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In this work the time dynamics of GPS time series recorded at the Campi Flegrei caldera from 2000 to 2019 was
investigated by using the Fisher Information Measure (FIM) and the Shannon entropy power (SEP), two infor-
mational methods that allow the detection of changes in the dynamical behavior of a complex system, like the
volcanic one, quantifying respectively the order/organization and the disorder/uncertainty. By jointly analyzing
the FIM and the SEP through the Fisher-Shannon Information Plane (FSIP) it was shown that the SEP discrim-
inates quite well the vertical displacement time series, while the FIM discriminates better the horizontal ones,
which are featured by a more complex behavior. Globally, the most striking change in the SEP is found in 2012,
while at local scale abrupt loss of order (indicated by low values of FIM) well correlate with the occurrence of
seismic swarms. A further informational quantity, the complexity C (given by the product between SEP and FIM),
has been revealed to be sensitive to the baseline deformation level increases and to the small-amplitude mod-

ulation of deformation signals within the caldera.

1. Introduction

Horizontal and vertical deformations of the Earth’s crust are widely
used to monitor volcanic activity. The displacement pattern before and
after an eruption may indicate the depth and rate of magma accumu-
lation as well as the way magma is accommodated (Dvorak and Dzurisin,
1997). Together with seismicity and degassing, deformation is a good
indicator of volcanic unrest. Monitoring these observables in unrest
context elucidates the behavior and the working principles within a
volcano, contributing to forecast activity (Acocella et al., 2015).

The Campi Flegrei caldera (CFc, Southern Italy), a volcanic complex
mainly formed during the Campanian Ignimbrite (CI, 39 ka) and the
Neapolitan Yellow Tuff (NYT, 15 ka) eruptions (De Vivo et al., 2001;
Deino et al., 2004), is well known for ground level variations since
roman times. The last CFc eruption occurred in 1538 CE, was preceded
by a rapid uplift of 6-7 m and by increased seismicity, and lead to the
formation of Monte Nuovo. Early record of vertical displacement at CFc
are based on historical documents and on Roman ruins studies.

Recordings made after 1819 above the floor of the Roman Temple of
Serapeum, in the city of Pozzuoli, and the first precise leveling measures
of Campi Flegrei in 1905 report the sinking at the center of the caldera
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(Dvorak and Mastrolorenzo, 1991; Parascandola, 1947). Since then,
intermittent unrest has been accompanied by uplifts phases. During
1950-1952, a 0.73 m uplift occurred and, although the seismic sur-
veillance wasn’t yet activated, no seismicity with magnitude higher than
1.5 has been supposed (Del Gaudio et al., 2010). Between 1969 and
1972 moderate seismicity accompanied an uplift of 1.77 m, while during
the 1982-1984 crisis an uplift of 1.79 m was accompanied by >16,000
earthquakes often clustered in swarms (D’Auria et al., 2011; De Natale
and Zollo, 1986; Del Gaudio et al., 2010); this crisis led to the evacuation
of nearly 40,000 people in October 1983 (Barberi et al., 1984). There-
after, a slow subsidence followed until 2005, when a new uplift phase
restarted and is still ongoing. Minor peaks of uplift ((Gaeta, 2003; Troise
et al., 2019) occurred both during the post-1984 subsidence and the
recent uplift (1989, 1994, 2000, 2006 and 2012-2013). On October
2006 a LP (long period) seismic sequence occurred with >300 events
recorded and located at about 500 m depth, beneath the Solfatara crater
(Ricco et al., 2019). The VT (volcano tectonic) activity shows alternating
phases of intense swarms with phases with very low seismicity rate
((Petrosino et al., 2018). Major seismic swarms composed of up to 200
earthquakes, with duration magnitude Md up to 2.5, were observed in
October 2005, October 2006, January 2008, March 2010, September
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2012, March 2014, October 2015, July 2016, August 2016, March 2018,
September 2018 and October 2018 with the most energetic earthquakes
since 2005 occurred in October 2015 (Md = 2.5), July 2016 (Md = 2.1),
March 2018 (Md = 2.4), September 2018 (Md = 2.5) and October 2018
(Md = 2.0) (Ricco et al., 2019).

