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Abstract Strainmeter and broadband seismic signals have been analyzed jointly with the aim of
calibrating a borehole strainmeter at Etna volcano by using a seismo-geodetic technique. Our results reveal
a good coherence between the dynamic strains estimated from seismometer data and strains recorded by a
dilatometer in a low-frequency range [0.03–0.06 Hz] at the arrival of teleseismic waves. This significant
coherence enabled estimating the calibration coefficient and making a comparison with calibration results
derived from other methods. In particular, we verified that the proposed approach provides a calibration
coefficient that matches the results obtained from the comparison of the recorded strain both with
theoretical strain tides and with normal-mode synthetic straingrams. The approach presented here has the
advantage of exploiting recorded seismic data, avoiding the use of computed strain from theoretical models.

1. Introduction

Borehole strainmeters are among the most sensitive instruments for deformation monitoring in geophysics.
On a number of volcanoes around the world, dilatational strainmeters (also known as dilatometers) have
been installed mainly for monitoring purposes (Roeloffs & Linde, 2007). Usually installed in deep boreholes
(>100 m) to attenuate environmental noise, they are able to detect volumetric crustal strain changes as small
as 10�10. These instruments have successfully captured volumetric strain changes associated with the
resumption of volcanic activity in different regions (Hekla (Linde et al., 1993), Mauna Loa (Linde & Sacks,
1995), Montserrat (Chardot et al., 2010; Linde et al., 2010; Voight et al., 2006), Hekla (Sturkell et al., 2013),
Stromboli (Bonaccorso et al., 2012), Campi Flegrei (Amoruso et al., 2015), and Izu-Oshima (Linde et al.,
2016)). Recently, a network of four Sacks-Evertson borehole dilatometers (Roeloffs & Linde, 2007; Sacks
et al., 1971) was deployed on Mount Etna volcano, the largest and most active volcano in Europe, providing
an opportunity to infer the source and mechanisms of several lava fountain episodes occurring in 2011–2015
(e.g., Bonaccorso et al., 2014, 2013). Estimates of volcano-related strain changes are susceptible to instrument
calibration solutions and their accuracies. Indeed, instrument response depends on different factors, such the
elastic properties of the instrument and of the rock formation where it is installed, as well as the effects of
environmental disturbances. Therefore, the final response of the instrument must be checked with appropri-
ate in situ calibrations, after the installation is completed.

The calibrations are usually done by comparison with appropriate reference signals. The most commonly
used method is tidal calibration, achieved by comparing the recorded amplitudes and phases of M2
(12.42 h) and O1 (25.82 h) tidal components with the computed theoretical values (e.g., Hodgkinson et al.,
2013 ; Langbein, 2015; Roeloffs, 2010, and references therein). Although tidal waves are dominated by K1,
O1, M2, and S2 components, for calibration purposes, M2 and O1 are usually used since not only have they
large amplitudes but their periods differ enough that they can easily be separated from the purely diurnal
and semidiurnal constituents, which are more susceptible to contamination from temperature variations
and other noise (Roeloffs, 2010). Another calibration approach relies on comparing the dynamic strain ampli-
tude of long-period surface waves from strong (M ≥ 8) distant earthquakes (teleseismic events) with calcu-
lated synthetic strain waveforms (e.g., Bonaccorso et al., 2016). In order to reproduce phenomena such as
tides or seismic waves traveling the Earth, these approaches require the use of numerical models.
However, based on simplified medium properties, such models are often unable to reproduce the recorded
signals that are distorted by real and complex medium features. Alternative methods of calibrating borehole
strainmeters are the comparison with other kinds of direct strain measurements or with seismic strain esti-
mates from a dense array of seismometers (Bodin et al., 1997; Gomberg & Agnew, 1996; Langston & Liang,
2008; Spudich et al., 1995).
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In the present study we explore an approach for calibrating the Etna dilatometers by calculating the seismic
strain waveforms from the recorded broadband seismic signals of teleseismic waves. Among the stations of
the dilatometer network at Etna, we focused the analysis on the DRUV station since it has proven to be the
most precise, being installed in very massive rocks. The coupling with the surrounding medium is very good
at DRUV, as confirmed by the excellent detection of tidal and seismic waves. Indeed, the other Etnean dilat-
ometers show a lower sensitivity, as evidenced by the smaller amplitudes, and in some cases the lack of tidal
wave components and the poor similarity between synthetic and recorded teleseismic signals (Bonaccorso
et al., 2016). Therefore, it was not feasible to calibrate the other dilatometers from the analysis of tidal and
seismic waves. Due to the good signal quality, the DRUV station was considered as a reference station and
was used to estimate the signal energy ratios between the DRUV station and the others in order to estimate
their amplitude ratios and obtain their calibration coefficients (Bonaccorso et al., 2016). Moreover, DRUV is also
surrounded by a close broadband seismic array, which is necessary for our methodology (Figure 1). In section 2,
we describe the dilatometer and the seismic broadband network with the used data set. In section 3, we
detail the applied methodology, which has first been validated on theoretical signals (section 3.1) and then
we present (section 3.2) the calibration result by comparing the recorded dilatometer signal with the
dynamic volumetric strain from geodetic inversion of the seismic displacements. Finally, in section 4 we
discuss the advantages of this approach and outline future perspectives for its use.

