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Abstract The present study is focused on the analysis of the latitudinal dependence of complexity
degree of the short timescale geomagnetic field fluctuations during four intense geomagnetic storms
occurring between 2000 and 2003. The aim is that of investigating the qualitative and quantitative changes
in the dynamical properties of the magnetospheric system during magnetically disturbed periods. We
analyze the short timescale fluctuations (<120 min) of the horizontal component of the Earth’s magnetic
field at nine different geomagnetic observatories from 49∘N magnetic latitude (MLat) to 87∘N MLat, by
filtering the signal via empirical mode decomposition and successively by applying the permutation entropy
analysis to the filtered time series. We show that some properties of the geomagnetic fluctuations during
the selected periods are the result of dynamical changes in the magnetospheric system response to the
solar wind changes and that these geomagnetic fluctuations display a complex character during the
geomagnetic storm development. This evidence supports the idea that the geomagnetic storm nature may
be the result of a cooperative and collective dynamics. We also find that the permutation entropy values
change with latitude suggesting a latitudinal dependence of the complexity degree of the signals.

1. Introduction

The activity of Earth’s magnetosphere is characterized by sporadic perturbations involving broad ranges
of spatial and temporal scales. The characteristics of the geomagnetic signals associated with this magne-
tospheric activity depend on geomagnetic disturbance level and consequently on the level of interaction
between the solar wind and the Earth’s magnetic field. For example, the fractal properties of geomagnetic
signals change before the occurrence of magnetic storms and substorms [see, e.g., Uritsky and Pudovkin, 1998;
Balasis et al., 2006], which are two important manifestations of magnetospheric dynamics [Akasofu, 1968;
Gonzalez et al., 1994; Kamide et al., 1998]. In the case of magnetic storms distinct changes in the scaling
parameters of the fluctuations of Dst time series are found to occur both near the storm onset and during its
evolution. These changes in the scaling features of Dst index, which is the geomagnetic index that describes
the evolution of magnetic storms, occur as intense magnetic storm approaches [Balasis et al., 2006] revealing
a gradual reduction in the complexity of the magnetospheric dynamics due to a gradual increase of the
memory in the signal. For this reason, it is suggested that the occurrence of an intense magnetic storm may
represent a gradual transition from less orderly state to a more orderly one [Sitnov et al., 2000]. On the other
hand, similar time-dependent fractal measures characterize also the auroral electroject index AE, which is
commonly used as a global measure of magnetospheric activity during magnetic substorms and as a sensitive
indicator of early stages of the development of high-latitude geomagnetic disturbances [Uritsky et al., 2006].

A considerable amount of literature has been published on this issue. A great deal of previous research has
been focused on the analysis of the Hurst exponent of the geomagnetic signals which permits us to charac-
terize the fluctuations observed in a signal defining their degree of persistence or antipersistence. That can
be obtained by estimating the degree of correlation or anticorrelation in sign of the fluctuations. It has been
shown that the Hurst exponent values associated with Dst [Balasis et al., 2006] and AE [Uritsky and Pudovkin,
1998] geomagnetic indices increase in proximity to the occurrence of magnetic storms and substorms. This
increase has been interpreted as an indication of the complex and cooperative nature of the magnetosphere
response to the solar wind changes, although it is probably the simultaneous combination of solar wind and
internal magnetospheric dynamics [Balasis et al., 2006; Wanliss and Dobias, 2007] to be responsible of the
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critical features of persistency in the magnetosphere. Indeed, it has been argued that the onset of geomag-
netic events is not due exclusively to the solar wind, and an important contribution may be also ascribed to
the internal dynamics of the magnetosphere. That has been suggested by investigating the dynamic transi-
tions in the solar wind which are characterized by scaling exponents that are not found in the geomagnetic
activity indices.

