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SUMMARY

We analyse daily cross-correlation computed from continuous records by permanent stations
operating in vicinity of the Klyuchevskoy group of volcanoes (Kamchatka). Seismic waves
generated by volcanic tremors are clearly seen on the cross-correlations between some pairs
of stations as strong signals at frequencies between 0.2 and 2 Hz and with traveltimes typically
shorter than those corresponding to interstation propagation. First, we develop a 2-D source-
scanning algorithm based on summation of the envelops of cross-correlations to detect seismic
tremors and to determine locations from which the strong seismic energy is continuously
emitted. In an alternative approach, we explore the distinctive character of the cross-correlation
waveforms corresponding to tremors emitted by different volcanoes and develop a phase-
matching method for detecting volcanic tremors. Application of these methods allows us to
detect and to distinguish tremors generated by the Klyuchevskoy and the Tolbachik, volcanoes

and to monitor evolution of their intensity in time.

Key words: Time-series analysis; Volcano seismology; Volcano monitoring.

1 INTRODUCTION

Volcanic tremors may be caused by magma moving through narrow
cracks, by fragmentation and pulsation of pressurized fluids within
the volcano, or by escape of pressurized steam and gases from fu-
maroles. On many volcanoes, the presence of volcanic tremors is
considered as an important attribute of the volcanic unrest and their
detection and characterization is used in volcano monitoring sys-
tems (e.g. McNutt 1992; Chouet 1996). Volcanic tremors can last
from minutes to days and corresponding signals can be very irreg-
ular. The simplest method of their characterization is to measure
the level of the tremor signal at a single station closely located to
the volcano. In areas where separated tremor sources with different
locations are acting, more refined algorithms based on records from
multiple stations might be necessary for characterizing intensities
of the different tremors.

For long period tremors (with frequencies below 0.4 Hz), inter-
station traveltimes can be accurately measured and used for locating
their sources (Haney 2010). At higher frequencies, tremor source
locations have been previously determined based on the small aper-
ture arrays (e.g. Goldstein & Chouet 1994; Almendros et al. 1997;
Métaxian et al. 2002) or on the examination of amplitude decay
with distance (Battaglia & Aki 2003; Battaglia et al. 2005; Taisne
etal 2011).

More recently, Ballmer et al. (2013) have demonstrated that vol-
canic tremor can be observed over large distances on interstation
cross-correlations of continuous seismic records and that the spe-
cific data processing developed for the seismic noise interferom-
etry can be used to locate the tremor sources. Extraction of the
Green functions from the noise cross-correlations (e.g. Shapiro
& Campillo 2004) used for seismic imaging (e.g. Shapiro et al.
2005) or monitoring (e.g. Sens-Schonfelder & Wegler 2006; We-
gler & Sens-Schonfelder 2007; Brenguier et al. 2008a,b, 2014)
relies on a nearly homogeneous distribution of the noise sources.
The monitoring can be performed even when the noise distribution
is not spatially homogeneous if this distribution does not vary in
time resulting in recovery of stable cross-correlation function (e.g.
Hadziioannou et al. 2009). Such correlation functions recovered
from a non-homogeneous noise do not necessary correspond to the
media Green function. For example, a strongly localized source con-
tinuously emitting seismic waves (such as volcanic tremor) results
in appearance of strong ‘spurious’ arrivals whose waveforms and
arrival times depend on source location and properties (e.g. Shapiro
et al. 2006). Therefore, these cross-correlation waveforms can be
used to characterize and to locate strong localized seismic sources
(e.g. Ballmer et al. 2013).

In this paper, we present a study of tremors emitted by the
Klyuchevskoy and the Tolbatchik volcanoes in Kamchatka. First,
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we apply an approach similar to the one suggested by Ballmer et al.
(2013) to the data recorded between 2009 and 2013 by seismic sta-
tions operating in vicinity of the Klyuchevskoy group of volcanoes.
We develop a source-scanning algorithm based on summation of the
interstation cross-correlation envelopes. This results in the network
response function that can be used to detect a tremor and to locate
the position of its source. In a next step, we explore the distinc-
tive character of the cross-correlation waveforms corresponding to
a particular tremor source to develop a phase-matching detection
algorithm.

