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34 19 Batu Tara is an active but poorly studied volcano located in the Lesser Sunda Archipelago (Indonesia). Its last
20 known long-lasting eruptive phase, dating 2006-2015, was characterized by frequent, short-lived explosions,
37 21 similarin style and magnitude to those of the well monitored Stromboli volcano (ltaly). On September 2014,
38 22 we collected high-frequency multi-parametric measurements of the ongoing explosive activity to investigate
39 23 the dynamics of intermediate-size volcanic explosions. We acquired synchronised acoustic, thermal and
24 visible high-speed imaging data, and parameterized different spatial and temporal properties of each
42 25 explosive event: i) maximum height and ejection velocity of bombs and plumes, ii) duration, iii) amplitude of
43 26 acoustic and thermal transients, iv) acoustic and thermal energy, v) spectral features of the acoustic signals.
27 The latter ones justify the assumption of a pipe resonance of the uppermost conduit section, likely in
46 28 response to the arrival of over-pressurized gas at the free magma surface. The variability of the investigated
47 29 parameters agrees with previous observations of intermediate-size explosions at other volcanoes, reflecting
48 30 the complexity of the related source processes.
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31

32 1. Introduction

33

34 Forecasting the short term progression of volcanic unrest, and defining the physical-chemical processes
35 governing eruptive activity are the main goals of modern volcanology; such objectives require high-quality
36 monitoring data, ideally analysed in near real-time and consistently over long periods (Ebmeier e al., 2019).
37 As such, several volcanoes boast extensive real-time measurements of multiple eruption-related parameters
38 and long-term databases, like Mt. Etna, Vesuvius, and Stromboli (Italy), and Kilauea, Mt. St. Helens, and
39 Yellowstone (U.S.A.) (e.g. Pallister and McNutt, 2015).

40 Data from volcanoes sited in remote areas are harder to collect, and baselines on their behaviour during
41 unrest are often poor or absent. Not surprisingly, nearly half of the active Holocene volcanoes have
42 rudimentary or no monitoring at all (Ebmeier et al., 2019). Yet the detection and characterization of their
43 eruptive activity have fundamental implications, as even remote volcanoes are not exempt from being a
44 source of possible hazards. For instance, a major risk is posed by volcanic ash to aviation (e.g. Prata and Rose,
45 2015). The exponential increase of population growth and the sharply increasing air traffic (Tilling, 2008) in
46 the last century stresses the need of mapping the eruptive behaviour of as many volcanoes as possible. Only
47 to quote an example, from 1935 through 2000 about 100 incidents were related to airplanes finding
48 themselves in volcanic ash clouds (Gordeev and Girina, 2014).  Additionally, active volcanoes in the vicinity
49 of the sea (either subaerial or submerged) are potentially tsunamigenic (Paris et al., 2014) and might
50 trigger tsunamis through volcano-tectonic earthquakes, slope instabilities, pyroclastic flows, underwater
51 explosions, shock waves and caldera collapse (e.g. Paris et al. 2014; Paris, 2015).

52 Remote sensing through satellite techniques is a convenient tool to derive near real-time or time-averaged
53 information on the ongoing eruptive activity of remote volcanoes (e.g. Coppola et al., 2019). Nevertheless,
54 the synoptical-scale offered by satellite methods is sometimes not suited to address individual case studies
55 (Pyle et al. 2013), especially considering that the critical spatial resolution for understanding volcanic

56 processes (meter to decametre scale) is uncommon in satellite-based investigation (Ramsay and Harris,
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57 2013). Multi-parametric, in-situ observation campaigns, on the opposite, offer a high-resolution robust
58 picture of the eruptive parameters, which is fundamental for understanding the source processes of the

59 eruptive activity (e.g. Dalton et al. 2010; Cimarelli et al. 2016; Spina et al., 2017; Taddeucci et al., 2017, 2021).