2. Data

Seismic strain and dilatometer signals are compared for large teleseismic events (M > 8.0) recorded in the
Etnean area. Large teleseismic events are chosen due to their low-frequency content, high signal-to-noise
ratio, and the spatial uniformity of the seismograms across the broadband seismic stations, a condition
required to apply the methodology presented in the next section. Three teleseismic events with moment
magnitude Mw > 8.0 occurred from 2013 to 2016 (Table 1). The strainmeter signals at DRUV and the broad-
band seismic signals recorded at the three stations on Mount Etna have been analyzed (data are available in
Data Sets S1–S3 in the supporting information). A complete description of the design and the characteristics
of the Etna dilatometers network can be found in Bonaccorso et al. (2016). The stations are equipped with a
Sacks-Evertson single-component dilatometer (Sacks et al., 1971; Sacks & Evertson, 1972), whose sensing unit

Figure 1. Map with the location of the broadband seismic array and the DRUV strainmeter station used in this study. The
centroid of the triangle formed by the broadband seismic station locations is close to the DRUV site.
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is a liquid-filled cylindrical tube, which is installed in a drilled hole and
coupled to the rock walls via expansive cement. Changes in the sensing
volume produce changes in position of the top of a connected bellows,
resulting in a very high hydraulic amplification, which warrants a
nominal precision up to 10�11 in a wide frequency range
(10�7–25 Hz). Bellows motion is monitored by a differential
transformer. A complete description of the design and capabilities of
these instruments is given in Roeloffs and Linde (2007). The DRUV
station was installed in 2011 at depth of 172.5 m in very massive
basalt rock and has provided precise long time series of continuous
data. The 1 sample per second raw data recorded for the seismic
waves of the Mw8.3 Okhotsk event are shown in Figure 2. The signals
recorded during the Chile teleseismic events are shown in the
supporting information (Figures S1 and S2). A negative strain change
corresponds to expansion of the surrounding medium. Calibration by
comparison with the theoretical volumetric strain from teleseismic
waves has already been performed (Bonaccorso et al., 2016). The
synthetic strain was computed from the Normal Modes Theory for
the Earth oscillations (Gilbert & Dziewonski, 1975) using the preliminary
reference Earth model (PREM) for the Earth medium properties
(Dziewonski & Anderson, 1981), and as input the centroid moment ten-
sor (CMT) solution (Dziewonski et al., 1981; Ekström et al., 2012). The
recorded and normal-mode synthetic signals, both filtered in the per-
iod band 100–200 s, showed a high degree of similarity, which enabled
us to calibrate the dilatometer data. The calibration coefficient of
0.005 nanostrain/count also confirmed the solution obtained by tidal
calibration (Bonaccorso et al., 2016).

The seismic broadband array is equipped with Nanometrics Trillium
(40 s) three-component devices. Data are acquired and recorded locally
at 100 samples/second/channel through a Nanometrics Trident digital
system (24 bit) and then transmitted via satellite or radio to the data
acquisition center of Istituto Nazionale di Geofisica e Vulcanologia
(INGV), in Catania. For our purposes, we analyzed the seismic signals
recorded at a small seismic array consisting of three broadband sta-
tions (sites ESCV, ECZM, and ESVO) deployed around the DRUV strain-
meter station (Figure 1). The seismogram components recorded at
ECZM during the Mw8.3 Okhotsk event are shown in Figure 2, whereas
those associated with the Chile teleseismic waves are reported in the
Figures S1 and S2.