2 KLYUCHEVSKOY VOLCANIC GROUP

The Klyuchevskoy volcanic group (KVG) is one of largest and
most active clusters of subduction-zone volcanoes in the World.
The KVG is composed of 13 closely located stratovolcanoes that
occupy an area with an average diameter of ~70 km (Fig. 1). The
4750 m high Kliuchevskoy Volcano is the most prominent volcano
of this cluster with a mean eruptive rate of 1 m* s~! over the last 10
kyr (Fedotov et al. 1987). It produces lavas of basaltic to basaltic-
andesitic composition. Most of the Kliuchevskoy impressive edifice
formed within the last 7000 yr according to stratigraphy and 14C
radiometric dating (Braitseva et al. 1995). The KVG is located
in a very particular tectonic setting (Fig. 1), above the edge of
the Pacific Plate subducting beneath Kamchatka at the Kamchatka-
Aleutian junction. Another important feature is the subduction of the
Hawaii—-Emperor Seamount (HES) chain. Therefore, geodynamic
models proposed to explain the voluminous volcanism in the KVG
include the fluid release from the thick, highly hydrated HES crust
(e.g. Dorendorf et al. 2000), the mantle flow around the corner of the
Pacific Plate (e.g. Yogodzinski ez al. 2001), or the recent detachment
of a portion of the subducting slab (e.g. Levin ez al. 2002; Park et al.
2002).

Three volcanoes of the KVG: Klyuchevskoy, Bezymianny and
Tolbachik were active during recent decades and produced numer-
ous strong eruptions accompanied by sustained seismic activity (e.g.
Ozerov et al. 2007; Ivanov 2008; Senyukov et al. 2009; Senyukov
2013). The volcano earthquakes together with regional tectonic and
teleseismic events were used to study the internal structure of the
KVG with the seismic tomography (e.g. Balesta et al. 1991; Gor-
batov ef al. 1999; Slavina et al. 2001, 2012; Gontovaia et al. 2004;
Lees et al. 2007; Koulakov et al. 2011, 2012) and more recently
with an analysis of receiver functions (Nikulin e al. 2010; Levin
etal 2014).

In this paper, we focus on two recent eruptions of the
Klyuchevskoy and the Tolbachik volcanoes (Fig. 1) whose activity is
characterized by emission of strong volcanic tremors (e.g. Gordeev
et al. 1986). The first is the summit eruption of the Klyuchevskoy
volcano that continued for about a year in 2009—2010 (e.g. Senyukov
2013). The second one is the fissure eruption of the Tolbachik vol-
cano in 2012-2013 (e.g. Gordeev et al. 2013) for which we analyse
first 7 months of seismic records.

3 SEISMIC MONITORING NETWORK
AND SEISMIC DATA

The Klyuchevskoy group of volcanoes is monitored by seismic
network operated by the Kamchatka Branch of the Geophysical
Service (KBGS) of the Russian Academy of Sciences (Gordeev
etal. 2006; Chebrov et al. 2013). The positions of 18 seismic stations
used in our study are shown in Fig. 1. Stations are three-component

with every component equipped with a CM-3 short period sensor
whose corner frequency is approximately 0.8 Hz. The continuous
records are tele-transmitted and digitized at 128 samples per second.

4 MONITORING VOLCANIC TREMORS

Main seismic parameters determined by the KBGS for the monitor-
ing of the volcanic activity include the rate and the size of volcanic
earthquakes and the level of volcanic tremor. When possible, these
seismic parameters are complemented with the visual and the satel-
lite data to determine the level of volcanic alert. The KBGS uses a
four-level scale: green—yellow—orange—red. The green colour cor-
responds to a quiescent state of volcano and the red colour to an
ongoing eruption with ache plumes above 8000 m.

