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Abstract

Volcanoes can produce a range of erupti ‘e otavior even during a single eruption, changing quickly from
effusive to explosive style, and the ~ther way around. The changes in eruption phases (e.g. phreatic
explosion, magmatic explosion, la *a extrusion, etc.) can lead to different volcanic hazards and require
timely assessment for the mplt mentation of mitigation measures. Here we explore how to correlate a
given eruption phase with changes in the monitoring data using statistical analysis and conditional
probabilities. We calculate the success of detection of an eruption phase using a threshold of monitoring
data, which includes the uncertainty on the eruption phase dates with a Monte Carlo simulation. We apply
the method to dome forming eruptions of Mt. Merapi (Indonesia) and evaluate their time occurrence using
an exceptionally long monitoring time series (from 1993 to 2012, over nineteen years) of Multiphase
(Hybrid) Seismic Energy. We identify the seismic energy threshold that is associated with the lava
extrusion phase with an accuracy of 90 +/- 2%, precision of 73 +/- 2%, specificity of 96 +/- 1 %, and

sensitivity of 56 +/- 1%. We further test our method with the recent 2018 eruption (not used in the



thresholds calculations) and we identify the lava extrusion with a precision of 67%, specificity of 70%,
and sensitivity of 92%. We also seismically detected the 2018".s onset of the lava extrusion phase 14 days
earlier than the visual observation. Given the link between dome-collapse pyroclastic flows and growth
episodes of the lava dome at Merapi, our analysis also allows us to establish that 83% of the most
energetic pyroclastic flows occur within the first 3 months after the onset of lava extrusion phase. Our
method can be applicable to a range of time series of monitoring data (seismic, deformation, gas) and to

other volcanoes that have a significant number of past events.

1. Introduction

Understanding the dynamics of volcanic eruptiorz heir rikely eruptive style, and how they
evolve through an episode of unrest are amorn «.*2 most important and still challenging problems
in volcanology. The physical nature of volu:nic systems is highly complex and involves many
parameters, which makes it difficult « approach using deterministic models (Sparks, 2003).
Thus, assessment of the volcanc stawus and forecasting models commonly rely on statistical
methods based on the past eruy.tive behaviour, including uncertainties and fluctuations inherent
to the volcanic system (.g., Newhall and Hoblitt, 2002; Marzocchi and Zaccarelli, 2006; Selva
et al., 2014; Tonini et 2'., 2016; Bebbington and Lai, 1996; Bebbington and Jenkins, 2019;

Pesicek et al., 2021).

The proper assessment of volcano-related hazards depends largely on our ability to identify the
monitoring data and patterns associated with a given eruption phase. The success of event
detection relies on data quality (e.g. accuracy, completeness, consistency) as well as on the
number of times the event has occurred in the past. To use statistical analysis, it is essential to

have significant eruptive and monitoring datasets formatted in a consistent manner. The



WOVOdat database of volcanic unrest is one of such standardized resource that allows for the

comparison of unrest patterns between eruptions (Newhall et al., 2017; Costa et al., 2019).

The identification of the change of a volcano’s normal to an unrest state, and the further
progression towards eruption is largely based on the availability of time series monitoring data,
including geophysical, geodetical, geochemical, and hydrological signals (e.g. Newhall &
Dzurisin, 1988; Shroder & Papale, 2015; Loughlin et al., 2015; Sottsmann, 2019). Analysis of
the monitoring data can be used to identify threshold values as t'ie v lcano moves from one state
to the next (Potter et al., 2015), or to apply auto-regressive mo Jels to classify unrest intensity

(Carla et al., 2016).

The recent advancement of satellite remote srno'no techniques allows detection of volcanic
activities in the form of continuous time s riec data e.g. thermal, deformation, gas emission (e.g.
Coppola et al. (2016); Flower and Cari, (2015); Reath et al. (2019)). Challenges to exploiting
satellite data include ensuring regi!~r ¢ more frequent acquisitions over active volcanoes and
developing tools for automatea ~nalysis of the massive volume of imagery for volcano-related
signals (Arnold et al. (2027, Poland et al. (2020)). Despite the advantages of satellite remote
sensing, these tools stro.gly depend on the weather conditions, therefore is essential to also

correlate other ground-based monitoring data.

The temporal evolution of unrest can be manifested by various types of eruption phases (e.g.
phreatic explosion, magmatic explosion, lava extrusion, etc.), which also define the eruption
chronology (Costa et al. (2019)). An eruption may consist of many phases (Global Volcanism
Program (2013)). Some examples at different volcanoes have been illustrated and described in a

chronological manner by Bebbington and Jenkins (2019). Long-duration volcanic eruptions



provide an ideal target for studying temporal evolution of magmatic processes (Bebbington and
Jenkins (2019)), the transitions between eruptive style and the underlying processes (Cashman

and Sparks (2013); Segall (2013); Watts et al. (2002); Arnold et al. (2017)).

We have developed a method for eruption phase detection using a simple statistical procedure
that correlates the eruption phases with the values of monitoring parameters. We calculate the
probability to observe an on-going lava extrusion phase at Mer7pi (Java, Indonesia) using the
multiphase seismic energy as the indicator parameter. As therc are no accurate dates for
the *beginning’ and ’end’ of the lava extrusion phases (du. to a lack of data or discrepancies
between reports) we used Monte Carlo simulations to ranac mly consider different lava extrusion
phase chronologies and calculate their respecti.c conditional probabilities. We assess the
efficiency of the detection of lava extrusion ~haces using different seismic energy thresholds by
calculating the accuracy, precision, specificity, and sensitivity (defined in detail in Section 3.2.1).
Growing domes tend to collapse ani +,~nerate pyroclastic density currents, and thus we also
explore this relationship and cai~ulae the probably of occurrence with the view of better

evaluation of hazards related to .'arne eruptions.

1.1.Previous woi ks *eyarding anticipating eruptions of Merapi

Merapi is among the most hazardous volcanoes in Indonesia, and is well-known for its lava
extrusion phases that produce dome growth, dome-collapse, and associated hazardous “Merapi-
Type” pyroclastic flows (Voight et al., 2000; Newhall et al., 2000; Ratdomopurbo & Poupinet,
2000). The accurate identification and eventual forecasting of lava extrusion phases is thus of
great importance to mitigate the impacts of the associated pyroclastic flows (PFs) generated by

dome collapse (Calder et al., 2002; Ogburn et al., 2015). Anticipating the evolution of dome



growth is very difficult since lava extrusion dynamics are highly nonlinear (Melnik & Sparks,
1999) and are strongly controlled by the volcano’s summit morphology (Walter et al., 2013;

Zorn et al., 2019).

Previous analysis of monitoring data of Merapi eruptions include those of Ratdomopurbo and
Poupinet (2000), and Young (2007) who used the monitoring geophysical data to compare
different eruption phases and assess precursor signals (in hindsight) to gain a better
understanding of the driving mechanisms of dome collapse even.s at Merapi. Moreover, the
Center for Volcanology and Geological Hazards Mitigation { ~V(;HM) of Indonesia developed a
fuzzy inference system using a local instance of the VWO\'Odat system at Merapi observatory,
and analysed multi-parameter monitoring data (e 3. seismic counts, EDM-distance changes) of
five past unrest events (Budi-Santoso et al. 20.%a). The indicators obtained were then used as
the input of a model which yielded two outpu: variables: the alert level change and eruptive style

(effusive or explosive).