Table 1
Centroid Moment Tensor (CMT) Solutions of Seismic Events From 2013 to 2016 With Moment Magnitude Mw > 8.0

Date Time Region
Latitude
(deg)

Longitude
(deg)

Depth
(km) Mw

Fault plane

Strike (deg) Dip (deg) Slip (deg)

2015/9/16 22:55:22.9 Chile �31.13 �72.09 17.4 8.3 7 19 109
166 72 83

2014/4/01 23:47:31.5 Chile �19.70 �70.81 21.6 8.1 355 15 106
159 76 86

2013/5/24 05:44:49.0 Okhotsk 54.61 153.77 611.0 8.3 189 11 �93
12 79 �89

Note. Data are from the global CMT project web page http://www.globalcmt.org/ (Dziewonski et al., 1981; Ekström et al., 2012). Time is expressed in UTC.

Figure 2. Three-component velocity seismograms at the ECZM broadband
seismic station (three upper traces) and dilatometer signal (bottom trace) at
DRUV during the 24 May 2013, Mw8.3 Sea of Okhotsk seismic event. The
waveforms recorded at the other stations composing the small seismic array are
very similar to each other (Figures S1 and S2).
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3. Volumetric Strain Estimate

From seismic displacement components, we perform a geodetic inversion in order to compute the displace-
ment gradient tensor and derive the volumetric strain by using the method proposed by Spudich et al.
(1995), with modifications adopted from geodetic inversion (Teza et al., 2008). Under the assumption of small
deformation, the problem of estimating the displacement gradient tensor from displacement data can be
determined by expanding the displacement components ui(x1,y1,z1) with i = x,y,z in a Taylor’s series around
the location of a reference point P(x0, y0, z0):

ui x1; y1; z1ð Þ≈ui x0; y0; z0ð Þ þ ∂ui
∂x

����
P

x1 � x0ð Þ þ ∂ui
∂y

����
P

y � y0ð Þ þ ∂ui
∂z

����
P

z � z0ð Þ (1)

By evaluating this expression at N stations, a system of equations is obtained (Teza et al., 2008), which in
matrix form reads as Gm = d. We assume that the ground surface is traction free, which leads to the following
relationships (Spudich et al., 1995):
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(2)

with m the vector composed of the translation displacement components at the reference point and of the
displacement gradient components (superscript T indicates the vector transposition); η= λ/(λ+μ) = υ/(1� υ)
the elastic medium parameters, where υ denotes the Poisson’s ratio and λ and μ the Lame parameters; and
Δin the relative positions between the n-th station and the reference point. Under the hypothesis of a uniform
strain field, the displacement components at the reference point and the displacement gradient components
can be estimated through a least squares minimization scheme providing the solution m= (GTG)�1GTd. The
volumetric strain is then computed from the strain tensor derived from the symmetric part of the displace-
ment gradient tensor (Fung, 1965).

Limitations of the strain estimates obtained from equation (1) arise from the assumption that deformation is
spatially uniform, and, since the approach is based on the first terms of a Taylor series expansion, displace-
ments should vary linearly within the array. Moreover, the accuracy of the displacements gradients is
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constrained by the aperture of the array and differs from exact values according to the relationship (Bodin
et al., 1997; Shapiro et al., 2000):

∂ui
∂xj

h i
geodetic

∂ui
∂xj

h i
exact

¼ sin πL
λ

� �
πL
λ

(3)

where L is the spacing among the broadband seismic stations and λ is the wavelength. For approximately
90% accuracy, the distance between stations should be less than one fourth of the wavelength of the domi-
nant energy in the signal (Bodin et al., 1997). In our case, considering the average spacing among the broad-
band seismic stations (~9 km) and a lower limit to phase velocity of 5 km/s, for periods of 10 s or greater the
array spans only a small fraction of the seismic wavelength (≥ 50 km) and the ratio L/λ is less than 0.1.
Therefore, we are confident that the assumption of uniform strain across the array and the accuracy of the
displacement gradient estimates are fulfilled.

It is fundamental to verify the aforementioned approximations in estimating the volumetric strain field by
validating the method with theoretical computations and comparisons with available seismic data.