For volcanoes whose eruptions are characterized by emissions of
seismic tremors, such as Klyuchevskoy and Tolbachik, the tremor
level is one of the key monitored parameters. The tremor monitor-
ing implemented by the KBGS is based on a simple one-station
approach. Stations LNG and KMN (Fig. 1) are used to observe the
Klyuchevskoy and the Tolbachik tremors, respectively. Examples
of 1000 s long vertical component continuous records from these
stations are shown in Fig. 2. We show records for 3 d: 05.03.2010,
when the Klyuchevskoy volcano was erupting, 28.04.2011, when
all volcanoes were quiescent, and 01.12.2012, a few days after the
beginning of the Tolbachik eruption. All shown records look like
‘random’ noise and their most distinctive feature is the difference in
amplitudes. The RMS amplitudes measured at LGN and KMN are,
therefore, used to characterize the Klyuchevskoy and the Tolbachik
tremor level, respectively.

The single-station approach described above has at least two
obvious limitations. First, the reference stations LGN and KMN are
installed in remote areas that are difficult to access. In a case of
equipment failure, these stations cannot be immediately repaired
and, therefore, they are not operational all the time. The second
shortcoming of the one-station amplitude method is that tremors
emitted by different sources cannot be easily distinguished. This
can be seen in Fig. 2(a) when amplitudes ten times stronger than the
quiescent level are recorded on 01.12.2012 by station LGN. This
observation can be erroneously interpreted as an increased level of
the Klyuchevskoy tremor. In reality, this strong signal was emitted
by the erupting Tobachik volcano. Similarly, the increased signal
level at KMN on 05.03.2010 (Fig. 2b) does not correspond to the
Tolbachik tremor but results from the Klyuchevskoy activity.

A correct interpretation of the recorded volcanic tremors re-
quires simultaneously analysing signals from several stations. In
this paper, we argue that when analysing signals from a network
of stations, a more advantageous approach is to use the interstation
cross-correlations instead of raw records. These cross-correlations,
in addition to the amplitudes, contain information about the rela-
tive traveltime delays and about the waveforms. As a consequence,
they can be used to characterize sources of seismic tremors more
accurately comparing to what can be obtained when using only
amplitudes from raw records.

5 CROSS-CORRELATIONS OF
CONTINUOUS SEISMIC RECORDS

We followed the approach of Bensen et al. (2007) to compute the
daily cross-correlations between the vertical-component continuous
records of the KVG network. The continuous records were down-
sampled from 128 to 8 samples per second and organized in 24-hr
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Figure 1. Map of the Klyuchevskoy group of volcanoes with an inset showing the general geographical and tectonic settings. Triangles show position of
seismic stations. Names of stations referenced in the paper are indicated. Yellow digits indicate positions of main active volcanoes: (1) Klyuchevskoy, (2)
Bezymianny and (3) Tolbachik. Red stars indicate locations of the 2009—-2010 Kyuchevskoy and of the 2012-2013 Tolbachik eruptive centres.

long segments. We then applied the spectral whitening between 0.1
and 4 Hz followed by the one-bit normalization. Then, daily cross-
correlations for 153 stations pairs were computed during the period
between 01.01.2009 and 07.07.2013.

