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Abstract The Campi Flegrei caldera is one of the highest risk volcanic fields worldwide, because
of its eruptive history and the large population hosted within the caldera. It experiences bradiseismic
crises: sudden uplift with low energetic seismic swarm occurrences. No seismicity is recorded out of these
deformation rate changes. Therefore, a continuous seismic monitoring of the caldera is possible only
by means of the ambient seismic noise. We apply a noise-based seismic monitoring technique to
the cross correlations of 5 year recordings at the mobile seismic network. The resulting relative velocity
variations are compared to the temporal behavior of the geophysical and geochemical observations
routinely sampled at Campi Flegrei. We discriminate between two kinds of crustal stress field variations
acting at different timescales. They are related to a possible magmatic intrusion and to the gradual
heating of the hydrothermal system, respectively. This study sets up the basis for future volcano
monitoring strategies.

1. Introduction

The Campi Flegrei caldera is an active volcanic complex located in southern Italy (see inset in Figure 1). Its for-
mation is related to the occurrence of two major caldera collapses: the Campanian Ignimbrite (39 ka) and the
Neapolitan Yellow Tuff (15 ka) eruptions. After that, volcanism continued throughout three epochs of activity.
Following the last epoch, a 3.4 kyr quiescence period started until the last eruption took place in 1538, gen-
erating the Monte Nuovo cone. The majority of the eruptive events have been characterized by eruptions
that generated pyroclastic density currents and volcanic plumes [Orsi et al., 2009]. This kind of eruptive activ-
ity together with the high density of population living inside the caldera (including the western suburbs of
the city of Naples) suggest that it is particularly important to understand the ongoing Campi Flegrei volcanic
processes in order to mitigate the associated risk. What intensifies the complexity of the volcanic processes
is the existence of a very active hydrothermal system below the caldera, which plays an important role in
modulating the major uplift episodes known as bradiseismic crises. In the last decades the constant subsi-
dence of the caldera has been interrupted by five of these volcanic unrest phases in 1982–1984, 1989, 1994,
2000, and the last one which started in 2005–2006 and is still ongoing. The first of them was the more strik-
ing one with 180 cm of maximum uplift centered in the Pozzuoli town and more than 16,000 low energetic
earthquakes (maximum Ml = 4) [Aster et al., 1992]. Since 2005–2006, a new phase started, characterized by a
constant ground uplift (no more subsidence is visible underneath) accelerating more and more, possibly indi-
cating the early signs of a new kind of volcanic unrest at Campi Flegrei [Chiodini et al., 2012]. The continuous
uplift that has been observed at Campi Flegrei since 2005–2006 together with the increase in hydrothermal
activity and geochemical compositional variation of the fumarole gases is for Chiodini et al. [2015, 2016] clear
indications of a long time process of heating of the rocks. They interpreted this phenomenology through
an increase in the release of H2O-rich magmatic gas, caused by a depressurisation of magma, which started
after the large bradiseismic crises of 1982–1984. Beside that, and in some way in agreement with that, from
the analysis of the hypocentral distribution, Di Luccio et al. [2015] speculate a transition from elastic to plastic
behavior of the shallower 4 km of crust, due to fluid saturation and heating of the rocks. Recently, Amoruso
et al. [2014], Trasatti et al. [2015], and D’Auria et al. [2015] independently modeled the 2011–2013 accelerating
ground uplift by means of a magmatic injection at slightly different depths (between 4 and 5 km), considering
different intrusion shapes (ellipsoid, dike, and sill, respectively).

As a general pattern, earthquake occurrences at Campi Flegrei are linked to resurgence phases, while subsi-
dences are aseismic phenomena [Saccorotti et al., 2001]. In this framework, it is necessary to develop a seismic
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Figure 1. Map of the Campi Flegrei caldera (geographical location shown in the inset), locations of the mobile seismic
network operating during the period of time 2010–2014 (black triangles), GPS station RITE location in the town of
Pozzuoli (green square), Pozzuoli-Licola-Cuma (PLC, green diamond) meteorological station, and 7 September 2012
earthquake swarm epicenters (red dots).