An important aspect to be corcidered for detecting Merapi’s dome eruptions is the accurate
identification of the onset 2nu ~uration of the lava extrusion phases. This is not straightforward
due to a variety of reasoi.> Including the limited access and visibility of the active lava dome, the
slow extrusion rate and endogenous regime of lava dome growth (Voight et al., 2000b, Young,
2007), the numerous and intermittent explosions (Pallister et al., 2013; Budi-Santoso et al., 2013),
and the occurrence of multiple vent extrusions sites (Voight et al. 2000a, Ratdomopurbo et al.,
2013). Proper identification of onset and evolution of lava extrusion phases is however
necessary to anticipate their potential hazards including the generation of PFs caused by dome

collapse due to gravitational instability or heavy rain (Carn et al., 2004; Hale, 2008; Walter et al.,



2013), dome fractures that suddenly release the pressure in the lava conduit (Watts et al., 2002;
Walter et al., 2015), or/and hydrothermal alteration of the dome permeability (Heap et al., 2019).
In most cases the dome-forming eruptions are also associated to explosive phases (Newhall &

Melson, 1983; Ogburn et al., 2015; Calder et al., 2015).

Another important aspect for detecting lava extrusion phases is to be able to correlate them with
some type of monitoring data. Hybrid volcanic earthquakes, characterized by high-frequency
onsets and with low-frequency tail seismic signals (e.g. Power ef ! 1394; McNutt, 2005), occur
during shallow brittle rock failure that may relate to dom: b.'lding processes (Wassermann,
2012 Harrington & Brodsky, 2007; White & McCauslz...'! £916). In general, these earthquakes
are shallow and thus preserve most of their high-freg'.ency energy (Neuberg et al., 1998). The
seismic energy has been used to characterize tr+ si.c, generation and transport of PFs at Merapi
(lguchi et. al., 2019) and other volcanoe. . e.g.Yamasato, 1997,; De Angelis et al., 2007).
Brodscholl et al., 2000 used seismic “roodband data to characterize the 22 November 1994
sequential lava dome collapse PF at Merapi, where the seismic signal exhibits a linear relation
between source volume and >cosded seismic-amplitude envelope area. PF and Rockfall (RF)
seismic amplitude-duratirn u.>ta were used as proxies to estimate collapsed lava dome volume of

Merapi (Young, 2007).

At the Merapi observatory, hybrid volcanic earthquakes are classified as multiphase (MP)
earthquakes Fig. 1 (Budi-Santoso et al., 2013). We use Merapi’s Seismic Energy time series of
MP and PF earthquakes covering a period of almost 20 years from 4 February 1993 to 31
December 2012; this period of time includes 7 lava extrusion phases (described in section 2.2).
The time series data, the eruption chronology, and the tools are also available and freely

accessible in WOVOQOdat (www.wovodat.org).
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Figure 1 Examples of the multiphase (MP) and pyre~'asu, ~ flow (PF) seismic signals recorded at Merapi. The waveform (left
panel) and spectrogram of the waveform (right p. 'nr.) .. "2 shown. A) MP earthquakes from 14 June 2006 and 26 October 2010 ;
b) PF earthquakes from 14 June 2006 and 26 C_*obe - ~010.

2. Seismic and historic~| el uption phases

2.1. Seismic Data

The modern seismic monitoring network at Merapi (Fig.2) was operational in 1982
(Ratdomopurbo & Poupinet, 2000). It consisted of 7 stations equipped with short-period
seismometers (Mark Product L4C); the location of the 4 main seismic stations used in this study
are shown in Fig 2. The Pusunglondon (PUS) station is 0.9 km from the crater, and is the main
reference station used to routinely monitor Merapi seismic activity including drum plot manual

reading to determine earthquake type, daily earthquake counts, first arrival phase and calculation



of seismic energy (Budi-Santoso et al., 2013). The Klatakan (KLA), Deles (DEL) and Plawangan
(PLA) seismic stations are located within a radius of 5.3 km from the crater and are typically
used as the secondary reference stations to validate PUS readings. Most of the instruments of
these stations were replaced after the PF of the 2010 eruption destroyed them, first the KLA
station on 3 November and later the PUS and DEL stations on 4 November (Budi-Santoso et al.,
2013); later the seismic activity was registered only using the PLA station. Moreover, the large
amplitude of the low-frequency (LF) seismicity during 2010 saturewcd the other signals, and thus
it displays unusually low (belowl0 MJ) MP energy values. The = etadata with instrument and

operational details is described in Tables 1 and 2.
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Figure 2. Location of the four main seismic stations at Merapi network, composed of short-period and broadband stations
operated between 1994 and 2018, overlaid on top of Merapi shaded relief map based on DEM from Gerstenecker et al. (2005)
combined with 2012 Lidar and 2018 drone surveys performed by CVGHM. PUS seismic station, location marked in red star, is the
primary reference station for the measurement of MP and PF seismic energy. KLA, DEL and PLA seismic stations marked by
yellow stars are the seismic stations referred to for the determination of earthquake type.



Natural Damping
Start Date End Date Seismometer Components
Frequency (Hz) factor
4™ November | Mark
1982 1 3 0.8
2010 L4C3D
December,
April, 2011 Mark L22 2 1 0.7
2016
December,
now Sercel LAC 1 | 1 0.8
2016
Table 1. Operational timeline of seismic instruments at PUS station between 1.°2and present, illustrating data continuity and
consistency.
Seismic
Latitude | Longitude | Elevatio
Instrumen | Start
(0] (0]
Seismic Stations ts Time End Time () (E) n (m)
Mark 4 -
Pusunglondon Product ‘ November | 7.53835 | 110.45401
(PUS) L4C 1982 2010 9 6 2625
|/|_ar)\. =
~“roduct 7.56195 | 110.46250
Deles (DEL) L4C 1982 2010 1 4 1918
Mark -
Product 7.53473
Klatakan (KLA) L4C 1982 2010 5 110.42784 | 1487




Mark -

Product 7.58413 | 110.43225
Plawangan (PLA) | L4C 1982 2011 7 3 1276
Mark 22 30 -

Pusunglondon_20 | Product Novemb | Novemberl | 7.53835 | 110.45401

10 (PUS_2010) | L22 er2010 |6 9 6 2625

Table 2. Metadata of Merapi’s seismic stations used in this study. PUS is the main sta ion o d DEL, KLA, and PLA as
supplementary stations that are used to monitor Merapi seismic activities, which i=~'u., ~ ~arthquake classification, daily counts,
hypocenter relocation and quantification of seismic energy. All sensors are analc 1 type

