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Abstract

This investigation deals with the nature of the long-period seismic signals (> 1 s) observed at Stromboli and
addresses the question whether they are of volcanic origin or produced by sources such as Ocean Microseisms
(OMS). We present results from the analysis of seismic broadband data recorded during 1992 by an array of 9
Guralp CMG-3T seismometers. The determination of the Array Response Function (ARF) shows that array
techniques like delay-and-sum beamforming cannot be applied for this purpose, as the extension of the array is
limited by the geographical constraint of the island of Stromboli volcano, being simply too small. Spectral
analysis reveals three main peaks with periods at 4.8 s, 6 s and 10 s which are not stable in time but vary ac-

cording to the regional meteorological situation. Whereas 4.8 s and 10 s show up in amplitude spectra calcu-

source.

Key words long-period volcanic tremor — ocean et al., 1992; Stromboli: Dreier er al., 1995)
microseisms — Stromboli volcano — seismic broad- with natural periods of 30 s and 100 s respec-

band array tively. The extension of the seismometer trans-

fer function down to such low frequencies does

not necessarily imply that all the seismic sig-

1. Introduction nals recorded by the broadband instrument are

generated by the same volcanic source. Espe-

It is only a few years that broadband seis- cially in the long period range other probable

mometers have been used not only as instru- seismic sources such as Ocean Microseisms

ments in observatories, but also for measure- (OMS), swell and wind have to be consid-
ments in the field. Instruments used until now ered.

are seismometers of type Guralp CMG 3T In a pilot study performed in 1991, one

(Stromboli: Neuberg et al., 1994; Falsaperla STS-2 seismometer was installed on Stromboli
et al., 1995) and STS-2 (Sakurajima: Kawakatsu (198 in fig. 1) and recorded volcanic tremor
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Fig. 1. Sketch map of Stromboli volcano with the configurations of the two seismic broadband arrays. The
1st and 2nd deployment are plotted with triangles and circles respectively.

and explosion-quakes continuously for a period
of ten days (Dreier et al., 1995). High spectral
energy at periods of about 6 s was reported,
but it could not be established whether these
low frequencies were generated by a volcanic
source or if they were related to OMS or swell.
Preliminary results from the analysis of seis-
mic broadband array data recorded at Strom-
boli one year later, indicated a strong influence

312

of the seismic long periods from wind and
ocean induced noise (Neuberg et al., 1994).

In this study we present some considera-
tions on the determination of the propagation
direction of the long-period seismic signals.
We show a more detailed analysis of the seis-
mic broadband array data recorded in 1992
(Neuberg et al., 1994) and discuss alternative
long-period seismic sources.
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2. Seismic data

In November 1992 we deployed on Strom-
boli volcano a seismic broadband array con-
sisting of nine Guralp CMG-3T seismometers
with a natural period of 30 s. As shown in fig. 1
the instruments were installed in two differ-
ent array configurations (Ist and 2nd deploy-
ment) recording nearly four days each. The
first array had a diamond shape with a distance
of 100 m between adjacent stations and was
designed to investigate the short period wave-
field. The aim of the second irregularly spaced

array was to study the long periods and az-
imuthal wavefield distribution. A detailed de-
scription of the seismic experiment is given in
Neuberg et al. (1994).

Analysing the frequency content of the
broadband data a considerable part of the seis-
mic energy can be found below 1 Hz (see also
Neuberg et al., 1994; Dreier er al., 1995). Fig-
ure 2 shows a typical 3-component broadband
velocity spectra at station 197 (see fig. 1) cal-
culated for a time interval of 3 h and contain-
ing volcanic tremor and explosion-quakes.
Long-period spectral peaks (> 1 s) are domi-
nant at 2.3 s, 4.8 s and 6 s.
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Fig. 2. Typical 3-component broadband velocity spectra recorded at Stromboli volcano (station 197). Note the

long-period seismic en

ergy at 2.3 s, 4.8 s, and 6 s.
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Fig. 3a,b. Array response functions for the Ist deployment (a) and the 2nd deployment (b). On the right side
the corresponding station configurations have been plotted in a map.
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3. Array characteristics

