleomagnetic polarity reversal series (Fig. 6a), we
have used the so named ‘‘Lomb’’ method for unevenly sampled
data (Press and Rybicki, 1989). The result is shown in the Fig 9b.
As it can be seen, both distributions (exponential and lognormal)
well ﬁt the data. Therefore we cannot select if the distribution is
a Poissonian (exponential) or a lognormal (e.g. Ryan and Sarson,
2007). Fig. 9a shows the chron duration distribution of the magnetization series (Fig. 4a) generated by the standard ‘‘domino’’
model, where only chrons that last less than 830 time units
(equivalent to 1 Myr) are considered. As it can be seen this distribution, as in the case of the paleomagnetic data, is well ﬁtted
by a lognormal distribution or an exponential distribution.
Further we analyzed the mechanism which lies underneath the
domino model by studying the time variation of magnetization for
each macro-spin in case. As indicated by Mori et al. (2013), we
noticed that when a large ﬂuctuation of a macro-spin is successively transferred to neighbor macro-spins than a true reversal
happens. Otherwise, aborted reversals (quick return to the previous orientation of magnetization) or excursions (reducing the
value of magnetisation but not inversion) could happen.
4. Dependence on parameters
The dynamo model we are investigating has six independent
parameters: N is the number of macro-spins which represents
the number of magnetic dipoles, c models the tendency of the
macro-spins to be aligned with the rotation axis, k models the
magnetic interaction between macro-spins, j models the friction
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(dissipation), e models the random forces, and s represents the
interval of time after which the random vi number is updated.
Varying the parameters values in the same intervals like as Mori
et al. (2013), we obtained similar results about the dependence
of mtr against the parameters. The obtained graphs of these dependences are similar to the Fig. 8(a)–(d) of Mori et al. (2013), therefore are not shown here. The physical meaning is the same: a
decreasing of c and k (while their absolute magnitude increases
because these parameters take negative values) means an increasing tendency of macro-spins to align with the rotation axis and a
stronger interaction between them, leading to less numerous
reversals, so the mtr value will be greater. An increasing j (which
is positive) means that the friction, which prevents the spin reversal, is greater and the reversals are fewer, so the mtr value
increases. An increasing of e means that the intensity of the random forces is greater, so the random character of the model is
ampliﬁed and the reversals are more numerous and mtr decreases.
We conclude that the parameter which affects mostly the results is
j as found in Mori et al. (2013).
We also analyzed the change of mtr versus the increase of s and
Dt. An increase of Dt (0.01, 0.05, 0.1) did not show qualitative or
quantitative changes in the outcome results. When we changed s
and Dt (Dt = s), a linear dependence was observed. So such linear
dependence is solely the contribution of the s change. As it is seen
from equations (6), increasing s is similar to decreasing e, but
because these equations are scaled linearly with e and linearly with
s-1/2, the increase of mtr is smaller in the case of increasing s.
An unexpected result was the dependence of mtr against the
dipole number. We obtained different dependence (Fig. 10a and b).
It is clear that between 1 macro-spin (no interaction with other
macro-spins) and two macro-spins where there is one k-term more,
mtr should increase. As the number of macro-spins increases further,
the number of the equations of the system (6) increases. The increase
of the number of the interaction terms (which tend to keep macrospins aligned with each other) produces the increase of the mtr, while
the increase of number of the random terms (which tend to destabilize the system of macro-spins) produces a decrease of mtr. As it clear
from Fig. 10, from N = 2 to N = 10, which correspond to the maximum
mtr of our results, the effect of the increase of the interaction terms
overpasses the destabilizing effect of random terms and the mtr
value increases. Nearly the same is observed by Mori et al. (2013).
After N = 10, it seems that the destabilizing effect of the random term
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increase compensates the effect of interaction term increase and mtr
seems to be almost constant. But our graph (Fig. 10a), in contrast
with the results in Fig. 10b (Mori et al., 2013), shows a decreasing
after N = 10. We explain this decreasing by the predominance of
the effect of the increase of the random terms in comparison to the
effect of the increase of the number of interaction terms. Then, after
N = 30, the further increase of both effects becomes negligible, the
model saturates and mtr remains constant. The saturation is
observed even in the graph (Fig. 10b) represented by Mori et al.
