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A B S T R A C T   

The knowledge of the secular variation of the geomagnetic field at different time scales is important to determine 
the mechanisms that maintain the geomagnetic field and can help to establish constraints in dynamo theories. 
We have focused our study on the secular variation at millennial and centennial time scale searching for char
acteristic periods during the last 10 kyr. The frequency study was performed using four recent updated global 
paleomagnetic field reconstructions (SHA.DIF.14k, CALS10k.2, BIGMUDI4k and SHAWQ2k) by applying three 
techniques commonly used in signal analysis: the Fourier transform, the Empirical Mode Decomposition, and the 
wavelet analysis. 

Short-term variability of the geomagnetic field energy shows recurrent periods of around 2000, 1000–1400, 
and 600–800 and 250–400 years. The characteristic time around 600–800 years is well determined in all 
paleomagnetic reconstructions and it is mostly related to the axial dipole and axial octupole terms, but also 
observable in the equatorial dipole. In addition to this period, longer characteristic times of around 1000–1400 
years are found particularly in the equatorial dipole and quadrupole terms in SHA.DIF.14k, CALS10k.2 and 
BIGMUDI4k while the 2000 year period is only well determined in the total geomagnetic field energy of SHA. 
DIF.14k and CALS10k.2. The most detailed paleoreconstructions for younger times also detect shortest charac
teristic times of around 250–400 years. 

The long-term variation of the geomagnetic energy is only observable in the axial dipole. A characteristic 
period of around 7000 years in both SHA.DIF.14k and CALS10k.2 has been found. This long period is related to 
two decays in the dipole field and a period of increasing intensity. The oldest decay took place between 7000 BCE 
and 4500 BCE and the present decay that started around 100 BCE. We have modeled the 4500 BCE up to present 
variation as a combination of a continuous decay, representing the diffusion term of the geomagnetic field, and 
one pulse that reinforces the strength of the field. Results show a characteristic diffusion time of around 
11,000–15,000 years, which is compatible with the diffusion times of the dipole field used in geodynamo 
theories.   

1. Introduction 

One of the most important characteristics of the Earth’s magnetic 
field is its time variability. The changes related to the external contri
butions of the field include the fastest ones, ranging from seconds to 
days, and a longer period related to the 11-year cycle of solar activity. 
The internal contribution driven by the Earth’s outer core, also named 

main geomagnetic field, shows a broad spectrum of frequency time 
variability (e.g. Constable and Constable 2004): from geomagnetic jerks, 
with characteristics period of around 6 years, up to reversals, with a 
mean reversal rate of around 500,000 years for the last 160 Ma 
(Constable and Korte 2006). The decadal and centennial variability of 
the main field is known as the secular variation. The analysis of time 
variability of the geomagnetic field brings constraints on geodynamo 
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models (see e.g. Dormy et al. 2000; Terra-Nova et al. 2016). 
During the last centuries, the study of the secular variation has been 

based on magnetic information coming from several sources. For the 
most recent times, geomagnetic information is provided by geomagnetic 
observatories at ground and satellite missions (instrumental period). For 
the historical period, since the 16th - 17th centuries, directional 
geomagnetic information (declination and inclination) is available 
thanks mainly to the measurements carried out on board ships during 
expeditions (see e.g. Jonkers et al. 2003). However, it is not until 19th 
century, when the first direct measurements of the absolute magnetic 
field intensity were made by Carl Friedrich Gauss (Gauss 1833). From 
that epoch to present day, a decreasing trend of the axial dipole field of 
about 16 nT/year has been observed (Finlay et al. 2016). Prior to the 
direct measurements, changes in the full geomagnetic field vector are 
known by making use of archeomagnetism and paleomagnetism. 

Information to recover the past geomagnetic secular variation, the 
paleosecular variation (PSV), is provided from heated archeological 
artifacts, volcanic rocks or sedimentary records. The most extended re
cord of the PSV is based on lacustrine or marine sediment cores, which 
are widespread around the globe. However, sedimentary records present 
some limitations and problems related to the acquisition of the 
magnetization mechanism. This mechanism, depositional or post- 
depositional, could cause inclination errors in the remanent magneti
zation (Anson and Kodama 1987; Tarduno 1990; Tauxe 1993; Roberts 
et al. 2013, and references therein) and smoothing effects on the PSV 
due to the progressive and delayed lock-in of the remanence. Moreover, 
sedimentary records can only provide relative paleointensities. 

Absolute paleointensity information is obtained from volcanic rocks 
or heated archeological artifacts (e.g. kilns). The remanent magnetiza
tion in these cases is acquired by a TRM process, well-known when the 
TRM is carried by single domain particles, thanks to Néel’s theory (Néel 
1955). Different methodologies are used for paleointensity determina
tion, being one of the most broadly used that based on the original or 
derived Thellier technique (Thellier and Thellier 1959). Data based on 
TRM records provide spot values of the past geomagnetic field during 
the last heating-cooling cycle of the material under study, and therefore, 
are able to report higher variability than sedimentary materials. How
ever, volcanic rocks are only found in very specific places (i.e. in vol
canic regions) and most archeological sites paleomagnetically 
investigated are generally situated on the Northern Hemisphere, which 
causes misinformation of the Southern Hemisphere. Besides, the number 
of archeomagnetic data is low especially before the last 3000 years, so 
even though they are considered the best way to know the magnetic field 
variability in the past, the time coverage is short compared to sedi
mentary records. The paleomagnetic information to investigate the PSV 
of the Earth’s magnetic field is stored in databases, such as GEO
MAGIA50.v3 (Brown et al. 2015a, 2015b) or ArcheoInt (Genevey et al. 
2008). 