In order to locate the seismic source(s) of
the long-period parts in the volcanic tremor,
the wave propagation directions of the domi.
nant frequencies have to be determined. Using
data from nine seismic broadband stations this
problem could be generally solved applying ar-
ray techniques like delay-and-sum beamform-
ing (see e.g., Harjes and Henger, 1973). This
method can be applied only to plane wave-
fronts, which is the case if either the array di-
mensions are small or the source is very dis-
tant. The seismic arrays deployed on Stromboli
volcano had an extension in the range of the
distance from the active craters. Therefore the
assumption of plane waves is valid only if the
long-period tremor is not locally generated by
the volcano but belongs to a remote source like
swell originated microseisms. In order to cal-
culate the wavenumber range the different ar-
rays can resolve, the receiver characteristics

—

A(k) of the array have to be studied:

(3.1)

In eq. (3.1) L is the number of seismic sta-
tions and k represents the wavenumber vector.
A(k) is also called Array Response Function
(ARF) and can be considered as a Fourier
transform of the array configuration 7,. As-
suming for the OMS a period of Toms = 6 s,
propagating with a typical apparent wave ve-
locity of ¢ = 2.5 km/s the expected wavenum-
bers are

7 o cycles

O- o= =0.42 (3.2)

Tous - ¢

In order to check if the array extensions are
large enough to resolve these wavenumbers we
calculated the ARFs for the arrays deployed at
Stromboli in 1992 (fig. 1). Figure 3a shows the
AREF for the 1st deployment. With the small di-
mensions of 200x200 m only wavenumbers
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of £ > 22 cycles/km are resolvable. Figure 3b
shows the ARF for the larger 2nd deployment.
The mainloi)e is not symmetric, and wavenum-
bers from k = 4.5 to 7.3 cycles/km can be re-
solved, depending on azimuth. Obviously the
extension of both arrays is too small to resolve
the required wavenumbers of 0.42 cycles/km,
mentioned above.

In order to look for a better array configura-
tion resolving the long periods, we calculated
the ARFs of hypothetical arrays with larger ex-
tension. The design of a more suitable array is
limited by some geographical constraints:
Stromboli volcano is 3500 m high and only the
uppermost 900 m are above sea level. For this
reason the largest array that can be installed on
Stromboli cannot exceed the aperture of 4 km.
Assuming the stations set at the coast line, the
wavenumber resolution ranges from % = 1.4 to
2.1 cycles/km, depending on azimuth (fig. 4a).
Even in this case the maximal possible exten-
sion is not large enough to resolve the typical
wavenumbers of the OMS.

A seismometer installed on each of the Eo-
lian Islands (fig. 4b) seems to represent a good
arrangement for this purpose. The extension of
this array would be 80x40 km, corresponding
to a wavenumber resolution of % = (.08 cycles/
km and 0.16 cycles/km, respectively. Never-
theless, the shortest distances between the is-
lands are between L 0 km and 20 km, leading to
sidelobes between & = 0.62 cycles/km and 0.32
cycles/km. In this case spatial aliasing is pro-
duced, and this is why delay-and-sum beam-
forming cannot be applied succesfully for the
localisation of the long-period seismic signals
even in this case. We are therefore forced to
neglect the array technique approach and to
systematically analyse the array data with re-
gard to spectral amplitudes, arrival time differ-
ences and particle motion.

