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Abstract. The present behaviour of the geomagnetic field assome other components of the Earth system (Korte and Con-
expressed by the International Geomagnetic Reference Fielgtable, 2006). For example, Gubbins et al. (2006) estimated
(IGRF) deserves special attention when compared with thathat the rate of decay of the geomagnetic field since 1840
shown over the past few thousands of years by two paleowas about 5% per century and also quite erratic. The con-
magnetic/archeomagnetic models, CALS3K and CALS7K.ventional multipolar approach, i.e. the representation of the
The application of the Information theory in terms of Shan- geomagnetic field potential in terms of the sum of the dipole
non Information and K-entropy to these models shows charand non-dipole terms, may not provide clear understanding
acteristics of an instable geomagnetic field. Although the re-of the dynamical and configurational properties of the whole
sult is mitigated when we correct the CALS7K model for field, because the analysis and its consequent results are usu-
its typical spectral damping, the present geomagnetic fieldally obscured by the huge dipolar contribution with respect
as represented by IGRF is still rather distinct, at least forto the others. Therefore, other kinds of analyses must be ex-
the past 4000 years, a result that is further confirmed by theploited following a more holistic approach to the problem
CALS3K model. This is consistent with a significant global that looks at the field for its wholeness rather than at each
critical state started at around 1750, and still present, characspecific and minute part (e.g. De Santis, 2009). Along this
terised by significant decays of the geomagnetic dipole, enline of reasoning, De Santis et al. (2004) applied some con-
ergy and Shannon information and high K-entropy. The de-cepts of Information Theory to the recent (last 100 years) ge-
tails of how these characteristics may develop are not cleammagnetic field using the IGRF (International Geomagnetic
since the present state could move toward an excursion oReference Field) model (Macmillan and Maus, 2005). De
a geomagnetic polarity reversal, but we cannot exclude thé&antis (2007, 2008) extended this analysis to the geomag-
possibility that the “critical” behaviour will become again netic field over the past 400 years using the GUFM1 geomag-
more “normal”, stopping the apparent trend of the recent genetic field model (Jackson et al., 2000; validity 1590—1990),
omagnetic field decay. which is the best representation of the field in the instrumen-
tal period of geomagnetism, with particular emphasis on the
records of the last 100 years. De Santis (2007) identified in-
teresting features in some physical and statistical quantities
to indicate that the geomagnetic field had been decaying for

Considerable interest has focused recently on how théhe past three centuries and likely will continue for few cen-
present geomagnetic field is distinct from the field of theturles more. In general, these results provide insights on ge-

past several millennia. In particular, evidence is mountingom"’lgnetlc field behaviour over only a very limited window

that the present geomagnetic field may be approaching a gec?—f t|me_._ Archeomggnetlc a_nd_paleomagnetlc_ data offer op-
magnetic reversal or major excursion (Gubbins, 1987; HulotROrtunities for testing and significantly extending the results,

et al., 2002; De Santis et al., 2004) with significant possi- V€N though the quality of the geomagnetic field intensity

ble implications in the biosphere, in the atmosphere and inestimates from these data is not as good as instrumental ob-
' servations and some cautions on their use for the purposes

