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I ntroduction

The surface of Stromboli, like all other active cashoes, deforms when magma moves beneath it srinseits
conduits. Shallow cracks or deep faults, some tertlgindreds of meters long, may develop in hourdags.
The ground can change shape by rising up, subsitiltigg, or forming fractures that are clearlysidle. A
variety of methods can be considered to monitouigdodeformation in active volcanic areas, such BME
(Electronic Distance Measuring) or satellite basszhniques such as the GPS (Global Positioninge8ysst or
SAR (Synthetic Aperture Radar). Despite the uséhese modern technologies, measuring and evaluating
ground deformation data is not a completely autanmbcess. Indeed, for instance, traditional Eghniques
require a considerable use of operators to reaetstimmit of a volcano in order to perform the meagu
process. However, at present, remote control ingniation is commercially available in order to mak
automatic measuring. Such kind of measuring systeomsist of a remote control sensor that can be
programmed to measure slope distances and anglesdrethe sensor and appropriate reflectors paositiat
ground level. Recorded information is then senttoentral recording centre (e.g. an observatoriguan
appropriate communication link (e.g. radio or/amdble). The use of such kind of equipment is impuria
order to have real-time information on the statgmiund deformation and represents the premiseefucing

the risk to people living around active volcanieas.

Despite the availability of information in real t@nthis is not enough to implement a system able to
automatically evaluate the state of ground defoionadnd eventually issue alarm messages. To reaahikar
goal, it is necessary to implement appropriatevef procedures that can process and interpretndrou
deformation data. The main aim of this paper iprtesent a preliminary analysis of data obtainedligol,
currently being developed at the INGV, devised tacpss ground deformation data recorded on ther®ith
volcano (Aeolian island, Sicily) by an automaticasering system, referred to here as THEODOROS.

The main features of this tool are: 1) spectrallysis 2) harmonic analysis (detection of periodignal
component; 3) filter design; 4) statistical anadysiverage, variance, standard deviation, coroeldtinction,
density probability function; 5) data interpolation

The THEODOROS Measuring System

The set up of this new system was a real challegiyen the logistic and operative conditions erigton
Stromboli during the volcanic crisis. The chosestrimnment was the Leica TCA 2003 (Leica and Geosletic
2002) Total Station (TS) equipped with GeoMos saftv(Leica proprietary software) that allows remote
control of the sensor. The acronym of this systgerating at Stromboli is THEODOROS (THEOdolite and
Distance-meter Robot Observatory of Stromboli).gli@arantee a continuous stream of data from theuimsint,

it requires a constant power supply and a contisdiok with the PC that controls the Total Stat®attivities,
installed on the S. Vincenzo Observatory, whereNlagional Department of Civil Protection (DPC) cmht
room is located. These technical solutions wereeaeld by exploiting two facilities already installéy the
DPC and the Istituto Nazionale di Geofisica e Votdagia (INGV). A reference system of 5 reflect@fgy. 1),
(400, CURV, BORD, SEMF, SPLB2) was installed arouh@ TS, on sites considered stable from the
geological point of view.
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The reference system aims to guarantee the saewation in space (both horizontally and verticathrough
the measurements of appropriate reference baselfiteshe very beginning THEODOROS carried out
measurements on only four reflectors installedren $dF (SDF5, SDF6, SDF7 and SDF8), that were tihe o
remaining ones after the destruction due to tha laws, and on three reflectors installed aroume site
belonging to the reference system (SEMF, 400, SPLB#er the end of the eruption, the network was
improved by setting up other reflectors in the &di redefining the reference network. The actustiesy aims

to follow the post-eruptive movements of the redemtr flow field. At present, THEODOROS consists5of
reflectors for the reference system (400, BORD, $EMMPLB2 plus ELIS), 10 reflectors for monitoring
movements in the SdF (the four previously instapiecs SDF9, SDF10, SDF11, SDF12, SDF14, SDF16Rand
more reflectors to check the stability of the meaments both on short and very long distance meawimts
(CURV and CRV) (Fig. 1). The current measuremerdtsgly assumes that the horizontal geometry and the
relative distance of the reference system are figey fixing the coordinates of the reference system
benchmarks), while the TS adjusts its own vertaaditions by using only the internal vertical comgators.
This geometry is maintained fixed through each eyal measurements during which the TS successively
performs the measurements in the group of refersyseem points and monitoring targets. Each cyade less
than 30 min so we have 48 cycles per day. Eachurne@ent for each target or reference point provitiese
relevant pieces of information: the slope dista(s®d, the horizontal (hz) angle and the verticajlarn(ve).
Starting from this information, the GeoMos systerable to transform the TS measurement vectors gvho
components are sd, hz, ve) into an equivalent veghmse components are expressed in terms of Nbijth
South(S) and Quota (Q) with respect to the assumfedence system. In this computation, GeoMos e &b
take into account the constraints imposed by tharaption of the reference system.
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" Fig. 1. The position of the reflectors and the total statio

Harmonic analysis

In this section we describe some analyses withptirpose of characterizing features that could kefuligo
describe normal activity, i.e. quiescent time peiodthe volcano.

The purpose of harmonic analysis is the detectfgredodic signal components in a time series mphesence

of noise. A general overview on this topic can band in Percival and Walden (1993, ch. 10). We have
implemented two tests to verify the presence ofoplé signal components. These methods are builthen
assumption that the noise is white, and are baseal periodogranRf,) calculated by using the Fast Fourier

Transform (FFT) algorithm.