4. Spectral amplitude and weather

Before looking for the propagation direction
of the long-period parts in the volcano-seismic
signals the frequencies of the dominant peaks
have to be precisely determined and their sta-
tionarity has to be checked. For this purpose
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Fig. 4a,b. Array response functions for two hypothetical deployments: a) Island array: seven stations along
the coast of Stromboli plus two central stations; b) Eolian array: one station on each of the Eolian islands. The
corresponding geographical station positions are plotted on the right side of the figures.
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the continuous time series was plotted for the
entire recording period of 75 h (for the 2nd de-
ployment) and the overall spectra of volcanic
tremor and explosion-quakes were calculated
every three hours. Figure 5 shows the temporal
variation of the amplitude spectra recorded by
the N-S component of station 197 (fig. 1). The
frequency is plotted in logarithmic scale
whereas the amplitude of the 24 single figures
is plotted in a linear scale normalised to a
value of 1600 um/Hz. The single amplitude
values can therefore be directly compared.
Small icons beside seismic spectra indicate
qualitatively the actual weather situation.

The seismic record of the 2nd deployment
started on 14th November 1992 during a rainy
and stormy period. During 15th November
1992 the weather situation improved, wind
calmed down and the day after, sunny weather
followed. Figure 5 shows that during the bad
weather period, high amplitudes at periods be-
tween 4.5 s and 5 s could be observed (from
now on mentioned as 4.8 s). They decayed ac-
cording to the weather improvement and disap-
peared completely in the evening of 15th
November 1992. As the same time a smaller
peak at about 10 s showed up and can be noted
in fig. 5. It occurred only during the highest
amplitudes of the 4.8 s and disappeared the
morning of 15th November 1992. Neverthe-
less, following the weather improvement a new
spectral peak at 6 s could be observed, starting
in the evening hours of 15th November 1992
and remaining stable until the end of the
recording period, 17th November 1992.

Even without a more detailed signal analy-
sis the correlation between the main long peri-
ods and the meteorological situation is remark-
able and suggests that non-volcanic sources
make a considerable contribution to the so
called long-period volcanic tremor, recorded
with broadband seismometers.

5. Data selection

In order to study in more detail the domi-
nant low frequency parts in the volcano-seis-
mic spectra (fig. 5), we selected two typical
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time windows where they could be clearly
identified:

(A) 14.11.1992; 13:25, bad weather, for the
study of the 10 s / 4.8 s signals,

(B) 16.11.1992; 11:25, good weather, for
the study of the 6 s signals.

Within these time windows (A) and (B) —
indicated by arrows in fig. 5 — we selected a
shorter time interval where no volcanic explo-
sion-quake occurred, in order to study signals
associated only with volcanic tremor. Figure
6a,b shows the selected 6 min and 9 min time
intervals respectively for the main bad (A) and
good weather (B) periods from all stations.
Traces in fig. 6a,b are unfiltered and plotted in
the same linear scale. They are normalised to a
maximum value of 50 mm/s. Their amplitudes
can therefore be directly compared. Note the
low frequency content during the rainy and
stormy weather (fig. 6a), comparable to OMS
recordings described by many authors (e.g.,
Strobach, 1964 and 1965). These wavegroups —
comparable to the quasi periodic oscillations of
beating phenomena — are absent during good
weather (fig. 6b).

6. Data analysis
6.1. Filtering

The two selected bad and good weather
time windows (A and B) were filtered accord-
ing to the three main periods (4.8 s, 10 s and
6 s) even if they could not be observed in the
spectra. This signifies that, e.g., the 10 s sig-
nal was analysed in the time window (A) (bad
weather), as well as in time window (B) (good
weather). For this purpose we applied a recur-
sive Butterworth Filter (degree 6, forward and
backward) with characteristics listed in table I,
where T, is the period to be maintained, 77,
T, are the low-cut and high-cut periods and f;,
f», the corresponding low-cut and high-cut fre-
quencies with the bandwidth df.