investigation that is not depending on the availability of earthquake data. Noise-based seismic monitoring
is such a technique, which relies on the analysis of the entire continuous seismic recordings. The principle at
the basis of this monitoring tool is that the cross correlation of the seismic noise recordings coming from two
different sensors is related to the Green function of the medium between the two station locations [Lobkis
and Weaver, 2001]. In order to obtain the exact reconstruction of the Green function, we need a homoge-
neous noise field in space and time [Campillo, 2006, and references therein]. In Earth sciences this assumption
holds, as a first approximation, for the noise generated by the oceanic waves, thanks to multiple scattering
[Derode et al., 2003], long time series [Stehly et al., 2006], and reciprocity between sources and receivers [Paul
et al., 2005]. Anyway, by searching for temporal variations in the cross correlations, the exact reconstruction
of the Green function is not important and the only requirement is the presence of quite stable noise sources
[Hadziioannou et al., 2009]. Among the first noise-based seismic monitoring applications in volcanic environ-
ments, Sens-Schönfelder and Wegler [2006] analyzed the relative velocity changes occurring at Merapi Volcano
by finding out that the more superficial layers of crust (tens of meters in depth) were seasonally influenced
by rainfalls. Then, on the one hand, Brenguier et al. [2008] first associated relative velocity changes to the
eruptive activity of Piton de la Fournaise Volcano. While, on the other hand, Colima Volcano showed velocity
variations only weakly associated with its eruptive activity, being major changes associated to large tectonic
events [Lesage et al., 2014]. At our knowledge only few authors have focused on noise-based monitoring anal-
ysis during low energetic seismic swarms: Maeda et al. [2010] explored a geothermal area in Japan affected
by two seismic swarms; Ueno et al. [2012] studied the volcanic Izu peninsula in Japan, hypothesizing a mag-
matic intrusion as source of the five seismic swarms recorded; and Piccinini et al. [2015] have considered three
seismic swarms that occurred in a tectonic region in the southern Apennines, Italy.

In this work we perform a first attempt of monitoring the stress field variations at Campi Flegrei from the
seismic ambient noise recordings. Our aim is to test the noise-based seismic monitoring capability to discern
the crustal changes related to variations in hydrothermal, earthquake occurrences, or magma injections at
depth, thanks also to the comparison with all other geophysical and geochemical observations which are
performed routinely in this volcanic area.
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Figure 2. (a) Relative velocity variations with error bars; each value is placed at the end of the 40 day time interval
considered for each current function. The colors indicate the number of station couples involved in each measurement
(as specified in the color bar to the right). (b) The temporal evolution of the normalized cumulated number of
earthquakes (black dotted line) and normalized uplift measured at RITE station (blue straight line). The red vertical
line in Figures 2a and 2b marks the seismic swarm occurrence.

2. Data and Analysis

We analyzed 5 years (from January 2010 to December 2014) of continuous recordings from 15 mobile seismic
stations of the seismic network operating during this time span (see Figure 1). One of them was dismissed at
some point (MSGG on 2013), while some other were installed later on (ACL2, PESG, and RENG on 2011; IRC2
and SETG on 2012; and GAE2, MDP2, and UMSG on 2013). The stations were equipped with different sen-
sors (Lennartz LE3D/20s, Guralp CMG 40T, or Geotech KS200), and the sampling rate varies between 0.0125 s
(for almost all stations) and 0.01 s. Therefore, we preprocessed the seismic traces by operating the instru-
ment correction and resampling all recordings at 0.01 s sampling rate. The methodology adopted here is
the same described in Zaccarelli et al. [2011]: we perform on all traces (1) a spectral whitening in the range
[0.1–1] Hz, (2) a 1 bit normalization, and (3) the cross-correlation computation for each hour and each station
couple (104 instead of 105 possible combinations, due to the different operating periods). We then con-
struct the reference cross-correlation function (RC) for each couple, by stacking all 1 h cross correlations of
the year 2013, period during which all stations were simultaneously operating. Finally, we define the current
cross-correlation functions (CC) that are specific of subsequent smaller time periods. These time spans con-
stitute a trade-off between similarity and difference with the reference function. We chose to stack 40 days of
1 h cross-correlation functions on the basis of the evolution of the correlation coefficients (following VanDecar
and Crosson [1990] transformation) between the reference and all current functions with increasing stacking
length (see Figure S1 in the supporting information). As noise-based seismic monitoring technique we adopt
the methodology described first by Poupinet et al. [1984]: the multiwindow cross-spectral analysis. Their appli-
cation was on doublet codas, and then Brenguier et al. [2008] adapted this technique to the ambient noise
cross correlations. This analysis consists in a first estimate of the delay times between RC and CC within a set
of time windows along the function domain. Then the relative velocity variation is measured as the opposite
of the slope delineated by these delay times. We discard the central part of the cross-correlation function with
the ballistic arrivals (i.e., those more dependent on the source variations) [Froment et al., 2010], and we merge
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Figure 3. (a) Relative velocity variations zoomed around the seismic swarm occurred on 7 September 2012 (red vertical
line), compared to the (b) temporal evolution of the polarization direction 𝜙 and uplift recorded at RITE. The colored
areas with the red vertical line highlight the four different phases described in the text and labeled with I–IV.