The temporal variability of the PSV was investigated by Creer et al. 
(1990) by using Fourier Transform analysis over a series of directions 
and relative paleointensities obtained from Lac du Bouchet (France) 
sediments that spanned the last 100 kyr. They found peaks around 10 
kyr in the intensity of the field and other ones related to Milankovitch 
cycles. The relationship between the magnetic field and the orbital pa
rameters of the Earth has also been studied by several authors that 
analyzed sediment cores spanning millions of years (e.g. Yokoyama and 
Yamazaki 2000; Yamazaki and Oda 2002; Roberts et al. 2003; Thouveny 
et al. 2008). More recently, Nilsson et al. (2011) and Panovska et al. 
(2013) analyzed the secular variation over the Holocene making use of 
sediment magnetic records distributed around the world. Nilsson et al. 
(2011) identified a 1350 yr cycle in the dipole tilt for the last 9 kyr from 
United States, Finland, Japan, Australia and Argentina sediment re
cords. On the contrary, Panovska et al. (2013) found no evidence for 
globally periodic signals from nearly 50 sediment records. The two 
aforementioned studies focused on searching for periodicities in paleo
directions but not in the paleointensity of the geomagnetic field. On 

shorter timescales, Roberts et al. (2007) and Jackson and Mound (2010) 
analyzed observatory data obtaining periodicities on decadal time 
scales, that seem to be related to changes in the length of the day and 
with the solar cycle. Moreover, the variability of the PSV can be applied 
to study other Earth phenomena, such as the radionuclide production 
rates (Usoskin et al. 2016, and reference therein). In this context, Pavón- 
Carrasco et al. (2018) found characteristic times of around 6000 and 
800 yr in the radionuclide production rates from two global paleo
magnetic reconstructions of the geomagnetic field covering the last 10 
kyr. 

The most effective approach to study the time variability of the PSV 
at global scale is to use paleomagnetic reconstructions. Several paleo
magnetic reconstructions are now available (e.g., Korte and Constable 
2003, 2005; Korte et al. 2009, 2011; Licht et al. 2013; Nilsson et al. 
2014; Pavón-Carrasco et al. 2014; Constable et al. 2016; Panovska et al. 
2018; Arneitz et al. 2019; Campuzano et al. 2019; Osete et al. 2020). 
Although there are some differences in the mathematical methodology 
used to determine the paleoreconstructions, the main differences are 
related to the use of different input databases. In some of these re
constructions, all the available paleomagnetic information is included, 
that is, sediment, volcanic and archeomagnetic data (e.g. Constable et al. 
2016), while others exclude the sedimentary data (e.g. Pavón-Carrasco 
et al. 2014). Others include also historical data for the last centuries (e. 
g., Arneitz et al. 2019) and others apply quality selection criteria based 
not only on statistical parameters but also on the laboratory protocol 
used to estimate the paleointensities (Campuzano et al. 2019; Osete 
et al. 2020). 

In this work, we focus our study on investigating the variability of the 
PSV during the last 10 kyr, covering almost the entire Holocene. Our 
main goal is to verify the presence of characteristic times or periodicities 
of the geomagnetic field during the Holocene using different global 
paleomagnetic reconstructions instead of using local sediment cores as 
the previous works aforementioned. To this scope, we have selected four 
global paleomagnetic reconstructions: SHA.DIF.14k (Pavón-Carrasco 
et al. 2014), CALS10k.2 (Constable et al. 2016), BIGMUDI4k (Arneitz 
et al. 2019) and SHAWQ2k (Campuzano et al. 2019). 

The selected global paleomagnetic reconstructions are chosen 
because they are the most up-to-date ones that cover the Holocene. The 
SHA.DIF.14k (Pavón-Carrasco et al. 2014) provides the geomagnetic 
field for the last 14 kyr using archeomagnetic and volcanic data. Sedi
ment data are also included in the CALS10k.2 (Constable et al. 2016) 
that expands for the last 10 kyr, presenting a greater smoothing of the 
geomagnetic variations, but also better spatial coverage. The SHAWQ2k 
reconstruction (Campuzano et al. 2019) includes volcanic and arche
omagnetic data for the last 2000 years and implements a weighting 
scheme based on the quality of the laboratory protocol used to obtain the 
paleomagnetic information, which affects mostly paleointensity data. 
These three models are developed using Spherical Harmonic Analysis in 
space and penalized cubic B-splines in time, with knot points every 50, 
40 and 25 years in SHA.DIF.14k, CALS10k.2 and SHAWQ2k, respec
tively. On the other hand, BIGMUDI4k (Arneitz et al. 2019) is developed 
by using a Bayesian approach following the methodology described by 
Leonhardt and Fabian (2007) with a temporal evolution based on cubic 
B-splines (knot points every ~27 years). This reconstruction for the last 
4000 years uses archeomagnetic and volcanic data (a weighting scheme 
based on their uncertainties were applied to them), and historical data 
from the 16th century coming from HISTMAG database (Arneitz et al. 
2017). In addition to these Holocene models, the GGF100k reconstruc
tion (Panovska et al. 2018), which covers the last 100 kyr, is also 
analyzed to investigate whether the long period observed in the Holo
cene is maintained for earlier times. 

This paper is organized as follows: Section 2 concerns the used data 
and the applied analyses; Section 3 shows the frequency analysis results 
and Sections 4 and 5 present some discussion and conclusions, 
respectively. 
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2. Data and methodology 

We have used the time series of Gauss coefficients provided by the 
four selected paleoreconstructions previously described. We have 
analyzed them individually or some combination of them in order to 
study the frequency variability between (1) the energy of the different 
degrees of the harmonic expansion of the geomagnetic field and (2) the 
axial and equatorial dipoles. 