Due to the intense urbanization of the CFc area, the volcanic risk
management lead to the intensification of the monitoring activities
through time. Continuous GPS measurements are made since 2000 by
the “Neapolitan Volcanoes Continuous GPS” (NeVoCGPS) network, part
of the geodetic monitoring system operating at the INGV-Osservatorio
Vesuviano (Bottiglieri et al., 2010; De Martino et al., 2014). Nowa-
days, the NeVoCGPS network comprises 21 on land GPS stations in the
CFc area (De Martino et al., 2021). From 2000 to 2019, the vertical
displacement recordings show a bell-shaped patter, with the largest
uplift detected by the RITE station located at Rione Terra-Pozzuoli; the
horizontal displacement recordings show a radial pattern centered on
Pozzuoli (De Martino et al., 2021). These patterns were already
observed in studies concerning previous unrest crises (Berrino et al.,
1984; De Natale and Pingue, 1993).

The origin of ground deformation at CFc has been the subject of
intense research, leading to different source/sources models. Some au-
thors have interpreted the ground deformation as the signature of
pressure/volume source changes or shallow intrusion of magmatic
origin (Berrino et al., 1984; Bianchi et al., 1987; D’Auria et al., 2015;
Trasatti et al., 2015). Alternative interpretations point to fluid-
dynamical perturbations in the hydrothermal system and to the influ-
ence of the rock’s properties, like permeability (Battaglia et al., 2006;
Bonafede and Mazzanti, 1998; Lima et al., 2009; Petrillo et al., 2019;
Todesco et al., 2010). The observed displacements are the expression of
superimposed processes that may occur at different time and space
scales. The extraction of information about the different sources driving
ground deformation can be afforded also by statistical approaches (Dong
et al., 2002; Gualandi et al., 2016). At CFc, GPS time series have been
analyzed by applying independent component analysis (ICA) recog-
nizing the background deformation level and the periodic signals asso-
ciable to Earth tides (Bottiglieri et al., 2010; Bottiglieri et al., 2007). ICA
applied to tiltmetric recordings also highlighted tidal contribution
components likely controlled by structural and thermoelastic site
properties (De Lauro et al., 2018). Via a purely statistical approach, GPS
together with seismicity and geochemical data have been analyzed to
explore inter-relation structure of the multivariate time series and unrest
geo-indicators (Tripaldi et al., 2020).

In this work we analyze the time dynamics of deformation data
recorded by the “Neapolitan Volcanoes Continuous GPS” network in the
CFc in the time span 2000-2019 by employing the statistical tools Fisher
Information Measure (FIM) and Shannon entropy (SEP). FIM and SEP
were initially formulated in the context of the information theory and
then have been finding successful application in the analysis of complex
dynamics of nonstationary time series (Guignard et al. (2020) and herein
references) and, in particular, in the analysis of dynamical changes in
geophysical signals. Earthquake-related significant changes were found
in the time variation of FIM and SEP of geoelectrical signals measured in
seismically active areas (Telesca et al., 2005). Precursory signs of vol-
canic eruptions were detected by analyzing the time distribution of FIM
and SEP of satellite thermal signals recorded at Mt. Etna, Italy (Lovallo
et al., 2009; Lovallo et al., 2007). Investigating the seismic tremor
measured at Stromboli volcano, Italy (Telesca et al., 2010), and at El
Hierro volcano, Spain (Telesca et al., 2014a), onsets eruptive phases
were revealed by applying the FIM. Long-term deformation processes of
the Taiwan orogeny were identified by using the Fisher-Shannon
method applied to geoelectrical data (Telesca et al., 2014b). The FIM
and SEP were also employed to elucidate laboratory and theoretical
models of earthquake rupture models (Chen et al., 2021; Moreno-Torres
et al., 2018; Wu et al., 2019).

Here we focus on the Fisher-Shannon analysis of vertical (V) and
horizontal (H) components of displacement of GPS signals measured in
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the volcanic caldera of Campi Flegrei in order to identify a spatial
pattern of the stations depending on the distance from the supposed
source and to evidence dynamical changes in the time variation of the
signals that are linked with unrest phases.

2. Data and methods
2.1. Data

In this study we investigate the daily time series of displacements
recorded by the GPS NeVoCGPS network at CFc and downloaded by (De
Martino et al., 2021). For a detailed description of data recording and
processing see De Martino et al., (De Martino et al., 2021; De Martino
et al.,, 2014). Among all the stations of the GPS network, we selected
only those stations with the longest recording period; the analysis was
performed on the vertical (V) and horizontal (H) components from
August 2000 to December 2019; in particular the H component was the
modulus of the sum between north and east components. Fig. 1 shows
the location of GPS stations and the analyzed time series. From a visual
inspection, the highest vertical displacements are recorded at the station
RITE that is close to the caldera center and to the Solfatara hydrothermal
system (Fig. 1).

