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The amplitude source location (ASL) method, which uses high-frequency amplitudes under the assumption
of isotropic S-wave radiation, has been shown to be useful for locating the sources of various types of
volcano-seismic signals. We tested the ASL method by using synthetic seismograms and examined the source
amplitudes determined by this method for various types of volcano-seismic signals observed at different
volcanoes. Our synthetic tests indicated that, although ASL results are not strongly influenced by velocity
structure and noise, they do depend on site amplification factors at individual stations. We first applied the
ASL method to volcano-tectonic (VT) earthquakes at Taal volcano, Philippines. Our ASL results for the largest
VT earthquake showed that a frequency range of 7-12 Hz and a Q value of 50 were appropriate for the source
location determination. Using these values, we systematically estimated source locations and amplitudes of
VT earthquakes at Taal. We next applied the ASL method to long-period events at Cotopaxi volcano and to
explosions at Tungurahua volcano in Ecuador. We proposed a practical approach to minimize the effects of
site amplifications among different volcano seismic networks, and compared the source amplitudes of
these various volcano-seismic events with their seismic magnitudes. We found a proportional relation
between seismic magnitude and the logarithm of the source amplitude. The ASL method can be used to de-
termine source locations of small events for which onset measurements are difficult, and thus can estimate
the sizes of events over a wider range of sizes compared with conventional hypocenter determination ap-
proaches. Previously, there has been no parameter widely used to quantify the sources of volcano-seismic
signals. This study showed that the source amplitude determined by the ASL method may be a useful quan-
titative measure of volcano-seismic event size.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

conducting traditional hypocenter determinations, because onsets of
typical LP events and tremor are emergent and those of VT earthquakes

Seismic signals at volcanoes, including long-period (LP) and
very-long-period (VLP) events, tremor, and volcano-tectonic (VT)
earthquakes, are generated by magmatic and hydrothermal activity,
and thus contain information about internal dynamics and stress
states of volcanoes (e.g., Chouet, 1996; Neuberg, 2000; McNutt,
2005; Kawakatsu and Yamamoto, 2007; Zobin, 2012; Chouet and
Matoza, 2013). Source location and event size are fundamental param-
eters used to characterize volcano-seismic signals, and their rapid and
correct determination is critically important in volcano monitoring.
However, it is often difficult or impossible to locate these signals by
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are masked by the relatively large ambient noise at volcanoes. Because
of the difficulty of source location determination, the magnitudes of the
events usually cannot be reliably determined. Although the reduced dis-
placement (Aki and Koyanagi, 1981) has been used to estimate tremor
source amplitudes, there is no widely used parameter to quantify the
size of volcano-seismic events at different volcanoes.

Battaglia and Aki (2003) proposed the amplitude source location
(ASL) method, which is based on a method originally proposed by
Yamasato (1997). The ASL method assumes isotropic S-wave radia-
tion and uses seismic amplitudes corrected for site amplifications.
Kumagai et al. (2010) showed that the ASL method is useful to locate
various volcano-seismic signals in a high frequency band around
5-12 Hz, including an LP event, an explosion event, and tremor associat-
ed with lahars and pyroclastic flows. They interpreted that the assump-
tion of isotropic S-wave radiation is valid in this frequency band; the
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Fig. 1. Locations of broadband (solid triangles) and short-period (open triangles) seismic stations at Taal volcano, Philippines. The inset shows the location of Taal volcano. VI, Volcano
Island; MCL, Main Crater Lake; TL, Taal Lake. The source location (plus sign) used to calculate the synthetic seismograms is at 3 km below sea level.

path effect caused by the scattering of seismic waves due to small-scale
heterogeneities distorts the S-wave radiation pattern and results in iso-
tropic S-wave radiation in a high frequency band. The frequency depen-
dence of the S-wave radiation patterns of tectonic earthquakes was
shown by Takemura et al. (2009). The validity of the assumption of iso-
tropic S-wave radiation is supported by Kumagai et al. (2011b), who
numerically simulated high-frequency seismic waveforms in heteroge-
neous media with volcano topography. Battaglia et al. (2003) used the
ASL method to locate LP events beneath Kilauea volcano, Hawaii, and
it has also been applied to the analysis of tremor signals at the Piton
de la Fournaise volcano, Réunion Island (Battaglia et al., 2005a, 2005b)
and at Meakandake, Japan (Ogiso and Yomogida, 2012). Kumagai et
al. (2011a) also used the ASL method to analyze an explosion event at
Tungurahua volcano, Ecuador.

