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S U M M A R Y
Scattering and refractions that occur in the heterogenous near-surface beneath seismic stations
can strongly affect the relative amplitudes recorded by three-component seismometers. Using
data from Tungurahua volcano we have developed a procedure to correct these ‘site effects’. We
show that seismic noise signals store site information, and then use their normalized spectral
amplitudes as site frequency response functions. The process does not require a reference
station (as per the S-wave and coda methods) or assume that the vertical amplitude is constant
(the H/V component ratio method). Correcting the site effects has three consequences on
data analysis: (1) improvement of the seismic source location and its energy estimation; (2)
identification of a strong influence on the volcanic acoustic seismic ratio (VASR) and (3)
decoupling the air wave impact on the ground caused by explosions or eruption jets. We
show how site effect corrections improve the analysis of an eruption jet on 2006 July 14–15,
appearing two periods of strong acoustic energy release and a progressive increase of the
seismic energy, reaching the maximum before finishing the eruption.
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1 I N T RO D U C T I O N

Seismic waves have a spectral signature that depends on the source
mechanism modified by the medium (the path) and by local layers
and heterogeneities beneath the stations that record the signals. This
last transformation, due to refractions and scatterings, is known as
the ‘site effect’ (e.g. Sato et al. 2012). The Michoacán earthquake in
Mexico, on 1985 September 19, produced large seismic intensities
and severe damage in Mexico City. The site effect influence is one of
the key factors needed to explain this disaster (Campillo et al. 1989).
Determining the site effect is useful in a number of ways, including
hazard assessment and the determination of source properties.

Aki (1969) and Aki & Chouet (1975) interpreted the site effect
as a backscattering process that can be observed and measured
using coda waves, which are those portions of seismic signals still
oscillating above the noise level and recorded long after the arrival
of the leading body waves. Kato et al. (1995) applied these concepts,
computing the site effect relative to a reference station and compared
the results with a method that inverts source and site parameters
from S-waves spectra (Andrews 1986; Hartzell 1992). Applying the
coda-wave method, Kumagai et al. (2010) computed the site effect
factors for a seismic network on Tungurahua volcano. However, this
approach requires good recordings of many local (roughly within
100–300 km.) earthquakes from a broad range of azimuths, which
is not always possible.

An alternative is to use seismic noise information to determine
the site effect properties. Natural seismic noise is not completely
random (i.e. not white noise). It shows a power spectrum that de-
pends on external sources and the site properties (e.g. Peterson
1993), whereas the power spectrum of white noise is expected to be
flat because all frequencies have a similar probability of occurrence
(e.g. Buttkus 2000). Applications using noise information include
tomography studies (e.g. Shapiro et al. 2005; Ritzwoller et al. 2011;
Ward et al. 2013), detection of stress changes in fault zones (We-
gler & Schönfelder 2007), and volcano monitoring (Clarke et al.
2013) (see Prieto et al. 2011, for other applications). Such noise has
been used to compute the site effects in Arenal (Mora et al. 2001)
and Vesuvius (Nardone & Maresca 2011) volcanoes, with the H/V
method proposed by Nakamura (1989) which interprets the spec-
tral ratios of horizontal to vertical components as amplitudes of
the frequency response functions (FRF) of layered media. In this
method it is assumed that the vertical component amplitude does
not change significantly due to site effects compared with those for
the horizontal components.

If the signal of a seismic event is given and the site FRF (ampli-
tude and phase) are known, it is possible to remove the site effect by
filtering it with the inverse FRF; that is by performing a deconvo-
lution (Buttkus 2000). For methods that use a reference station, the
physical interpretation of this deconvolution is equivalent to substi-
tuting the local heterogeneities, scatters, layers or other properties
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beneath each network station, with those from the reference sta-
tion. In a similar way, to deconvolve a signal using the H/V method
is equivalent to transforming the horizontal properties in order to
make them as similar as possible to the vertical. However, the vol-
cano geologic structure is usually stratified; the deposits form layers
whose horizontal dimensions are larger than the vertical, leading to
significant frequency dependent differences in vertical versus hori-
zontal amplitudes. In addition, because there is usually a significant
reduction in wave velocities to some hundreds metres per second,
at a few hundreds metres beneath the stations (e.g. Drosos et al.
2012), all components of an incoming wave should have amplitude
changes. To overcome these restrictions, we introduce an approach
that computes the FRF using seismic noise information under the
condition that for distant earthquakes, the deconvolved signals at all
stations must be similar. This implicitly assumes that the source–
receiver path is the same to each station, which is the case if the
distance between stations is much smaller than their distance from
the source.

Removing the site effects should improve the characterization of
the seismic source. This is potentially important for seismo-acoustic
studies of volcanic explosions, in which the differences in ratios of
acoustic and seismic energies are explained as physical changes
related to the source conditions (Hagerty et al. 2000; Rowe et al.
2000; Johnson et al. 2003). Johnson & Aster (2005), Sciotto et al.
(2011) and Andronico et al. (2013) have all noted that the computa-
tion of the seismic energy needs to take into account the site effects,
which should improve the accuracy of the estimation of the vol-
canic acoustic seismic ratio (VASR). Additionally, it is frequently
observed in the case of volcanic explosions that the air waves are
coupled into the seismic record (e.g. Hagerty et al. 2000; De An-
gelis et al. 2012). More recently, Ichihara et al. (2012) proposed
a method based on the cross-correlation of seismic and acoustic
signals, to identify the coupling. Matoza & Fee (2014) extended
this method to frequency domain using the coherence and applied
it to study eruptions of Mount St Helens, Redoubt and Tungurahua
volcanoes. Using our approach, removing the site effects improves
the procedure of decoupling the acoustic signals mixed within the
seismic record, yielding a better estimation of the seismic source
energy.

The aim of this paper is to introduce a seismic noise-based
frequency-dependent estimate of site effects, without a priori as-
sumptions about component amplitudes. We evaluate site effects on
three stations on Tungurahua volcano, Ecuador, deployed shortly be-
fore two large eruptions in 2006. The seismic and acoustic records
of several explosions and an eruption jet on 2006 July 14–15 are
analysed.