Fig. 1 represents the energy of the total geomagnetic field at the 
Earth’s surface, together with its error band, for the four paleo
reconstructions. Total energy is calculated summing up the decompo
sition of the spatial power spectra at each epoch for each degree, Eq. (1) 
(Lowes 1974), up to maximum degree n = 5. Higher degrees than 5, even 
though modeled by the selected paleoreconstructions, do not have the 
necessary resolution for the frequency analysis we performed here (see 
Licht et al. 2013 for more information about the resolution of the models 
depending on the maximum degree considered). 

Rn = (n+ 1)
∑n

m=0

(
gm

n

)2
+
(
hm

n

)2 (1) 

The error band has been estimated using a Monte – Carlo method to 
calculate 5000 perturbed sets of Gauss coefficients by randomly select
ing values from a normal distribution with mean and standard deviation 
equal to the Gauss coefficient values and uncertainties, respectively. 
Then, Eq. (1) is applied for each perturbed set of Gauss coefficients. This 
procedure allows us to determine an error band at 1σ probability for 
each paleoreconstruction, except for CALS10k.2, because uncertainties 
are not available in the original publication. 

As can be seen in Fig. 1, there exist some differences, but the long 
trend remains similar: a minimum value in the geomagnetic field energy 
is observed around 5000–4000 BCE in SHA.DIF.14k and CALS10k.2 
which is followed by an increase until 500 BCE – 0 CE. From that time 
forward, the four geomagnetic reconstructions record a decreasing trend 
of the geomagnetic field energy which continues until present times 
(although dotted with highs and lows). 

Although Fig. 1 shows the field energy up to harmonic degree 5, we 
mostly focused our study on changes in the dipole field (n = 1) and on 
the quadrupole and octupole contributions (n = 2 and 3, respectively). 
The dipole field represents around 90% of the field at the Earth’s sur
face, while contributions associated with quadrupole or octupole fields 
could be sufficiently relevant in terms of characteristic times, at least for 
the last 3000 years (see e.g. Licht et al. 2013). Higher harmonic degrees 
in the mathematical development of the geomagnetic field derived by 
paleomagnetic reconstructions may not be reliable enough for this kind 

of frequency analysis. 
In order to identify the dominant frequencies, we firstly carried out a 

discrete Fourier transform with the periodogram power spectral density 
estimation (PSD) on the energy of the geomagnetic field shown in Fig. 1. 
We standardized the time signals, i.e. we subtracted the mean value and 
divided by its standard deviation. Then, we calculated the PSD, which 
estimates the power distribution into the discrete frequencies that 
compose the signal analyzed, allowing us to identify the dominant fre
quencies in each paleoreconstruction. 

Secondly, we applied the Empirical Mode Decomposition (EMD) 
over the geomagnetic energy using the software developed by Flandrin 
(2009) for Matlab®. The EMD method decomposes a time series into 
several signals known as Intrinsic Mode Functions (IMFs) and a residual 
signal. The IMFs are characterized by having zero-mean and fewer 
oscillation modes than the original signal. The number of IMFs obtained 
is different in each paleoreconstruction, since it depends on the vari
ability of the geomagnetic field in each model. In order to obtain an 
estimate of the periodicity of these IMFs we have used one of the 
methods proposed by Roberts et al. (2007) that applies the Autocorre
lation Function (ACF): the IMF is autocorrelated for a range of time 
delays and if the periodicity exists, there will be peaks that exceed the 
95% confidence level. Those peaks can be related to the periodicity, P: 
first negative minimum will occur at P/2, first positive maximum at P, 
second negative minimum at 3P/2, and so on. 

In order to give robust results we have taken also into account the 
field energy uncertainty (shown as the error bands in Fig. 1) by using the 
previously explained Monte – Carlo approach (applied to both tech
niques, Fourier Transform and EMD). From the perturbed Gauss coef
ficient sets, we calculate 1000 curves that are analyzed individually 
providing an ensemble of frequency peaks in the periodogram or IMFs in 
the EMD. Evaluating the mean of the 1000 results and the standard 
deviation, we obtain the results with an error band at 1σ probability. 

Last, we applied the continuous wavelet transformation which is a 
very useful tool that indicates how the characteristic frequencies of the 
signal are distributed during the studied time window. Plotting the 
scalogram is the most common way to analyze wavelets. The scalogram 
represents the energy density function and is plotted as a contour plot 
where the horizontal axis is the time and the vertical axis is the fre
quency or periodicity. We estimate the Cone of Influence (COI), which is 
the region of the scalogram where results are reliable at 95% confidence 
level. Outside the COI, border effects may become important. In the 
figures included in this work, the region outside the COI will appear as a 
shaded area and black stripes will be included for periods that cannot be 
well resolved in order to homogenize the y axis of the figures between 
paleoreconstructions. These representations show in a very easy way the 
persistence of characteristic periods over a concrete time interval. In this 
work, we have used the Wavelet Toolbox of Matlab® considering the 
Morlet wavelet transform for the representation. 

This methodology is very similar to that applied by Panovska et al. 
(2013). 

In addition, based on Fourier Transform and EMD results, we were 
able to separate the variations of the geomagnetic field energy into 
‘long-term’ and ‘short-term’ time signals. This decomposition is very 
important for applying the wavelet analysis because the long-term has 
more energy than the short-term. The latter would have been masked by 
the first one if the decomposition had not been carried out. For the 
longest paleoreconstructions, SHA.DIF.14k and CALS10k.2, which cover 
the whole time interval of 10 kyr, the long-term variations corresponds 
to the IMF with the largest period plus the residual, while the sum of the 
other IMFs constitute the short-term variations. Obviously, shorter 
paleoreconstructions, i.e. BIGMUDI4k and SHAWQ2k, are not able to 
reproduce the long-term for the Holocene as SHA.DIF.14k and 
CALS10k.2. Therefore, their short-term variation is estimated as the sum 
of all their IMFs. In advance, these new time signals will be referred as 
‘long-term’ and ‘short-term’, for the long-term variations and short-term 
variations of the geomagnetic field, respectively, omitting the term 

Fig. 1. Total geomagnetic field energy (harmonic degree n from 1 to 5) and its 
standard deviation at the Earth’s surface for the four paleomagnetic re
constructions used (see legend inside). 
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‘variations’. 

