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Abstract

Volumetric strain signal recorded by the Sacks-Evertson strainmeter has a very high resolution 
and can measure small strain changes (down to 10–9) accompanying volcanic processes. However, 
different disturbing components perturb the recorded strain signal. These disturbances can 
mask ultra-small strain changes related to volcano activity and thus need to be filtered in order 
to accurately monitor volcano deformation. We developed the software STRALERT (STRain and 
wArning signaLs in nEar Real-Time) to provide both the recorded and the filtered strain signals in 
near real-time to the Surveillance Room of the “Istituto Nazionale di Geofisica e Vulcanologia – 
Osservatorio Etneo” which monitors the Etna activity. The software encloses a modified version of 
the code BAYTAP-G for filtering the incoming signal from the continuously running strainmeter 
at Etna. Thanks to the appropriate and robust signal filtering, STRALERT is capable to provide an 
efficient estimate of transient strain changes, which concur in tracing volcano deformation and 
detecting the onset and the conclusion of eruptive events. Our findings demonstrate the important 
contribution of STRALERT for volcano surveillance operations.

Keywords: Etna volcano; Strain; Borehole dilatometer; Volcano monitoring; Eruptive activity 
detection

1. Introduction

Volcanic activity usually produces deformation of the shallow crust that precedes and accompanies paroxysmal
phases of eruptive events [i.e. Dzurisin, 2007]. The monitoring and the interpretation of deformation processes 
are thus crucial for both characterizing the deformation sources and conducting volcano surveillance operations. 
To these scopes, the Sacks-Everton borehole strainmeters [Sacks et al., 1971] are key instruments since they can 
record volumetric strain changes of the surrounding rocks with a very high resolution [i.e. Roeloffs and Linde, 
2007]. Several installations of borehole strainmeters have been performed in volcanic areas worldwide: Mauna Loa, 
Hawaii [Linde and Sacks, 1995], Hekla, Iceland [Linde et al., 1993], Soufriere Hills, Montserrat [Voight et al., 2006], 
Campi Flegrei, Italy [Amoruso et al., 2015], Stromboli, Italy [Bonaccorso et al., 2012], Izu-Oshima, Japan [Linde 
et al., 2016], Etna, Italy [Bonaccorso et al., 2016].

The strain signal recorded by the borehole strainmeters is usually affected by different disturbing compo-
nents, mainly due to tidal forces, local barometric pressure, precipitations and underground water circulations [i.e. 
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Furuya and Fukodome, 1986; Agnew, 1986]. In particular, the tidal and the atmospheric pressure components are 
the main disturbing signals since they are persistent over time and exhibit amplitudes of the order of 10–8 to 10–7 
masking the strain changes due to volcanic processes. Currenti and Bonaccorso [2019] clearly showed that filtering 
out both the tidal and pressure components allows to enlighten ultra-small strain changes of the order of 10–9 
due to pressurization/depressurization cycles of magmatic chamber which regulates the occurrence of summit 
eruptive events. Detecting these changes accurately is fundamental for monitoring the evolution of the volcano 
state and have information about the timing of the onset of eruptive events [Bonaccorso et al., 2016]. Therefore, 
the availability of filtered strain signal has an obvious advantage for monitoring the volcano dynamic. In literature, 
different softwares have been developed for the strain signal filtering [Tamura et al., 1991; Wenzel, 1996; Amoruso 
et al., 2000; Venedikov et al., 2003; Langbein, 2010]. These codes were not designed to be run automatically but to 
be used under the control of an operator who can choose the most suitable model for the recorded strain signal and 
appropriately manage measurement problems such as gaps, outliers and steps. In near real-time, the automatic use 
of these software to filter data, which are affected by measurement problems or by strain contributions neglected 
in the model, could lead to an inaccurate estimation of the filter parameters. This could cause incorrect data pro-
cessing and misinterpretation of the ongoing deformation with important consequences for volcano surveillance 
operations. For these reasons, it is advisable to estimate the filter parameters in advance in optimum conditions 
and, then employ them for near real-time applications, as done for corrections of gravimetric measurements [Van 
Camp et al., 2017].