One of the advantages of the ASL method over traditional hypo-
center determination methods is that it can simultaneously deter-
mine the source location and the initial or source amplitude. It
might be possible to use the source amplitude, defined as the ampli-
tude at the source location calculated under the assumption of isotro-
pic radiation of far-field S waves, as a quantitative measure of the size
of an event producing volcano-seismic signals. Although Battaglia et
al. (2005b) and Kumagai et al. (2011a) used the source amplitude
to quantify tremor signals at the Piton de la Fournaise and an explo-
sion event at Tungurahua, respectively, the source amplitudes of var-
ious volcano-seismic signals observed at different volcanoes have yet

to be systematically examined. Because the accuracy of the source
amplitude estimate depends on the correct determination of the
source location by the ASL method, the accuracy and resolution of source
locations determined by this method must be examined. Furthermore,
site amplification factors depending on a reference site should be care-
fully considered when comparing the source amplitudes at different
volcanoes.

In this study, we first tested the ASL method at Taal volcano,
Philippines by using synthetic seismograms for a network of eight
seismic stations. As demonstrated by Kumagai et al. (2011b), extensive
full waveform simulations using a highly heterogeneous structural
model are required to reproduce high-frequency seismograms with
isotropic radiation. Such extensive simulations, however, are beyond
the scope of the present study. We therefore used Ricker wavelets as-
suming isotropic S-wave radiation for synthetic seismograms. Using

Table 1
One-dimensional P-wave velocity structure used in this study.

Depth (km) P-wave velocity (m/s)
—-1.0 3100
2.0 4300
4.0 4800
6.0 5200
8.0 6000
15.0 6000
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these seismograms, we performed a series of tests to examine the
effects of velocity structure, noise, and site amplification on ASL results.
We then applied the ASL method to VT earthquakes at Taal, and
compared the estimated source locations with hypocenters determined
by using onset arrival times. We further applied the ASL method to LP
events at Cotopaxi and explosion events at Tungurahua in Ecuador.
We proposed a practical way of minimizing the effects of site amplifica-
tions to compare the source amplitudes estimated at different volca-
noes. Our comparison of the source amplitudes of events at the three
volcanoes showed that a scaling relationship exists between the source
amplitude and seismic magnitude.

2. Method

We use the ASL method following Kumagai et al. (2010) and
Kumagai et al. (2013). In this method, grid nodes are distributed in
a three-dimensional search domain, and the far-field S-wave approx-
imation is used. Then, the particle velocity v; at the i-th station from
the j-th grid node may be written as

w6+ 74) = Ao 8)solt) e )

where ¢, is the source origin time; r;; is the distance between station i
and source node j; 7; is the S-wave traveltime from the j-th grid node
to the i-th station; §; is the location of the j-th grid node; and Ao and s
are the radiation coefficient and the second time derivative of the mo-
ment function, respectively. Here, C is given by

nf
C=—+, 2

Q 2)
where fis frequency of an S wave and Q is the quality factor for medium
attenuation. These equations, with a constant value of A, represent iso-
tropic S-wave radiation. We use sliding time windows for the source
time t, defined as,
=t + k=DT,, (k=1,2,3,...), 3)
where T,, is the window duration. The envelope amplitude averaged
over the time window T,, is obtained from Eqgs. (2) and (3) as follows:

I 1 e, -~ I 1 _cry

Here, Ajx, which is the source amplitude at the j-th grid node and
source time t, is given as

Ay = TLWAO (&) Joso(t+ &) dt. (5)

We can estimate the source amplitude Aj, by using the following
equation,

1 N k (&
A=72 8 (ts + T,-,-) rie” (6)
i=1

where N is the number of stations (see Appendix A). Here, g (t) is the
observed velocity envelope amplitude corrected for site amplification
averaged over the time window T,, at the i-th station; g(t) is given as

g (tf + T,»j) = le forv! (t T4 Tij>dt, (7)

where Vv{(t) is the envelope of the observed velocity waveform v{(t).
We correct the observed amplitudes by the coda normalization method
(e.g., Phillips and Aki, 1986). To evaluate the fits between the observed
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Fig. 2. Synthetic seismograms generated by assuming isotropic radiation of S waves
and using a Ricker wavelet (a) without and (b) with added noise at the stations shown
in Fig. 1. See the manuscript for details.
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Fig. 3. Normalized residuals obtained from the ASL analysis of the synthetic seismograms
in Fig. 2a as a function of Q.
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Fig. 4. Dependence of the source locations estimated with the ASL method from the synthetic seismograms in Fig. 2 on Q (open circles), noise (open triangle), and site amplification
factors (gray circles). The plus sign indicates the input source location, and the solid triangles in the map view show the station locations. The region enclosed by solid gray lines in

each panel represents the grid search domain.
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Fig. 5. Epicenters of tectonic earthquakes used in the coda normalization method to estimate site amplification factors at the stations shown in Fig.

earthquakes are shallower than 137 km.