2 T U N G U R A H UA

Tungurahua is an andesitic volcano located on the Eastern Cordillera
of the Ecuadorian Andes (long: 78.45W, lat: 1.47S). On 2006 July
14–15 and August 16–17 , two eruptions (VEI 2 and 3, respectively)
with significant pyroclastic flows were generated (Kumagai et al.
2007; Hall et al. 2013). Three stations with broad-band seismic
and acoustic sensors were installed just a few days (BRUN and
BMAS1, Fig. 1) and even hours (BCUS) before the 14 July eruption.
The transmission systems and the acoustic sensors of BCUS and
BMAS1 stations were destroyed by the impact of pyroclastic flows
on 17 August, however the seismic recording continued for several
hours.

Figure 1. Tungurahua volcano – Ecuador. Stations (BRUN, BCUS and
BMAS1) that recorded the eruptions in July and August 2006.

Each network station, BRUN, BCUS and BMAS1, includes a
Guralp CMG-40T (0.02–60 s) broad-band seismic sensor and a
ACO TYPE 7144/4144 (0.01–10 s) acoustic sensor. The signals
are digitized at a 50 Hz sample rate by a Geotech Smart 24D data
logger. The digitization process uses filters giving a flat response
up to 40 per cent of the sample rate, which limits the flat ranges
for the seismic and acoustic signals to 0.02–20 and 0.1–20 Hz,
respectively. The seismic sensor is buried at 1–2 m depth and the
acoustic sensor is attached to the transmission tower at 1.5 m above
the soil. To reduce wind noise, each acoustic sensor is within a
metallic cylinder, open at bottom, and protected with an internal
foam windscreen. The seismic and acoustic instrumental responses
were removed for all data used in this study.

During July and August 2006, Tungurahua volcano was highly
active, generating a significant number of explosions and tremors.
However, there were some time periods of relative calm that allowed
us to identify low activity waveforms considered to be at the noise
level. From BCUS and BMAS1 stations, 6.18 hr of noise were
collected, while from BRUN a sample of 20 hr of noise was selected
(Appendix).

Five earthquakes (Table 1) were chosen to calibrate the site FRF
and to evaluate the results. They occurred in a region roughly
50–280 km around Tungurahua (−4 < lat < 1 and
−81 < long < −76), and have magnitudes greater than 3.5, with
clear arrivals recorded by all three stations. Their entire signals
are used in our study, starting five seconds before the arrivals and
finishing a number of seconds specified by coda in Table 1. Their
locations and magnitudes were computed by Geophysical Institute
of National Polytechnic School (IGEPN) and are part of the Earth-
quake Catalog of Ecuador (Beauval et al. 2013).

A sample of twenty explosions that occurred on 2006 July 20–21
(Appendix), were selected to explore their seismic source locations
and VASR, before and after removing the site effects. We also
explore the seismo-acoustic coupling of the eruption jet on 2006
July 14–15, an event that lasted roughly 4.3 hr.
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Table 1. Distant earthquakes around Tungurahua volcano.

Name Date Origin time Latitude Longitude Depth Distancea Azimutha Mag Coda
(◦) (◦) (km) (km) (◦) (s)

EQ1 20060728 07:18:45.30 0.683 −76.985 3.3 284.2 215.2 4.0 Md 160
EQ2 20060805 10:21:20.70 −2.693 −78.150 12.0 143.1 345.9 3.7 Md 80
EQ3 20060806 05:33:02.98 −3.068 −80.318 51.1 278.9 48.9 4.6 mb 160
EQ4 20060809 13:54:10.53 −1.753 −80.392 12.0 217.7 81.1 4.0 Md 90
EQ5 20060816 05:16:20.40 −1.721 −78.122 12.0 50.6 308.6 4.3 mb 70
aDistance (hypocentral) and azimuth are average values relative to the stations.

3 S I T E E F F E C T S

3.1 Background seismic noise

Seismic noise is characterized by a continuous record which is per-
manently observed over time. Its sources can be cultural or natural.
In general, cultural sources are related to high frequencies showing
daily, weekly or seasonal periodicities. Peterson (1993) collected
noise spectra from a variety of stations spread around the world
and showed that they are bounded by a minimum and a maximum
spectral models. Thus, the larger amplitudes are detected at very
low frequencies with peaks close to semi-diurnal and diurnal peri-
ods, and an additional peak is observed in the microseismic band
(1–20 s) getting the maximum between 2 and 10 s (0.1–0.5 Hz).
Finally, the spectra over 1 Hz are highly variable and likely related
to the site response and the presence of cultural activity. Therefore,
it is needed to analyse the noise records to identify if their spectra
are explained or not by common sources.

The seismic noise signals at Tungurahua’s stations have been
selected without cultural sources, choosing in time domain those
traces that are as uniform as possible and with minimum amplitude
during quiescent periods. High frequency content, that is character-
istic in cultural or some local sources, is minimum as it is shown in
Fig. 5. To explore if there exist effects of common natural sources,
we computed the coherence (e.g. Shumway & Stoffer 2010), which
is a cross-correlation measure between two signals as a function of
their frequency content, for an hour noise sample (on 2006–07–20,
merging 02:00–02:40, 17:00–17:17 and 17:19–17:39 periods). The
left-hand panels in Fig. 2 show amplitudes of square coherence
measures of 60 s windows (which cover the range frequency of
Tungurahua’s stations), for the vertical components of each station
pair. A 10 per cent taper and two 5-length modified-Daniell kernels
where used as coherence smoothers. The bottom panel is derived
from a simulated station pair with normal and independent white
noise records. To discover trends we stacked all coherence ampli-
tude curves and computed their average, shown on the right panels
of Fig. 2. The highest mean coherences are observed in the range
0.08–0.4 Hz which is within the microseismic range and likely
includes common natural sources and site effects. However, over
0.4 Hz the coherence values are comparable to white noise sources.
Similar results are obtained for horizontal components. In all cases
the coherence phases do not show relevant information being com-
parable to white noise sources. Because of this restriction the signals
studied in the Section 4 are filtered in the range 0.4–20 Hz.

For further analyses we assume that the seismic noise content,
over 0.4 Hz, for the three stations on Tungurahua volcano, are
independent. Their spectral properties, like the component ratios,
can not be explained by non random common sources. In the next
section we explore the differences between the stations on these
ratios, in order to find evidences of site effects.

