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Abstract. We analyze 25 episodes of volcanic tremor 1 Introduction
recorded from 22 November until 31 December 2009 at
Mt Semeru volcano in order to investigate their spectralA key issue that is highlighted during the analysis of time
and dynamical properties. The overtone frequencies for mosseries is what kind of process is generating this observed
of the tremor events indicate a pattern of period-doubling,signal. Linear stochastic processes with infinite degrees of
which is one possible route that can lead a system to chaotireedom have been used in the past to explain irregular or
behavior. Exponential divergence of the phase space orbitbroadband signals, and their Fourier spectrum was believed
is a strong indicator of chaos and was quantified by estimatto be the only tool needed in order to characterize them
ing the maximal Lyapunov exponent (MLE) for all tremor (Hilborn, 1994). Nonlinear deterministic processes famously
events. MLEs were found to vary linearly with the number of documented by Lorenz (1963) for the first time offer a plau-
frequency overtones present in the tremor signals. This imsible alternative to linear models and suggest that a much
plies that the tremor source at Semeru fluctuates between tcher structure may exist in the data. This structure takes the
guasi-periodic state with few overtone frequencies (2—3) andorm of orbits moving in ann-dimensional Euclidean space
small MLEs (~0.013), and a chaotic one with more overtonesthat represent the evolution of the states of the system un-
(up to 8) and larger MLEs (up to 0.039). These results agreeler study. For systems that exhibit energy dissipation the or-
well with the tremor generation model suggested previouslybits always move within a bounded region of the phase space
by Julian (1994), which describes wall oscillations of a crack forming an attractor. If sensitivity to initial conditions exists,
excited by unsteady fluid flow. In this model, as fluid pres- orbits diverge exponentially from each other and the attractor
sure increases, a period-doubling cascade leads to numerobscomes a fractal geometrical object referred to as strange or
new frequencies and a chaotic tremor signal. The temporathaotic attractor. During the last two decades a whole new
variation of MLEs exhibited significant fluctuations from 23 discipline of time series analysis has been established that
until 31 December when the eruptive activity shifted from provides methods to detect and exploit such deterministic
explosive to effusive. Such a situation may reflect variablestructures in the data (for recent overviews see Kantz and
fluid pressure conditions inside the conduit, where at firstSchreiber, 2004, and Small, 2005).
magma is accumulated and subsequently is erupted, releas- Volcanic tremor is a persistent seismic signal that is ob-
ing the buildup of pressure. Our results give further evidenceserved near active volcanoes, lasting from several minutes
for the role of nonlinear deterministic processes in generatio several days preceding and/or accompanying most vol-
ing volcanic tremor and call for similar investigations to be canic eruptions (Konstantinou and Schlindwein, 2003). Ju-
conducted in other volcanoes. lian (1994, 2000) has suggested that any tremor generation
process must necessarily be nonlinear, basing this claim on
the fact that a time-invariant linear system cannot oscillate
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spontaneously, as its output cannot contain frequencies the -
were not present in its input. In this sense Julian argued tha
tremor is most likely an oscillatory response to a steady, nears%
zero frequency input such as stress, fluid pressure or hea
Observational evidence for the existence of such a nonlin- "7
ear process can be found in the systematic relationship be
tween the frequency and amplitude of tremor signals as doc™
umented in Karimsky and Sangay volcanoes (Lees et al. |
2004; Lees and Ruiz, 2008). On the other hand, several stuc
ies have applied nonlinear time series analysis methods t g |
tremor recorded at volcanoes worldwide in order to detect
the presence of deterministic structure (Chouet and Shaw -3
1991; Godano et al., 1996; Carniel, 1996; Carniel and Di
Cecca, 1999; Konstantinou, 2002; Konstantinou and Lin,s3s
2004; De Lauro et al., 2008; Cannata et al., 2010). Their )
results revealed the existence of a strange attractor that d«
scribes the tremor source process in phase space and is char-