60 Among remote and sporadically monitored volcanoes, Batu Tara (Pulau Komba, Flores Sea, Indonesia) is well
61 known for its analogies with the well-monitored Stromboli volcano in terms of eruptive style and morpho-
62 structural properties (Laiolo et al., 2018). Remarkably, the recent eruptive activity of Batu Tara has posed
63 several concerns for the traffic air, pushing authorities to create alternative commercial routes between
64 Jakarta and Sidney (Sonnabend, 2007). Despite beinglocated on an uninhabited island, its explosive activity
65 threatens the population of nearby islands. In March 2007, 15.000 people were  evacuated in response
66 to an increase of the hazard level following a series of stronger explosions. Approximately, 450.000 people
67 reside within 100 km from the volcano, and can be considered exposed to potential risks associated with
68 volcanic activity. Indeed, for Batu Tara, the Population Exposure Index is 2 (out of a maximum of 7; Brown et
69 al 2015). Due to its remoteness, the monitoring of volcanic activity at Batu Tara is mainly realised through i)
70 remote sensing of eruptive plumes (Laiolo et al. 2018; Blackett, 2015), ii) sporadic in-situ field observations
71 from Centre of Volcanology and Geological Hazard Mitigation (a.k.a. CVGHM), iii) guided expeditions
72 providing informative reports (Volcano Discovery website; Smithsonian Institution Global Volcanism
73 Program-hereafter GVP- website), iv) and visual observations from Lembata island (CVGHM). Here we
74 describe the results of an extensive characterization of Batu Tara explosive activity through an in-situ multi-
75 parametric campaign performed in September 2014 with the aim of drawing a detailed picture of the
76 explosive activity characterizing the volcanic unrest. Using high-quality, high-frequency thermal and acoustic
77 data we i) contributed to the implementation of the baseline knowledge of a scarcely monitored volcano; ii)
78 shed light into the characteristics of intermediate size ash/gas rich volcanic eruptions, a complex end-

79 member of Strombolian and Vulcanian eruptive style.

80 2. Geological and volcanological setting

81
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82 Batu Tara volcano is an active stratovolcano located in the Flores Sea (Indonesia), about 46 km north of
83 Lembata Island (Lesser Sunda archipelago). Its steep-sided emerged part forms the isolated and uninhabited
84 3-km-wide Komba island (4.7 km?, 748 m a.s.l, 7.792°S, 123.579°E; Blackett, 2015). The base of Batu Tara
85 volcanic edifice lies approximately 3.000 m b.s.l. (Stolz et al., 1988, GEBCO website) while its upper portion
86 is characterised by a lateral collapse scar, very similar to the well-known Sciara del Fuoco in Stromboli
87 volcano, opened to the east and hosting a small active crater (Brouwer, 1940; Figure 1a). This morpho-
88 structural analogy, as well as the similar dimensions of their volcanic edifices and persistent explosive activity,

89 have earned Batu Tara and Stromboli the name of “twin volcanoes” (Laiolo et al., 2018).

90 The magmatism of Batu Tara is linked to the active subduction processes of the 3000 km-long Sunda-Banda
91 volcanic arc system (Hamilton et al., 1979, Van Bergen et al., 1992; Stolz et al. 1988) and is characterised by
92 high-potassium calc-alkaline lavas (Hilton & Craig, 1989). Erupted volcanic products are silica-poor (Stolz et
93 al., 1988; Hoogewerff et al., 1997) potassic to ultrapotassic tephrites, trachybasalt, tephrite basanite,
94 trachyandesite, and basaltic trachy-andesite (Van Bergen et al. 1992, Hilton & Craig, 1989, GVP website,

95 Brouwer, 1940).

96 The eruptive history of Batu Tara volcano is nearly unknown. Geological evidence at Batu Tara shows that
97 before entering the present explosive cycle, started in 2006, the eruptive style was predominantly effusive,
98 driven by the input of primitive magmas. The transition from predominantly effusive to predominantly
99 explosive activity is attributed to a significantly higher content of volatiles retrieved in recent magmas (Herrin
100 and Costa, 2015). The only documented eruptive phase pre-2006, characterised by explosions and lava flows,
101 dates back to the period 1847-1852 (VEI-2; Stolz et al., 1988) although some sources extend this eruptive

102 period up to 1932 (Brouwer 1940; Badan Geologi Website).