(2013), but the falling part of our graph is not found in their respective graph. The mtr continues to increase, even slightly, without
reﬂecting the effect of the increase of random terms. In our opinion,
the reason of such divergence is the difference between our series
and their series of magnetization, even then these series are generated by the same set of parameters.
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5. Applying Mean-ﬁeld domino model to model the SV of dipole
moment
According to the classical electrodynamics, the magnetic ﬁeld
produced by each single macro-spin of the ‘‘domino model’’ should
affect all the others. Therefore, we considered the macro-spins as
immersed in magnetic ‘‘mean-ﬁeld’’ formed by the superposition
of their own magnetic ﬁeld. This model named as LCS is described
by Nakamichi et al. (2011), where the relation of this model to geodynamo is explained.
The number of reversals in the magnetization series generated
by this model is smaller than the number of reversals in the respective series generated by the standard model with the same set of
parameter values. This is expected because the interaction
between all macro-spins implies that there are more interaction
terms than in the standard model, so the system is more stabilized.
In a full run (in Fig. 4b, only 30,000 ﬁrst units are shown), there
were observed in average 200 true reversals and mtr = 1,500 units
of time. Following the same reasoning as in the standard model,
considering the mtr length equal to 270,000 years of real time,
the full run corresponds to 54 Myr. We will use then this time
scale, which is different from the time scale of the standard domino
model, in all next simulations of the time series generation for the
SV modeling.
Although the short term changes (secular variation) and the
long timescales changes (reversals) seem to have not the same statistical behavior, it is now widely thought that excursions and
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Fig. 11. Time series of the SV of the ADM supplied by CALS7K.2 model and the
respective averaged time series generated by the mean ﬁeld ‘‘domino’’ model.

reversals are natural outgrowths of SV (Gubbins, 1999; Biggin
et al., 2008; Lhuiller and Gilder, 2013).
According to Mori et al. (2013), their domino model ‘‘provides a
convincing statistical representation of the geomagnetic ﬁeld
reversals process’’. As they thought that the spins represent convective columns of the dynamo process: ‘‘A stable polarity can only
established when the majority of these entities cooperate and produce ﬁeld of the same polarity. Random forcing counteracts this
and may sometimes be violent enough to cause a spin to ﬂip signiﬁcantly and leave the team. This may cause its neighbors to follow and ultimately lead to a reversal. The magnetic upwellings
identiﬁed in full 3D dynamo simulations by Aubert et al. (2008)
could be these events’’. Regarding secular variations, they conclude
that: ‘‘Secular variation, which is mainly determined by the details
of the convective ﬂow dynamics, is certainly not captured correctly’’ by their ‘‘domino’’ model. Therefore, the authors conclude
that the domino model does not reproduce correctly the SV of
the geomagnetic ﬁeld. In fact the SV occur on a wide band of time
scales. The rapid SV changes and the slow ones are probably controlled by different processes. It is true that we cannot produce correctly all changes of SV by running the ‘‘domino’’ model, but we
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can use ‘‘domino’’ model to generate long series of SV that have a
very similar statistical behavior as the long series of observed SV, at
least for the dipolar ﬁeld. We think that Mori et al. (2013) conclusion was correct only for the range of the set of parameter values of
the model chosen by them. If we consider the reversals as part of
the SV, why do not we try to ﬁnd a more appropriate set of the
model parameters to ﬁt SV on a wide timescale? We tried to do
this, by reducing, in particular, the value of the e parameter which
affects the random terms of the system equations.
The time series of the magnetic moment generated by such new
model were then compared with time series of the dipolar moment
deduced by the models based on paleomagnetic, archeomagnetic
and historical data of the geomagnetic ﬁeld in different places of
Earth.