2.2. Fisher-Shannon method

The Fisher Information Measure (FIM) and the Shannon entropy (SE)
are generally used to investigate the informational properties of a time
series. In information theory, these two quantities quantify the degree of
smoothness of the distribution of a series, and are also employed to
explore the complexity of nonstationary series described in terms of
order and organization (FIM) or disorder and uncertainty (SE) (Frieden,
1990; Shannon, 1948). The FIM and SE are defined by the following
formulae:

r d % dx
FIM = 7/ <af(x)) ) @
SE= — / fre(x)logfy (x)dx (2

where f(x) is the probability density function of the series x. Since SE can
also be negative, it is generally used the Shannon entropy power (SEP)
Ny defined by

SEP — ¢ 3
2me

As it can be seen from the definitions (Eq. (1) and (2)), the FIM and
SE characterize the local and global properties of f(x), respectively. The
FIM and SEP are not independent of each other, since between them the
isoperimetric inequality FIM-Nx > D, where D is the dimension of the
space, is held (Esquivel et al., 2010).

Reliable values of FIM and SEP follow an accurate estimate of the f
(x). In this paper, we use the kernel-based approach for estimating FIM
and SE that was demonstrated to perform better than the discrete-based
approach (Telesca and Lovallo, 2017). Thus, after applying the kernel
density estimator method (Devroye, 1987; Janicki and Weron, 1994).

M p— .
Fulw) = ﬁ ;K(x ) @

where M and b are respectively the length of the series and the band-
width, while K(u) is the Gaussian kernel
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Fig. 1. Map of the Campi Flegrei caldera and location of GPS stations (colored filled circles) considered in the present work (a), vertical (b) and horizontal (c)
displacements. CI: Campanian Ignimbrite; NYT: Neapolitan Yellow Tuff. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

f(x) is estimated through an optimization method that integrates the Shannon information plane (FSIP), whose coordinate axes are SEP and
algorithms of Troudi et al. (Troudi et al., 2008) and that of Raykar and FIM. For 1-D time series, the hyperbolic curve FIM-SEP = 1 separates the
Duraiswami (Raykar and Duraiswami, 2006). The time dynamics of the FSIP into two parts, of which only the space FIM-SEP > 1 is admissible

series can be investigated representing the series in the so-called Fisher- due to the isoperimetric inequality. Any time series can be represented
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Fig. 2. SEP and FIM of V (a) and H (b) deformation data as a function of distance from RITE station.
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by a point in the FIM-SEP > 1; and FIM-SEP = 1 only for Gaussian
processes.

3. Results and discussion

For each data set we calculated the FIM and the SEP. Supposing RITE
station the closest to the deformation source, in Fig. 2 the FIM and SEP of
each dataset are represented as a function of the distance from RITE.

The FIM and SEP of V component reveal a certain spatial pattern
given by a decreasing (increasing) behavior of SEP (FIM) with the dis-
tance from the source (in correspondence with the location of RITE
station), indicating a more disordered and less organized structure of the
time dynamics of the V displacement closer to the source, and more
ordered and organized far from it. We can see that the maximum V
displacement (around RITE station) corresponds to the maximum SEP
and to the minimum FIM. The SEP (FIM) of the H displacement increases
(decreases) up to the location of ARFE station (installed at about 2.5 km
from RITE) and then inverts this trend decreasing (increasing) with
farther stations.

The spatial pattern of the SEP for both the V and H components re-
produces the spatial pattern of deformation observed in the past by
leveling measurements and recently by GPS data (Berrino et al., 1984;
Bianchi et al., 1987; De Martino et al., 2021).

Fig. 3 shows the FSIP (Fisher-Shannon Information Plane) of the V
and H components: the stations seem to be well discriminated by the SEP
concerning the V displacement, by the FIM concerning the H. Consid-
ering that SEP is a global measure and FIM a local measure of the
smoothness of the probability density function, SEP is more sensitive to
the long-term and higher magnitude variations of the V component,
while the FIM reflects better local changes in the H component. This
different informational response of the V and H components of ground
displacement could be linked to the origin of the deformation at CFc that
have been ascribed to magmatic or hydrothermal origin, to the combi-
nation of both, and influenced by site-effects such as structural setting
and rocks properties.

The time varying (or local) SEP and FIM was calculated by using the
method of sliding windows that was commonly employed for spectral
and dynamical parameters (Carniel and Di Cecca, 1999). In our study we
used a sliding window of one year, calculating the local SEP and FIM by
means of the Egs. (1) and (3) in each consecutive window that had at
least 75% of data values. The shift between two consecutive windows
was set to one day (that corresponds to one data value); this is done for
having enough smoothing among the local SEP and FIM values and
evaluate their variation with a good time resolution. Figs. 4a, 4b and 4c
show the obtained results. A clear variability characterizes the time
pattern of both the informational quantities, suggesting the changing
dynamics of the volcanic system between disordered states (high/low
SEP/FIM) and ordered ones (low/high SEP/FIM).

