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Abstract The February 2014 eruption of Kelud volcano (Indonesia) destroyed most of the instruments
near it. We use remote seismic and infrasound sensors to reconstruct the eruptive sequence. The first
explosions were relatively weak seismic and infrasound events. A major stratospheric ash injection occurred
a few minutes later and produced long-lasting atmospheric and ground-coupled acoustic waves that were
detected as far as 11,000 km by infrasound sensors and up to 2300 km away on seismometers. A seismic
event followed ~12 minutes later and was recorded 7000 km away by seismometers. We estimate a
volcanic intensity around 10.9, placing the 2014 Kelud eruption between the 1980 Mount St. Helens and
1991 Pinatubo eruptions intensities. We demonstrate how remote infrasound and seismic sensors are critical
for the early detection of volcanic explosions, and how they can help to constrain and understand eruptive
sequences.

1. Introduction

Volcanic eruptions radiate low-frequency (< 0.2 Hz in this study) infrasound and seismic waves which can
travel over large distances from a volcanic center. These waves preserve valuable information of the erup-
tion dynamics and chronology even when recorded hundreds to thousands of kilometers away and allow
eruptions surveillance at safe distances from a volcano [Fee et al., 2010; Matoza et al., 2011a, 2011b; Dabrowa
etal., 2011; Johnson and Ripepe, 2011; Fee and Matoza, 2013]. Large volcanic explosions also generate enough
low-frequency seismic energy to be recorded and analyzed by remote seismic stations [Kanamori and Given,
1982; Kanamori et al., 1984; Widmer and Ztirn, 1992; Kanamori et al., 1994; Shearer, 1994; Johnson and Malone,
2007; Lognonné et al., 2006; Watada and Kanamori, 2010].

Kelud volcano (Java Island, Indonesia, cyan triangle, Figure 1) produced one of the most powerful volcanic
eruptions of the decade on 13 February 2014. The eruption began at night and injected ash up to 26 km above
sea level [Kristiansen et al., 2015]. In January 2014, the number of shallow and deep volcanic earthquakes
detected by the local seismic network exponentially increased until 13 February [Global Volcanism Program,
2014]. This earthquake swarm triggered an increase in alert level from 3 to 4 (on the 1-4 scale, Centre for
Volcanology and Geological Hazard Mitigation alert system) at 14:15 UTC (21:15 local time) on 13 February. At
~15:50 UTC, a major explosion destroyed the Closed-Circuit Television and four out of five seismic instruments
deployed in the near field (<10 km) [Global Volcanism Program, 2014]. Subsequent seismicity was dominated
by continuous tremor signals that saturated the remaining sensor.

We evaluate the eruptive chronology and constrain the Kelud eruptive sequence and intensity from remote
(>200 km) infrasound and seismic data. We discuss how such signals could be generated and highlight the
importance of using openly available seismic and infrasound data from stations located at safe distances from
volcanic edifices.

2. Chronology of the Major Explosions

Several remote instruments detected the eruption. MTSAT-1R satellite identified exceptionally cold pixels
[Global Volcanism Program, 2014], indicating a plume emission in the troposphere, at 16:09 UTC on 13 February
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(Figure 2a). lonospheric disturbances
(Figure 2a) were detected by 37 sta-
tions of the Global Navigation Satel-
lite Systems from 16:25 to ~19:00 UTC
[Nakashima et al., 2014].

Three distinct low-frequency (<0.2 Hz
in this study) signals were observed
using remote seismic data (Figure 2b).
The first signal was only visible at four
nearby seismic sites (S_P1, Figure 3),
followed by a short-duration ener-
getic signal observed up to ~7000 km
(S_P2, Figure 3). Finally, a long lasting
(S_LL) arrival could be tracked as
far as West Sumatra (2300 km away,
Figure 3). The difference in effective
propagation speed (celerity) between
S_P1-S_P2 and S_LL (Figure 3) is note-
worthy and indicative of the two dif-
ferent wave types associated with the
observations.