103 The present-day activity of Batu Tara initiated on 1 July 2006, when an ash cloud was reported (VEI-1; GVP
104 website, 2007), interrupting an over a century-long period of dormancy. In the period 2007 — 2015, the
105 activity was characterised by the persistent occurrence of Strombolian to Vulcanian explosions emitting gas,
106 ash and ballistic blocks in variable proportions, and was documented by: i) the Darwin Volcanic Ash Advisory

4
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107 Centre, who issued a total of 2652 advisories for Batu Tara (Volcanic Ash Advisories: 4 in 2006, 134 in 2007,
108 251in 2008, 532 in 2009, 380in 2010, 348in 2011, 482 in 2012, 333 in 2013 with an archive gap for December
109 2013, 90 in 2014, and 98 in 2015; source VAAC Darwin Archive), and ii) thermal anomalies detected by the
110 Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA's Terra satellite from Hawai'i Institute of
111 Geophysics and Planetology (MODIS website). A continuous ash emission characterised the beginning of this
112 eruptive phase, then the activity shifted toward frequent (i.e. several per hour) ash-rich Strombolian
113 explosions and more energetic Vulcanian-type explosions occurring several times per day. These latter ones
114 ejected bombs and blocks up to 500 meters above the crater. On 24 March 2007, a series of stronger
115 eruptions (VEI-2) forced Indonesian authorities to raise the alert level to 3 (out of a maximum of 4) and
116 evacuate 15,000 people from Lembata Island, 50 km to the south (Volcano Discovery website, Volcano Live
117 website). The alert level was then lowered to level 2 on 12 April 2007 (GVP website, 2007). On 5 April a lava
118 flow on the eastern slope created a lava delta 450 m across and extending 100 m offshore (GVP website,
119 2007). In 2015, explosive activity waned, followed by only rare MODIS thermal anomalies detection, the last

120 of which on 16 July 2016 (MIROVA Team pers. comm.; methodology in Coppola et al., 2015).

121 During the above-described period, and the period investigated in this work, the explosive activity was
122 ejecting ash, and lapilli- to bomb-sized pyroclasts, with some ash plumes reported by the Darwin VAAC
123 reaching as high as ~ 3 km a.s.l. and drifting  laterally up to 200 km from Batu Tara. A small pyroclastic flow
124 was observed on 3 July 2015 travelling down the eastern scar and for about 250 m out to sea (GVP website,

125 2016; Volcano Discovery website).
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127 Figure 1: (a) Geographical position (top-left inset), and aerial view (2012; Image ©Maxar Technologies) of
128 Komba Island. The active vent of Batu Tara is marked by a yellow arrow, below a small eruptive cloud. The
129 position of the multi-parametric setup is marked by a red star. The distance between the recording site and
130 the active vent is 1226 m. (b) Picture of Batu Tara volcano showing the  field of view of the camera (FOV).
131 Thermal (bottom left inset) and visible (top left inset) camera images with horizontal FOV of 244 m and 60
132 m, respectively. (c) Snapshots from different eruptive events recorded by a GoPro camera corresponding to
133 the acoustic events in Figure 3 marked by an event serial number of 3 (1,05/09/14 00:28), 11 (ll, 05/09/14
134 01:47), 17 (Ill, 05/09/14 04:44), 18 (IV, 05/09/2014 04:56), 31 (V, 05/09/14, 10:12), 33 (VI, 05/09/14 11:00).
135 (d) Still frames of four selected explosions as recorded by the FLIR thermal camera (FOV 244x346m), showing
136 the observed events ranging from ash-dominated explosions (left) to bomb-dominated explosions (right).