6.2. Coherence

Figure 7a,b shows the seismic traces of fig.
6a,b, filtered around 10 s (table I). The upper
plot is from the bad weather period (A) and
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Fig. 6a,b. Unfiltered tremor seismograms (without volcanic explosion quakes) recorded on the radial compo-
nent of all the array stations during (a) the bad weather (A, 14.11.1992) and (b) the good weather
(B, 16.11.1992) periods (see also corresponding plots n. 1 and n. 16 in fig. 5). Note the long-period wavetrains
occurring during the bad weather period. The numbers at the right ordinate indicate the respective station
number from fig. 1.
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November 14, 1992 - bad weather (A)
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Fig. 7a,b. Seismograms from fig. 6a,b filtered around 0.01 Hz with the Butterworth-bandpass listed in table L
The 10 s signal is coherent over the entire array during (a) the bad weather period, whereas during (b) good
weather no coherence can be observed. The numbers at the right ordinate indicate the respective station num-
ber from fig. 1.

320



On the origin of the long-period tremor recorded at Stromboli volcano (Italy)

Table I Filter characteristics of the narrow recursive Butterworth filter used to bandpass the broadband
seismograms. Listed are the center period (T ener), the low-cut and high-cut periods (7;, T,) and frequencies

(/1. f2), the corresponding bandwidth df and the

coherence time 7, (eq. 6.1).

Teenter (5) Ty (s) T (s) Ji (Hz) f> (Hz) df (Hz) O
4.85 5.32 4.39 0.188 0.228 0.04 8
6.50 7.14 5.88 0.140 0.170 0.03 11
10.1 11.11 9.09 0.110 0.090 0.02 16

shows coherent wavefield over the entire array.
However, during the good weather interval (B)
signals at different stations are completely in-
coherent. This result was partially expected,
because the 10 s peak could only be observed
in spectra recorded during rainy and stormy
weather conditions. This result can be used as
a proof that coherence is not artificially caused
by digital filtering. We performed the same
procedure for the other long periods of 4.8 s
and 6 s, obtaining similar results: coherent
wavefield could only be observed if identified
in the spectra.

6.3. Cross correlation

In order to determine the azimuth of the in-
cident wavefront from arrival time we cross-
correlated traces among themselves. Despite
the high correlation coefficients (> 0.9) no sys-
tematics in the arrival times could be found.
The arrival time sequences at different stations
are not stable varying within short time inter-
vals. Such variation was not to be expected if
signals were generated by a local volcanic
source.

6.4. Particle motion

Applying a narrow filter to a stationary ran-
dom signal, the particle motion is forced to de-
scribe an ellipse, for a time span called coher-
ence time 7, (Seidl and Hellweg, 1991). The
coherence time 7, depends on the filter band-
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width df and can be calculated as (Seidl and
Hellweg, 1991):

1
r-df

If a 3-component seismic trace is filtered
with a narrow bandpass of bandwidth df the
corresponding particle motion is significant
only if it remains stable for a time span as long
as the corresponding coherence time t.. The re-
spective coherence times for the used narrow-
band filters are listed in table I.

Figure 8a-c shows the horizontal compo-
nents of the particle motion for the 4.8 s (a),
the 10 s (b) and the 6 s (c) plotted for a 6 min
duration. The signals were filtered with the
narrow bandpass as described in table I. The
single plots in fig. 8a-c have been arranged in
scale according to the position of the recording
station in the 2nd deployment (note the scale
and the North direction).

Concerning the bad weather recordings (A),
we can observe that the particle motion pattern
of the 4.8 s signal shows no preferential direc-
tion (fig. 8a). Wavefronts arrive from every di-
rection. However, the 10 s signal is mainly
longitudinally polarised in the N120°E direc-
tion (fig. 8b). Clear and stable longitudinal po-
larisation can be observed for at least 50 S, a
time span three times longer than the coher-
ence time (7, = 16 s). The result is hence signif-
icant and not due to an artificial filter effect.