The volcanic eruption at Kelud vol-
cano was automatically detected by
the International Data Centre (IDC) of
the Comprehensive Nuclear Test-Ban
Treaty Organization (CTBTO) using in-

Figure 1. Kelud volcano (Central Java, Indonesia (7°56'00"S, 112°18'30"E)) frasound arrays in the International

(cyan triangle on Figures 1a and 1b). (a) Seismic detections: the pies are Monitoring System (IMS). The subse-
divided in three and correspond to the broadband sensors detections quent reviewed analysis provided an
(IRIS and GEOFON networks) used in this study. Infrasound detections: the  extended list of infrasound signals
half pies are the infrasound stations (International Monitoring System
(IMS) network). White colors correspond to a nondetection, green to the
detection of S_P1, blue of S_LL, red of S_P2, magenta of |_1, and yellow of
I_LL. Zoom on the region of interest (Figure 1a). (b) Global detections.

associated with a series of eruptions.
In the Reviewed Event Bulletin (REB) of
the IDC, 5 detections were associated
with a first event (I_1, Figures 2b and
3), whereas 14 detections correspond
to a second signal of longer duration (I_LL, Figures 2b and 3). This is presently the largest number of IMS sta-
tions that has ever recorded a volcanic event. Using an experimental infrasound array located in West Java
(Indonesia), Hidayat [2014] also recorded a short-duration impulsive signal followed ~15 min later by a long
lasting high-amplitude signal.

All the stations detections are indicated on a map (Figure 1) and Table S1 in the supporting information
summarizes the observations.

3. Data and Methods

During the last decade, seismic data have become increasingly available to the scientific community. The
seismic data used in this study were downloaded from IRIS (Incorporated Research Institutions for Seismol-
ogy, http://www.iris.edu/) and GEOFON seismic networks (http://geofon.gfz-potsdam.de/). Sensor responses
between 0.001 and 10 Hz were deconvolved using the IRIS response files. Excepting the closest seismic sta-
tions, no distinct arrivals could reliably be observed in the raw and filtered waveforms (Figure S1). We manually
picked seismic arrival times using spectrograms. For some stations, tectonic earthquakes were identified as
the origin of low-frequency signals (Table S2 and Figure 4b). Due to the low-frequency content of the sig-
nals, spectrograms (Figures S2 and S3) were calculated using 10% cosine-tapered windows of 250 seconds (s),
500 s, and 1000 s durations with 90% overlap. The spectrograms’ color scale varied for ease of picking.
Short-duration seismic signals were picked using 250 s long time windows (S_P1 and S_P2, Figures S2 and S3),
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Figure 2. Timeline summarizing the observations and the eruptive sequence. (a) Other observations (ionospheric
disturbances from Nakashima et al. [2014]). (b) This study: Q;, Q,, and Qs are the 25th percentile, the median, and
the 75th percentile, respectively. (c) Interpretation.

while 500 and 1000 s long windows were used to pick longer-duration period signals (S_LL, Figure S2). For
sustained seismic energy, the ending time was also measured (S_LL black rectangles, Figure S2). At some sta-
tions, this timing overlapped with tectonic earthquake wave arrivals (dashed box, BKNI station, Figure S2). In
that case, the ending time corresponded to the tectonic earthquake arrival. Given the long window durations
used for calculating the spectrograms, errors can be as large as 300 s. An error was associated to each reported
time depending oniits reliability (window length +n, where nis the number of pixels (1pixel = window length)
required to reliably pick a signal). The Inferno algorithm was used [Garcés, 2013] to estimate signal-to-noise
ratio (SNR) energy when a risk of overlapping wave arrivals existed (i.e., for the stations nearby the volcano).
The algorithm provides high-resolution multispectral analysis in logarithmic frequency space with time
window autoscaling and is specifically designed to improve the temporal resolution of nonstationary signals.