of this paper must be taken in due considerations (De San-
Correspondence toA. De Santis tis, 2007). In this study, we analyze the global geomagnetic
BY (angelo.desantis@ingv.it) field models CALS7K (Korte and Constable, 2005a, b, 2006)
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and CALS3K (Korte et al., 2009) with Gauss spherical har—where(c,,’”)2 = (g;")2+ (h”’")z; q=a/r, a=6371.2km, and
monic coefficients that describe the geomagnetic field bey" p,=1 so thatp, Inp, =0if p, =0. <B?> and<B? >
haviour from 7000 and 3000 years ago, respectively, to theare the mean squared amplitudes over the sphere with radius
present. Following our previous approach (De Santis et al.; of the total field and of the field due to theth multipole,
2004, De Santis, 2007), we evaluate these models for theespectively (Lowes, 1966; De Santis et al., 1995), which
behaviour of the Shannon information and related quantitiesalso correspond to the total anemultipole contributions, re-
(Shannon, 1948; Beck and Sopl, 1993). In particular, we  spectively, to the spatial power spectrum of the geomagnetic
establish and compare the variation of the above mentionegleld (Lowes, 1974). Our definition of probability follows
quantities over the past 3000 and 7000 years as deduced frothat one usually given for spectral images analysis (Jerni-
the CALS3K and CALS7K global models, respectively, to gan and D’Astous, 1984; Ryzhikov et al., 1995; Rodrigues-
affirm that the present geomagnetic field behaviour is consistturbe et al., 1998; Ferraro et al., 2002). Analogously, we
tent with a current planetary transition in terms of a signif- could introduce the probability!, for the secular variation
icant change of its main characteristics (energy, dipole mo'(dB/dt) —B, as in (2) but using(c"")z — (gm)2+ (;lm)Z in-
ment, related core dynamics, etc.) possibly going to an ex- P " " "
Stead of(c)”.

cursion or even a reversal in progress. In the next sections; . ] )
we outline the applications of the information theory to char- N 9éneral./(7) is a negative quantity that measures the

acterise the properties of the geomagnetic field, and also dextate of the system from_ only the probability distributipn
scribe the CALS7K and CALS3K models. We do not analyse (Beck and Scfiigl, 1993): the lowet (1) the more complex

the secular variation because of the larger errors involved irlS (€ spatial configuration at timeltis simply related to the

the analysis (a partial example of this fact was given by theSnannon Entropy/ (t) by 7(r) = —H (1) (Beck and Scldgl,

analysis in De Santis et al., 2004): in addition, regarding this1993; Majewski, 2001). In practicd,(r) denotes our de-

aspect, we must recall that the equivalent source depth fofreasing ability to predict the evolution <_)f the system into the
the secular variation is not as clear as for the field (HolmeUture, and thus the way(r) changes with time reflects the
and Olsen, 2005). intrinsic dynamics of the system. To take into account this

We then compare these results for the longer termasPect, we can relat&r) with the rate of loss of information

CALS7K and CALS3K models with those of the shorter term ©OF the Kolmogorov entropy or K-entropy (Wales, 1991):

IGRF model and discuss their implications for the present dl

geomagnetic field decay. K:_E (3)

A chaotic process is characterised by a linear decdydth

et slope —K so that after tim&=1/K, the system’s behaviour

of the geomagnetic field can no longer be predicted. The geomagnetic field at the time
of a reversal or excursion is characterized by having most of
the coefficients)! nearly zero (e.g., Jacobs, 1994) so that

2 Shannon information and K-entropy

The concept of Information Content or Shannon Information

[() (Shannon, 1948; Beck and Sobl, 1993) has been al- ~p/ and both K-entropies of the field and its secular vari-
ready defined and applied to the present geomagnetic field” ™ Pn - P . :
ation must be similar. These information parameters for the

(De Santis et al., 2004; De Santis, 2007). The geomagnetic L . .
resent geomagnetic field are in general agreement with each

field B(r) can be defmed at and above the Earth's .Surfacegther (De Santis et al., 2004). Thus, if these results reflect a
as the negative gradient of a scalar potentiat), which

can be, in turn, expressed at each t a spherical har- real global transition in progress, with possible e>_<trt.ame out

. U i . ome as a reversal or excursion, the characteristic fime

monic (SH) expansion in space characterized by a set o . : . i

Gauss coefficientég” (1), k™ (1)} with 1N dearees related to the duration of this possible phenomenon is rather
En D> n = e 9 . short, between 400 and 800 years (De Santis et al., 2004).