acterized by a relatively small number of degrees of freedomFig. 1. Topographic map of Mt Semeru volcano showing the loca-
Mt Semeru is a 3676 m-high stratovolcano that lies on thetions of seismic stations. The inset at the bottom of the image shows
eastern part of Java island in Indonesia (Fig. 1) and is one off1€ location of Semeru on the island of Java.
the most active volcanic centers on the island. The compos-
ite andesitic cone of Semeru consists of two smaller edifices,
namely the Mahameru (old) and the Seloko (younger) edi-val of 100 samples per second, while absolute timing is pro-
fices (Thouret et al., 2007). Based on the Smithsonian Instituvided by GPS receivers. Apart from the instrumental record-
tion global volcanism databaskt{p://www.volcano.si.edy ings, CVGHM has also set up the Gunung Sawur volcano
Semeru has produced numerous eruptions during the lasibservatory about 10 km from the volcano summit for the
200yr, with the majority of them having a Volcanic Ex- purpose of obtaining visual observations of the ongoing ac-
plosivity Index (VEI) between 2 and 3. Eruptive activity tivity. We analyze volcanic tremor recorded during a period
is usually of vulcanian type generating several short-livedwhen a plug of solidified viscous lava had developed at the
eruption columns within one day, as well as less frequentsummit vent and was followed by phreatic and/or steam ex-
lava dome growth and collapse resulting in block-and-ashplosion activity. We select tremor waveforms for analysis
flows. The densely populated area around Mt Semeru is exenly if they conform to the following criteria: (a) there are
posed, due to this activity, to a number of volcanic hazardsno gaps due to transmission problems, and (b) the duration
such as pyroclastic flows and rainfall-triggered lahars. In thisof each tremor episode is long enough Z00s), since the
work, we analyze volcanic tremor signals recorded at Mt Se-methods applied in this study are quite sensitive to the to-
meru during late November—December 2009 in order to detal number of samples in the time series. In total 25 volcanic
rive dynamical properties and their variations. First, we givetremor episodes spanning the period from 22 November until
an overview of the available waveform data and their spec-31 December 2009 were found to fulfill these criteria. Addi-
tral characteristics in terms of a time—frequency representionally, in order to focus only on source characteristics and
tation. Embedding parameters (delay time, embedding diavoid as much as possible propagation effects through the
mension) are then determined for each tremor signal and thaighly heterogeneous volcanic edifice, we chose to analyze
phase space is reconstructed. The maximal Lyapunov expowvaveforms recorded only at the closest station to the active
nent (thereafter called MLE) is a strong indicator of chaosvent. Unfortunately, station PCK, which was installed next
and is estimated with the aim of investigating its possibleto the active Seloko crater, was hit by lightning and was dis-
variations and relationship with the physical mechanism thatabled, therefore we performed our analysis using data from
is causing tremor. station KLP installed 1 km away from the vent.
Volcanic tremor usually starts with a high-amplitude ex-
plosion signal that gradually becomes quasi-periodic, decay-
2 Data and spectral analysis ing slowly with time (Fig. 2). We constructed spectrograms
of each tremor episode using the fast Fourier transform in or-
The Center for Volcanology and Geological Hazard Mit- der to investigate the frequency content variation as a func-
igation (CVGHM) of Indonesia has been monitoring the tion of time by applying an overlapping window with a length
seismic activity at Mt Semeru using five stations (Fig. 1). of 10.24 s shifted by 0.5 s. The high-amplitude explosion sig-
These stations are equipped with short-period sensors hawal at the beginning exhibits high frequency content that later
ing only vertical components recording at a sampling inter-switches to well-defined peaks consisting of a fundamental
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Fig. 3. Diagram showing the number of different frequency over-
tones for each volcanic tremor event under study.
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time series (such as a seismogram) a multiple of the sampling
n — - — — interval is used, whilen is the embedding dimension.
400 ) B .
Time (5 There are two methods for estimating the delay time re-