The chosen paleomagnetic ﬁeld models for our analysis are the
CALS7k.2, CALS10k.1b and the SHA.DIF.14k which provide the

secular variation of the dipolar and non-dipolar geomagnetic ﬁeld
during the last 7, 10, and 14 millennia, respectively. The ﬁrst two
models (CALS7k.2/10k.1b) were built using all the available paleomagnetic data for the last millennia, i.e. archeomagnetic data, lava
ﬂow, and lake sediment data. The last model (SHA.DIF.14k) was
developed using only archeomagnetic and lava ﬂow data, because
it was thought that the sedimentary paleomagnetic data would
have deteriorated the quality of the ﬁnal model (Pavón-Carrasco
et al., 2014). The effect of not including sediment data in the
SHA.DIF.14k model can be clearly seen in the model predictions
showing geomagnetic ﬁeld elements with higher temporal variability than the CALS models, the latter due to the smoothed sediment data. All these paleomagnetic models present a lower
resolution (spatial and temporal) than the previous cited gufm1
model or other instrumental models, as the IGRF-11 (Finlay et al.,
2010), because the paleomagnetic data can provide a robust information only up to the degree 3/4 of the spherical harmonic terms
of the geomagnetic ﬁeld (Korte et al., 2011; Pavón-Carrasco et al.,
2014, among others). This limited resolution is due to the own
paleomagnetic data which present high dispersions and uncertainties, and, in addition, their spatial and temporal distribution is
sparse, characterized in particular by a scarce number of data in
the South Hemisphere and by most of them in the Eurasian continent (see Fig. 1 in Pavón-Carrasco et al., 2014). However, in spite of
such limitations, the models can be considered a good representation of the temporal behavior of the dipolar moment magnitude,
given only by the ﬁrst spherical harmonic contribution (degree 1).
In order to generate the respective time series of dipolar magnetic moment by ‘‘domino’’ model, we have chosen those sets of
model values, which produced the longest mtr (the smallest number of reversals). We made this choice because the simulated series
should last some thousands years of the real time and there should
not occur any polarity reversal (presently no polarity reversal has
not occurred yet). From the simulations performed by us, we found
that the mean-ﬁeld domino model with 10 macro-spins has the
greatest mtr value. However we take the value s = 0.01, as in the
standard model, because the contribution of its increment is less
than the one given by the other parameters.
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Fig. 14. Power spectrum (PSD) for: (a) the time series of ADM supplied by Calsk10.b model and (b) the respective time series generated by the mean ﬁeld ‘‘domino’’ model.
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When we previously simulated the domino model for long periods of time (to get the reversals), we took the initial angles hi as
randomly uniform-distributed while the initial angular velocities
were considered to be 0 (the macro-spins were considered to be
initially at rest). The former set of initial conditions determines
the magnitude of the dipolar moment (Eq. (7)) at t = 0, while the
latter set determines the initial velocity of change of the magnitude
of the dipolar moment (difference of second and ﬁrst value of the
magnetic dipolar moment over the interval of time passed
between these two estimated values). The full runs have no other
models to be compared with, so we have free hand in the choice
of initial conditions. In the cases of SV time series simulations,
which will be averaged on different runs and will be compared
with real time series (SV) of the above mentioned models, the

initial value of the magnetic dipolar moment and a non-zero initial
velocity of change of its magnitude must be given the same for the
different runs of the simulation. Our algorithm of integrations of
the Eq. (10) starts when these initial conditions are fulﬁlled.
Since in the cases of CALSK10.b and SHA.DIF.14k models, series
show a very small initial velocity of dipolar magnetic change, at
least three or four orders smaller than the values of the magnetic
dipolar moment itself, we considered the initial velocity as zero
in our simulations. In these cases, in order to cancel short and small
ﬂuctuations of the values in the time series of magnetization
obtained by the all runs of simulations, the generated time series
are de-noised by using the MatLab wavelet packet (Duka et al.,
2012). The generated time series have all undergone the same level
of de-noising.