3. Results 

3.1. Total field (up to harmonic degree n = 5) 

Fig. 2a shows the normalized power spectrum obtained by the 
Fourier Transform applied over the standardized total field energy 
calculated from the Eq. (1) for each paleomagnetic reconstruction. The 
highest peaks in the power spectrum are the ones related to the lowest 
frequencies (i.e. the largest periods): on SHA.DIF.14k the first peak 
corresponds to 6400 yr (~1.56⋅10− 4 yr− 1); the second one, smaller than 
the first peak is around 3200–3400 yr (~3.13⋅10.4 yr− 1), which agrees 
with the occurrence of the most remarkable peak on CALS10k.2. For 
BIGMUDI4k there are two equally powered peaks at ~2600 and ~ 1300 
yr (~3.91⋅10− 4 yr− 1 and ~ 7.81⋅10− 4 yr− 1, respectively), and 
SHAWQ2k first peak is around ~1050 yr (~9.37⋅10− 4 yr− 1), which is 
observed also in SHA.DIF.14 k and CALS10k.2 but with smaller power 
spectrum. These two models show common minor peaks at ~1600 yr 
(6.25⋅10− 4 yr− 1) while a peak at ~2100 yr (4.69⋅10− 4 yr− 1) is only 
observed in SHA.DIF.14 k. Relevant peaks corresponding to periods 
lower than 1000 yr are found in the range between 600 and 800 yr 
(1.70⋅10− 3–1.25⋅10− 3 yr− 1) in the four models. For CALS10k.2 the last 
important peak that can be observed is ~540 yr (1.86⋅10− 3 yr− 1), 
meanwhile for SHA.DIF.14 k is ~440 yr (2.27⋅10− 3 yr− 1). Periods in that 
range are observed to be more prominent in BIGMUDI4k and SHAWQ2k, 
especially the common period in the range of 200–300 yr (0.005–0.003 
yr− 1). These two paleomagnetic reconstructions continue detecting 
closer minor peaks beyond 0.01 yr− 1 (100 yr), however, these could be 
related to the separation of the selected knot points during the modeling 
approach. Thus, we decided to cut the horizontal axis at this value. 

Results applying the EMD to the total magnetic field energy are 
shown in Fig. 2b. Each IMF period obtained by EMD has an associated 
error band at 1σ probability. Results are in agreement with Fourier 
analysis within uncertainties. 

Obtained results are compatible with the temporal window studied 
in each global model and the input database used. The CALS10k.2 
reconstruction includes sedimentary records that smooth the variability 
of the geomagnetic field, which favors the detection of long-term vari
ations but prevents those of short-term. On the other hand, BIGMUDI4k 
and SHAWQ2k, that span a shorter time interval, are able to model 
quicker variations of the geomagnetic field allowing to detect shorter 

periods but cannot record the longer ones. From Fig. 2b one can see 
clearly a gap between periods of around 2000 years and nearly 7000 
years (only found in the longest paleoreconstructions). This marks the 
boundary between short-term (lower IMFs periods) and long-term 
(higher IMFs periods) of the geomagnetic field for the Holocene. 

Finally, the wavelet analysis of the total field energy is shown in 
Fig. 3. We have set the same color scale limits for each paleo
reconstruction for a better comparison, although this means the satu
ration or the smoothing in some plots. 

For SHA.DIF.14k and CALS10k.2 the most powerful (higher magni
tude value) period is related to the long-term, with a period above 5000 
yr. It is statistically significant only from 4000 to 2000 BCE in both re
constructions, but it is observed over the total time interval. Another 
characteristic period present in both reconstructions is observed around 
1500 yr, shown in light blue (magnitude 108–1.3⋅108) for the 
CALS10k.2, which seems to be present in BIGMUDI4k as its most 
remarkable period. Also, a common period of around 600–800 yr is 
observed in the four reconstructions. It is more remarkable in 
SHAWQ2k, but also important in the SHA.DIF.14k and BIGMUDI4k. 
This period is not so well-observed in CALS10k.2. Other remarkable 
common short periods is around 250–400 yrs., which is observed in 
SHA.DIF.14k (more intense between 3000 and 0 CE), in BIGMUDI4k and 
SHAWQ2k between 0 CE and 1000 CE. 

3.2. Dipole field (harmonic degree n = 1) 

For the dipole energy, results are very similar to the ones presented 
in Section 3.1 for the first 5 harmonic degrees, since the dipole field 
represents nearly the 90% of the main total field at the Earth’s surface. 
Fourier transform results as well as characteristic periods of the IMFs are 
summarized in Table S1 in Section 1 of Supplementary Material and 
Fig. S1 shows the wavelet analysis. 