To characterize the dynamic changes in complex systems, several techniques have been recently proposed.
They are mainly based on the information theory approach, i.e., on that theory which permits to determine the
uncertainty contained in a sequence of characters or in a signal through the calculation of entropic quantities
as, for example, Shannon entropy, Kolmogorov-Sinai entropy, and mutual information. Among these new
techniques, the estimate of the measure of permutation entropy [Bandt and Pompe, 2002; Cao et al., 2004] is
one of the most simple and powerful to characterize changes in dynamical systems being able to measure the
degree of complexity of the analyzed signal. The advantages of this measure compared with more traditional
ones are its conceptual simplicity, its fast calculation, and its robustness against observational noise. Indeed,
most of the classical measures do not consider the temporal order of the values in the analyzed signal and
require long time series to be applied. In a series of papers the relations between the permutation entropy
and other entropy measures have been studied. For example, it has been found that the Kolmogorov-Sinai
entropy is closely related to the permutation entropy although in some dynamical system these two quantities
may not be equivalent [Amigó et al., 2005; Amigó, 2012; Bandt et al., 2002; Keller and Sinn, 2010]. In general, it
is important to notice that profound relations exist between the main types of complexity parameters which
permit us to compute one from the other.

The present work is focused on the study of the short timescales geomagnetic field fluctuations at high
latitude during four large geomagnetic storms occurred from 2000 to 2003. We analyze the fluctuations of
the horizontal component (H) of the geomagnetic field measured at a chain of nine different geomagnetic
observatories that covers approximately the magnetic latitudinal range between 50∘N and 90∘N, using the
combination of two different methods: the empirical mode decomposition [Huang and Wu, 2008] and the
permutation entropy analysis [Bandt and Pompe, 2002; Cao et al., 2004].

The analysis is performed at timescales lower than 120 min, which are characteristics of substorm pulses
[Kamide and Kokubun, 1996; Consolini and De Michelis, 2005] and are mainly related with the fast unload-
ing processes occurring inside the Earth’s magnetotail. The detection of the same phenomenon at different
geomagnetic latitudes allows us to understand better how the response of the magnetosphere changes
moving from latitudes more directly subjected to the action of the solar wind to latitudes only indirectly
influenced by the solar wind but in any case influenced by the magnetospheric internal dynamics. Therefore,
after reconstructing time series of magnetic data cleaned from timescales higher than 120 min by means
of empirical mode decomposition we apply permutation entropy analysis. This allows us to measure the
complexity of the magnetospheric system, showing that the intermittency and nonstationary nature of the
geomagnetic field fluctuations during the selected geomagnetic storms can be the result of a cooperative and
collective dynamics.

The paper is organized as follows. At first, the data sources are discussed then a brief summary of empir-
ical mode decomposition (EMD) and permutation entropy (PE) is presented. Following this, the empirical
mode decomposition analysis is applied, and successively, the PE is computed onto the selected and filtered
geomagnetic time series. Finally, the implications of the findings are discussed.

2. Data Description

We examine the fluctuations of the Earth’s magnetic field during four distinct intense geomagnetic storms
occurred in the solar cycle 23 near its maximum (2000–2003). These geomagnetic storms are character-
ized by high values of Dst index, and for this reason, they are classified as super intense storms. We analyze
the horizontal component of the Earth’s magnetic field recorded, during these four extreme events, at nine
permanent geomagnetic observatories approximately at the same magnetic longitude and magnetic lati-
tude ranging from 49∘N magnetic latitude (MLat) to 87∘N MLat (see Table 1). In detail, three observatories
(ALE, RES, and CBB) are located inside the polar cap, three (YKC, BLC, and FCC) inside the auroral zone and three
(MEA, NEW, and BOU) immediately below the auroral zone. All of them are part of the worldwide network
of observatories known as INTERMAGNET. We note that all observatories except ALE can be considered a
latitudinal chain being located within a local time interval of approximately 1.5 h.
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Table 1. List of Geomagnetic Observatories Selected in This Worka

Code Lat (∘) Long (∘) MLat (∘) MLong (∘)

ALE 82.50 297.65 87.08 98.92

RES 74.69 265.12 83.32 319.53

CBB 69.12 254.97 77.25 308.85

BLC 64.32 263.99 73.92 327.50

YKC 62.48 245.52 69.44 300.61

FCC 58.76 265.91 68.92 332.25

MEA 54.62 246.65 62.08 305.70

NEW 48.27 242.88 54.93 303.33

BOU 40.14 254.75 49.04 319.61
a
Observatories are identified using their IAGA code. The geomagnetic coordinates were

calculated for 2000.0 using the routine available at http://modelweb.gsfc.nasa.gov. Lat and
Long stand for geographical latitude and longitude while MLat and MLong for the corre-
sponding geomagnetic ones.

