






June 27 at 17:25 h GMT with air-gun shooting from the
research vessel “Sarmiento de Gamboa” with a series
of  low intensity shoots in intervals of  30 seconds. The
air-gun shots ended on July 16. After this date the 80
short period stations were removed from the field. In
total 13,000 air-gun shots were recorded. After the ac-
tive experiment phase only the deployed broadband sta-
tions remained operative in the field until end of
October 2014.

2.2. Data pre-processing
The data were available in an instrument specific

format. Because of  the usage of  normalized envelopes
in a small frequency range, a deconvolution of  the sta-
tion response was not necessary. An instrument cor-
rection is therefore obsolete for this specific use.

First, we extracted the air-gun shots from the data
according to the shooting times. We tapered the ends of
the shot windows with a cosine taper and used a fourth-

order Butterworth bandpass
filter from 5 Hz to 10 Hz to
select the most energetic fre-
quency band. 

Afterwards we calculated
the envelopes by means of  the
Hilbert transformation as the
amplitude of  the analytic sig-
nal. Finally we subtracted the
noise level defined as the av-
erage envelope amplitude of
the first 5-10 percent of  the
recording trace prior to the
P-wave arrival from the en-
velopes. 

2.3. Data quality
In contrast to stations lo-

cated at the east coast of  Sicily
close to the air-gun shots, sta-
tions located around Mount
Etna’s summit have a poor
signal-to-noise ratio on all
components. Clear onsets of
different shots were not iden-
tifiable and furthermore, sev-
eral recording traces contain
signals of unclear origin. Prob-
ably in addition to the signals
of  the air-gun shots, the traces
contain tremor signals or local
earthquakes as well as anthro-
pogenic noise. A large part of
this work was therefore de-

voted to separating shot signals from disturbing signals
in order to improve the signal-to-noise ratio at the sta-
tions with a large distance to the shot positions.

To improve the signal to noise ratio after the pre-
processing, we wanted to use a large number of  shots
for stacking. We therefore defined areas to group
closely located shots for stacking. These areas comprise
ring segments defined by a maximum distance varia-
tion of  ±5% and an azimuthal variation of  maximum
4 degrees between the recorder site and the shot posi-
tions. Thus the ring segments grow with increasing dis-
tance which allows us to stack a larger number of  shots
for larger distances. The ring segments are located
around the intersection points of  the shot lines to max-
imize the shot density in the stacking areas as illustrated
in Figure 1.

A first visual inspection of  the wave forms showed
that the air-gun shots did not generate enough S-wave
energy to actually study S-wave codas. This is a conse-
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Figure 1. Overview of  the main geological structure of  Mt. Etna, as well as the used station net-
work (red triangle) and the intersection points used for locating the ring segments for stacking (yel-
low stars) on the shot lines (black lines). Data examples are shown for station E078 (blue triangle).
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quence of  the small amount of  energy released by the
air-gun sources that is restricted to compressional
waves. Therefore an estimation of  the quality factor of
the coda decay Qc was not possible with our dataset. As
can be seen in the envelope section of  station E078 in
Figure 2 there is no clear S-wave onset visible in the
data. Even the P-wave arrival at this station behind the
volcano is characterized by an emergent increase of  en-
ergy rather than a sharp impulse.

3. Data processing
In the present study the principal observation is

the amplitude ratio between the direct P-pulse and the
following coda. We call this value “coda energy ratio”.
To estimate this ratio we could use the maximum of
the P-wave train as proxy for the direct wave amplitude.
However, due to wave interference and noise there is a
significant scatter in the maximum amplitudes of  the
P-pulses that can be reduced by fitting a smooth curve
to a short time window around the P-wave arrival. As
we also lack precise arrival time information for the P-
waves, we developed a measurement procedure that si-
multaneously estimates the arrival time, the peak time
and the peak amplitude.

