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Chapter 4

VOLCANO MONITORING AND EARLY WARNING
ON MT. ETNA, SICILY BASED ON VOLCANIC
TREMOR: METHODS AND TECHNICAL ASPECTS
M. D’Agostino1,*, G. Di Grazia1,§§, F. Ferrari1,†, H. Langer1,‡,
A. Messina1,2,§, D. Reitano1,║ and S. Spampinato1,**
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ABSTRACT
Eighteen paroxysmal episodes occurred on Mt Etna in 2011, and provided rich
material for testing automatic procedures of data processing and alert systems in the
context of volcano monitoring. The 2011 episodes represent a typical picture of activity
of Mt Etna: in 2000 and 2001, before the 2001 flank eruption, more than one hundred
lava fountains were encountered. Other major lava fountains occurred before the flank
eruptions of 2002/03 and 2008. All these fountains, which are powerful but usually short
lived phenomena, originated from the South-East Crater area and caused the formation of
thick ash clouds, followed by the fallout of material with severe problems for the
infrastructure of the metropolitan area of Catania.
We focus on the seismic background radiation – volcanic tremor – which plays a key
role in the surveillance of Mt Etna. Since 2006 a multi-station alert system has been
established in the INGV operative centre of Catania exploiting STA/LTA ratios. Besides,
it has been demonstrated that also the spectral characteristics of the signal changes
correspondingly to the type of volcanic activity. The simultaneous application of Self
Organizing Maps and Fuzzy Clustering offers an efficient way to visualize signal
characteristics and its development with time, allowing to identify early stages of
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eruptive events and automatically flag a critical status before this becomes evident in
conventional monitoring techniques.
Changes of tremor characteristics are related to the position of the source of the
signal. The location of the sources exploits the distribution of the amplitudes across the
seismic network. The locations were extremely useful for warning throughout both a
flank eruption in 2008 as well as the 2011 lava fountains, during which a clear migration
of tremor sources towards the eruptive centres could be noticed in advance. The location
of the sources completes the picture of an imminent volcanic unrest and corroborates
early warnings flagged by the changes of signal characteristics.
On-line data processing requires computational efficiency, robustness of the methods
and reliability of data acquisition. The amplitude based multi-station approach offers a
reasonable stability as it is not sensitive to the failure of single stations. The single station
approach, based on our unsupervised classification techniques, is cost-effective with
respect to logistic efforts, as only one or few key stations are necessary. Both systems
have proven to be robust with respect to disturbances (undesired transients like
earthquakes, noise, short gaps in the continuous data flow), and false alarms were not
encountered so far.
Another critical aspect is the reliability of data storage and access. A hardware
cluster architecture has been proposed for failover protection, including a Storage Area
Network system. We outline concepts of the software architectures which allow easy data
access following predefined user policies. We envisage the integration of seismic data
and those originating from other scientific fields (such as volcano imagery, geochemistry,
deformation, gravity, magneto-telluric), in order to facilitate cross-checking of the
findings encountered from the single data streams, in particular allowing their immediate
verification with respect to ground truth.

1. INTRODUCTION
Volcanic areas often offer rich natural resources, such as fertile grounds, or water supply.
Thus many of them are situated closely to densely populated regions, forming a considerable
threat to lives as well as infrastructure. The research and surveillance of phenomena related to
volcanic activity has therefore become a prior interest both from a scientific point of view as
well as from the needs of Civil Protection. This chapter deals with Mt Etna, Europe‟s largest
and most active volcano. It is a typical basaltic strato-volcano formed by the superimposition
of lavas and tephra deposits. Apart from lava emissions, its activity encompasses a variety of
eruptive phenomena, such as spectacular lava fountains, Strombolian explosions and
phreatomagmatic events.
Mt Etna is dominating the Metropolitan Area of Catania, with a population of over 1
million inhabitants and the presence of important infrastructure, such as the Intl. Airport
Fontanarossa, the freeways Siracusa-Catania-Messina and Catania-Palermo, etc. The
Metropolitan Area of Catania has a long history. The name of Catania appears in Greek
documents as long as 2700 years ago, all this time the presence of the volcano played a key
role in the daily life of people. Research on Mt Etna made bold steps ahead with the work of
W. S. v. Waltershausen in the 19th century and G. Ponte, who in 1919 became director of the
first University Institute of Volcanology worldwide. In the late 60‟s the famous volcanologist
A. Rittmann founded the International Institute of Volcanology (IIV), which – together with
the University Catania – became a key institution for both research and monitoring of Mt
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Etna‟s activity. Now this activity is concentrated at the Osservatorio Etneo (INGV-OE),
which is a department of the Istituto Nazionale di Geofisica e Vulcanologia.
Mt Etna‟s activity has been documented since Greek and Roman times. This volcano is
certainly among the ones with the longest historical record of activity worldwide. Its eruptive
history is marked by a large number of both flank and summit eruptions (Branca and Del
Carlo, 2004). Some of the flank eruptive episodes (e.g., 1669 and 1928 eruptions) caused
heavy damages in the invaded areas, strongly affecting everyday life of the population and
modifying economy as well as land use. In more recent times important eruptive events
occurred in the 1980s (1983, 1989), and in the 1990s (in particular 1991-93). The first decade
of the present century saw a further enhanced activity with important unrests in 2001, 200203, 2004-05, 2006, 2007-08. Finally, eighteen lava fountains occurred in the first 11 month of
2011. All these episodes of unrest underscore the fact, that volcanic activity is continuing to
touch on daily life in the Metropolitan Area of Catania and therefore is a first class problem to
cope with.
The surveillance of active volcanoes poses specific problems, which are mainly logistic.
Active volcanoes are obviously dangerous places, which renders the visual observation in
phases of enhanced activity difficult or impossible. At the same time volcanoes form often
high mountains, with adverse meteorological conditions such as low temperature, presence of
snow and ice, and high wind speed. Besides, the presence of clouds poses severe limits to the
use of visual or infrared camera for surveillance purposes. Therefore, in the last decades the
acquisition of geophysical parameters, such as ground deformation, gravity, electro-magnetic
and seismic data has experienced a rapid development. Among these, seismic data analysis
has gained a key role. Seismic signals propagate effectively over long distances, permitting to
place the equipment at relatively safe places, which are also easy to reach. Being modern
seismic sensors extremely sensitive they allow to record even small, and short-lived
phenomena in the far field.
A wide variety of seismic signals occurs on a basaltic strato-volcano like Etna. Transient
signals, such as explosion quakes along with long and very long period events, are directly
linked to the volcanic activity (e.g., Di Grazia et al., 2009). Earthquakes often herald and
accompany the opening of eruptive fractures at the onset of flank eruptions. However, summit
eruptions at Mt Etna – which are commonly more violently explosive and occur more
frequently than flank eruptions – lack the occurrence of earthquakes as precursors. On the
other hand, since the 1970s it has been shown (Schick and Riuscetti, 1973) that lava fountains
as well as flank eruptions are commonly preceded by an increase in amplitude of the
background signal, the so-called volcanic tremor, which often can be identified several hours
prior to the onset of eruptive activity (see Figure 1). Monitoring of volcanic tremor has
therefore become decisive for the surveillance of Mt Etna. Changes in the state of activity as
well as in the eruptive style of the volcano are mirrored clearly in the signature of this signal,
both in amplitude as well as in the spectral content (e.g., Alparone et al., 2003; Falsaperla et
al., 2005; Langer et al., 2009).
Here we focus on three specific aspects of volcanic tremor, i.e. (i) the development of
RMS-amplitudes with time, (ii) their distribution across the seismic network covering the
volcanic edifice, (iii) the spectral characteristics of the signal. The RMS-amplitudes and their
spatial distribution has been exploited to establish robust criteria for early warning purposes,
limiting at the same time the problem of false alarms caused by the occurrence of teleseismic
events, wind gusts or other noise. The same information has allowed to locate the sources of
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volcanic tremor. Location and velocity of source migration in the fore-field of a volcanic
unrest have repeatedly corroborated the early warning issued using threshold criteria. In a
recent application of pattern recognition techniques based on spectral characteristics, it was
possible to bring out further evidences for the menace of a volcanic unrest at a very early
stage.
The synopsis of all these parameters concerning volcanic tremor – coincidence of
amplitude increase across the network, changes in signal characteristics as well as tremor
source location – allow to issue alerts at a very early stage of an unrest. The eighteen lava
fountain events that occurred in 2011 have provided a sound data set for both testing the
stability of the criteria as well as for their further tuning. The success, however, depends
critically on the reliability and velocity of data acquisition and transmission, which bring
along a considerable technological effort. The rapid accumulation of large data volumes
requires the development of efficient and safe procedures of data management, both with
respect to storage as well as access. The dynamics of the volcano requires that criteria used
for warning purposes undergo a continuous verification and update. Further analysis of
increasing time windows can be envisaged as well as the integration of seismic data with
those coming from other disciplines, such as geophysical and numerical as well as
volcanological, in particular in the form of imagery of surface processes. Specific data base
architecture is under construction aiming at an efficient handling of large and
multidisciplinary data volumes.