3.1. Validation by Normal Mode Computations

First, the suitability of the method has been validated on synthetic signals. Broadband synthetic seismograms
may be computed based upon normal-mode theory (Gilbert, 1971; Gilbert & Dziewonski, 1975). Using the
centroid moment tensor (CMT) solution (Dziewonski et al., 1981; Ekström et al., 2012) of the Mw = 8.3 Sea
of Okhotsk earthquake, which contains information about timing, hypocenter, magnitude, duration, and fault
plane orientation of the event (Table 1), we calculated the normal-mode synthetic seismograms for the pre-
liminary reference Earth model (PREM) (Dziewonski & Anderson, 1981). The simulations are reliable at periods
of 30 s and longer (Bonaccorso et al., 2016). In particular, we computed both the displacement components at
the locations of the three seismic broadband stations at Etna and the dynamic volumetric strain at the cen-
troid of the triangle defined by the three stations (Figure 1) for periods longer than 50 s. Then, we used the
approach described above to invert for the dynamic volumetric strain from the displacement components
over time. An average value for the Poisson’s ratio υ= 0.25 is assumed in agreement with estimates on elastic
medium properties inferred from seismic tomography (Chiarabba et al., 2000; Currenti et al., 2008). The refer-
ence point is assigned to the centroid of the triangle formed by the three broadband seismic station loca-
tions. The translation displacement has the same magnitude and direction at all sites as the triangle of
stations simply moves in space relative to the reference point. Translational displacement of the reference
point is disregarded (ui(x0, y0, z0)≈ 0) since no translational components are recorded. This assumption has
been further corroborated by performing different tests with and without translational displacements.
Therefore, we solved by a least squares approach a linear system of nine equations with the six unknowns
of the displacement gradient tensor. A good match between the synthetic volumetric strain and the

Figure 3. Synthetic volumetric strains for the 24May 2013,Mw8.3 Sea of Okhotsk event calculated from normal-mode sum-
mation (red) and from the inversion of the synthetic seismograms (black) computed at the location of the ECZM-ESCV-ESVO
broadband seismic array. The synthetic seismograms are accurate to periods > = 50 s.
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inverted strain from synthetic displacements is achieved (Figure 3), thus confirming the validity of the
approach. The difference in station altitude is about 1,000 m over a spacing of about 11,000 m. The
amounts of altitude difference do not have significant impact since the frequency range is low enough
and the seismic wavelength is much longer than the above scale. Considering the triangle composed by
the three stations, the normal vector is [�0.092 0.001 0.995] which justifies the assumption of a flat surface
with normal vector [0 0 1]. Moreover, relative to the vertical wavelength of the teleseismic strains, the
depth of the borehole strainmeter (172.5 m) is negligible, so the strainmeter can be assumed to be at the
Earth’s surface (Roeloffs, 2010), thus satisfying the traction-free boundary condition. The higher
discrepancy between the theoretical strain computations and the inverted strains at around 06:20 may
arise from the difference in the assumption of the PREM model used in the theoretical formulation and in
the homogeneous and isotropic half-space assumption used in the geodetic inversion method.

3.2. Strain Signal From Broadband Seismograms

After validating the methodology on synthetic signals, the approach has been applied to compute the
dynamic volumetric strain from the three broadband seismometer data using the methodology described

Figure 4. Amplitude spectra of the (a) dilatometer signal and of the (b) dynamic strain estimated from the broadband
seismic signals for the 24 May 2013, Mw8.3 Sea of Okhotsk event. (c) Spectral coherence and cross-spectrum between
dilatometer signal and computed seismic strain. (d) Randomized cross correlation analysis performed between dilatometer
and computed seismic strain signal, filtered in the high coherence frequency band. Black line is the cross-correlation
function over the real signal at DRUV; grey dots are the cross-correlation estimates derived by randomizing the strainmeter
signals at DRUV. Dotted black lines mark the 99% (±3σ) confidence bounds on the distribution of the correlation values
obtained at individual time lags.
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before. The raw broadband seismic velocity data are initially corrected to ground motion using the
instrument responses (Trillium 40 Seismometer User Guide, 2009). The filtered velocities are then
integrated to obtain the displacement components and are high-pass filtered at 100 s with a fourth-order
Butterworth filter to suppress long-term noise. The displacement time series at each broadband seismic
station are then inverted to determine the surface volumetric strain. The amplitude spectra of the
dilatometer and the seismic strain signals are shown in Figures 4a and 4b for the 24 May 2013, Mw8.3 Sea
of Okhotsk seismic event. The main frequency content of both signals is confined within 0.2 Hz with the
maximum content below 0.1 Hz. We investigate the similarity of the signals in the frequency domain
through a spectral coherence analysis, which shows that the signals have an almost constant high
similarity in the frequency band [0.03–0.06] Hz (Figure 4c). In this frequency band, the coherence
between the two signals is on average above 0.8. The cross-spectrum phase highlights that the phase lag
in the high spectral coherence band is around zero. Similar results are obtained for the other two
teleseismic events in Chile (Figure S3). We also performed a cross-correlation analysis between the strain-
meter signals and the computed seismic volumetric strain, both filtered in the high spectral coherence
band. A clear cross-correlation peak of 0.81 is obtained near a zero lag time (Figure 4d). To corroborate
the statistical significance of this result, we repeated the cross-correlation analysis numerous times
(10,000), randomizing at each run the strainmeter signal by applying the procedure used in Zuccarello
et al. (2013) to correlate several geophysical time series at Etna volcano. Once the strainmeter signal is ran-
domized (Figure 4d), the amplitude of the cross-correlation decreases markedly, which confirms that the
observed correlations cannot be explained by random chance. Conclusively, both spectral coherence and
cross-correlation analyses demonstrate the high similarity between the dilatometer signal and the strain
estimated by the inversion of seismic signals.