To find the onset of  the direct wave and to pick the
energy maximum, the following empirical function was
fit to the recordings: 

where t is the lapse time, x is the distance between
source and the station, v is the estimated velocity of  the
P-wave, d is the peak delay time and H is the Heaviside
function. A is an amplitude scaling factor. Function (1)

is zero for t < x/v and the maximum of  f = A is assumed
at t = x/v +d. For large t the function approaches zero
again. This function is fit in a least squares sense to the
stacked envelopes in a grid search over a number of  rea-
sonable values for the velocity v, amplitude A, and the
peak delay d. The setting with the smallest misfit was
adopted as empirical fit to the recordings (Figure 3) re-
sulting in a measurement of  the direct P wave onset,
its amplitude and the peak delay time.

In addition we defined time windows that divide
the seismogram into a direct P-wave time window and
a P-coda time window. Inside these time windows we
estimate the mean value of  the wave energy and cal-
culate the ratio between the energy of  the direct wave
and the energy of  the coda. This ratio is a proxy for
seismic scattering. A high coda energy ratio indicates
strong scattering along the seismic ray path. For a low
ratio, a large amount of  energy reaches the station di-
rectly after the P-wave onset, indicating only weak
scattering.

For the definition of  the time window length, we
used an apparent wave velocity to include the distance
dependence and to avoid overlapping of  the different
time windows. For the direct P-wave, we used a time
window in which the start is the picked onset time of
the fit-function (1) and the end is determined by an ap-
parent propagation velocity of  3.3 km/s. The second
window, which measures the energy of  the coda, is de-
termined by velocities of  2.0-3.0 km/s. The definition
of  the time window has a small impact on the meas-
urements of  the coda energy ratio. This point will be
discussed in Section 5.

With increasing distance the values for the coda
energy ratio are characterized by a decreasing trend.
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Figure 2. Sumtraces of  envelopes over distance. Shown is the horizontal component (N-S) of  station E078. The traces are normalized rela-
tive to its respective maximum. The red line symbolize the onset of  a P-wave with estimated velocity of  vP = 4.4 km/s. There is no clear
S-wave onset or coda.



This is illustrated in Figure 4. The origin of  this effect
is the attenuation in the increasing time difference be-
tween the two time windows. We correct our observa-
tions for this background effect with a linear regression
of  the logarithmic ratio over distance (Figure 4).

4. Results
First, we illustrate the results of  the coda energy

ratio (P-coda/P-onset) by plotting them over the re-
spective station site (Figure 5). The stations are ordered
from east to west across the volcano. The different val-
ues for one station site indicate the dependence of  the
coda energy ratio on the back azimuth of  the incident
rays in 45 degree intervals. Most of  the values are
widely spread, but there is a tendency that the eastern
most stations show generally higher values. This im-
plies an area in the eastern part of  the volcano with
strong scattering.

To better illustrate the results of  the energy ratio
calculation, we assume that the sensitivity of  the meas-

urements is concentrated along the ray path. This is
motivated by the following argument: The amplitude
of  the coda time window reflects waves that traveled
for a long time in the medium capturing influences
from a broad region. Especially late coda waves are not
sensitive to the specific geometry of  the source receiver
configuration which is the basis of  the coda normal-
ization method [Aki 1980]. In contrast the P-pulse am-
plitude can only be influenced by material properties
along the direct ray path. The resulting sensitivity of
the ratio thus reflects the ballistic propagation and is
concentrated along the ray path. For this reason we plot
the results at the position of  the station sites depend-
ing on the back azimuth of  the incident ray (Figure 6).
We split the azimuth into eight bins of  45° aperture
and indicate the measurement values as colored wedges
pointing in the respective back azimuth directions. Re-
sults are only included, if  at least five measurements
are available for averaging in a 45° bin. Yellow- and red-
colored pie wedges define a high ratio, green- respec-
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Figure 3. At the top is a data example of  a stacked trace (blue) and the fitted function (red) from station E078. The two horizontal lines are
the meanvalues of  the different time windows. At the bottom you can see the single traces which were used for stacking.