3.2 Spectral ratios of seismic noise and earthquakes

Amplitude spectra, normalized with their area, of seismic noise
and five earthquakes are shown in Fig. 3. The major differ-
ences at all stations and components are observed below 0.5 Hz,
where the microseismicity is dominant. At high frequencies, over
10 Hz, the relative content of energy of earthquakes tend to be less
than the noise, likely due to the intrinsic attenuation observed in dis-
tant earthquake records. For intermediate frequencies the median
spectral shape of noise and earthquakes are closer.

Theoretical and empirical observations support the hypothesis
that the spectral ratios of components are related to site response
(e.g. Nakamura 1989; Field & Jacob 1993). The amplitude of
the spectral ratios of components (north/vertical, east/vertical and
east/north) for each of Tungurahua’s stations are shown in Fig. 4.
They were computed by merging the noise signals into one trace
and then cutting it into 300 s segments. Each segment was filtered in
the range 0.02–20 Hz with a Butterworth (order 4) filter. The power
spectrum density of each segment and component was smoothed
summing their values in 0.1 Hz width intervals (value that preserves
its dominant shape, saves computing time and minimize ratio out-
liers), and their square root values were used as spectral amplitudes.
Finally, the grey regions show the 95 per cent variation intervals of
noise data (spanning 0.025–0.975 quantile of the amplitude ratios),
while the black lines are the ratio medians. The median is used as
central measure, instead of the mean, to avoid outliers (Leys et al.
2013).

It is apparent that each of Tungurahua’s station has its own sig-
nature and in general, the horizontal components are larger than
the vertical. The differences between stations could be caused by
external, but local sources, such as rivers, wind or other, and not nec-
essarily by internal scatter excitations or refraction amplifications
beneath each station. To address this, a comparison of noise ratios
with those from regional but distant earthquakes, helps to decide
whether the spectral signatures are dominated or not by external
local sources.

Although the earthquakes have larger amplitudes than the noise
traces, the median of their component ratios (red lines in Fig. 4)
show a similar pattern to the median of the noise, in both shape
and size. Mean and median are useful measures to uncover signal
trends that drive the global shape of some property, in this case
applied to the spectral ratio. Due to the earthquake distances, the
spectral signature differences of noise between the stations can not
be attributed to external local sources. Such station differences exist
in the spectra of Fig. 3, however it is easier to observe them by their
ratios, as shown in Fig. 4. This evidence supports the hypothesis
that such spectral signatures are dominated by site effects.

Table 2 describes the correlation coefficients, in the frequency
domain, between earthquakes ratios and median noise ratios. Bet-
ter correlations are obtained at BMAS1 and BRUN stations for
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Figure 2. Coherence amplitude of seismic noise. Left-hand panels show it as function of time with 60 s windows, for each station pair. Each right-hand panel
is the mean coherence after stacking all windows, as a function of frequency. Vertical dashed lines limit the range 0.08–0.4 Hz. Bottom panels are results from
random data.

horizontal to vertical component ratios. These correlation values
improve if only frequencies less than 7 Hz are taken into account.

Internal weak volcanic sources will not appear as discrete events
because of their low signal-to-noise ratio. However, they may be
amplified by layered media, arriving at the stations with a spectral
signature that depends on the local geological structure, and ac-
tually contributing and forming the recorded noise. The results of
Section 3.1 suggest that those sources could be considered as white,
independent and randomly distributed (e.g. Sato et al. 2012), being
valid only over 0.4 Hz. We assume that the noise at the three stations
on Tungurahua volcano is formed in this way, therefore containing
site information, which is quantified by their corresponding FRF.
Nevertheless, it is possible that external local sources also con-
tribute to the noise signals. For example, at frequencies higher than
14 Hz in BCUS station, appears to be that the earthquake ratios are
smaller than the noise one, suggesting a high frequency external
source. Analysis of such external sources lies outside the scope of
this paper.

3.3 Site FRF

Fig. 5 shows the amplitude median functions of each noise com-
ponent, which needs to be normalized to be used as the site FRF.
Each horizontal red line is an arbitrary reference level that could be
chosen to differentiate amplifications and attenuations with values
greater or less than one, respectively (right vertical axes). No sig-
nificant phase changes are observed in the median phase functions,
therefore, a phase of zero is assumed for them. An earthquake is used
to calibrate, or fix each component reference level, such that, after
removing the site effect for each station, each component should
appear as similar as possible between the stations. The optimal so-
lution is computed as the minimum of an error function, constructed
in the spectral domain, that depends on the absolute differences of
the earthquake recorded energies (intensities).

After choosing an earthquake the calibration proceeds as follows
(Fig. 6). A 5 Hz length window, in frequency domain, is selected
as an evaluation range (region between dashed vertical lines in
Fig. 5). The reference levels of the noise functions are computed
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Figure 3. Normalized amplitude spectra of each component at three Tungurahua’s stations. Grey regions and black solid lines show 95 per cent intervals and
medians of seismic noise spectra, respectively. Pink and red solid lines show spectra and their median, respectively, from five distant earthquakes (EQ1–EQ5).

Figure 4. Spectral amplitude ratios at three Tungurahua stations. Grey regions and black solid lines show 95 per cent intervals and medians of noise data,
respectively. Red solid lines show medians of amplitude ratios from five distant earthquakes (EQ1–EQ5).

as the mean value of the amplitudes within these ranges. Then, at
each station, each vertical, north and east earthquake component is
filtered in the range 0.4–20 Hz (due to the restriction of the Sec-
tion 3.1) and is deconvolved, multiplying it by the inverse FRF of
the corresponding component. The deconvolution uses an interpo-
lated function constructed from 0.1 Hz accumulated noise. Then,
the coordinate system is rotated, around the vertical axis by an angle
equal to the azimuth. Additionally, to take into account the elastic
attenuation, the amplitudes of vertical (Z), radial (R) and transver-
sal (T) components are corrected by reducing them to the mean
hypocentral distance (Table 1). Namely, if A is the amplitude of one
of these component at the station i, di the hypocentral distance, and
d̄ the mean hypocentral distance, the corrected amplitude becomes
Adi/d̄ . We call reduced energies those recorded energies computed

with these corrected amplitudes. Finally, the error is computed
(see below) and the whole procedure is repeated for a new eval-
uation range. The 5 Hz evaluation window is moved by 0.3 Hz steps
from 0–5 to 15–20 Hz.