1. The source depths of these
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Table 2
Site amplification factors and their standard errors in five frequency bands for the stations of the Taal seismic network relative to station VINP.
Station 1-6 Hz 3-8 Hz 5-10 Hz 7-12 Hz 9-14 Hz
VTNP 1 1 1 1 1
VTBC 1.041 £ 0.088 1.249 + 0.087 0.956 + 0102 0.703 + 0.156 0.918 + 0.302
VICT 1.293 + 0.117 0.817 + 0.063 0.742 £ 0.171 0.801 + 0.313 0.910 + 0.428
VTTK 1.294 + 0.092 1.104 + 0.075 0.752 + 0.065 0.609 + 0.065 0.559 + 0.088
VTBL 0.136 + 0.010 0.095 + 0.007 0.093 + 0.007 0.087 + 0.010 0.098 + 0.013
VTDK 0.907 + 0.079 1.161 + 0.085 1.320 £ 0.180 0.940 + 0.192 1.060 + 0.332
VIBM 1.910 + 0.158 1.044 + 0.153 0.879 + 0.106 0.944 + 0.092 1.339 + 0.240
VIMC 0.498 + 0.025 0.608 + 0.038 0.592 + 0.107 0.703 + 0.308 0.521 + 0.307
Mean error percentage 7.7% 8.1% 13.4% 22.6% 31.0%

and calculated amplitudes in each time window, we use the normalized
residual function Ej, defined as

{g? (tf + T,»j) —gji (tf + TU> }z
Ejy = o . (8)

> {er(t+m))

=1

N
=1

The minimum residual in each time window is found by a spatial
grid search, and then the maximum Aj in Eq. (6) among those esti-
mated at the minimum residual positions in individual sliding time
windows during an event is identified. We regard this maximum
Ajc and its position as the event source amplitude and location,
respectively.

3. Synthetic tests

In this section, we tested the ASL method using synthetic seismograms
at Taal volcano, Philippines (Fig. 1), in which we examined the effects of Q,
velocity structure, noise, and site amplification on ASL results. To calcu-

late the synthetic seismograms, we used a Ricker wavelet defined by the
following equation:

v(t) = \/7’? (bz(t)—0.5)e*bz<“, )

where b(t) is given by

b() = m(t—T,)/T,. (10)
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Fig. 6. Observed vertical seismograms of a VT earthquake on 31 May 2011 at Taal volcano.

Here, T, and T; are constants related to the duration and peak time
of the wavelet. We calculated synthetic seismograms v;;(t) assuming
isotropic far-field S waves by using the following equation:

1 —Crj
I

vi(t) = v(t) —e (11)

where Cis as given by Eq. (2). In our tests, we used the relation Ty, =
2T, + 1jand f = 1/T,, and assumed T, = 1 sand Q = 50. We used a
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Fig. 7. Normalized residuals obtained by ASL analysis of the VT earthquake on 31 May
2011 (see Fig. 6) in different frequency bands as a function of assumed Q values.
Traveltimes were calculated either (a) by using the 1D velocity model (Table 1) or
(b) by assuming a homogeneous velocity structure with an S-wave velocity of
2500 m/s.
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Fig. 8. Normalized residual distribution for the VT earthquake on 31 May 2011 (see Fig. 6) obtained by using a frequency band of 7-12 Hz, Q = 50, and 1D model traveltimes. Stars indicate

the minimum residual location.

one-dimensional P-wave velocity model (Table 1), and calculated the
S-wave traveltimes (7;) by using the finite difference method based
on the Eikonal equation (Vidale, 1990; Podvin and Lecomte, 1991;
Benz et al., 1996). In our calculations of traveltimes, we assumed
B = a/+/3, where « and 3 are P- and S-wave velocities, respectively.
We used ry; as the source-station distance rather than the ray length
for simplicity.

To calculate the synthetic seismograms at eight stations at Taal
(Fig. 2a), we used a source location (Fig. 1, plus sign) at a depth of
3 km below sea level. We applied the ASL method to these synthetic
seismograms using a frequency band of 0.5-2 Hz, a time window be-
tween 10 and 20 s, traveltimes calculated with the one-dimensional
model, and a grid search domain surrounding Taal with a grid interval
of 500 m. We used various Q values between 20 and 180, and plotted
the resultant minimum residual values (Fig. 3) and positions (Fig. 4,
open circles). The minimum residual positions (open circles) were
close to the input location (plus sign). The lowest value among
these minimum residual values for this range of Q was obtained at
Q = 50 (Fig. 3), and its source location was exactly the same as
the input location.

We used traveltimes calculated with homogeneous velocity struc-
tures of 3 = 2000, 2500, and 3000 m/s and a Q value of 50, and
performed an ASL analysis of the synthetic seismograms simulated
with the 1D velocity model (Fig. 2a). For 3 = 2000 and 2500 m/s,

we obtained source locations that were exactly the same as the
input location. For 8 = 3000 m/s, the source location was one grid
node (500 m) deeper than the input location.