As in Section 3.1, the periods with the highest magnitude in the 
dipole energy of SHA.DIF.14k and CALS10k.2 correspond to the long- 
term (Fig. S1a and S1b). In order to highlight the short-term of the 
dipole field, we made the decomposition into short- and long-term 
following the results of the EMD procedure. From Fig. 2b it is clear 
that the short-term is characterized by periods lower than 4000–5000 yr. 
Thus, for SHA.DIF.14k and CALS10k.2, the longest paleo
reconstructions, the short-term is defined by the sum of all the IMFs 
except the largest one with values around 7000 yr. For BIGMUDI4k and 
SHAWQ2k all the IMFs represent the short-term signal (see Fig. 2b), 

Fig. 2. a) Periodogram of the total geomagnetic field energy for each paleomagnetic reconstruction. Frequencies between 1.70⋅10− 3 yr− 1 and 1.25⋅10− 3 yr− 1 

(600–800 yr period) detected in the four paleoreconstructions are highlighted with a shaded band. Associated errors were calculated obtaining values too low to 
being visible in the representation. b) Intrinsic Mode Functions (IMFs) periods with error band (except for CALS10k.2 which does not provide Gauss coefficient 
uncertainties) obtained by the Empirical Mode Decomposition of the total field energy of each paleoreconstruction. The “break” on the plot indicates clearly the 
separation between long- and short-term of the geomagnetic field for the last 10 kyr. 
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therefore the sum of all of them defines the short-term. 
A characteristic time around 600–800 yr is found in all paleo

reconstructions (Fig. 4) when the long-term signal is filtered. In addition 
to this period, characteristic times between 1300 and 2000 yr are also 
found for SHA.DIF.14 k, CALS10k.2 and BIGMUDI4k. The shortest 
characteristic times, 250–400 yr, are detected in BIGMUDI4k and 
SHAWQ2k reconstructions. A more detailed analysis of Fig. 4 is reported 
in Section 1 of Supplementary Material. 

In order to know which Gauss coefficient dominates the above 
observed frequencies of the dipole energy, we have also analyzed 
separately the first three Gauss coefficients. 

A quick comparison between the time evolution of the first three 
Gauss coefficients for the last 10 kyr provides valuable information 
about the long trend (Fig. 5a). We can see clearly that long-term is only 
present on the axial dipole (represented as the absolute value of the first 
Gauss coefficient, g1

0, for better comparison with the total and dipole 
energy) of both SHA.DIF.14k and CALS10k.2. The EMD approach 
applied to |g1

0| indicates that the long trend can be represented by the 
longest IMF period plus the residual showing characteristic periods of 
7050 ± 260 yr for SHA.DIF.14k and 6860 yr for CALS10k.2 (see Table S2 
in Supplementary Material). Note again that to describe the long trend 
we use only these two geomagnetic reconstructions because they cover 
the whole studied period. 

Differences observed in Fig. 5b can be attributed to the input data
base since CALS10k.2 also includes sediment records. However, an 
agreement is observed for the last decay that seems to start around 100 
BCE – 0 CE, obtaining for SHA.DIF.14 k a slope of − 2.5 ± 0.5 nT/yr and 
for CALS10k.2 a slope of − 2.7 ± 0.5 nT/yr. 

Since the axial dipole carries the long-term for the last 10 kyr with a 
characteristic period of around 7000 yr, it could be interesting to check 

if this oscillation is observed for earlier times or it is a particular feature 
of the Holocene. To investigate this topic we have also analyzed the axial 
dipole evolution provided by the GGF100k paleoreconstruction (Pan
ovksa et al., 2018) that extends for the last 100 kyr. The GGF100k in
cludes the Laschamp excursion (~41 kyr BP) which is clearly observable 
in this model (Fig. S4). To avoid this event, where the PSV could not be 
representative of a stable behavior of the geomagnetic field, we have 
focused our analysis on the last 30 kyr. We have identified 5 axial dipole 
increases after the Laschamp excursion that seem to occur every 
4000–5000 yr (Fig. S4b). According to the EMD (Table S5) and wavelet 
analysis (Fig. S5) the long-term variations of the axial dipole according 
to the GGF100k paleoreconstruction seems to exhibit a shorter period of 
around 5800 yr. 

Coming back to the short-term dipole evolution for the last 10 kyr, 
we have also compared the wavelet analysis results for the axial and 
equatorial terms (Fig. 6), the latter obtained by the quadratic sum of the 
non-axial Gauss coefficients g1

1 and h1
1. Results suggest that neither axial 

nor the equatorial component are the main responsible of the whole 
short-term of the dipole energy. A 600–800 yr period is common in the 
four reconstructions for both axial and equatorial terms, being in general 
more powerful in the axial one. In contrast, the 1300 yr period is more 
prominent in the equatorial dipole. This could be related to the dipole 
tilt oscillation observed by Nilsson et al. (2011) during the last 9 kyr. 
Here, we can ensure its presence during the last 6 kyr with SHA.DIF.14k 
or more conservative for CALS10k.2 in the last 5 kyr. BIGMUDI4k also 
presents this period for the last 2 kyr. Finally, the 250–400 yr period is 
also more powerful in the equatorial dipole for SHAWQ2k than in the 
axial one, and it is present during almost the entire interval. 

For detailed information about the frequency decomposition of the 
axial and equatorial terms, please see Section 1 of the Supplementary 

Fig. 3. Wavelet analysis of the total geomagnetic field energy (up to n = 5) for: a) SHA.DIF.14k; b) CALS10k.2; c) BIGMUDI4k; and d) SHAWQ2k.  
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Material. 

3.3. Non-dipole field: Quadrupole (harmonic degree n = 2) and Octupole 
(harmonic degree n = 3) fields 

We focus here on the study on the quadrupole and octupole fields 
since these terms are the ones that contribute most strongly to the non- 

dipole field. However, for completeness, a study of the non-dipole field 
from harmonics degree n = 2 to n = 5 can be found in Section 2 of 
Supplementary Material and Fig. S2 and Fig. S3. 

Results from the Fourier analysis and EMD for quadrupole and 
octupole fields are given in Tables S3 and S4 of Supplementary Material, 
respectively. Fig. 7 shows the wavelet analysis of the short-term of 
quadrupole (left) and octupole (right) field energy. 