andm =0,...,n orders of the expansion. This SH expansion

represents the superposition/fmultipoles, and we can de- ch-e:gt(i)cur tgg:’slzgge’ AEg[LSI)I IS aKli,:/-:-?])t/rSovalI?nz(;lgé}fs-aﬁgtraogan
fine the information content(¢) of B(¢) as (De Santis et al., P ) Y, Py

: information loss during the evolution of the system between
2004): . . ) .
successive points on the trajectory in the phase space (e.g.,
N Beck and Scligl, 1993; Buchner and Zebrowski, 1998).
[@) =Y pa(t)-Inpu(t), (1) Thus, for a more general case, the information quantities,
n=1 in particular the probability used in (1) and the K-entropy,
with the probability,p, (¢), for then-th multipole given by: should be estimated in the phase space. But this is very dif-
ficult in our case, having a short time series of Gauss coef-

n
B2) (n+1)g>+t* Yy (c;")2 ficients (if we consider a point every §years for IGRF, we
pp =2 = m=0 ’ 2) have only around 20 points, and a point every 100 years for
(B2 % (0 + 1)g2r+4 ”Z ( m)z CALS3K and CALS7K, we have 30 and 70 points, respec-
w1 " 1 o En tively). However, we can suppose that the geomagnetic field
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is ergodic, i.e. time average of the original signal is equalestimates of the slopes of the linear fit over each 100-year
to density average in the phase space (Eckmann and Ruell@terval. In general, the larger errors in the CALS7K model
1985), consequently we can resort to appropriate time averwere from the propagation method, while in the IGRF model
ages. This is also confirmed by Baranger et al. (2002), whahey were from the linear fit procedure.
show that Eq. (3) is still valid when we average over many Another continuous global geomagnetic field model,
histories of the signal of concern. Therefore, we divide thecalled CALS3K (Continuous Archeomagnetic and Lake Sed-
whole time series of (r) as deduced from (1) in many suc- iment model for the past 3Kyears, v.3; time validity:
cessive temporal 100-year segments (we chose this interval000 BC-1990 AD), based on all available archeomagnetic
because it is comparable with the time length of IGRF valid- and sedimentary data, has been recently updated with its ver-
ity and it is the typical time uncertainty of the CALS3K and sion 3, that can be considered the best global representation
CALS7K models; see also below), then we make a linear fitof the past field (Korte et al., 2009). This model was con-
over the corresponding(z) values and finally we estimate structed with the same criteria used for CALS7K, except for
K as the (negative) slope of the linear fit, attributing the ob- minor modifications of standard inversion strategies (Korte
tained value to the centre of each interval of time. Whenet al., 2009) implemented, among other reasons, also to have
applied to IGRF the method is the same as it was alreadyetter agreement with GUFM1 model (Jackson et al., 2000).
applied in De Santis et al. (2004). We extended our analysis to the CALS3K model in order to
verify the significance of the resulting comparison between
IGRF and CALS7K, at least for the past 3000 years. The con-
3 The CALS7K and CALS3K models siderations about the errors previously made for CALS7K
can be reasonably applied also to CALS3K analysis, al-
The continuous global geomagnetic field model, CALS7K though in the next figures, for visual convenience, we will
(Continuous Archeomagnetic and Lake Sediment model fomot show the corresponding errors.
the past 7Kyears, v.2) attempts to account for the geomag-
netic field behaviour from 5000 BC to 1950 AD (Korte and
Constable, 20053, b). It is based on a spatial spherical had Shannon information comparison
monic expansion up to degree and order 10 and on the tem-
poral expansion in cubic B-splines of lake sediment paleo-From the Gauss coefficients of the CALS7K and CALS3K
magnetic observations and archeomagnetic data (includingnodels, we estimated the Shannon information of the ge-
lava flows), which include nearly 30 000 inclination and dec- omagnetic field/ (r) according to Eq. (2). Although the
lination values and 3188 intensity values. The data distribu-dating uncertainty of the models is, in average, equal to or
tion was not homogeneous in space and time. For instanceyreater than 100 years (Korte and Constable, 2005a), we ex-
the archeomagnetic data are biased to the Northern Hemiracted the Gauss coefficients every 5 years for consistency
sphere and Europe, whereas poor data coverage characterisgith IGRF that presents its Gauss coefficients at 5-year in-
the Southern Hemisphere. tervals. This is then reconciled by the successive K-entropy
The model was determined by regularized least squares inanalysis that makes a linear fit at steps of 100 years. We ap-
version of these datasets. In the time of validity of CALS7K, plied definition (2) both for =aq, i.e. at Earth’s surface as in
periods of weak dipole moment and spatial power are evi-De Santis et al. (2004), and= »=3485km, i.e. at the Core
dent (Korte and Constable, 2005a, b). In the overlapping peMantle Boundary (CMB). We considered also the CMB be-
riod of validity with the latest IGRF, i.e., from 1900 to 1950, cause itis the place of most of the geomagnetic field sources,
there is a general agreement with the corresponding geomaghus theoretically more indicative of the dynamical charac-
netic field values. Although the errors associated with theteristics of the geomagnetic field. We still maintain the anal-
archeomagnetic and paleomagnetic data are generally poorlysis at the Earth’s surface because of the smaller involved
known, the error in the total intensity can be estimated forerrors and because the models are more comparable at this
an average of 11 uT and a minimum of 1.5uT (Korte andsurface: on the contrary, at the CMB, while CALS7K and
Constable, 2005a, 2005b). Using these values and assunGALS3K are regularised so they are quite smooth, this is not
ing that the same relative error for all Gauss coefficients athe case of IGRF. Figure 1 shows all curves bothr ata
a given epoch decreased linearly with time from the maxi-andr=3485km. For visual convenience, the propagated er-
mum 33% at 5000 BC to the minimum 3% at 1950 AD, the ror bars for CALS7K are shown only every 1500 years while
errors for the information content have been here estimatedhey are not shown for CALS3K, although we expect they
by applying the propagation method. These error estimatesre of comparable order with those of CALS7K. In this fig-
may be too small, particularly for the period before 2000 BC ure, we also plot the corresponding quantities for the IGRF
because the data in this period on which the model was basefdlom 1900 to 2005. The ranges (minimum and maximum
are sparse and more inaccurate than the later ones. For thalues) ofi (¢) values for all curves, together with their aver-
K-entropy errors, we took into account both those comingages, are summarised in Table 1. For simplicity we assumed
from the propagation method and those associated with théere the relative error of 1% in the IGRF Gauss coefficients,
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Table 1. Maximum, mean and minimum values of Shannon Informafian for different global models (CALS7K, CALS7K damped —

