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Volcano Seismology
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13.1 Introduction

Volcanic eruptions and their impact on human sggidbllowing earthquakes and
meteorological disasters, are the most severe aldtazards. Since the pioneering works of
Omori (1911), Sassa (1936) and Imbo (1954), mutdtn@dn was focused on the seismic
signals preceding or accompanying a volcanic esaptsoon after the start of more extensive
seismic monitoring it became clear that volcandesysa variety of different seismic signals
which often differ from those produced by commoctdeic earthquake sources, i.e., double-
couple type sources.

Starting with the availability of small portableis@ographs in the late 1960s to early 1970s,
a tremendous number of observations were maddfatetit volcanoes and during different
stages of activity. At the same time, first attesnpere made to explain some of the seismic
signals recorded and to classify the different aigrby their proposed (but still mostly
unknown) source mechanisms. Following this veryhesiastic period, the progress in the
study of accelerated magma transport to the surdtmgnated. Too many open questions
remained unsolved, such as the mostly unknown samechanisms of volcanic signals, the
influence of the topography of volcanoes, the poblof proper hypocenter determination,
the relationship between the occurrence of seisigitals of different type, and the associated
surface activity of a volcano. Since the late 198D®arly 1990s the use of portable and
robust broadband seismometers and newly developedpbwer consuming 24bit A/D
converters, as well as the extensive use of seiamay techniques, opened new horizons and
different views on the source mechanisms and tlpoitance of volcano-seismic signals in
the framework of early warning.

This Chapter should be seen as a guideline fobksttang a seismic monitoring network or at
least a temporary experiment at an active volc&acause of the large number of different
volcanoes and many different kinds of source meshas which may produce seismic
signals, a description of all aspects is not pdssihlso, a comprehensive review of case
studies, including the variety of volcanic earthkpidequences, is beyond the scope of this
paper. Relevant references include the excellexit beoks Encyclopedia of Volcanoes
(Sigurdsson, 2000) andonitoring and Mitigation of Volcano Hazards (Scarpa and Tilling,
1996). Most of the relevant topics dealt with iegh text books are summarized below.
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13.1.1 Why adifferent Chapter?

Volcano seismology uses many terms and methods rkmowarthquake seismology. This is
no surprise as the same instruments and the sareamsm of elastic wave propagation
through the Earth are used to investigate the stdzsistructure and the activity state of a
volcano. However, there are some deviations fronventional earthquake seismology, both
in the physics of the signals and the methods alyaing them. As outlined below, the
signals vary from “earthquake-like” transients tnd-lasting and continuous “tremor”
signals. The most striking differences betweenhgardke and volcano seismology are the
proposed source mechanisms and the related anédgéisiques. In 13.2 and 13.4 we will
discuss some of these aspects.

When setting up an earthquake monitoring network@aiimal station coverage is needed in
order to locate the events precisely. Dependinghentasks of the network, at least some
stations should be located as close as possiltie tactive volcanic area in order to model the
related seismic source with sufficient accuracy deigrmine the source depth. Hence, we are
looking for a site-distribution which optimizes thstation coverage and minimizes the
influence of shallow structure and topography @f Barth. In contrast, in volcano-seismology
we are left with sometimes very rough topographg aearly unknown propagation and site
properties of the medium. Some of these aspectbeavidiscussed in 13.3.

13.1.2 Why use seismology when for ecasting volcanic eruptions?

The use of seismological observations in the monigoand forecasting of volcanic eruptions
is justified because nearly all seismically moretbr volcanic eruptions have been
accompanied by some sort of seismic anomaly. Thmatébho 1991 (Pinatubo Volcano
Observatory Team, 1991) or the Hekla 2000 erupti@rtp:// hraun.vedur.is/ja/
englishweb/heklanews.html#straiare two recent examples of successful long- drodts
term eruption forecasts made by mainly seismic mlasens. For further case studies on
volcanic “early warning” see the comprehensivechs by McNutt (1996, 2000a, 2000b).

While most of these “early warnings” were simplyddeed by counting the number and type
of volcanic events per hour or day or even betyembnitoring their hypocenter distributions,
the physical meaning of the different seismic eseahd their relationship to the fast
ascending magma are not well understood. To givexample: increasing volcanic tremor is
always a sign of high volcanic activity, but altigbuthe occurrence of tremor will increase
the alert level, its role for short-term predicti@nstill not known precisely enough because
we do not know the related physical process of slgsal (fluid flow; movement of magma,
water and/or gas; crack extension etc.). Furthemn ban we distinguish between an intrusion
and a developing eruption, both of which generdtege number of seismic signals?

The extensive use of seismic methods during thedasades has shown that using them
alone will not help the improvement of our knowledapbout the internal processes of rapid
magma ascent. This will be discussed in more dé&taill3.5. Planning a new monitoring

network or a short-term seismic experiment, we nalsd keep in mind that every volcano
has its own characteristics, both with respect étsmsic signal generation and wave
propagation effects.
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13.2 Classification and sour ce models of volcano-seismic signals

Most of the confusion in volcano seismology is e&lby the huge number of different terms
for classifying volcano-seismic events. While thss mainly caused by the imperfect
knowledge about the source mechanisms, we willdomu the basic nomenclature widely
used in the literature. Most of these terms singgcribe the appearance and frequency
content of the signal, while others imply a certsdnirce mechanism. However, one should be
aware in both cases that the sources are stillawkrand the propagation medium may alter
the shape and the spectral content of the sigigadgisantly.

While pioneering work in classifying volcano-seismignals was made by Shimozuru (1972)
and Minakami (1974), most of the following discussifollows the work of McNutt (1996,
2000a) and Chouet (1996a). We will divide the knoswgnals mainly into transient and
continuous signals. We will also discuss, whererappate, differences in the signal
generation related to different types of magma, (iosv/high viscous, gas rich/ poor).

13.2.1 Transient volcano-seismic signals
13.2.1.1 Volcanic-Tectonic events (deep and shallow)
Deep (below about 2 kmY/olcanic-Tectonic events (VT-A) manifest themselves by the clear

onsets of P- and S-wave arrivals and their higgueacy content (> 5Hz). This leads also to
the class namiigh-frequency event (HF) (Fig. 13.1).
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Fig. 13.1 VT-A type event recorded at Mt. Merapi, Indonedihae impulsive P- and S-wave
arrivals are clearly visible in this signal, as las their high-frequency content and short
signal duration. The given color coding, representiormalized amplitude spectral density,
is valid for all following figures.
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The name of this event type implies a well knowarse mechanism, namely a common
shear failure caused by stress buildup and reguhislip on a fault plane similar to a tectonic
earthquake source. The only difference from thiedas the frequent occurrence of swarms of
VT events which do not follow the usual main-af$éleck distribution (McNutt, 2000a). An
earthquake swarm is a sequence where the largesitsevare similar in size and not
necessarily at the beginning of the sequence. Tdgte frequencies and the impulsiveness of
the P- and S-wave arrivals seem to be caused bysdattering due to the short travel path
through high scattering regions and low attenuation

In contrastshallow (above about 1-2 kmyolcanic-Tectonic events (VT-B) show much more

emergent P-wave onsets and sometimes it is eveonssiipge to detect any clear S-wave
arrival (see Fig. 13.2). The spectral bands artteshio lower frequencies (1-5 Hz). Both

observations are thought to be caused by a mot®whaypocenter location and therefore a
larger amount of scattering during wave propagatespecially of higher frequencies. While
the depth distribution deviates significantly frahat of VT-A events, the source mechanism
may still consist mainly of a simple double-coupteirce.
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Fig. 13.2 a) typical example of a VT-B type event recordieding a high activity phase at
Mt. Merapi. Note that the overall frequency contentmainly between 1 — 10 Hz with a
dominant frequency at roughly 3 Hz. b) zoomed cerson of the same event in its three
components. Whereas the P-wave arrival is cleadiple, no clear S-wave arrival can be
seen. The circle marks the wavelet that has theoappate S-wave travel time for the
estimated source location.
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Recently, detailed studies showed that the sowtes®me VT events deviate significantly
from that of a pure shear failure, but show sonmailarities with the later describedow-
Freguency events. Several papers on the inversion of th@seimoment tensor showed a
significant contribution of non double-couple pafahm and Brandsdottir, 1997; Sarao et
al., 2001).

13.2.1.2 Low-Frequency events

Low-Frequency events (LF or Long Period - LP) show no S-wavevals and a very
emergent signal onset (see Fig. 13.3). The frequeantent is mostly restricted in a narrow
band between 1-3 Hz. The LF sources are oftentsdua the shallow part of the volcano (<
2 km). Locations are deduced mainly by amplitudstasice curves, from the rare hypocentral
determinations using clear first onset recordinged recently by semblance location
techniques from particle motions recorded on adizend seismometer network (Kawakatsu
et al., 2000). Some volcanoes (e.g., Kilauea) am@wk to produce deep (30-40 km) LF
events (Aki and Koyanagi, 1981; Shaw and Chou&1)19
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Fig. 13.3 a) example of a LF-wave group recorded at Mt. &derClearly the dominant

frequency is around 1 Hz. b) shows an example Idf avent recorded at two different sites
located at Redoubt volcano, Alaska (courtesy oM8Nutt, Alaska Volcano Observatory;

AVO). The spindle shaped signal is also known asillo.
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The associated source models range from an opanthgesonating crack when the magma is
ascending towards the surface (Chouet, 1996a) isteexe of pressure transients within the
fluid-gas mixture causing resonance phenomenamitie magma itself (Seidl et al., 1981).
Both models are able to explain a large part ofabserved features in the spectral domain.
Recently a pure crack model was developed whioh @ssiders the influence of the fluid
properties. Recent numerical simulations show tt@atresonance effect and the overall shape
of the seismograms and their frequency content alsy be explained by fluid-solid contact
and the excitation of multiple reflected borehokves (Neuberg et al., 2000).