Figure 1. Example of RMS amplitude variations of volcanic tremor before, during and after a lava
fountain. The paroxysmal episode shown here occurred on August 12, 2011. Numbered red dots match
the sequence of snapshots taken from a video camera of INGV- OE. Given the fine weather conditions
we are able to clearly relate the state of volcanic activity to the signal.
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2. AMPLITUDE BASED MONITORING
2.1. Multi-Station Alert
More than 100 lava fountains occurred in 2000 and 2001. These permitted us to
accumulate precious experience with respect to the development of volcanic tremor before,
during and after paroxysmal events, allowing us to set up first rules for warning governmental
authorities (see e.g., Alparone et al, 2003; Falsaperla et al, 2005). This experience turned out
useful in particular in the time before the flank eruptions in July 2001 and October 2002,
when the observations together with the analyses of earthquake swarms led to a rather clear
picture with respect to the impending events. All these observations have encouraged the
development of automatic alert systems for early warning purposes. The progress with respect
to data quality and improving knowledge of signal characteristics now allows us to alert first
INGV-OE personnel and in consequence authorities - like Civil Protection and the Tower of
the Fontanarossa Airport - with considerable reliability at a very early stage of unrest.
One of the strategies we present here is based on the observation of changes of volcanic
tremor amplitude (given in terms of ground motion velocity) with time. These changes
depend on the status of volcanic activity as well as on the distance of receivers from seismic
sources. The locations of the latter have been shown to vary (see, e.g., Di Grazia et al, 2006),
which hinders the direct use of amplitude thresholds for warning purposes. On the other hand
STA/LTA ratios offer an elegant way out of the problem (see Figure 2). Migration of the
sources will affect both short term average STA and long term average LTA, unless they
occur very rapidly – basically in times of the order or less of the LTA duration. Indeed, as
experience has shown, the ratio between STA, calculated over one hour, and LTA, averaged
over one day, remains more or less constant as long as no significant change of the volcano
dynamics is encountered.

Figure 2. RMS amplitudes (triangles) and STA/LTA (diamonds) on April 10, 2011, 05:40 UT (four
hours before a lava fountain). Notice the rapid decay of amplitudes with distance meanwhile the
STA/LTA relation is rather constant. Most stations show STA/LTA > 2, i.e., a first alarm is issued.
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Figure 3. Positions of the nineteen key stations considered in this paper. The location of tremor sources
is carried out using all stations. Criteria for RMS-based alert are obtained using stations marked as
green and blue triangles (12), whereas on-line classification of tremor spectra are carried out for the two
stations ESPC and EBEL (blue triangles). The inlet in the upper left corner shows the summit area with
its four main craters (NEC=North-East Crater, BN=Bocca Nuova, VOR=Voragine, SEC=South East
Crater). The peripheral ring (PR) is marked by dashed yellow line, the summit ring (SR) by dashed blue
line.

It was therefore possible to base the design of a multi-station alert system upon the
STA/LTA criterion taking advantage of the increasing density of the good quality seismic
network running on Mt Etna. One of the advantages of this amplitude based multi-station
approach resides in its stability, as it is not sensitive to the failure of single stations. At the
same time, false alarms caused by noisy conditions at single stations can be widely avoided.
Currently, twelve key stations are considered (Figure 3). Their locations delineate two
concentric rings: (i) a summit ring (hereafter SR) and (ii) a peripheral ring (hereafter PR),
ranging between ca. 1 to 3 km and 5 to 8 km from Central Crater area, respectively.
In order to define the amplitude in a specific frequency band, we compute spectra
applying 1024 points (10.24 s) Fast Fourier Transform (FFT), with overlapping of 24 points.
From the power spectra we easily obtain the RMS amplitude in the frequency band of interest
– here 1.5 to 5.5 Hz - by applying Parseval‟s theorem. We prefer this scheme to time domain
calculus as the choice of frequency bands becomes rather flexible. Indeed, the raw time series
have to be accessed only once for the FFT. Using a gliding window scheme with a 10s step
width, ensembles of RMS amplitudes are formed, i.e., 360 values for the 1 hour STA window
and 8640 for the 1 day LTA window. Thus, each value of STA and LTA – calculated every
10 s - is an average of 360 and 8640 RMS amplitudes, respectively. The choice of our
frequency band follows the scope to limit the risk of false alarms. We exclude low
frequencies which dominate spectra of teleseismic earthquakes as well as high frequencies
which are sensitive to human activity or wind. Our experience has shown that in the above
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mentioned frequency band, STA/LTA ratios greater than 2 often come along with a rapid
increase of absolute amplitudes of volcanic tremor. During paroxysmal events the STA/LTA
values reaches values even greater than 10.
In our alert scheme each station sets an alarm flag when the first trigger level
(STA/LTA>2) is exceeded 30 times consecutively, i.e., STA/LTA is above the threshold for
five minutes. Having four stations with an STA/LTA > 2 a first alarm (level 1) is prompted to
the personnel being present in the operative centre of INGV-OE. Following the protocols
actually in use, a first alert is communicated to certain official authorities. Further, several
tests brought out the need to introduce a second trigger level (STA/LTA >4, maintained for
five minutes). This level is definitely reached only during paroxysmal events, and becomes a
crucial hint for violent volcanic activity even when this cannot be verified by means of field
observation and/or from volcano imagery (for instance because of bad weather conditions,
events during night time, failure of optical, thermal, and/or infrared cameras). The return to a
pre-eruptive status is declared when the STA/LTA ratio value drops below 1. For each
seismic station, all status changes must be confirmed uninterruptedly for at least three
minutes.
Table 1. Paroxysmal episodes in 2011 and STA/LTA alert times
Date
Jan 12
Feb 18
Apr 10
May 12
Jul 09
Jul 19
Jul 25
Jul 30
Aug 05
Aug 12
Aug 20
Aug 29
Sep 08
Sep 19
Sep 28
Oct 08
Oct 23
Nov 15

Start time paroxysm
22:00
no visual observation
09:15/09:30
01:45
13:50
00:30
02:30
19:30
21:30
08:30
07:00
04:05
07:00
12:20
19:30
14:30
18:26
11:15

End time
23:30

Duration
1:30
11:30
2:00/2:15
03:30
1:45
15:15
1:25
02:00
1:30
06:30
4:00
21:30/22:00 2:00/2:30
23:00
1:30
10:30
2:00
07:50
0:50
07:53
3:48
08:25
1:25
13:00
0:40
20:10
0:40
14:50
0:20
20:30
2:04
12:50
1:35

Alert issue time
20110112_20:32
20110218_03:59
20110410_01:45
20110511_19:04
20110709_07:37
20110718_23:20
20110724_20:45
20110730_08:31
20110805_19:19
20110812_05:29
20110820_05:17
20110829_01:20
20110908_06:11
20110919_07:21
20110928_15:07
20111008_11:46
20111023_18:10
20111115_06:08

Lead Time
1:28
7:30/7:45
6:41
6:13
1:10
5:45
10:59
2:11
3:01
1:43
2:45
0:49
4:59
4:23
2:44
0:16
5:07

Besides these general rules, some additional precautions have been taken in order to limit
false alerts. (i) among stations flagging a status change, at least one must belong to the SR
and at least one to the PR; the SR stations alone are not sufficient to create an alarm. (ii) the
average of RMS amplitude calculated for stations belonging to SR must be at least three times
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the one of PR. These additional constraints aim at avoiding alerts for extremely local events
or disturbances. Besides, false alerts due to seismic transients (such as swarms of shallow
earthquakes, teleseism, etc.) are widely excluded.
The eighteen lava fountain episodes occurred on Mt Etna in 2011, provided rich material
for further testing the automatic alert system in the context of volcano monitoring. The results
of the alert system are summarized in table 1. On the whole, the multi-station alert system
issued first level alarms several hours before the onset of paroxysm; on 30 July, this lead time
was over 10 hours. An exception is represented by the October 23 lava fountain. In this case,
volcanic tremor amplitude increased very rapidly, being indicative for a very fast magma
uprise. Thus, the alert system produced the first level alarm only sixteen minutes before the
start of the lava fountain. No comparison is possible for the February 18 eruptive episode as
bad meteorological conditions prevented any volcanological visual observation at its
beginning.