together all station couple time delay estimations as in Zaccarelli et al. [2011], in order to obtain a single and
more stable result, representative of the whole crust within the seismic network.

3. Results

The resulting time series of relative velocity variations (Δv∕v) in the Campi Flegrei shallow crust are reported
in Figures S2 and 2. Each estimate of Δv∕v is plotted with a color depending on the number of station cou-
ples that were used for that measure. This is a qualitative indication of the reliability of the result: the higher
the number of couples involved (hot colors in Figure 2), the more stable the values and the smaller the
associated errors. In this way we can clearly see that our results cannot be considered meaningful until the
beginning of 2011, due to the scarce number of stations operating in 2010 (and we do not consider this year
in the following). Besides that, the time evolution of Δv∕v presents an overall seasonal trend (i.e., an annual
periodicity) with minima during spring and maxima in autumn. This may be explained through the intrinsic
noise source seasonality [Landès et al., 2010], as well as by cumulated rainfall, which may change the perme-
ability of the shallowest crust [Sens-Schönfelder and Wegler, 2006; Hillers et al., 2014]. Our results are in fact
susceptible to the shallower crustal layers due to the surface wave nature of cross correlations and coda waves
[Margerin et al., 2009].

An intriguing feature is a period of systematic decreasing values between the end of 2012 and the begin-
ning of 2013. This descending trend is much sharper than those typical of autumn period for the other years,
but it does not correspond to any particular cumulated rainfall precipitation at Pozzuoli-Licola- Cuma (PLC)
meteorological station (Figures 1 and S3). We plot in the same Figure 2 the time evolution of the cumulated
number of earthquakes, and the uplift observed at the station RITE (which lays at the deformation peak, as
shown in Figure 1) [De Martino et al., 2014; Istituto Nazionale di Geofiscia e Vulcanologia (INGV) et al., 2015], for
comparison. During the 2010–2014 time span the caldera experienced an overall low velocity but continu-
ous uplift of 6 cm and a low rate of seismicity mainly due to two isolated seismic swarms. The first one was on
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Figure 4. (a) Relative velocity variations zoomed around the seismic swarm occurred on 7 September 2012 (red vertical
line), compared to the (b) temporal evolution of the normalized time delay Tn and uplift recorded at RITE. The colored
areas and the red vertical line highlight the four different phases described in the text and labeled with I–IV.

30 March 2010 with 147 volcano tectonic events located below la Solfatara Crater at a depth range between
1 and 2 km, with a maximum magnitude Md of 1.2. The second one was on 7 September 2012, with several
thousand events (maximum Md = 1.7) that struck the area westward of Pozzuoli and la Solfatara, reaching a
depth of 4 km. It is remarkable that the higher uplift rates (in the range [1.5–3] cm/month) have been recorded
in the period July–August 2012, just before the occurrence of the September swarm. Our decreasing Δv∕v
trend starts with the end of this swarm and seems to reach its minimum values when the uplift reactivated
at the beginning of 2013. We checked for a possible ground shaking cause of the Δv∕v decreasing values (as
observed by Richter et al. [2014]), but the daily peak ground acceleration values were mostly negligible at the
time of the 2012 seismic swarm (see Figure S4).