13.2.1.3 Hybrid events, Multi-Phases events

Some volcano-seismic signals share the signal mstpiéncy characteristics of both LF and
VT-(A,B) events. Signals of this class are usukdlyeled adHybrid events, which may reflect

a possible mixture of source mechanisms from beémtetypes (see Fig. 13.4). For example,
a VT microearthquake may trigger a nearby LP eveahr et al. (1994) and Miller et al.
(1998) detected swarms Biybrid events during the high activity phase of Redoubt (Alaska)
and Soufriere Hills volcano (Montserrat, West I®)ljerespectively. Miller et al. (1998)
concluded that such events reflect very shallowigtassociated with a growing dome.

y 4 W\N\/M\AJ\NW\/\M\NWM

10 [s]

ol

Fig. 134 a) shows a Hybrid event and b) a VT-B event fomparison. The higher
frequencies at the beginning of the Hybrid evertam obvious feature, while the later part
shows the similarity with the VT-B event (court€syMcNutt, AVO).

a)

Multi-Phase events (MP alsdMany-Phases event; see Fig. 13.5; Shimozuru, 1972) are
somewhat higher in their frequency content (3 t8z8 thanHybrid events but are related as
well to energetic dome growth at a very shallowele\Both types of signals and their
associated mechanisms are still a topic of reseascltheir occurrence might be a good
indicator for the instability of high viscous ladames.
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Fig. 13.5 MP-event recorded at Mt. Merapi during strong ddiormation. The frequency is

restricted between 3 - 10 Hz and resembles that\0F-B type event at this volcano. Note the
long duration of this event whilst its amplitude isuch smaller than for the VT-B event
shown in Fig. 13.2.

13.2.1.4 Explosion quakes, very-low-frequency events, ultra-low-frequency events

A very pronounced ULP aneery low frequency (VLF; f ~ 0.1 - 0.01 Hz) signals were made
at several volcanoes in Japan and on Hawaii (Agp; Kawakatsu et al., 2000; Iwate:
Nishimura et al., 2000; Kilauea: Ohminato et a8898) using several broadband seismometers
located in the near-field to intermediate-fieldtdigce from the source. Some of class with
clear signal characteristics are thlmplosion quakes. This signal class accompanies
Strombolian or other (larger) explosive eruptiolgst of these signals can be identified by
the occurrence of an air wave which is caused bystinic boost during an explosion, when
the expanding gas is accelerated at the vent saé Fig. 13.6). This wave mainly travels
through the air with the typical speed of sound0(38/s). While we do not discuss the
explosive mechanism, the source which causestpisson is not yet clear. Some LF events
show the same frequency-time behavior as the exploguakes but lack an air phase
(McNutt, 1986). This might reflect a common sounoechanism of deeper situated LF-events
and shallow produced explosion quakes.

Portable broadband seismometers with corner fremeeras low as 0.00833 Hz shed new
light on this open question (see Fig. 13.7). Itldobe verified that at Stromboli volcano
(Italy) an “ultra-low frequency” (ULF; ultra-longguiod ULP, f < 0.01 Hz) pressure buildup
takes place several minutes before the onset dafcan8olian eruption (Dreier et al., 1994,
Neuberg et al., 1994; Wassermann, 1997; Kirchdodf®99). As this is only visible in the
near-field of the seismic sources with a geomdtspaeading factor proportional t&,rthe
seismic stations must be located close to the eatént of the volcano (see Fig. 13.7). A
model which fits the visual and seismological olsaBon very well consists of a shallow
magma chamber and a tiny feeder system to theceurfdhe accumulation of a gas pocket
and the accent of this pocket as a gas slug malaiaxfhe observed pressure buildup
(Vergniolle and Jaupart, 1990). However, some ef @trombolian eruptions at Stromboli
show no or very small over-pressure (long-pericgpldicement signals) without any visible
difference in the associated surface activity.
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Fig. 13.6 An explosion signal recorded at Stromboli volcalaly. The seismic station was
located just 400 m from the active vent. The dadimedgives a rough estimate of the onset of
a sonic wave also visible as high (red) amplitudeke time-frequency plot around 5 Hz.
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Fig. 13.7 a) ULP signal recorded with a Streckeisen ST®advand seismometer (DS 5.1)
at Stromboli volcano. We removed the instrumenpoaese down to 300 s and the resulting
traces are integrated to reflect ground displacéniEme three uppermost traces show the
three-component seismograms of a station locat@dnd@rom the vent, whereas the lower
three traces show the same but at a site locat@@ m8rom the active vent indicating a large
signal only visible in the near-field. b) shows g®smogram of a 1 Hz seismometer during
two different explosion quakes, the dashed lineskrttze onset of strombolian eruptions. c)
shows the displacement signal of two different egn quakes also visible in a). Note, not
all explosion signals are producing the same amotloing-period displacement signals.
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Since the late 1980s many of these observations in&rpreted as shallow situated (z < 1.5
km) phreatic eruptions with a strong low frequemessure pulse (f ~ 0.01 Hz; see Fig.
13.8). At the same volcano, Kawakatsu et al. (2048p detected a second signal with
dominant frequencies roughly at 0.06 Hz in the saeyth range than the phreatic source.
The authors classified this signal lasg period tremor (LPT) which reflect the merging of
isolated pulses into a nearly continuous signad¢ Sigs. 13.9 and 13.14). Kawakatsu et al.
(2000) interpreted the signals as caused by tleeaction of hot magma/fluid with an aquifer
situated in 1 - 1.5 km depth below the craters &b &olcano.
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Fig. 13.8 a) ULP (or very long-period displacement) sigoakerved at three broadband
stations during a phreatic eruption of Aso volcabp.original velocity, band-pass filtered
velocity and displacement seismogram of the sanmentewbserved at station TAK. The
vertical line in b) indicates the onset of the e¢iaup (Kawakatsu et al., 2000).

ULF and VLF events are still unknown at most anitesind rhyolitic volcanoes, which
possibly implies that slug flow (low viscous; Vergite and Jaupart, 1990) may be operative.
In contrast, the work of Hidayat et al. (2000) skdwhat there exists a moderate (0.25 Hz)
VLF signal in the near-field of some MP events reea at Mt. Merapi (Indonesia).

In recent years, various approaches were madevestigate the dynamics of the different
sources of the VLF and ULF signals using momensdemnalysis. While the estimation of
the centroid moment tensor became a standard tgehnn earthquake seismology (e.g.,
NEIC and Harvard rapid moment-tensor solutionsg #pplication of this technique in
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volcano seismology is restricted to specific agilans. The difficulties are manifold. First of
all the influence of topography is neglected in skendard approaches, which results in large
misfits of the computed synthetic Green’s functioMoreover, Ohminato et al. (1998)
showed that even when assuming a horizontal layeedium, the knowledge of the source
location and the velocity model with a high confide is needed in order to apply this
techniqgue. Compensated linear vector dipole salatifCLVD) are often biased by the
uncertainty of the assumed simplified velocity stmwe. However, there are some
applications of moment-tensor estimations with Vamid ULF signals which give reliable
results, indicating source mechanisms which degageificantly from a pure double-couple
solution commonly known of tectonic earthquake na@itms (e.g., Fig. 3.10 from Legrand
et al., 2000; Ohminato et al., 1998; Aoyama andedalk2001). A further example and more
references concerning seismic moment tensor irer@dnd non double-couple mechanisms
of volcanic seismic signals are given in Sarad.€R801).
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Fig. 13.9 Vertical component broadband seismograms banslfpessed at 0.033 to 0.1 Hz at
Aso volcano during three different days in 1994e T$olated ULP pulses visible in a) and b)
were merged together in ¢) forming the continuagea of long period tremor (Kawakatsu
et al., 2000).
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Fig. 13.10 Data (thick) and synthetic (thin) seismogramgwalted from an inversion of the
seismic moment tensor for a single pulselafg period tremor at Aso volcano. The
corresponding source mechanism consists of a laog®pic component (97%) in addition to
a small deviatoric part (Legrand et al., 2000).

13.2.2 Continuous volcanic-seismic signals

The appearance of continuous seismic signals ateagblcanoes demonstrates the most
profound difference between tectonic earthquake \aidano seismology. The suspected
mechanisms range from obvious surface effects asctockfalls, landslides or pyroclastic

density flows to internal ones such as volcaniente Nearly every volcano world-wide

shows the signal of volcanic tremor during diffdrawtivity stages. Volcanic tremor is the

most favored parameter in volcano early eruptiomnimgs. Because of possibly differing

source mechanisms, we discuss tremor separatelthéotwo flow regimes: high and low

viscosity.

13.2.2.1 Volcanic tremor (low-viscoustwo-phase flow and eruption tremor)

Most of the monitored basaltic volcanoes show s&md of cyclic appearance ablcanic
tremor. The tremor signals can last between minutes amathns in duration and, in most of
the cases, their spectra are very narrow-bandH#:53ig. 13.11). Some tremor signals show
strong and short-pulsed amplitude variations (terbeating tremor), while others are nearly
stationary over several days or even months. Thenwn similarities in the spectra of
volcanic tremor and LF and even explosion quakentsves another important observation
which has to be explained when looking for the seumechanisms. At Mt. Etna volcano
(Italy), strong fluctuations of volcanic tremor alityde are associated with lava fountaining
at one of its summit craters or after the openih@ @lank fissure (Cosentino et al., 1989).

11
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Gottschammer (1999) described a tremor cycle amBraolcano (Indonesia) where the
tremor amplitude fluctuation could be correlatedhwiheavy ash plume (large amplitude -
eruption tremor) or white steam (small tremor amplitude) episo@dee Fig. 13.11).
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Fig. 13.11 Volcanic tremor at Bromo volcano (Indonesia) dgra high activity phase at the
end of 1995 (courtesy of E. Gottschammer, Univeitkarlsruhe). Large tremor amplitudes
correlate with the eruption of heavy ash plumedeavkimall tremor amplitudes appear during
guiet steam emissions (Gottschammer, 1999).