The CVGHM has kept a consistent daily record . Merapi’s seismic activity since 1982. The
frequency, duration, and amplitude of the <~isivic waves have been used to manually classify
earthquake types, which in turn have been ascciated with different processes (Minakami, 1960;
Shimozuru, et al., 1969; Ratdomopu’ ot & Poupinet, 2000; McNutt & Roman, 2015). Volcano
tectonic (VT) earthquakes are as nclaied with brittle failure of rocks due to the migration of
magma towards surface, they con ve either deep (VTA), between 2.5-5 km, or shallow (VTB),
less than 1.5 km below s.'mir it. There is a gap in the hypocenter depth between 1.5-2.5 km; this
aseismic zone has been ~~sociated with the location of a shallow magma pocket (Nandaka et al.
(2019)) and the presence of a more ductile zone in between brittle layers (Ratdomopurbo and
Poupinet (2000)). LF events are associated to fluid resonance and degassing of rising magma
(Hidayat, et al., 2002). RF and PF seismic events are related to the instability of the dome,
outflow of lava, and dome collapse phenomena. Finally, the so-called MP events are associated
with magma flow in the upper conduit and a shallow process that occurs during dome formation

(Wassermann, 2012); Budi-Santoso et al., 2013; Jousset et al., 2013). These earthquakes are



similar to the hybrid earthquake signals at other volcanoes (McNutt 2005; Zobin 2012) and are
characterized by emergent onsets, with a range of frequency contents between 0.2 and 20 Hz
(Jousset et al., 2013), but with a dominant frequency between 4 to 8 Hz (Fig. 1a.). For a given
amplitude, the duration of a MP event can be twice that of VT earthquakes; they occur at shallow
depth, and are sometimes also correlated with summit deformation due shallow magma intrusion
(Aisyah et al., 2018; Ratdomopurbo and Poupinet, 2000; Budi-Santoso et al., 2013; Beauducel et

al., 2000, 2006).

Hybrid or long-period, VT and RF earthquakes have bee1 o.served during the growth and
collapse of the lava dome at many volcanoes (Zobin, 2012) s.:.ch as Soufriere Hills (Miller et al.,
1998; Gardner and White, 2002; De Angelis et al.. 2£.J7; :leuberg, 2000; Luckett et al., 2008),
Redoubt (Lahr et al., 1994; Lowenstern, 201€ Buu and Buurman, 2013; Costa et al., 2019),
Unzen (Lamb et al., 2015; Nakada et al., »2%9; Umakoshi et al., 2008), St. Helens (Harrington
and Brodsky, 2007), Colima (Aramb.'a-, 'endoza et al., 2018; Zobin et al., 2014), Sinabung
(McCausland et al., 2019), Santiagui.> (Johnson et al., 2008) and Pinatubo (Hoblitt et al., 1996;
Newhall et al., 2017). VT eathy 'akes, which are dominated by high frequencies, have been
linked to magma breakin j p.ths to the surface and the associated stresses (Roman et al., 2006).
Swarms of hybrid earthg iakes, events with a similar high frequency initial phase to the VT
events but with an additional lower frequency monochromatic phase or long period coda (Power
et al. (1994); McNutt (2005)), replaced VT earthquakes as the most common event type during
dome growth (Miller et al. (1998)). On the other hand, rockfall signals are thought to be caused
by violent degassing at the surface of the dome that triggers a nearby rockfall, while LP

earthquakes are interpreted as pressurization in the conduit (Luckett et al. (2002, 2008)).



We first did a preliminary analysis of the different earthquake types that may be related to lava
extrusion. At Merapi, VT and LF events are known to precede lava extrusion (Nandaka et al.,
2019; Iguchi et al., 2019), but the time delay between when they appear and the onset of lava
extrusion phase is highly variable, and in some cases, they are absent. VT and LF earthquakes
have also been observed during lava extrusion phases, although their appearance is infrequent. In
particular, in 1996 several LF seismic events were reported (Nandaka et al. (2019)) at the same
time that dome formation was observed (Voight et al. (2000a); Yuung (2007)). Similarly, at the
end of 2000 a new lava extrusion phase started (Young (2007, 1u::g a very active period of VT
earthquakes (Nandaka et al. (2019)).The RF events are alsc oresent and increase during the lava
extrusion phases, but they persist even after the lava . trusion stops, which is likely due to
gravitational slope instabilities of the dome (Vrig*(, :t al., 2000). The MP events are the most
directly connected to magma flow in the u;«oer conduit and to lava extrusion/dome growth (Budi-

Santoso et al., 2013; Ratdomopurbo & F.'ipinet, 2000; Wassermann, 2012).

Here we use the seismic energy «ssc-lated with MP earthquakes (Fig. 3) as calculated by the
CVGHM using the Gutenbe. a-iYichter equation: log (E) = 11.8+ 1.5M, where M is the
magnitude (Gutenberg & Richiter, 1956) and E is energy in ergs. Magnitude calculation follows
the formulation of Richti r for local earthquakes recorded by Wood-Anderson type stations,
M = Log(A,) + Log(A4,) , where M is the local magnitude, A, is the amplitude of Wood
Anderson's seismograph shift in mm, and Log(A4,) is a constant that is proportional to the
epicenter distance. In the case of Merapi, the epicenter distance is within about 5 km radius, the
Log(A,) = -1.4. Moreover, A, = 28004/(G = Cg), where A is the amplitude recorded by the
seismograph, G is the magnification of the seismograph, and Cg is the soil amplification factor.

G and Cqg values for PUS stations are 800 and 0.9, respectively. In addition, the seismic energy



related to PFs is also computed. PFs generated by dome collapse produce RF-type signals but
with more impulsive onset of long duration (up to tens of minutes) and large enough amplitudes
to be recorded at the farthest stations in the network (Fig. 2). The PF energy was obtained by
multiplying the maximum amplitude and duration of the seismic wave by which we obtained an

arbitrary unit (a. u.) of its energy equivalent. Here we analyzed MP and PF seismic energy.

2.2 Lava extrusion phases

We studied the period between 4 February 1993 and 31 Dec:mbr 2012, during which time
Merapi had 4 eruptions (Table 3) and a range of diffrrunt :ruption styles including: lava
extrusion, magmatic explosions and phreatic explosic's (\‘oight et al. (2000a); Ratdomopurbo
and Poupinet (2000); Ratdomopurbo et al. (2013)) 1 iere we focus on the 7 lava extrusion phases
that occurred in this period (Table 4). Six c7 *he.= consisted of long periods of slow lava-dome
growth, lasting weeks to months; whereas ti.> 2010 lava extrusion phase involved intermittent
dome growth and explosions. The ra gz ~* dates selected include the full duration of the 7 lava

extrusion phases and the pauses n hetween.

The eruptive phenomena o1 Merapi between 1994 and 2006 include near-continuous, mostly
endogenous basaltic-andc'=sie lava-dome growth that filled the crater floor and piled on top of
previous lava domes that create structural discontinuity at the summit edifice (Voight et al., 2000;
Ratdomopurbo and Poupinet, 2000; Ratdomopurbo et al., 2013). Between the seven lava dome
extrusion phases (Table 4), there are periods of repose or with minimal extrusion, which we
categorized as periods of no lava extrusion. The periods of ‘unrest’ before the reported onsets of
lava extrusion varied greatly for different events, therefore we arbitrarily categorized as

precursor activity the 15 days preceding the onset (details discussed in section 3.1).