In order to compute the errors, the recorded energies are accu-
mulated every 0.1 Hz. If k is an earthquake component (Z, R or T),
the error between the stations i and j is defined as

ε (i, j |k) =
∑

f |Ei |k ( f ) − E j |k ( f ) |∑
f Ei |k ( f ) + ∑

f E j |k ( f )
, (1)

where Ei|k(f) and Ej|k(f) are the reduced energies as function of fre-
quency. This function is normalized. Its minimum, zero, is reached
only when both power spectra are exactly equal, and its maximum,
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Table 2. Correlation in frequency domain of noise versus
earthquake ratios.

Station Ratio EQ1 EQ2 EQ3 EQ4 EQ5

N/V 0.62 0.53 0.57 0.47 0.54
BCUS E/V 0.51 0.36 0.52 0.57 0.40

E/N 0.22 0.03 0.17 0.18 0.04

N/V 0.81 0.71 0.76 0.75 0.75
BMAS1 E/V 0.85 0.70 0.81 0.71 0.70

E/N 0.33 0.26 0.30 0.35 0.22

N/V 0.86 0.80 0.77 0.82 0.74
BRUN E/V 0.86 0.87 0.91 0.91 0.84

E/N 0.15 0.36 0.37 0.16 0.22

one, is obtained if one of them is exactly zero at all frequencies.
The error of the k component for N stations is defined as

ξk = 2

N (N − 1)

∑
i> j

ε (i, j |k) , (2)

where the sum runs over all station pairs and is averaged with the
number of them, N(N − 1)/2. This error is normalized, 0 ≤ ξ k ≤ 1.
Eventually, the total error also is normalized defining it as

ξtot = 1

3
(ξZ + ξR + ξT ) . (3)

In order to minimize ξ tot, it is considered as a N-dimensional
variable. This is the case because the moving windows, used for
normalizing the noise functions, are selected independently, one for
each station. The point of minimum error is found using the centres
of the 5 Hz windows as coordinates of a N-dimensional uniform
grid, with points spaced apart 0.3 Hz.

Fig. 7 shows the solutions, using EQ5 as a calibration earthquake,
for the three stations of Tungurahua volcano. The values along each
axis are window centres. Therefore, the site FRF are constructed
normalizing the noise functions with reference levels that are equal
to the mean amplitudes of the ranges [4.2, 9.2] Hz (BCUS), [4.8,
9.8] Hz (BMAS1) and [6.0, 11.0] Hz (BRUN), with ±0.15 range

error, determined by the grid resolution. Fig. 8 shows vertical, radial
and transverse components of EQ5 before and after removing the
site effect. For comparison, the traces of each subplot were plotted
at the same scale. Before site corrections the BRUN components
are larger than BMAS1 and BCUS, while horizontal components
of BMAS1 are larger than BCUS components (Fig. 8a).

3.4 Method evaluation

After removing the site effects, the signals of a distant earthquake
should be the same on each station. In practice, the differences
between stations, for each component, should be minimal. This is
confirmed in Fig. 8 for EQ5, where is apparent the improvement af-
ter the site corrections. This is an expected result because EQ5 was
used to normalize the seismic noise spectra, however, the method
still needs to be evaluated with earthquakes that have not partici-
pated in the FRF construction, EQ1–EQ4.

We can evaluate the errors between stations before and after re-
moving the site effects using the eqs (2) and (3). Table 3 summaries
their values for EQ1–EQ5 earthquakes (EQ5 is the calibration earth-
quake). Columns labelled with an ‘s’ added to the earthquake name,
collect errors after removing the site effects.

With the exception of the vertical components of EQ3 and EQ4,
the errors of all components decrease. ξ tot improves in all cases after
removing the site effects. This fact suggests that EQ1–EQ4 could
also be used as calibration events.

3.5 Method sensitivity

We can compare EQ1–EQ5 calibrations to gauge the method sensi-
tivity. It is clear that the reference level values could depend on the
selected calibration earthquake. This is evaluated with the change of
ξ tot before-after removing the site effects, defined as the relative im-
provement ξ̄ = [ξtot(before) − ξtot(after)] /ξtot(before). A positive ξ̄

represents an improvement of the similarity of the signals, a neg-
ative represents a worsening, and a value around zero reflects non
significant changes. Table 4 shows ξ̄ , where each columns is related
to the selected calibration earthquake. The final row is the sum of ξ̄ ,

Figure 5. Seismic noise spectra [(m s−1) Hz−1] used to construct site frequency response functions (FRF). Grey regions are 95 per cent variation intervals.
Solid black lines are medians. Vertical red dashed lines are borders of a evaluation range, a 5 Hz length moving window. Solid red lines are reference levels
computed as average amplitude of the moving window. The right vertical axes are the FRF values (dimensionless) after the noise normalization.
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earthquake
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Figure 6. Flow chart of the process to compute the site frequency response
functions.

a measure that gives an idea of which calibration earthquake could
be better.

When EQ3 and EQ4 are used as calibration earthquakes, the low-
est relative improvements are obtained. This fact can be observed
for the whole set EQ1–EQ5 (last row in Table 4), as well as for
each earthquake. When EQ3 is used, the ξ tot minimization gives a
solution at grid borders. It means that the optimal solution in not

well constrained. The solution for EQ4 are the intervals [3.6, 8.6]
Hz (BCUS), [4.8, 9.8] Hz (BMAS1) and [5.1, 10.1] Hz (BRUN).
In both cases, the low relative improvements are due to a worsen-
ing of the vertical component, although the horizontal components
were improved (Table 3). We consider that only EQ1, EQ2 and
EQ5 earthquakes are suitable as calibration earthquakes, since they
always shows positive relative improvements. Table 5 shows their
intervals used to construct the site FRF, and their averages for each
station which are shown as dashed vertical lines in Fig. 5. We next
go on to use these average values to make a number of applications.

4 A P P L I C AT I O N S

4.1 Decoupling explosion signals

When an volcanic explosion occurs, seismic and acoustic waves are
generated. Because the wave velocity in air is less than that in the
Earth, the acoustic arrival is recorded by the seismic sensor at a
later time than the seismic arrival, when the air wavefront impacts
on the soil. Similarly to other impacts that occur on the surface,
such as pyroclastic flows or Lahars, a high frequency content in its
signal is expected. These high frequencies are attenuated relatively
quickly, but are still recorded by the sensor because it is buried at
a shallow depth. In addition, the acoustic impact should produce
similar effects on all seismic components. However, frequently its
signature is observed more clearly on the vertical component than
on the horizontals. Fig. 9(a) shows a case where the acoustic impact
is hidden by the seismic signals, even though the explosion is of
a moderate size. Fig. 9(b) shows the same signals after removing
the site effects; the acoustic arrivals are now clearly visible on all
components.