Figure 5. Estimates of the calibration coefficient using a linear least squares method applied to the recorded strain and the
computed seismic strain on the data set for the (left) Mw8.3 Okhotsk, (middle)Mw8.1 Chile, and (right) Mw8.3 Chile events.

Figure 6. Comparison between dynamic volumetric strain for the 24 May 2013,Mw8.3 Sea of Okhotsk event from inversion
of the seismic displacements (black) and dilatometer signal at DRUV (red) filtered at 16–33 s (0.03–0.06 Hz). Inset shows a
zoom of the strain signals at the first arrival of the teleseismic wave.
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The strain signals derived from the broadband seismograms and the dilatometer data are filtered in the high
spectral coherence band. A linear least squares method is applied to the filtered signals of the recorded strain
and the computed seismic strain to estimate the calibration coefficient (Figure 5). It varies from 0.0046 to
0.0054 nanostrain/count with a standard deviation of about 0.0001 nanostrain/count. These findings are in
full agreement with previous results obtained from other applied calibration methods (Bonaccorso et al.,
2016). The calibrated signals at DRUV and the computed strains show a very good waveform similarity
(Figures 6 and S4) for all the three teleseismic events (Table 1).

4. Discussions and Concluding Remarks

The approach based on the seismo-geodetic inversion procedure to determine the surface strain over time
from the observed displacements of the seismic signals has previously been used by Spudich et al. (1995)
to investigate the transient stresses associated with the 1992 M7.4 Landers earthquake. In their study,
Spudich et al. (1995) compared the results with the raw data of two dilatometers located 31 km and 11 km
away from the seismic array. In agreement with our results, they observed that when the strains from the seis-
mic array and the dilatometer were band-pass filtered in a long-period range (5–18 s), there was a good
waveform coherence during the strong part of the shaking. Gomberg and Agnew (1996) determined the
accuracy of the dynamic strains estimated from the seismometer data of a few regional earthquakes by com-
paring them with strains recorded by a long-base strainmeter, assumed as the reference signal, located a few
hundreds of kilometers away from the epicenters. Their analysis indicated that in most cases the estimated
strain using a single-station approach matches the observed strainmeter data quite well. In a subsequent
study, Gomberg et al. (1999) compared single-station and seismo-geodetic displacement gradient estimates
at different frequency bands, showing that in the low-frequency range the estimates from the two different
methods essentially coincide. Langston and Liang (2008) computed strains from the seismic wave gradients
of an array of 3C broadband seismographs making up the ANZA seismic network in Southern California. Their
results support the reliability of the seismo-geodetic method in estimating seismic strains and suggest its use
for calibrating borehole strainmeters.

These previous results had therefore already demonstrated the potential of the proposed method to cali-
brate the strainmeters using data from a surrounding broadband seismic array. The novel aspect of our study
is the application of calibrating the borehole dilatometer by comparing the recorded strain data with the
strain from the inversion of seismic displacements recorded close to the dilatometer, rather than comparing
with simulated signals from simplified Earth models. The coherence analysis indicated the frequency band
where the signals are highly correlated and enabled us to perform a robust calibration. This approach has
a major advantage of avoiding the comparison with strain simulated from theoretical models, such as tidal
or seismic normal mode strain solutions, which might not estimate the strain accurately due to possible local
distortions induced by topography or material heterogeneities (Gomberg & Agnew, 1996). Following our pro-
posed method, the effect of distortion on the local strain field should be minimized since the strain signals
from both the seismic and dilatometer are affected by the same local effects. The critical limitation of the dis-
placement inversion method is that the strain tensor is assumed uniform in the area delimited by the broad-
band seismic array. Spudich et al. (1995) showed that this assumption is valid for periods greater than 2–3 s,
which are associated with larger wavelengths than the kilometric dimension of the seismic array. In our case,
the analysis of the seismic and strainmeter signals have been conducted at the occurrence of teleseismic
events, which have a large dominant wavelength of 200 km, sufficiently large compared to the average spa-
cing of the broadband seismic stations (10 km). Moreover, the signals have been filtered in a long period
band (16–33 s), guided by the coherence analysis. The application of this signal processing strategy allows
complying with the strain homogeneity condition.