It is possible to compare the time evolution of the relative velocity variations with that of the crustal anisotropy
at the time of the earthquake occurrences. Anisotropic parameter changes are more directly linked to
fluid-filled microcrack variations [see, e.g., Zatsepin and Crampin, 1997]. We therefore compute the two shear
wave splitting parameters: linear polarization direction, 𝜙, and time delay between the two split S waves nor-
malized by the hypocentral distance, Tn, at station SETG for all seismic events laying inside the shear wave
window of 35∘ (following the same methodology as in Bianco and Zaccarelli [2009]). The time series are plot-
ted against Δv∕v in Figures 3 and 4, where we can observe significant 𝜙 and Tn variations a few days before
and during the swarm occurrence, as well as at the end of the decreasing Δv∕v trend (once the deformation
resumes). We may thus discriminate into successive phases characterized by different phenomena: (I) uplift
increase and crustal anisotropy changes, (II) seismic swarm and crustal anisotropy changes, (III)Δv∕v decrease
and crustal anisotropy changes, and (IV) uplift increase, Δv∕v reaches its minimum, and the anisotropy gets
back to its background values. Finally, we compute theΔv∕v drop observed between the 28 August 2012 and
the 4 January 2013, at each seismic station operating during this period (12 out of 15), and we plotted the
spatial variability of this drop in Figure 5 through a Gaussian interpolation between all station values on the
area enclosed by the network. The peak values lie on a circular area around BGNG and RENG stations.
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Figure 5. Map of the relative velocity variation drop measured between late August 2012, and beginning of
January 2013. The color bar shows the drop values in percentages. The illuminated area is the one enclosed by the
seismic network.

On a long timescale we compare our results with the heating of the hydrothermal system as estimated by
Chiodini et al. [2015] for the same period of time. The temperature estimates (T) are in some way directly
depending on the ratio CO/CO2 measured at two fumaroles BG and BN inside the Solfatara Crater (see Chiodini
et al. [2015] for more details). We plot the two curves in Figure 6: they show opposite long-term trends with
decreasing Δv∕v and increasing T with time. We performed a least squares linear fit on the two series of data,
and the linear regressions showed statistically significant slope values (−4 ⋅ 10−5 ± 10−34 and 0.006 ± 10−28

for Δv∕v and T , respectively). This has been confirmed also by a run test applied to the two data sets, which
allowed the rejection (at the 5% significance level) of the null hypothesis of random order and no trend for
both time series.

Figure 6. (a) Relative velocity variations compared with the (b) temperature trend of the hydrothermal system. For both
data we show the linear regression lines that best fit each time series.
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4. Conclusions

In this work we compute the relative seismic velocity variations at Campi Flegrei during 2010–2014, finding
a significant decreasing trend starting after the 2012 increasing uplift and 7 September seismic swarm occur-
rence (Figure 2). We observe that this decrement starts at the autumn, and although we cannot exclude an
implication of the seasonal rainfalls, the meteorological pattern cannot explain such a clear and systematic
trend (Figure S3). We could exclude, instead, a ground shaking origin for this Δv∕v trend, because no regional
earthquake occurred at that time, and the energy of the seismic swarm was too low for producing a relevant
peak ground acceleration (Figure S4). Thanks to the observed anisotropic changes, we found evidence of flu-
ids movements at depth, especially before and at the end of this decrement (Figure 3). We thus interpret this
Δv∕v variation as a response due to some previous fluid injection at depth > 4 km (phase I) (in accordance
with the models proposed for the deformation pattern) [Amoruso et al., 2014; Trasatti et al., 2015; D’Auria et al.,
2015] that culminates with the swarm occurrence (phase II) and propagates toward the surface after the frac-
turing (phase III). Then the relative velocity variations reach their minimum when the uplift is approaching
its maximum value (phase IV). Our results do not show any drastic permanent change of the shallow crust in
this time span, but the Δv∕v velocity drop is almost completely recovered after few months. The spatial dis-
tribution of the observed variations is mainly concentrated in a circular area around the uplift peak (Figure 5),
which includes also the seismic swarm epicenter locations and seems consistent with the elastic stress field
variations estimated for the intrusion in a sill by D’Auria et al. [2015] (but it may be probably equivalent also
for the other proposed deformation models).