whole period and after 2000—, CALS3K, IGRF) at a) Earth’s Surface and b) CMB. Bold values are the most representative (minimum values)
for the quantity of interest. IGRF(r) value is the best among all models (except for the values of the most unreliable (older) part of CALS7K
before 2000 BC).

a) at Earth’s Surface 7 (f)caLs7k 1 (f)cALsS7K I(NcaLssk 1 (DIGRF
(after 2000 BC)
Min Value —0.4392 —-0.1359 —-0.2830 —0.3004
Mean Value —0.1366 —-0.0927 -0.1378 —-0.2401
Max Value —0.0236 -0.0516 -0.0772 -0.1804
b) at CMB I()caLstk I (t)caLs7kdamped [ ()caLs3k 1 (D)IGRF
(after 2000 BC)
Min Value —1.5570 -1.6061 -1.5874 -1.8789
Mean Value -0.7654 -1.4240 —-1.0568 -1.7561
Max Value —0.2626 -1.1933 -0.9121 -1.6518
04 , 10 This kind of information analysis reveals something more
v Earth's surface - CALSTK o than the usual multipolar approach: in particular, the non-
02] 04 dipolar contribution to the (absolute value of the) Shannon
04 CALS3K — TIGRF Lo information is usually 70-80% greater than the dipolar one
g e (CALSTK (original e (e.g. Fig. 3 in De Santis et al., 2004; p. 272) confirming that
2 .10 b Fo4 2 this analysis is really independent from the conventional ap-
€727 oup Fo6 3 proach based on the multipolar expansion of the field po-
u s tential, where the dipole contribution largely dominates all
SEER 12 others.
ig 1; Figure 2 shows the K-entropy of the geomagnetic field
_2f4_: CALS7K (Damped) \IGRF :..15 as derived applying a linear fit to each 100-year interval at
26 —a— . ; . : : . 20 Earth’s surface and CMB; each single IGRF value is given
-6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000