The lava extrusion phases are typically followed by small to moderate size rockfalls, sometimes

accompanied by vulcanian explosions (as in 1997 and 1998; Nandaka et al., 2019), and in the

later stages of the phase, the lava dome becomes unstable and produces dome collapse PFs. In

addition, small phreatic explosions are also common, as happened between 2012 to 2014

following the 2010 eruption (Metaxian et al., 2020). More recently, after four years of

quiescence, renewed phreatic explosions occurred in May 2018 and were followed by effusive

activity. The new lava dome extrusion was observed on 11 Auyu.st 2018 and slow extrusion

continued until September 2019 (Kelfoun et al., 2021).

Eruption | Onset End

1 20 Jan 1992 | 19 Oct 2002 *
2 16 Mar 2006 | 9 Aug 2007*

3 26 Oct 2010 | 15Jul2012 |
4 11 May 2018 | 21 Jun “02v |

Table 3. Eruption timeline. Confirmed Eru,_‘*io:. > of Merapi. *uncertain dates. Data from Global Volcanism Program (2013)

Phase | Onset Enc Lava Extrusion | References
rates
1 1-28 Feb |22  Nov |0.07-0.19 Voight et al., 2000; Young, 2007 ;
1994 * 1994 (Feb-Aug 1994) | Ratdomopurbo
etal., 2013
2 9 Aug-30 | 13-31 Jan | g27.2 3 / | Voight et al., 2000; Young, 2007; lguchi
Sep 1996* | 1997* etal., 2019
(Aug




1997)
3 31 May-9 | 20-30 - Young, 2007 Fig.3-13; Nandaka et al.,
Jun Sept 2019
1997* 1997*
4 30 Jun | 1-10 Jan | 0.5 73/s (Jun-Jul | Voight et al., 2000a; Young, 2007
1998 1999* 1998)
5 31  Oct|1-28 Feb| 0.8-0573/s | Youn(. 2017
2000 2001* (Jan-Feb 2001)
6 10  Apr |15 Sep-31 | 1-3.3 73/s (Ar r-_|_Young, 2007; Budi-Santoso et al., 2008;
2006 Oct 2006™ | Jun 200F) Ratdomopurbo et al., 2013; Walter et al.,
2013; Carr, et al., 2016
7 21-28 Oct[ 08  Nov |, - 5- o (Nov | Surono et al., 2012; Cronin et al., 2013;
2010* 2010 ‘ Pallister et al. (2013)
| 2010)

Table 4. Time-line of the lav.. €. ru e phases, the dates with asterisk (*) are the periods when the onset/end date of activity
are not precisely known. We also s “ow the lava extrusion rates for some specific dates.

The extrusion rates vary greatly between and within lava extrusion phases (Table 4). In 1994 the

lava extrusion rate varied from 0.07 m%/s in the early lava extrusion phase to 0.19 m%/s in August,

and it was followed by a large dome collapse on 22 November (Voight et al., 2000a;

Ratdomopurbo et al., 2006; Young, 2007). The 1996 lava extrusion phase was marked by rapid

dome growth with rates that varied between 0.27-2 m®/s, which culminated in a heightened




extrusion rate of 2 m*/s on 14 January 1997, and was followed by a vulcanian explosion on 17
January 1997. Based on the dome volume between June and July 1998, the extrusion rate was
~0.5 m%/s (Voight et al., 2000b; Young, 2007). After 15 months of repose, in mid-January 2001
the extrusion rate reached ~0.8 m®/s then decreased by mid-February 2001, until the extrusion
waned (Ratdomopurbo et al, 2013). In 2006 the extrusion rate ranged from 1 m*/s to 3.3 m%/s
(Ratdomopurbo et. al. 2013), whereas in 2010 the lava extrusion was 25 m*/s on 1 November,
and culminated on 6 November with a rate of 35 m*/s (Surono et.a: 2012; Pallister et al., 2013).
As there are no precise lava extrusion rates for the entire inveztw,oted period, we do not directly
use the extrusion rates in our analysis, but rather use then, to complete the lava extrusion phase
chronology (Table 4). Thus, we considered dates when e lava extrusion was reported even if

there are no estimations of the extrusion rate.

Due to the complexity of the dome forn.c*«on and surveillance, the dates of when the lava
extrusion occurred are not precisely kn>wi. (Table 4). Where the onsets/end of lava extrusion do
not have exact dates and are referr:d .= “early” or “late” by the data sources, we used the first 10
or the last 10 days of the mor.th, 1 ~spectively, as an estimate to define the uncertainty windows,
respectively. The uncerta'nty in these dates is taken into account in the probability distribution of
the monitoring time serie:. A detailed chronology of Merapi unrest between 1994 and 2019 is

reported in the Supplementary Material.
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3. Methodology and results

In this section we present an approach to calculate the conditional probabilities to detect an on-
going eruptive phase given the measured values of the monitoring data of the daily seismic
multiphase energy (MPE). First, we explain the use of Monte Carlo simulations to account for
the uncertainties in the lava extrusion start and end dates (Table 4). Later, we calculate the

probability to observe a lava extrusion phase given the range of MPE, and compute how these



probabilities have evolved over the years at Merapi. Finally, we evaluate how the MPE
thresholds calculated using data from 1993-2012 could be used to detect the lava extrusion

phases of 2018.

3.1 Monte Carlo simulations to account for uncertainties in the lava extrusion phases time-

line

To classify the time series data during an eruption phase we neec: to know its exact ‘onset’ and
‘end’ dates, but these are not well known or have been inconsis enti / reported. From 4 February
1993 to 12 December 2012 Merapi experienced 7 lava e.‘trusions phases (Fig.3), but their
onset/end are only known within a few days to month~ (Table 4). Considering these uncertainty
windows, the number of possible combinations Ui the onsets/end dates for all lava extrusion
phases is of the order of 10™* cases (see sur.'>n. ntary material for details). To account for this
large number of combinations, we used a Moi.*e Carlo approach where we randomly selected the
onset/end dates within the uncertainty v...>~ows and calculated the probabilities to observe a lava
extrusion as a function of the dai.:» MPE, then repeated the process for another random set of
dates 10* times. The uncerfaint, in these dates is reflected in the probabilities as the standard

deviation of the stoch-.=tic sir.ulations.
3.2 Analysis of the time series

Using the randomly generated sets of onset/end dates of the 7 lava extrusion phases in Table 4,

we classified the seismic monitoring time series from 1993-2012 into three different periods:

l. Active period: These are the daily MPE values of the days during the lava extrusion
phase even if these days are not consecutive or occur simultaneously with other eruptive

phases.



. Precursory period: These are the daily MPE values of the days that precede the onsets of
the lava extrusion phase and therefore can capture the transition of activity in the
volcano. Here we arbitrarily choose 15 days prior to every onset.

I, Non-active period: These are the daily MPE values of the days that are neither the

periods of precursors nor of the active period. These are not necessarily days without
volcanic activity, as they may include other types of eruptive phases different from the

lava extrusion phase that we focus upon here.