Besides that, looking at the overall trend on a long timescale, we observe a significant tendency toward
decreasing values of Δv∕v (Figure 6). This behavior is in agreement with the increasing release of H2O-rich
magmatic gas and the consequent heating of the hydrothermal system [Chiodini et al., 2015, 2016]; further-
more, it reinforces the interpretation of Di Luccio et al. [2015] about a possible changing behavior of the Campi
Flegrei shallow crust from elastic to plastic since the 1982–1984 bradiseismic crisis.

We found a high power resolution of noise-based seismic monitoring application with respect to the even
low energetic unrest phases, which have been observed in the caldera during the time period analyzed, on
a twofold timescale: at long and short terms as a continuous uplift and a seismic swarm occurrence, respec-
tively. This may be explained by the nonlinear elastic (or plastic) behavior of the soft and not well-compacted
material compounding the volcanic edifices in general [see Brenguier et al., 2014] and the Campi Flegrei super-
ficial layers and hydrothermal system in particular [De Siena et al., 2011]. Our findings testify and reinforce the
motivation for using this kind of techniques for monitoring volcanic areas.

References
Amoruso, A., L. Crescentini, I. Sabbetta, P. De Martino, U. Obrizzo, and U. Tammaro (2014), Clues to the cause of the 2011–2013 Campi

Flegrei caldera unrest, Italy, from continuous GPS data, Geophys. Res. Lett., 41, 3081–3088, doi:10.1002/2014GL059539.
Aster, R., R. P. Meyer, G. De Natale, A. Zollo, M. Martini, E. Del Pezzo, R. Scarpa, and G. Iannaccone (1992), Seismic investigation of Campi

Flegrei caldera, in Volcanic Seismology, Proc. Volcanol. Series III, Springer, New York.
Bianco, F., and L. Zaccarelli (2009), A reappraisal of shear wave splitting parameters from Italian active volcanic areas through a

semiautomatic algorithm, J. Seismol., 13, 253–266, doi:10.1007/s10950-008-9125-z.
Brenguier, F., N. M. Shapiro, M. Campillo, V. Ferrazzini, Z. Duputel, O. Coutant, and A. Nercessian (2008), Towards forecasting volcanic

eruptions using seismic noise, Nat. Geosci., 1, 126–130.
Brenguier, F., M. Campillo, T. Takeda, Y. Aoki, N. M. Shapiro, X. Briand, K. Emoto, and H. Miyake (2014), Mapping pressurized volcanic fluids

from induced crustal seismic velocity drops, Science, 345, 80–82.
Campillo, M. (2006), Phase and correlation in random seismic fields and the reconstruction of the Green function, Pure Appl. Geophys., 163,

475–502.
Chiodini, G., S. Caliro, P. De Martino, R. Avino, and F. Gherardi (2012), Early signals of new volcanic unrest at Campi Flegrei caldera? Insights

from geochemical data and physical simulations, Geology, 40, 943–946, doi:10.1130/G33251.1.
Chiodini, G., J. Vandemeulebrouck, S. Caliro, L. D’Auria, P. De Martino, A. Mangiacapra, and Z. Petrillo (2015), Evidence of thermal-driven

processes triggering the 2005–2014 unrest at Campi Flegrei caldera, Earth Planet. Sci. Lett., 414, 58–67.
Chiodini, G., A. Paonita, A. Aiuppa, A. Costa, S. Caliro, P. De Martino, V. Acocella, and J. Vandemeulebrouck (2016), Magmas near the critical

degassing pressure drive volcanic unrest towards a critical state, Nat. Commun., 7, 13712, doi:10.1038/ncomms13712.
D’Auria, L., et al. (2015), Magma injection beneath the urban area of Naples: A new mechanism for the 2012–2013 volcanic unrest at Campi

Flegrei caldera, Sci. Rep., 5, 13100, doi:10.1038/srep13100.
Derode, A., E. Larose, M. Tanter, J. de Rosny, A. Tourin, M. Campillo, and M. Fink (2003), Recovering the Greens function from field—Field

correlations in an open scattering medium (L), J. Acoust. Soc. Am., 113, 2973–2976.
De Martino, P., U. Tammaro, and F. Obrizzo (2014), GPS time series at Campi Flegrei caldera (2000–2013), Ann. Geophys., 57(2), S0213,

doi:10.4401/ag-6431.
De Siena, L., E. Del Pezzo, and F. Bianco (2011), A scattering image of Campi Flegrei from the autocorrelation functions of velocity

tomograms, Geophys. J. Int., 184, 1304–1310, doi:10.1111/j.1365-246X.2010.04911.x.