These observations made at different volcanoes eiitter low viscosity magma or a huge
amount of volatiles (free or after the fragmentatad high viscosity magma; steam) suggest
the involvement of gas/fluid interaction in generatof volcanic tremor. The similarities in
the overall spectral content of LF events and vatc&remor is reflected in similarities of the
proposed source mechanism or of the source regesor{ating fluid). Flow instability is
thought to play an important role in the excitatmfnvolcanic tremor in multiple phase flow
pattern (Seidl et al., 1981; Schick, 1988) andassociated LF events are seen as a transient
within the same physical system. On the other h@mbuet (1986) and Chouet (1987) state
that a repeated excitation of a connected cractesysould cause a harmonic and long-
lasting signal, where the fluid is only passivedpcting to the crack oscillations.

The spectral content observations support both Ithe viscosity magma and volatile
interpretations. Explosions at Stromboli volcana@iex the same frequency band as does
volcanic tremor, which supports the idea of a commesonating system (see Fig. 13.12).
However, care must be taken when interpreting thquiency spectra of volcanic tremor.
Detailed studies on the spatial frequency distidmg at Stomboli showed that single
frequency peaks are possibly influenced, to an owknamount, by the propagation medium
(Mohnen and Schick, 1996).

12
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Fig. 13.12 a) explosion signals superimposed on the contiswignal of volcanic tremor at
Stromboli volcano. The box marks the frequency bahdeak but typical volcanic tremor
band at Stromboli volcano. Note that the explosjoake also excites the same frequency
band whereas below this frequency band the speatnalitude of the explosion quake type
signals are somewhat smaller. The tremor band fsétuencies above 2.0 Hz is partially
distorted by the ejected volcanic debris fallinghb#o the surface and tumbling down the
slope of the volcanic edifice (see 13.2.2.3). @ tiormalized Fourier transform of an
explosion quake type signal (black) and of a nolasdi power spectrum of six hour
continuous recording (red). While the first refeedhe typical spectrum of all explosion
gquakes, the overall behavior of the second spactsumainly due to volcanic tremor. The
overall similarity between the explosion quake &edor signal types is obvious.

13.2.2.2 Volcanictremor (high-viscous - resonating gas phase)

During the last decade, many observations were robthee occurrence and characteristics of
volcanic tremor at volcanoes with high-viscosityda At Semeru volcano (Indonesia) the
spectra of volcanic tremor contained up to 12 @rexs. This supports the assumption of a
resonating medium with a high quality factor (Q)vesll as a precisely working feedback
mechanism (Hellweg et al., 1994; Schlindwein et 4PB95) (see Fig. 13.13). Similar
observations were also made at Lascar volcano €Chilhere up to 30 overtones could be
identified in the seismic signals (Hellweg, 1999).

13
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Fig. 13.13 Harmonic tremor signal recorded at Mt. Semerdpfresia. Up to Six overtones
can be recognized starting with a fundamental nockted at roughly 0.8 Hz.

Schlindwein et al. (1995) proposed a feedback m@shasimilar to that of sound generation
in a recorder, and also discussed a repeating esovith precise repetition time as a possible
mechanism. This model was refined by Johnson ard (2000) and Neuberg et al. (2000).
In the feedback mechanism case, the resonating tnogy consist of a pure gas phase, but the
lava at Mt. Semeru is too viscous for resonatinghat observed frequencies. The second
mechanism requires a very precise timing mechaniemproducing the highly stable
overtones.

Recent observations at Montserrat volcano (Neukeral., 2000) and Mt. Merapi volcano
(Indonesia) support the hypothesis of a repeatmgce (see Fig. 13.14). During several
cycles of increased volcano-seismic activity weogggzed the transition from closely timed
MP/Hybrid events into the continuous signal of \awlic tremor and vice versa. As the source
mechanisms of both types of signals are still umkmothe driving force behind these
mechanisms is not known. Also the type of feedbmekhanism which must be involved in
this system could not yet be identified.

Volcanic tremor, as previously noted, is alwaysgn ©f high activity. However, since the

exact mechanisms are still unknown, the importamgktiming between the first appearance
of tremor and possible eruptive activity is stilinatter of discussion (McNutt, 2000a).

14
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Fig. 13.14 Sequence of repeated seismic signals at Mt. Metpano in 1996: a) very
regularly timed MP-events before they merge togetbeform volcanic tremor (see b); c)
after some hours the tremor is replaced by a seguehdiscrete events with slightly higher
amplitudes than before. Note: in contrast to tlassification given in Fig. 13.5, the frequency
content of these signals is lower (0.7 - 10 Hz) amght not resemble “pure” MP-events. In
d) the time-frequency region of plots a)-c) aretteld in time domain. A band-pass between
0.8 - 1.3 Hz was applied before zooming. The il wavegroups seen in the filtered
continuous signal also supports the idea of thegeteevents causing the volcanic tremor.

13.2.2.3 Surface processes

Substantial release of seismic energy at activeavales is related to surface processes acting
directly on the volcanoes edifice. For example,oplastic flows, lahars (volcanic debris
flows) and rockfalls from unstable domes or cratatls can generate seismic signals with
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amplitudes exceeding several times those of thedlwolcano-seismic signals. The most
important signals for monitoring purposes are thassociated with pyroclastic flows and

lahars. The monitoring of lahars, which includesoahcoustic and visual monitoring, is

especially important when monitoring a volcano vhis capped by a glacier or which is

located in a tropical area. Melting of the snowidgiran eruption or heavy rainfall during

rainy season will occasionally mobilize a huge amaf volcanic debris. The signals of all

this activity are mostly high-frequency (>5 Hz) astibw spindle (cigar) shaped seismogram
envelopes that can last several minutes (see RdL5L The complex waveforms of

pyroclastic flows are caused by a mixture of ihitallapse of big lava-blocks onto the

surface and ongoing fragmentations when travelimgrdthe slope of the volcano (Uhira et

al., 1994). During the January/February 2001 eomptif Mt. Merapi, it was also possible to

recognize that the very first part of the signakveamewhat lower in frequency (1 - 2 Hz),
indicating a possible explosion at the start of gyeoclastic flow (Ratdomopurbo, pers.

communication; see also Fig. 13.12). An importaiitoring question is: which signal is

caused by a rockfall and which by a pyroclastigvorhe low frequency start (1 - 2 Hz at Mt.

Merapi) of the latter might be crucial for discrmating between both types of events. This
observation made at Mt. Merapi and also Unzen vad&hira et al., 1994) might be used at
other volcanoes with an active lava dome as thehamesm of flow generation seems to be
the same.

0 1 2 3 4 5
TIME [min]

rieyuency-|ns|

3
TIME-[hr]

Fig. 13.15 Sequence of medium to larger pyroclastic flowsrded at Mt. Merapi volcano
during the 1998 dome collapse. Note the 6-hour tatele and that individual events last
many minutes longer than the seismograms of tymeaihquakes. Just before 4 hours the
largest pyroclastic flow in the whole eruption sexqce takes place and lasts for about 30
minutes.
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13.2 Classification and source models of volcano-seismic signals |

13.2.3 Special note on noise

Most of the extensively monitored volcanoes lielansely populated areas with much human
activity (that is why they are monitored). Hencatecmust be taken when interpreting signals
usually classified as volcanic tremor. In some saBaman activity excites signals occupying
the narrow spectral band between 1-4 Hz (big masheic.). Also a distinct 24 h rhythm is
very likely caused by increasing human activityidgrdaylight time and should therefore be
analyzed with special care (see Fig. 13.16). Eveanawsing three-component seismometers
it is not easy to discriminate for sure betweencanb-seismic and man-made noise. The
topography at active volcanoes is very often radsthaped and the propagation paths to the
seismic stations are shared by ambient seismierawid volcanic signals.
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Fig. 13.16 Spectrogram of background noise recorded atsseistation at Mt. Merapi. As
the station is located in farming area, the humaylight activity can be clearly recognized by
its distinct 24 hour periodicity. Furthermore, & possible to see that there are two main
working hours during daytime (marked by a box).dearspectral amplitudes are visible
around 7 hours local time and a second peak igddaound 15 hours hours after a time of
guiescence during noon.

In conclusion, we note that most of the above diaations and proposed source mechanisms
are deduced from simple observations of spectnadec and overall shape of the associated
seismograms rather than by physically verified temsts. Care must be taken when
interpreting the occurrence of one of these sigdalng increasing volcanic activity. There
are many examples of increasing numbers of VT evamid increasing volcanic tremor
amplitude without any surface activity at volcancHsus, to be truly effective and diagnostic,
seismic monitoring should be complemented, to tkterg possible, by other instrumental
monitoring techniques (e.g., geodetic, geochemanad) visual observations made regularly of
the volcanoes being monitored remotely (see 13.5).
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13.3 Design of a monitoring networ k

One of the most important decisions to be made,nwdstablishing a seismic monitoring
network, is the design of the station distributibnmost cases, volcanoes are monitored with
at least four to six seismic stations which areritigted around the volcanic center. Newer
deployments try to set up arrays of sensors om dedter, a network of different arrays.
However, some of the design criteria deviate frbm usual earthquake monitoring networks
and are discussed in the following sections.

13.3.1 Station site selection

Considering a location as a possible site for snsiei station is always a compromise between
noise considerations and accessibility. Of coutseould be best to place the seismic station
far away from any human activity (see Fig. 13.Hyay from big trees or sharp cliffs and
ridges. However, the accessibility is very impottaespecially at the beginning of a
surveillance campaign at a volcano. Also, the roagth harsh environment typical of many
volcanoes usually requires frequent station vigitsmaintenance. Valleys, which generally
are accessible places for seismic stations raltiaer tidges or cliffs, are often flooded during
winter or the rainy season (not to mention the érgkxposure to possible pyroclastic flows).

A second important decision must be made when achgas “what” the station should be

placed. Usually, seismologists prefer hard rockinoonsolidated sediments. At many active
volcanoes, hard-rock sites are rare and, eveney #xist, they are not necessarily good
choices. Hard-rock sites often are small lava tesgor big blocks of lava buried in ash or
soil, causing waveguide effects or even block roatto an unknown degree. This is

especially important when installing broadband re@sstations, which are very sensitive to
tit (see Chapter 5). A network-wide homogeneoustaltation with good temperature

isolation is preferable to apparent “hard-rock”tatiations (see 13.6 for a more detailed
description). Sites near singular obstacles shbeldavoided such as high trees, cliffs, big
towers etc., as they are likely sources of windegated noise. While wind noise is usually
high in a frequency range > 5 Hz, wind pressuievsry strong source of tilt-noise in the low
frequency part (< 0.1 Hz). Hence, special care rbestaken when installing a broadband
seismic instrument.