2.2. Volcanic Tremor Source Location
Changes of tremor characteristics are often accompanied by a migration of the volcanic
tremor source. On the basis of the data recorded during the 2001 eruption, Falsaperla et al,
(2005) found clear hints for considerable changes of depth and horizontal position of volcanic
tremor sources during this eruption. This observation led to the development of a specific
software for tremor source location, exploiting the amplitude distribution across the seismic
network (Di Grazia et al., 2006). Since 2006 locations of the tremor source are carried out
automatically and displayed in the INGV operative centre of Catania. The tremor locations
have turned out to be extremely useful for warning purposes throughout both summit activity
and flank eruptions, such as during the 2007 lava fountain episodes as well as the flank
eruption that started on May 13, 2008 (Patanè et al., 2008; Di Grazia et al. 2009). In all these
cases a clear migration of tremor sources towards the eruptive centres could be noticed hours
before the activity became manifest at the surface. The location of the tremor source
completes the picture of an imminent volcanic unrest, highlighting the magma pathway which
feeds the eruptive activity. The dynamics inferred from tremor source migrations corroborate
the early warnings flagged by the changes of the seismic signal characteristics.
Given the nature of the tremor signal, standard location techniques - based on the
inversion of traveltimes of seismic phases – are not applicable. Therefore, we use a method
taking into account the spatial distribution of RMS amplitudes. At the moment of writing the
location is based on nineteen key stations, which belong to the broadband permanent seismic
network run by INGV-OE. Such key stations are located at distance ranging between about 1
and 9 km from the centre of summit area (Figure 3).
Volcanic tremor source location is estimated assuming the propagation in a homogeneous
medium and a seismic amplitude decay with distance (Gottschammer and Surono, 2000;
Battaglia and Aki, 2003; Battaglia et al., 2005; Di Grazia et al., 2006). In a simplified
description, seismic wave attenuation is controlled by two factors, i.e., geometrical spreading
and absorption. The geometrical spreading is assumed to be inversely proportional to the
source-receiver distance, in the case of body waves, or to the square root of such a distance
(surface waves). The second factor, absorption, expresses the loss of energy as seismic waves
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propagate. Usually the phenomenon is treated without attempting to separate the various
mechanisms generating loss of energy, defining a quality factor Q (Knopoff, 1964), such that

1
E

Q 2E

(1)

where E is the elastic energy loss during each cycle and E is the peak energy reached in that
cycle. By combining geometrical spreading and absorption, amplitude decay can be expressed
according to the general law:

A( f , s)  A0 ( f ) s b e s ,  

f
Qc

(2)

where f is the frequency, c the seismic wave velocity, b the exponent standing for the
geometrical spreading and s is the distance source - receiver. For the reasons stated below we
adopt b=1, i.e., a geometrical spreading corresponding to body waves. Q represents the raypath-averaged quality factor. The equation (2) can be linearized taking the logarithm on both
sides as:

ln Ai  si  ln A0  b ln si

(3)

where Ai is the amplitude measured at the ith station, A0 is the reference amplitude of the
signal generated at the source,  is the frequency-dependent absorption coefficient, and si is
the corresponding source-to-receiver distance. In this form lnA0 and b represent the intercept
and the slope of the linear equation, respectively.
RMS tremor amplitudes are obtained on the basis of the Fourier spectra using the scheme
described in section 2.1, this time using the frequencies between 0.5 and 2.5 Hz, as these are
the most significant ones of volcanic tremor radiation (Falsaperla et al., 2005). From every
ensemble of 360 RMS amplitudes, covering 1 hour of tremor, the 25th percentile is extracted.
This allows us to efficiently remove undesired transients in the signal and consider
continuous recordings (Di Grazia et al., 2006).
In the original form of Di Grazia et al. (2006), the inversion was simultaneously carried
out for both the source location and geometrical decay factor, using a systematic search
approach where the source location was shifted over a 3D grid and the geometrical decay
factor was obtained from linear regression of eq. (2). The authors adopted this approach in
order to avoid any a-priori assumption about the wave type. As experience has shown,
however, the estimated decay parameters (b in eq. 2) are close to 1, i.e., supporting body
wave like decay for tremor amplitudes. This is in agreement with Saccorotti et al. (2004), who
report a rather complex nature of the wave field of seismic tremor, however body wave
characteristics prevailing in the frequency range between 0.8 and 2.3 Hz. Besides, test
locations assuming a decay valid for surface waves (b=0.5) led always to source positions at
the very surface, which is a strong hint for an artefact. The goodness of fit was significantly
smaller for surface wave decay than for body wave decay. As a consequence the method
applied here uses – similar to Di Grazia et al. (2009) - a constant geometrical decay parameter
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of b=1 (body waves), which reduces the degree of freedom of the inversion and avoids the
risk of fitting noise.
Following Battaglia and Aki, (2003), the frequency-dependent absorption factor should
not have a large influence on the source locations. As a precaution we include the absorption
parameter  of eq. (2) in our grid search approach, varying it with a step width of 0.01 in a
range of 0≤≤0.4. The best values of goodness of fit (R2 hereafter) are achieved with very
low  values, confirming the findings of Battaglia and Aki (2003).
RMS amplitudes are calculated as vector sums of the three components recorded by 3C
seismometers, rather than using only one component as in Di Grazia et al. (2006). This further
improves the stability of locations.

Figure 4. Tremor source locations during 2011. Occurrence of paroxysmal episodes (lava fountains) is
marked with a red line, dashed for 18 February, which was not visible at its beginning because of bad
weather conditions. The red dots mark the position of the tremor source at the beginning of activity
visible at the surface.
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The source location of tremor is established in a systematic search, moving the source
over a 3D grid and calculating the R2 encountered for each grid point. The grid is centred
underneath the summit craters (Figure 3) and has a dimension of 6 x 6 x 6 km in the two
horizontal and the vertical directions. The spacing of the grid points is 250 m. Through the 3D
grid search, we identify the most probable source locations from points where the measured
amplitudes best fits the amplitude decay law in eq. (2), i.e., R2 are maximal. The final source
location is obtained as the centroid position of all 3D grid points whose R2 do not differ more
than 1% with respect to the maximum of R2 (Di Grazia et al., 2006). We reject low quality
solutions accepting a result only when: i) the goodness of the R2 fit is ≥ 0.9, and ii) at least 13
out of the 19 stations are available.
Figure 4 gives an overview of tremor source locations in 2011. Most of the time the
sources are located right underneath the centre of the summit area of Mt Etna, and the vertical
position is found typically at 1000-1500 m a.s.l., i.e., ca. 1500-2000 m below the summit
area. Before and during a lava fountain event (indicated by red lines in the figure) we notice a
rapid movement in SE direction, towards the SE and New SE crater (SEC). At the same time,
we also notice that sources reach practically the surface. This is consistent with visual
observations and infrasound records, and confirms the reliability of the location method.
Besides short lived episodes of source migrations in the context of paroxysmal events, we
notice long lasting trends, in particular during summer 2011. Towards the end of June /
beginning of July sources are found at more and more shallow levels, even through periods of
relative quiescence. After the sources reached the surface during the lava fountains on July 9
and 19, 2011, paroxysms become rather frequent, with time intervals of one week or less. In
the second half of the year, sources return to greater depth, similar to those noted at the
beginning of 2011, and time intervals between paroxysms increase.

3. PATTERN RECOGNITION USING UNSUPERVISED
CLASSIFICATION
Continuous acquisition of seismic waveforms generally comes along with the
accumulation of huge amounts of data every day. Data reduction and parameter extraction are
basic steps in order to facilitate the handling and interpretation of large data volumes. As a
consequence single valued data streams, such as seismograms, are transformed to objects,
described by multi-dimensional feature vectors (see Appendix A1). The suitable
representation of the object‟s characteristics is a critical issue, and their development with
time is of particular interest for our purposes. A possible way to cope with this problem
resides in automatic classification of the signals (see e.g., Falsaperla et al., 1996; Langer and
Falsaperla, 1996; Esposito et al., 2008). In automatic classification techniques a data set is
typically given by a table with rows and columns. By convention, a row corresponds to a
single pattern or feature vector and columns represent its components. As continuous time
series of seismic data are not suitable to be used as feature vectors, spectral representations
are preferred. Langer et al. (2009) analyzed spectral patterns derived from volcanic tremor
data recorded during the July-August 2001 flank eruption of Mt Etna, applying both concepts
of supervised (Support Vector Machines and Multilayer Perceptrons) and unsupervised
classification (Self Organizing Maps and crisp clustering). They were able to identify various
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regimes of patterns matching volcanological observations. The results of the classification
with supervision confirmed the a-priori distinction of different regimes of volcanic activity,
i.e., pre-eruptive, eruptive, post eruptive and lava fountains (Masotti et al., 2006). On the
other hand, unsupervised classification brought out subtle internal structures within the data,
adding valuable information to the results of the a-priori classification. Encouraged by the
results of Langer et al. (2009), Messina and Langer (2011) developed a software package for
unsupervised classification (freely available at the URL http://earthref.org/ERDA/974/),
which uses the so-called Kohonen maps as well as various techniques for clustering.

Figure 5. The Self Organizing Map (SOM). (a) During the training process, values of the nodes of the
SOM are compared to the feature vectors and adjusted with a specific learning rate to minimize the
difference. Not only the node being closest to a pattern is updated, but also the neighboring ones are
adjusted although with a lower learning rate. (b) SOM of the World Poverty Map created on the basis of
39 socio-economic parameters measured worldwide. From the colors assigned to the countries and their
position on the map, we clearly distinguish lesser developed countries and more advanced ones.
Though belonging to the advanced countries, clear differences between countries in Continental Europe
and North America are evident. (c) 2D map of our 5500 62-dimensional spectral patterns, representing
neighborhood relations schematically. Small numbers on the hexagons report the number of patterns for
which the nodes were identified as “Best Matching Unit” (BMU). (d) 2D projection of weights of the
SOM in a system of axes spanned by the two major Principal Components. Note that Principal
Components are formally dimensionless. Whereas the neighborhood relations among the SOM nodes
are schematically depicted in Figure 4b, c, distances between nodes are represented more faithfully
in (d).
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One of the clues of the approach is the synopsis of various unsupervised classification
techniques. Similarly to Langer et al. (2011), we focus here on Kohonen maps (Kohonen,
1984, 2001) and fuzzy clustering (Zadeh, 1965). Kohonen maps, or “Self Organizing Maps”
(SOM hereafter) are made up of a number of nodes, each one represented by a feature vector
and being representative of a number of patterns. A pattern in our application is given by the
power spectral densities in the frequency bins. During an iterative procedure - the so-called
training phase – the node weights (feature vector elements) are adjusted minimizing the
differences between the nodes and the original pattern (Appendix A1.1, eq. A1 and A2). A
pattern is assigned to the node for which the smallest difference is encountered; this node is
referred to as the “Best Matching Unit” (BMU) for that pattern (Figure 5a). After the training
phase, the nodes are mapped to a 2D representation space – the “map” - using Principal
Component Analysis. Figure 5b is an example proposed by Kohonen (see Kohonen, 2001)
grouping some 190 countries with respect to their socio-economic parameters. Countries with
similar characteristics are found close to each other on the map and belong to BMU‟s with
similar colors. In Figure 5c we apply Kohonen‟s idea to our spectral patterns. We
schematically represent the position of the nodes in a mesh of hexagons. How many of our
patterns belong to a BMU can be read from the number within each hexagon. Nodes marked
with a „0‟ are “looser nodes”, which are not recognized as BMUs by any pattern. An
appealing property of SOM is the topological fidelity, i.e., patterns represented by
neighboring nodes in the SOM are close to each other also in the original data space. Analog
to the example shown in Figure 5b we apply a color coding to the nodes depending on their
position on the map and assign to each pattern the color of the BMU to which it belongs.
Thus, given the topological fidelity similar patterns show similar colors.