We next added random noise to the synthetic seismograms
(Fig. 2b). The source location for these seismograms with added noise
determined by using the 1D model traveltimes and Q = 50 was close
to the input location (triangle in Fig. 4).

We then examined the effect of site amplification factors. Using
uniform random numbers, we generated 15 sets of site amplification
factors with variations of 4+-20% at each of the eight stations. The es-
timated source locations for the noise-free synthetic seismograms de-
termined with these random amplification factors using 1D model
traveltimes and Q = 50 (Fig. 4, gray circles) showed more scatters
than the previous test results.

These test results indicate that ASL results are not strongly influenced
by Q, velocity structure, or noise, but they are relatively more affected by
site amplification factors.

4. Results
4.1. Observation network and site amplification factors at Taal volcano

Taal volcano is one of the most active volcanoes in the Philippines.
It has erupted in 1977, and the subsequent dormant period has been
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Fig. 9. (a) Source locations and source amplitudes of VT earthquakes at Taal volcano. The size of each circle indicates the source amplitude, which is scaled to a reference circle
outside the map. (b) Source amplitudes as a function of time between May 2011 and July 2012.

exceptionally long. In November 2010, a joint Japan-Philippine team
deployed a new multi-parameter observation network at Taal volcano
consisting of seismic, electromagnetic, GPS, and infrasonic stations.
This network is maintained by the Philippine Institute of Volcanology
and Seismology (PHIVOLCS). These real-time data are transmitted to
the head office of the PHIVOLCS in Metro Manila. The network includes
five stations with broadband seismic sensors (Guralp CMG-40T, 0.02-
60 s; VIBC, VINP, VIDK, VTCT, and VTBM) and three with short-
period seismic sensors (Kinemetrics SS-1, 1 s; VIMC, VTBL, and VTTK)
(Fig. 1). Each broadband sensor was installed on a concrete base at a
depth of 1-2 m below the ground surface and buried with sand. The
short-period seismometer at each short-period station was installed
on a concrete base above the ground surface inside a concrete house.

The seismic data are digitized by either a Kinemetrics K2 or a Basalt
24-bit data logger with a sampling frequency of 50 Hz.

We estimated site amplification factors for the individual stations
by the coda normalization method (e.g., Phillips and Aki, 1986). Fol-
lowing Kumagai et al. (2010), we selected regional tectonic earth-
quakes with good azimuthal coverage (Fig. 5). We used envelopes
of the vertical-component velocity seismograms of these earthquakes
band-passed in five frequency bands (1-6, 3-8, 5-10, 7-12, and
9-14 Hz). In each envelope waveform, we used five 5-s windows
that overlapped by 2.5 s starting from a lapse time that was twice
the S-wave arrival time, and then averaged the mean amplitudes in
the individual windows. We set VINP as a reference station and esti-
mated the site amplification factors (Table 2). In each frequency band,
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the mean error percentage shown in Table 2 is the percentage error
averaged over the seven stations (excepting the reference station).
The mean error percentage increased with increasing frequency,
suggesting that the estimation accuracy of the site amplification fac-
tors becomes worse as the frequency increases.

4.2. ASL analysis of VT earthquakes at Taal volcano

We first used the ASL method to estimate the source location of
the largest VT earthquake during our observational period, which oc-
curred on 31 May 2011 (Fig. 6). We applied band-pass filters in the
five frequency bands to the observed vertical velocity waveforms,
and obtained the envelopes of the band-passed waveforms. We
then used a 10-s sliding time window with a 1-s overlap to estimate
the mean amplitude of each waveform. We corrected the mean am-
plitudes by using the site amplification factors in the individual fre-
quency bands. We performed grid searches using the five frequency
bands and various Q values between 20 and 180, for which we used
traveltimes calculated with the 1D velocity model or by assuming a
homogenous S-wave velocity of 2500 m/s. We then plotted the resul-
tant minimum residuals for each of the five frequency bands as a
function of Q (Fig. 7). With both the 1D and homogeneous velocity
models, the residuals were small in the 7-12 Hz frequency band.
We obtained the global minimum residual at Q = 50 in the
7-12 Hz band with the 1D model traveltimes, and plotted the spatial
distributions of the residuals in this band at Q = 50 (Fig. 8). The
source location was determined in the southeastern part of Taal
Lake at a depth of 2 km below sea level.