13.3.2 Station distribution

Good station coverage is crucial for nearly all manng efforts as well as for successful

scientific research. A good choice is to instalhework at two scales - one large scale
network extending into non volcanic regions € 20 km) and one network with stations
concentrated on the flanks and on the top of tHeamo QA ~ O - 2 km). The large-scale

seismic networks are very useful to distinguishwieein volcano-seismic signals and regional
or local earthquake activity. Also, the larger dime@n improves the localization accuracy for
deep-seated sources of magmatic activity. On therdiand, most of the seismic signals at
active volcanoes are very shallow and usually smadimplitude. For detailed studies of the
volcano-induced seismic signals, most of the statimust be placed close to the activity
center(s). One or two stations should be placedhess as possible (without danger to
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researchers and instruments) to the active volaagion. Other stations should be placed so
as to ensure a good overall azimuthal coveragpostible, the station spacing should be
comparable to the source depth to insure good dmgitrol. It is good to have all parts of the
focal sphere surrounding a source to be sampleskisynic stations. Best results are expected
when the source is located within the station nétwooth lateral and vertical.

If a broadband seismometer is available, besttesuk achieved if it is installed as close as
possible to the active area, provided that thetygafieoperating personnel is assured. Most of
the recorded ULF signals at volcanoes are detextaily in the near-field distance range (see
Fig. 13.7). If an on-line radio link is desiredethtation site must be chosen so as to guarantee
an undisturbed direct line-of-sight to repeaterseoeivers (see 13.6 and 7.3).

13.3.3 Seismic arraysin volcano monitoring

Modern approaches to volcano seismology are baseteploying seismic antennas (arrays)
at active volcanic areas. Stations in an array lshbe spaced close enough to sample a
wavefield several times in a wavelength, often neigg a spacing of about 100 m. The main
advantage of such antennas and the applicationray #echniques is the improvement in
evaluating the radiated wavefield properties, vigjostructure and the source location (see
Chapter 9). A comprehensive review paper dealirth stiandard seismic array techniques at
volcanoes has been published by Chouet (1996b).

Most of the problems in operating a seismic arraara active volcano are of a technical
nature. The requirements on array site conditiors @emanding, the cost of array
components are rather high, and the installati@hraaintenance of an array during different
activity stages and weather conditions require iBggmt economic and human resources.
Such requirements generally preclude the long-tese of arrays in volcano monitoring.

Therefore, most of the work done so far in using@ytechniques at active volcanoes were
short-term deployments of occasionally large arrddsspite the mostly short duration of
deployment, however, much information was gathehathg these experiments. The results
range from a more comprehensive description ofwheefield properties (Saccorotti et al.,

1998; Chouet et al., 1997) to tracking the sourcdume of volcanic tremor signals

(Almendros et al., 1997; Furumoto et al., 1990).

13.3.4 Network of seismic arrays

In attempting to achieve both monitoring and redearbjectives, a good compromise is to
establish a network of small-aperture seismic atrayhe advantage compared to single
(dense) array applications is the better spatialuation of the wavefield properties as well as
the better azimuthal coverage when focusing orldbation of the different seismic signals.

In any event one has to compromise between apertunamber of instruments, spatial

sampling and station accessibility. In 1997, a woekwof small-aperture arrays was

established at the Merapi volcano, Indonesia ($gelB.17). This network consists of three
different array sites distributed around the votcafhe main objective of this array

configuration is to attempt the automatic clasaiimn of the volcano-seismic events on the
basis of the wavefield properties and an autontatpocenter determination of the classified
volcano-seismic events (Wassermann and Ohrnbe&tget,).
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Fig. 13.17 Example of a combined seismic array/network agginocat Mt. Merapi volcano.
The stars show the location of broadband seismamettiereas the circles mark the position
of three-component short-period seismometers, ted forming three small-aperture arrays.
The diamond symbols show the location of seismmustic stations (short-period sensors
with a microphone array).BH station is not yet installed.

Before installing a network of arrays, a detailddnpshould be made of features to be
investigated and criteria to be met, e.g., requéeatial coverage and resolution, accuracy of
hypocenter determination, shallow and/or deep seigmbroadband signals etc. A good
choice will be a network with at least four diffatearray sites. Each array should consist of
one three-component broadband seismometer as Icetat@n surrounded by three to six
short-period, vertical-component seismometers geplon a configuration which best fits to
the number of seismic stations (see Chapter 9).rbst suitable distance between related
seismometers must be carefully evaluated duringpitial stage of the setup. Decisions must
be made between the peak values in the spectrahidoand the desired coherence band of
the signals recorded. Ideally, the stations shde@doughly 100 to 200 m apart from each
other (see Fig. 13.18). Reducing the inter-stattistances with the same number of
seismometers will cause an undesired loss of résnlun slowness due to the smaller
aperture and also increase the noise coherenc€&i(sek3.18).
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Frequercy [Hz]

Fig. 13.18 Time-frequency coherence plot of: a) the statombinations GRWO0- GRW1,
and b) GRW1-GRW2 (see Fig. 13.17). The seismometera) are deployed in 170 m
distance from each other, whereas in b) GRW1 anw@&Rre separated by roughly 300 m.
Note: the signal coherence is computed in a slidimglow with the time axis centered at the
middle of the sliding window. High coherence abd¥eHz is only visible in the very
beginning of a seismic event, indicating an arragewcoherent phase arrival. It is also
obvious that the overall coherence is somewhatidow®) than in a) indicating the reduced
signal coherence at more separated stations. Ootliee hand, the noise coherence is also
reduced in b) which improves the signal-to-nois¢ioraof the semblance estimation
significantly.

13.4 Analysisand inter pretation

Here, we will briefly review the basic techniqgudsanalyzing volcano-seismic signals. Most
of the described concepts are based simply on Ivigaikern recognition abilities of the
responsible interpreter. More recent and objecipproaches that attempt to automate these
tasks are discussed at the end.

13.4.1 One-component single station

Most of the observations made in the 1960s and d9%Je obtained by using only a few
instruments located at the most active volcano@sceSthen, nearly all well-monitored
volcanoes are equipped with at least four to sstriments and, for a number of volcanoes,
dozens of instruments. However, the basics of lagsdication scheme discussed in 13.2 is
deduced by the single station approach and evaytihg statement “better one than nothing”
holds as regards the number of instruments. Thespecially true when initiating short-term
projects or monitoring very remote volcanoes.
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13.4.1.1 Spectral analysis

With the advent of inexpensive, portable and effiti computers, spectral analysis has
become an increasingly important tool for monitgrihe activity of an active volcano. As
mentioned already in 13.2, most of the classiftzatis based on the time-frequency
characteristics of seismic signals. Volcanic treeyisodes are distinguished by their spectral
shape and appearance. There are many differemidgees for computing the spectral seismic
amplitude such aSeismic Spectral Amplitude Measurement (SSAM; Rogers and Stephens,
1991), short-term Fourier transform or power s@galiensity estimates, which provide the
observer with signal information in the spectralhndin (e.g., Qian and Chen, 1996). An
important feature of volcano-seismic signals areirtmarrow-band spectra. In particular,
volcanic tremor sometimes shows just one dominpecttsal band with a bandwidth as small
as 0.2 Hz. This is the reason why it is often chaflgarmonic tremor”. Monitoring the changes
of spectral properties is a useful tool not only fagnal discrimination but also for
characterizing the state of volcanic activity. Ammple is given in Fig. 13.19. In Fig. 13.19a
the total power in the frequency range betweerad63.0 Hz is plotted as a function of time.
This frequency range has been chosen because iofgtstance in discriminating between
rockfall and pyroclastic flow signals (see 13.2)2Three pronounced peaks are obvious with
amplitudes well above the average value. The patkisly 9 and day 18 are associated also
with significant increase of the power density besgw 2 to 10 Hz (Fig. 13.19b). On the other
hand, the sharp peak in day 14 in Fig. 13.19a seerbe of a different nature and might be
caused by a regional or teleseismic earthquakerdiaining times with high power density
amplitudes in b) might be due to small pyroclaitevs or rockfalls.

a) 109
108
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Fig. 13.19 a) shows the the total power (per 60 minutesjutated in the frequency band
between 0.6 - 3.0 Hz from 01 - 19th July 1998 at Merapi, displayed on a logarithmic
scale. Two of the visible peaks (i.e., day 9 ang ) are associated with pyroclastic flows,
while the sharp peak visible at day 14 is causedalbggional earthquake; b) the power
spectral density vs. time in the same time randiere/the box shows the frequencies used for
total power plotted in a).
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At Mt. Etna (Italy), Cosentino et al. (1989) remmtta significant frequency shift in the

volcanic tremor spectra prior to a flank fissurepion. The authors detected a significant
shift to lower frequency values of the dominantcéf@é peaks of volcanic tremor just several
hours before the opening of flank fissures.

Because the efficiency of today’s computers isdigpncreasing, a good choice would be to
calculate complete spectrograms (or periodogrammst)and decimate the amount of data only
in a later step (e.g., to SSAM). This would alldve extraction of any hidden information in a
later “off-line” step of the analysis without angdundant work load. Crucial in this context is
a good knowledge of the possible features of dffersignals and their relationship to the
state of volcanic activity at a specific site. lush be emphasized that stations of monitoring
networks at volcanoes should be maintained forsy@aren decades) without any changes in
the system (gain, position etc.). When upgradingldrstation with “up-to-date” technology,
a sufficient overlap of both systems should be gwoi@ed. This precaution can not be
overemphasized.