The inverse site FRF can be considered as a selective filter that
modifies only those amplitudes that deviate from their reference
levels (Fig. 5). Small amplitude changes are observed in all stations
at low frequencies, roughly around 0.3–1.1 Hz, and at high frequen-
cies, between 5 and 11 Hz. Amplitudes at frequencies between 1
and 5 Hz are attenuated gradually, while those at frequencies larger
than 11 Hz are amplified. Explosion source mechanisms may be re-
lated to a mass expansion, mainly producing low frequencies, while
acoustic impacts generate signals with dominant high frequencies.
Accordingly, the seismic record contains signals from both types of
sources, which are easily recognized after removing the site effect
(Fig. 9b). Finally, a further filter (high pass or low pass) can be
applied to separate the coupled signal from the seismic record.

Figure 7. Minimum error that defines optimum windows used to compute the reference level of site response functions: BCUS [4.2,9.2], BMAS1 [4.8,9.8],
BRUN [6.0,11.0] Hz.

 at U
niversity of B

ristol L
ibrary on Septem

ber 2, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


Site effects at Tungurahua volcano 1091

Figure 8. Vertical (BHZ), radial (BHR) and transverse (BHT) velocity components (m s−1) of EQ5 earthquake (a) before and (b) after removing site effects.

Table 3. Energy errors (eq. 2) for each seismic component before (columns EQx) and after
(columns EQxs) site corrections. EQ5 has been used as calibration earthquake.

Error EQ1 EQ1s EQ2 EQ2s EQ3 EQ3s EQ4 EQ4s EQ5 EQ5s

ξZ 0.60 0.45 0.62 0.54 0.36 0.55 0.45 0.49 0.60 0.54
ξR 0.60 0.43 0.65 0.47 0.65 0.49 0.67 0.49 0.68 0.52
ξT 0.66 0.45 0.65 0.46 0.68 0.57 0.68 0.51 0.67 0.54

ξ tot 0.62 0.44 0.64 0.49 0.56 0.54 0.60 0.50 0.65 0.53

Table 4. Relative improvement ξ̄ for each earth-
quake (row) when one of them (column) is used as
calibration earthquake.

EQ1 EQ2 EQ3 EQ4 EQ5

EQ1 0.32 0.30 0.18 0.18 0.28
EQ2 0.27 0.28 0.09 0.17 0.23
EQ3 0.08 0.05 0.23 −0.11 0.05
EQ4 0.12 0.12 −0.04 0.21 0.17
EQ5 0.17 0.16 0.06 0.13 0.18

Sum 0.96 0.91 0.52 0.58 0.91

Fig. 10 presents the spectrograms of the east component at BCUS
station before (a) and after (b) removing the site effects. Using the
same colour scale for the power spectral density, the acoustic arrival
(the coupling) is clearly observed in Fig. 10(b) at frequencies over
7 Hz, while the seismic signal has dominant energy content below
4 Hz. Exploring the other explosions of this study, the threshold
4 Hz appears to be a suitable level to separate the coupled signals.

Table 5. Normalization intervals (Hz).

BCUS BMAS1 BRUN

EQ1 [5.1–10.1] [5.1–10.1] [6.3–11.3]
EQ2 [4.5–9.5] [4.5–9.5] [5.4–10.4]
EQ5 [4.2–9.2] [4.8–9.8] [6.0–11.0]

Average [4.6–9.6] [4.8–9.8] [5.9–10.9]

4.2 Location and VASR of explosions

VASR is the ratio of acoustic to seismic source energies and their
estimation depend on the source locations. The importance of this
measure is that it may be related to different explosion mecha-
nisms and their physical interpretations may be useful to compare
processes at an individual or various volcanoes (Johnson & Aster
2005). In this section, we compare the seismic source locations and
VASR results, before and after removing the site effects, for a set of
twenty explosions recorded on 2006 July 20–21. Each one of these
events has a short duration, lasting a few tens of seconds, while
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1092 P. Palacios, J.-M. Kendall and H. Mader

Figure 9. Acoustic pressure changes (BDF – Pa) and seismic velocities (BHZ, BHN and BHE – m s−1) of an explosion on 2006 July 21 at 04:04 UTC, (a)
without removing the site effects and (b) removing them. The acoustic signals associated with an explosion are easily seen on the seismic traces after the site
effect is removed.

a sustained eruption, what we call a jet, is considered in the next
section.

Explosions are shallow fragmentation processes that could be
triggered by gas migration, as analogue experiments suggest
(Mader et al. 1996), and stress–strain models and field observa-
tions confirm (Lyons et al. 2012; Nishimura et al. 2012). However,
a second mechanism where a deep source generates waves that prop-
agate along the conduit, reach the summit and trigger a explosion
(Nishimura & Chouet 2003) has been observed and modelled at
Tungurahua volcano (Kumagai et al. 2011; Kim et al. 2014). After
removing the site effects, Fig. 11(b) shows seismic sources located
1–3 km below the summit. The difference with Fig. 11(a) is caused
only by the site effect corrections.

Our location method employs an initial 20 × 20 × 20 km
grid, with 1 km node spacing and bounded by the topograph-
ical surface. Assuming a seismic source at each node, the en-
ergy Ei = ∫

Ei ( f ) d f , is computed after correcting the intensity
recorded at each station i, with the elastic and inelastic factors
(eq. 5). Because the source energy should be the same after com-
paring different stations, the best location is the node that produces
a minimum difference between the computed energies, measured
by the following normalized error function:

Err = 2

N (N − 1)

∑
i> j

∑
f |Ei ( f ) − E j ( f ) |∑

f Ei ( f ) + ∑
f E j ( f )

, (4)

where the integrals in the spectral domain have been approximated
with sums, N is the number of stations, Ei(f) are accumulated source
energies, every 0.1 Hz, summing all seismic components. Progres-

sively finer grids are constructed and evaluated sequentially around
the best location identified in the previous coarser grids. The new
grid is constructed around the previous solution with dimensions
8 × 8 × 8 times the previous node distance, but with a new node
distance equal to the half of the previous one (e.g. second grid:
8 × 8 × 8 km with node distance 0.5 km; third grid: 4 × 4 × 4 km
with node distance 0.25 km; etc.). The sequence stops when the
change of the normalized error is less than 0.1 per cent of the pre-
vious error value. Locating our set of explosions required between
2 and 4 grids.