To automate the filtering of the strain signal, we developed a new software called STRALERT. It automatically 
reads the strain signal recorded by the borehole strainmeter network installed on the Etna volcano, performs the 
strain signal filtering, and transfers it to the Surveillance Room of the “Istituto Nazionale di Geofisica e Vulcano-
logia – Osservatorio Etneo (INGV-OE)”. The program encloses an updated version of the BAYTAP-G code, that has 
been optimized for near real-time filtering, which allows using a fixed set of pre-estimated filter parameters as inputs.

The problems related to signal filtering in near real-time are widely described in Sect. 2. The procedure employed 
for the estimation of the filter parameter and the evaluation of the filtering performances are illustrated in Sect. 3 
and Sect. 4, respectively. The proposed software approach is presented in Sect. 5. Conclusions are discussed in Sect. 6.

2. Strain signal filtering in near real-time at Etna volcano

At Etna volcano, four borehole strainmeters were installed over the last decade (Figure 1). Each instrument 
exhibited a different final response depending on the type of rock in which it was installed and on the rock-sensor 
coupling. The strainmeter placed at Monte Ruvolo (DRUV) is characterized by a very high accuracy. It is capable 
of clearly recording large strain changes (≈10–7) due to volcanic events, such as strong lava fountains [Bonaccorso 
et al., 2016; Bonaccorso et al., 2021], but also small strain changes associated to Earth tides (~10–8) and strong 
teleseism events (at DRUV in the range 10–9-10–8), respectively [Bonaccorso et al., 2016; Currenti et al., 2017]. 

Figure 1.  Map of the Etna volcano with the strainmeter network. The coordinates system is WGS 84 UTM 33.
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Moreover, the DRUV signal was optimally calibrated using three different methods by comparing the records with 
theoretical tides [Bonaccorso et al., 2013], synthetic straingrams due to strong teleseisms [Bonaccorso et al., 2016] 
and strain estimated by a broad-band seismic array for a teleseismic event [Currenti et al., 2017].