Concerning the 6 s signal of the good weather
period (B) the polarisation does not have the
clear longitudinal characteristic as for the 10 s
signal but a preferential azimuth in the direction
of N140°E can be observed (fig. 8c).

t. =

C

6.1)
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Fig. 8a-c. Particle motion plots for the narrowly bandpass filtered signals around (a) 4.8 s, (b) 10 s and (c)
6 s. The single plots have been arranged in scale, according to the position of the seismometers station in
the 2nd deployment (note the scale and the North direction).
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Table II. Spectral amplitude [(mm/s)/Hz" ?] and amplitude ratio of the main long periods recorded on the hor-

izontal and vertical component.

Tremor period

Seismic amplitude [(mm/s)/Hz"2]

Ratio

(time window) horizontal vertical horiz./vert.
4.8 s (A) 5000 2000 2.5
10 s (A) 750 45 > 20
6.0 s (B) 450 140 3.2

Each investigated period shows particle mo-
tions displaying the same pattern for every ar-
ray component. An exception to this is station
194 (see fig. 1), where the mean azimuth
shows systematically a decrease of 20° if com-
pared to all the other stations. This is probably
due to a local magnetic anomaly or to a non
correct orientation of the instrument.

Nevertheless, we conclude from particle
motion analysis of the filtered traces, that
whichever the case, the long periods of 4.8 s,
6's and 10 s are recorded by the array as plane
waves, therefore not being generated by a local
and close volcanic source.

6.5. Amplitudes

No dependence of amplitude on station al-
titude could be observed. We therefore assume
differences in signal amplitudes at different
stations for unfiltered recordings (fig. 6a,b) as
due to the site effect. Table IT shows the spec-
tral amplitude [(mm/s)/\N'Hz] of the main long
periods, recorded on the horizontal and the ver-
tical components of station 197 (fig. 1).

Signal amplitudes on the horizontal compo-
nents are always larger than vertical ones for
the three main periods. For the 4.8 s and the
6 s the horizontal to vertical component ratio is
about 3. Nevertheless, for the 10 s this ratio is
much higher (> 20), since here the vertical
component never exceeds the noise level.

6.6. Correlation with volcanic activity

After the drastic changes of the long-period
tremor in frequency, as well as in amplitude,
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we looked for a correlation with the volcanic
activity. Commonly the short period volcanic
tremor is understood as representing a volcanic
activity parameter (e.g., Schick, 1988), ex-
pressed in terms of root mean squared seismic
amplitude (rms-value). This criterion is not
valid if seismic broadband data are used, be-
cause high rms-values (fig. 6a) are produced
by a long-period wavefield with no volcanic
origin. Besides this, the variation of the rms-
value can be estimated from fig. 5. Seismic en-
ergy above 1 Hz remains nearly stable during
the recording interval of 75 h and weather im-
provement does not affect the records. Not
even the number of explosion-quakes changes,
showing a stable value of 11-14 explosion-
quakes per hour.

7. Discussion and conclusions

Wavenumber characteristics of different ar-
ray configurations on and around Stromboli
volcano show that typical wavenumber values
of 0.42 cycles/km for OMS cannot be resolved
with delay-and-sum beamforming.

Detailed analysis of the narrow filtered sig-
nal shows that periods of 4.8 s and 10 s appear
only during times of bad weather (A), whereas
the 6 s can be observed only during good
weather (B). We exclude that the three long
periods are produced by a volcanic source such
as an oscillating magma chamber beneath the
volcano for the following reasons:

— particle motion analysis demonstrates that
the array records plane waves (fig. 8a-c) — an
indicator for a remote seismic source;
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— seismic energy is much higher on hori-
zontal components, which excludes a deep
source;

— neither from arrival times, nor from seis-
mic amplitudes can a propagation sequence be
determined.

We assume that the three major long-period
signals recorded at Stromboli volcano are part
of the OMS and are caused by the actual mete-
orological situation.