The seismic records were filtered bellow 4 Hz to minimize or
decouple the impact of the air waves on the stations. The traces were
cut in a window that started between 3 and 5 seconds before the
seismic arrivals, ending between 60 and 100 s later, depending on the
event. The total seismic source energy Ei was obtained assuming
a spherical source, isotropic radiation pattern, and correcting the
recorded intensities with the elastic and inelastic attenuation factors
(Aki & Richards 2002):

Ei =
∫ 4

0
Ei ( f ) d f = �r 2

i ρc

∫ 4

0
v2

i ( f ) exp

(
2π f

Qc
ri

)
d f , (5)

where � = 4π sr the solid angle available for the seismic wave
radiation, ρ is the Earth density, c the wave velocity, ri the source-
station distance, v2

i ( f ) the power spectral density of recorded ve-
locities of all components [v2

i ( f ) = v2
Zi ( f ) + v2

Ni ( f ) + v2
Ei ( f )],

and Q the quality factor. For Tungurahua volcano we have se-
lected ρ = 2500 kg m−3, c = 2000 m s−1 (Kumagai et al. 2011)
and Q = 40.6. The S-wave velocity is used as c assuming that P–S
scattering conversions occurs more easily in a highly heterogenous
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Figure 10. Power spectrograms [(m s−1)2 Hz−1] of BHE component at BCUS station of an explosion: (a) before and (b) after removing the site effects.

Figure 11. Location of 20 explosions (a) before and (b) after removing the site effects.

medium than S–P conversions (Aki 1992; Kumagai et al. 2011). The
factor �ρc cancels out in eq. (4), without effects on the location
solution. However, the quantity Qc within the inelasticity factor can
modify the solutions. Q may be frequency dependent, but we are
assuming that it is a constant that characterizes the average energy
absorption of the medium. To constrain the Q value we use the
clustering properties of the solutions. Due to the short time between
explosions (minutes to hours) they were likely generated in a limited
spatial region (e.g. Kim et al. 2014). Computing the mean distance
from the explosion locations to the cluster centre, and defining it as

the median of the locations, we choose Q that produces a minimum
cluster mean distance. Fig. 12 shows the cluster mean distance as
function of Q with c = 2000 m s−1 for both cases, before (black line)
and after (red line) removing the site effects. The optimum quality
factor is Q = 40.6 (Qc = 81.2 km s−1) for the frequencies less than
4 Hz.

The VASR for the explosions is also very sensitive to the site
effects. The black circles in the Fig. 13 are computed assuming that
the seismic and acoustic sources are located at the summit, without
removing the site effects; whereas the black triangles are obtained
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Figure 12. Cluster mean distance of explosion locations versus Q, before
(black solid line) and after (red solid line) removing the site effects.

Figure 13. Distribution of seismic and acoustic energies (MJ) for sources
located at the volcanic crater, before (black circles) and after (black triangles)
removing site effects. Red triangle distribution is obtained after removing
site effects and using the locations plotted in the Fig. 11(b). The solid straight
lines are the mean VASR of the distributions. The black dashed line is the
level where the acoustic and seismic energies are equal.

removing the site effects using the same location. For this case,
the differences obtained in the VASR values is one order. The red
triangles are obtained by computing the seismic energies with the
eq. (5), after removing the site effects and using their calculated
locations (Fig. 11b). The differences between the mean VASR of
these three distribution sets (solid straight lines), are statistically
significant. The source seismic energy computed for the fix loca-
tion at the crater (black symbols) considered only elastic attenuation
(Q−1 → 0), �= 4.1 sr (due to the Tungurahua’s cone shape: 3 km re-

Figure 14. Acoustic pressure change (trace 1, BDF – Pa) and several filters
of the vertical (BHZ – m s−1) seismic velocity records, at BRUN station,
of 2006 July 14–15 eruption. Trace 2: 4–20 Hz filter of BHZ, without
removing site effects. Trace 3: 4–20 Hz filter of BHZ, after removing site
effects. Trace 4: BHZ after removing site effects. Trace 5: BHZ without
removing site effects (original trace). Dashed boxes (a) and (b) spot time
periods discussed in the text.

lief height and a 8 km radius) ρ = 2500 kg m−3 and c = 2000 m s−1.
The source acoustic energy Eai , at the station i, is computed with
only an elastic correction:

Eai = �ar 2
i

ρaca

∫
p2

i (t) dt , (6)

where �a = 8.5 sr, while the air density and wave velocity
ρa = 1.25 kg m−3, ca = 337 m s−1, are obtained for an average
temperature of 10 oC around Tungurahua volcano. The term pi rep-
resents the acoustic pressure change recorded at the station i.

4.3 2006 July 14–15 eruption jet

The first eruption that produced pyroclastic flows since 1999 in
Tungurahua volcano began At 22:32 UTC on 2006 July 14. It lasted
roughly 4.3 hr and produced a 15 km height column over the summit
(Molina et al. 2006; Kumagai et al. 2007). Fig. 14 shows the acoustic
component (BDF, trace 1) and several filters of the vertical seismic
component (BHZ, traces 2–5) at station BRUN. Traces 5 and 4
are records before and after removing the site effects, respectively;
Fig. 15 shows their spectrograms. Trace 2 is a 4 Hz high pass filter
of trace 5, while trace 3 is a 4 Hz high pass filter of trace 4.
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Figure 15. Power spectrograms of the vertical component (BHZ) at BRUN station of 2006 July 14–15 eruption: (a) after site corrections and (b) without site
corrections.

Figure 16. A 5-min window of acoustic pressure change (BDF – Pa) and vertical (BHZ – m s−1) seismic velocity records from the eruption jet, before
(trace 2) and after (trace 3) removing site effects. All signals are filtered over 4 Hz. Vertical dashed lines spot several explosions.

Within the time period surrounded by red dashed boxes, (a) and
(b) in Fig. 14, the acoustic signals reach their highest amplitudes.
Their coupling effect appears as a progressive increase of seismic
amplitudes in the traces without site corrections (2 and 5). Such
coupling is not evident after the site correction (trace 4), which
suggests that the arriving seismic waves, caused by the internal
tremor, are larger than coupled waves.