Fig. 4a (bottom panel) shows, as an example, the density of four
subsets of 1 year long corresponding to the minimum/maximum FIM of
the H and V components at RITE station and indicated by labels (Fig. 4a
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top and middle panels). As it can be clearly seen the density of the data is
rather peaked when FIM is maximum and rather wide when it is mini-
mum. This is perfectly in agreement with the definition of FIM that
emphasizes the local properties of the probability density function of a
series, linked with its derivative. Therefore, for instance, a larger FIM
indicates that the distribution of the data is characterized by larger local
variation that are reflected in its more peaked shape, which indicates
that the underlying system undergoes a more ordered status able to
generate more concentrated data.

Most strikingly is the quasi-spike-like behavior of SEP/FIM time
pattern, indicating that the volcanic system at CFc changes its status
with dynamic transitions. The abrupt transition from one regime to
another in volcanic systems has been found in several different vol-
canoes: at Stromboli volcano, Italy, where abrupt transitions between
low and high degassing regimes, linked with the normal strombolian
activity, of the order of tens of minutes take place (Ripepe et al., 2002);
at Erta Ale, Ethiopia, whose convection regimes are characterized by
sudden transitions (Jones et al., 2006); at Dallol, Ethiopia, where the
alternation of low and high regimes is more evident in the geothermal
activity than in the seismic one (Carniel et al., 2010).

Figs. 4a, 4b and 4c (grey stars) also show the major seismic swarms
and the major long period (LP) sequence of events (Tramelli et al. (2022)
for more details). In particular six seismic swarms were recorded in the
closeness of the caldera that might be realistically correlated with vol-
canic activity (Tramelli et al., 2022): a) August 22, 2000: a swarm of VT
events was recorded, one month after a swarm of hybrid events that
lasted for a week; in particular, 90 events with magnitudes between
—0.5 and 2.1 were recorded within 7 h; b) October 2006: a shallow long
period (LP) activity accompanied by a VT swarm lasted for 1 week; c)
September 7, 2012: >180 low-magnitude earthquakes occurred within a
time window of almost 3 h; d) October 7, 2015: 33 low magnitude
earthquakes were recoded within a time window of almost 2 h; e) March
12, 2018: 42 seismic events were recorded in about 2 h; f) December
5-6, 2019: 34 earthquakes with maximum magnitude Md = 3.1 were
recorded in the area of Solfatara/Pisciarelli (see vertical lines in Figs. 4a,
4b and 4c). All the stations are sensitive to these seismic onsets, FIM is
roughly inversely proportional to SEP, and it detects the small changes
in the original series even better than the SEP. In Figs. 4a, 4b and 4c, the
SEP of the V component shows the presence of three distinct time pha-
ses. A first phase, from 2000 to the end of 2003, characterized by a
decreasing trend, that is more pronounced for RITE, ACAE and ARFE
stations. During this phase, the system is undergoing a reduction in the
entropic state. Starting from 2004, the SEP of V component for stations
located in the outer caldera (QUAR and MORU) do not display clear
trend until December 2019, thus they can be considered in a stable state
indicating that the deformation source plays a quite negligible role on
vertical displacements for these distant stations. Conversely, starting
from 2004, the SEP of V component (hereafter SEP V) of all the other
stations show an oscillating behavior superimposed on an increasing
trend that seems more pronounced for the stations closer to the source.
Starting from mid-2012, the SEP V of stations RITE, ARFE and ACAE
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Fig. 3. FSIP of the analyzed V (a) and H (b) data.
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show an enhancement of both the trend rise and the peaks’ amplitudes,
indicating an even stronger change in the dynamics of the deformation
source, leading to an enhanced entropic state. Noteworthy, on 7
September 2012 the largest swarm, both in terms of number of earth-
quakes and released energy, occurred since the end of the bradiseismic
crisis of 1982-84, (Tramelli et al., 2022); on the base of the geophysical
and geochemical parameters monitored at CFc, the Italian Department
of Civil Protection raised the alert level from green to yellow (attention).