The CTBTO IDC automatically processes in near real-time continuous infrasound recordings from the IMS sta-
tions. The system can associate signal detections at distances up to 60° from a source location. In order to
better estimate the signal wave parameters, the recording for the associating IMS stations were systematically
reprocessed using the Progressive Multi Channel Correlation (PMCC) method [Cansi, 1995]. PMCC used by IDC
was configured with 18 logarithmic-spaced frequency bands, adapted from Matoza et al. [2013], with Cheby-
shev filters of order 2 between 0.07 and 4 Hz. Compared with the IDC automatic processing using 11 bands
covering the same frequency range [Brachet et al., 2009], this logarithmic-spaced configuration improves sig-
nal discrimination. The time window length varies in proportion to the period from 30 to 250 s and the window
is time shifted by 10% of the window length. A typical result from a PMCC analysis is presented in Figure S4,
for I39PW, in Palau.
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Figure 3. The different arrivals altogether as a function of the distance with respect to Kelud volcano.

4. Discussion

4.1. Observations

Different seismic and acoustic waves are apparent in the seismic record. Based on Figure 3, the range of arrival
times for the second long-lasting infrasound signal (I_LL) clearly overlap with the arrival times of the long
lasting (S_LL) seismic signal. Volcanic eruptions generate acoustic waves which can couple to the ground and
be recorded by seismic instruments [e.g., Braun and Ripepe, 1993; Johnson and Malone, 2007]. We postulate
thatl_LLand S_LL are associated to the same acoustic source. A Bayesian approach is used to estimate the best
combination of origin times and wave celerities to fit the observations. We account for errors on the arrival
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Figure 4. Signal recorded at GE-UGM (Yogyakarta, Central Java, Indonesia, 198 km from Kelud volcano). (a) Spectrogram of signals having a high signal-to-noise
ratio (SNR, in dB, where the noise is considered as the energy averaged over the record at each frequency band). (b) Raw spectrogram. (c) Corresponding
seismogram. Figures 4a and 4b are computed using sixth octave bands and 1/f window scaling with a 75% overlap (dB referenced to 1 micron/s). A tectonic
earthquake (EQ) is indicated in Figure 4b.
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times for S_P1 and S_P2 during the picking procedure, whereas for S_LL and I_LL the uncertainty is assumed
to be proportional to the distance and values for celerities ranging between 260 and 350 m/s [Brown et al.,
2002]. The inversion results for origin times and celerities are as follows: (1) S_P1: 15:52:29 UTC (first quartile:
15:51:46, third quartile: 15:53:10 UTC) and 1.84 km/s (first quartile: 1.45 km/s, third quartile: 2.42 km/s), (2)
S_LL and I_LL: 15:58:43 UTC (first quartile: 15:56:53, third quartile: 16:00:33 UTC) and 267 m/s (first quartile:
255 m/s, third quartile 281 m/s), (3) S_P2:16:11:21 UTC (first quartile: 16:11:12, third quartile: 16:11:29 UTC) and
3.41 km/s (first quartile: 3.36 km/s, third quartile: 3.46 km/s), and (4) 1_1: 16:12:41 UTC (first quartile: 15:51:45,
third quartile: 16:36:08 UTC) and 386 m/s (first quartile: 314 m/s, third quartile: 515 m/s).

Apart from I_1, the origin times and celerities are well constrained and match our expectations for the pos-
tulated common source. Specifically, the I_LL origin time is in good agreement with the results presented by
Hidayat [2014] using an experimental infrasound array located ~600 km to the west of Kelud volcano. Since
infrasound propagation is unlikely to change between I_1 and I_LL, we disregard the poorly constrained ori-
gin time and celerity for I_1. Following this study and Hidayat [2014] results, this signal probably occurred at
~15:43, or ~15 min before I_LL. These results permit an estimate of the eruptive chronology and sequence
(Figure 2b).

I_1 corresponds to a brief low-amplitude impulsive signal of low-amplitude, consistent with a small erup-
tion [Dabrowa et al., 2011] and was captured by five IMS infrasound stations (Table S1). An explosion (S_P1)
was then detected at nearby seismometers only (GE-JAGI, GE-SMRI, GE-UGM ,and GE-PLAI, Table S1). These
volcanic signals possibly correspond to relatively weak phreatic explosions and/or dome disruption.