Fig. 4. Wavelet analysis of the short-term of the dipole field for: a) SHA.DIF.14k; b) CALS10k.2; c) BIGMUDI4k; and d) SHAWQ2k.  

Fig. 5. a) Temporal evolution of the first three Gauss coefficients: absolute value of g1
0 (top), g1

1 (middle) and h1
1 (bottom) for SHA.DIF.14k (black), CALS10k.2 

(green), BIGMUDI4k (blue) and SHAWQ2k (red). b) Long-term of the |g1
0| from SHA.DIF.14k (black) with error band and CALS10k.2 (green) without it as it does not 

provide Gauss coefficient uncertainties. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Wavelet analysis for the short-term of axial (left) and equatorial (right) terms for the dipole energy of the: a) SHA.DIF.14k; b) CALS10k.2; c) BIGMUDI4k; and 
d) SHAWQ2k paleomagnetic reconstructions. Note that the color scale has been unified in each paleomagnetic reconstruction separately but not between them. 
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Fig. 7. Wavelet analysis for the short-term for the quadrupole (left) and octupole field energy (right) for: a) SHA.DIF.14k; b) CALS10k.2; c) BIGMUDI4k; d) 
SHAWQ2k. Note that the color scale has been unified for each degree. 
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Note that in the SHA.DIF.14k paleoreconstruction, these higher de
grees seem to increase its contribution to the variability of the field in 
the last 4000–6000 years. This could be due to the uneven temporal 
distribution of the data used in the modeling process (see Pavón-Car
rasco et al. 2014) that causes that for the earlier times only the dipole 
field is well constrained. 

As can be seen in Fig. 7, non-dipole terms share some periods with 
the dipole (Fig. 6). The 600–800 yr and 1200–1500 yr periods are 
observed in practically all the four reconstructions, better observed in 
the octupole contribution. However, the quadrupole field in SHA. 
DIF.14 k also shows an intensified period of around 500–700 yr from 
3000 BCE to present day. The 600–800 yr period seems to be absent in 
the quadrupole contribution of CALS10k.2 and SHAWQ2k. 

Table 1 summarizes the characteristic periods obtained by applying 
the three frequency analysis methodologies to the four paleo
reconstructions of the geomagnetic field for different magnetic contri
butions. We calculated the variance of the original signal (each field 
contribution studied) and the variance of their IMFs, obtaining the 
percentage of variance each IMF with approximate characteristic period 
can explain from the original signal (Peel et al. 2005). These values 
complement the relevance of each period at different time windows 
showed by the wavelet analysis (Figs. 3, 4, 6 and 7). 

4. Discussion 

4.1. Long-term analysis of the axial dipole field 

We evaluated if the long-term oscillation for the last 10 kyr could be 
reproduced by a combination of a diffusion process continuously 
affecting, and sporadic pulses that reinforced the strength of the axial 
dipole field. 

We considered the diffusion as a decreasing exponential, Eq. (2), 
with a characteristic decay time, τ, which can be related to the dipole 
diffusion times, 
⃒
⃒g0

1

⃒
⃒ = kexp

(
−

t
τ

)
(2) 

We followed the approximation described in Chapter 9.1 of Merrill 
et al. (1998) that considers the induction equation with the advective 
term equal to 0. This approximation leads to a simplified equation of the 
geomagnetic field proportional to a decreasing exponential where the 
decay time depends on the dimension of the source of the field and the 
electric conductivity of the outer core. The decay time also depends on 
the degree of the field expansion, varying for the dipole between 5 kyr 
and 50 kyr for conductivities between 105 Sm− 1 and 106 Sm− 1, 
respectively (Merrill et al., 1998). Geodynamo models usually refer their 
results as function of magnetic diffusion times (e.g. Olson et al. 2009), 
usually around of 200 kyr, which is four times the dipole diffusion time, 
estimated between 30 kyr and 50 kyr (Olson 2015). These values are 
compatible with the ones predicted by the simplification done by Merrill 
et al. (1998), even though they used a velocity field equal to 0 which is 
not considered in the diffusion times of geodynamo models. 

Since the long-term of the |g1
0| increases between 4500 BCE and 100 

BCE in both paleoreconstructions (Fig. 5b), there should be a mechanism 
that confronts the decay. We explored a model where this mechanism is 
a pulse p(t) defined by a skew normal shape (Ashour and Abdel-hameed 
2010), Eq. (3), that allows us to evaluate different scenarios depending 
on its skewness parameter, α (Fig. S6), 

p(t) = A⋅e
− (t− μ)2

2σ2 ⋅
[

1+ erf
(

α̅
̅̅
2

√ ⋅
t − μ

σ

)]

, (3)  

where erf corresponds to the error function, A is a factor that accounts 
for the intensity of the pulse in nT/yr, μ is the time at which the pulse is 
located and σ the scale (width) of the pulse. Note that when α is equal to 
0, the pulse becomes a normal distribution where μ and σ would 

represent the mean and the standard deviation, respectively. 
Thus, we have considered a model where a continuous decay is 

taking place defined by Eq. (2) but a single skew normal pulse, Eq. (3), 
also occurs in some time interval between 5000 BCE to present. We did 
not evaluate the first increase-decay step (between 8000 BCE and 5000 
BCE) because it is worse characterized in SHA.DIF.14 k and CALS10k.2. 
The lack of archeomagnetic data in these times reduces their reliability 
comparing with more recent times. 

Fitting between the model and the observed long-term of the |g1
0| is 

carried out by randomly sampling parameters space (y0, τ, A, μ, σ, α). For 
each random combination of parameter values, the pulse is calculated 
and then the corresponding |g1

0| series is built step by step from the 
initial point, y0 (the |g1

0| value at t = − 5000), decreasing its value 
following the diffusion and then adding the pulse (Fig. S7). More in
formation about the fitting process can be found in Section 4 of Sup
plementary Material. 