For each observatory we consider the horizontal component (with a time resolution of 1 min) of the Earth’s
magnetic field relative to the following periods: 13–18 July 2000, 29 March to 3 April 2001, 3–9 November
2001 and 27 October to 1 November 2003.

3. Methodology
3.1. Empirical Mode Decomposition Analysis: A Brief Account and Results
Since our time series are nonstationary and nonlinear traditional data analysis cannot be applied because they
are usually based on linearity and stationarity assumptions (as for example in the Fourier analysis). For this
reason, we choose an analysis tool capable of managing data by decomposing them in a set of components
through an adaptive algorithm. The choice of an adaptive base is indeed a necessary condition to represent
nonlinear data. A few adaptive methods have been proposed in the last few years, but most of them have been
designed for describing stationary processes. The empirical mode decomposition (EMD) method, introduced
by Huang et al. [1998], is an adaptive method and is based on the local characteristics of data. These two
features (locality and adaptivity) are the necessary conditions to analyze most of natural signals that are often
nonlinear and nonstationary.

EMD decomposes a time series x(t) into a set of intrinsic mode functions (IMFs) and a residue. These IMFs,
each having a characteristic frequency, are directly obtained from the time series with no a priori assumptions
regarding their nature. Each IMF represents a local oscillatory mode with the same number of extrema and
zero crossings, whose envelope, defined by all the local maxima and minima, are symmetric with respect to
zero. The IMFs become the basis representing the data.

We do not describe here the details of the complete procedure to obtain the IMFs since it is reported in many
scientific papers [Huang et al., 1998, 2003; Huang and Wu, 2008; Flandrin et al., 2004; De Michelis et al., 2012]. We
will focus only on how we applied EMD analysis to magnetic data to single out timescales lower than 120 min.

As an example of our analysis, Figure 1 shows the complete decomposition of the horizontal component of
the Earth’s magnetic field recorded at Resolute Bay (RES) observatory from 13 to 18 July 2000. The time series
is separated into 11 IMFs and a residue. The characteristic scale of each IMF increases with the IMF num-
ber (k), and a general separation of time series into locally nonoverlapping timescale components is found.
Similar results have been obtained by applying the EMD method to the time series recorded at the different
geomagnetic observatories during the four selected periods (data not shown).

The step that follows EMD is the estimation of the mean frequency of each IMF. It is computed by means of
the associated Fourier power spectral density Sk(f ) using the following expression:

fk =
∫ ∞

0 fSk(f )df

∫ ∞
0 Sk(f )df

, (1)

DE MICHELIS ET AL. PERMUTATION ENTROPY AND MAGNETIC STORMS 5635

http://modelweb.gsfc.nasa.gov.


Journal of Geophysical Research: Space Physics 10.1002/2015JA021279

Figure 1. (top to bottom) Horizontal component of the Earth’s magnetic field from 13 to 18 July 2000 as recorded at
Resolute Bay (RES) observatory: 11 IMFs and residue resulting from EMD. The characteristic scale increases with the IMF
number k, in this case k = 1,… , 11.

where the suffix k indicates the IMF number. An example of this step of analysis is reported in Figure 2 for the

IMFs of the signal recorded at RES observatory from 13 to 18 July 2000. In Figure 2 (left) the Fourier power

spectral density (PSD) of each IMF (with k from 1 to 11) is reported with different colors, while in Figure 2

(right) we show the mean frequency fk of each IMF.

The analysis described for the magnetic storm of July 2000 as observed at RES observatory is repeated for all

the selected observatories (data not shown) in the same time interval (13 to 18 July 2000), and the trend of the

mean frequency value associated with each IMF is shown in Figure 3. The different colors identify the different

selected observatories, while the mean values on the nine observatories of each mean frequency and the

corresponding standard deviations are plotted in black in the insert of same figure. The trend obtained shows

DE MICHELIS ET AL. PERMUTATION ENTROPY AND MAGNETIC STORMS 5636



Journal of Geophysical Research: Space Physics 10.1002/2015JA021279

Figure 2. (left) The power spectral density (PSD) of each IMF identified in the decomposition of the signal recorded at
RES observatory is shown. (right) Average frequencies estimated for each IMF versus the IMF number k is plotted.

that the EMD acts as a filter which decomposes the signal into a sequence of IMFs characterized, in Fourier
space, by a mean frequency fk that scales according to the law:

fk = f0𝜌
−k
, (2)

where f0 is a constant,𝜌 is a scaling factor, and k is the IMF number. According to this result, the mean frequency
fk of a given mode is 𝜌 times larger than that associated with the immediately following mode.