137

138 3. Field deployment

139 The field campaign at Batu Tara was performed from 4 to 6 September 2014. Multiple, time-synchronized

140 devices were deployed at sea level in direct view of the active vent, which was located at a straight distance
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141 of 1226 m and at an elevation of 540 m a.s.l. The multiparametric setup included: i) a high-speed camera
142 (OPTRONIS CR600x2, recording at 500 frames per second (fps) with a pixel size of 0.06 m) acquiring videos
143 of the vent in the first 20 seconds of explosions; ii) a thermal infrared camera (FLIR SC655 , 50-200 fps, pixel
144 size of 0.51 m), acquiring videos at a larger spatial and temporal scale; iii) a time-lapse camera (GO-PRO, 1
145 frame every 5 s) (Figure 1b), and iv) a broadband microphone (freq. range of kHz to 0.1 Hz) sampled at 10
146 kHz. The multi-parametric station recorded discontinuously several seconds- to minutes-long traces each one
147 comprising one or two explosive events. In this study, we primarily focus on the integrated analyses of
148 thermal and acoustic data, since these two datasets captured the whole explosion dynamics for a large
149 number of events at a comparable spatial/temporal resolution. High-speed videos are here used to obtain

150 quantitative constraints  on the vent geometry and exit velocity as detailed in Section 4.1.

151 During the recorded period, the activity was characterized by impulsive, ash-rich explosions lasting seconds
152 to minutes. The explosions ejected ash-loaded jets, with variable proportions of hot lapilli- to bomb-sized
153 pyroclasts and spatters 100-300 m above the crater, that eventually fell/rolled down the eastern collapse
154 scar. The ash was rapidly dispersed buoyantly in small plumes rising up to a few  hundred meters above
155 the vent before being drifted away by local wind (Figure 1c). The activity spanned from pure ash venting with
156 negligible amounts of incandescent material to bomb-dominated explosions (Figure 1d). Rarer, significantly
157 more powerful blasts were also observed ejecting meter-sized blocks to distances of several hundred meters

158 in all directions.

159 4. Data analysis

160 4.1 Thermal infrared video analysis

161 Thermal videos captured several explosions with a horizontal field of view ranging from 61 to 244 m in width
162 and up to ca 350 m above the vent (bottom inset in Figure 1b and Figure 1d). The vent was not directly visible
163 from our point of observation. However, using high speed and thermal images of different events, we
164 estimated the horizontal width of the jet just above the crater rim at the very beginning of the explosions to

165 be in the range 6 - 20 m, suggesting that the eruptive vent might have a similar size at its exit. Thermal images
7
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166 were corrected for the atmospheric absorption through the software after air temperature, humidity, and
167 target distance input, and then scaled by knowing pixel pitch size (17um), lens focal length (41.3 mm), straight
168 distance (1226 m), and dip angle of the camera (20°). Quantitative analysis of the thermal infrared videos

169 was carried out by using different image processing in-house-built algorithms.

170 In a first approach, for each video frame we integrated the apparent brightness temperature of all pixelsin a
171 100x50 pixel control area (A) above the vent and subtracted the background temperature, i.e. the minimum
172 temperature of each frame; then, dividing by A we obtained a mean temperature value representative of the
173 whole frame. Variations of this value over the different frames of the video provides thermal signal variation
174 over time, or the ‘thermal waveform’ (Figure 2). In this way, each explosion, characterised by a single thermal
175 pulse or by a sequence of two or more pulses, can be quantitatively detected from the thermal waveform
176 analysis, after de-trending and de-meaning the signal, by using a Short Time Average/ Long Time Average
177 (STA/LTA) algorithm (Withers et al., 1998), and using STA window =1 s, LTA window 40 s, trigger threshold
178 STA/LTA=3, de-trigger threshold STA/LTA=1). Moreover, we estimated the thermal energy radiated from
179 each explosion according to the Stefan—Boltzmann Law, by integrating the radiant flux emitted in the control

180 area (A) over time (t) (Bombrun et al., 2016, Marchetti et al., 2009) as follows:

181 Ey = ft";f [, oe(T*—THdAdt (1)

182 where t;and trare the initial and final times of the event obtained from the STA/LTA detection (and tt; being
183 the event duration), € is the emissivity of the surface (assumed constant, 0.96), ¢ is the Stefan-Boltzmann
184 constant (5.670373x10® Wm™ K*), and T and Ty the pixel and the ambient environment temperature (K).

