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We used the informational methods of the Shannon entropy power and the Fisher Information Measure
to analyze the time dynamics of one year of semi-daily values of apparent resistivity, calculated on the
base of the magnetotelluric (MT) monitoring at Penghu Island, Taiwan. The performed statistics indicate
that the day-time measurements present higher disorder and lower organization than the night-time
measurements. Such difference is more evident for the high-frequency band of resistivity data, which
suggests that possibly some source of the electromagnetic field could be of anthropic origin. Furthermore,
we also note the characteristics of so-called MT dead-band with the periodicity of ~10 s could be revealed
in the high values of Shannon entropy power.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The magnetotelluric (MT) method is a non-invasive technique
measuring the variation of the electromagnetic (EM) field on the
Earth’s surface for mapping the subsurface structures (Chen and
Chen, 1998; Bahr and Simpson, 2005; Bertrand et al., 2012). The
measured component of the electric and magnetic field can be re-
lated to the distribution of the electrical properties into the subsoil
by:

{Ex(an} _ {zxx(w)

E ()] ™ | Zn() ny(w)} {HX(CO) } : (1)
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in which E and H are co-located electric and magnetic fields and Z is
the MT impedance tensor. Conventionally, the x direction could be
referred to the north. The above formula holds assuming that the
source fields are plane waves of infinite horizontal extent; such
assumption can be considered reasonable if the EM skin depth is
small compared to source length scales (Egbert et al., 2000). The
off-diagonal elements of Z are used to obtain the apparent resistiv-
ity estimates useful to study the in-depth distribution of the electri-
cal properties of the subsoil:
2
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In recent years, the MT method proved to be effective in a broad
range of applications regarding the Earth’s interior studies. Besides
the well-known applications, i.e., structure, geometry and physical
state of the crust and upper mantle (see Bahr and Simpson, 2005;
Bedrosian, 2007 and references herein), continuous MT monitoring
aiming at revealing seismo-related changes in the Earth’s conduc-
tive structure represents one of the most challenging issues (Eisel
and Egbert, 2001; Kappler et al., 2010; IPOC project, http://www.i-
poc-network.org/). Furthermore, MT monitoring is used for geotec-
tonic pattern and recognition of possible seismoelectric signal
(Hadjioannou et al., 1993; Vallianatos and Eftaxias, 1993; Valliana-
tos, 1996, 2002; Nomikos and Vallianatos, 1997; Tzanis et al.,
2000), which represented an important task in the field of earth-
quake precursory signals (Colangelo et al., 2000; Telesca et al.,
2004).

Apart from seismo-related effects, several dynamics have been
demonstrated to influence the temporal stability of an MT moni-
toring. Significant seasonal components of variability were ob-
served in the Parkfield MT monitoring (Kappler et al., 2010) with
a tendency for the apparent resistivity estimates to be less stable
during the rainy season, as well as, to step upwards with the onset
of the rain. Balasco et al. (2007, 2010) showed the possible link be-
tween the MT monitoring results and the seasonal modifications of
the electrical properties in the shallowest strata of the subsoil, due
to periodical cycle of drying and wetting of the Agri Valley (Italy)
water reservoir. Other instability factors are the electromagnetic
noise in the monitored area; the source of the MT field becomes
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a limiting factor in urbanized areas, where the ratio between the
“natural” signal and the cultural noise is relatively low. Although
processing techniques aiming at reducing the cultural noise, it is
not always possible to totally suppress such effects that can pro-
duce misleading estimation of the distribution of the electrical
properties within the subsoil.

Therefore, due to the different sources of variation of the elec-
tromagnetic field on the Earth’s surface, it is necessary to apply
methods able to deeply investigate the inner time structure of such
signals, which are obviously very complex and heterogeneous. In
this scientific context, the analysis of the time series of MT appar-
ent resistivity could be useful in terms of identifying the ranges of
sounding periods in which the resistivity is more or less sensitive
to different factors. Furthermore, the analysis of the time variation
of the apparent resistivity in different time ranges (for instance
during day-time or night-time) could also contribute to a better
understanding of the possible sources of variation.

In the present paper, we aim at investigating one year of daily
time series of resistivity calculated through the MT method in Tai-
wan. In particular, we will use the informational methods of the
Fisher Information Measure (FIM) and the Shannon entropy, that,
although well-known statistical methods, were not extensively
used in MT analysis (Fisher, 1925; Frieden, 1990). These methods
allow to gain into insight the inner time structure of the experi-
mental signals. The FIM quantifies the amount of organization or
order in a system, while Shannon entropy measures the degree
of uncertainty or disorder in a system. Firstly introduced by Fisher
(1925) in the context of statistical estimation, the FIM was used by
Frieden (1990) to describe the evolution laws of physical systems
(Martin et al., 1999). Applications like, for example, the character-
ization of the temporal fluctuations of electroencephalograms
(EEG) and the detection of significant dynamical changes (Martin
et al.,, 2001) were performed. The FIM was used to investigate com-
plex geophysical and environmental phenomena (Lovallo and Tel-
esca, 2011; Telesca and Lovallo, 2011; Telesca et al., 2011) and to
reveal precursory signatures of critical phenomena (Telesca et al.,
2010, 2009). The Shannon entropy, instead, is used to quantify
the uncertainty of the prediction of the outcome of a probabilistic
event (Shannon, 1948), being zero if such prediction is exact, and,
consequently for deterministic events.