Possible sources of the OMS have been
widely studied in the past (Darbyshire, 1950;
Longuet-Higgins, 1950; Hasselmann, 1963;
Haubrich et al.,, 1963; Strobach, 1965;
Gordeev, 1990; among others). It has been ob-
- served that the recorded seismic periods are of-
ten half the periods of the dominating ocean
waves (e.g., Darbyshire, 1950; Haubrich et al.,
1963). The observation of the so called Double
Frequency (DF-band) is consistent with the
theoretical model of Longuet-Higgins (1950),
which describes standing waves as an OMS
source.

At stations installed near coasts or on is-
lands, additionally weaker amplitudes can be
observed within the Primary Frequency (PF-
band). These periods have been associated with
strong winds (Oliver and Ewing, 1957
Gordeev 1990).

The long-period seismic signals at a fre-
quency twice the PF-band show high energy
content and are well known. Haubrich et al
(1963) report up to 100 times more seismic en-
ergy for the DF-band than for the PF-band.

In our data, the unfiltered seismogram
recorded during bad weather (fig. 6a) is very
similar to the quasi periodic oscillations of the
OMS, as described, e.g., by Strobach (1964).
The typical seismic bad weather long periods
at 4.8 s and 10 s (A in fig. 5) show the fre-
quency relation 2:1, described, e.g., by
Haubrich et al. (1963). Seismic energy -
roughly estimated from table II as squared am-
plitude in the horizontal components — shows
50 times higher values for the 4.8 s (DF-band)
than for the 10 s (PF-band).

Looking at the particle motion plots
(fig. 8a,b) no polarisation can be found for the
4.8 s signal as would be expected from micro-
seisms generated by swell. Nevertheless, the
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particle motion pattern of the 10 s signal shows
a clear longitudinal polarisation in N120°E,
which is identical to the wind direction, deter-
mined from a meteorological map of Novem-
ber 14, 1992, 12:00 GMT (fig. 9). The lack of
energy on the vertical component (see table II)
leads us to the conclusion that the 10 s signal
is caused by the wind, generating ground incli-
nation, rather than propagating waves. This re-
sult is consistent with a study of Berckhemer
and Akasche (1966) on seismic ground noise
and wind, at the seismological observatory
Grifenberg-Germany (GRF). The amplitudes of
the 4.8 s and the 10 s signals decrease in time,
following the weather changes as shown in
fig. 10, where the meteorological situation in Eu-
rope is represented day by day, starting on 14th
November 1992. A low pressure area, located on
the Thyrrenian Sea 14th November 1992, moved
quickly eastward. Wind reached velocities up to
160 km, blowing from WNW (fig. 9).

On the basis that:

i) the actual wind direction was identified
in the seismogram (10 s in figs. 8b and 9),

ii) the seismic amplitudes of the bad
weather periods (4.8 s, 10 s) decreased with
weather changes (figs. 5 and 10),

iii) the 4.8 s and 10 s signals show the PF/
DF-band characteristics,

Fig. 9. Wind direction (horizontal line) and wind
velocity (vertical line) at November 14, 1992 taken
from a meteorological map. One vertical line corre-
sponds to 30 kt per hour.
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Fig. 10. Development of the meteorological situation in Europe, between 14th and 17th November 1992.

iv) we have not been able to identify any
change in volcanic activity,
we conclude that 4.8 s and 10 s periods were
generated by the cyclone that passed quickly
south of TItaly during 14th November 1992
(fig. 10).

As for the 6 s peak the interpretation is
more difficult. The propagation direction
(N140°E in fig. 8c) we observed is slightly
different from that one determined for the 10 s
signal, during the bad weather interval. Even
in this case no indication for a volcanic origin
has been found and also the 6 s signal seems to
be generated by the OMS. For seismic broad-
band stations located on the continent, such as
GRF (Henkes, 1991), the 6 s period is already
known as OMS generated in the Atlantic re-
gion. Looking at fig. 10 a strong low-pressure
area near England can be localised after 15th
November 1992 moving slowly towards Eu-
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rope. This cyclone could be responsable for the
occurrence of the 6 s period in the seismic sig-
nal recorded at Stromboli volcano.
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