The three methods provided comparable calibration factors. These important findings showed that the record-
ed DRUV signal can provide robust and reliable estimates of the ongoing volcano deformation and thus it was 
selected to be employed for the near real-time monitoring operations carried out by the INGV-OE Surveillance 
Room. However, the presence of disturbing components in the strain signals, most relevant of which are due to 
Earth tides, atmospheric pressure variations, precipitations and underground water circulations, could mask de-
formation processes related to the volcano activity which knowledge is fundamental for the surveillance opera-
tions. Indeed, Currenti and Bonaccorso [2019] showed that an appropriate filtering of the DRUV signal can clearly 
reveal ultra-small strain changes (≈10–9) that can be related to inflation/deflation cycles of the volcano edifice 
concurrently with periods of accumulation/withdrawal of magma in storage zones. In order to provide this clear 
information for surveillance operations, it is necessary to provide in near real-time the filtered strain signal which 
should be as robust as possible. To date, different softwares can be employed to perform the signal filtering. The 
most used codes are BAYTAP-G [Tamura et al., 1991], ETERNA [Wenzel, 1996], the numerical procedure of Amoruso 
et al. [2000], VAV [Venedikov et al., 2003] and clearstrain+ [Langbein, 2010]. Each software adopts a model of the 
strain signal and can consider different strain components. Among others, barometric pressure and Earth tides are 
the strain sources whose effects have been widely studied. They are modelled similarly in all the softwares and they 
can be easily estimated automatically. The effects of the tidal variations are typically considered as the sum of vari-
able harmonics of different amplitude and phase, with observed tidal factors and phase lags to be estimated from 
the theoretical values [e. g. Cartwright and Tyler, 1971; Cartwright and Edden 1973; Tamura, 1987]. The barometric 
pressure contribution is usually estimated with a regression model applied on the recorded barometric pressure 
signal. The effects of other strain sources such as precipitations could be modelled [Matsumoto et al., 2003; Hsu 
et al., 2015] but require at least records of rainfall in real-time. Moreover, transient variations associated to tecton-
ic and volcano processes are not known a priori and, thus, they cannot be modelled accurately except off-line with 
the help of an external operator. For example, the procedure of Amoruso et al. [2000] introduced the possibility of 
including ramps as a further strain component but they can be considered in the model only if the operator indi-
cates the time intervals during which the ramps developed. As well, clearstrain+ used logarithmic and exponential 
functions to model transient variations due to tectonic and post-seismic deformations, respectively, but they can 
be modelled only if the time intervals when these deformation processes occur are known. In near real-time, the 
presence of strain components that cannot be detected and precisely modelled and of measurement errors could 
cause an inaccurate estimation of the strain signal components. In order to provide a robust filtered strain signal in 
near real-time, we preferred to remove only the well-known contributions, namely the Earth tide and the pressure 
changes, and focus on the efficient estimation of the related filter parameters. To avoid spurious effects, the pa-
rameter estimation and the evaluation of the filtering performances were conducted in periods when other strain 
components, than the pressure and the tidal components, were negligible. Therefore, we looked for periods when 
precipitation did not occur and the Etna activity was very low. Moreover, we checked and removed steps, outliers, 
gaps and corrupted data in order to obtain an estimation of the filter parameters as reliable as possible. We ana-
lyzed a very large time window spanning from November 2011, when the DRUV strainmeter was installed, to April 
2021. The multiparametric weather network managed by SIAS (Servizio Informativo Agrometeorologico Siciliano, 
www.sias.regione.sicilia.it) provided the precipitation data for the analysis. In particular, we referred to the mea-
surements recorded by the Bronte station, which is the nearest station to the DRUV strainmeter, located on the 
same volcano flank at approximately 8 km away. The volcano activity was checked by referring to the recent work 
of Andronico et al. [2021], which provided a useful list of all the paroxysmal episodes occurred from 1986 to 2021 
at the Etna volcano. Only two long-term windows were found to be appropriate: 06 July 2016 – 06 August 2016 
and 01 May 2020 – 30 May 2020. We decided to use the signal recorded in 2020 as training signal for the parameter 
estimation while the signal recorded in 2016 was used as testing signal for analyzing the filtering performance. The 
software BAYTAP-G was used for the parameter estimation and was adapted for the filtering operations in near 
real-time. It is important to underlie that the recorded strain signals are usually affected also by a long-term drift 
which is mainly due to both the relaxation of the drilled hole and the curing of the cement [i.e. Roeloff and Linde, 
2007; Bonaccorso et al., 2016; Canitano et al., 2021]. The drift can persist from months to years after the instal-
lation and it decreases exponentially with time. Before proceeding with the parameter estimation, the long-term 
drift component was removed.

http://www.sias.regione.sicilia.it
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3. Parameter estimation