Acknowledgments
The seismological data are from
the internal database of the
INGV-Osservatorio Vesuviano. The GPS
time series at RITE station are from De
Martino et al. [2014], integrated by the
2014 data available at INGV [2015]. The
temperature data are from Chiodini
et al. [2015]. This work has been
partially supported by MED-SUV
project (European Union’s Seventh
Program for research, technological
development, and demonstration
under grant agreement 308665) and
by the Italian Department of Civil
Protection through the DPC-INGV V2
project. The authors would like to
thank Licia Faenza, Antonio Costa,
and Micol Todesco for their helpful
support and two anonymous
reviewers for their suggestions that
greatly improved the manuscript.

ZACCARELLI AND BIANCO NOISE-BASED MONITORING OF CAMPI FLEGREI 7

http://dx.doi.org/10.1002/2014GL059539
http://dx.doi.org/10.1007/s10950-008-9125-z
http://dx.doi.org/10.1130/G33251.1
http://dx.doi.org/10.1038/ncomms13712
http://dx.doi.org/10.1038/srep13100
http://dx.doi.org/10.4401/ag-6431
http://dx.doi.org/10.1111/j.1365-246X.2010.04911.x.


Geophysical Research Letters 10.1002/2016GL072477

Di Luccio, F., N. A. Pino, A. Piscini, and G. Ventura (2015), Significance of the 1982–2014 Campi Flegrei seismicity: Preexisting structures,
hydrothermal processes, and hazard assessment, Geophys. Res. Lett., 42, 7498–7506, doi:10.1002/2015GL064962.

Froment, B., M. Campillo, P. Roux, P. Gouédard, A. Verdel, and R. L. Weaver (2010), Estimation of the effects of nonisotropically distributed
energy on the apparent arrival time in correlations, Geophysics, 75(5), SA85–SA93.

Hadziioannou, C., E. Larose, O. Coutant, P. Roux, and M. Campillo (2009), Stability of monitoring weak changes in multiply scattering media
with ambient noise correlation: Laboratory experiments, J. Acoust. Soc. Am., 125(6), 3688–3695.

Hillers, G., M. Campillo, and K.-F. Ma (2014), Seismic velocity variations at TCDP are controlled by MJO driven precipitation pattern and high
fluid discharge properties, Earth Planet. Sci. Lett., 391, 121–127.

Istituto Nazionale di Geofiscia e Vulcanologia (INGV), Osservatorio Vesuviano, and sezione di Napoli (2015). [Available at
http://www.ov.ingv.it/ov/bollettini-campi-flegrei/.]

Landès, M., F. Hubans, N. M. Shapiro, A. Paul, and M. Campillo (2010), Origin of deep ocean microseisms by using teleseismic body waves,
J. Geophys. Res., 115, B05302, doi:10.1029/2009JB006918.

Lesage, P., G. Reyes-Davila, and R. Arambula-Mendoza (2014), Large tectonic earthquakes induce sharp temporary decreases in seismic
velocity in volcan de Colima, Mexico, J. Geophys. Res., 119, 4360–4376, doi:10.1002/2013JB010884.

Lobkis, O. I., and R. L. Weaver (2001), On the emergence of the Greens function in the correlations of a diffuse field, J. Acoust. Soc. Am., 110,
3011–3017.

Maeda, T., K. Obara, and Y. Yukutake (2010), Seismic velocity decrease and recovery related to earthquake swarms in a geothermal area,
Earth Planets Space, 62(9), 685–691.

Margerin, L., M. Campillo, B. A. Van Tiggelen, and R. Hennino (2009), Energy partition of seismic coda waves in layered media: Theory and
application to Pinyon Flats Observatory, Geophys. J. Int., 177(2), 571–585.