Fig. 16 shows a 5 minute window of traces 1, 2 and 3 within the
box marked (a) on Fig. 14. Here, the acoustic trace has been high
pass filtered over 4 Hz. Red dashed lines spot several explosions

where the signal to noise ratio seems to be higher after removing
the site effects (trace 3), than just filtering the signal with high
frequencies (trace 2).

To investigate the air wave coupling (Ichihara et al. 2012) the
cross-correlograms of vertical seismic and acoustic components at
BRUN station, were computed (Fig. 17). If the data are only fil-
tered at high frequencies, the coupling appears clearly (Fig. 17a).
Fig. 17(b) shows a first approximation for separating the inter-
nal seismic tremor only filtering the traces at low frequencies.
However correlations around 0.40 are still visible in the signals.
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Figure 17. Cross-correlograms of seismic (BHZ) and acoustic (BDF) components at BRUN station of 2006 July 14–15 eruption: (a) without removing site
effects and applying a 4 Hz high-pass filter on both records, (b) without removing site effects and applying a 4 Hz low-pass filter on both records, and (c)
removing site effects and using a 4 Hz low-pass filter on both records. In all cases zero-shift filters were used. k is the delay, in seconds, of the seismic
component. A non overlapped 10 second moving window was used. Vertical dashed lines point to the initial and final jet time (22:32 on 14 July and 02:52 on
15 July), which are the same limits that appear as solid red lines of trace 5 in Fig. 14.

After removing the site effects (Fig. 17c) the cross-correlations are
weak, with values around 0.25 or less, suggesting that removing
site effects significantly helps reduce coupling effects during the jet
activity.

5 D I S C U S S I O N

5.1 Physical assumptions

Previously proposed methods for site correction are based on as-
sumptions either that the structure beneath a reference station has
a low wave distortion (e.g. Kato et al. 1995), or that the vertical
components do not change as function of depth (e.g. Nakamura
1989). Deconvolving the records with the first assumption is equiv-

alent to transforming each site, forcing it to be as similar as possible
to the reference one. With the second assumption, the horizontal
components are forced to be similar to the vertical one, which pro-
duce an artificial incident angle of 45◦. Both cases have physical
limitations. Although in the first case, the reference station could
be installed on a lava flow (a high velocity material), in a volcanic
environment is likely that there will be various layers beneath the
site, that can strongly distort the signals. While in the second case,
we might expect different responses for the vertical and horizon-
tal components because the underlying layer dimensions are larger
horizontally than they are vertically. Our method does not make
these assumptions. Instead, we use the principle that the signal of
a far earthquake should be similar for all stations after site correc-
tions. For example, Figs 8 and 9 show that after the site corrections
the vertical components remain smaller than the horizontals. The
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horizontal to vertical ratios depend only on the incident angle of the
incoming wave.

5.2 Physical interpretations

What is the physical interpretation of the frequency bands given in
Table 5 used in the site FRF construction? Studying the Tottori-Ken
Seibu earthquake (6.6 Mw), that occurred in 2000 in Japan, Take-
mura et al. (2009) demonstrated that the S-wave radiation pattern
could be affected by medium heterogeneities that scatter seismic
waves, generating an isotropic pattern. This physical process is fre-
quency dependent. The authors found that the radial and transversal
components have similar amplitudes for 4–8 Hz waves, whereas
their differences increase for lower frequency waves. Based on
this interpretation Kumagai et al. (2010), studying Cotopaxi and
Tungurahua volcanoes, justifies the use of frequencies 5–12 Hz
to get better seismic source locations. Similarly, Battaglia & Aki
(2003) studying Piton de la Fournaise volcano, found that the best
source locations were obtained by filtering the signals in 5–10 Hz.
Although scattering is one of the physical processes expected in
a heterogeneous medium, we propose a complementary physical
interpretation.

The site correction factors computed by Kumagai et al. (2010)
used the coda method, with a reference station, and overlapping 5 Hz
width frequency bands. A site correction with these average factors
can be considered as a first approximation. However, two sites can
have similar average factors but different site responses. In this case,
remanent site effects would be left in the corrected signals. Thus
the details of the site responses showed in Fig. 4, especially at low
frequencies, would not be taken into account using the averaging
procedure of the coda method. Therefore, the subsequent use of a
5–12 Hz pass band to improve the source locations only considers
the scattered energy, and all remanent site effects at low frequencies
are filtered out. This procedure also removes any low frequency
source energy.

We interpret our noise-based FRF (Fig. 5) in the following way.
The frequency bands 4.6–9.6 Hz (BCUS), 4.8–9.8 Hz (BMAS1) and
5.9–10.9 Hz (BRUN) of the inverse FRF define where amplitudes
are roughly constant around the window centres; this is consis-
tent with the hypothesis that energy in these frequency ranges is
related to scattered energy. Below 5 Hz the recorded signals are cor-
rected, attenuating them gradually, assuming that the site amplifies
the waves by refractions or constructive interference. However, it
is worth noting that the three sites here studied show that around
0.3–1.1 Hz the signals are not significantly distorted. Finally, am-
plitudes larger than 11 Hz are amplified, assuming that the sites dis-
sipate this energy mainly due to energy absorption by the medium.
Therefore, our site correction applies across a broad frequency
range, minimizing site effects and taking into account several phys-
ical processes. It is worth noting that Battaglia & Aki (2003) and
Kumagai et al. (2010) used a common frequency band for all sta-
tions to obtain the source locations. However, we use non common
bands, because we interpret each one as a site property that defines
each site FRF.

5.3 Comparison of methods and restrictions

Any proposed method should be assessed by both comparing its
results with other methods and evaluating its sensitivity when one
or more parameters change. Ideally, two data sets should be used;

Figure 18. EQ5 earthquake (Fig. 8a) after site effect corrections using H/V
ratio method.

one for calibrating or computing the required parameters and an-
other for applying and testing the results. Although the assess-
ment and comparison of methods is not a goal of this study, we
have described the procedure for it. Eqs (2) and (3) might also
be used to evaluate other methods, while their sensitivity is de-
pendent on the amount of data available. In our case, we have
found that, at least using EQ1, EQ2 and EQ5 as calibration earth-
quakes, the reference levels of FRF do not change strongly, as is
inferred from the similarity of the obtained normalization intervals
(Table 5).