Examples of cross-correlations are shown in Fig. 3. First, we
note that Rayleigh wave parts of Green functions are not clearly
emerging from the noise even if year-long cross-correlations are
stacked (Fig. 3a). The reason for such behaviour is that the recorded

wavefield is often dominated by volcanic tremors whose sources
are strongly localized in space and not by the ambient noise with
well-distributed sources. This can be clearly seen from the visual
inspection of day-long cross-correlations (for dates illustrated in
Fig. 2). Fig. 3(b) show cross-correlations computed during 1 d
when all surrounding volcanoes were quiet and in this case no clear
signals emerge after correlating just 1 d of the noise. Fig. 3(c) shows
a day-long cross-correlation computed during a period of strong
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Figure 2. Examples of continuous records from stations LGN (a) and KMN (b) (see Fig. 1 for station locations). Corresponding dates are indicated with green
numbers. Note the differences in the vertical scales as indicated with red numbers.

activity of the Klyuchevskoy volcano. In this case, strong one-sided
signals emerge in all cross-correlations. A close inspection show
that this signal propagates from a vicinity of station LGN (closest
station to the active crater of the Klyuchevskoy volcano) to all other
stations. If we consider another day, when the Tobachik volcano was
active (Fig. 3d), we see again strong emerging asymmetric signals.
However, their shapes and relative traveltimes are very different
from those recorded during the period of the Klyuchevskoy activity.

6 SOURCE-SCANNING ALGORITHM
FOR DETECTION AND LOCATION
OF TREMORS

Waveforms shown in Figs 3(c) and (d) clearly show that correlations
of continuous seismic records recorded in vicinity of volcanoes
during the periods of their activity can be dominated by seismic
tremors emitted by these volcanoes. This implies, in turn, that the
cross-correlations can be used to detect and locate the sources of
these tremors.

We first explore the approach similar to the one described by
Ballmer ef al. (2013) and develop a method that we call the source-
scanning algorithm. The idea is to consider that tremors are emitted
by sources localized in space and to use the differential traveltimes
of'signals appearing in interstation cross-correlations to characterize

the locations of tremor sources. The method consists of following
steps.

(1) We compute smoothed envelopes from cross-correlation
waveforms.

(2) We compute traveltimes for all stations for every tested source
position.

(3) We shift the smoothed envelops based on differential inter-
station traveltimes.

(4) We compute the sum of the shifted envelopes at zero time.

The resulting function called the network response characterizes
the likelihood of location of a seismic source in a particular position.

We compute cross-correlations between stations i and j: C(¢)
and use the following recursive averaging algorithm to compute
their smoothed envelops S¥(7):

s =+ (|

—S5i1) /M. M)

where index £ indicates the time sample and M is the averaging
coefficient expressed in number of time steps. We empirically se-
lected the value of M = 240 that approximately corresponds to a 30
s averaging window. The eq. (1) is applied twice in two directions to
compensate for a possible time-shift. This smoothing is necessary
to compensate for uncertainties in the predicted traveltimes used to
shift the waveforms, as described in the following paragraph.
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Figure 3. Example of cross-correlations of vertical component records between stations LGN shown with a magenta triangle in Fig. 1 and a set of other
stations. (a) Cross-correlations stacked over 2012. (b—d) Day-long cross-correlations computed for dates illustrated in Fig. 2.

Traveltimes ¢/(r) are estimated as function of distance d’(r) be-
tween the tested source position  and the station i based on average
traveltime curve estimated for the KVG regions explained in the
Appendix. The final network response function is computed as a
sum of shifted smoothed envelopes:

N N
Re)=>_ > SV -1 )]. ©)
i=1 j=i+l

where N is the total number of used stations. We consider that
sources of seismic tremors are located very close to the surface and
compute values of R(r) on a 2-D geographical grid within a region
shown in Fig. 3. The size of the grid elements is 0.02 in latitude and
0.04 in longitude. For visualization, we renormalize the network
response:

R(r) — R™

R(r) = Rmax _ Rmin’

(€)

where R™* and R™" are the absolute maximum and minimum of
R(r). To compare network responses computed during different
days, we estimate their normalized maxima:

Rmax (nd) _ Rmin (}’ld)
Rref

R™ (n?) = 100 x , )

where n¢ is the day number or date and R™f is a normalization
coefficient. We arbitrary selected R™f as an average of R™*—R™"
over March 2010, a period of strong activity of the Klyuchevskoy
volcano.