Figure 6. Crisp and fuzzy clustering. In crisp clustering (a) each pattern is assigned exclusively to a
class, whereas in fuzzy clustering (b) the class membership is a vector whose components express to
which degree a pattern belongs to a certain class (from Langer et al., 2011, modified).
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Along with SOM creation, a fuzzy clustering algorithm is exploited in our approach. In
Fuzzy Clustering (Figure 6) the class membership of a pattern is given by a vector rather than
by a single ID. Vector components indicate to which degree a pattern belongs to the various
clusters, in order that the sum of these membership rates is 1. A pattern with a cluster
membership 1 belongs exclusively to one cluster, equivalent to a crisp membership. A
prevailing membership of 0.9 is close to crisp, whereas < 0.5 means rather fuzzy.

Figure 7. Preprocessing steps for the creation of patterns. (a) Typical record of volcanic tremor obtained
at station ESPC; the red box marks a time window of 1024 points. (b) Short Time Fourier Transform
(STFT) carried out in a gliding window scheme, moving the window in time steps of 5 s. (c) Sorted
ensemble of 60 individual spectra obtained by STFT. Each column in the table corresponds to a
frequency bin with a width of ~0.29 Hz. The 6th row, marked in red, corresponds to the 10th percentile
spectrum, which forms the feature vector describing the pattern. (d) Examples of patterns used in our
classification. Colors are related to the prevailing cluster membership encountered in fuzzy cluster
analysis.
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Visualization is a critical issue in multivariate data analysis. The colors of the nodes of
the SOM and the class membership vectors inferred from fuzzy clustering offer an elegant
way for monitoring the development of volcanic tremor characteristics. This kind of synoptic
view proved indeed to be especially useful, given the large number of patterns, allowing the
identification of transitional regimes between clusters, which are of paramount interest for
surveillance purposes.

Figure 8. Spectrogram (a), synoptic classification of tremor spectra (b), and time series (c) for the day
of 13 May 2008. The dark curve in (c) corresponds to the averages calculated over 30 s, whilst the red
one represents 10th percentiles in windows of 5 min. Note that the use of the percentiles removes the
influence of transient signals, such as earthquakes, which are frequent at the beginning of volcanic
unrests (see seismogram with the onset of the seismic swarm in the inset). The dark arrow indicates the
time of manifest eruptive activity during the day of May 13, 2008 (from Langer et al., 2011, modified).
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We define the spectral patterns pre-processing the data in a similar way as described in
section 2.1, where spectrograms are calculated applying a gliding window scheme (see Figure
7). In this scheme a Short Time Fourier Transform (STFT) is carried out over 1024 points.
The time window is shifted of 500 points (i.e., 5 seconds). For each 5 s time step we obtain a
preliminary feature vector made up by spectral amplitudes measured in equally spaced
frequency intervals. We then consider ensembles of 60 preliminary feature vectors. Again we
use low percentiles (10th percentile here) instead of averages, getting – at least partially - rid
of transients (e.g., wind gusts, earthquakes, etc), which are considered as disturbance in
tremor data analysis (Di Grazia et al., 2006). Finally, we have one pattern every five minutes.
To limit the dimension of the feature vector, frequency bins of ca. 0.29 Hz - representing the
spectral content in successive frequency intervals - are formed. At the end of the process we
obtain feature vectors with 62 spectral components, covering a frequency range up to ca. 18
Hz.
Stability of pre-processing and affordable computational effort have led us to set up a
real-time system for the simultaneous application of the SOM and fuzzy clustering for
monitoring and early warning purposes. We followed a concept outlined in Langer et al.
(2011), who considered data recorded in the context of eight eruptive events (seven lava
fountains and one flank eruption) in 2007 and 2008. They demonstrated that subtle but
significant changes in the tremor characteristics occur well before the onset of manifest
activity (Figure 8). The authors proposed to use this data set as reference, as it encompasses a
large variety of eruptive stages such as quiescence, lava fountains, flank eruptions as well as
transitional stages before and after an unrest.
In the online application, incoming new data are stored in a ring buffer, which covers 24
hours of the most recent signals of a single station and is updated every 5 minutes. Data in the
ring buffer are pooled together with the reference data set, allowing us to compare the
characteristics of the current signal to those recorded under known scenarios of volcanic
activity. The experience collected during a test phase, covering more than two years, allows a
better understanding how the system behaves under various conditions, both regarding the
state of volcanic activity as well as environmental conditions (man made noise, unfavorable
meteorology, such as wind, and probable changes in magma dynamics – e. g., intrusions in
shallow levels – not leading to manifest activity at the surface).
In Figure 9 we show some examples of tremor classification for the station ESPC. They
pertain to the absent or low volcanic activity. As the classification for the reference pool
remains stable, it is shown only once (Figure 9a).
The panel shown in Figure 9b refers to a day with very quiet conditions (i.e., absent
volcanic activity). Only patterns belonging to cluster „A‟ are present, and SOM colors are
dominated by blue and dark green tones. In the record shown in Figure 9c we notice again a
prevailing membership to cluster „A‟ and SOM colors with blue and green tones. During
daytime, however, the cluster membership flips between „A‟ and „B‟. This flipping trait is
frequently met during daytime but is absent at night, and anthropogenic noise is likely to be
the source of the phenomenon.
In Figure 9d we observe regimes lasting several hours, in which there are patterns
belonging to cluster „B‟ or even „C‟ for a short time. SOM colors are green. Flipping cluster
memberships (compare Figure 9c), are limited or absent. The phenomena occur both during
day and night, so we exclude anthropogenic noise as their source. On the other hand,
checking for meteorological conditions, we found that these patterns are typical of days with
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strong wind with W or SW direction. In the example of Figure 9d, wind speed reached up to
60 knots at 3000 m a.s.l., an altitude slightly less than that of Mt Etna's summit. Figure 9e
shows the results of the classification for the patterns recorded on April 18, 2007. In this case,
we note a change starting at 03:00 UT, leading to a stable regime with cluster „B‟, whereas
SOM colors get violet and purple tones. After checking the weather conditions, we can
exclude strong wind as a possible source.
The eighteen episodes of eruptive activity observed during 2011, represent a formidable
test set for checking the validity of the classifier and for setting up criteria which allow us to
issue automatically an early warning with a reasonable degree of reliability.

Figure 9. Examples of unsupervised classification pertaining to the absent or low volcanic activity. The
station considered here is ESPC. SOM colors and cluster membership vectors of the reference data set
are shown in (a). b–d are examples corresponding to: a day with very quiet conditions (b);
anthropogenic noise during daytime (c); a day with very strong wind (d). The case shown in (e) is
representative of the pattern classification of ca. twenty episodes of presumably failed paroxysms
(possibly intrusions) observed in the time span between 29 March and 29 April, 2007.
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Figure 10. (a-d) Classification results for four episodes encountered during 2011 at the station EBEL,
and (e) the reference data set, covering seven episodes in 2007 and 2008. The reference data set of
EBEL is slightly poorer than the one for ESPC, on the other hand EBEL is less affected by noise.

Inspecting the results of the classifier (see Figure 10a-d) we notice a change of SOM
colors in the time before the onset of an eruption. In particular, blue tones, which are typical
for periods of quiescence, change towards lilac and violet. Approaching the climactic phase,
the contribution of red tones becomes evident. The change of signal characteristics during the
development of an unrest – here visualized by the SOM colors which become increasingly red
- turned out to be stable over all of the eighteen 2011 unrests encountered so far. On the other
hand, we also noticed that the green tones are present either during noisy conditions (such as
strong wind, teleseisms) or in the coda of an unrest. In order to formalize a set of rules for
early warning purposes, we therefore decided to analyze the development of red and green
tones (Figure 11).
The diagrams shown in Figure 11 express the colors of the BMUs to which a pattern
belongs, in numerical terms, and can be used for the definition of thresholds and additional
criteria, such as how many times a condition must be “true” in a certain time window, before
an alarm is flagged. The sensitivity of the settings depends on the rate of false alarms we are
willing to admit. With a sensitive setting, such as reported in Tab 2a for station EBEL, an
automatic alert will be issued well before the paroxysm becomes manifest at the surface (see
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Tab 2b). For the unrest on Aug 29, 2011 our system behaves as shown in Figure 12.
According to Tab 2b, criticality started at 00:35 UT and was confirmed for three consecutive
patterns, which cover 15 min. Consequently, using the settings reported in Tab 2a an alarm is
automatically issued at 00:35, a time which is indicated approximately by the red arrow in
Figure 12. We notice that criticality is detected indeed at a very early stage of the unrest,
where little or practically no change can be noticed on the original seismogram.