Fig. 2. Vertical velocity waveform and corresponding spectrogram quired by the embedding theorem from an observed time se-

for event #20 that was recorded on 23 December 2009 (see Table 15i€S- The first is to calculate the autocorrelation function of
First and last parts of the sequence are signals related to eruptive adi€ data and select asthe time of its first zero crossing.
tivity having a broader spectrum. The inset on top shows an enlarged he second method makes use of a nonlinear autocorrelation

section of the tremor waveform delineated by the red lines. function called average mutual information (AMI) that is de-
fined as (Fraser and Swinney, 1986)

o

o

frequency and numerous overtones. Significant shifting of! (t) = Zpij () In(pij (7)) — ZZ pi(7), 2
Ehgsg p:eaks to higher or lower frgquenCIes (often termed a\?Vhere pi is the probability that the signadr) will take a
gliding”) has not been observed in the tremor events undervalue inside theth bin of a histoaram and bii is the prob-
study, probably implying a rather stationary source process. , .. o gram a .pJ, P
For the purpose of quantifying the number of overtones inat.)'“.ty than(t) IS in bin ; ar_1ds(t +.T) IS in bin j. The f'r?'t

each tremor event we count frequency peaks having heightrsmn!mum inthe A.MI grgph IS ‘?Of‘s'de“?d as the most suitable
larger than 5% of the maximum amplitude in the spectrumChOICe for delay time, since this is the time whgn+-) adds

(Maryano et al., 2008). Figure 3 shows the number o over- T2 TIECEE BE TERECHENE TR 0
tones defined in this way for each of the 25 tremor events se:,

, X . t@e autocorrelation function and AMI using time lags in the
lected, where it can be seen that this number varies between I
range of 0-50 (0-0.5s), and an example can be seenin Fig. 4.

and 8 while the fundamental frequency takes values betweeg th methods aiv nsistently th me val f the del
0.5 and 2 Hz. These observations are similar to the ones re=° ethods give consistently the Same values of the delay

ported earlier by Schlindwein et al. (1995) for the Semerug?;r(g::gsevcit; Sir:r?ilirl)stfsgigg trgrrpot::nz\(/jeni,\/;/(\)lzgh EZ In
tremor where the authors noted 2-11 overtones and fund P P yi€.9.,

oo alionstantinou and Lin, 2004). In order to cross-check this re-
mental frequencies in the range of 0.5-1.8 Hz. . . .
sult we also constructed two-dimensional phase portraits for
different delay times with the aim of examining the resulting
3 Estimation of embedding parameters orbit geometry. It is expected that if the delay time is suit-
able for embedding, the orbits should not be aligned along
The delay embedding theorem first suggested by Takenthe diagonal of the phase portrait. We find that the delay time
(1981) and later mathematically proven by Sauer et al. (1991yalues determined earlier result in phase portraits with orbits
is applied for the phase reconstruction from the tremor timethat are spread around the diagonal (Fig. 5).
series. This theorem states that a series of scalar measure-The sufficient embedding dimension is estimated using
mentss(r) can be used in order to define the orbits describingthe false nearest neighbors method developed by Kennel et
the evolution of the states of the system invamlimensional  al. (1992). The basic principle that the method is founded on
Euclidean space. The orbits will then consist of pointgith is that the orbits of a chaotic attractor should not intersect

co-ordinates as follows: or overlap with each other. Such an intersection or overlap
may result when the attractor is embedded in a dimension
x=s5),s(t+71),....s(+(m—-D1), (1) lower than the sufficient one needed by the delay embedding

theorem. In this way, two points are considered as true neigh-

wherer is referred to as the delay time and for a digitized 55 oy if the dynamic evolution of the orbits brought them
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Fig. 4. Example of delay time selection for event #28) shows the variation of average mutual information (AMI) as a function of time
lag. The arrow highlights the first minimum of AM(b) shows the variation of the autocorrelation function as the time lag varies. The arrow
shows the first zero crossing.
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Fig. 5. Two-dimensional phase portraits of the volcanic tremor attractor for event #25 reconstructed using different delay times.