Results of computation of R™* from 18 used stations (153
interstation cross-correlations) for the whole period of study
(01.01.2009-07.07.2013) and examples of R(r) for 3 d are shown
in Fig. 4. It can be seen that the values of R™ are very high during
eruptions of Klyuchevskoy (Fig. 4a) and Tolbachik (Fig. 4c) and be-
comes very low during the period of volcanic quiescence (Fig. 4b).
During the eruptive periods, the maps of R(r) exhibit strong and
clear maxima in vicinity of the eruptive centres (Figs 4a and c). We
note that the weak maximum during the ‘quiet’ day (28.04.2011) is
also located in vicinity of volcanoes (Fig. 4b) possibly indicating
some minor activity.
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Figure 4. Network response functions R™ (eq. 4) and R(r) (eq. 3) for dates illustrated in Figs 2 and 3 shown in upper and lower frames, respectively. (a) A
day during the Klychevskoy eruption. (b) A day without volcanic activity. (¢) A day during the Tolbachik eruption. Corresponding dates are indicated in upper
frames with text and red circles. White circles in lower frames show station positions.
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Figure 5. Comparison of the network response function R™ (eq. 4) shown with the solid black line with normalized tremor amplitudes for Klychevskoy and
Tolbachik volcanoes shown with red and blue dots, respectively. Colour circles in the upper part of the figure show alert levels (see description in Section 4)

for Klyuchevskoy (below) and Tolbachik (above) volcanoes.

In Fig. 5, we compare values of R™* with daily average levels
of tremors routinely determined by the KBGS operators. As ex-
plained in Section 4, for the Klyuchevskoy volcano, they use as
reference station LGN and for Tolbachik KMN. During the Tol-
bachik eruption, the emitted tremor was so strong that it was also
recorded at stations LGN and interpreted as a moderate-level tremor
of Klyuchevskoy (Fig. 5). This example shows that single-stations
measurements cannot always distinguish unambiguously the ori-
gin of seismic tremor. The temporal variations of R™* follow very
closely the tremor levels determined by operators. We note that the
network response used in our study is based on cross-correlations
computed from binarized seismograms (following Bensen et al.
2007) and therefore is not affected by the amplitudes of the recorded
wavefield but only by its level of coherency. Overall, the results pre-
sented in Figs 4 and 5 clearly demonstrate that the network response
expressed in form of functions R(r) (eq. 3) and R™*(eq. 4) is very
sensitive to the level of volcanic tremors and can be used to distin-
guish their origin from different volcanoes.

7 DETECTING TREMORS WITH A
PHASE-MATCHING APPROACH

Because of the irregular temporal behaviour of the tremor source,
corresponding seismic records look like random signals (Fig. 2).

Despite this, if the position of the tremor source remains in the same
location, seismic waves propagating between the tremor source and
a particular station follow the same path and contain a fixed im-
print of the media. After computing a cross-correlation between a
pair of stations, the irregular source time function is cancelled and
the resulting waveform represents a sort of ‘interference’ of two
propagation patterns and remains stable in time.

The scenario described above can be realized when an erup-
tive centre of a volcano remains in the same position during long
eruptive episodes. In this case, the cross-correlation waveforms
computed from different time windows during these episodes will
remain stable in time. This property is illustrated in Fig. 6(a) that
shows cross-correlations computed between CIR and LGN during 8
consecutive days in January 2010 when the Klyuchevskoy volcano
erupted.

When the location of the tremor source is changed and the prop-
agation of seismic waves between this source and the considered
stations becomes very different. As a consequence, the shape of the
correlation waveforms computed between the same pair of station
becomes very different as illustrated in Fig. 6(c) showing cross-
correlations computed between CIR and LGN during 8 consecutive
days in January 2013 when the Tolbachik volcano erupted.