185 From this analysis, 67 out of 72 detected vents were selected.

186 In a second approach, we used a Matlab algorithm (Gaudin et al., 2017) to discriminate the dynamics of each
187 explosion as a function of time as follows: for each frame in a video, the maximum temperature (Tmax) value
188 is computed for each row after the background temperature (Ty) is subtracted considering the minimum

189 temperature of each pixel in a 2-second moving time-window preceding the frame. In this way, the quantity



OCoO~NOUITAWNE

190 (Tmax-Tb) of each frame row is represented graphically as a function of height above the vent (in the y axis),
191 and time (on the x axis) allowing to visualize the time evolution of the temperature anomaly generated by
192 the erupted material (Figure 2). In these ‘rise diagrams’ hot gas and ash and bombs appear as blurred stripes
193 and well-defined parabolic curves, respectively, with an inclination proportional to their rise velocity. From
194 these diagrams, we retrieved manually the following quantities: i) explosion starting time, ii) maximum bomb
195 elevation, and iii) maximum plume elevation, from which we computed their maximum height and mean rise

196 velocity.

197 Using the rise diagrams and high-speed video footage we assessed semi-quantitatively the bomb content of
198 the events, attributing a ‘bomb-index value’ ranging from zero for ash-dominated, bomb-free explosions to

199 one for bomb-dominated explosions (Figure 1d).

200
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202 Figure 2: Two examples of explosive events of Batu Tara represented after processing the high-frequency
203 thermal videos. In each plot, on the left y-axis we diagram time vs height variation of the temperature

9
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204 anomaly generated by the explosive event, or ‘rise diagram’, whereas on the right y-axis, we plot the average
205 brightness temperature in a control area, or ‘thermal waveform’. The thermal anomaly is the maximum
206 temperature computed for each row of thermal image after background subtraction (Tmax-Ts, color-coded).
207 Gas puffs and bombs appear as streaks and parabolas, respectively, with a slope related to their rise (or fall)
208 velocity. The thermal waveform is calculated as the frame-by-frame sum, after background subtraction of T
209 values in a 100x50-pixel box above the vent. This quantity is superimposed in the previous diagram, showing
210 that events are characterised by an initial jet phase, followed by the one or more bursting pulses, and a final
211 waning phase.

212

213 4.2 Acoustic signal analysis

214 Acoustic signals were decimated to 100 Hz to improve processing speed. The decimation does not affect
215 signal properties, given that the bulk of energy content of Batu Tara explosions liesinthe infrasound range.
216 To pick acoustic transients  from the data, we applied the STA/LTA algorithm using a short-time window
217 and a long-time window, a trigger and a de-trigger threshold of respectively 1 and 5 seconds, 4 and 1.5. Such

218 parameters have been broadly texted to maximize the detection capability of the algorithm.

219 Accordingly, 72 acoustic transients with good signal to noise ratio have been selected (Figure 3) and
220 characterised using different parameters. Event duration was computed as the time interval between trigger
221 and de-trigger thresholds. Spectral and time-domain properties of the events were computed on a window
222 of 10.24 seconds. In particular, we evaluated the peak-to-peak and Root Mean Square (RMS) amplitude of
223 the events and their peak frequency. We additionally computed a parameter that account for the

224 contribution of higher frequencies to the spectrum, the mean frequency fmean:

N o
225 fmean — Zizl (pxxl fl) (2)

N
Yis, DPXXx;

226 with pxx; corresponding to the power spectral density evaluated at each of the N frequencies f; (Carniel et

227 al., 2005; Spina et al., 2016a).

10
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229 Figure 3: (a), (b): Triggered infrasonic pressure waveforms of explosive activity at Batu Tara. The events

230 marked by a yellow and a green star are shown in (c) and (d), respectively. (e), (f) show the STFT of (c) and
231 (d), respectively.

232

233 The damping properties of the acoustic events were evaluated by Sompi Method (Kumazawa et al. 1990).
234 The Sompi method is based on an autoregressive model, and assumes the signal can be de-convolved in a
235 linear combination of coherent oscillations, i.e. wave elements, with decaying amplitudes plus Gaussian
236 white noise. The quality factor is defined as Q=-f/2g, with fand g corresponding to the frequency and growth
237 rate (growth rate of the wave element amplitude), respectively (Kumazawa et al. 1990). A higher quality
238 factor corresponds to slower amplitude decay of the investigated events. We found that an autoregressive

239 order of 16 was producing the best results, and was therefore chosen for our analysis.