We performed several simulations in order to identify the set of
values of the independent parameters for the ‘‘domino’’ model
which better follow the SV models. It resulted that, among many
obtained simulations, the best agreement between synthetic and
model SV series was achieved by the set of parameters values:
c = 2.1, k = 2.0, j = 0.015, e = 0.2, s = 0.01, N = 10.
The initial dipolar moment in the series generated by ‘‘domino’’
model, is imposed to be approximately the same as the normalized
initial value of the respective series of SV models (normalized
means that all values of the ADM or DM series are divided by a
maximum value of 1023 A/m2). The simulations showed that even
for the same set of parameters values, the random terms affect
the results in such a way that practically we cannot obtain exactly
the same time series of magnetization twice. Even if we fully denoise the time series, we should take in mind that this series is
obtained by solving the system equations part of which is composed by the random terms. In order to reduce such effect, we have
averaged time series generated by 30 different runs, but with the
same parameters and initial conditions. Every element of the averaged time series is the mean of the respective elements from the
generated 30 series. Then we calculated a deviance vector as the
difference between the SV model time series and the mean series
generated by domino model. Next we calculated the 2-norm of this
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deviance vector, a calculation that yields the RMSD (Root Mean
Square Deviation).
We begin our comparisons with the CALS7k.2 model which
gives the SV series of ADM (Axial Dipolar Moment) for the last
7 kyr. In this case, we have imposed initial condition not only on
the initial value of the dipolar moment but also on the sign of its
time derivative (it should be negative). Imposing such condition
increased the clock time of execution about 10 times more than
the normal time of one run. Therefore, we limited the number of
runs to 15, and the averaged series (without de-noising) is shown
in Fig. 11. Comparing this series to the CALS7k.2 series (Fig. 11),

one can see the differences (RMSD = 17.9%). There is a good match
of both curves at the beginning then there are increasing and
decreasing of the differences between curves. As it can be seen in
the Fig. 12, the statistical behavior of magnetization series generated by the domino model is very close to that of CALS7K.2 model,
not only qualitatively (the power spectrum shape), but also
quantitatively (the slopes m for both PSDs are shown in the ﬁgure).
The second model we take in consideration is the CALS10k.1b
which provides the SV series of ADM of the geomagnetic ﬁeld for
the last 10 ka. It represents an extension of the previous model
with new and older paleomagnetic data, where it is applied a
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bootstrap algorithm to obtain the ﬁnal set of Gauss coefﬁcients
(Korte et al., 2011). In this case, we followed the procedure of
de-noising and averaging the 30 series of magnetization generated
by 30 runs of the ‘‘domino’’ simulations with the same parameter
values and initial condition values (zero initial velocities). As it
can be seen (Fig. 13), the match of both curves (averaged series
generated by ‘‘domino’’ model and normalized series of ADM of
CASL10k.1b model), is better than in the ﬁrst case
(RMSD = 10.1%). While Fig. 14a and b, show the PSDs of the respective series of both models. Both PSDs have two-slope shapes (in the
log–log plots) where the slope coefﬁcients (m) are still close to
each other.
The SHA.DIF.14 models the SV for the last 14 ka, being the longest series of DM (Dipolar Moment) of geomagnetic ﬁeld among the
models we have studied. In Fig. 15 the DM series of this model and
the averaged series of dipolar moment generated and calculated by
domino model (Eq. (8)) are shown. In this case, the match between
two curves is the worst one (RMSD = 52.5%) In Fig. 16a and b, the
respective PSDs are shown. Differently from the other models,
the PSD of SHA.DIF.14 model has a three-slope shape, all of them
being negative where the middle slope has the smallest coefﬁcient
(largest in module). The averaged time series generated by domino
model shows a strikingly similar qualitative behavior and,
quantitatively, the slope coefﬁcients are close to that of the SV
model.