Considering the IMF mean frequencies, obtained for the Bastille event, it is possible to define an average
frequency ⟨fk⟩ for each fixed k. The fit of the trend of ⟨fk⟩ as a function of the IMF number k using equation 2

Figure 3. Average frequencies versus IMF number k for all the
geomagnetic observatories selected for the case of July 2000
magnetic storm. In the insert the average values evaluated
using data coming from all the observatories are plotted in
black, while the black dashed line identifies the function used
to describe the trend of data.

returns the following parameter values: 𝜌 =
(2.000 ± 0.005) and f0 = (0.39 ± 0.05) min−1,
respectively.

The value obtained for the 𝜌parameter indicates
that in our case, the EMD acts as a nearly dyadic
filter bank in the frequency domain. This result
is consistent with the results by Flandrin et al.
[2004] and Wu and Huang [2004], which have
shown that the EMD behaves as a dyadic filter
bank in the case of white noise. In our analy-
sis the original time series are decomposed in
a set of IMFs whose mean frequencies fk dyad-
ically scale in average. Thus, we can conjecture
that the analyzed time series are characterized
by a structure and an information content simi-
lar to that of a white noise [Wu and Huang, 2004],
a Gaussian fractional noise [Flandrin et al., 2004],
or a turbulent time series [Huang and Wu, 2008].

Using the obtained IMFs, we reconstruct a signal
(HR) for each observatory by considering only
the first six empirical modes. This set of IMFs is
significantly affected by perturbations related to
the characteristic timescales of substorm pulses
since the associated periods are smaller than
120 min [Kamide and Kokubun, 1996; Consolini
and De Michelis, 2005]. Therefore, EMD allows us
an accurate and adaptive filtering of the original
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Figure 4. Comparison between the observed and the reconstructed time series of the horizontal component of the
geomagnetic field relative to the selected geomagnetic observatories during the Bastille event (from 13 to 18 July 2000).

signal, removing locally in time low-frequency fluctuations. So the new data set created for the study of
dynamical changes of the magnetospheric system is obtained decomposing the original data into IMF
components and reconstructing each time series according to the following expression:

HR(t) =
6∑

j=1

IMFj(t). (3)

Figure 4 shows a comparison between the observed and the reconstructed time series of the horizontal com-
ponent of the geomagnetic field relative to the nine geomagnetic observatories during the time interval
containing the Bastille event. The entire procedure described above is repeated over the other three intense
storms selected.

3.2. Permutation Entropy Analysis: Hints and Results
In 2002, Bandt and Pompe [2002] introduced an interesting quantity, the permutation entropy (PE), as a novel
measure to characterize the complexity of time series associated with nonlinear dynamical systems which
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are modeled through a symbolic sequence. This method is extremely fast on computational side and can
be applied to any type of time series. A detailed theoretical background of this method can be found in
Amigó [2010], and a guide on how to choose appropriate parameters for different applications of permutation
entropy can be found in Riedl et al. [2013].

The basic idea of the measure associated with PE consists in the transformation of the analyzed time series
into a series of relatively few symbols through an appropriate partition. Successively, a symbolic series can
be constructed by collecting groups of symbols together in temporal order. In detail, for a given time series
{x(i), i = 1, 2,…} we can embed it in an m-dimensional space whose vectors are defined as follows:

Xi = [x(i), x(i + 𝜏),… , x(i + (m − 1)𝜏)] (4)

where m is called the embedding dimension and 𝜏 the delay time. The m real values contained in each Xi are
arranged in an increasing order so that it is possible to associate to each Xi a sequence of m numbers corre-
sponding to the position of the elements of the vector Xi according to the value-ordered sequence. In other
words, the time series is transformed into a sequence of numeric characters, which is one of the m! possible
permutations. If P1, P2,… , Pk (where m! ≤ k) represent the probability associated with each symbol sequence,
the permutation entropy for the time series can be defined [Bandt and Pompe, 2002] as the Shannon’s entropy
[Shannon, 1948] for the N distinct symbols as