in the plots as a star (see also Table 2 for the corresponding
mean, maximum and minimum values for each curve). Our
Fig. 1. Shannon Information of the geomagnetic field results clearly indicate that the Shannon information, after a
I(t) from 5000 BC to present (CALS7K — original and series of undulations around its average value of almost —-0.1
damped: 5000 BC—-1950 AD; CALS3K: 1000 BC—-1990 AD; IGRF: started to decrease at around 1750, so that the present infor-
1900 AD-2000 AD) at the Earth's surface and at the core-mantlemation content reaches a significantly low value of around
boundary (CMB). For visual convenience, propagated error verti-_g 3 (although this can be also affected by the spectral
cal bars (see text) are shown every 1500 years for CALS7K Only;damping typical of the CALS7K model; please see below),

although not shown here, the errors associated with CALS3K arg, hereas the K-entropy of the field is rather high with respect

comparable. We also show the possible effect of the spectral damp- L . . .
ing typical of CALS7K model (that we call “CALS7K (damped)’) No the past. Thus, both indicators point to possible chaotic

over I (¢) at the CMB (at the Earth’s surfaddr) is practically un- dynamics (e.g.,_ S(_:huster, 1985) (_)f the Processes underlyl_ng
affected): it allows the “contact” of the corresponding curve (within the geomagnetic field generation in the outer fluid core. This
the estimated errors) with that of IGRF. The curve of CALS3K is chaotic characteristic of the field surely represents a critical
intermediate between CALS7K original and damped, suggestingngredient of the present geomagnetic field (e.g. Barraclough
that the damping correction is probably overestimated. The verti-and De Santis, 1997; De Santis et al., 2002, 2004), denoting
cal dash line at 2000 BC is drawn as a time reference before whicta global transition possibly going to an imminent excursion
the CALS7K model could not be as reliable as in the successiveor change of polarity. However, besides the worse quality of
times (see text). paleomagnetic and archeomagnetic data, another factor can
affect the information content estimation, which is more in-
herent to the CALS7K construction: the way this model was
although more complicated errors could be involved (Lowes,constrained generates a final damped spatial power spectrum,
2000). Please note that, when considering the associated ere. the contributions of higher spherical harmonic degrees
ror bars, occasionally the Information contéiit) may show  are strongly reduced with respect to those of the expected real
unphysical positive values but which are very small. spectrum. In order to quantify the effects of this damping, we

Year
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Table 2. Minimum, mean and maximum values of K-entropy K for different global models (CALS7K — whole period and after 2000 BC—,
CALS3K, IGRF) at a) Earth’s Surface and b) CMB. Bold values are the most representative (maximum value) for the quantity of interest.
The most recent K-entropy values (CALS3K at 1990 and IGRF) are the best among all models.

a) at Earth’'s Surface KcaLs7k  KcaLs7k KcaLssk KiGRF
(after 2000 BC)

Min Value —0.00103 —0.00043 —0.00074

Mean Value —0.00003 —0.00001 0.00005

Max Value 0.00104 0.00034 0.00117 0.00177

b) at CMB KcaLs7k  KcaLs7k KcaLs3k KIGRF
(after 2000 BC)