First, we chose a broad range in the parameters space that defines the 
fit allowing α to vary between − 60 and 60 which includes skew normal 
function to the left (α < 0) and to the right (α > 0). That allowed us to 
discard right skewed pulses since the sum of squared residuals (SSR) 
were several orders of magnitude higher than the left skewed pulses. We 
evaluate a broad range of tests keeping α negative. Finally, the best fit 
able to explain in both paleoreconstructions the pulse and the decay is 
found in a range of α between − 30 and − 10. The pulse presents a sharp 
decrease that allows to fit better the decay of |g1

0| from 100 BCE to 
present-day since the pulse is less relevant during that time interval. The 
characteristic time decay is between 11,000 and 15,000 yr in both 
paleoreconstructions. These best fits along with the observed long-term 
variations of SHA.DIF.14k and CALS10k.2 are shown in Fig. 8 with the 
most probable values for the characteristic time decay (τ) at 95% 
probability (shown as pink bar). 

Considering only the pulse, it represents the secular variation of the 
field if the diffusion were not present (Fig. S7b). The greatest rates of 
increase of the axial dipole field would reach values of around 6–8 nT/yr 
at ~1400 BCE in SHA.DIF.14k and ~800 BCE in CALS10k.2. Computing 
the accumulative pulse will allow us to figure out how the shape of |g1

0| 
would be if only the increasing pulse is present from 5000 BCE to present 
times (Fig. S8). During that time interval of almost 7000 years, the long- 
term of |g1

0| would increase between 20,000 nT and 30,000 nT, which is 
the double of its real increase between its minimum (around 4500 BCE) 
and its maximum (around 100 BCE) with a value of around 10,000 nT 
and 15,000 nT for CALS10k.2 and SHA.DIF.14k, respectively. Following 
this approach, this would mean that the diffusion takes nearly the 50% 
of the increase provided by the reinforcement mechanism. Table S6 in 
Section 4 of the Supplementary Material collects the detailed results of 
the best fit in each paleoreconstruction. 

We can also evaluate what would happen if a new pulse were not 
occur in the next millennia. The diffusion will dominate the long-term of 
the axial dipole exponentially decaying its intensity within 
11,000–15,000 yr. However, it seems unlikely based on the observation 
of the last 30 kyr studied with the GGF100k in section 3.1. A next pulse 
will be expected to occur in the next millennia following the succession 
of pulses observed every 4000–5000 yr. However, it could also indicate 
a continuous decay in the energy of the long-term of the axial dipole that 
may leads to an excursion, such as the Laschamp event. Our model is 
limited to the latest increase of the long-term and we are not able to 
predict the future behavior of the geomagnetic field. 

Even though the representation of the reinforcement mechanism as a 
skewed pulse is a very simplistic idea, it is worth noting that the esti
mated decay times required for the fit are in the same order of magni
tude with the times given in the geodynamo literature (e.g. Merrill et al., 
1998; Dormy et al. 2000; Terra-Nova et al. 2016). 

4.2. Short-term analysis 

Within the short-term variability, common characteristic periods are 
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found around of 2000, 1000–1400, 600–800 and 250–400 yr when 
combining the results of the three methodologies applied (see Table 1). 
More detailed information about the periods identified in the different 
field contributions can be found in Table S1 – S4 of the Supplementary 
Material. 

The period of around 2000 yr detected in the EMD of SHA.DIF.14k 
and CALS10k.2 (Fig. 2b) has not a clear representation in the wavelet 
analysis (Fig. 3a and b) where it cannot be well differentiated from the 
1000–1400 yr. It is better defined in the octupole term meanwhile the 
wavelet analysis of the quadrupole field does not show it in any of the 
studied reconstructions. Quadrupole field highlights the 1000–1400 yr 
period which is clearly seen in the total field analysis of SHA.DIF.14k, 
CALS10k.2 and BIGMUDI4k. In SHAWQ2k we can only assure the 
presence of a 1000 yr period, which is particularly relevant in its 
equatorial dipole. This component carries the period of around 1400 yr 
in all other reconstructions, which may be related to the dipole-tilt of 
1350 yr observed by Nilsson et al. (2011). 

The period of around 600–800 yr is observed in the total energy of 
the geomagnetic field being especially significant for dipole and octu
pole contributions. Since dipole and octupole fields are dominated by 
the zonal harmonic (order m = 0, i.e. g1

0 and g3
0), belonging to the same 

antisymmetric geodynamo families (n + m odd), then it is intriguing to 

evaluate if there is any correlation between characteristic periods of 
Gauss coefficients belonging to the same geodynamo families (Gubbins 
and Zhang 1993; Merrill et al., 1998). Geodynamo families are a clas
sification proposed firstly by Roberts (1971) based on the symmetry 
respect to the equator of the α-effect (antisymmetric) and ω-effect 
(symmetric) in the dynamo theory. The Gauss coefficients can be cate
gorized following this separation depending on whether their degree 
plus order is even (symmetric) or odd (antisymmetric). We evaluated 
each Gauss coefficient (up to harmonic degree n = 5) by EMD and 
wavelet analysis, but we find no clear correlation between other co
efficients of the same geodynamo family apart from g1

0 and g3
0 (see 

Section 5 of Supplementary Material and Fig. S9 and Fig. S10). 
The shortest periods of around 250–400 yr are remarkable in the 

dipole field of BIGMUDI4k and SHAWQ2k, but they seem to be more 
prominent in the axial component for BIGMUDI4k while for SHAWQ2k 
these periods dominate in the equatorial dipole. 