7

tively blue-colored wedges indicate a low ratio.
The results are found from Figure 6:
1. Stations, which are located directly on and

around the volcano, have a high ratio which indicates

strong scattering in this area.
2. Observations with back azimuth 0° to 180°,

based on shots from the east coast region of  Sicily, gen-
erally have a high ratio.

P-WAVE SCATTERING AND THE DISTRIBUTION OF HETEROGENEITY AROUND ETNA VOLCANO

Figure 4. Logarithmic energy ratio plotted over distance. The red points symbolize the non-corrected mean values with a decreasing trend,
which is most probably a background effect. This effect was corrected with a linear regression (blue stars).

Figure 5. The energy ratio plotted over their respective station from east to west of  the volcano. Different values on one station symbolize
the mean value of  a 45 degree interval.



To increase the confidence in these observations
we compare the energy ratio with observations of  the
peak delay time of  the P-phase. Similar to the energy
ratio the peak delay is a qualitative measure of  the scat-
tering along the ray path. Figure 7 shows a scatterplot
of  the energy ratio versus peak delay. The correlation
between the energy ratio and the peak delay time can
be recognized by the linear trend of  the least squares
fit in Figure 7.

5. Discussion
The results given in the previous section are in ac-

cordance with other observations of  scattering in stra-
tovolcanoes [e.g. Wegler and Lühr 2001; Del Pezzo
2008; De Siena et al. 2010; Prudencio et al. 2013a]. The

heterogeneity of  the vol-
canic edifice is reflected by
the high coda energy ratio
observed on and in terms
of  the seismic ray paths be-
hind the volcano. This het-
erogeneity is most probably
caused by the alternated
deposition of  intrusions,
lava and ash layers.

In the northern part
of  the volcano the energy
ratio is very low (green-col-
ored in Figure 6). Here the
direct P-waves carry the
main energy and sparsely
scattered energy reached
the stations, which indicates
the absence of  strong het-
erogeneity in this area.

In contrast the sta-
tions located east of  the
volcano that have almost
ideal noise conditions in
the close proximity to the
sources, are characterized
by high coda energy ratio,
indicating strong subsur-
face heterogeneity at the
east coast of  Sicily. In Fig-
ure 8 we mark the area
that is affected by elevated
scattering. There is no pre-
cise information about the
depth range in which this
heterogeneity is located.
Based on the simple argu-
mentation that the sensi-

tivity follows the direct ray path plus the concentration
of  sensitivity at the station we can expect that the ob-
servations are mainly related to the structure of  the
upper crust dominated by the shallow part.

We think that the increased heterogeneity that
causes this observation might be related to the seaward
sliding of  the volcanic rock mass [Azzaro 1999].

The methodology used here is based on the as-
sumption of  a homogeneous background velocity in
the subsurface. Deterministic structure, e.g. large-scale
seismic velocity anomalies, can thus result in a system-
atic bias of  the results. A potential source of  such a bias
are reflected waves such as the PmP-phase which is re-
flected off  the Moho discontinuity. If  this phase adds
significant seismic energy in one of  the time windows,
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Figure 6. Energy ratio, depending on back azimuth. Each pie wedge uses at least five single values for
averaging. Green and blue colors symbolize a low energy ratio (weak scattering), yellow and red sym-
bolize high energy ratio values.
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Figure 7. The energy ratio plotted over the peak delay time. There is a clear correlation between these two parameters.