Min Value —0.00229 —-0.00182 —-0.00178

Mean Value —-0.00009 -0.00003 0.00015

Max Value 0.00193 0.00193 0.00394at 1990) 0.00194

0.002 ~0.007 _
Earth's surface 25
0.001 CALS7K a L 0.006
0,000 A ; ot L 0.005
3 = 20 1
& -0.001 L0.004 3
5 2
@ 0002+ -0.003 S —
< < [
5 -0.003 L 0.002 & c 154
b o! <
: -0.004 - - 0.001 % -
a ~
£ 0005 - 0.000 e 104
£ _
m
$ 0.0064 L -0.001 v —a— CALS7K
) < —e— IGRF
0007 [0 5] — & CALS7K (Damped)
-0.008 +—————+———f——T——T——T——7——-0.003 —O— CALS3K
6000 5000 4000 -3000 -2000 -1000 0 1000 2000 3000 |
Year
0 . . . . . . . . . .
0 2 4 6 8 10

Fig. 2. K-entropy of the field from 5000BC to present from

CALS7K (full circles), CALS3K (empty circles) and IGRF (star) harmonic degree, n

models, at the Earth’s surface and at the core-mantle boundary. The

present value of K-entropy of the field based on the IGRF modelFig. 3. Spatial power spectra of CALS7K, Damped CALS7K,

is the highest over all the investigated period (see also Table 2)CALS3K and IGRF at Earth’s surface, epoch 1950.

Before 3500 BC, K-entropy at the Earth’s surface shows a large os-

cillation with highest value at around 4400 BC comparable with the

most recent one, while at the CMB there are other positive peaks at

around 0, 2500 and 4400 BC with comparable amplitude. The verguantities, i.e. we see the main differences (here called

tical dash line at 2000 BC is drawn as a time reference before which'Original Model” — “Damped Model” of the corresponding

the CALS7K model could not be as reliable as in the successivdnformation quantities: the applied damping generates on av-

times (see text). erage an almost fixed variation in the absolute level @7,
unaffecting K-entropy estimated from the time derivative of
the former quantity. In particular, we find that the greater

try to mimic the situation considering a reasonable spectrakffect is on/ (r) at the CMB, withAe = —0.8 (with a range

correction model for CALS7K in order to be closer to the of variation 0f+0.1), from a comparison in the epoch 1900—

spectrum of the recent IGRF. Looking at the geomagnetic1950 with IGRF, while we do not “correct” the curve at the

field power spectra of CALS7K and IGRF in some overlap- Earth’s surface, because its correction is practically negligi-

ping epochs (an example is given in Fig. 3 for epoch 1950)ble (the estimated correction would have been< —0.1,

we find a good agreement when we multiply the real specwith a range of variation of:0.05). In general, this “ad-

trum of CALS7K by a factor exp£0.33- (n — 1)). Thisis  justment” was such as to make almost contact between the

also confirmed by the good agreement of the CALS3K powercurves from CALS7K and IGRF over the overlapping period

spectrum with both IGRF and the damped CALS7K power of validity. Figure 1 shows also the “adjusted” curve (indi-