The mathematical model of the filter implemented in BAYTAP-G considers the recorded strain signal as the sum 
of a tidal, a pressure and a filtered component. The tidal component is modelled by summing theoretical harmon-
ic functions, 𝛼m and 𝛽m, considered in M groups with constant amplitude and phase and scaled to the measured 
tidal signal through the tidal factors Am and Bm [Tamura et al., 1991]. The pressure component can be estimated 
by applying a FIR filter of order q and weights bk to the recorded barometric pressure signal p. The filtered signal 
is modelled as a random walk process w to which white noise is added. Am, Bm and bk are the filter parameters. In 
order to estimate them, BAYTAP-G solves a sort of “penalized” least square method in which the data are fitted 
using a constraint on the parameters. The estimation of the parameter is carried out by minimizing the following 
cost function
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In (1), D is a hyperparameter that influences the parameter estimation by controlling the smoothness of the 
signal w: the higher the value of D, the smoother w. Once D is fixed, the filter parameters can be estimated by 
minimizing J. BAYTAP-G tries different filtering solutions by varying the value of D in the range [Dmin Dmax], where 
Dmin is an input parameter and Dmax is equal to 1000. The goodness of fit of the generic filtering solution is evalu-
ated through the Akaike Bayesian Information Criterion, ABIC [Akaike, 1980]. The minimum the ABIC, the more 
efficient the filtering solution. The iterative procedure implemented in BAYTAP-G to estimate the parameters is 
structured as follows: an initial value of D, D1, is set to 4Dmin, and the ABIC corresponding to D1, ABIC1, is eval-
uated. At the next iteration, the value of D is increased and the second value of the ABIC, ABIC2, is estimated. If 
ABIC1 < ABIC2 then the analyzed portion of the ABIC(D) curve has positive gradient so the minimum value of 
the ABIC, ABICmin, must be found for D < D1. D is then multiplied by 1/√2 until ABICmin is found. Vice versa, if 
ABIC1 > ABIC2 then the gradient of the ABIC(D) curve is negative and ABICmin is catched for D>D1 employing the 
multiplier √2 for the successive values of D. The iterative procedure strongly depends on the value of the input pa-
rameter Dmin and on the analysis step of D implemented in the code. Tamura et al. [1991] underlined that this step 
(1/√2 or √2) is sufficient for practical purposes. We decided to investigate a wider range of D values. We increased 
the number of the analyzed values of D indirectly, namely by trying different values of Dmin. Preliminary analysis 
showed that the optimal value of Dmin, the one that provides D values that minimizes the ABIC, is located in the 
range [0 1]. Therefore, we decided to investigate values of Dmin in the range [0 1] with a step of 0.01. The range 
[1 100] was analyzed as well but with a sparser step of 1. The number of analyzed filtering solutions was further 
increased by employing different values of the order of the FIR filter applied to the atmospheric pressure signal, q. 
We exploited the whole range of values of q admissible by BAYTAP-G, namely [0 72], with an analysis step of 1. The 
values of q were used in combination with the inspected values of Dmin for a total of 14600 investigated couples (q, 
Dmin). The goodness-of-fit of each filtering solution was evaluated employing the same ABIC criterion.

An important aspect that needs to be investigated for near real-time applications is the sampling time of the re-
cordings. BAYTAP-G was designed and tested to analyze signals sampled at time interval of 1 hour [Tamura, 2000]. 
It is obvious that for surveillance applications this sampling interval is too high. Therefore, lower sampling times 
have been investigated to prove the efficiency of BAYTAP-G for near real-time processing at lower sampling time. 
In particular, we investigated three sampling times, tc: 1 hour, 10 minutes and 5 minutes. An example of efficient 
filtering solution is presented in Figure 2.

The training signal recorded with a sampling time of 5 minutes (Figure 2a) is shown together with the related tidal 
(Figure 2b), pressure (Figure 2c) and filtered strain components (Figure 2d) obtained using the couple (q, Dmin) = (10, 
0.91). This solution was found by comparing the ABIC values of all the inspected couples (q, Dmin). In Figure 3, the 
ABIC values are plotted against the parameter q for all the couples (q, Dmin) employed for filtering the training signal.

In particular, the results for the signal recorded with a sampling time of 1 hour (Figure 3a), 10 minutes (Figure 3b) 
and 5 minutes (Figure 3c) are presented. The red dots represent the q-optimal couples (q, Dmin,opt), namely all the 
combinations (q, Dmin) that provided the lowest value of the ABIC for each analyzed q. In order to choose the most 
efficient (q, Dmin,opt) combination among all the q-optimal couples, our approach was not to select the (q, Dmin,opt) 
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combination which lead to the absolute minimum value of the ABIC. Instead, we chose the (q, Dmin,opt) couple that 
represents a compromise between the value of the ABIC and the number of parameters involved in the model: (1, 
0.03) for tc = 1h, (5, 0.95) for tc = 10 min and (10, 0.91) for tc = 5 min. The estimated values of the tidal factors Am 