Orsi, G., M. A. Di Vito, J. Selva, and W. Marzocchi (2009), Long-term forecast of eruption style and size at Campi Flegrei, Earth Planet. Sci. Lett.,
287, 265–276.

Paul, A., M. Campillo, L. Margerin, E. Larose, and A. Derode (2005), Empirical synthesis of time-asymmetrical Green functions from the
correlation of coda waves, J. Geophys. Res., 110, B08302, doi:10.1029/2004JB003521.

Piccinini, D., L. Zaccarelli, M. Pastori, L. Margheriti, F. P. Lucente, P. De Gori, L. Faenza, and G. Soldati (2015), Seismic measurements to reveal
short-term variations in the elastic properties of the Earth crust, Boll. di Geofis. Teorica e Appl., 56(2), 257–274, doi:10.4430/bgta0140.

Poupinet, G., W. L. Ellsworth, and J. Frechet (1984), Monitoring velocity variations in the crust using earthquake doublets: An application to
the Calaveras fault, California, J. Geophys. Res., 89, 5719–5731.

Richter, T., C. Sens-Schönfelder, R. Kind, and G. Ash (2014), Comprehensive observation and modeling of earthquake and
tenperature-related seismic velocity changes in northern Chile with passive image interferometry, J. Geophys. Res. Solid Earth, 119,
4747–4765, doi:10.1002/2013JB010695.

Saccorotti, G., F. Bianco, M. Castellano, and E. Del Pezzo (2001), The July–August 2000 seismic swarms at Campi Flegrei volcanic complex,
Italy, Geophys. Res. Lett., 28, 2525–2528.

Sens-Schönfelder, C., and U. Wegler (2006), Passive image interferometry and seasonal variations of seismic velocities at Merapi Volcano,
Indonesia, Geophys. Res. Lett., 33, L21302, doi:10.1029/2006GL027797.

Stehly, L., M. Campillo, and N. M. Shapiro (2006), A study of the seismic noise from its long-range correlation properties, J. Geophys. Res.,
111(B10306), doi:10.1029/2005JB004237.

Trasatti, E., M. Polcari, M. Bonafede, and S. Stramondo (2015), Geodetic constraints to the source mechanism of the 2011–2013 unrest at
Campi Flegrei (Italy) caldera, Geophys. Res. Lett., 42, 3847–3854, doi:10.1002/2015GL063621.

Ueno, T., T. Saito, K. Shiomi, B. Enescu, H. Hirose, and K. Obara (2012), Fractional seismic velocity change related to magma intrusions during
earthquake swarms in the eastern Izu peninsula, central Japan, J. Geophys. Res., 117, B12305, doi:10.1029/2012JB009580.

VanDecar, J. C., and R. S. Crosson (1990), Determination of teleseismic relative phase arrival times using multi-channel cross-correlation and
least squares, Bull. Seismol. Soc. Am., 80, 150–169.

Zaccarelli, L., N. M. Shapiro, L. Faenza, G. Soldati, and A. Michelini (2011), Variations of the elastic properties during the 2009 L’Aquila
earthquake inferred from cross-correlations of ambient seismic noise, Geophys. Res. Lett., 38, L24304, doi:10.1029/2011GL049750.

Zatsepin, S. V., and S. Crampin (1997), Modeling the compliance of crustal rock—I. Response of shear-wave splitting to differential stress,
Geophys. J. Int., 129, 477–494.

ZACCARELLI AND BIANCO NOISE-BASED MONITORING OF CAMPI FLEGREI 8

http://dx.doi.org/10.1002/2015GL064962.
http://www.ov.ingv.it/ov/bollettini-campi-flegrei/
http://dx.doi.org/10.1029/2009JB006918
http://dx.doi.org/10.1002/2013JB010884
http://dx.doi.org/10.1029/2004JB003521
http://dx.doi.org/10.4430/bgta0140
http://dx.doi.org/10.1002/2013JB010695
http://dx.doi.org/10.1029/2006GL027797
http://dx.doi.org/10.1029/2005JB004237
http://dx.doi.org/10.1002/2015GL063621
http://dx.doi.org/10.1029/2012JB009580
http://dx.doi.org/10.1029/2011GL049750

	Abstract
	References


<<
  /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