13.4.1.2 Envelope, RSAM and cumulative amplitude measur ements

An added important source of information which d@ndeduced by small networks is the
overall appearance of the signal shape in the tdomain. This is important both for event
classification (e.g., volcanic tremor, rockfall @tas well as for monitoring changes in the
seismic activity of a volcano. A very efficient tdor visualizing increasing seismic activity

is theReal-Time Seismic Amplitude Measurement (RSAM) technique proposed by Endo and
Murray (1991). In its original form, RSAM was deseyl for analog telemetry and consisted
of an A/D converter, averaging of the seismic sigmd min or 10 min intervals and storing

of the reduced data on the computer:

. |
|T+§

RSAM(iT) =% 3 Is()

t= iT—-zr
With T as the averaging interval (originally 1 or 10 mamd s(t) the sampled seismic trace.
Various examples for successful applications af tachnique are given by McNutt (2000b).

Some applications try to normalize the records freaveral seismic sensors located in
different distances from the volcanic center byrecting the measured seismic amplitude for
the assumed source distance (McNutt, 2000b):

Dbg = Al ,andDsg = AvAr
2./2G 2./2G

whereDP andD* are the reduced amplitude for body and surfaceesjaespectivelyA is the
peak to peak amplitude in centimetarshe distance to the sourdethe seismic wavelength
in cm andG the gain factor (magnification) of the seismic san The only difference
between these two equations are the different ciioreterms for the geometrical spreading.
The reduced amplitude measurements should be evadids a pure observation parameter
without any physical meaning. It should definitalgt be used for the physical interpretation
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of an ongoing eruption. The reduction of the seisamplitude assumes specific modes of
wave propagation, i.e., body waves and surface syaespectively. As there is no reliable

estimation of the wavefield properties, it is pbsiwith just one or a few seismometers that
the assumption of the degree of geometrical spngadi highly speculative. Also, the effect

of site amplification and the strong scatteringestsed frequently at volcanoes (Wegler and
Lahr, 2001), which depend in general on the solocation, structure and topography of the
volcano, may alter the amplitude-distance relatigmsignificantly. They are neglected in this

approach.

Another way of displaying changes in the radiateismic wavefield is based on the
computation of the de-trended cumulative radiated/gy of the seismograms at a single
station (see Fig. 13.20):

f

2
Poum(fi_21) = Z Z P.(f) —trend
t\f=t,

with Py(t) being the power spectral density during time iraénandf,, f,the upper and lower
frequency for computing the cumulative powend is the slope of the cumulative power,
calculated during a quiet, i.e., baseline actieityhe volcano (see Fig. 13.20).
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Fig. 13.20 De-trended cumulative power of the vertical comgas of all broadband
seismometers at Mt. Merapi during 1998 activityeTkd lines mark the occurrence of two
pyroclastic flows. A steep increase of the total clative power 10 days before the onset of
the first pyroclastic flow is visible, following a ped with very low seismicity. Also the
second eruption is preceded by an increase of ativellpower at two stations, while one
station (blue) was out of operation. The backgromedd was estimated during a low activity
phase in 1997.
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To avoid a fast saturation of the cumulative powadues, a good way is to estimate the slope
of the cumulative power when the activity of thdcamo is on its baseline. This estimated
trend can be removed for each time step resulting de-trended cumulative power plot,
which shows strong deviation from the “normal” bgekund seismicity. Furthermore,
cumulative power can analyze certain frequency gdsde Fig. 13.19a), unlike the power
change in time which resembles the method of RSAMFig. 13.20, the de-trended
cumulative power of three broadband stations at\NMrapi is shown. Note the steep increase
of seismic power roughly ten days prior to thetfesuption. A further increase in cumulative
power is obvious for two stations preceding theosdclarge pyroclastic flow. The third
station was out of operation caused by ash fathersolar panels.

A common way to display information on the curretdtus of a volcano is to count the
different seismic event types in a hourly or dathanner (see Fig. 13.21). While the
interpretation of the type of an event is sometimgsossible or an intuitive judgment when
using only one station, such event/time plots ane eacellent tool for displaying all
information (objective and subjective) within onagle plot. There are many papers which
rely strongly on this kind of activity measuremeriost of the observations are summarized
by McNutt (1996, 2000b). Also in this case, we musnhphasize that, without a
complementary detailed seismological study, thigi$$ a visualization of observed patterns
with, strictly speaking, unknown physical meaning.
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Fig. 13.21 Event-type per day plot during the high actiwfyMt. Merapi during July 1998.
Note the increase of the three event classes b#ferenset of the first pyroclastic flow. Also
note the similarity of the VT-B type event curve ttee occurrence of pyroclastic flows
(courtesy of VSI- BPPTK, Yogyakarta).

On the other hand if knowledge about the hypocen{eee 13.4.3.1) and even source
mechanism is available these event-time plots any valuable in order to evaluate the
activity state of a volcano. At Soufriere Hills eaho (Montserrat Island) it was possible to
distinguish different activity phases with the helpthese seismicity plots (Miller et al.,

1998). Just before the surface activity starts ¢évetbp, a swarm of VT-A earthquakes
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appeared. During cycles of inflation in the uppartf the growing dome a large number of
Hybrid and LP events were detected. Finally, adangimber of surface events, mainly
rockfall signals, were recorded when the dome wettingg more and more unstable. While
these patterns of seismic signals are very impbdanng a high activity phase of a volcano,
it must be emphasized that every volcano and exengtion has its own unique pattern.

13.4.2 Three-component single station

Most modern seismometers are three-component semdoch record the vector of ground
motion produced by seismic waves. Observation ef gharticle motion will not help to
precisely determine source locations and theiratians without a detailed knowledge of the
wavefield properties (e.g., Rayleigh waves, Loverega P or SH and SV waves). Changing
patterns of particle motion may help estimate ttigvly changes of a volcanic system in a
qualitative way, however.

13.4.2.1 Polarization

Seidl and Hellweg (1991) showed results from anatyzhe 3D-trajectories of a single
seismic broadband station at the Mt. Etna volcadtaby] using very narrow bandpass filters.
They argued that the occasional strong variationthe azimuth and incidence angles of the
trajectories might reflect sudden changes of thev@source location. Recent experiments
using array techniques, however, showed that thefiedd radiated from a volcanic source is
a combination of complex source mechanisms anagtpath influences (e.g., Chouet et al.,
1997). Hence, the wavefield consists of a mixtdremany wave types and care must be taken
when only polarization information is available. @Qime other hand, carefully extracted
information and the associated changes of polasizgbattern during different cycles of
volcanic activity may help to identify changes hetstate of the volcanic system (see Fig.
13.22 below).

The use of a broadband seismic station locatee ¢msn active vent, i.e., in the near-field,
improves the quality of source estimations basedsiomple polarization analysis. This is

because of the small influence of the propagatiath pn the near-field. Unfortunately,

complicated source mechanisms, i.e., when the usssmlmption of a point source is no
longer valid, will complicate the interpretation tife observed polarization pattern to an
unknown degree (Neuberg and Pointer, 2000). Alse, rtearly unknown influence of the

topography of the volcano on signals with a wawvgllencomparable to the topographic
obstacle will make interpretation difficult. Recenear-field measurements at Stromboli
volcano (Italy) showed that, in some cases, ayfgiolod estimation of the source region could
be made using just a single three-component broad&i@tion (Kirchdorfer, 1999; Hidayat et
al., 2000) under the assumption of a simple soomeehanism.

13.4.2.2 Polarization filters
When evaluating the polarization properties of galz-seismic signals as part of a monitoring
system, an automatic estimation of parametersasla@gk Best results will be obtained when

focusing on the basic parameters, i.e., the azimatiidence angle and a measure of the
rectilinearity of the signals. Various approachesdl wxtract this information from a
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continuous data stream. Most of them are based leasttsquare fit of the 3D-trajectory of
the seismic vector to a 3D-ellipsoid. Typical algans consist of solving the eigenequation
and simultaneously searching for the orientationth&f eigenvector corresponding to the
largest eigenvalue (e.g., Flinn, 1965, Montalkesttl Kanasewich, 1970):

wherex;, Vi, z represent the components of the i-th eigenvetisrthe identity matrix and;
is the eigenvalue according to the i-th eigenve®@orepresents the covariance matrix of the
3D signal recorded:

Cij = 3 (U —u)(u; - u)

whereu;, u; are the i-th and j-th component of the seismicssemndu;, U, represent the
mean values of the data traces within the analyireel window. A possible way to display
the polarization properties vs. time is to plot tneentation of the eigenvector associated with
the largest eigenvalue (corresponding to the majas of the ellipsiod) in the coordinate
system of the sensor, i.e., its azimdth and incidence angl®i..:

@_ (1) = ata 3_’_19_)) and@; .(t) = ata —————Z—lg—)————j
- Xty SR +¥2(0)

with X, y1, z; representing the eigenvector components of theesargigenvalu@i(>A,>A3).
Note: without any further assumption of the anatiymeave-type, i.e., P, SH or SV wave etc.,
the computed azimuth has an ambiguity of 180 degnebereas the incidence angle varies
between 0 - 90 degrees. Typically, a measure ofab@linearity of the signal’s polarization
(i.e., the relative elongation of the ellipsoidane direction) is computed (e.g., Vidale, 1986):

_ Ao(1) + Ag(t)
L) = 1-(- Q) ~)
L(t) is only larger than O ik, is bigger than the combination of the other twig. E3.22 gives

an example of the variation of the parametegsand©;,c over a long time range at Stromboli
volcano.

Because we have no knowledge of the wave type septed by the computed polarization

parameters, they must be seen as varying actiaitgrpeters rather than interpreting them as
part of a technique for hypocenter determination.
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Fig. 13.22 Long-term variations of incidence angle (a) azdnaith (b) in the 115 time
windows selected from July 1996 to April 1999 ato8tboli volcano. In both panels, solid
and dotted lines depict mean value and standaratitay, respectively, computed over 5to 7
consecutive days in the 17 time windows selectemn fiduly 1996 to April 1999. The
polarization parameters were estimated using tblentque of Montalbetti and Kanasewich
(1970). The variation of this waveform informatiseems to match changes in the activity
states of the volcano (courtesy of S. Falsaperiditulo Nazionale di Geofisica e
Vulcanologia).