spectra. We now look at what happens to the informationcated as “CALS7K (damped)”) at CMB obtained additg
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to the original curve. We recognise that our correction in5 Discussion and conclusions
I(¢) is not resolutive, since the two models, CALS7K and
IGRF, have been created for different purposes: the former ig'he aim of this paper has been to describe how the present
a global “smoothed” representation of the field with regular- geomagnetic field behaves with respect to the field of recent
isation at the source level, while the latter is a global repre-past, in terms of some more universal quantities, such as the
sentation of the present field without constraints or regulari-Shannon Information and the Kolmogorov entropy, in order
sation at any level. For this reason, although we are lookingo exploit the dynamical properties of the geomagnetic field
at the complete span of the past 7000 years, we will also comin its wholeness. To do this, we have analysed the temporal
pare our results with those obtained from CALS3K analysisbehaviour of the field’s information content and K-entropy as
over a shorter 3000-year time window. However, we believededuced from the CALS7K, CALS3K and latest IGRF mod-
that with this correction we are able to make a reasonableels. Tables 1 and 2 show averages and ranges of variations
comparison of IGRF and CALS7K models in terms of the of both quantities, printing in bold the most representative
Shannon information and related quantities, at least for thevalues for each quantity, i.e. the minimum values far)
past 4000years (see below). After correction, the presenand the maximum vales for K-entropy. Although some un-
values of the information content both at the Earth’s surfacedulations in both quantities appear before 2000 BC, we find
and at CMB are still the lowest ones since 2000 BC (a ver-that the information content has been decreasing over most
tical dash line identifies this epoch; see also the minimumof the recent times, especially in the past 250 years, confirm-
values for each curve which are bold in Table 1). ing the analyses of IGRF and GUFM1 models made by De
Regarding the K-entropy, we see that, in the whole inves-Santis et al. (2004) and De Santis (2007). The highest values
tigated period, its present value (for CALS3K at 1990 andof the K-entropy ofB in recent times reflect a geomagnetic
IGRF) at Earth’s surface and CMB is the highest (see thefield which is more chaotic than the past field since around
maximum values for all curves which are bold in Table 2), 1750, suggesting a possible critical state of the present geo-
although, before around 3500 BC K-entropy at the Earth’smagnetic field (De Santis et al., 2004). This does not mean
surface shows a large oscillation with highest value at aroundeXxclusively the occurrence of an impending geomagnetic re-
4400 BC which is comparable with the present one. At theversal or excursion, only that the present state is critical in
CMB few other positive peaks emerge at around 0, 2500 andhe sense that its future behaviour is unpredictable, because
4400 BC, with comparable values. By the way, an interestingit could move either to a global geomagnetic change or to
feature of K-entropy, clearer at CMB than at Earth’s surface,more normal conditions, as already happened in the course
is the presence of persistent oscillations with periods rangof the past thousands of years. This is consistent with most
ing between 500 and 1600 years, that generally tend to deef the results of De Santis (2007, 2008) who, analysing the
crease (in time and in amplitude) towards present, with thepast 400 years from the GUFM1 model, found that the in-
exception of IGRF which is the highest value. The ques-formation content of the geomagnetic field started to decay
tion whether these features are real characteristics of the gdetween 1700 and 1800, and it is still decaying (De Santis et
omagnetic field or an artefact of the CALS7K model would al., 2004). Other possible recent confirmations of the present
deserve deeper investigation in future works. transitional state of the geomagnetic field could be the com-
For all curves, we cannot exclude the possibility that theplex dynamics over the past 400 years of the South Atlantic
errors associated with CALS7K, especially for periods be-Anomaly (De Santis and Qamili, 2010), a huge depression of
fore 2000 BC, were underestimated because the experimerthe geomagnetic field strength in the Southern Hemisphere
tal data on which the model was based were sparse and irthat could go to zero by a few hundreds of years, and the
accurate. This is also confirmed by recent studies of thigrecent detection of rapidly changing dynamics in the Earth’s
model and its used dataset: for instance, Leonhard anfluid core from satellite data with timescales less than 1 year
Fabian (2007), excluding the most critical data, i.e. lake sed{Olsen and Mandea, 2008).
imentary data, from the original dataset, find a new resulting These results must clearly be viewed with some caution.
model with significant differences with respect to CALS7K, First, we admit that our spectral correction as determined by
especially before 1500 BC. On the other hand, a disadvantageimple spectral comparisons between IGRF and CALS7K
of using only archeomagnetic data is that they are geographto reduce the effect of damping on CALS7K is subjective:
ically sparser than sedimentary data, so that a model basetthis is clear when we compare damped CALS7K results with
on better, but sparser data is not necessarily an overall bettéhose from CALS3K that show smaller (absolute) Shannon
model. information values at CMB, suggesting a possible overesti-
From the Shannon information of CALS3K, which shows mation of our correction. Second, our results for times be-
an intermediate behaviour at the CMB between the originalfore 2000 BC are especially problematic because of possible
CALS7K and the damped one, we notice that our dampingartefacts in the CALS7K model, which mainly include a) the
correction could be overestimated, re-enforcing the impres<considerable errors in the magnetic field total intensity data
sion of a very low information content (and high K-entropy) from archeomagnetic and sediment data, especially in the
of the present geomagnetic field. BC times. We also assumed a simple time-dependent error
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which is highly subjective because b) the data distribution forConstable, C. G. and Korte, M.: Is Earth’s magnetic field revers-
the CALS7K model is very sparse, especially in the South- ing?, Earth Planet. Sc. Lett., 246, 1-16, 2006.