The presented examples show that cross-correlations computed
between a single station pair are very sensitive to the location of
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Figure 6. Analysis of similarity of daily cross-correlations between stations
CIR and LGN. (a) Daily cross-correlations during the Klyuchevskoy erup-
tion: between 2010 January 20 and January 27. (b) Correlation coefficient
between all daily cross-correlations and the reference waveforms corre-
sponding to the Klyuchevskoy eruption (the correlation for 2010 January 20
show with the blue colour in (a) and indicated with the blue arrow). (c) Daily
cross-correlations during the Tolbachik eruption: between 2013 January 20
and 27. (d) Correlation coefficient between all daily cross-correlations and
the reference waveforms corresponding to the Tolbachik eruption (the cor-
relation for January 20, 2013 shown with the blue colour in (c¢) and indicated
with the blue arrow).

the source of volcanic tremor and can be used as a ‘fingerprint’
characteristic for the activity of a particular volcano. To explore this
idea, we selected the daily cross-correlation between CIR and LGN
for 2010 January 2010 as a reference and estimated its similarity
with all daily cross-correlations computed between the same pair

Detecting and locating volcanic tremors 1007

2013

2012

2011 |

date

2010

correlation coefficient

0

2009

e ST

2009 2010 2011 2012 2013

date
Figure 7. Matrix of correlation coefficients between all daily cross-
correlation waveforms for the station pair CIR-LGN.

of stations during the whole period of study. We used a simple
correlation coefficient CXM.. between cross-correlation waveforms

for dates K and M as a measure of their similarity:

n
P> cckecM
Cooetr = —Fe : )
3 eckeek Y ceMecM
i=n i=n

where ccX and cc are samples of respective cross-correlations at
time f. We use a time window between —50 and 50 s. With the
sampling rate of 8 samples per second, this leads to n = 400 in
eq. (5). The results of this computation shown in Fig. 6(b) delineate
well main periods of the Klyuchevkoy activity (as can be seen in
comparison with Fig. 5) while during the Tolbachik eruption the
values of the correlation coefficient remain very low. When we
use as reference the daily cross-correlation for 2013 January 20
the resulting curve (Fig. 6d) delineates very clearly the Tolbachik
eruption.

The reference waveforms used for the ‘phase-matched’ detec-
tion of tremors shown in Fig. 6 were selected arbitrary. With this
approach, the efficiency of the detection could be deteriorated if
the selected ‘reference’ date was not representative for the most
typical tremors. Fig. 7 shows a matrix of correlation coefficients
computed between all daily cross-correlations during the period of
study. This matrix is symmetric and its rows (or columns) are equiv-
alent to curves shown in Figs 6(b) and (d) with using different daily
cross-correlation waveforms as references.

A more robust approach for selection of reference waveforms
for the phase-matched detection is based on extraction of cross-
correlations that are most representative for the considered pe-
riod of time. For this goal we use the principal component anal-
ysis (PCA; e.g. Murtagh & Heck 1987) of the ensemble of daily
cross-correlations. We compute a matrix of sums of cross products
between all available cross-correlation waveforms:

Ndates

Cy = Z cejeck, 1, k=1, Nampis. (©)
izl

where cc and cci are samples of cross-correlations for the date 7 at
times # and #;. Ngaies and Nggmpies are numbers of available dates and
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Figure 8. Result of the phase-matched tremor detection based on waveforms determined with the principal component analysis (PCA). (a) and (c) Waveforms
corresponding to the first and the second maximum singular values, respectively, of the PCA of the ensemble of daily cross-correlations between stations CIR
and LGN. Daily cross-correlations for 20.01.2010 and 20.01.2013 are shown with black lines, for reference. (b) and (d) Correlation coefficients between all
daily cross-correlations and the waveforms corresponding to the first and the second PCA maximum singular values for the station pair CIR-LGN. Result
from Figs 6(c) and (d) are shown with black lines, for reference. (e) and (f) Correlation coefficients between all daily cross-correlations and the waveforms
corresponding to the first and the second PCA maximum singular values for the station pair KLY-KOZ (shown with white triangles in Fig. 1).
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on of samples in every waveform, respectively (in the case of pair
CIR-LGN, we use Ngyes = 1644 and Ngmpies = 801). Eq. (6) results
in a square matrix with the dimension of Nyyppies- The PCA consists
in computing its eigenvalues and corresponding eigenvectors that
are called principal components. The principal components cor-
responding to maximal eigenvalues are representative of common
features contained in the ensemble of analysed waveforms.