To the best of our knowledge, DRUV is the only borehole dilatometer in which three different calibration
approaches have been performed by comparing recorded signals with theoretical tides, synthetic strain-
grams from distant strong earthquakes (Bonaccorso et al., 2016), and strains calculated from the geodetic
inversionmethod presented here. Of note is that the calibration coefficients obtained by these three different
approaches provide comparable coefficient values at different frequency bands: (i) in the diurnal and semi-
diurnal period for tidal analysis, (ii) in the range 100–200 s for theoretical seismic strain comparison, and
(iii) in periods less than 40 s through the comparison with strain estimates from broadband seismic signals.
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Our findings endorse the deployment of broadband seismometers around borehole strainmeters to perform
instrument calibration and in-depth investigations into seismic strain. We are planning to install broadband
seismic arrays equipped with 120 s seismometers close to the dilatometer sites to investigate seismic strain
over a broader frequency band.

References
Amoruso, A., Crescentini, L., Scarpa, R., Bilham, R., Linde, A. T., & Sacks, I. S. (2015). Abrupt magma chamber contraction andmicroseismicity at

Campi Flegrei, Italy: Cause and effect determined from strainmeters and tiltmeters. Journal of Geophysical Research: Solid Earth, 120,
5467–5478. https://doi.org/10.1002/2015JB012085

Bodin, P., Gomberg, J., Singh, S. K., & Santoyo, M. (1997). Dynamic deformations of shallow sediments in the Valley of Mexico. Part I:
Three-dimensional strains and rotations recorded on a seismic array. Bulletin of the Seismological Society of America, 87, 528–539.

Bonaccorso, A., Calvari, S., Linde, A., & Sacks, S. (2014). Eruptive processes leading to the most explosive lava fountain at Etna volcano: The 23
November 2013 episode. Geophysical Research Letters, 41, 4912–4919. https://doi.org/10.1002/2014GL060623

Bonaccorso, A., Calvari, S., Linde, A., Sacks, S., & Boschi, E. (2012). Dynamics of the shallow plumbing system investigated from borehole
strainmeters and cameras during the 15 March 2007 Vulcanian paroxysm at Stromboli volcano. Earth and Planetary Science Letters,
357–358, 249–256. https://doi.org/10.1016/j.epsl.2012.09.009

Bonaccorso, A., Currenti, G., Linde, A., & Sacks, S. (2013). New data fromborehole strainmeters to infer lava fountain sources (Etna 2011–2012).
Geophysical Research Letters, 40, 3579–3584. https://doi.org/10.1002/grl.50692

Bonaccorso, A., Linde, A., Currenti, G., Sacks, S., & Sicali, A. (2016). The borehole dilatometer network of Mount Etna: A powerful tool to detect
and infer volcano dynamics. Journal of Geophysical Research: Solid Earth, 121, 4655–4669. https://doi.org/10.1002/2016JB012914

Chardot, L., Voight, B., Foroozan, R., Sacks, S., Linde, A., Stewart, R., … Widiwijayanti, C. (2010). Explosion dynamics from strainmeter and
microbarometer observations, Soufrière Hills Volcano, Montserrat: 2008–2009. Geophysical Research Letters, 37, L00E24. https://doi.org/
10.1029/2010GL044661

Chiarabba, C., Amato, A., Boschi, E., & Barberi, F. (2000). Recent seismicity and tomographic modeling of the Mount Etna plumbing system.
Journal of Geophysical Research, 105, 10923–10938.

Currenti, G., Del Negro, C., Ganci, G., & Scandura, D. (2008). 3D numerical deformation model of the intrusive event forerunning the 2001 Etna
eruption. Physics of the Earth and Planetary Interiors, 168, 88–96. https://doi.org/10.1016/j.pepi.2008.05.004

Dziewonski, A., & Anderson, D. L. (1981). Preliminary reference Earth model. Physics of the Earth and Planetary Interiors, 25, 297–356.
Dziewonski, A., Chou, T. A., & Woodhouse, J. H. (1981). Determination of earthquake source parameters from waveform data for studies of

global and regional seismicity. Journal of Geophysical Research, 86(B4), 2825–2852.
Ekström, G., Nettles, M., & Dziewonski, A. M. (2012). The global CMT project 2004–2010: Centroid-moment tensors for 13,017 earthquakes.