We then systematically estimated source locations and ampli-
tudes of VT earthquakes that occurred beneath Taal after May 2011,
when our automatic event triggering system was activated. We note
that there are some ambiguities in the source amplitude estimations.
The source amplitude depends on (1) the site amplification factors,
which were determined as the coda amplitude ratios relative to
those calculated at the reference station and (2) the frequency band
used in the ASL method. These ambiguities may present problems
for the comparison of source amplitudes of events at different volca-
noes. Therefore, we estimated the source location and amplitude of
each event by a two-step procedure. In step 1, we estimated the
source location by using the observed amplitudes corrected for the
site amplification factors in the 7-12 Hz band with Q = 50 and the
1D model traveltimes. Then, in step 2, assuming a reference frequen-
cy band of 5-10 Hz and Q = 50, we determined the source amplitude
at the estimated source location by using observed envelope ampli-
tudes only at broadband seismic stations, without performing any
corrections for the site amplification factors. We set a reference fre-
quency band of 5-10 Hz because this band was shown to be useful
at other volcanoes (Battaglia and Aki, 2003; Kumagai et al., 2010)
and may be used as the typical frequency band for the ASL method.
Because the seismometers at the broadband stations at Taal were
installed in the same way as those at Tungurahua and Cotopaxi volca-
noes in Ecuador (Kumagai et al., 2010), we considered that the use of
broadband data only would minimize station site effect differences
among these three volcano networks. As shown in Table 2, the site
amplification factors at the broadband stations in frequency bands
of 5-10 and 7-12 Hz are close to unity, but those at short-period sta-
tion VTBL show large deviations from unity. The factors at other
short-period stations (VITK and VTMC) also show relatively large de-
viations. These features support our assumption about the site effect.
We also estimated the seismic magnitude (M,) of each event using
the relation of Watanabe (1971) given as

M, = 1.18 log vy, +2.04 log r+5.29, (12)

where V.x is the maximum vertical velocity amplitude (m/s) and r is
the source-station distance in kilometers (<200 km). To minimize

3 T .

25}

15¢

Magnitude
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o
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Fig. 10. Seismic magnitude versus the logarithm of the source amplitude for VT earthquakes
at Taal volcano (open circles), LP events at Cotopaxi volcano (open squares), and explosion
events at Tungurahua volcano (gray triangles). The solid line is the least squares fit to all
data points (see Eq. (13)).

site effects in these seismic magnitude estimations, we also used
only broadband seismic data. Because Watanabe (1971) derived this
relation using data from a short-period seismic network, we applied
a high-pass filter at 1 Hz to the vertical broadband seismograms.
We then estimated the M, values using individual high-pass-filtered
vertical seismograms, and averaged these values to obtain the seismic
magnitude for each event.

Using these procedures, we estimated the source locations and
amplitudes as well as the magnitudes of VT earthquakes at Taal
between May 2011 and July 2012. For the source location determina-
tions, we used a 10-s sliding time window with a 5-s overlap for
events that were observed by five or more stations. VT earthquakes
occurred in the region surrounding the Volcano Island down to
depths of several kilometers (Fig. 9a). The source amplitude time se-
ries (Fig. 9b) shows that the events of various sizes occurred during
this observational period, and we found a linear relationship between
the estimated seismic magnitudes and the logarithm of the source
amplitudes (Fig. 10, circles).

We determined the hypocenters of four large events, for which
onset arrivals were more reliably measureable, by using the hypocen-
ter determination method of Benz et al. (1996) with traveltimes cal-
culated with the 1D model (Table 1). We set the initial hypocenter
at a depth of 5 km beneath the Main Crater Lake, and performed 10
iterations of the inversion to determine the hypocenter for each
event. The root mean squares of the P-wave first-arrival-time resid-
uals for these events are listed in Table 3. These hypocenters and
the source locations determined by the ASL method (Fig. 11, squares

Table 3

Root mean squares of the P-wave first-arrival time re-
siduals (RMS) for individual events (see hypocenter
locations in Fig. 11).

Event date RMS (s)
2011-05-31 0.096
2012-05-05 0.158
2012-05-15 0.042
2012-06-25 0.045
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and circles, respectively) correspond fairly well, although for one event
the difference between them is relatively large, especially with regard
to the depth estimate.

4.3. ASL analyses of LP events at Cotopaxi and explosion events at
Tungurahua

We further applied the ASL method to LP events at Cotopaxi and
explosion events at Tungurahua in Ecuador. Cotopaxi (elevation,
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Fig. 12. Observed vertical seismograms of an LP event on 7 April 2012 at Cotopaxi
volcano, Ecuador.

5876 m) is a large stratovolcano in the Eastern Cordillera of the
Ecuadorian Andes. Several major eruptions with accompanying
pyroclastic flows, ash falls, and lahars have occurred there since
1534 (Barberi et al.,, 1995; Mothes et al., 1998). Renewed seismic
activity of Cotopaxi began in January 2001, and the VT and LP activ-
ity has remained high since then (Molina et al., 2008). Tungurahua
(elevation, 5023 m) is an andesitic stratovolcano (Hall et al., 1999)
and has continued its eruptive activity since 1999. Major eruptions
accompanying pyroclastic flows occurred in July and August 2006
(Samaniego et al., 2011).