As an example of method comparison and to highlight the con-
sequences of the H/V method, we apply it to the EQ5 earthquake
(Fig. 8a). Therefore, we use the median of the seismic noise ratios
North/Vertical and East/Vertical in the Fig. 4 as site FRF. Fig. 18
shows the results; only the horizontal components appear modi-
fied, and the differences at each component between stations are
larger than those obtained by the method here proposed (Fig. 8b).
Because of the H/V method is applied to each station without
the information of the other ones, and it tends to produce hor-
izontal components with similar amplitude than the vertical, the
proportion between vertical components are transferred to hori-
zontal components. Roughly, from Fig. 18, the vertical compo-
nent at BRUN station is between two and three times larger than
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the vertical components of BCUS or BMAS1, proportions that
are transferred to radial and transversal components. In general,
if significant differences are observed in vertical components of
distant earthquakes, the H/V ratio method is not suitable for site
corrections.

The main restrictions to apply the method here proposed are:
(1) the existence of distant earthquakes to normalize the FRF; (2)
the confirmation of the frequency range where the seismic noise
at different stations can be considered independent; for instance, if
several stations are installed close enough each other to be consid-
ered on the same geological setting, the information could be the
same and the noise coherence high and (3) due to in the normalizing
process the search grid dimension increases exponentially with the
number of stations, obtaining the optimal solutions depends on the
computation capabilities.

5.4 Seismic source location

Assuming a spherical seismic source, we have located a set of
explosions with and without removing the site effects, and after
decoupling the acoustic signals. As a consequence, we have been
able to use the whole seismic traces filtered in the range below
4 Hz, which is, roughly, the expected frequency range for fluid
movements (e.g. Nakano & Kumagai 2005). The location proce-
dure is based on the minimization of the differences between the
spectral densities of the energies, which includes the information
of all components. The advantage of this is observed when the es-
timation of the absolute seismic source energy is required, such as
in the computation of VASR. Large differences are observed in the
location results, before and after removing the site effects (Fig. 11),
which suggest a strong site influence in the recorded signals. Those
locations depend on the elastic and inelastic energy corrections.
Furthermore, the product of the quality factor, Q, and the wave
velocity, c, controls the amount of energy dissipated as heat and,
therefore, the estimation of the energies could change, modifying
the locations. We acknowledge that using average values for these
factors produce results that might be considered as a first approx-
imation. However, assuming that the explosion set has a common
source region, we have explored the impact in the location quality
when Q changes (Fig. 12). The best locations were obtained with
Q = 40.6 (0.4–4.0 Hz), which is comparable to Q values used in
other volcanic regions, for instance Q = 50 (3 and 7.5 Hz) for Piton
de la Fournaise volcano (Battaglia & Aki 2003), Q = 60 (5–12 Hz)
for Cotopaxi and Tungurahua volcanoes (Kumagai et al. 2010), and
Q = 60 (7–12 Hz) for Taal volcano (Kumagai et al. 2013). The clus-
ter appears beneath the north-western flank, but the locations might
be influenced by the lack of azimuthal coverage of the July–August
2006 seismic network. Nevertheless, there are cases in Tungurahua
showing explosions at the surface triggered by deep perturbations,
located roughly beneath the summit, but then followed by tremors
with locations that are relatively close to our locations (compare
fig. 1b in Kumagai et al. 2011,with our Fig. 11b). This suggests the
existence of a region that is not beneath the summit and may also
be a perturbation source of our explosions.

5.5 VASR and coupling of signals

Although changes in VASR could be related to physical processes,
we have found that the influence of site effects is significant. For

our set of explosions, removal of the site effects causes a change
of one order of difference in the VASR values (Fig. 13). The origin
of this lies in the amplification of low frequency components of the
signals, roughly below 5 Hz. The seismic source energy (eq. 5) may
be used to clarify this aspect. Because of conservation of energy,
the result of eq. (5) should be the same for any selected station. If
the waves travel through media of decreasing velocity, an ampli-
tude compensation factor is applied. Therefore, using uncorrected
amplitudes in eq. (5) with high velocity values, produces an over
estimation of the energy. Although we do not know the velocity
model of the stratified medium beneath each station, assuming that
the recorded seismic noise stores site information, the site correc-
tion of the signals should produce amplitudes only related to high
wave velocities (2000 m s−1, as average, for Tungurahua). Addi-
tionally, the VASR computation must take into account the source
location (Johnson & Aster 2005); in case of Tungurahua is com-
mon to find them several kilometres beneath the crater (Kumagai
et al. 2011; Kim et al. 2014). The red triangles in Fig. 13 include
this last correction, which show significant differences compared
with the corrected or uncorrected signals located at the volcano
summit.

Finally, decoupling the acoustic wave impacts (Figs 9, 10 and 17)
has been possible after removing the site effects, for two reasons.
First, the site modifies both the waves arriving from internal vol-
canic regions, mainly by refractions and scatterings, and the coupled
air waves by backscattering. Therefore, the site correction recon-
structs the signals accounting for the effects of both cases, allowing
a decoupling of the internal seismic waves, rich in low frequen-
cies, and the soil response dominated by high frequencies. And
secondly, if the seismic records actually include physical compo-
nents of high frequency, as expected for any impact on the ground
independent of its origin, the site correction will amplify them,
while low frequencies are attenuated gradually, which improve
the contrast in the time and spectral domain. However, the de-
coupling proposed here is not perfect, although its residuals are
weak as is observed in Fig. 17(c). It suggests that other factors
need to be taken into account to improve the soil response mod-
els of volcanic environments (Matoza & Fee 2014). Nevertheless
the site correction improves our ability to decouple seismo-acoustic
signals.

6 C O N C LU S I O N S

We have developed a method for removing site effects at three-
component seismometers using records of seismic noise. The
procedure is calibrated using regional earthquakes and makes no
a priori assumptions about a preferred site to be used as refer-
ence, or on the relative amplitude variations between components.
We show that this correction is important in analysis of seismic
and acoustic signals, and their coupling, during periods of volcanic
explosions and jets. Furthermore, site corrections can lead to signif-
icantly improved source locations of volcanic explosions. We have
assumed an isotropic source mechanism, but other source type could
be generalized, as has been done in previous studies on Tungurahua
volcano (Kumagai et al. 2010; Kim et al. 2014). In general, cor-
rections for site effects will be important for any seismic analysis
method that relies on true amplitudes and accurate amplitude ratios
between components.
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