Figure 11. Development of red-green saturation for selected time intervals in 2011. Eruptive events are
marked by the light-cyan rectangles. The lowest panel is related to a time span where no eruptive
activity occurred. Contrary to eruptive episodes shown in panels a-c saturation of green in d) is larger
than that of red.
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Table 2a. Parameters for automatic alarm of the classifier (sensitive settings)
Parameter
FlagsNum
DiscToll
MinRedLevelActiv
MaxRedLevelActiv
RedGreenOffsetActiv
RedGreenOffsetDisactiv

Value
3
0
0.2
1.0
-0.25
-0.1

MinRedLevelDisactiv
MaxRedLevelDisactiv
MinClusterActiv
MaxClusterDisactiv

0.0
0.30
A
B

Meaning
3 consecutive flags are considered
0% of FlagsNum flags may be „false‟
Minimum level of red saturation for activation alert
Maximum level of red saturation for activation alert
Maximum difference of red-green saturation for alert
Maximum difference of red-green saturation for alert
closing
Minimum level red saturation for alert closing
Maximum level red saturation for alert closing
Cluster required for alert
Cluster allowed for closing an alert

Table 2b. Automatic alarms by the tremor classifier (sensitive settings)
StartTime
20110102_20:45
20110112_08:05
20110113_09:40
20110113_10:50
20110218_03:45
20110218_14:30
20110309_03:30
20110311_06:00
20110409_14:20
20110511_17:35
20110522_04:35
20110522_05:05
20110522_05:55
20110522_06:25
20110522_07:00
20110522_07:30
20110522_08:10
20110522_08:40
20110522_09:10
20110522_09:40
20110522_10:10
20110522_10:40
20110522_11:30
20110522_12:25
20110522_12:55
20110522_13:35
20110522_14:05
20110522_14:50

EndTime
20110103_03:50
20110113_00:25
20110113_10:05
20110113_11:05
20110218_14:15
20110218_14:50
20110309_08:00
20110311_22:35
20110410_15:00
20110512_07:10
20110522_04:50
20110522_05:20
20110522_06:10
20110522_06:40
20110522_07:15
20110522_07:45
20110522_08:25
20110522_08:55
20110522_09:25
20110522_09:55
20110522_10:25
20110522_10:55
20110522_11:45
20110522_12:40
20110522_13:10
20110522_13:50
20110522_14:20
20110522_15:05

No patterns
85
196
5
3
126
4
54
199
296
163
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

Observations
Strong strombolian activity
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Teleseism
Teleseism (Japan M=9)
Lava fountain
Lava fountain
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
Light unrest, enhanced SO2
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20110522_15:40
20110706_20:30
20110709_06:10
20110718_20:40
20110718_21:20
20110724_19:55
20110728_19:45
20110730_06:35
20110730_07:05
20110730_07:35
20110805_18:30
20110806_01:05
20110807_18:10
20110810_12:55
20110812_05:10
20110812_15:25
20110820_02:10
20110829_00:35
20110908_05:45
20110919_08:00
20110928_15:45
20110928_21:00
20110928_21:30
20111023_10:50
20111115_08:30
20111203_08:10

EndTime
20110522_15:55
20110708_07:35
20110709_17:10
20110718_21:00
20110719_03:05
20110725_07:20
20110728_20:00
20110730_06:50
20110730_07:20
20110730_22:10
20110806_00:50
20110806_01:20
20110807_18:50
20110810_16:45
20110812_12:05
20110812_15:40
20110820_10:55
20110829_05:45
20110908_10:05
20110919_14:00
20110928_20:45
20110928_21:15
N.A
20111023_11:20
20111115_13:15
20111203_09:30

No patterns
3
421
132
4
69
137
3
3
3
175
76
3
8
46
83
3
105
62
52
72
60
3
6
57
16

73

Observations
Light unrest, enhanced SO2
Strong strombolian activity
Lava fountain
Lava fountain
Lava fountain
Lava fountain
?
Lava fountain (see text)
Lava fountain (see text)
Lava fountain (see text)
Lava fountain
Lava fountain
?
?
Lava fountain
Lava fountain
Lava fountain
Lava fountain (see text)
Lava fountain
Lava fountain
Lava fountain
Lava fountain
End of data encountered
seismic sequence
Lava fountain
?

Note: On Oct 23, 2011 program was down in afternoon hours.

Considering the year 2011, and settings reported in Tab 2a, we get ca. 35 alarm flags.
Most of them are noticed in the context of a lava fountain unrest. In certain cases, for instance
during the 30 July, 2011 lava fountain, the first alarms are repeatedly closed and re-opened,
before a stable and lasting criticality is signaled by the system. We learn from this that the
onset of the unrest was intermittent at its very beginning. We also notice false alarms which
are marked as “?” in the table. The alarms signaled during May 22, 2011 are somewhat
obscure: no vivid volcanic activity is reported in the days around May 22, however an
enhanced emission of SO2 is reported. On September 28, the system recognized correctly a
criticality – there was a lava fountain, which culminated on 19:50 – but the system failed to
close the alarm as no data were available.
It‟s a matter of taste whether to accept the uncertainties of an automatic alarm system as
reported in Tab 2b. A more robust behavior is found with the settings outlined in Tab 2c. We
require a somewhat higher degree of red tones (0.25 instead of 0.20) and we request that 5 out
7 consecutive patterns show criticality. In Tab 2d we see alarms only in the occasion of lava
fountains with only one exception: the March 11, 2011 Japan earthquake which had a
magnitude of 9. On the other hand we lose lead time: for instance, on July 30, the first pattern
exhibiting criticality is encountered at 7:35 (instead of 6.35 with the more sensitive settings in
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Tab 2a). As we have to consider 7 patterns, the alarm will be flagged only at 8:10. On August
29, the first critical pattern occurs at 1:05, and the alarm would be flagged at 1:40, more or
less when in Figure 12a prevailing cluster membership flips from „A‟ to „B‟.

Figure 12. Behavior of the classifier during the unrest on August 29, 2011. The upper left panel shows
the image displayed in the monitor room at INGV-OE; each colored triangle corresponds to a pattern
representing 5 min. of tremor. The results of fuzzy clustering are also shown. The panel below shows
the degree of red-green saturation, whereas the panel on the right hand side depicts the original time
series. The red arrows indicate the time when automatic alarm was issued, the blue ones the onset of the
lava fountain.

Table 2c. Parameters for automatic alarm of the classifier (robust settings)
Parameter
FlagsNum
DiscToll
MinRedLevelActiv

Value
7
20%
0.25

MaxRedLevelActiv

1.0

RedGreenOffsetActiv

-0.25

RedGreenOffsetDisactiv

-0.1

MinRedLevelDisactiv

0.0

MaxRedLevelDisactiv

0.30

MinClusterActiv
MaxClusterDisactiv

A
B

Meaning
7 consecutive flags are considered
20% of FlagsNum flags may be „false‟
Minimum level of red saturation for activation
alert
Maximum level of red saturation for activation
alert
Maximum difference of red-green saturation for
alert
Maximum difference of red-green saturation for
alert discativation
Minimum level red saturation for alert
disactivation
Maximum level red saturation for alert
disactivation
Cluster required for alert
Cluster allowed for closing an alert
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Table 2d. Automatic alarms by the tremor classifier (robust settings)
StartTime
20110102_21:10
20110112_09:30
20110218_03:45
20110311_06:00
20110409_20:25
20110511_18:25
20110708_00:10
20110709_06:10
20110718_22:00
20110724_19:55
20110730_07:30
20110805_18:45
20110812_05:20
20110820_02:10
20110829_01:05
20110908_05:45
20110919_08:00
20110928_15:45
20111115_08:30

EndTime
20110103_03:50
20110113_00:25
20110218_14:50
20110311_22:35
20110410_15:00
20110512_07:10
20110708_07:20
20110709_17:10
20110719_03:05
20110725_07:20
20110730_22:10
20110806_00:50
20110812_12:05
20110820_10:55
20110829_05:45
20110908_10:05
20110919_14:00
20110928_20:45
20111115_13:15

No Patterns
80
179
133
199
223
153
86
132
61
137
176
73
81
105
56
52
72
60
57

Observations
Strong Strombolian activity
Lava fountain
Lava fountain
Teleseism Japan M=9
Lava fountain
Lava fountain
Strong Strombolian activity
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain
Lava fountain

4. TECHNOLOGICAL SOLUTIONS
4.1. Volcanic Tremor in the Context of Multi Parameter Volcano Monitoring
On-line data processing, eventually leading to the creation of automatic alerts, critically
depends on computational efficiency, robustness of the methods as well as the reliability of
the data acquisition system.
Given the large number of stations deployed on Mt Etna and surrounding areas (110
seismic stations, 72 GPS, 23 tiltmeters, 17 gas measurement devices, 9 multiparametric and
10 cameras for imagery in the visible and infrared range) the amount of continuously
recorded data on Mt Etna is huge, such as 20 GB per day. Besides, the type of data is quite
different depending on the discipline to which they are related. Most of them represent series
of real numbers (e.g., seismograms and derived parameters, infrasound, deformation,
temperature, gas measurements).
On the other hand, data obtained from camera monitoring are given as digital images in
form of single snapshots or videos. Even though we are dealing here essentially with tremor,
i.e., seismic data, information from other disciplines is extremely important as it helps to set
up valid criteria for early warning purposes and automatic alert issues.
In a strict sense, seismic data yield only indirect evidences of a volcanological
phenomenon, which needs to be confirmed by other observations providing the proof of “the
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smoking gun”1. In particular we are interested to understand whether changes in the
characteristics of tremor are related to volcano dynamics or simply are caused by a
disturbance, such as human activity, meteorological effects or earthquakes (which are
undesired signals in our context).