In the present study, we use these two statistical approaches to
assess the reliability of the MT estimates.

2. MT site and data statistics

A suitable MT remote station was installed in Penghu Island,
Taiwan for TAiwan Integrated GEodynamics Research (TAIGER)
project (Bertrand et al., 2009, 2012; Chiang et al., 2010). The Pen-
ghu Island is located at an area with relatively low seismic activity
and basaltic columns could be found around the island. The MT site
has been already used by Bertrand et al. (2009, 2012), Chiang et al.
(2010) to study the deep electrical structure in Taiwan. In begin-
ning of 2010 a permanent and continue MT monitoring station
was installed by Department of Earth Sciences, National Central
University, Taiwan at the same location (Fig. 1), equipped by two
100-m-long electric dipoles and three magnetic induction coils to
measure two horizontal components of the electric and three com-
ponents of the magnetic fields, respectively. The MT data analyzed
in this paper were recorded with 15-Hz sampling rate continu-
ously, and also 2 s of 150 Hz and 16 s of 2400 Hz data per 3 min
by the MTU-Net system (Phoenix Ltd., Canada).

In our investigation, we analyzed the semi-daily time series of
apparent resistivity in Penghu site from January to December
2011, calculated in both directions xy and yx using Eq. (2), corre-
sponding to 76 sounding periods from 3.51 x103s to
1.456 x 103 s. We analyzed 76 couples of time series of resistivity
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Fig. 1. Map showing the location of the MT station (red dot) in Penghu Island

(Taiwan). (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. 2. Median resistivity curves calculated for the two semi-daily time series in xy
(a) and yx (b) directions.

calculated during day-time (from 7:00 to 19:00) and night-time
(from 19:00 to 7:00) in order to assess the stability of the MT
signals in different time intervals of a measuring day.
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Fig. 3. Variogram of resistivity in xy (a) and yx (b) directions. The shadow regions are data missings.
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Fig. 4. (a) Median absolute deviation (MAD) and (b) median errors, for the semi-daily resistivity time series.
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A preliminary analysis of the series was performed by calculat-
ing the median resistivity curve (each value of the median curve
corresponding to a specific sounding period T is given by the med-
ian among all the 365 semi-daily values of resistivity at the same
sounding period) for the day-time and night-time data (Fig. 2).
The median curves corresponding to the day-time estimates show
a quite rough shape for sounding periods T shorter than 2 s, espe-
cially in yx direction; furthermore in this period range the curves
obtained during day-time do not coincide with those obtained dur-
ing night-time. For periods T longer than 2 s, the night-time and
the day-time curves seem very close.

The stability of the MT estimates was evaluated by means of the
following quantity:

(log p;(T) —log p (T))

AP = log plT)

3)

where p(T) is the semi-daily resistivity value and p(T) is the long-
term average computed as the median value of all the apparent
resistivity estimates at each sounding period T. Ap(T) is, then, de-
fined as the normalized departure of the estimate from the median,
and can be considered as a measure to quantify the instability of the
estimate: larger the value of Ap(T), larger the instability of the
estimate.

Fig. 3 shows Apy(T) is the yx component seems noisier than the
xy component and also more unstable. The instability is higher for
shorter sounding periods T (<~2 s). Moreover a periodic structure
can be observed with an increase of the resistivity values during
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Fig. 5. Shannon entropy power for the day-time and night-time resistivity series in
xy direction (a) and their difference (b).

night time. Still, for longer periods, i.e., T>~2 s, the night-time
and the day-time curves seem very close.

Fig. 4 shows the median absolute deviations (MAD) (Fig. 4a) and
percentage error median (Fig. 4b) related to day-time and night-
time estimates. Median errors and MAD, calculated as

MAD(T) = median(|p;(T) — p(T))), (4)

furnish indication respectively about the reliability of the estimates
and their stability.

Percentage error median, generally larger for day-time esti-
mates, do not show any clear increase for T<2 s, indicating the
possible presence of coherent noise in the MT estimates which
leads to biased estimates. The peak observed around 10 s indicates
a low estimate reliability, confirmed by the peak around 10 s also
in the MAD plot.