Physics of the Earth and Planetary Interiors, 200-201, 1–9. https://doi.org/10.1016/j.pepi.2012.04.002
Fung, Y. C. (1965). Foundations of solid mechanics. Englewood Cliffs: Prentice-Hall.
Gilbert, F. (1971). Excitation of normal modes of the Earth by earthquake sources. Geophysical Journal of the Royal Astronomical Society, 22,

223–226.
Gilbert, F., & Dziewonski, A. M. (1975). An application of normal mode theory to the retrieval of structural parameters and source mechanisms

from seismic spectra. Philosophical Transactions. Royal Society of London, 278, 187–269.
Gomberg, J., & Agnew, D. (1996). The accuracy of seismic estimates of dynamic strains: An evaluation using strainmeter and seismometer

data from Pinon Flat Observatory, California. Bulletin of the Seismological Society of America, 86, 212–220.
Gomberg, J., Pavlis, G., & Bodin, P. (1999). The strain in the array is mainly in the plane (waves below ∼1 Hz). Bulletin of the Seismological

Society of America, 89, 1428–1438.
Hodgkinson, K., Langbein, J., Liu, B., Henderson, O., Mencin, D., & Borsa, A. (2013). Tidal calibration of plate boundary observatory borehole

strainmeters. Journal of Geophysical Research. 118, 447–458. https://doi.org/10.1029/2012JB009651
Langbein, J. (2015). Borehole strainmeter measurements spanning the 2014 Mw6.0 South Napa Earthquake, California: The effect from

instrument calibration. Journal of Geophysical Research: Solid Earth, 120, 7190–7202. https://doi.org/10.1002/2015JB012278
Langston, C. A., & Liang, C. (2008). Gradiometry for polarized seismic waves. Journal of Geophysical Research, 113, B08305. https://doi.org/

10.1029/2007JB005486
Linde, A. T., & Sacks, S. (1995). Continuous monitoring of volcanoes with borehole strainmeters. In J. M. Rhodes & J. P. Lockwood (Eds.),

Mauna Loa revealed: Structure, composition, history, and hazards (pp. 171–185). Washington, D. C: AGU. https://doi.org/10.1029/
GM092p0171

Linde, A. T., Agustsson, K., Sacks, I. S., & Stefansson, R. (1993). Mechanism of the 1991 eruption of Hekla from continuous borehole strain
monitoring. Nature, 365, 737–740. https://doi.org/10.1038/365737a0

Linde, A. T., Kamigaichi, O., Churei, M., Kanjo, K., & Sacks, S. (2016). Magma chamber recharging and tectonic influence on reservoirs: The 1986
eruption of Izu-Oshima. Journal of Volcanology and Geothermal Research, 311, 72–78.

Linde, A. T., Sacks, S., Hidayat, D., Voight, B., Clarke, A., Elsworth, D., … Widiwijayanti, C. (2010). Vulcanian explosion at Soufrière Hills
Volcano, Montserrat on March 2004 as revealed by strain data. Geophysical Research Letters, 37, L00E07. https://doi.org/10.1029/
2009GL041988

Roeloffs, E. A. (2010). Tidal calibration of Plate Boundary Observatory borehole strainmeters: Roles of vertical and shear coupling. Journal of
Geophysical Research, 115, B06405. https://doi.org/10.1029/2009JB006407

Roeloffs, E. A., & Linde, A. T. (2007). Borehole observations and continuous strain and fluid pressure. In D. Dzurisin (Ed.), Volcano deformation
geodetic measurements techniques (pp. 305–322). Berlin: Springer.