It would be very interesting to investigate if this latter set of
parameters is appropriate to model not only the SV but also the
reversals. We ran the domino model with the same initial conditions as that of SHA.DIF.14 model for a period of 100,000 years
starting from 14,000 BP (beginning of SHA.DIF.14 model). The
mean time series of ADM, after de-noising small oscillations, is
shown in the Fig. 17. As it can be seen, one can ﬁnd a true reversal
(according to our criterion) pointed with a black arrow after about
75,000 from the present time. This reversal seems to be anticipated
by a long period of low value of the dipolar moment. So we think
that the set of parameters used to model the relatively short time
series of SV, can be also used for longer series, and to eventually
produce a reversal.

6. Discussions and conclusions
Understanding the physical mechanisms which explain the
full (whole) timescales changes of the geomagnetic ﬁeld remains
challenging. Not pretending to enlighten such mechanisms completely, we tried to elucidate some apparently stochastic aspects
of these changes. Aiming this, we used the ‘‘domino’’ model versions (‘‘minimal’’ model, ‘‘standard’’ model and ‘‘mean ﬁeld’’
model) to generate numerous time series of axial dipolar
moment (magnetization). These models considered two main
interactions of elementary dipolar elements: the forced orientation to a common axial rotation and the interaction between
dipolar elements (neighbor spins or all pairs of spins) producing
the tendency of different orientations of elementary dipoles.
Other secondary interaction (friction, random forcing) are added
to the ‘‘standard’’ and ‘‘mean ﬁeld’’ model. All such ‘‘domino’’
models elucidate the inﬂuence of casual and collective interactions on the generation of long term and short term changes of
the dipolar geomagnetic ﬁeld.
When we used the ‘‘standard’’ model to generate axial dipolar
moment (magnetization) series we conﬁrmed most of the results
of Mori et al. (2013) regarding the reversals of magnetization.
The differences between our results and their results, such as the
dependence of mean chron length or mtr from the number of
macrospins, or the PSD of the magnetization series, can be
explained by the different platforms used to implement

calculations (numerical integrations) in order to generate magnetization series.
We concluded that the ‘‘mean ﬁeld’’ model is more appropriate
version to match both long and short ranges of the observed dipolar geomagnetic ﬁeld changes. We have used this model not only to
simulate reversals, but also to generate time series of ADM (magnetization) or DM (dipolar moment). For an appropriate set of
model parameter values, these series are well matched with the
time series of ADM provided by CALS7k.2 model and CALS10k.1b
model and with time series of AM provided by SHA.DIF.14 model.
Especially the generated series have almost the same statistical
behavior as the observed SV of the dipolar ﬁeld. But, we do not
claim that these series reproduces all details of the observed secular variation. The sets of parameters of domino model are the same
for all of the SV models used to compare with. Even, not claiming
that these values of parameters are the best ones, we noticed a
coherence of our results, as the longer time series corresponding
to CALS10k.1b model has the same statistical behavior as the
shorter time series corresponding to CALS7k.2 model in the overlapping time intervals. We stress the fact that our study is empirical. We ran the algorithms of the ‘‘domino’’ model using many
combinations of the values of the model’s independent parameters
by choosing large interval of c, k and j values and a small value of
e, enough to prevent quick reversals but not too much because it
would make the magnetization to saturate very fast. Even the chosen set of parameter values is not unique, we can indicate some
limits of these parameter values enabling to generate series of
the dipolar moment that are statistically the same as dipolar geomagnetic series provided by the models constructed on the basis of
paleomagnetic data. We noticed that the longer the series generated by these models, i.e. the more in the past it goes, the greater
are the differences between these series and respective series generated by the ‘‘domino’’ model.
The same set of parameters used by ‘‘domino’’ model to match
the SV of the dipolar geomagnetic ﬁeld provided by the considered
models is also used to generate longer series of ADM than these
series. We found that such longer series also well approaches to
a long series with polarity reversals. Further, the averaged series
shows a true reversal (according to our criterion) after about
75,000 years from now and that this reversal persists with a long
period of low values of the dipolar moment. We cannot consider
this as the exact prediction of a reversal, but we can say this is
probably the behavior of the dipolar geomagnetic ﬁeld in the near
future.
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