The first test, developed by Fisher (1929), allows assegsngingle periodicity exists in a time series. The test
statistic is

— MaXok P(f,)
2 P(f)

g

where K is the number of Fourier components. Critigdiies for Fisher’s tesyy; , can be approximated by
g, =1-(alK)"*

If g>g; for somea, the null hypothesis (signal is pure white noise) jeated, and it can be stated with a

(L-a) confidence level that a periodic signal is present atftbguency where the periodogram has its

maximum. The major disadvantage of Fisher’'s testh& it only tests the presence of a single periodic
component. Siegel (1980) extended Fisher’s test for casekiah up to three periodic components are present
in a time series. Starting from a normalized periodogra

Ry (f,) =)

> P(f)

the test is based on all values & (f,) that exceed some levej, instead of only their maximum as in the
Fisher’s test.g, is related tog; by a parameted with 0< A <1. The test statistic is

T/] =Z[PN(fk)_/]gf]+

where [a], =maxa0). For 20< K < 2000critical values oft,, for this test can be computed according
t,.,=aK” (Percival and Walden,1993). Empirical coefficients a ancelgaren in Table 1 for different values of
a and A. Similar to Fisher’s test, the null hypothesis is ¢&gd if T, >t,. . In this situation, one or more

periodic components are present in the time series &tettpeencies where the largeR{ (f, ) values occur.

A=04 A=06
a =005 a=0.9842 a=1033
b=-051697 b=-0.72356
a=001 a=13128 a=14987
b=-059518 b=-0.79695

Table 1. Coefficients for computing critical valuds., for Siegel's test.

Since the Fisher test gives information on an individual compotame,ahere the Siegel test, which extends the
former one, is considered. Now we will investigate how Siegest performs on the considered data set
showing its usefulness for data interpretation. As an el@mye process the time series referring the point

SDF5 (North). The power spectrum of this series is shioviigure 3. Sincel, >t, (T, =0179 t,, =0.018)
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the null hypothesis is rejected and hence harmonic components seatpte particular, the presence of 24h and
12h components is evident. The 24h harmonic componentllikmavn as the daily component that is due to
thermo-elastic effects, while the 12h harmonic component mhitbrpreted as due to mareale force.
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Figure 3. Power Spectrum of SDF5I¢rth)

To better characterize both 24h and 12h effects the tool psofiitkr design and statistical analysis. We use
bandpass filters to isolate the single component in orderrforpestatistical analysis in the time domain.

Figure 4 shows periodic components of SDF5 (North) targeilewable 2 and 3 gives statistical properties of
periodic components of several targets. The 24h and 1R8ipaments shown in figure 4 are not perfectly
sinusoidal due to the finite band of the considered bandfiléess. However, these components allow to
characterize some useful information on daily and 12h groufedrdation such as: minimum, maximum, mean
and standard deviation.
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Figure4. 24h and 12h periodic components of SDF5 (North)

Target Min. M ax. Mean StdDev

SDF5 -3.1853 2.8804 -0.0011 1.6140
SDF6 -3.3489 3.2589 -0.0019 1.8216
SDF9 -4.1453 4.6260 -0.0009 1.4779




SDF11 -2.0689 2.1892 -0.0008 0.9042

SDF13 -4.8645 5.3128 -0.0006 1.5691

SDF14 -2.3458 2.2125 0.0010 1.0017

Table 2. Statistical properties of 24h periodic component (mm)

Target Min. M ax. Mean StdDev

SDF5 -4.2935 4.3895 0.0001 1.8080
SDF6 -4.5283 4.7341 0.0000 1.9253
SDF9 -3.3850 3.3950 -0.0023 1.1374
SDF11 -2.9336 2.6603 0.0014 0.9316
SDF13 -3.4051 3.4443 -0.0023 1.0607
SDF14 -2.9125 2.8634 0.0002 1.0110

Table 3. Statistical properties of 12h periodic component (mm)

These tables show the “normal” North ground deformation comperfer each benchmark whose data set
allows to calculate them. Similar analyses have beeformmeed on the East and Quota components but
numerical results are not given here for their lack of duitpl

Both diurnal and semi-diurnal periodic components act simedtasly on the process of ground deformation,
therefore useful information can be extracted from theirbiped behaviour. For this purpose, a bandpass filter
is used to isolate both periodic components in order to peréor analysis in the time domain. This operation is
shown in figure 4.
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Figure4. Contribution of 24h and 12h periodic components.

The arranged action of the two periodic components invohresncrease in the range of variation of the
observed data with respect to the action of the single coempoStatistical analysis on this data has been useful
in order to define and optimize a simple analytical moded tdblive us an approximation of average behaviour
of observed components. The model is

f (t) = Acos@rft + 6,) + Bcos@m2ft+6,)



where A=0.0023’, B=-0.00136 6, =1.8776, €, =4.3560,, f =1/8640CHz.

Parameter A and B (amplitudes, and 8, (phases) have been computed by using an appropriate opitmisa
algorithm. The result is shown in figure 5.
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Figure 5. Average behaviour of periodic component

Conclusions

In this paper, some results obtained with the aim of cheriaing thenormal ground deformation pattern in the
area of Sciara del Fuoco at Stromboli have been prese3pectral analysis of a generic time series, performed
by using the Fast Fourier Transform (FFT) algorithm Sregel test, highlighted that the signal is affected by
two marked periodic components: 24h and 12h. Statlsticalysis on both components has been performed and
an analytical model has been defined in order to charaetdrér contribution to the normal activity of ground
deformation at Stromboli volcano. The result will befus®r implementing a warning system that is currently
being developed.
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