Waveforms corresponding for two first principal components for
the station pair CIR-LGN are shown in Figs 8(a) and (c). They are
remarkably similar to the daily cross-correlations computed during
typical periods of activity of the Klyuchevskoy and the Tolbachik
volcanoes, respectively. The phase-matched detections based on
these PCA extracted waveforms are shown with red and green lines
in Figs 8(b) and (d), respectively.

‘We then apply the PCA to the 1587 daily cross-correlations avail-
able for the pair KLY-KOZ. These two stations (shown with white
triangles in Fig. 1) are located relatively far from the volcanoes
comparing to stations CIR and LGN. The phase-matched detec-
tions based on waveforms corresponding to two maximum PCA
eigenvalues presented in Figs 8(e) and (f) show that, similarly to
the results from CIR-LGN, the Kliuchevskoy and the Tolbachik
eruptions are clearly detected.

8 DISCUSSION AND CONCLUSION

We analysed cross-correlations of continuous records by seismic
stations located in vicinity of the Klyuchevskoy group of volcanoes.
During periods of strong volcanic activity these cross-correlations
do not converge to interstations Green functions and are dominated
by arrivals from well-localized sources of volcanic tremors. This
observation first indicates that certain precautions are required when
applying the monitoring methods based on correlations of seismic
noise to active volcanoes. In a case of volcanoes generating strong
seismic tremors, the correlations waveforms and their variations in
time can be significantly affected by these tremors. These source-
caused time variations could be mistaken with possible structural
changes.

The tremor-generated signals in the cross-correlations can, in
turn, be used for monitoring the tremor activity that is one of the
important features of the volcanic unrest. We first develop and apply
a source-scanning algorithm based on analysis of cross-correlations
computed for the whole network similar to the approach developed
by Ballmer et al. (2013). The network response function R(@) can
be used to find the geographical location of the tremor source and
variation of its maximum R™ in time is a good proxy to the tremor
intensity. Another promising approach is to use the characteris-
tic shape of cross-correlations computed during periods of strong
tremors as a ‘fingerprint’ of this tremor activity. We have shown that
this approach applied to just one pair of stations results in a very
efficient phase-matched detection of tremors generated by different
volcanoes.
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APPENDIX

We stacked cross-correlations during the time of the Klyuchevskoy
eruption (01.01.2010-30.09.2010). During this period, we can rea-
sonably assume that the source of seismic tremor is located within
the crater of the Klyuchevskoy volcano. Therefore, we selected
the closest stations to this crater LGN as reference and considered
cross-correlations between this station and all others. We than mea-
sured delay times # corresponding to arrivals of maximum energy
and compared with differential distances d computed as difference
between distances from stations to the Klyuchevskoy crater (tremor
source). The resulting measurements are shown in Fig. Al with
black squares. A reasonable fit to this ensemble of delay times is
found with a simple power-law equation:

t=2.36d%%, (A1)

where time delays are in seconds and distances are in kilometres.
The resulting traveltime curve shown with the red line in Fig. Al is
used in estimation of the network response function with eq. (2).
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Figure Al. Interstations delay times as function of distance difference to
the Klyuchevskoy crater. Station LGN is used as reference. Black squares
show observations. The best-fitting traveltime curve is shown with the red
curve.
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