close, and they are termed as false neighbors if they are closare false neighbors they will be stretched to the extremities
because of the projection of the attractor to a lower dimen-of the attractor when they are separated at dimengiri.

sion. By comparing the Euclidean distance of two points inThis procedure is repeated for all pairs of points at higher
two consecutive embedding dimensiehandd +1 itis pos-  dimensions until the percentage of false neighbors becomes
sible to decipher between these two cases. If the ratio of theseero, and then the attractor is unfolded. We use valuesifor
distances is greater than a predefined valuthen the two  the range of 9-15 and find that there are no significant differ-
points are false neighbors. An additional criterion for char- ences in the resulting embedding dimensions, in agreement
acterizing two points as false neighbors is that their distancevith previous studies (e.g., Konstantinou, 2002). An example
in dimensiond + 1 should be larger that/s whereo is the of the results obtained can be seen in Fig. 6, while a summary
standard deviation of the data around the mean. Sincen  of the embedding parameters is given in Table 1. The embed-
be thought of as a representative measure of the size of thding dimension for the tremor events considered varies from
attractor, the latter criterion reflects the fact that if two points a minimum value of 5 to a maximum value of 7.
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Table 1. Estimated delay timer() and embedding dimensiom} : | ' . ' .
for each of the 25 volcanic tremor episodes under study. 1.0 A B
w» 09 =
Event # Date Onset Number Delay Embedding 5
. . ) i 3 08 - |
time of time dimension S
(GMT) overtones  f) (m) S 0.7 - -
1 22Nov09 23:39 3 10 5 g 0.6 - =
2 4Dec09 01:31 3 8 7 b
3 9Dec09 04:35 4 8 6 8 054 i
4 11Dec09 02:57 2 8 7 B 04 - B
5 12Dec09 20:52 4 8 7 £
6 14 Dec 09 09:03 4 7 7 £ 034 B
7 14Dec09 17:50 2 9 7 S 5o B
8 15Dec09 23:40 8 9 5 Sl
9 16 Dec09 12:17 4 9 6 0.1 =
10 17 Dec 09 10:58 5 8 5 - _ _
11 18 Dec09 02:14 5 10 6 : ! b R
12 19 Dec09 04:38 4 10 6 2 3 4 5 6 7 8 9 1
13 20Dec09 01:24 4 9 7 : : .
14 21Dec09 23:08 5 10 5 Embedding dimension
12 ;g 822 83 88;2‘21 i g g Fig. 6. Diagram showing the distribution of the percentage of false
17 23Dec09 0201 4 9 5 nearest neighbors as a function of the embedding dimension for
18 23Dec09 03:48 5 8 5 event #25.
19 23Dec09 06:31 5 9 5
20 23Dec09 18:11 5 8 5
21 26 Dec 09  00:32 4 1 6 xn0- A plot of the stretching facto§ versus the number of
22 26 Dec 09 04j18 3 9 6 points N (or the equivalent time = N§¢) will yield a curve
23 30Dec09 17:02 3 8 7 ; . , o
24 31Dec09 20:24 6 8 5 with a linear increase at the beginning, followed by a flat re-
25 31Dec09 03:51 5 8 6 gion. The first part of the curve represents the exponential in-