At each volcano, five seismic stations are maintained by the Instituto
Geofisico, Escuela Politechnnica Nacional (IG-EPN) of Ecuador. Each sta-
tion is equipped with a broadband seismometer (Guralp CMG-40T,
0.02-60 s) and an infrasonic sensor (ACO 7144/4144, 0.01-10 s) with
a 24-bit digitizer (Geotech Smart24D). The broadband sensor at each
station was installed in the same manner as those at Taal volcano
(Kumagai et al., 2010).

The observed waveforms of an LP event that occurred on 7 April
2012 at Cotopaxi are displayed in Fig. 12. This type of events has re-
petitively occurred beneath Cotopaxi without an eruptive activity.
Molina et al. (2008) analyzed VLP/LP events at Cotopaxi in late June
2002 that produced similar waveforms and interpreted these signals
to have been generated by gas-release processes from a dike intruded be-
neath Cotopaxi. In contrast, repeated explosive eruptions of Tungurahua
volcano occurred during its active period. The observed seismic and infra-
sonic waveforms of one such event that occurred on 2 December 2011 are
shown in Fig. 13.

We systematically determined the source locations and amplitudes
along with the magnitudes of recent LP events at Cotopaxi and explo-
sion events at Tungurahua by procedures similar to those used for the
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VT earthquakes at Taal volcano (see Section 4.2). Following Kumagai et
al. (2010), in the first step (source location determinations), we used a
frequency band of 7-12 Hz with site amplification corrections for the LP
events at Cotopaxi and a frequency band of 5-10 Hz without site ampli-
fication corrections for the explosion events at Tungurahua. We used a
homogeneous S-wave velocity of 2000 m/s and Q = 60 at both volca-
noes (Kumagai et al., 2010). We did not correct site amplification factors
for explosion events at Tungurahua because Kumagai et al. (2010)
reported that the normalized residuals for an explosion event were
smaller without the corrections. We also consider the use of a homoge-
nous structure to be justified because of the shallowness of these LP and
explosion events as shown below. We used a sliding time window of
10 s with a 5-s overlap. For the explosion events at Tungurahua, we
used time windows before the arrivals of the infrasonic waves, because
the infrasonic waves were contaminated in the seismograms (see
Fig. 13). In the second step, we used the reference frequency band of
5-10 Hz and Q = 60 at both volcanoes without site amplification cor-
rections to estimate the source amplitudes.

The LP sources at Cotopaxi were located near the summit with a
vertical elongation (Fig. 14). Waveform inversion of a VLP/LP event
on 14 January 2009 pointed to a tensile crack source beneath the
northeastern flank at a depth of 4 km above sea level (Kumagai et
al., 2010). This location is consistent with those of the LP events de-
termined by the ASL method (Fig. 14); the vertical elongation may
be due to the effects of noise and limited depth resolution. We also
found a scaling relation between seismic magnitudes and the estimat-
ed source amplitudes for these LP events (Fig. 10, squares).
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Fig. 13. (a) Observed vertical seismograms and (b) infrasonic waveforms of an explosion
event on 2 December 2011 at Tungurahua volcano, Ecuador.

The source locations of the explosion events at Tungurahua were
determined near the summit vent (Fig. 15), a location consistent
with that of the explosion event reported by Kumagai et al. (2010).
For an explosion event on 11 February 2010, Kumagai et al. (2011a)
estimated an ascending source from a depth of 6 km below the sum-
mit of Tungurahua by using the ASL method with a 2-s time window.
For this event, the source location with the largest source amplitude
with a 10-s time window was also located near the summit (the re-
sult not shown here). The relation between the estimated magnitude
and the logarithm of the source amplitude was also proportional for
the explosion events at Tungurahua (Fig. 10, triangles).

5. Discussion

As demonstrated by our synthetic tests, source locations deter-
mined by the ASL method are not strongly affected by velocity struc-
ture and noise. As shown in Eq. (1), the amplitude decay as a function
of source-station distance is the main factor influencing the determi-
nation of the source location, whereas the velocity structure or
traveltimes may not seriously affect the source location determina-
tion, especially when local network data are used, as in this study.
Our application of the ASL method to the largest VT earthquake at
Taal confirmed this independence of the ASL results from the velocity
structure model used. Moreover, by applying the ASL method, we
were able to determine the source locations of even small VT earth-
quakes for which onset readings are difficult (Fig. 9).

On the other hand, the synthetic tests indicated that the ASL accu-
racy is dependent on site amplification factors (Fig. 4). The hypocen-
ters of the large VT earthquakes at Taal, determined from onset arrival
times, were basically consistent with their source locations deter-
mined by the ASL method, but for one event there was a relatively
large difference in the depth estimate (Fig. 11). This difference may
be attributable to errors in our estimation of the site amplification
factors by the coda normalization method. The errors in the site am-
plification factors increased as the frequency band of the observations
increased (Table 2). On the other hand, hypocenters determined by
onset arrival times can be greatly affected by a highly heterogeneous
volcano structure (e.g., Benz et al.,, 1996). Therefore, it would be diffi-
cult to conclude from the data presented in this study alone whether
the hypocenter estimate or the ASL estimate is more appropriate.