We calculate both, the probability P(k|i) to have a daily VIPC within the interval k, for each
period (i = 1, Il and 111) and also the probability P(i|k) « 2ucerve each period (i=I, I, 111) given

a daily value of the MPE:

N _ fik) fi(k) -
(¢D)] P(kll) T Ykfi(k)  Total daysinper od i

, _ fik) __ __fix
(2) P(ilk) = F1O)+f O+ fir(k) ~ Tot " days with MPE e k'

where f; (k) is the number of dex's t1.ot a period i had a daily MPE value within a given interval k.
The k intervals were arbitrar./ rivided by the energies: 0, 1, 4, 10, 20, 50, 100, 200, 400, >400
in MJ, meaning the bi>-w.dth intervals k are [0,1) MJ, [1,4) MJ, and so on (Fig.4). The
conditional probabilities Egs. (1, 2) are related to each other according to the Bayes theorem,
P(ilk) = (P(kl)P())(P(k))™t, where P(i)=(Total days in period i)/(Total days), is the
unconditional probability to have a period i, and P(k)= (Total days with MPE € k )/(Total days),

is the unconditional probability to have a day with daily MPE values within the interval k.

The probabilities Egs.(1, 2), give us complementary information. P(I|k) is the fraction of days

with MPE values within the interval k when the active period (lava extrusion phase) occurred,



whereas P(k|I) is the fraction of days in the active period that had MPE within the interval k.
The probability distribution P(k|i) allows us to determine the dominant seismic energy for each
of the three periods. We found that the probability distribution for the days within the active
period (i = 1) has a peak at the MPE interval [40,80) MJ (Fig 4). The maximum value of the MPE
interval is between 20 and 160 MJ, and does not vary significantly by including more lava
extrusion phases (Fig 4a), which suggests that the use of these energy intervals is a robust
indicator of the lava extrusion phase. Moreover, we found that tnc orobability distributions of

each period have a maximum probability at different energy in.2vais (Fig. 4b).
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Figure 4. a) Change of the probability P(k|I) (Eq.(1) with i=l)) for MPE during the active period. The colors of each line indicate
the lava extrusion phase year(s) that were included in the calculation, and vary from the 1994 only (black line) to all lava
extrusion phases from 1994 until 2010 (red line). b) Probability (Eq. (1)) to have a given MPE during each period (active,
precursory, or non-active) from 1993-2012 . The solid lines are the mean of the iterations and the shaded areas the standard
deviation of the stochastic simulations that are related to the uncertainty of the lava extrusion phase time-line (section 3.1).
Please note that lines in the upper panel are associated with the year that the active period occurred, whereas the lower panel
includes also the precursory and non-active periods.



We also found that the probability P(/|k) to observe an active period (or in other words, the
probability to observe an on-going lava extrusion phase) is <0.1 for low values of MPE, but it
quickly increases to about 0.8 at the interval [40,80) and remains high for higher MPE values
(Fig.5). The probability to observe a non-active period P(III|k) is almost a mirror image of the
active period since it is approximately 1 — P(I|k). There is a cross-over of probabilities of the
two periods between the MPE intervals of [10,20) and [20,40). The value of 20 MJ is between
the two intervals, and can be used to define a so-called threshold 0» MPE. This threshold marks
where the probability to observe a lava extrusion phase is 'u2he: than no-lava extrusion, and
could be used as a critical indicator for decision makinn \>ee section below; e.g. Potter et. al.,
2015). The probability for the precursory period (i=1') »o mainly < 0.1 for all energy intervals
because the total number of precursor days is mu. <.naller than those of the two other periods
given that we have defined it to be 15 ¢~vs. The choice of the number of days classified as
precursor doesn’t affect the probability *o observe an active phase, since for each stochastic
simulation, the number of days in e ><tive period (1) is fixed. Varying the length of the days
defined as precursors would on. * move some days from the precursory period (I1) to the non-
active period (I11) or vice wcvs.. The probabilities shown in Figs. 4,5 were calculated using 7270

days (from 4 February 1523 to12 December 2012) and 10* random scenarios.
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Figure 5. Probability (Eq. (2)) to observe an active period (in red), a precursory r erio.' (in blue, or a non-active period (in black),
as a function of the MPE, from 1993-2012. The light shaded area around the "nc - shr w the uncertainties due to the inaccuracy
on the timeline of the lava extrusion phase, and are the standard deviation of . “e stochastic simulations.

We also calculated whether the probability to oL erve an on-going lava extrusion phase as a
function of the MPE intervals changed ove - tiYae by accumulating the data progressively, starting
from 1993-1994 until 1993-2012 (Fig 6). ‘Ne found that the probability to detect a lava extrusion
phase with ( P(I|k) =0.5) shifts to ..2hc; MPE through time, starting at MPE below 8 MJ for the
event in 1994, up to ~20 MJ whe all the phases are included. For instance, from 1993 — 1995 a
daily MPE between 20 — 4C Mg indicated an on-going lava extrusion with a probability > 90%,
whereas from 1993—-200_ the same energy values indicated an on-going lava extrusion with a
probability of 70%, and this value further drops to 60% from 1993—2012. The exact reasons for
the changes in probability in specific times are unclear but they could be associated with the state
of the volcanic conduit. For example, in an open conduit brittle fracture is not necessary for the
lava to extrude and consequently one can expect lower MPE values. In contrast, in plugged
conduits the lava extrusion requires brittle fracture and therefore one would expect higher MPE

values.



If the lava extrusion phases are analyzed independently, it is not possible to track the threshold

evolution, as the lack of significant data for the short duration of some phases (such as 2001 and

2010) create large fluctuations (see supplementary material section-4).

Probability P(I|k) b) Uncertainty
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Figure 6. a) P(I|k), Probability to observe an on-going lav’. <. *ru.’an phase as a function of the daily MPE (vertical-axis), and as
a function of the data accumulated from 1993 till the dc e inc cated in the horizontal-axis. The thick red line indicates a
probability of 0.5. b) Uncertainty (1-standard deviation) rei. “ed to the poor knowledge of the start and end eruptions data
obtained using 1000 simulations for each date in the horizontal-axis.

3.2.1 The use of thresholds r r.alculating probabilities of lava extrusion

Our analysis of the rela:ionship between seismic energy changes and lava extrusion phases
suggests to us that a useful manner to relate the two is using a threshold of MPE values. In other
words, it is possible to calculate the probability to detect a lava extrusion phase when the daily
MPE is larger than a given value (i.e. a threshold, E) rather than a specific interval of MPE

values. The conditional probabilities for the different periods are:

fi(2E)

Total days in period i’

3) P(=ED)=



. . fi(ZE)
(4) P(i| 2 E) = Total days with MPE > E’

Where f;(= E) is the number of days that the period i (i=I for active period, etc.), had a MPE
> E. Egs. (3,4) are similar to Egs.(1,2), but instead of using MPE within energy intervals, we
use MP energies above a threshold. Thus, f;(= E) is equal to the summation over of all the
intervals k with MPE = E , i.e., f;(=ZE) =Y fi(k); therefore P(= E|i) = X, P(k|i), but,

P(i| = E) # X P(ilk), as the denominators in Eq. (2) and Eq.(4) =:e different.