crease ofS as more points from the orbit are included, while
4 Estimation and characteristics of MLEs the flat region signifies the saturation effect of exponential di-
vergence due to the finite size of the attractor. A least-squares
An important indicator of chaotic behavior is the exponen- fit for the slope of the linear part of the curve would then give
tial divergence of nearby orbits in the phase space, whickn estimate of the MLE.
is expressed through the Lyapunov exponents. Chaotic pro- We applied the method described above to the 25 tremor
cesses therefore have at least one finite and positive Lya€vents using the embedding parameters determined previ-
punov exponent: for linear processes this exponent is zerdusly. The minimum value of was taken as the data interval
while it becomes infinite for stochastic processes. In generaldivided by 1000, while in order to avoid temporal correla-
for an m-dimensional phase space the rate of expansion ofloNs among consecutive points in the phase space, we use
contraction of orbits is described for each dimension by one2 “Theiler window” (Theiler, 1990) of 500 as recommended
Lyapunov exponent’ resumng im different Lyapunov ex- by Kantz and Schreiber (2004) The curves for all events ex-
ponents of which some are zero or negative. It should pehibited clear linear increase regions with some fluctuations
noted that for practical applications the main interest is fo-superimposed on the linear part (Fig. 7). These fluctuations
cused on the largest of these exponents, as it can be readifan be explained based by the fact that the stretching factor
estimated from time series data. Towards this end, we applys just an average of the local stretching or shrinking rates
the method suggested by Rosenstein et al. (1993) for calcyh the attractor, therefore these different rates may not be al-
lating the MLE for our tremor events. After reconstructing Ways smoothed by the averaging process of the algorithm.
the phase space using suitable valuestf@ndm, a point ~ For each curve of the stretching factor we first define the lin-
x40 is chosen, all neighbor points, closer than a distance €ar part by including only the portion of the curve that max-
¢ are found and their average distance from that point is calimizes the correlation coefficient then we obtain the slope
culated. This is repeated fo¥ number of points along the of the line after a least-squares fit using a maximum likeli-
orbit so as to calculate an average quanﬁtknown as the hood estimator (PreSS et al., 1992) The correlation coeffi-

stretching factor cient was found in most cases higher than 0.85, except from
two events that also exhibit the smallest MLEs. For the pur-

S 1 ﬁ: (In 1 Z Xy — x |) 3) pose of cross-checking whether some curves may exhibit a
N = [txnol R power law rather than exponential behavior, we plotted each

_ _ _ curve in a doubly logarithmic scale. Again, we find clear lin-
whereu,,, is the number of neighbors found around point  ear increase for all tremor events and we conclude that the

www.nonlin-processes-geophys.net/20/1137/2013/ Nonlin. Processes Geophys., 20, 11852013
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-35
- Table 2. Summary of the results of the estimation of maximal Lya-
punov exponent. The correlation coefficientefers to the linear
o 40 part of the stretching factor curve.
o
% 454/ L Event# Number r Lyapunov  Error of
£ of (correlation exponent  Lyapunov
o samples coefficient) A exponent
g 1 47800 0.93 0022  #5x10°3
2 114600 0.69 0.013 5% 1073
55 —— T 3 92300 0.9 0.024 45x 1073
0 10 20 30 40 50 60 70 80 90 100 4 92 700 067 0013 15 x 10—3
@ Number of points (N) 5 131900 0.9 0.019 A43x10°3
6 84500 0.89 0.02 25x 1073
= E — 7 64800 0.872 0.013 23x 1073
8 90200 0.95 0.027 33x 1073
@ 9 35600 0.94 0.021 43x10°3
<} 10 56200 0.96 0.03 55x 1073
k: 11 112800 0.93 0.017 83x 1073
o 12 54900 0.92 0.015 83x 1073
£ 13 115200 0.95 0.018 B3x 1073
% 14 68600 0.95 0.026 87x 1073
15 105700 0.97 0.023 3% 1073
16 249200 0.96 0.026 3% 1073
17 22400 0.96 0.023 A5x 1073
18 34900 0.96 0.034 60x 103
(b) Number of points (N) 19 111100 0.91 0.027 50x 1073
) o ) 20 34400 0.97 0.039 A43x 103
Fig. 7. (a) Example of the estimation of MLE using the method of 21 86400 0.92 0.013 23% 10-3
Rosenstein e_t _al. (199_3) fqr event #b6) The same plqt as above; 22 83800 0.93 0.019 3% 103
o_nIy thex axis is logarithmic (see text for mor.e de_talls). The por- 23 97800 091 0.016 13x 10-3
tlon_of _the curve used for _the Ie{?\st-squares line fit starts from the o4 80300 0.95 0.036 55 10-3
beginning until the saturation point shown by the blue arrow. The o5 24000 0'93 0'027 .113 10-3
. . . X

red line represents the resulting least-squares line fit.