ern Hemisphere where the model is poorly constrained, buPe Santis, A.: How persistent is the present trend of the geomag-
the evidence for a possible global transition of the geomag- netic field to decay and, possibly, to reverse?, Phys. Earth Planet.

netic field, possibly going to an excursion or even a reversal In., 162, 217-226, 2007.

i i i i ; . De Santis, A.: Erratum to “How persistent is the present trend of
Is becoming increasingly apparent (Gubbins, 1987; De San the geomagnetic field to decay and, possibly, to reverse?”, Phys.

tis, 2007). Furthe_rmore, c¢) the geomagnetic field itsglf often Earth Planet. In.. 170, p. 149, 2008.

shows very erratic and unexpected changes (Gubbins et aIDe Santis, A.: Geosystemics, Proceedings of WSEAS Conference

2006). on Geology and Seismology GES 09, Cambridge, 36—40, Febru-
Although the period of time here considered is far from be-  ary 2009.

ing comparable with those (of the order of thousands or everbe Santis, A. and Qamili, E.: Equivalent Monopole Source of the

hundreds of thousands of years) covering a complete tran- Geomagnetic South Atlantic Anomaly, Pure Appl. Geophys., in

sition such as a reversal or an excursion, we think that the press, 2010.

study of this part of the process (that can include those feaP€ Santis, A., Falcone, C., and Lowes, F. J.: Remarks on the mean-

tures of the secular variation known as jerks, western drift, un‘"’;_re Vgggf ifg;‘el%%Ongget'c field and its components, Ann.
: : : eofis., , 167-173, .

ghpolar field decay and others) can.help in the understandbe Santis, A, Tozzi, R. and Gaya-PaquL. R.: Information

ing of the complete process of transition from normal to ex-

. . Content and K-entropy of the Present Geomagnetic Field, Earth
cursion or reversal states (e.g., see also Gubbins, 1994). Of Planet. Sc. Lett.. 218, 269-275, 2004.

course, we cannot exclude the possibility that the “unusual’gcymann, J.-P. and Ruelle, D.: Ergodic theory of chaos and strange

behaviour of the present geomagnetic field will become again attractors, Part I, Rev. Mod. Phys., 57(0.3), 617—654, 1985.

more “normal”, stopping the present general decay. Ferraro, M., Boccignone, G., and Caelli, T.: Entropy-based repre-
The forthcoming ESA Swarm mission will consist of three  sentation of image information, Pattern Recogn. Lett., 23(12),

satellites simultaneously recording the geomagnetic field 1391-1398, 2002.

over three different orbits for a significant time (more than Gubbins, D.: Mechanism for geomagnetic polarity reversals, Na-

Syears). This unique dataset, together with all available tre,326,167-169,1987. o

ground and marine data, will provide the way to determineGUbb'ns' D.: _G(_aomagnetlc polarity rgversal;: a connection with

the best geomagnetic models ever. This, in turn, will proba- secular variation and core-mantle interaction?, Rev. Geophys.,

. . 32(1), 61-83, 1994.
bly allow a better assessment of the interesting aspects of th&

oo ) ubbins, D., Jones, A. L., and Finlay, C. C.: Fall in Earth’s Mag-
present geomagnetic field found and described here. netic Field is erratic, Science, 312, 900-902, 2006.
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