The long-lasting acoustic signal was recorded as far as Alaska (~11,200 km, I_LL, Table S1) by the microbarom-
eter arrays of the IMS network, whereas the farthest seismometer with a clear signal was ~2200 km (S_LL,
Table S1) away from Kelud volcano. Remote infrasound detections are relatively common [e.g., Dabrowa et al.,
2011] as sound in the stratospheric waveguide propagates with low attenuation. This signal could possibly be
related to long-duration atmospheric oscillations of the volcanic jet or plume [Matoza et al., 2009]. At Redoubt
Volcano, low-frequency infrasound signals are coincident with high-altitude ash emissions [Fee et al., 2013].
At Soufriere Hills Volcano, Montserrat, Ripepe et al. [2010] attributed the infrasonic signals to initial oscillations
of the rising ash plume after lava dome collapse. In any case, this signal indicates the beginning of ash injec-
tion into the atmosphere corresponding to the major eruption. Its low frequency, long duration, and high
amplitude (Figure S4) suggest stratospheric ash injection [Garcés et al., 2008]. Ten minutes later (16:09 UTC,
Figure 2a), the first cold pixels associated with a significant plume were observed by MTSAT-1R satellite [Global
Volcanism Program, 2014].

Ground-coupled acoustic waves were detected and associated to Mount St. Helens (USA) eruption [Johnson
and Malone, 2007]. However, they were recorded within 350 km of the source. This study suggests an efficient
coupling between the acoustic and seismic wave until ~2300 km (blue pies, Figure 1a). The few exceptions
(e.g., onthe east side of Indonesia, close to Papua) correspond to seismic stations with low ambient noise level.
The seismic stations which detected the acoustic signal (Figure 1a) do not suggest any important azimuthal
constrain on the detection. At frequencies <0.8 Hz, the attenuation is less sensitive to the strength and direc-
tion of the prevailing stratospheric winds [Le Pichon et al., 2012]. For propagation ranges larger than 200 km,
while the attenuation is roughly constant when Vg ., > 1 (Where V¢ .. is @ dimensionless parame-
ter defined by the ratio between the effective sound speed at 50 km altitude and the sound speed at the
ground level), it strongly increases with frequency when upwind propagation occurs (from 0.1 to 3.2 Hz, the
attenuation increases by ~80 dB at a distance of 1000 km from the source). At higher frequency, eastern sta-
tions would not have detected any signal. Considering the low-frequency content of the recorded signal, the
wave could also be ducted by the thermosphere in all directions, as it was the case for the 1991 Pinatubo
eruption [Tahira et al., 1996]. The long lasting wave arrivals suggest stratospheric celerities around 280 m/s to
the west of Kelud and slightly lower to the east, which could indicate thermospheric propagation. This is in
agreement with later arrivals on seismic and acoustic stations to the east of Kelud volcano.

While the first seismic signal was a regional event (200-600 km, estimated M of 2.3), the last seismic event
of short duration was detected at much greater ranges (200-7000 km, estimated M of ~4.7). Most of the
seismic stations which did not detect this seismic signal appeared to be noisy at the expected time of arrival.
Low-frequency waves were also detected at teleseismic distances by seismometers after extremely explosive
eruptions: in 1980, Mount St. Helens (USA) [Kanamori and Given, 1982], in 1982, El Chichon (Mexico) [Widmer
and Ziirn, 1992; Shearer, 1994], in 1991, Mount Pinatubo (Philippines) [Widmer and Ziirn, 1992].
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By using the long lasting signal duration in the infrasound and seismic records (Figure S5) and the total vol-
ume of 0.2-0.3 km? dense rock equivalent [Nakada et al., 2014], we estimate the intensity of the eruption
to ~10.8-11.0 (following /=log,, mass eruption rate + 3, where / is the intensity and the mass eruption
rate is in kg/s [Pyle, 2000]). Remote infrasonic and seismic stations permit an assessment of the eruptive
intensity from the signal duration. Although of smaller magnitude (M = 4.3-4.5, where magnitude = log,,
(erupted mass) — 7, with the erupted mass in kg [Pyle, 2000]), the Kelud 2014 eruption was of higher inten-
sity than the 1980 Mount St. Helens (M = 4.8 and intensity = 10.3), but much lower than the 1991 Pinatubo
(M = 6.0, intensity = 11.6) eruption. The ash plume reached 19 km and 35 km of elevation during Mount St.
Helens and Pinatubo eruptions, respectively, while a maximum height of 26 km was measured following the
2014 Kelud eruption [Kristiansen et al., 2015]. Although outside the scope of this paper, it would be interest-
ing to compare the band-passed infrasound and seismic records of these historical eruptions. The intensity,
as a measure of the violence of mass injection, is a useful real-time impact metric for monitoring and hazard
assessment. As demonstrated in this case study, a small magnitude but intense eruption, such as the 2014
Kelud eruption, can rapidly impact habitats, communities, and flight routes.