Hp(m) = −
N∑

j=1

Pj ln Pj. (5)

The smallest possible value of Hp(m) is zero, and it is realized when the analyzed series is characterized by
regular and deterministic behavior. The maximum possible value of Hp(m) is ln(m!), and it is obtained when
all permutations have the same probability distribution as for example in the case of a white noise. For
convenience, Hp(m) is normalized as

0 ≤ Hp = Hp(m)∕ ln(m!) ≤ 1. (6)

The first practical question to cope with when applying permutation entropy is the determination of the
parameters m and 𝜏 which determine the length of the sequences and the delay time between successive
points in the symbol sequences, respectively. The choice of the optimal parameters, which depends on the
field of application, is crucial for the use of PE. In their paper Bandt and Pompe [2002] recommend for the
embedding dimension a value between 3 and 7. In our case, to detect the finer changes of the local permuta-
tion entropy, we assign to m the value of 4 corresponding to a symbolic representation characterized, at most,
by 24 different states. This choice of m is a good compromise between the short-timescale erratic fluctua-
tions of signals and a local PE estimation. For m = 5, for example, we would need to estimate PE considering
120 different states, which require a so large time window (of the order 1200 min at least) to loose the local
details. Furthermore, our choice of the embedding dimension (m = 4) is supported by previous studies on
phase space reconstruction of the magnetospheric dynamics where it has been argued [Klimas et al., 1996;
Vassiliadis, 2006] that a reasonable value for the embedding dimension is between 2.5 and 4. Thus, our time
series is divided into blocks composed of four (m = 4) nonconsecutive points (𝜏 = 5). For the choice of the
time delay 𝜏 , we have tested different 𝜏 values in the interval 𝜏 ∈ [2, 11] min. The chosen 𝜏 (𝜏 = 5) is the best
compromise between the length of the data time series and PE estimation. Indeed, for values of 𝜏 ∈ [2, 11]
min we do not observe significative differences in the temporal trend of the PE. Furthermore, the differences
in the estimated PE values for 𝜏 ∈ [2, 11] are smaller than 10%. In conclusion, to estimate the probability Pj ,
a moving window of n values with n = 240, which moves along the series of 60 points, is considered on the
coded sequence. This choice of not disjoint consecutive moving windows is made to accurately monitor the
PE changes. Thus, we obtain the Hp values every 60 points, which correspond to 60 min. Each computed Hp(t)
value is associated with the middle time of the window. The time variation of Hp can shed light on interesting
dynamical changes in the analyzed time series.
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Figure 5. An example of the permutation entropy values (solid line) obtained by analyzing the time series reconstructed
considering only the first six IMFs in the time interval containing the Bastille event at the selected geomagnetic
observatories. The dashed line describes the root-mean-square (Vrms) of each time series in the corresponding moving
window of width n.

4. Results and Discussion

Figure 5 shows the behavior of the normalized permutation entropy (Hp) computed from each of the nine
reconstructed time series with embedding dimension m = 4, delay time 𝜏 = 5, and a window size of 240
points. We recall that the time series are reconstructed according to equation (3) and represent a collection
of data describing the fluctuations of the magnetic field horizontal component with timescale lower than
120 min recorded between 13 and 18 July 2000 at geomagnetic observatories reported in Table 1. The vari-
ation of Hp versus time is reported as solid curves on Figure 5 along with the root-mean-square (Vrms) values
of the time series computed using the same moving window width equal to n (dashed black lines). The same
quantities (Hp and Vrms) are computed from the other three selected periods (data not shown). In all the
examined cases, the permutation entropy generally has a drop during periods characterized by a high activ-
ity level. This behavior is better shown in Figure 6. It reports the variation of Hp evaluated from the different
time series relative to the selected periods with the associated root-mean-square values. This dependence
is described by the dashed line, which is the result of a linear fit between the Hp values and the log(Vrms)
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Figure 6. Dependence of normalized permutation entropy Hp on
log(Vrms). Data refer to all selected periods and observatories. The
line is the linear fit between the two quantities shown in the graph.
It traces a guideline characterized by a slope equals to
(−0.020 ± 0.001).