13.4.3 Network
13.4.3.1 Hypocenter deter mination by travel-time differences

Modern seismic monitoring networks at active volmasusually consist of at least four to six
seismic sensors distributed in various azimuthsdstnces from the volcanic center. While
continuous signals, such as volcanic tremor orsteams like LF-events, often lack any clear
phase arrival, some signals (VT, explosion quakifh wiear onsets can be located using
standard seismological techniques.

Usually, events with clear P- and/or S-wave onaetsselected visually and the first breaks
are picked interactively. The inversion for the meulocation is frequently done using
algorithms such as HYPO71 (Lee and Lahr, 1975) YPEELLIPSE (Lahr, 1989). Note,

however, that most of the standard hypocenter mh@tion programs are based on the
assumption of a horizontally layered half-space/@nthodels with linear gradients with no
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topography. Also new approaches exist, which ateesiricted to 1D or 2D velocity models

and which try to locate the sources in a non-linpesbability based manner (e.g., Lomax et
al., 2000). However, in most cases no good velogitdels for the monitored volcanoes
exist, and the computed source coordinates, edlyastzen focusing on shallow events, must
be seen just as an approximation of the true hypgeceRelative earthquake locations of
multiplets with similar waveforms can greatly impeothe resolution of volcanic structures
(Rubin et al, 1998; Waldhauser and Ellsworth, 20R&domopurbo and Poupinet, 1995).

There are many papers on the topic of imaging yip@tenter distribution during or before a
volcanic eruption (e.g., Newhall and Punongbay®&961 Power et al., 1994; Chouet et al.,
1994). Very useful information about the geomethytlee plumbing system as well as the
physical properties of the host rocks can be datlbigeanalyzing the time-space pattern of
frequently occurring swarms of deeper earthquaResvér et al., 1994).

Also the migration of hypocenters during a highiaigt phase of a volcano is important in
forecasting the following volcanic eruption. In Fif§3.23, an example of the 1991 Mt.
Pinatubo eruption is shown. The migration of thisree events from a cluster at 5 km depth
north-west of the volcano in A) to a very shalloeedtion directly underneath the erupting
vent in B) is very obvious and possibly marks teeemding magma.
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Fig. 13.23 A) Mt. Pinatubo seismicity during May 6 to May.3Ihe seismic events are
clearly clustering northwest of the volcanic cenBrshows the seismicity between June 1 to
June 12 indicating a shift of the hypocenters tlstv depths and closer to the summit of Mt.
Pinatubo (courtesy of Pinatubo Observatory Team®I)L9EOS Trans. Am. Geophys Union,
72, 545, 552-553, 555).
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13.4.3.2 Amplitude - distance curves

Even in the case of no clear P- or S-wave arrikds sometimes possible to estimate an
approximate source area. Assuming a certain wae (fyody or surface wave), neglecting an
uneven radiation pattern of the source, and asgumisimplified propagation path, it is
possible to compute amplitude-distance curves aodehthe source region. This can be seen
as an iterative approach of fitting or contourihg amplitudes or radiated energy measured in
the whole network. Successful applications of ttashnique were reported for locating
volcanic tremor at Bromo volcano, Indonesia (Gdtésomer and Surono, 2000) and Mt.
Etna, Italy (Cosentino et al., 1984). However, qarest be taken in theepriori assumption of
the wave-type, i.e., body or surface waves. Weghet Luhr (2001) showed that the largest
amplitudes visible in the seismograms recordedhatMt. Merapi volcano are fitted best by
assuming a strong scattering regime, which alsersalthe amplitude-distance relationship.
Also the influence of near-field effects may infhee the amplitude-distance curve
significantly (see Fig. 13.24).
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Fig. 13.24 Upper diagram: amplitude-distance relationship Satomboli volcano; the
amplitudes were measured in the frequency rangé 0.0.08 Hz. The best fit of the
amplitudes at different distances from the actigatwvas obtained when an additional near-

field term was added (A~A?). Lower diagram: same as above but in the frequescge 0.3
- 0.7 Hz. In this case, the best fitting curveduals the usual factor of geometrical spreading

1/A for body waves. It is also obvious that in b) gitkects are more pronounced than in a).
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13.4.4 Seismic arrays

The analysis of seismic signals using array tealgsgis seen as the most prominent and
emerging modern tool for locating volcano-seismignals and evaluating the seismic
wavefield properties (e.g., Chouet, 1996b). Whilestrof the array-techniques are discussed
in Chapter 9, we will focus on some results obtairvéhen applying them in volcano
monitoring and signal analysis.

The main deviation from typical array techniqueganthquake seismology is that the height
differences between the array stations can noelgeeated when the array is deployed on the
flanks of a volcano. The effect of a 3D-distributiof stations can be minimized by fitting a

plane to the station locations, which is possibijypthg according to the topography. One

then transforms all auxiliary information (i.e.asbn coordinates) and refers all estimated
parameters (incidence, azimuth and horizontal sésshto this “best fitting plane”.

13.4.4.1 f-k beamfor ming

One of the most useful properties of a seismicyagdts capability for suppressing undesired
signals by filtering the incoming wavefield in tepatial as well as in the frequency domain.
Thus, we can estimate the coherence, the signatmpadlae azimuth and the apparent velocity
of an incoming wave. Because most seismic signap mto different regions of the
frequency-wave number plane (see, e.g., Figs. @238 and 9.40), f-k beamforming is an
excellent tool to distinguish between the differamve-types. Beamforming can be thought
of as delaying each seismic trace in time such wWetes will add constructively when
summed. The delay times necessary to obtain maxitbeam-power” are used to determine
the direction of wave propagation through the arBsams “aimed” in a direction far from a
source will add destructively and produce a lownalglf the seismic array is located some
wavelength apart from the assumed source areathansipatial extend of the array is small
compared to the distance towards the source, wealsanassume plane-wave propagation.
Under these assumptions it is possible to estithatdackazimuth towards the source and, if
the velocity model directly below the array is kmgwve can also estimate the incidence of
the incoming plane wave. We can then invert for sharce area of the signal (see 9.4.2 -
9.4.4).

Fig. 13.25 gives an example of a broadband f-kyasmalwith data recorded at Mt. Merapi.
Obviously, only the very first part of the signalosvs a phase with high coherence b), which
additionally shows a small slowness c) (high appavelocity). In contrast, later arrivals have
randomly fluctuating backazimuth and slowness \alu® possible interpretation of this
pattern is that the recorded event consists ofria@y-avide coherent body phase (indicated by
the high coherence and red color coding), whichlccde used for locating the event
combining the backazimuth information and, if tredocity model just beneath the array is
known, the incidence angle estimated from the s&ssnThis coherent phase is followed by
randomly incident waves.

Thus, the potential of a seismic array to discratenbetween various types of incoming
seismic waves and to quantify their properties raake f-k beamforming perhaps the most
powerful tool for investigation of continuous sigmdi.e., volcanic tremor). Furumoto et al.

(1990) and Almendros et al. (1997) showed the tesifltracking a volcanic tremor source in
space and time using seismic array beamformingerCQiapplications of large seismic arrays
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have been reported by Saccorotti et al. (1998),u€het al. (1997) and La Rocca et al.
(2000), to name a few.
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Fig. 13.25 Output of a continuous array analysis of a snsaismic array with three
component seismometers: a) shows the waveforms \6T-8 type event at the different
seismometers; b) is the relative power (semblaab&ined by the f-k analysis; c) shows the
overall power in the array in a dB scale while dil @) give the slowness in s/lkm and the
backazimuth in degree of the incoming waves, raspdy. f) shows the array-wide averaged
time-frequency pattern in 8 half octave bands;rg) h) show the incidence and azimuth of
the array wide averaged polarization pattern (igrele), while i) is a measure of rectilinearity
and j) is the planarity of the analyzed signal. Toéor coding of b) to e) and g) to j) is
proportional to the highest semblance value obthinghis signal. The high coherent phase at
the beginning of the signal can be used for beamerisiy towards the source location
(courtesy of M. Ohrnberger, University of Potsdam).
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However, the application of beamforming techniguesolcano monitoring requires high

computer power, rarely available during a volcasisis. In order to reduce it, one can use
the spatial filter properties of seismic arrays apgly the f-k beamforming to steer in one or
several directions of special interest (similarbeamsteering used to detect underground
nuclear explosions; see 9.6 and 9.7.7). Another wayeduce computational processing
includes optimization of searching the maximum teg beam in the f-k plane (i.e., highest
coherence value) by using simulated annealing asdiftplex techniques (Ohrnberger, 2001).

13.4.4.2 Array polarization

As three-component seismometers are becoming #redatd instrument nowadays and
seismic arrays consist frequently of large numioéthree axial sensors, it is also possible to
evaluate the polarization properties of the whail@ya While there is no straight-forward
method to include the polarization properties diyemto the f-k-algorithm, it is possible to
estimate array-averaged parameters of the 3D-taajes. Jurkevics (1988) showed that
array-wide averaging of the covariance matrice® ($8.4.2.2) results in a more stable
estimate of the seismic wave vector (see Fig. )3.Rkevics (1988) also demonstrated the
insensitivity of this estimate to alignment probkemithin the array. With this algorithm it is
also possible to average the polarization proexieer certain frequency bands which is a
further link to the averaging properties of thedstband f-k-analysis (see 9.7).

A further method to incorporate three-componergraa recordings of an array is to compute
the “waveform” semblance (e.g., Ohminato et al.989Kawakatsu et al., 2000). This

approach consists of a grid search over possiblecsolocations and the simultaneous
rotation of the 3D ground motion vector towardssthéypothetical sources. The semblance
value of the L direction is computed. The L-Q-Ttsys is defined by the direction from the

source to the station L, the plane Q perpendidolarincluding the source and receiver, and
the plane T perpendicular to Q. Assuming a sourtelwgenerates solely a compressional
wave in L direction, the energy-density on the ogibnal components should be zero. Finally
the “waveform” semblance should be 1 if the sigeatoherent on all array stations and no
energy is left on the two directions perpendicdtal. On the other hand, the “waveform”

semblance should be zero if there exists only iapatt wave-groups and/or there is still a
signal on the components different to L. It musebgphasized that this approach is restricted
to cases where path effects and the influence effthe surface have no, or vanishing,
influence on the orientation of the particle motioa., low-frequency near-field observations.