5. Conclusions 

A detailed frequency analysis has been carried out in order to study 
the characteristic times associated with the PSV of the geomagnetic field 
during the Holocene using the combination of the results obtained with 

Fig. 8. Best fit (blue) for the long-term of |g1
0| (black) in SHA.DIF.14 k (left) and CALS10k.2 (right) for the two scenarios explained in the main text: Case 1 (top) and 

Case 2 (bottom). Each figure also presents the most probable values of τ (years) at 95% probability (pink bar) in each case and paleoreconstruction. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Percentage of the field contributions variance explained by the IMF with corresponding approximate period. Percentage explained by the residual is not shown. Please 
note that the periods indicated are the ones resulting of the merge of the three techniques applied (Fourier, EMD and wavelet analysis) while the percentage is 
calculated from the IMFs obtained with the EMD. 

Field Contribution Total field (n = 1–5) Dipole field (n = 1) Axial Dipole (|g1
0|) 

Model\Period SHA,DIF.14k CALS10k.2 BIGMUDI4k SHAWQ2k SHA,DIF.14k CALS10k.2 BIGMUDI4k SHAWQ2k SHA,DIF.14k CALS10k.2 BIGMUDI4k 
7000 58.5 36.8   15 36.8   58.8 29.9  
2000 2.2 5.8   4.3 5.8 36.6  1.9 7.2 17.3 
1000–1400 8.6 5.3 28.9  5.2  9.4 7.2  
600–800 3.4 1.2 11.5 27.1 8.6 1.2 17.4 31.2 3.2 1.2 16.9 
250–400 1.9  7.6 5.8   4.1 5.6 1.1  10.1  

Axial Dipole (|g1
0|) Equatorial Dipole (√((g1

1)2 + (h1
1)2)) Quadrupole field (n = 2) Octupole Field (n = 3) 

SHAWQ2k SHA,DIF.14k CALS10k.2 BIGMUDI4k SHAWQ2k SHA,DIF.14k CALS10k.2 BIGMUDI4k SHAWQ2k SHA,DIF.14k CALS10k.2 BIGMUDI4k SHAWQ2k   
16.4   2.9          
30.1    16.1   1.7 9.7 15.3  

23.3 23 34.1 10 51 2.4 37.6 7.5 68.8 7.4 39.3 10.2  
44.8   17.6  2.6 4.8 4.6  7.1 11.8 40.8 
0.8 24 4.5 2.4 16.5 9  4.6 5.6 5.5  7.8 9.2  
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three different methodologies. The analysis has been computed over 
four relevant global paleoreconstructions for the Holocene. Note that 
discrepancies between models regarding intermittent or not persistent 
periods can be due to the different input databases and different time 
covered by each paleoreconstruction. However, all of them present 
common features, such as a characteristic period around 600–800 yr, 
and the longest paleoreconstructions (i.e., SHA.DIF.14k and CALS10k.2) 
detected also periods of 2000 and 1000–1400 yr, the last one also 
observed in BIGMUDI4k. Paleoreconstructions that cover a shorter time 
window, i.e. BIGMUDI4k and SHAWQ2k, also present a good agreement 
showing common periods around 250–400 yr. Frequencies in the total 
geomagnetic field (up to degree 5) are governed by the frequencies in 
the dipole field. In particular, the axial dipole seems to be responsible for 
the 600–800 yr period detected in the dipole field since this period has a 
higher intensity in axial term than in the equatorial one. Equatorial 
dipole shows a 1300 yr period in SHA.DIF.14k, CALS10k.2 and BIG
MUDI4k. Meanwhile, in SHAWQ2k the most relevant period in the 
equatorial term is of around 300 yr. 

The long-term of the geomagnetic field is governed by the axial 
dipole showing two decreases and only one increase in the last 10 kyr. 
We have explored a model that reproduces the latest increase and decay 
from a combination of diffusion and reinforcement mechanism. The 
diffusion was represented by an exponential decrease following the 
approximation made by Merrill et al. (1998) with characteristic decay 
times of around 11,000–15,000 yr, which have the same order of 
magnitude of the diffusion dipole times used in geodynamo theories 
(~20 kyr). The reinforcement mechanism is considered as a pulse 
defined by a skewed normal function that allowed us to evaluate a great 
range of different pulses. The best fits indicate that this pulse would be 
left skewed which shows a faster rate of decay than the rate of increase. 
The accumulative pulse between 5000 BCE and present day estimates 
the real increase of the long-term of |g1

0| if the diffusion mechanism were 
not present, reaching values of around 20,000–30,000 nT, which is the 
double of the observed growth in the strength of |g1

0| between its latest 
minimum and maximum (of around 10,000–15,000 nT). This would 
mean that the diffusion takes nearly the 50% of the increase provided by 
the reinforcement mechanism. 

Additional efforts should be done to improve the databases prior to 
3000 BCE times to better constrain the paleoreconstructions of the 
geomagnetic field and, hence, to extend the knowledge of the geomag
netic field variability to the past. 
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Licht, A., Hulot, G., Gallet, Y., Thébault, E., 2013. Ensembles of low degree 
archeomagnetic field models for the past three millennia. Phys. Earth Planet. Inter. 
224, 38–67. https://doi.org/10.1016/j.pepi.2013.08.007. 

Lowes, F.J., 1974. Spatial power Spectrum of the Main geomagnetic field, and 
extrapolation to the Core. Geophys. J. R. Astron. Soc. 36, 717–730. 

Merrill, R.T., McElhinny, M.W., McFadden, P.L., 1998. The Magnetic Field of the Earth: 
Paleomagnetism, the Core, and the Deep Mantle. Academic Press, San Diego.  
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