ones. The dependence obtained confirms a
decrease in the permutation entropy values
with increasing time series fluctuation ampli-
tudes. Since Hp gives a measure of the depar-
ture of the time series under study from
complete randomness, our results indicate
that the magnetic field fluctuations become
more regular during periods characterized
by a high activity level. During geomagnetic
storms the signal associated with the hor-
izontal component of the Earth’s magnetic
field has a less entropic character, and con-
sequently, it is more organized. Such behav-
ior is an indication of a possible increase in
the cooperativeness of the fluctuations. To
understand better the possible relationship
between the permutation entropy and the

root-mean-square value Vrms of the geomagnetic field fluctuations, we introduce the quantity Hp(1−Hp) = Γ11

that, according to Shiner et al. [1999], is a measure of the system complexity. Indeed, for Hp = 0,1 Γ11 reaches
its minimum for states which are completely ordered or disordered. In contrast, intermediate configurations
of Hp correspond to the most relevant values of complexity.

Figure 7 shows the dependence of the average values of Γ11 on all the examined periods as a function of
log(Vrms). The dashed red line refers to a polynomial fit of ⟨Γ11⟩ values. The trend obtained shows a gradual
increase in ⟨Γ11⟩ with log(Vrms); consequently, there is a general increase in the complexity of the system with
increasing amplitudes of magnetic field fluctuations at these analyzed scales (i.e., lower than 120 min).

To investigate the dependence of the permutation entropy on geomagnetic latitude, we have considered
the different geomagnetic observatories and averaged over the ensemble of Hp values obtained during the
four distinct periods in each observatory. The results obtained are plotted in Figure 8, where we also plot the
corresponding values of Γ11 complexity measure. The permutation entropy shows a dependence on the geo-
magnetic latitude values. Its value is maximum in correspondence with those observatories which are located
between 60∘and 70∘while it is decreasing outside of this latitudinal range. The result suggests that the com-
plexity degree of the signal decreases in the auroral zone (MEA, FCC, and YKC). This region is characterized by
the presence of high-latitude ionospheric currents. They are dominated by a westward electrojet in the morn-
ing sector and an eastward electrojet in the evening sector which profoundly influence the horizontal compo-
nent of the geomagnetic field creating a decrease (westward electrojet) or an increase (eastward electrojet)
in its intensity. The intensification of the auroral electrojet and its latitudinal distribution, which is one of the
most important manifestations of the magnetosphere-ionosphere coupling, depends on the geomagnetic

Figure 7. Dependence of average complexity measure ⟨Γ11⟩ on
log(Vrms) obtained considering data coming from all the examined
periods. The dashed lines refer to a polynomial fit (red) of this
average values and to the 95% confidence interval (blue).

activity level and on the life cycle of sub-
storms. Indeed, detailed observations made
from the ground and images from satel-
lites reveal that during disturbed periods
the ionospheric currents move at lower lat-
itudes (≤ 60°) than those where they are
located (near 70∘) during quiet periods. This
result suggests that the complexity degree of
the analyzed signal decreases in those zones
where the more stable ionospheric current
system profoundly influences the horizontal
component of the geomagnetic field (MEA,
FCC, and YKC). We show that during the
analyzed periods there is clear evidence of
significant lower complexity in the mag-
netic signal in the auroral zone where the
observed higher degree of organization of
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Figure 8. Average normalized permutation entropy ⟨Hp⟩ (black
circles), associated with each selected geomagnetic observatory,
averaged over the four selected periods and the corresponding
values of the Γ11 complexity measure (red circles). The dashed
curves are polynomial fits of these latitudinal trends traced simply
as guidelines.

the system is probably due to the develop-
ment of ionospheric currents during geo-
magnetically disturbed periods. This finding
is consistent with that of De Michelis and
Consolini [2015], who analyzed the changes
of the scaling properties of geomagnetic
field fluctuations by means of the local
Hurst exponent and reconstructed maps of
this index as function of time during an
intense geomagnetic storm (Bastille event).
An increase of the antipersistent character
of the magnetic field fluctuations is found in
the auroral zone during geomagnetically dis-
turbed periods suggesting a higher value of
the permutation entropy and, consequently,
a lower degree of complexity in this region.