13.4.4.3 Hypocenter deter mination using seismic arrays

As described in the 13.4.4.1, it is possible t@kraeismic sources in space and time using
seismic arrays. Unfortunately, the exact seismioony distribution of a volcano is not
known. This results in large uncertainties in eating the location of volcanic-seismic
sources. One possible solution is to use not onéyarray but a network of arrays distributed
around the volcano to compute the backazimuth ef dbherent arrivals for each array
separately and to invert them for the epicentéhefsignal. Applications of this technique can
be found in La Rocca et al. (2000).
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Another difficulty arises when the seismic arraylasated close to the source and/or the
height differences between the array stations atenagligible. Then, the usually assumed
plane-wave propagation is no longer a good appraton and therefore the results are biased
to an unknown extent, because neither the influefitike topography nor the deviation of the

wavefront from a plane wave is exactly known. Imstbase, a better way to localize the
seismic source is to apply a more complicated ambrowhich first uses f-k beamforming to

detect coherent phases within the continuous seisiaiia records, and then to apply two-
station generalized cross-correlation techniquesrder to estimate the time difference of

arrivals between the two stations. Wassermann amak@rger (2001) successfully applied

this technique to localize VT and strong MP eveetorded at Mt. Merapi without the need

of interactively determined onsets.

While this algorithm is only applicable to coheremtd transient signals, algorithms exist
which are based on the migration of coherent phlagek to the source region (Almendros et
al., 1999; Ohminato et al., 1998; Wassermann, 199iijortunately, the computational load
of these algorithms is high and their applicatisnréstricted to the “off-line” analysis of

selected signals of special interest.

13.4.4.4 Classification problem using seismic arrays

When establishing a seismic array at an active avalcit is also possible to revise the
classification scheme used. Besides the usualllyeaptime-frequency analysis (see 13.4.1.1),
we can also use wavefield properties obtained fitterarray analysis to enhance significantly
our discrimination quality. Most recently Ohrnbarg@001) applied speech recognition
techniques on parameters deduced from a contiraayg analysis using data recorded at the
Mt. Merapi volcano. Fig. 13.25 from Ohrnberger (2DQives an example of the output of the
continuous parameterization using seismic arralyrigeies. The key point in this approach is
the assumption that different signal types will whdifferent wavefield properties (e.g.,
coherence, time-frequency behavior, polarizatioopprties and absolute time-amplitude
behavior).

13.4.5 Automatic analysis

During a seismic crisis or in the framework of adeterm seismic surveillance, it is not
possible to apply all the analysis tools describbdve in a visually controlled, interactive
manner. During the October 1996 volcanic crisidat Merapi, nearly 5000 events per day
occurred. This large number of events obviouslglpides any on-line, interactive analysis of
the seismic data.

There are various approaches to automate at leas¢ parts of the routine analysis in a
volcanic observatory (e.g., Patane and Ferrari9l9%he most prominent software package is
called Earthworm (Johnson et al., 1995), develapathly under the auspices of the U.S.G.S.
Many of the techniques described above are implézdem this “real-time” environment,

e.g., continuous spectral analysis, RSAM, SSAMpmaitic event associations, hypocenter
location and magnitude. Mainly designed for momitgriocal earthquakes, the widespread
use at volcano observatories has led to the demaopof new, volcano related modules and
promises new tools in the future. The Earthwormiesysappears to be very flexible and
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capable of being adapted to special requirementiiffarent volcanoes. However, the great
flexibility of this software package entails rathewsmplex and unwieldy setup procedures
when establishing the system the first time.

The software for array analysis and some of the tomis for spectral analysis used in this
Chapter were implemented into the Earthworm systathwill be released after some beta-
testing done through this year (2001).

13.5 Other monitoring techniques

As described at the beginning of this Chapter,nseisgy is generally seen as the most
reliable and diagnostic tool for monitoring a rest or erupting volcano. However, data from
seismological surveillance alone are inadequatetterstand and forecast eruptions. Modern
approaches to monitoring systems will therefore luiol seismology with other geophysical,
geochemical, geodetic and geological techniquelavB@e focus on just a few of the various
ground-based monitoring techniques that are closelgted to seismology. We will not
discuss the wide and fast-developing field of reansgnsing in the volcanological context.
For this we refer, as a good starting point, torf@and Tilling (1996).

13.5.1 Ground defor mation

Closely related to seismology is the monitoringled deformation field caused by a magma
injection and/or hydrothermal pressurization withire volcano's shallow or deep edifice.
Deformation can be considered as an extension @mséogy to lower, quasi-static
frequencies. Modern techniques of monitoring thiomheation signals of a restless volcano
include borehole tiltmeters and/or strainmetetsgtronic distance meter (EDM) networks
and Global Positioning System (GPS) networks. Due to the increasing amount o5 GP
satellites and accuracy, GPS will play an importai¢ in the field of ground deformation
monitoring during the next decades.

The key point of this monitoring technique is tlsswamption that shallow or deep injection of
large volumes of magma below a volcano will caugeiicant deformation of its surface.

There were several successful approaches to fardwmsl980 eruption of Mt. St. Helens
using deformation information (Murray et al., 20@0)d at Hekla volcano, Iceland (Linde et
al.,, 1993). The most recent 2000 eruption of thelddevolcano was accompanied by
significant signals recorded by a cluster of strameters located around the volcano
(http://hraun.vedur.is/ja/englishweb/heklanews.hstibitr). In addition, shortly before the

eruption, increasing seismicity and volcanic trensal to a precise forecast of the following
eruption (see Fig. 13.26). This can be seen asfagbeexample of the interaction of two

different monitoring techniques. In addition, them® many papers dealing with correlation
between seismic signals and ground deformationilau&a volcano (Hawaii; e.g., Tilling et

al., 1987).

A further example of a good correlation between snezble deformation and the appearance
of seismic signals is known from Suffriere Hill eaho, Montserrat Island, West Indies,
where Voight et al. (1998) observed a coinciderstgvben several swarms of Hybrid events
with cyclic changes in the deformation signals.sTéwincidence is very important regarding
the inversion of source mechanisms of this classigefals. This kind of deformation signal,
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in conjunction with magma intrusion into the vol@agrdifice, is known to be very small and
mainly related to the active part of the volcaname. At Mt. Merapi, several clusters of
borehole tiltmeters are installed at the flankg, dnly very weak signals have been recorded
until now (Rebscher et al., 2000). In contrastpregr deformation signals are visible at the
volcano's summit stations (Voight et al., 2000)isTimight indicate that at Mt. Merapi no
large-sized and shallow-situated magma chambetsearsd that the volume of ascending
magma during typical eruptive phases is small. H@anetilt stations at the flanks of Mt.
Merapi and other volcanoes with apparent small nadgmactivity are very useful for
discrimination between the usual small magma inins and possible larger ascending
volumes of magma, which should then produce a mumte pronounced tilt signal.
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Fig. 13.26 The strainmeter data preceding the Hekla 200ptiem are shown. As a result,
three different phases could be defined. Firstlgpaduit was opened between 17:45 to 18:
17. Secondly, a reduced rate of expansion of theesanduit at 19:20 could be detected and
finally all stations showed an increase when thedod was fully opened and magma was
flowing directly beneath the volcano (courtesy dfelandic Meteorological Office,
http://hraun.vedur.is/ja/englishweb/heklanews.hstikin).

13.5.2 Micro-Gravimetry

The appearance of gravity changes at an activeamnolalso reflect possible inflation/
deflation cycles of magmatic material. There isoaplicated interaction between physical
and geometric properties (i.e., density, volumealmn) of the moving material and height
changes caused by the deformation of the surfagevolcano. Therefore, the monitoring of
gravity changes is a challenging task that shoelccdérried out with great care. As height
changes are generally the reason for gravity clmngmvity monitoring should always be
combined with high precision leveling (e.g., EDM®PS measurements). For a reliable and
less ambiguous inversion of the gravity data, adgkmowledge of the velocity structure of
the volcano is needed. Models of the magmatic sy$tem gravity data should be regarded
with caution, unless the conclusions are also sue@dy other independent observations.

36



\ 13.5 Other monitoring techniques |

13.5.3 Gas monitoring

Another important parameter preceding a volcaniap&gon is the volume, velocity,
temperature and composition of the emitted gas faowolcanic vent or fumarole. Volatiles
and released gases are seen as the most impaitang dorces for both an eruption and the
source of volcanic signals (e.g., explosion quakés,MP, volcanic tremor) (Schick, 1988;
Vergniolle and Jaupart, 1990). Different technigoégas sampling are in use, ranging from
routinely collected gas samples in a weekly or rmigntmanner to a continuous analysis
(every 20 - 30 min) of the emitted gas using a dasmatograph (Zimmer and Erzinger,
2001). The high sampling rate in continuous analygi Mt. Merapi revealed surprisingly
short period pulsations (with a duration of 5 hair8 hours; see Fig. 13.27) in the water to
carbon-dioxide ratio as well as in the temperatiire fumarole (Zimmer and Erzinger, 2001).
However, no significant correlation between thissption and the related seismicity could be
found. Only the rhythms in this pulsating gas seusere changed when the number of very
shallow MP-events also increased. This lack of etation of fast sampled gas data and
seismic signals at Mt. Merapi might be caused by iowperfect knowledge of how to
parameterize the seismicity and the gas compositiespectively. Several case studies of
changes in the chemical composition of fumarolicsega including descriptions of the
accompanying seismicity and ground deformatiogjusn by Martini (1996).
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Fig. 13.27 Variation of the gas composition at one of Mt.ri@’'s fumaroles. The gas is
automatically analyzed approximately every 30 n8mg a gas-chromatograph. The analysis
shows a fast changing composition of the gas wiplerdod of roughly 5 hrs (courtesy of M.
Zimmer, GeoForschungsZentrum Potsdam).