4.2. Data Acquisition Issues
The use of innovative techniques for the processing of real time data requires high
performance systems in terms of computing power, storage capacity, data access and
visualization. The location of the tremor sources requires robustness and a high quality of
data, and continuity of transmission for high number of relevant seismic stations. On the other
hand, the use of sophisticated (here unsupervised) classification schemes critically depends on
the availability of key stations. Volcanoes, in general, are difficult places from a logistical
point of view, making precautions necessary to guarantee a reliable and stable data
acquisition. These needs require specific characteristics of the data acquisition hardware
regarding the performance of the instrumentation in difficult environmental conditions,
problems of power supply and specific precautions for hosting vaults. Since data are
transferred preferably digitally via the intranet/internet network, a considerable bandwidth for
data transmission is necessary. Up to 100 Mb/s can be transmitted, which guarantees a
considerable overhead capacity and allows reliable recording even through time periods with
a high signal dynamics (seismic crisis, strong tremor radiation, etc). Under normal, quiescent
conditions only 5 to 10% of the total capacity is required for real time data transmission.
In the aftermath of the 2001 and 2002-03 flank eruptions, INGV has undertaken
considerable efforts in order to match these goals. Seismic sensors were gradually upgraded
installing 40s Nanometrics Trillium sensors, thus having a unified instrumentation available
for a large number of stations (33 in the area of Mt Etna).
The data acquired from remote stations regard the whole eastern part of Sicily, where Mt
Etna, and the most important Sicilian active volcanoes, are present. The Figure 13 shows a
scheme of the data acquisition chain. Data recorded by the various types of sensors are
digitized using custom acquisition boards and stored first in a local buffer at the station.
A modern station is essentially a computer with a specific hardware architecture, which
guarantees operational stability under unfavorable environmental conditions, and software
devoted to certain operations of data handling. In the case of seismic, GPS, accelerometer or
infrasound signals, the LibraTM system, manufactured by Nanometrics, Inc. is used. It offers a
local data storage which covers about 10 hours of the complete data stream. Each data block
stored in the local buffer is marked with a unique ID number.
Data not sent in real time - for instance, because the transmission channels fail for some
time - are retransmitted once the connection is restored, and can be easily inserted in their
proper place in the data sequence.

1

The problem is similar to the one met with the identification of nuclear explosions. Waveform data may give
important hints and allow the location of the event, the characteristics of it as a nuclear explosion has to be
proven by the observation of radio nuclide elements.
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Figure 13. The data acquisition scheme. Data collected at remote stations are transmitted via the
satellite base system VSAT to the master station. In the case of seismic data all these units are
manufactured by Nanometrics, Inc. and operate under the standards of this company. The Acquisition
Server fetches the data from the Master Station and integrates them into the general data management
environment of INGV-OE.

In general, data are transferred from the recording site (“station”) to the data centre in real
time under various Ethernet transmission protocols, using different carriers (Satellite, UMTS,
wireless 5GHz, radio modem). Compared to analog transmission the digital transmission
scheme demands a considerable effort both with respect to the technological characteristics of
the equipment as well as the necessary bandwidth for data transmission. The advantage relies
in the high data quality as well as storage and handling issues (e.g., handling of
retransmission requests in case of missing data), which are excluded in an analog acquisition
system. Following common standards for modern networks, we apply both TCP-IP network
protocols (safe but slower), and, where the risk of error are low, also the faster UDP-IP
protocols.

4.3. Handling Incoming Data - The Earthworm Framework
Earthworm offers a global platform for purposes of data centres, addressing issues of
acquisition, managing, storing and processing of the recorded data. It is used now worldwide
and it is considered one of the most powerful tools for seismic data analysis. The Earthworm
platform allows us to handle data of mixed provenience, in the case of INGV-OE those
stemming from the Nanometrics system as well as data from still operating older systems
with analog data transmission.
Even if Earthworm was originally designed for seismological needs, some of its modules
can be applied to other geophysical parameters (e.g., earth deformations, infrasonic signals)
or derived data streams (such as volcanic tremor amplitudes, spectra, etc). Being an open
source project, the Earthworm community grows every day allowing an easy access to a large
variety of contributions. Earthworm has a key role for data acquisition and handling of data
acquired through the INGV-OE networks exploiting both already existing and specifically
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tailored modules. Earthworm uses a cyclical ring buffer containing all data. Its internal data
structure (Winston and derived modules) overcomes short-cuts of the structural limitation of
the traditional format like SUDS (Seismic Unified Data System). The SUDS format – as still
used at INGV-OE - produces closed files as output, containing all acquired channels in a data
stream. As a consequence, data retrieval becomes very tedious as the operator needs to open
all channels inside the file even if many of them may not be of interest.
In the Earthworm philosophy each module is continuously watching the data stream in
the ring buffer. The modules read messages catching relevant information, perform specific
tasks (such as data acquisition, phase picking, etc) and write messages to the ring buffer
(Figure 14). This allows for the modules to communicate among each other by broadcasting
and receiving various messages via the ring buffer, a principle similar to radio
communications (http://folkworm.ceri.memphis.edu/ew-doc/). In this way the necessary data
traffic is reduced to the amount of information strictly necessary for the operation of the
system.

4.3.1. Data Storage - a) The Cluster Architecture
The core of handling and storage is made up of the cluster servers and a storage shelf. A
cluster architecture consists of a group (at least two) of independent servers (“nodes”) that
work together as a single system (Figure 15). Each node is connected by a physical local
network (a local area network, fiber channel connections, etc) and managed by a specific
software - called “middleware” - that supervises and monitors the state of health of the whole
system. In particular, the middleware catches failure of cluster nodes assigning the processes
of the failed node to another one. This so called failover process aims at maintaining all
services and applications alive.

Porting Block (Cluster/SAN)

Figure 14. More on Data Storage. Once data are present in the Acquisition Server they are passed to the
Earthworm System. Earthworm passes data to the database, and handles newly created data flows, such
as the volcanic tremor data, spectra, the SOM/Fuzzy Classifier data. At the end data and results are
made available to users and partly displayed in the monitoring center of INGV-OE.
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In general, a cluster architecture improves the performance of active systems. In
particular it provides:
i.

ii.

load balancing: the capacity to share computational workload improving the overall
performance. In general cluster architectures bundle a number of low-cost processors
together obtaining a high performance computing system. Sharing services, database
and computational operations between different nodes, optimizes the performance of
real time analysis and reduces the response time for alert messages available inside
the INGV-OE Control Room.
failover architecture: using redundant nodes as previous described in order to
minimize/eliminate the single points of failure. This guarantees a high availability of
the services.

4.3.2. Data Storage - b) The Storage Shelf (SAN)
A SAN (Storage Area Network) is a collection of storage and backup devices connecting
the servers and storage elements through a specific network of channels. Fiber glass channels
offer the necessary speed for the transmission of the huge amount of data (about 10 GB/day
of seismic data with a total of 400 channels at the moment of writing). They can reach length
of up to 10 kilometers, allowing the backup of data in remote sites, which is an additional
element of safety.
Compared to conventional storage devices like hard disks etc, a SAN can be considered
as a smart data storage infrastructure. It contains a management layer which organizes the
data stream inside the storage elements, i.e., disk drives and tapes. One of the most important
characteristics of a SAN is that it is easy to reconfigure, for instance adding new storage
elements or replacing them meanwhile the system remains fully operative. The SAN in a
certain sense forms the final element of the whole acquisition chain.
Its advantages can be summarized as follows:
i.

ii.

iii.

dynamic allocation of data storage (“Thin provisioning”). The whole storage capacity
is available as the physical device of storage is not specified a-priori. Dynamic
allocation leads to an efficient management of storage capacities.
the “snapshot” approach is an effective strategy for disaster recovery. It is based on a
differential backup approach monitoring changes / increments of the data structure
rather than performing a full copy of all stored data every time. Thus, backups can be
carried out frequently and times necessary to recover from failures are limited.
Nonetheless it is guaranteed that full data sets can be restored after a disaster.
“tiered storage”: reduces the economic costs of storage, optimizing the use of disk
arrays accounting for different priorities of data access. “High priority” data (i.e., the
most used data, data used for early warning, real time earthquake location, visual and
thermal imaging, etc) are stored on fiber channel disks (fast but expensive), while
older data are moved to a lower tier storage devices, such as the large but relatively
slow (and cheaper) SATA disks.