In this section we focus solely on the probability to detect a !~v. Zxtrusion phase, therefore we
reduce the 3 group classification of the previous section. w just two: ‘days with lava extrusion’
and ‘with no lava extrusion’ (we merged the precursory ‘il) and non-active (I11) periods into a
no-lava extrusion period). The conditional probeb.‘ cie; to detect a lava extrusion phase when the
MPE is above an energy threshold car be expressed in terms of the accuracy, precision,

sensitivity, and specificity, (Fawcett, 20u>) defined as (Table 5):

| hanorted Event

| ava Extrusion | No Lava Extrusion

Test positive (weekly MPE > =) |\ TP=f,(= E) |FP =f;,(Z E) + fiu(Z E)

Test negative (weekly MPF < F | FN=f; (< E) TN=f;(<E) + fiu(K E)

Figure 3. TP= True Positive = num rer o) 1ays with lava extrusion with weekly MPE=E; FP= False Positive= number of days with
no lava extrusion with week.y 1."PE._", FN= False Negative=number of days with lava extrusion with weekly MPE<E; TN=True
Negative= number of days with no ‘ava extrusion with weekly MPE<E. E is the threshold value of MPE.

. TP >E
(5) Precision = = [1(zE) = P(I| = E),
TP+FP Total days with MPE=E

(6)  Sensitivity = —— f1(2E) = P(= E|D.

TP+FN  Total days with lava extrusion

(7) Specificity = ™V __ fu(<E)+f111(<E)

TN+FP Total days with no lava extrusion




TP+TN _ J1EE)+f(<E)+f111(<E)
TP+TN+FN+FP Total days )

(8) Accuracy =

The precision is the fraction of days with MPE> E when lava extrusion phase occurred (positive
predictive value); the sensitivity is the fraction days in the lava extrusion phase that had MPE
above the threshold (true positive rate); the specificity is the fraction of days that were correctly
classified as negatives (true negative rate); finally the accuracy describes the fraction of days that

our tests (Table 5) were correct.

Moving average. We evaluated the probabilities with Egs (5-8,, *'sing the daily MPE and also
with the average of the MPE from previous days. We fu 'nd that using a moving average (as
done in other studies of time series of monitoring data; ¢ ~. moving window analysis rather than
daily; Jaquet et. al., 2006, Alvarez-Ramirez et. al., Z0( 9), improves the precision and sensitivity,
as it minimizes the effect of large fluctuscors ot MPE that appear in consecutive days and it

preserves the overall trend in seismic ac..vity.

We found that the optimal size of (he tnine window is 7 days, as explained in the supplementary
material. In this manner, the fi~quancies f;(= E) are equal to the number of days that the period i,
had a weekly moving avrray> of MPE > E and the denominator of Eq.(5) is equal to the “Total

days with a weekly movin¢ average of MPE> E”.
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Figure 7. Conditional probabilities to detect a lava extrusion phase using a mvin, average of MPE of the past 7 days (e.g.
weekly average) calculated with Eqs(5-8). Notice the x-axis scale is not linear F.~bat ilities calculated using 7270 days and 10"
random scenarios, the solid lines represent the mean of the iterations and th. shaded area around the solid lines represent the
error (standard deviation) due to uncertainty of onset and end dates (see ec..~n _.1).

Using a 7-day moving average of MPE values~ w. found that the precision, sensitivity, specificity
and accuracy of a test to detect a lava extrus."n phase vary depending on the threshold (Fig. 7):
the precision increases with higher thres. nlus, but the sensitivity decreases, which means that it’s
more likely to miss events. The aptunnal threshold value to detect lava extrusion is one that
maximizes the precision and a>curacy, while keeping the sensitivity and specificity high. In
Section 3.2 we found that he 20 MJ MPE value marks a change in trends between the
probabilities (Fig.5). Usi~y this same value as a threshold, the test to detect lava extrusion phases
has an accuracy = 0.90 +/-0.02, a precision= 0.73+/-0.02, a specificity = 0.96 +/- 0.01, and a
sensitivity = 0.56 +/- 0.01. In other words, the model is correct ~ 90% of days (accuracy);
approximately 73% of days with MPE>=20MJ had lava extrusion (precision), approximately 96%
of days were correctly classified as days with no lava (specificity), and about 56% of the days

when lava extrusion occurred had also MPE >= 20MJ (sensitivity).



Our analysis allow us to calculate the conditional probability to detect a lava extrusion phase as a
function of the MPE intervals using Eqgs.(1,2), but also the conditional probabilities as a function
of MPE thresholds Egs.(5-8). In principle, both approaches can be used for evaluating the
probability to observe an on-going lava extrusion phase for any purpose. The MPE time series
can be converted directly to the probability to observe a lava extrusion phase (P(I|k), Fig.8 a),
and (or) an energy threshold could be used to set different alert levels based on the values of the

various probabilities (Fig 8 b).
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Figure 8. a) Probability to detect a lava extrusion phase P(I|k), Eq.(2), using a 7-day moving average. The probability was
calculated using the whole time series from 1993-2012. b) Past 7-day moving average of MPE. The red line a threshold of 20MJ
which gives the values of the probabilities of lava extrusion as reported inside the panel. The light-red vertical bands are periods
of reported lava extrusion and the uncertainties on the dates are represented by vertical dashed red lines.

3.3. Application to the 2018 Merapi unrest



We further tested our method on Merapi’s lava extrusion event of 2018 (Fig.9a) and illustrate
how the probability to detect a lava extrusion phase obtained from the previous calculations can
be used in real time (Fig.9c). We also compare the effectiveness of the value of 20MJ as a
threshold by calculating Eqgs.(5-8) for 2018 (Fig.9b). The visual camera installed by CVGHM at

the crater captured the beginning of the lava dome formation on 11 August 2018.

We find that for the 2018 dataset the (past) 7-day moving average of MPE continuously
exceeded the 20 MJ threshold 14 days early than the observed orict o1 lava extrusion; overall for
this threshold the test has an accuracy=79%, precision =67% sei.sitivity = 92%, and specificity =
70%, here we don’t have associated uncertainties as . r:g.7 because for 2018 there is an

accurate register of the dates when the lava extrusion p’iase :00k place.
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Figure 9. a) Merapi daily MPE from Jan-Dec 2018. (h» “ea area indicates the period when dome extrusion was reported. b) the
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inside the panel. c). Probability to have lava e «tru_‘on Eq.(2), using the probabilities from 1993-2012.

3.4 Probability of occurr. nce of pyroclastic flows

The lava extrusion phascs at Merapi are particularly important because they are dome building,
and the eventual dome collapse leads to RFs and PFs, which are among the most hazardous
phenomena of Merapi (Voight et al., 2000; Surono et al., 2012). Many variables control the
dome collapse e.g. its morphology, the extrusion rate, the slope instability. Young (2007)
investigated the relation between major dome-collapse events and extrusion rates and found that
most major dome collapse occurred during periods of elevated extrusion rate (>15,000 m3/day

or > 0.17 m3/s), which was often preceded by intensifying MP earthquake activity among other



parameters. Iguchi et al. (2019) found a log-log linear correlation between the cumulative

seismic energy and the PF flow volume.
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Fig.10. PF energy time series (in a.u.= arbitrary units) between 4 Februarv »"%3 to 31 December 2012 in blue bars. The light-red
vertical bands mark the lava extrusion phases, the uncertainties in th= dutes are shown as vertical dashed red lines.