Many other papers deal with the long term variaiaf gas prior to a volcanic eruption,
which makes this technique a useful tool for loagrt monitoring (e.g., Stix and Gaonac’h,
2000).
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13.5.4 Meteorological parameters

While not directly linked to the eruptive behaviir a volcano, monitoring meteorological
conditions is important for the proper interpreiatof observed parameters as well as for the
anticipation of possible triggering of volcanic igity. Lahars, i.e., volcanic debris flow, are
often triggered by heavy rainfall which additioiyalveakens the unconsolidated volcanic
material. At Mt. Merapi, small-size gravitationabrde collapses take place more frequently
during the tropical rainy season.

The influence of meteorological conditions on thestalled monitoring equipment is
manifold. Barometric pressure and temperature ammguld cause severe disturbances on
installed broadband seismometers and tiltmetespertively. While these influences can be
reduced by proper installation of the sensors {$26), they are never completely removed.
Spectral analysis of both meteorological and sllareie parameters may help to identify
possible disturbances of the installed sensorsméstioned before, rainfall may trigger
volcanic as well as seismic activity. A good monitg station will therefore also have a
continuously recording rain gauge.

In order to better judge the influence of meteagalal (and also tidal) effects on the sensors
and/or the volcanic activity, continuous long-tenreteorological recordings are needed.
Frankly speaking, this is a difficult and sometimegossible task because of the harsh
environments at many active volcanoes. However ctginuity of such measurements are
among the most important functions of a volcanceoketory.

13.6 Technical consider ations

13.6.1 Site

After selecting a possible site (see 3.1) for @rea@ station or a seismic array, much care
should be taken to protect the sensor from metegicdl and other external effects. In Fig.
13.28a, a sketch of a possible installation schenshown. If a broadband sensor is to be
deployed, extra care must be taken to protect shissitive sensor from temperature and
barometric pressure influences (see 5.5 and 7.4).

The weather conditions at volcanoes at even maglaltitudes can be very rough and may
change rapidly. Protection against rain and ligignis the most important task when
constructing a seismic station. All equipment sdobk placed in water tight casings.
Lightning protection is the most important and, artidnately, the most difficult problem to
solve (see 7.4.2.5). Usually, volcanoes have hegiistivity surface layers (ash, lapilli etc.),
making a proper grounding of the instruments neamiypossible. One of the optimal
techniques to protect the equipment against liggtrdamage is to install a tower in the
vicinity of the station with a mounted copper spwetop. The tower should be grounded as
much as possible and connected entirely with tbargt of the power-sensitive equipment.

Furthermore, lightning protectors should be placeéront of any equipment to reduce the
effect of high-voltage bursts (see Fig. 13.28big)ng cable runs should be avoided or
changed to fibre optics. Using fibre optic cablesdignal transmission also has the advantage
of being insensitive to electro-magnetic effectbio sometimes cause spike bursts on the
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transmitted signals.

water-tight seismometer case

a) buried seismometer vault (concrete)

Fig. 13.28 a) Sketch of a seismometer vault: the sensorldhmei placed in a water tight
casing which is placed firmly on a concrete basdmanorder to isolate the sensor against
temperature and pressure changes due to air tadmgethe void space should be completely
filled with insulating rubber foam or similar (s@e4.2); b) shows a lightning tower installed
at Mt. Merapi, while c) shows additional lightnipgotectors for all sensitive equipment. The
copper plate and all external devices (photo-voltaodules) should be connected to the
lightning tower.

13.6.2 Sensorsand digitizers
Because the seismic signals produced by an actilcamno cover a wide dynamic range, the

choice of the digitizer, i.e., the needed dynaraige, should be carefully evaluated. Modern
digitizers will sample the analog seismometer outpith 24 bit resolution which results in a
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dynamic range of roughly 136 dB (depending on #raing rate). A 16 bit A/D converter
would usually be sufficient, but eruptive phasethwirious large amplitude signals will then
saturate the digitizers’ dynamic range (e.g., plastec density flows, big explosions etc.). So
called “gain-ranging” (i.e., the pre-amplificationill be lowered if the signal is getting
stronger) should be avoided because it will resulbwer resolution and might mask small
but important signals. Best suited are digitizersclv sample with 24 bit resolution but store
the data depending on the recorded peak ampliiuele § bits are stored if the signals are
small and the activity is low, 16 bits when thenatt is increasing and 32 bits if high activity
occurs and the full 24 bit range is used).

If a network of seismic sensors is planned, sew@rake-component short-period instruments
(i.e., with 1 Hz corner frequency) will be suffiote(see 13.3.2). If the near-crater range is
accessible, installing one or two broadband statigre., 0.00833 to 0.05 Hz corner

frequency) will be a good choice. If large (M>4)tbguakes from an active volcano flank or

nearby fault or subduction zone are possible, dmmoadband stations are preferred.

If an array or a network of arrays is to be insthlla mixture of three-component broadband
and short-period one-component seismometers wiusécient (especially when realizing
that there is no straight-forward technique avédafhich includes directly 3D seismic array
data).

13.6.3 Analog versusdigital telemetry

Most of today’s established monitoring networksvalcanoes are designed for transmitting
the data “on-line” to a central data center, gehetiae local volcano observatory. This might
be the main technical difference between a sham-tseismological experiment and the long-
term monitoring of a volcano. From worldwide expexe, establishing a reliable radio line is
a difficult and time-consuming task, which is alsmubject to change when new
telecommunication facilities are constructed nearbyd possibly worsen the data
communication.

There are large differences between analog anthtiigidio transmission regarding data rate,
dynamic range and sites to be selected and distanges to be covered. If a high resolution
Is required (e.g., using a 24 or 16 bit A/D congedt the sensor), the only way to exploit the
full bandwidth of data is to transmit the signalghwa digital radio modem. Meanwhile,
several companies offer spread-spectrum modemshwtaasmit in the frequency range of
roughly 1 GHz and 2 GHz, respectively. The big adage of these digital modems is the
high data throughput (115,200 baud) and the lowgrogonsumption (transmitting power
roughly 1 Watt). On the other hand, the high traissian frequency is the main drawback of
the digital radios. As a rule, the station anddh&a center must be in direct line of sight, with
no hills, trees or other obstacles between thens Minitation should also be kept in mind
when selecting a suitable seismic station site. dreblem of obstacles can be circumvented
when installing several repeaters on the way todtéta center. Even so, the network design
depends on intended radio lines (see also 7.3rdodnation Sheet IS 8.2).

A disadvantage of analog radio communication is lineted dynamic range and data

throughput (usually below 38,400 baud). Most ofitietalled analog radio systems are barely
able to transmit 12 bits and, therefore, the sgymalist be bandpass filtered (e.g., 1 - 20 Hz)
before transmitting. This is not acceptable whestailting a broadband sensor. On the other
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hand, radios are cheap and the typical frequenogsé00 MHz or 400 MHz) will enable a
solid radio link even when the stations are slightlut of sight”.

13.6.4 Power considerations

Most of the stations will be remote and no accesspgower network will exist. Therefore, the
first step is to calculate the expected power comgion of the seismic station. This will
strongly depend on the kind of digitizer and sens®d, whether the data are transmitted by
radio or not and which options for local data stereare desired. Therefore the power
consumption of the field equipment should be extemgtested in the lab before constructing
the power supply at the site and deploying therumsénts. Never trust the optimistic
specifications given by the manufacturer!

Most likely the power will be delivered by photohaic (PV) modules where a variety of
different systems is available. All components aghanitoring installation must fit together,
including the capacity of batteries and solar cearGare must be taken when estimating the
amount of solar-modules needed to supply the stids a rule of thumb, 10% of the
nominal maximum voltage will be supplied by the @lanon average (i.e., using a 50 Watt
module just 5 W are available on average). Voltagktypically decrease when the panels
are installed high up in the mountains. Clouds,wsmw ashfall may further reduce the
effective power output (i.e., 5% or even less).sT$ignificantly increases the number of PV-
modules required. To give an example: if the stationsumes at least 20 W (including radio,
some digitizers, SCSI disks for local storage ey@y will need 400 W panel power which in
the worst case is 8 x 50 W panels at this station!

Also the capacity of the battery must be adequatmase no solar power is produced. On the
other hand, the battery should not be too big pacay as the PV-modules must be able to
recharge the battery in sufficient time. Whenewvessible, alternative power sources should
be used, such as robust wind generators. In casstdition is located near running water, a
small hydro-power engine could be a good altereativ

13.6.5 Data center

All data streams, including those from monitorieghniques in addition to seismic, should be
collected, stored and archived in a central facilib the age of high-performance low-cost
PC’s, few standard computers will be sufficiens&tisfy all needs of data collection, backup
systems, automatic and visual analysis. Becaus&ncons recording of all relevant signals is
preferred over triggered data, a good backup styatecrucial for getting complete and long-
term data. Continuous recording is indispensahbiéniproving our knowledge about volcanic
activity, the underlying physical mechanisms and thlevant parameters to be observed
when aiming at improving eruption forecasting. Witlte advent of DVD disks and CD-
ROMS a good solution would be to write images dldsets onto one of these media in a
daily or regular manner. CD-ROMS in particular assagood data safety to price ratio.

Much public domain software is available for eitlaettomatic (e.g., Earthworm; Johnson et
al., 1995) or interactive analysis (SeismicHand&AC, IASPEI-Software, PITSA/GIANT).
The Orfeus homepage is a good starting point wbekirng for suitable software and for
further contacts (sedtp://orfeus.knmi.n).
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A special requirement of the data center is thelaéity of an “uninteruptable power
supply” (UPS) to guarantee a loss-less data calleceven if the power line of the
observatory is broken. Depending on the qualitthefpower network, a generator could be a
good solution to bypass blackouts which may lageis hours.

Establishing a “quick-response” volcano observatdwying a volcanic crisis of a long-
dormant volcano needs additional equipment andydesiterea of the monitoring network to
be deployed. All equipment, including the data eeffdcilities, should be lightweight, robust
and low power consuming. This demands possible dgades in resolution and data
throughput. A comprehensive description of oneizatibn of mobile monitoring networks is
given in theMobile Volcano-Monitoring System by Murray et al. (1996).
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