From 2000 to 2019 the FIM of the V component (hereafter FIM V)
reflects the spatial and temporal pattern of the SEP. However, the drastic
change of the SEP in 2012 is less noticeable in the FIM. A clear corre-
spondence between the sharp drops in the FIM (loss of order) and the
swarm occurrences, suggests a unique source driving both the occur-
rence of earthquakes and the vertical displacements. Significant low
values of FIM V with time are detected during 2000-2003 indicating a
transition period during which the dynamics of the system is losing its
order due to a regime change. After 2004, the successive minima of FIM
V, can also be interpreted as a response to events that break the order of
a certain dynamics and are more pronounced for stations closer to the
presumed source.

The SEP of the H component (hereafter SEP H) values are approxi-
mately one order of magnitude lower than SEP V values at all stations;
the FIM of the H component (hereafter FIM H) values are approximately
one order of magnitude higher than FIM V values at all stations. The SEP
H and FIM H show similar temporal pattern with respect to their vertical
counterparts. The main long-term difference concerns the presence of an
increasing SEP H (decreasing FIM H) trend since 2004 also for stations
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Fig. 4a. Top and middle panels: SEP, FIM and C as a function of time for V (vertical) and H (horizontal) components at station RITE; stars represent seismic swarms
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ty of four subsets corresponding to the minimum/maximum FIM of the H and

placed in the outer caldera. It seems that the deformation source causes
horizontal displacements smaller in magnitude, but persistent in time at
larger distances. Similar to the V components, SEP H shows an
enhancement of both the trend rise and the oscillation amplitude
starting from mid-2012. Again, a clear correspondence between FIM H
minima and swarm occurrence is visible, although a greater misalign-
ment of the FIM H minimum peaks from different stations is noted.

Figs. 4a, 4b and 4c show also another informational quantity derived
from the FIM and SEP, the so-called complexity C, given by the product
of the first two. Concerning the V component, if the two stations located
in the outer caldera (MORU, QUAR) do not show significant changes in C
throughout the investigated period, the five stations located in the inner
caldera (RITE, ACAE, ARFE, IPPO, BAIA) show a clear increase in C
starting from 2011. The three stations closer to the caldera center (RITE,
ACAE, ARFE) are characterized by larger values of C during all the
investigation period with peaks occurring at the same time. The
observed spatial pattern reflects the different impact on V displacements
with respect to the distance from the deformation source while the
observed temporal pattern reflects a change in the dynamics of V dis-
placements after 2011, about one year before the main dynamic changes
(mid-2012) well detected by the SEP.

Concerning the H component, the C greatly vary with time at all the
recording stations. If no spatial pattern is visible, a certain temporal
pattern can be observed; in fact, after 2011 the C is higher on average. It
should be noted that before 2011, significant peaks in the C of the H
component occur also at stations located far from the caldera center.

As C close to 1 indicates that the time series have a Gaussian
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distribution, our results indicate that the vertical components of QUAR
and MORU stations show a nearly Gaussian distribution during
2000-2019. All other stations and components show a net departure
from Gaussianity, indicating that the complexity is very sensible even to
small displacement changes and thus to the variations of driving force
intensity above some threshold. Thus, C of V and of H components (C V
and C H respectively) correlate with the increase of the baseline
displacement and to the modulation of small-amplitude displacements.
Thus, C V and C H include both global scale variations revealed by SEP
information and local scale variations revealed by FIM information.

The behavior of the SEP, FIM, and C of both V and H components in
space and time domain poses the problem of evaluating whether it is
justified assuming a single source as dominating the signal. However,
this task has been faced via different modeling approaches and on
different datasets (Amoruso et al., 2014b, Amoruso et al., 2014a and
herein references) and can’t be addressed here. Here we point to the
ability of informational quantities to capture features in the time series
to fast and easily track spatial and temporal changes of unpredictable
natural dynamics.

4. Conclusion

Analyzing the SEP, FIM and C of the displacement data recorded by
the GPS network at CFc, we detected several transitions both in time and
space. On global scales the SEP provides information on the dynamics of
the deformation source, such as the detection of a spatial pattern, the
presence of a fast-rise phase, the small-scale changes in the deformation
dynamics. On local scales the FIM well detects periods of disorder that
coincide with swarm occurrences, indicating that the system is under-
going internal or external source deformation and volcano/tectonic
stress. Global features in the SEP and local features in the FIM comple-
ment themselves in the complexity parameter C. The existence of two
main different states, well recognized by the long-term and abrupt
changes in SEP starting from 2012, is revealed about one year before in
the C plot indicating the approaching of the system to a critical
threshold. For this examined ground displacement time series, the C
complexity could be considered a precursory signal before the system
experiences a new state. Our results suggest that the informational
properties of GPS signals allow to monitor complex processes and may
be useful to detect unpredictable and hazardous dynamic changes as fast
as possible.
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