We also analyzed the PF seismic energy ~ricnated by the dome collapses from 1993 to 2012
(Fig. 10). As described in section 2.1, the PF seismic signals have a more impulsive onset of long
duration and large enough ampliti'z=s *~ be registered at the farthest seismic stations (e.g. Fig.
1b). As expected, we found tha. there is an increase of PF activity during lava extrusion phases
(Fig.10). Moreover, we fz:'nu hat ~ 86% of the largest (>4 a.u) PFs up to the 2010 event
occurred when MPE > »2MJ, which is consistent with Young’s (2007) findings that PFs occur
more often during periods of dome growth. The PF events that occurred after the onset of the
lava-dome growth in 2010 are a different case, as they released > 100 x energy than all the PFs
of the previous 17 years, although the MPE incorrectly seems low because the seismic signal
from short period instruments (including PUS station) were saturated by LF events (Budi-

Santoso et al., 2013). As noted by Surono et al., (2012) and Pallister et al., (2013), the lava



extrusion rate during the 2010 eruption was anomalously large ~25-35 m*/s, much larger than the

Merapi average extrusion rate ~0.1 m%/s (Young, 2007).
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We also evaluated wiieihe: tliere is a time correlation between the peak occurrences of PFs, and
the lava extrusion phases onset. We found that the most energetic and thus potentially dangerous
PFs occurred within the first months after the lava extrusion phase onset (Fig. 11). The only case
that differs from this pattern is the PF of 1994, when a large PF of ~6x108 a.u, happened 9
months after the lava extrusion phase onset (Ratdomopurbo & Poupinet, 2000). As noted above,
the 2010 event was different, with explosions starting within days of the lava extrusion phase

(Fig. 12), and thus the processes that lead to the explosion and PFs were very different from

previous ones (Surono et al., 2012; Budi-Santoso et al., 2013 and Cronin et al., 2013).
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In summary, we found that for the first 6 lava extrusior. ."a.z2s before 2010, the majority of the
most energetic PF activity happened within the first 3 r1onu .5 after the onset of the lava extrusion:
83% of PF energy in the range [4,10) x 108 a.. anu 53 4+ 3% in the range [2,4) x108 a.u.. The

PF of 2010 occurred much within the same " riod but much faster (Fig 12).

4.Discussion

Our manuscript aims at conuibuting to develop methodologies for the correct identification and
detection of different eruy. ive phases and their associated hazards. To achieve this it is essential
to have long time series of monitoring data that are self-consistent and standardized (e.g.
WOVOdat; Newhall et al., 2017), identify patterns or structures within the data which may be
diagnostic of the various types of activities, and have modeling or a statistical tool that can
translate the data into useful or applicable results to mitigate the hazards. These three aspects and

possible applications of our method to other volcanoes are discussed in turn below.



4.1 Data standardization and uncertainties

An important aspect to successfully detect an eruptive phase is to have enough data that are
curated and standardized in a manner that can be aggregated for statistical analysis. In our case,
we have 7 lava extrusion phases comprising 3 total accumulated years of extrusive activity over
an observation window of 19 years. During this time, the CVGHM closely monitored Merapi
volcano and developed a systematic method to manually classify the seismic events. However,
due to the active nature of the volcano and the changes in the tec.nology over time, there are
some inconsistencies in the monitoring data and the records ot .Zcanic activity. For example,
during the 2010 eruption, there was a disruption on the n.~nitoring network; the intensified LF
seismic events produced amplitude saturation of the PUIL snort period instrument (Budi-Santoso
et al., 2013) overshadowing other earthquake ty2e~ like the MP. Later on 4 November, the PUS
and DEL stations were destroyed and subs :qur.ntly the seismic activity was registered only using

the PLA station.

Another source of uncertainty . ous dataset is the lack of accurate dates when lava extrusion
phases occurred, as most ~hse.vations were via direct visual inspection of the volcano’s summit
which (due the occurrenc~ of PF currents and explosions) carried major risks. Only recently, the
monitoring network acquired thermal high-resolution visual images and movies in stereoscopic
configurations (Kelfoun et al., 2021). Also, unmanned aerial vehicles (UAV) and satellite remote
sensing analysis using Synthetic Aperture Radar (SAR) was used to detect morphological
changes as well as to quantify lava-dome extrusion rates during the 2006 and 2010 eruptions

(Pallister et al., 2013; Walter et al., 2013; Darmawan et al., 2018).



We were able to take into account the uncertainty of the chronologies of lava extrusion phases by
using Monte Carlo simulations that randomly select different scenarios for the duration of the
lava extrusion phases and perform a statistical analysis for each case. In contrast to other
stochastic approaches that aim to forecast the sequence of eruptive events or the distribution of
eruptive phases by calculating the probability of transition between different states (Bebbington
& Lai, 1996; Marzocchi & Zaccarelli, 2006; Bebbington, 2008; Bebbington & Jenkins, 2019),
here we focus simply on the calculation of the probabilities to vhserve lava extrusion phase
(dome formation) as a function of the MPE levels. Notwithstz~u.ny the simplified approach we
have used, we still find clear trends linking lava extrusio. with the MPE levels and their time
evolution. The identification of these trends (Figs.5,6,7, s possible thanks to the exceptionally
long time series analyzed that allowed us to h.*e /270 days (1993-2012) of representative

sampling data, highlighting the importancc of 'ong-term analysis.

4.2 Ambiguous interpretation of sei.mic activity

We found that the values of the ~alculated probabilities reflect a strong correlation between the
MPE levels and lava ~xi usiun phases, however this relation is not reciprocally conditional at
Merapi. For example, w..ere were several periods when dome formation was observed but the
MPE values were null or minimal. In 1994, the onset of the lava extrusion phase was reported in
February but the daily MPE was null until the end of April (Ratdomopurbo & Poupinet, 2000).
Again, at the end of October 2000, a new lava extrusion phase was observed (Table 4 &
supplementary material), but the MPE level was minimal until it increased in early January and
came along with a large PF event. Finally, in 2006 there was a gap between July and mid-

September, when the MPE values were very low although dome formation was reported



(Ratdomopurbo et al., 2013). In contrast, there were periods between 2001-2006 and 2007-2008
where the MPE activity exceed the 20MJ (and therefore the probability to have lava
extrusion >0.5), but there was no dome formation reported. Moreover, the MP seismic events can
be related to several physical phenomena, such as fractures and faulting in the volcanic conduit
associated with magma ascent, pressurization (Harrington, R. M., & Brodsky, E. E. 2007) or

release of gas and ash between cracks (Neuberg et al., 2006).

Given these observations and those in other volcanic systems, th.. reiation between the effusion
rates and the MP seismicity is likely nonlinear. Low values ¢ M>E or a gap in seismicity during
lava extrusion phases can be attributed to slow extrusic., ~awc (Carr et al. (2016)), or exogenous
dome growth through an open feeder conduit (which .an ke place during very high extrusion
rate periods), and therefore it can occur without the uievalent brittle failure mechanism (Lamb et
al. (2014)). Perhaps, if the lava extrusion ra:~s can be determined with higher accuracy (Kelfoun
et al. (2021); Pallister et al. (2013); VW'alte~ et al. (2013); Darmawan et al. (2018)), it might be
possible to interpolate the relatior be*ween the MPE levels and the extrusion rate if these time

series are compared during a l.ng >nough period of time.