Sacks, I. S. & Evertson, D. (1972). Two-stage strain-sensing device, United States Patent number 3,635,076.
Sacks, I. S., Suyehiro, S., Evertson, D. W., & Yamagishi, Y. (1971). Sacks-Evertson strainmeter, its installation in Japan and some preliminary

results concerning strain steps. Papers in Meteorology and Geophysics, 22, 195–208.
Shapiro, N. M., Campillo, M., Margerin, L., Singh, S. K., Kostoglodov, V., & Pacheco, J. (2000). The energy partitioning and the diffusive character

of the seismic coda. Bulletin of the Seismological Society of America, 90, 655–665.
Spudich, P., Steck, L. K., Hellweg, M., Fletcher, J. B., & Baker, L. M. (1995). Transient stresses at Parkfield, California, produced by the M7.4

Landers earthquake of June 28, 1992: Observations from the UPSAR dense seismograph array. Journal of Geophysical Research, 100,
675–690. https://doi.org/10.1029/94JB02477

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014663

CURRENTI ET AL. SEISMIC CALIBRATION OF STRAINMETERS 9

Acknowledgments
The Etna borehole strainmeter network
benefited from the financial support of
the Italian FIRB project “Development of
new technologies for the protection
and defense of the territory from natural
hazards” (acronym FUMO) and the PON
project “Development of research
centers for the study of volcanic areas at
high risk and their geothermal potential
in the context of Mediterranean
geological and environmental dynamic”
(acronym VULCAMED). A. B. is deeply
grateful to S. Sacks and A. Linde for the
fruitful discussions on strain calibration.
We thank M. Acierno, B. Schleigh, andM.
Crawford of the Carnegie Institution of
Washington-Department Terrestrial
Magnetism, for contributing signifi-
cantly to the instrumental setup and
installations. We are grateful to the
seismological technician group of the
Istituto Nazionale di Geofisica e
Vulcanologia-Osservatorio Etneo
(INGV-OE), whose precious work
ensures the regular working of the
seismic permanent network at Etna. We
thank O. Kamigaichi (Japan
Meteorological Agency) for providing
the Fortran code for the calculation of
normal-mode synthetic seismograms.
We would like to thank the Editor M.
Savage, the Associate Editor M. Poland,
and two anonymous reviewers for their
constructive comments. The Global
CMT solutions have been downloaded
from http://www.globalcmt.org/.

https://doi.org/10.1002/2015JB012085
https://doi.org/10.1002/2014GL060623
https://doi.org/10.1016/j.epsl.2012.09.009
https://doi.org/10.1002/grl.50692
https://doi.org/10.1002/2016JB012914
https://doi.org/10.1029/2010GL044661
https://doi.org/10.1029/2010GL044661
https://doi.org/10.1016/j.pepi.2008.05.004
https://doi.org/10.1016/j.pepi.2012.04.002
https://doi.org/10.1029/2012JB009651
https://doi.org/10.1002/2015JB012278
https://doi.org/10.1029/2007JB005486
https://doi.org/10.1029/2007JB005486
https://doi.org/10.1029/GM092p0171
https://doi.org/10.1029/GM092p0171
https://doi.org/10.1038/365737a0
https://doi.org/10.1029/2009GL041988
https://doi.org/10.1029/2009GL041988
https://doi.org/10.1029/2009JB006407
https://doi.org/10.1029/94JB02477
http://www.globalcmt.org/


Sturkell, E., Ágústsson, K., Linde, A., Sacks, S., Einarsson, P., Sigmundsson, F., … Ólafsson, H. (2013). New insights into volcanic activity from
strain and other deformation data for the Hekla 2000 eruption. Journal of Volcanology and Geothermal Research, 256, 78–86.

Teza, G., Pesci, A., & Galgaro, A. (2008). Grid_strain and grid_strain3: Software packages for strain field computation in 2D and 3D
environments. Computers & Geosciences, 34, 1142–1153. https://doi.org/10.1016/j.cageo.2007.07.006

Trillium 40 Seismometer User Guide (2009). Nanometrics Inc., Part number 13912R11, Release date: 2009-03-31.
Voight, B., Lide, A. T., Sacks, I. S., Mattioli, G. S., Sparks, R. S. J., Elsworth, D., … Williams, P. (2006). Unprecedented pressure increase in deep

magma reservoir triggered by lava-dome collapse. Geophysical Research Letters, 33, L03312. https://doi.org/10.1029/2005GL024870
Zuccarello, L., Burton, M. R., Saccorotti, G., Bean, C. J., & Patanè, D. (2013). The coupling between very long period seismic events, volcanic

tremor, and degassing rates at Mount Etna volcano. Journal of Geophysical Research: Solid Earth, 118, 4910–4921. https://doi.org/10.1002/
jgrb.50363

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014663

CURRENTI ET AL. SEISMIC CALIBRATION OF STRAINMETERS 10

https://doi.org/10.1016/j.cageo.2007.07.006
https://doi.org/10.1029/2005GL024870
https://doi.org/10.1002/jgrb.50363
https://doi.org/10.1002/jgrb.50363


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