The INGV-OE SAN storage is configured with a large SATA repository (about 8 Tbyte)
for all historical data, while current data, which needs quick access, is stored to fast SAS
technology disks. At the time of writing our SAN system has a total raw storage capacity of
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17.6 TB. Besides a library based on DLT "Ultrium 4" tapes with about 19 TB of raw capacity
is used for full backup (Figure 15).

Figure 15. Data management and storage at INGV-OE. The cluster manages issues of both data storage
and governs the data access by the INGV-OE users. The SAN represents an intelligent storage
architecture warranting both an efficient handling as well as data safety.

Figure 16. The MySQL database structure flowchart. a) the main script creates the tree structure in the
format “ station_channel_net “, here for station "ebel" with three seismic and one infrasound
component. For each station the database engine (based on the standard MySQL engine called
MyISAM) creates all the tables in the format yyyymmdd_station_channel_net. b) Description of
records in the station table content: start time / end time of the single pattern, data acquisition sample
rate (here 100 Hz), DataType description (in our example integer 4 byte length), and “ TraceBuf” field
containing raw data in binary format. c) A result of a table created for a record of 2 s on April 4, 2009.
Four channels of station “ebel” were selected.
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4.3.3. Data Storage - c) Access via Database Concepts
Even though Earthworm has its proper database structure (the “Winston Server”) the
variety of information handled at INGV-OE has led software developers to create their own
relational database infrastructure. The idea is to allow multidisciplinary access exploiting a
relational custom database. The used database is MySQL. Tables are organized (Figure 16) as
a tree structure with station names, channels, waveform data, etc. Tables contain short time
records, typically one for each second of data acquisition. This allows us to define filters with
a high degree of specification which is extremely important for large, multiparametric data
sets collected in an observatory like INGV-OE. In fact, the use of data base concepts for
handling a-priori selected information, come with significant benefits with respect to memory
allocation and efficient use of the available bandwidth.

4.4. Future Developments
In the framework of national projects aimed to technological and infrastructure upgrade,
INGV–OE is involved in the development of new strategies for data centres, where complex
and multi-disciplinary information have to be administrated. The fundamental principle of
this strategy resides in the use of so called “blade servers” in combination with SAN storage
technologies. The blade servers strategy follows the idea of increasing the density of
computational power in fewer identical servers, in order to reduce management efforts
connected with a high number of bundled units of a cluster. A blade server system is housed
in a common chassis or rack, hosting many “thin” electronic cards (therefore the term “blade
servers”). Each of them forms a complete computer server with one or more CPU processors,
memory, network, storage and input/output devices.
Blade servers allow us to host more processing power in less rack space. The hard-wiring
is realized inside the chassis avoiding long cable connections in the computer room, at the
same time power consumption and heat production is considerably reduced. Contrary to
clusters which bundle together a considerable number of low-cost CPU‟s, the blade server
facilitates the use of multiple virtual machines.
The virtual machines, though being installed on a common server, may even run under
different operating systems (e.g, various Windows and Linux operating systems). This
reduces the need of software redesign, when new packages developed under differing
environments have to be added on. The possibility to duplicate virtual servers allows us to
distribute applications improving failure protection, as a failed virtual server can be easily
recovered from its virtual image on disks.
Furthermore, in order to assure interoperability between geophysical sites, the use of
standard software and database requirements, as well as data presentation and backup, helps
the research community in dissemination and data outreach (Figure 17). The basic idea is to
improve the use of a Web/GIS portal for the dissemination of results and to share data in a
standard scientific format compliant with the most important geophysical/volcanological
Observatories around the world. Many collected data will be available inside the Portal
respecting some data policy rules. It will be possible to request “on the fly” some shared data:
the database procedure will be able to generate some plots and preview tables on request.
Furthermore, for the scientific community, tables and packed data will be available for
download.

82

M. D‟Agostino, G. Di Grazia, F. Ferrari et al.

Figure 17. Screenshot of an example of data access. Data can be filtered with respect to stations,
channels and time interval of interest. The system offers various output formats in order to facilitate
post-processing with external software packages. The buttons on top right stand for a development
envisaged in the future. We envisage the options to “save” chosen interval data in a format chosen by
the user, “plot” data in a preview window, and to convert the original time series to a sequence of
“RMS” amplitudes. Clicking the “Camera” button, a new screen will pop up where the user may select
available visual observations (at the moment of writing optic or thermal imaging).

DISCUSSION AND CONCLUSION
Lava fountains as well as flank eruptions are commonly preceded by both increases in
tremor amplitude as well as changes with respect to spectra characteristics of this signal. The
location of its sources provides further insights about a possible development of volcanic
activity on Mt Etna. Eighteen lava fountains occurred in 2011, with eruptive centres close to
the South East Crater (Figure 3). In the following we present four representative examples,
merging the various observations to a unified picture. We show how the different findings
may support each other. The advantage of such a global approach is obvious: an alarm which
is supported by more or less independent evidences has always a higher level of significance,
as misunderstandings of single parameters can be avoided. At the same time, the use of
various criteria provides some redundancy. The” multi station” strategy described in section 2
may find obstacles for instance during winter, with a number of stations not being operating.
This affects the quality of tremor source locations, and may pose also problems to the
calculation of STA/LTA at a sufficient number of stations. An automatic alert is still possible
as long as stations, for which the classifier approach is followed, are alive. At the same time,
failure of the key-stations for the classifier is backed as long as the network on the whole
maintains a minimum degree of stability and alarms can be issued with reasonable reliability
exploiting the distribution of amplitudes across the network.
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Figure 18. Synopsis of tremor source location (upper three panels). The results of STA/LTA alert
system are shown in the 4th panel. The orange line depicts the number of stations with STA/LTA > 2,
the red line shows the number of stations where STA/LTA > 4. Note the black line SR/PR, which
reports the precautionary condition discussed in section 2. The classifier based alert system is shown in
the bottom panel. The area in turquoise marks the time interval of lava fountain as inferred from
volcanological observations (compare Table 1). The solid blue arrows indicate the time when the
classifier and the STA/LTA system flag alarms. The dashed blue arrow in the bottom panel shows the
flag set by the classifier with the sensitive setting (Table 2a). The time interval, starting on April 7,
2011, includes the lava fountain on April 10, 2011 and lasts until April 11, 2011.

The Figure 18 shows the development of our alert relevant parameters in the time before
and during the lava fountain on April 10, 2011. Tremor source locations start to move from a
position under the central craters towards the SE-Crater (“SEC”, see Figure 3), already in the
morning of April 9, i.e., some 20 hours prior to the unrest becoming manifest at the surface.
At the same time, we notice one station flagging STA/LTA criticality (Figure 18d), and the
classifier (on station EBEL), using the sensitive settings in Table 2a also flags an anomaly
(dashed blue arrow in Figure 18e). In the late evening of 9 April, 2011 the tremor source
locations reached a position at ca. 2500 m a.s.l. (that is about 500 m below ground), and at the
same time the classifier flags criticality even when using the more conservative settings in
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Table 2c (solid blue arrow in Figure 18e). Right before midnight, four stations flag critical
STA/LTA and a first level alarm is issued (Figure 18d) and communicated to official
authorities. Finally, the unrest becomes manifest at about 9:30 on April 10 , i.e., 10 hours
later.
The lava fountain on May 12, 2011 developed more rapidly (Figure 19). In the early
afternoon of May 11, tremor sources started moving from their original position, some 2000
m beneath the central craters, towards the SEC approaching more superficial levels. In the
sensitive setting (Tab 2a-b) first criticalities were signaled by the classifier at 14:20. At 18:25
the signs of criticality became more evident, finally the first level of alarm was communicated
officially at 19:04, when the STA/LTA threshold was passed at four stations. During night, on
May 12, at 1:30 the volcanic unrest became manifest. An interesting phenomenon occurred
on May 11, when in the early morning hours an earthquake swarm occurred and the
STA/LTA threshold was topped at four stations. However, the amplitude relation between
summit ring (SR) and peripheral ring stations (PR) was less than three, so the – false - alarm
was properly not issued (see section 2, where we mentioned the additional precautionary
conditions for alarm with the STA/LTA criterion).

Figure 19. Same as Figure 18 for the time interval from May 9 to May 13, including the lava fountain
on May 12, 2011.
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The lava fountains on July 30 and September 8, 2011 (Figure 20 and 21) are examples
with rather fast development. Tremor source locations shifted rapidly from their original
locations under the central area of the volcano towards the SEC, moving upward from ca.
1500 m to ca. 2500 m a.s.l. For the July 30 paroxysm, the classifier signaled criticality at 6:36
and 7:35, depending on its settings, and the STA/LTA threshold (four stations) was topped at
7:35. Lava fountains, however, were noticed only in the evening at 19:30. The September 8,
2011 fountain was a rather short lived phenomenon with a rapid migration of tremor sources.
Tremor classifier and STA/LTA alarm systems triggered almost coincidently, just one hour
before strong lava fountains occurred. The short lead time encountered by the various systems
is consistent with the rapid movements of tremor sources, which is a clear evidence for rapid
development of the phenomenon.

Figure 20. Same as Figure 18 for the time interval from July 27 to July 31, including the lava fountain
on July 30, 2011.
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Figure 21. Same as Figure 18 for the time interval from September 5 to September 9, including the lava
fountain on September 9, 2001.