4.2, Interpretation

A key observation for Kelud 2014 eruption concerns the sequence itself (Figure 2b). The first volcanic events
were not detected by satellites and include a brief infrasound signal followed by a weak seismic event. The
first episode likely disrupted the dome plugging the conduit, therefore, suggesting a “bottom-up” trigger that
could have been induced by magma mixing. The acoustic signal, also recorded on seismometers, probably
occurred when the plug capping the conduit was breached and volcanic material could be freely injected into
the atmosphere. This may correspond to the onset of a decompression that induced magma fragmentation
[Alidibirov and Dingwell, 1996]. The second seismic signal was only later recorded (Figure 2b). Following Jeffery
etal. [2013], a prominent storage region lies in the midcrust (~10 km) and several magma storage zones are
distributed throughout the uppermost crust (<10 km depth). Melnik and Sparks [2002] estimate that a frag-
mentation front can propagate over a few kilometers. Our results suggest an upper apparent fragmentation
speed ~15 m/s (assuming the deepest reservoir lied at maximum 10 km). This range is in good agreement
with experimental results [Spieler et al., 2004] for similar overpressures (~7 MPa, P = hy, . g p, With hy, .. and
p derived from Jeffery et al. [2013]).

Although all eruptions are bottom-up in terms of magma ascent, highly dangerous explosive phases can also
be triggered by “top-down” processes (1980 Mount St. Helens, USA, 2006 Soufriére Hills, Montserrat, and 2010
Merapi, Indonesia [Pallister et al., 2014; Voight et al., 2006; Surono et al., 2013]). In the Kelud 2014 eruption case,
the most explosive event was triggered by a top-down process, probably following the dome unloading. The
1919 eruption followed a similar sequence although in place of a dry dome [Caudron et al., 2012], a crater
lake of 40 million m? overlaid the conduit at that time [Kemmerling, 1921]. The first event which blew off the
lake was minor and was followed by the main explosion, also of short duration (<10 h). In 1990, a phreatic
eruption followed by minor phreatomagmatic eruptions preceded the large Plinian eruption by less than an
hour [Vandemeulebrouck et al., 2000]. The main phase only lasted for a few hours.

5. Conclusions

The eruption that occurred on 13 February 2014 at Kelud volcano was one of the most intense event of the
decade. The first explosion destroyed most of the instruments deployed in the near field and the remaining
seismic data were saturated due to intense eruption tremor. Hence, the eruptive sequence of this large
volcanic event could not be easily monitored and constrained by the local network.

By analyzing seismic and infrasound data acquired at distances greater than ~200 km, a detailed eruptive
sequence can be obtained. First, a weak infrasound signal was followed by a small magnitude seismic event.
A long-lasting acoustic signal, concurrent with major stratospheric ash injection, was then globally recording
by infrasound arrays (up to 11,000 km) and more locally (up to 2200 km) by seismic instruments due to effi-
cient ground coupling. A seismic event was finally recorded by seismometers, as far as 7000 km away from
the volcano. Although of moderate magnitude (4.3-4.5), the intensity (~10.8-11.0) places the 2014 Kelud
eruption between the 1980 Mount St. Helens and 1991 Pinatubo eruptions (10.7 and 11.0). The results may
suggest a bottom-up followed by a more explosive top-down trigger and are in agreement with experimental
fragmentation speeds (<15 m/s) for similar overpressures (~7 MPa).
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