Notwithstanding thess co.mpl¢ xities, the high value of the probabilities calculated reflect a strong
correlation between the .cvels of MPE and lava extrusion phases. In the particular case of the
2018’s lava extrusion phase, the MPE levels indicated an on-going lava extrusion phase 14 days
before it was detected by the visual camera. Similar process can be expected at other volcanoes

but since the volcanic systems may differ, they would need further studies.

4.3 Simplifications and the use of thresholds



The analysis of monitoring data to calculate probability we report is simpler than other studies,
as it does not use the time sequence of seismicity (Boué et al., 2015, Jaquet et. al., 2006, Bell &
Kilburn, 2013, Carla et. al. 2016). We also performed a cursory analysis of the time sequence
length and size of MPE before the eruptive phases, but we did not find systematic patterns, and
thus we decided to simplify and use threshold of seismicity which can also be successfully
employed to make decisions at volcano observatories (e.g. Potter et al. 2015). Moreover, we
focus only on lava extrusion phases because they produce hazardous PFs and show an apparently
simple seismic signature, although other important types of er=ti. activity also occur at Merapi
(vulcanian explosions, lateral blasts, or phreatic explosior..® Young 2007; Surono et al., 2012;

Ratdomopurbo et. al., 2013; Budi-Santoso et al., 2018b- n"=taxian et al., 2020).

Despite the simplicity of our analysis, we are ¢ale w identify the relevant seismic energy range
that characterizes lava extrusion. This allow: 0 address questions such as what is the probability
that lava is extruding given an obser.~a taily MPE? Moreover, continued analysis of future
eruption data should improve the pe.formance of the method and allow the refinement of the
threshold values that could be ''sed operationally to make decisions to mitigate volcano hazards
impacts (Potter et.al. 2015). Ve found that the relevant threshold has increased for recent years
(Fig.6), mostly due to the high MPE that marked the inter-eruption period between the end of
2006 and the onset of the 2010 lava dome extrusion that was associated with a higher explosivity
(Surono et al., 2012). The change in the energy threshold may relate to shifts in the volcanic
behavior associated with possible obstruction of the volcanic conduits due to old domes. In fact,
we observed a long period without lava extrusion phases between 2001 and 2006, as well as

between 2006 to 2010, that msy explain this shift in the energy threshold.



Although the MPE can be used to identify on-going lava extrusion with high precision and
accuracy (Figs.8,9), it has a limited use as a forecasting tool. The MPE of the precursory period
(11) overlaps with both the active period (I) and the non-active period (I11), making it difficult to
differentiate one from another using simple energy thresholds. Moreover, the absence of
significant MP seismicity preceding the lava extrusion phases for some years (1994 and 2000)
and the long unrest periods for others (2006), did not allow the identification of a precursory
period with similar duration for all the lava extrusion phases. Fiii.'ly, the MP earthquakes are
mostly at shallow depths (Budi-Santoso et al., 2013; Ratdo w00 & Poupinet, 2000), thus,
they appear more often when the lava extrusion is already 2n-going. Volcanic activity involves
many different types of earthquakes (e.g. Ratdomo,urbo & Poupinet, 2000; White &
McCausland, 2016; Arambula-Mendoza et al., 2L"3) and other monitoring data (Potter et. al.,
2015) that we have not used, and F-:ncs our model could be improved by making a

multiparametric analysis that combines p.ababilities from different monitoring data indicators.

Finally, we also analyzed the relacio.. between the lava extrusion and the PF events and found
that 83% of the dome collapsc Pt~ occurred within the first 3 months of lava extrusion phases.
The MPE thresholds anr tho time after the start of the lava extrusion phase can be used by
volcano observatories as a guide for the likelihood that dome eruption is occurring at the summit

and thus characterize the possibility of pyroclastic flows to occur.

4.4 Possible applications to other volcanoes

A similar approach to the one we have presented here could be applied to other volcanoes and

quantitatively correlate monitoring data to eruptive phases. This would require the gathering of



statistically significant data of daily sampling rate for eruptive phases of long duration (e.g. lava
flow, shallow magma intrusion/cryptodome, continuous ash emission) such as the one we have
studied, but events or eruptive phases of shorter duration ( e.g. explosion, ash venting), would

require higher sampling rate data.

Example of volcanoes with intermittent long-duration eruption phases, such as those that grow
viscous domes, are Redoubt (Miller, 1994), Soufriere Hills (Miller et al., 1998; Lamb et al.,
2014), Unzen (Nakada et al., 1999; Shi et al., 2018), St. Helens /C~lzcr et al., 2016), Santiaguito
(Anderson et al., 1995), Sinabung (Gunawan et al., 2019) e1d .‘olcan de Colima (Robin et al.,
1991; Lamb et al., 2014; Arambula-Mendoza et al., 201%). 1..is methodology could be applied to
other eruptive phase types besides lava extrusion. cdch as intermittent ash emission like at
Popocatepetl (Alvarez-Ramirez et al. (2009)), ~nd swalled magmatic intrusion or failed eruption
(Moran and Roman, 2011) such as at Soun e Guadeloupe (Feuillard et al., 1983), Akutan (Lu
et al., 2000), lliamna (Roman et al., 2°?4; 2oman and Power, 2011), Iwate (Nishimura and Ueki,

2011), Paricutin (Gardine and Cox, zc'1) and Kilauea (Bell and Kilburn, 2013).

Our approach could be usafur =specially for volcanoes where direct observation and field
mapping are not poss:vle due to the level of hazard or are difficult to observe (e.g. inner crater
lava flows), such as at S:..nmoe-dake (Kato and Yamasato, 2013); Agung (Syahbana et al., 2019);
and Ruang (Kaneko et al., 2019). To detect short-duration eruptive phase or events (e.g.
explosion, ash venting Cole et al., 2014) would require a higher sampling rate data, e.g. acoustic
infrasound, realtime seismic amplitude measurement (RSAM) and displacement seismic
amplitude ratio (DSAR).This general method and the processed data we have used are available

in WOVOdat (https://dome.wovodat.org/probability/).



5. Conclusions

We have developed a simple but general probabilistic approach to correlate monitoring time
series with a specific volcanic activity (eruption phase) accounting for uncertainties in the
historical records with Monte Carlo simulations. We used the daily values of MPE seismicity
from 4 February 1993 to 31 December 2012, to characterize lava extrusion phases that lead to
dome formation at Merapi. We calculated the conditional probability that lava extrusion was
occurring as a function of the daily MPE, and found an MPZ thi2shold that indicates lava
extrusion with a 90% accuracy. We also characterized the F F a tivity and found that, the most
energetic PFs occurred during high lava extrusion anz tha: 83% happened within the first 3
months of lava extrusion. The methodology that we h-.ve uced could be implemented at volcano
observatories to compare a given episode of urresu with the historical data. Our method allows
for more quantitative assessment of hazaras ~uring volcanic crises and thus may help to mitigate

the impacts of volcanic activity.
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