exponential divergence is a real feature of the observed time -

series. Table 2 lists the estimated MLE for each tremor even 0,040 -096+0.0059)+(0.036:0.0004n

along with the corresponding error of the least-squares fit. < 1 ' o —

The relationship of the MLE and the number of overtonesg %%%°7 /

present in each of the tremor events can be seen in Fig. 5 |
In general, there seems to be a linear relationship betwee,_% |
the two quantities, implying that the addition of more over- 2 0.025
tone frequencies results in an increase in the MLE. However 3 1

a [ ]
more observations are clearly needed in order to validate thi 5, 00207 o
relationship. A more careful look at the spectral analysis re-x 0_015_' e
sults (cf. Fig. 3) reveals that for every three consecutive fre-= | °
quencies the one in the middle lies midway from the other 0.010 : S S S
two (except from events #4 and #7, which have only two 2 3 5 6 7 8

frequencies). This pattern resembles the well-known period- Number-aFhameonics (n)

doubling process that is one of the routes a system mayg g piagram showing the relationship between the number of
take in order to reach chaotic behavior (Hilborn, 1994). It frequency overtones and the values of MLE. The red line indicates
should be noted that Julian (2000) had recognized a simithe result of the linear regression that was applied to the data. The
lar pattern in the spectral analysis results of Schlindwein etcorrelation coefficient?, the slope and intercept along with their
al. (1995) for the Semeru tremor. We also constructed theerror estimates are shown in the upper left hand corner of the plot.
temporal variation of MLEs within the period spanned by

0.030

N
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the selected tremor events (Fig. 9). From 22 November (Ju- oous]  Number of

overtones

lian day 326) until 23 December (Julian day 357) the MLEs ool  H2
exhibit fluctuating values ranging between 0.013 and 0.030, voss ] Fj !
and the highest MLE value~(0.039) is registered in the af- ' B s
ternoon of 23 December. For the next four days a significant = °“1

0.025 4

drop is observed, only to be followed by a sharp increase l \/\ /\/\

again on 31 December (Julian day 365). Figure 9 also shows 7 ° \/\ — .
C . . . / .

the temporal distribution of the number of eruptions per day 0015 | / A .

during the same period when tremor events were occurring. = oot * '

It should be noted that visual observations start on 4 Decem- s

ber, hence there are no observations before this date. Eruqé)

tive activity seems to be most intense at the time when the

MLE values exhibit fluctuations, while it almost ceases af- 151

Maximal Lyapunov Exponent

T T T T T T T
325 330 335 340 345 350 355 360 365
Julian Day

ter 23 December when MLE values have a sharp reduction.
All of these eruptions produced visible white smoke with an 1“3’ 1o
estimated column height of 100—200 m. Unfortunately, low g
visibility due to the fog that had covered the Semeru edifice g
did not allow the obtaining of further visual observations of 3 °1
the eruptive activity during early January 2010. E
0 ;25 330 335 340 345 350 355 360 365
(b) Julian Day