Figure 2.  Training signal recorded from 01 May 2020 to 30 May 2020 with a sampling time of 5 minutes (a) plotted 
together with the tidal (b), pressure (c) and filtered (d) components obtained using the parameter couple 
(q, Dmin) = (10, 0.91).
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and Bm and the atmospheric pressure coefficients bk are reported for all the analyzed sampling time in Appendix 
A in Table A1 and Table A2, respectively. The same procedure was implemented for the estimation of the filter 
parameters related to the testing signal. The (q, Dmin,opt) couples are (1, 0.37) for tc = 1h, (6, 0.37) for tc = 10 min and 
(14, 0.64) for tc = 5 min. The related tidal factors and atmospheric pressure coefficients are presented in Appendix 
B in Table B1 and Table B2, respectively.

Figure 3.  Values of the ABIC related to all the investigated couples (q, Dmin) employed for filtering the training signal 
recorded at sampling time of 1 hour (a), 10 minutes (b) and 5 minutes (c). Red dots represent the couples that 
provided the lowest value of the ABIC for each analyzed q. The blue circles represent the selected efficient 
filtering solutions.
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4. Evaluation of the filtering performance

The performances of the estimated filtering solutions were evaluated analyzing the root mean square (RMS) of 
the signals. The first step was to compare the RMS of the recorded signals with the corresponding filtered signals. 
Different time scales, d, from 3 hours (typical duration of a lava fountain at Etna volcano) to 30 days (maximum 
length of the time window under study) were analyzed. For d < 30 days, the RMS was evaluated as the average 
value of the RMS calculated in moving windows of length d over the analyzed time period. For each time windows, 
we considered the signal minus its average value evaluated on d, to partially remove the drift term due to defor-
mation processes acting on time scale higher than d. In Table 1, the RMS of the recorded training signal, RMSr,tra, 
is presented with the RMS of the respective filtered signal, RMSf,tra for the different analyzed time scale d. Both 
the RMSr,tra and the RMSf,tra values, at a fixed time scale d, do not significantly vary with the sampling time which 
means that the sampling time does not cause any significant increase or decrease in both recorded and filtered 
signal sensitivity to strain variations.

Time scale, d
tc = 1 h tc = 10 min tc = 5 min

RMSf,tra RMSr,tra RMSf,tra RMSr,tra RMSf,tra RMSr,tra

3 hours 0.19 4.80 0.22 4.10 0.22 4.02

1 day 0.80 13.83 0.97 13.81 0.91 13.81

14 days 6.44 23.33 6.45 23.26 6.24 23.26

30 days 11.04 24.08 11.76 24.08 11.39 24.08

Table 1.  Values of the RMS in nanostrain (10–9) of the recorded, RMSr,tra, and filtered, RMSf,tra, training signal evaluated 
on different time scales d, for different sampling times tc.

The RMS of the recorded training signal is of order of few nanostrain only for d = 3 hours (≈4*10–9) while it 
is of order of 10–8 for the rest of the analyzed time scales. The filtering process always brought benefits since 
RMSf,tra < RMSr,tra for each analyzed d and for each tc. In particular, the RMS decreased of one or two order of 
magnitude in case of time scales less than one day, reaching values of ≈10–10, while it decreased of one order of 
magnitude for time scales of few days, namely ≈10–9. In case of larger time scales of about one month, the RMS of 
the filtered signals decreased by a factor of ≈2 with respect of the recorded signal. Same considerations can be done 
by analyzing the RMSs of both the recorded, RMSr,tra, and the filtered, RMSr,tra, testing signal reported in Table 2.