Another important effect in the ASL method is the station cover-
age of the source. An artifact source location would appear when
the source is located outside of the network (Kumagai et al., 2013).
The spatial resolution of an estimated source location may be evaluat-
ed by the spatial distribution of residuals such as one shown in Fig. 8.
If small residuals are not well constrained spatially in the residual dis-
tribution, an estimated source location should be considered to be
unreliable.

The ASL method determines the source location and source ampli-
tude simultaneously. We used a practical approach that could mini-
mize the effect of station site amplifications in seismic networks at
different volcanoes, and showed that a scaling relation exists between
the seismic magnitude and source amplitude (Fig. 10). This relation-
ship is not highly dependent on the event type, and is approximated
by the equation

Mv =1.10 log A, + 2.96, (13)

where A is the source amplitude (m?/s). The existence of a proportional
relationship suggests that the source amplitude can be used as a quan-
titative measure of the size of various types of volcano-seismic events
observed at different volcanoes. The seismic magnitude has been previ-
ously defined in various ways, and there existed the difficulty to com-
pare it at different volcanoes. The source amplitude determined by the
ASL method has a clear definition and physical basis in terms of the as-
sumption of isotropic S-wave radiation in a reference frequency band of



H. Kumagai et al. / Journal of Volcanology and Geothermal Research 257 (2013) 57-71 67

L L

[e)]
N A
N
o

Elevation (km)

- (O 0.020ms

e
O
N

0.020 -

0.015

0.010 A

Source amplitude (m?/s)

0.005 - |

10

11 12 01

I
I 02 03 04 I 05

06 07

Month (2011-2012)

Fig. 14. (a) Source locations and source amplitudes of LP events at Cotopaxi volcano. The size of each circle represents the source amplitude, which is scaled to a reference circle
outside the map. The inset shows the location of Cotopaxi volcano in Ecuador. (b) The source amplitude as a function of time between October 2011 and July 2012.

5-10 Hz. Moreover, the ASL method can be used to determine source
locations of small events.

The reduced displacement (Dg) introduced by Aki and Koyanagi
(1981) has been commonly used to quantify sources of tremor
(e.g., Fehler, 1983; McNutt, 1992; Alparone et al., 2003; Benoit et
al,, 2003). Aki and Koyanagi (1981) defined Dy (units, m?) as the
root-mean-square (RMS) displacement corrected for geometrical
spreading and instrumental response:

Dy = Ar/(2v2), (14)

where A is the peak-to-peak amplitude of tremor corrected for instru-
mental response at the tremor frequency and r is the source-station
distance. The factor 2v/2 is used to obtain the RMS amplitude from
the peak-to-peak amplitude under the assumption that tremor gener-
ates a sinusoidal signal.

In the ASL method, the source amplitude defined by Eq. (5) (units,
m?/s), which is equivalent to the definitions of Battaglia and Aki
(2003), Battaglia et al. (20054, 2005b), and Kumagai et al. (2010), is es-
timated by using ground velocities corrected for instrumental response,
geometrical spreading, and medium attenuation. Thus, the source am-
plitude is conceptually similar to the reduced displacement. Battaglia

et al. (2005b) discussed the relationship between the reduced displace-
ment and source amplitude of tremor with a monochromatic sinusoidal
signal. Our study showed that the source amplitude is a useful parame-
ter for quantifying the source of various types of volcano-seismic sig-
nals. Thus, it provides a way to compare sizes of events occurring at
different volcanoes. We define the source-amplitude magnitude (M,)
through Eq. (13) for volcano-seismic signals.

Source amplitude estimations may depend on station site condi-
tions, so the applicability of Eq. (13) at other volcanoes must be con-
firmed in future studies. We used seismic data from seismometers
installed in a similar way. To our knowledge, the way of the seismom-
eter installation at Taal, Tungurahua, and Cotopaxi has been used at
other volcanoes especially for broadband seismometers. Thus, it
should be possible to compare the source amplitudes at such volca-
noes with those estimated in this study. Furthermore, if the source
location is known or can be reasonably assumed, it is possible to de-
termine the source amplitude by using single-station data. This can
be done by using vertical envelope amplitude band-pass filtered be-
tween 5 and 10 Hz and averaged over a 10-s window that includes
the maximum amplitude. Then, a source amplitude compatible with
those estimated in this study can be estimated by using Eq. (6) with
N = 1 and assuming a typical Q value of 50. Determination of source
amplitudes at many volcanoes will contribute to the establishment of
areliable quantitative measure of volcano-seismic event size. The ASL
method can be easily automated and enables us to perform near
real-time estimations of the source locations and amplitudes of
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Fig. 15. (a) Source locations and source amplitudes of explosion events at Tungurahua volcano. The size of each circle represents the source amplitude, which is scaled to a reference
circle outside the map. The inset shows the location of Tungurahua volcano in Ecuador. (b) The source amplitude as a function of time between November 2011 and August 2012.

volcano-seismic signals. Such information would contribute to the
improved monitoring of active volcanoes.