5 Discussion
Fig. 9. (a) Diagram showing the temporal variation of MLEs and
Volcanic tremor signals similar to the ones recorded atits relationship with the number of overtones for the tremor events
Mt Semeru have been observed at several other volcanoasder study. The vertical bars indicate the corresponding error of
worldwide such as Sangay in Ecuador (Johnsson and Leesach MLE estimate. Number of frequency overtones for each tremor
2000), Arenal in Costa Rica (Hagerty et al., 2000), Karim- event is also shown using a color scdl®. Temporal variations of
sky in Kamtchatka (Lees et al., 2004) or Sakurajima in Japamumber of eruptions per day for the same time_: period as registered
(Maryanto et al., 2008). A common characteristic of all thesePY th€ Gunung Sawur volcano observatory. Visual observations of
volcanoes is the development in the top part of their Conduiteruptlons startfrom 4 D_ecember (Julian day 338) until 31 December
L L . (see text for more details).
of a plug, which is a solidified portion of magma that was not
erupted. The plug effectively seals the conduit, prohibiting
the escape of gas that is progressively accumulating below
it. Once the gas pressure inside the conduit exceeds a critif volcanic tremor without any audible sound being heard at
cal threshold, an explosion occurs that may destroy the plughe CVGHM observatory site. The white smoke implies that
completely, propelling material out of the active crater. Al- gas rather than ash escaped into the atmosphere, therefore
ternatively, the gas explosion may only damage the plug bythe magma flow rate in the conduit did not change signifi-
creating fractures that can play the role of pathways for thecantly. Until the end of December 2009 there were no obser-
gas flow. Volcanic tremor signals are in this respect the osvations of pyroclastic flows, lava incandesence or rockfalls
cillatory response of these fractures as the gas flows througbriginating near the crater. The number of explosions and
them. After the gas has escaped and the pressure inside thehite smoke columns decreased considerably after 23 De-
conduit has been lowered, the fractures may close until gasember to only one or two in one day. Finally, in the morning
pressure in the conduit increases again and the cycle begirt®ours of 31 December a lava tongue was observed on the
anew. Many authors have pointed out the similarity of the flanks of the volcano at a distance of 200 m from the Seloko
fractured plug with the reed of a wind instrument like the crater rim.
clarinet (Lesage et al., 2006), or with the valve that intermit- The existence of finite and positive MLEs in volcanic
tently releases steam in a pressure cooker (Johnson and Ledsgemor signifies that a nonlinear deterministic process may
2000). play a dominant role in the generation of these signals. The
The visual observations provided by the CVGHM obser- variations of MLEs also demonstrate that the system essen-
vatory, which lies a few kilometers away from the active tially fluctuates between two states, an almost quasi-periodic
vent, seem to corroborate a tremor source mechanism sudfwith few overtones, small MLE values) and a chaotic one
as the one described above. The formation of a plug clos{more overtones added, larger MLE values). Such variations
ing the active conduit at Seloko crater was observed duringagree rather well with the predictions of the tremor gener-
November 2009. After that several explosions occurred ev-ation model suggested by Julian (1994) where tremor re-
ery day, followed by visible white smoke and the recording sults from oscillations of the walls of a fluid-transporting
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planar crack excited by unsteady flow. The crack may con- where fluid can escape from the conduit through a frac-
nect two fluid filled reservoirs, or alternatively one fluid ture. In this context, as fluid pressure increases below
reservoir with the Earth’s surface. Numerical simulations of the plug, the character of the tremor signal changes by

this model show that as the pressure inside the reservoir grad-  the inclusion of more frequencies and the shifting from
ually increases, the character of the wall oscillations changes guasi-periodic to chaotic behavior. This process may
through a period-doubling cascade from periodic to quasi- be reversed when there is a reduction in fluid pressure
periodic and finally to chaotic by the progressive addition when fluids escape into the atmosphere.
of frequencies to the tremor signal. At Semeru it is possible
that a fracture in the plug could have functioned as the fluid-  Finally, it should be mentioned that the results presented
transporting crack, while the conduit below the plug would here point to the necessity for conducting a similar analysis to
represent the reservoir. In this context, we interpret the fluctu-other volcanic tremor data sets that exhibit similar transitions
ations observed prior to 23 December as fluid pressure variafrom quasi-periodic to broadband behavior and vice versa.
tions indicating cycles of fluid accumulation beneath the plugThis would help to further constrain the relationship between
and its partial escape into the atmosphere. Accumulation othe number of overtones and MLEs, as well as the temporal
fluid is probably faster than its removal, therefore there is avariation of MLESs with respect to the eruptive activity.
peak in MLE values during 23 December followed by a sig-
nificant decrease on 26 December. This sudden change can
be interpreted as fluid pressure decrease when the activitgcknowledgementsie would like to thank the National Science
shifted to effusive mode; lava slowly filled the Seloko crater Council of Taiwan for financially supporting the first author and
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