5. Summary and Conclusions

The aim of this work is that of investigating the properties of the geomagnetic field fluctuations during four
intense geomagnetic storms occurred between 2000 and 2003. The study of the properties of these fluctu-
ations, measured simultaneously along a chain of INTERMAGNET observatories, allowed us the investigation
of the nature of the response and interaction between the magnetosphere and the solar wind, as well as the
internal dynamics of the magnetosphere itself. Since the selected geomagnetic observatories are located at
high and middle magnetic latitudes, we have analyzed both areas directly affected by the solar wind (where
the magnetic field lines are open) and areas where the influence of the solar wind is indirect and the magneto-
spheric internal dynamics plays a key role. Here we have concentrated our study to magnetic field fluctuations
at timescales <120 min, which are characteristic of substorm pulses [see, e.g., Kamide and Kokubun, 1996]. To
extract these timescales from the analyzed signal, we have filtered original data. Being the selected time series
nonstationary and nonlinear to accomplish this task, we have used a new method of investigation introduced
by Huang et al. [1998]: the empirical mode decomposition method. It permits us to represent the analyzed
signal using an adaptive and almost locally orthogonal basis which is obtained by decomposing the signal
into a finite and limited number of intrinsic mode functions (IMFs). This methodology has been applied to the
horizontal component of geomagnetic field measurements recorded during four distinct time periods.

Using only the first six IMFs, we have created a new data set describing the fluctuations (<120 min) of the
magnetic field horizontal component due to external sources. We have used these reconstructed time series
to evaluate the permutation entropy at these timescales. This measure reveals the qualitative and quantitative
changes in the dynamical properties of a system through the analysis of time series. The results show that
the behavior of permutation entropy relative to the EMD reconstructed time series results from a change in
the dynamical response of the magnetospheric system and that the geomagnetic field fluctuations have a
complex character during intense magnetic storms.

A possible explanation lies in the nature of the geomagnetic storms which shows a cooperative and collective
dynamics on different timescales. This is inherent in complex systems which self-organize showing multi-
scale macroscopic and mesoscopic features such as coherent dynamics and structures [Consolini and Chang,
2001, 2002].

Finally, the permutation entropy exhibits a dependence on the observatory magnetic latitude. Its value is
maximum in correspondence with those observatories which are located between 60° and 70° while it is
decreasing outside of this latitudinal range. This represents a clear evidence of significant lower complex-
ity in the magnetic signal in the auroral zone during disturbed periods. The higher degree of organization
of the system observed in this region can be explained in terms of the development of ionospheric cur-
rents during the geomagnetic disturbed periods. The local disorder of the magnetic field fluctuations due
to the intens\emph{}ification of electrojet currents seems to evolve toward a situation where cooperative
fluctuations of the overall topology may take place due to the long-range connectivity.
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To summarize the findings from our analysis, we can say that the fluctuations associated with geomagnetic
activity at high latitude and midlatitude have an extremely organized and complex structure that reflects the
presence and influence of different magnetospheric regions. Different from the general framework, which
suggests the occurrence of an increase in the coherent nature of the response to geomagnetic disturbances
during geomagnetic storms and substorms [Balasis et al., 2006; Wanliss and Dobias, 2007], our work suggests
that the increase of coherence does not involve modes and fluctuations below 120 min. This result is con-
firmed looking at the spectral structure of the AE index which, at temporal scales smaller than 100 min, shows
an intermittent character and a spectrum close to the Brownian (f−2) one [Tsurutani et al., 1990; Consolini,
2002]. This suggests that the higher degree of organization (i.e., lower complexity or higher predictability
for the system) and persistent behavior associated with disturbed periods found by Balasis et al. [2006] and
Wanliss and Dobias [2007] are due to temporal scales greater than 120 min. Indeed, the authors used moving
windows having a size of one or more days to study the dynamical changes during storms. From a physical
point of view we must also highlight as the high nonstationarity of the signals in the polar regions is directly
attributable to the sporadic and intermittent activity observed in the geomagnetic tail by Lui et al. [1998] and
subsequently theorized by Chang et al. [2005].

Last but not the least, we notice that our results on the latitudinal dependence of permutation entropy and
complexity measure confirm previous findings obtained on a single magnetic storm and using a different
technique [De Michelis and Consolini, 2015]. Consequently, the observed results have a general character and
are independent from the method of analysis.
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