6. Conclusions

We tested the ASL method by using synthetic seismograms cal-
culated under the assumption of isotropic radiation of S waves. Our
test results indicated that ASL results are not strongly dependent on
velocity structure and noise, but are more affected by site amplification
factors.

We analyzed VT earthquakes at Taal volcano, Philippines, where
the seismic network consists of eight seismometers (five broadband
and three short-period seismometers). We estimated station site am-
plification factors by the coda normalization method. Our ASL analy-
sis of the largest VT earthquake indicated that a frequency band of
7-12 Hz and Q = 50 provided the minimum normalized residual.
We proposed a two-step approach to estimate the source amplitude
as follows: The source location is first determined by using a frequen-
cy band of 7-12 Hz and Q = 50 with site amplification corrections,
and then the source amplitude is estimated by using waveform data
at broadband seismic stations only without site amplification correc-
tions and a reference frequency band of 5-10 Hz and Q = 50.

Using this two-step approach, we systematically applied the ASL
method to VT earthquakes at Taal, and estimated their source locations

and amplitudes as well as seismic magnitudes. We similarly analyzed LP
events at Cotopaxi and explosion events at Tungurahua. At all three vol-
canoes, we found a proportional relation between the magnitude and
the logarithm of the source amplitude without any strong dependence
on event type.

At these three volcanoes, all of broadband seismometers had been
installed in a similar way, which may have minimized site effects. The
source amplitude has a clear physical basis in terms of the assumption of
isotropic S-wave radiation in a reference frequency band of 5-10 Hz. The
ASL method can determine source locations of small events for which
onset measurements are difficult, and thus can estimate the sizes of
events over a wider range of sizes compared with conventional hypocen-
ter determination approaches. The source amplitude determined by
the ASL method may thus be a useful quantitative measure of volcano-
seismic event size.
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Appendix A. Source location determination

Kumagai et al. (2010) proposed that Eq. (6) is used to estimate the
source amplitude. They mentioned that Eq. (6) was derived by mini-
mizing E given by Eq. (8), but this statement may not be correct.
Eq. (6) can be derived from the method of moments (e.g., Larsen
and Marx, 2010) as follows. Using the observed (gf) and calculated
(g;;) envelope amplitudes averaged over a time window T, we obtain
the equation

k CT
g? (ts + T,-j)r,»je J_Ajk = 81‘, (A])

where ¢, represents observation errors. In accordance with the method
of moments, we assume that the first moment (mean) of these errors is
zero, which leads to Eq. (6). On the other hand, by the least-squares
method, the observational equation is

1 oy
gt +7y) ~Aup e =g (A2)
This leads to the least-squares estimation of Aj as

N N
Aj = ZJ’ijg?/Zyijyxj, (A3)
i=1 i=1

where N is the number of stations and

1 ¢
V=g i (A4)

Here, ¢’; is assumed to have a Gaussian distribution, but it is uncer-
tain whether the assumption of a Gaussian distribution is always
valid. In contrast, Eq. (6) does not require any assumption about the
error distributions.

Fig. A1 plots the normalized residual distribution obtained by
using the least-squares estimations of Aj, through Eq. (A3) for the
largest VT earthquake at Taal and exactly the same parameters as
those used to produce the spatial distribution of the normalized re-
siduals in Fig. 8. The minimum residual positions in Figs. 8 and A1l
nearly coincide (there is one node difference in the depth direction),
but the residual distributions differ. Next, we plotted the error distri-
bution at the minimum residual nodes (Figs. 8 and A1, stars) and at
the source nodes denoted as S1 and S2 in Figs. 8 and A1, respectively.
The error distributions at the minimum residual nodes obtained by
using Egs. (6) and (A3), respectively, resemble a Gaussian distribu-
tion (Fig. A2a and c). The error distribution at node S2 obtained
with Eq. (A3) is also a Gaussian-like distribution (Fig. A2d), but that
at node S1 obtained by using Eq. (6) is non-Gaussian (Fig. A2b).
These results suggest that the assumption of a Gaussian error distri-
bution may not always be valid, thus justifying the use of Eq. (6)
based on the method of moments.
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Fig. A1. Normalized residual distributions for the VT earthquake on 31 May 2011 at Taal (see Fig. 6) obtained with Eq. (A3) based on a least-squares solution. Stars indicate the

minimum residual location.
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