By comparing the RMS values of the filtered solutions of both the training and the testing signals it is shown that 
all the RMS values of the filtered testing signal, at fixed time scale, are lower than the respective values of the train-
ing signal for the different sampling times. This means that the filtering process carried out on the testing signal was 
more efficient than the one performed on the training signal. However, it is worth noting that the differences are, in 
any case, of order, or even less, than the RMS itself. Therefore, beyond all possible explanations in these discrepan-
cies, one of the two estimated sets of parameters can be equally chosen since they can be considered equivalent in 
terms of filtering efficiency, at least at the analyzed time scales and in the analyzed time periods.

We decided to employ the parameters estimated from the signal recorded in the most recent time window, name-
ly the training signal, and test them for filtering strain signals recorded in different idoneous time periods. The testing 
signal was used to this scope. The filtering solution of the testing signal obtained with the training signal parameters 
was compared with the one obtained with the parameters estimated on the testing signal itself. We present the case 
of signal sampled every 5 minutes which is of major interest for near real-time applications. In Figure 4, the testing 
signal is plotted together with the two analyzed filtered solutions of the recorded signal. There is a good agreement 
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of the filtered signals that means that both the filtering solutions are quite efficient. The RMS values of the signal 
filtered with the parameters estimated from the training signal is 0.26, 1.11, 2.62 and 3.37 nanostrain for time scale 
of 3 hours, 1 day, 14 days and 1 month. If one compares these values with the ones of Table 2, which represent the 
efficient filtering solution of the testing signal, it can be easily verified that the RMS values are of the same order of 
magnitude and thus the small differences between the two analyzed filtered solutions can be neglected.

Time scale, d
tc = 1 h tc = 10 min tc = 5 min

RMSf,test RMSr,test RMSf,test RMSr,test RMSf,test RMSr,test

3 hours 0.12 4.79 0.14 4.03 0.17 3.94

1 day 0.41 12.86 0.46 12.93 0.59 12.93

14 days 2.29 15.64 2.34 15.72 2.45 15.72

30 days 3.01 15.64 3.13 15.72 3.05 15.72

Table 2.  Values of the RMS in nanostrain (10–9) of the recorded, RMSr,test, and filtered, RMSf,test, testing signal evaluated 
on different time scales d, for different sampling times tc.

Figure 4.  Testing signal recorded from 06 July 2016 to 06 August 2016 with a sampling time of 5 minutes, in black, plotted 
together with two possible filtering solutions: one obtained with parameters estimated on the testing signal 
(blue) and one obtained with filtering parameters estimated from the training signal (red).

5. STRALERT at INGV-OE Surveillance Room

To provide both the recorded and the filtered DRUV signals to the INGV-OE Surveillance Room the software 
STRALERT was developed. It was written in MATLAB environment (R2020b) to routinely perform the operations of 
signal reading, filtering and transferring. The flow chart of STRALERT is presented in Figure 5.

The software can be launched with the script STRALERT.m which contains all the code lines where the input 
parameters can be set. At the first run, the function initialization.m is launched. It executes preliminary operations 
to check the compatibility of the input parameters with the input signals, namely the recorded strain signal and 
the recorded barometric pressure signal. Successively, the software executes the script maincode.m which groups 
all the instructions that will be performed routinely for reading, filtering and transferring the signals. STRALERT 
encloses an updated version of the software BAYTAP-G. Indeed, since the current version of BAYTAP-G did not 
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allow using a given set of filter parameters as inputs, the original code of BAYTAP-G was modified. We introduced 
a new processing module that allows bypassing the parameter estimation procedure implemented in the software 
and, instead, uses a set of filter parameters previously computed and stored in a .txt file. The parameter reported in 
Table A1 are used for the signal filtering. In addition, the improved version of BAYTAP-G was further optimized for 
near real-time applications by avoiding the writing of some output files useful only for analysis purposes. These 
modifications increased the processing time of the software of about 60%. The filtered and the recorded signals are 
transferred through HTTP request messages to TSDSystem, the database in use in the INGV-OE Surveillance Room 
to store and visualize time series [Cassisi et al., 2015].