Tremor source location, amplitude ratios such as STA/LTA, and the more general
characteristics exploited in the signal classifier system yield independent information
concerning the state of the volcano. Various protocols for automatic alerts have been
developed, all with appreciable results with respect to lead time before the onset of
paroxysmal phase of an event, but also concerning reliability – i.e., the low degree of false
alarms. On the whole, the classifier approach flags criticality slightly earlier than the
STA/LTA criteria. On the other hand it depends on the availability of few key stations, which
renders it sensitive to technical problems in data acquisition (power down, interruption of data
transmission, etc.). Besides, the system is calibrated for events taking place in the summit or
on the higher SE flank of the volcano. Given the lack of experience, we cannot foresee how
the system may behave if volcanic activity starts at other areas of the volcano, let them be in
other sectors of the mountain or – even worse – at low elevation. The multi station strategy
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promises more flexibility in this respect as the seismic network installed on Mt Etna is dense
and covers the whole volcanic edifice. Tremor source location is supposed to give reliable
results as long as sources to not fall at the very margins of the network or outside. Future
developments of the various strategies include a-posteriori applications to older eruptive
episodes, such as the ones in 2006. Given the rich material provided by the 2011 lava
fountains, the application of the classifier can be extended to more key stations for which the
reference material was not sufficient before 2011. This certainly enhances the stability of this
approach with respect to failure of a single station.
The technical development of data management, widely exploiting modern data base
concepts, will increasingly allow a multi-parametric view of volcanic phenomena on Mt Etna.
This concerns other geophysical data, such as infrasound, deformation, magnetic, as well as
image based monitoring (e.g., optical and infrared imagery). The comprehensive treatment of
various data aims at refining the alert criteria for events like the ones discussed here. Besides,
we expect to better focus other critical phenomena, such as ash emissions, which are not
necessarily linked to evident seismic signals but are anyway critical for the air traffic. All this
information must be managed, safely stored and structured in a way that it can be easily
accessed for near real-time applications as well as in a-posteriori analyses in the future.
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APPENDIX
A1. General Remarks
One of the basic steps mentioned in section 3 for reducing the amount of data resides in
parameter extraction and data compression. This goal is achieved by defining specific feature
vectors – here spectral components - instead of using the original time series. As a
consequence we deal with objects rather than with single valued data, which poses particular
problems of representation of the characteristics of an object. The choice of the techniques
used here is guided by the need to graphically represent the development of these
characteristics with time. Both Self Organizing Maps, where the characteristics of objects are
expressed by a color, as well as Fuzzy Clustering were found suitable tools for this purpose.

A1.1. Objects, Classes, Patterns, Features
Classification means a process of assigning objects to a category or class. Objects (such
as our tremor records) are transformed to patterns which are described by a number of
features. Features, in principle can be metrical, ordinal or nominal data. The set of – here
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numerical - features make up the feature vector. The choice of the features depends
essentially on practical considerations, and is governed by two rules: (i) the features should
allow to identify objects uniquely, and (ii) low dimensional feature vectors are preferred to
high dimensional ones. Frequently, features cannot be used in their original form but need
pre-processing steps, such as the normalization of the numerical values or procedures to limit
the dimension of the feature vector. The patterns we are considering here are spectra, and the
features are the spectral amplitudes measured in certain frequency intervals.

A1.2. Unsupervised Classification
Whereas supervised classification exploits a-priori knowledge of the class membership of
the objects, such an a-priori information is unnecessary in unsupervised classification. The
latter concept is based on a suitable definition of similarity between patterns. Similarity is
defined on the basis of a distance measure. The task of unsupervised classification can be
formulated as to find groups of similar data, i.e., with a minimum degree of heterogeneity.
The degree of heterogeneity is defined as a distance measure, such as the Euclidean distance.

A2. Construction of a Self Organizing Map (SOM)
SOM are also known as Kohonen maps after their inventor Teuvo Kohonen (Kohonen,
1984). They are made up of a number of nodes - each one representing a number of patterns which in a certain sense form a small cluster of their own. Throughout the iterative training
process, the node weights are adjusted at every time step so that the sum of the distances
between original data and their representing prototype nodes converges to a minimum.
Formally, during the training of SOM, one can minimize the sum of the distances with the
relationship

Dij  ( Wi  V j ) T ( Wi  V j )

(A1)

where Vj is the normalized input feature vector and Wi the weights stored in the nodes. V and
W have the same dimension, i.e., 62 in our case. A core step is the identification of the closest
node to the actual input vector, i.e., the best matching unit (BMU) for the jth pattern.
Neighbouring nodes lying within a certain radius of influence are considered as well (Figure
5a). Once BMU and the nodes falling within the area of influence are identified, the weights
are gradually adjusted according to the so-called learning rate λ, which decreases with time t.
A second parameter φ called influence radius describes the dependence on distance ∆ of the
upgrade of a node. φ (∆,t) is maximum for the BMU, whereas nodes outside the radius of
influence are not upgraded at all. Similar to the learning rate λ, also φ (∆,t) decreases with
time. Various options are available for the shape of φ, such as the Gaussian one, which was
adopted in our application. The upgrade of weights follows the relationship

Wi (t  1 )  Wi (t)     t    t   Dij t 

(A2)

Volcano Monitoring and Early Warning on Mt. Etna, Sicily ...

89

An appealing property of this scheme is that topological relationships among the original
data also hold for the BMUs. Consequently, patterns represented by neighboring nodes in the
SOM are truly close to each other also in the original data space. This characteristic of
topological fidelity is indeed achieved by using the influence radius φ (∆,t). An in-depth
description of SOM is reported in the most recent edition of Kohonen‟s classical work
(Kohonen, 2001).
An intuitive example for the representation of pattern characteristics with SOM is the socalled World Poverty Map, created on the basis of 39 socio-economic parameters collected
worldwide (Figure 5b). In our application, we use an analogous approach for our patterns
where we have 62-dimensional feature vectors. In Figure 5c we schematically represent the
neighborhood relations of the SOM nodes for our data set. We chose to use to represent the
nodes as hexagons. Numbers marked in the hexagons indicate for how many patterns each
node is the best matching unit. For the definition of the Topological error (see below) we
shall also consider nodes which are the second closest ones to the patterns. Some nodes never
happen to be a BMU; in this case, their corresponding hexagons are marked with zeros.
We designed the map following Vesanto et al. (2000), who suggested that the number of
nodes should be fixed by taking ca. five times the square root of the number of patterns (about
4400 for EBEL station) – i.e., ca. 330 nodes. The aspect ratio of the map depends on the
square root of the ratio between the two eigenvalues of the covariance matrix, which is ~7 in
our case. With 7*49 = 343 nodes, the map shown in Figure 5c matches both the desired
number of nodes and the aspect ratio with a good approximation. Figure 5d gives an
approximate picture of the true distances between the nodes of the map. The position of each
node is represented in a system of axes made up by the eigenvectors corresponding to the two
largest eigenvalues.
As SOM can be particularly instructive when the weights take the form of a color code,
we apply Principal Component Analysis, transforming the weights in a 2D representation
space made up of the principal axes z1 and z2. These axes are normalized in the range [0….1].
A third value z3 is obtained either as 1 – z1 or 1 – z2. We assign the principal colors: red,
green, and blue to each of the zi.. Each node receives a mixture of colors according to its
original weight. The color coding allows us to visualize the time dependent behavior of
tremor characteristics by a sequence of colored symbols.

A3. Fuzzy Clustering
In cluster analysis we follow a non-hierarchical, partitioning strategy of clustering. The
measure of the heterogeneity of the kth cluster is expressed as the sum of the squared distances
of the patterns in each cluster from their centroid vector. In crisp clustering each pattern is
exclusively assigned to one cluster (Figure 6a). Thus information about pattern characteristics
shared by two or more classes is lost, as the attribution to a cluster is unique.
A solution to this drawback is fuzzy clustering, in which each pattern may belong to a
certain degree to all possible classes. Consequently, the class membership of a pattern is
given by a vector. The partition is described by a M x K matrix of class membership values,
with M being the number of patterns in the entire data set, and K the number of clusters. In
fuzzy clustering the optimum partition is determined minimizing the so-called Objective
Function J
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J = Σk Jk
Jk =

(A3a)

Σi mikq dik2

(A3b)

where mik is the membership value of pattern i with respect to cluster k, dik is its Euclidean
distance from the cluster centroid, and q is a weighting exponent (set equal to 2 in our
application). The cluster centroid is obtained from the relation
ck = Σi mikq ui/ mikq

(A4)

ui being the ith pattern vector. The components of this vector are given by the membership
values mik in eq. (A3b), and express the degree to which a pattern belongs to a given cluster
(Figure 6b). The larger the number of those patterns, the closer the partition to crisp
clustering.
In non-hierarchical partitioning cluster analysis the number of desired clusters has to be
chosen a-priori. As a basic rule, one tries to fix as few clusters as possible, having the highest
degree of non-fuzziness. We chose three clusters as ~75% of the patterns showed a prevailing
membership degree of 0.7 or higher. With more clusters the number of patterns with a high
prevailing membership degree decreased. This result comes from the fact that the higher the
number of clusters, the larger the number of centroids competing for the patterns.
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