Figure 8. Area of  elevated scattering caused by increased heterogeneity.



used to calculate the energy ratio, it could influence our
observations. The depth of  the Moho underneath Sicily
is about 25-30 km [Grad et al. 2009]. Like Gajewski and
Prodehl [1987] showed for similar Moho depths in the
Black Forest, the PmP-phase arrives at a distance of  40
km about 4 s after the direct P-wave. Accordingly this
phase can theoretically influence our coda window.
We used two approaches to estimate the PmP influence
on our measurements. At first we visually checked the
record sections for phases propagating with PmP-ve-
locity. We could not identify a notable energy increase
at the theoretical PmP arrival times. As a second ap-
proach to test PmP interference, we restricted obser-
vations of  the energy ratios to a distance of  less than 40
km (Figure A1). At these distances, the PmP-phase should
have no effect on our results, because it arrives after the
time windows for the analysis. In fact, there is no clear
difference between these results and the results obtained
from all available distances. For this reason we can ex-
clude an impact of  the PmP-phase on our results.

To test the impact of  the time window choice, we
performed a parametric study. In particular we used
shorter time windows for the direct wave and larger
time windows for the coda. For the following time win-
dows we obtained results shown in Figure A2. The end
of  the new time window for the direct P-wave is now
determined by an apparent propagation velocity of  4.0
km/s. The second time window for the energy of  the
coda is now determined by velocities of  3.8-2.0 km/s.
The spatial distribution of  the ratios is nearly the same
as the results presented in Section 4 (Figure 6). We also
tested other choices of  time windows and we conclude
that the method is stable with respect the time window
selection provided that the windows are chosen such
that they contain signal energy above the noise level.

6. Conclusion
Motivated by the observation of  significant lateral

variations of  scattering properties in the Pyrenees by
Calvet et al. [2013], we analyzed recordings of  air-gun
shots around Sicily to infer the distribution subsurface
heterogeneity in the vicinity of  Etna volcano. As the
sources are purely compressive pulses, we cannot ana-
lyze the peak delay of  S-waves or measure the quality
factor of  the late time S-wave coda decay. Instead we
used stacks of  air-gun shot records to measure the en-
ergy ratio between the direct P-phase and a later time
window in the P-coda. These observations are inter-
preted in terms of  the scattering strength along the ray
path of  the direct wave.

We find that the coda energy ratio is stable with
respect to changes of  the choice of  the coda time win-
dow. It correlates with the peak delay of  the P-phase

which is an independent measure of  the scattering
strength.

In our results Mount Etna is marked as a pronounced
region of  increased heterogeneity that strongly scatters
seismic waves. Towards the north of  Etna volcano we
find a more homogeneous crust with relatively weak scat-
tering. This is in contrast with the regions east and par-
tially south-east of  Mount Etna that are characterized by
high coda energy ratios indicating increased heterogene-
ity. This area is characterized by local complicated geo-
logical structures and our results indicate the presence of
strong inhomogeneities, potentially related to the sea-
ward sliding of  the eastern flank of  the volcano.

Our investigation demonstrates that the signals of
air-gun shots can be used to investigate subsurface scat-
tering properties. Even though we cannot use measures
like S-wave peak delay or S-wave coda Q due to the low
generation of  S-waves, we can make use of  the P-phases
to infer the transfer of  energy form the ballistic P-phase
towards later parts of  the seismogram. This transfer
can only occur due to scattering. A proper mapping of
the scattering strength with a quantitative tomographic
inversion is not possible yet, because there is no clear
formulation for the sensitivity kernels of  the elastic
scattering process available. This is therefore subject of
future work.
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Appendix

P-WAVE SCATTERING AND THE DISTRIBUTION OF HETEROGENEITY AROUND ETNA VOLCANO

Figure A1. Energy ratio for P-phase with travel path lengths less
than 40 km to eliminate a potential PmP-phase contamination.
Each pie wedge uses at least 5 values for averaging. Green respec-
tively blue colors symbolize a low ratio, yellow respectively red col-
ors symbolize a high ratio values.

Figure A2. Energy ratio depending on the back azimuth with short
time windows (see text). Each pie wedge is calculated from least 5
values for averaging. Green respectively blue colors symbolize a low
ratio, yellow respectively red colors symbolize a high ratio.