3. Methods and results of FIM and Shannon entropy power
A further analysis of our resistivity time series was performed

by using the FIM and the Shannon entropy power. If f{x) is the
probability density of a signal x, its FIM I is given by

and its Shannon entropy is defined as (Shannon, 1948):

H=-[ 7 fologfx)dx. (6)
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Fig. 6. FIM for the day-time and night-time resistivity series in xy direction (a) and
their difference (b).
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Alternatively the notion of Shannon entropy power can be used

Ny = ZLTceem , (7)
which satisfies the so-called ‘isoperimetric inequality’ INx > D
(Esquivel et al., 2010) where D is the dimension of the space. The
‘isoperimetric inequality’ indicates that FIM and Shannon entropy
power are linked to each other. The calculation of the FIM and the
Shannon entropy depends on the calculation of the probability den-
sity function f{x). The pdf can be estimated by means of the kernel
density estimator technique (Devroye, 1987; Janicki and Weron,
1994) that approximates the density function as

X

R 1M
fu0 =55 ZK(
i=1

with b the bandwidth, M the number of data and K(u) the kernel
function, a continuous non-negative and symmetric function satis-
fying the two following conditions

) ©

K(u) > and / fk(u)du:l. 9)

In our study, we estimated the pdf f{x) by means of the algo-
rithm developed in Troudi et al. (2008) combined with that devel-
oped in Raykar and Duraiswami (2006), that uses a Gaussian kernel
with zero mean and unit variance:

R 1 M xx)?

ful)=——==> e w . (10)
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Fig. 7. Shannon entropy power for the day-time and night-time resistivity series in
yx direction (a) and their difference (b).

Fig. 5a shows the Shannon entropy power Nx of day-time and
night-time resistivity time series in xy direction, p,,: the pattern
of both series is very complex and characterized by large fluctu-
ations with respect to the sounding period. Fig. 5b shows the
difference between the two series plotted in Fig. 5a, namely
Np-Ny, where Np indicates the Ny of the day-time series and
Ny that of the night-time series; the difference can reveal more
clearly those ranges of the sounding periods characterized by
high difference in Nx between the day-time and night-time ser-
ies and those where such difference is negligible. As a general
observation, the Shannon entropy power for the day-time series
is larger than that of the night-time series over the most of the
sounding periods, and this suggests that the day-time series
would be characterized by more uncertainty than the night-time
series.

Fig. 6a shows the FIM of the p,, calculated during day and night,
while Fig. 6b shows the difference FIMp-FIMy, with the subscripts
having the same meaning as above. The difference FIMp-FIMy, indi-
cates a higher order degree for the night-time series for most of the
sounding periods.

Also, the Ny and FIM patterns of the day-time and night-time
daily time series of p,x show, in particular, that the Nx of the
day-time series is higher than that of the night-time series over
almost all the period range (Fig. 7), while the FIM during day-time
is generally lower than that during night-time (Fig. 8). Both the
Shannon entropy power and the FIM show clear difference
between day-time and night-time measurements especially
for sounding periods less than 2 s; while for the higher sounding
periods, such difference become less evident.
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Fig. 8. FIM for the day-time and night-time resistivity series in yx direction (a) and
their difference (b).
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4. Conclusions and discussion

In the present paper we applied several statistical methods,
standard and advanced, to assess the reliability of magnetotelluric
measurements acquired in Penghu Island, Taiwan, during 1 year of
observation. The magnetotelluric method allows us to calculate the
apparent resistivity of the Earth at different sounding depths down
to the seismogenic ones. Therefore, careful analysis should be per-
formed in order to get the best estimates of resistivity. In fact, some
reports (e.g., Li et al., 2009) showed that the error in MT data may
lead to some in-negligible effect for MT inversion results.

In our study, we found that the daily resistivity time series are
characterized by the following features:

(1) The performed statistics suggest that during day-time the
measurements are characterized by higher disorder and lar-
ger amount of uncertainty (higher Shannon entropy power),
while during night-time the resistivity time series are char-
acterized by higher order (higher FIM).

Although the dynamical characteristics evidenced in the
previous point involve approximately all the sounding peri-
ods, it seems that the behavioral difference in terms of infor-
mational properties of the day-time and night-time series is
more pronounced for the higher frequency band than the
lower ones (in particular corresponding to sounding periods
less than 2 s). As for the sounding periods larger than 2 s, the
results of the Ny and FIM analyses look quite stable and do
not show evident difference between the night-time and
the day-time data.

(2

~—

From above, it is likely that in Penghu Island the electromag-
netic field could have also an anthropic source, especially evident
in the day-time measurements of high frequency data larger than
0.5 Hz. The informational statistical methods that were used in
the present study have led to the identification of the time inter-
vals of the day and the sounding periods that could be very prob-
ably influenced by noisy anthropic effects. We also note that for
sounding periods larger than 2 s the Shannon entropy is higher
in both the day-time and night-time data around the period of
~10s in the xy direction. Since this feature is common to both
the semi-daily data, we suggest such high Shannon entropy could
be related to the relatively high complexity of electromagnetic
source fields in the so-called MT dead-band which is from about
10 s to 10 Hz where natural signals are typically weak.
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