Examples of the output of STRALERT are shown to present the results obtained by this useful tool. In the 
following figures, some examples of strain changes occurred concurrently with some eruptive events are report-
ed. In Figure 6, the recorded (Figure 6a) and the filtered (Figure 6b) DRUV signals are shown for the time period 
12 June 2021 – 11 July 2021 as displayed in the Surveillance Room. In this time window, an intense eruptive activity 
of the Etna volcano took place. Each step-like change in the strain signal is related to the decompression of the 
volcano edifice due to lava fountain events.

Figure 5. Flow chart of STRALERT.
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Figure 6.  Example of the recorded (a) and the filtered (b) strain signals as shown in TSDSystem from 12 Jun 2021 to 
11 July 2021. Negative strain changes correspond to dilatation of the rock surrounding the sensor. Black arrows 
indicate lava fountains. The scales and the arrows are added for a better comprehension.

The beginning and the ending of the changes mark the onset and the conclusion of the eruptive event [Bonac-
corso et al., 2016]. The events occurred in July are clearly visible in both the recorded and filtered signal exhibiting 
negative strain changes of the order of 10–7. Instead, the lava fountains occurred in June are masked by the tidal 
and pressure components and are clearly detected only when the filtering is performed disclosing smaller strain 
changes of the order of 10–8. In Figure 7, the recorded (Figure 7a) and the filtered (Figure 7b) strain signals are 

Figure 7.  Recorded (a) and the filtered (b) strain signals shown on TSDSystem in the period 22 May 2021 – 31 May 2021. 
Black arrows indicate lava fountain events while the red arrows strombolian activity episodes. The ultra-small 
negative strain changes (≈10-9) concurrently with the strombolian episodes are visible only on the filtered 
signal.
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presented for the time window spanning 22 May 2021 – 30 May 2021. In this period, some small lava fountains 
occurred together with weak strombolian activity episodes. In the recorded signal, the strain changes are hidden by 
the tidal and pressure variations and cannot be clearly identify. After filtering, distinct abrupt changes are shown 
up concurrently with the eruptive episodes and the beginning and the ending of each strain variations can be easily 
distinguished. Moreover, the signal enlightens ultra-small strain changes of the order of 10–9 observed concurrent-
ly with the three strombolian episodes occurred from 25 May 2021 to 26 May 2021 which are unrecognizable in the 
recorded raw strain signal.

6. Conclusions

Volcano monitoring and surveillance could greatly benefit of the availability of near-real time strain signals, 
since they provide a direct measurement of volcano deformation with a resolution unachievable with other geodet-
ic techniques. However, the recorded strain signal is affected by disturbances that mask ultra-small strain changes 
due to volcanic processes. In order to provide an appropriately filtered strain signal in near-real time to Surveil-
lance Room at INGV-OE, we implemented the software STRALERT, which automatically processes the recorded 
strain and reduces the disturbing components.

By employing and adapting the BAYTAP-G code, STRALERT filters the incoming signal from the continuously 
running DRUV station using a set of filter parameters previously defined and assessed. This allows for a robust 
filtering process avoiding unstable results. The estimation of the filter parameters carried out on appropriate pe-
riods allowed to obtain a filtered signal sensitive to ultra-small strain transients due to volcanic activity. At time 
scales less than one day, which are of major interest for near real-time applications, the RMS of the strain signal is 
improved, reaching values of ≈10–10 while, at time scale of few days, it can reach values of the order of 10–9. This 
performance enables STRALERT to unravel tiny strain changes due to weak eruptive events that are completely 
hidden by the tidal and the pressure variations in the recorded raw signal. These small strain transients would have 
been undetected if filtering was not performed. Moreover, the filtered signal better shows the onset and the end of 
the transient strain variations allowing to easily mark the timing of the associated eruptive events. These findings 
show the important contribution of STRALERT to the volcano surveillance operations and the benefit for future 
application in volcano warning systems.
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