240 Successively, we attempted a classification of acoustic waveforms in different families by correlating their
241 spectra, as previously proposed by Milluzzo et al. (2010) building on Green and Neuberg (2006). To this extent

11
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242 we applied the following steps: 1) A window of 15 seconds of signal was selected and a Butterworth filter in
243 the range 0.5-5 Hz was applied;2) the spectra of these windows were calculated; 3) a cross-correlation matrix
244 was obtained by comparing the spectra using cross-correlation; 4) the spectrum exhibiting the highest
245 number of cross-correlation coefficient above the threshold of 0.9 was selected as master spectrum; 5) the
246 spectra of those events that have cross-correlation coefficient above the above-mentioned threshold were
247 stacked to obtain an average spectrum; 6) the latter was cross-correlated with the original dataset, and all
248 the spectra with a cross-correlation coefficient greater than the threshold were grouped into a family. Then

249 steps 4-6 were repeated for the remaining dataset of events.

250 The acoustic energy radiated during the explosion was evaluated as follows (e.g. Johnson and Aster, 2005):

T2

1 AP(t)?dt (3)

251 Ea = 2nr?palcitn

252 Where T1 and T2 are the initial and final times of the acoustic signal, r is the distance between the vent and
253 the microphone (1226 m), patm is the air density assumed to be equal to 1.2 kg/m?* and cam is the sound speed,
254 corresponding to 340 m/s. It has to be noted that equation (3) might represent an underestimation of the
255 actual acoustic energy within the conduit, due to topographical effects and to the impedance contrast at the
256 vent. Indeed, Lacanna and Ripepe (2020) investigated by 3D finite-difference time-domain analysis the
257 effects of plane-to-spherical acoustic wave conversion in the conduit, assuming volcanic conduit behaves as
258 a classical duct system. The amplitude and radiation patterns outside the duct are controlled by the acoustic
259 impedance at the open end, which is a function of vent radius and pressure wavelength; as a result, at the

260 vent-atmosphere interface a large part  of the energy is reflected back to the conduit.

261 The temporal rate of acoustic energy, i.e. acoustic power, has been broadly used in literature to retrieve
262 information on the flow velocity at the source (e.g. Woulff and McGetchin, 1976; Ripepe et al 2013). Building
263 on the source model theory, the relationship between the amplitude of the first positive infrasonic peak and
264 the exit velocity of the gas at the vent for a monopole (3), dipole (4) and quadrupole (5) source (e.g. De
265 Angelis et al. 2019 for details) has been shaped as follows (Vergniolle and Caplan-Auerbach,2006; Delle

266 Donne and Ripepe, 2012 Ripepe et al., 2013):
12
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267 <p>= Mvﬁ ...... (4)

268 < p >= PamBVKa s (5)
TCatm

269 <p>= "“:C’"—”f_dvg ....................................................................... (6)
atm

270 Where Ky is an empirical constant equal to 1, 102, 10° for a monopole, dipole and quadrupole sources
271 respectively (e.g. Vergniolle and Caplan-Auerbach, 2006) and R is the radius of the source. Equations (4) to
272 (6) have  been used here to evaluate the gas/particle exit velocity at the vent, assuming different possible
273 source models. The radius of the source has been estimated assuming it is equivalent to half of the average

274 length of the jet at the source (i.e. 6.5 m; see Section 4.1 for details).

275 5. Results

276 5.1 Thermal infrared video results

277 In the investigated period of data acquisition, explosive events were occurring at a frequency of 2 to 6 events
278 per hour, with the exclusion of a 2-hour interval (5 Sep 7:15 -9:15 UTC) where no events were detected
279 (Figure 4). The events recurrence time is between 2 and 36 minutes, with the most frequent intervals being
280 ca. 5 and ca. 12 minutes. There is no obvious correlation between recurrence interval and explosion thermal

281 amplitude during the time span considered.

13
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283 Figure 4: Time series of the triggered thermal events. Each event is displayed as a vertical blue line. The red
284 circles indicate the position of the thermal amplitude peak of the event detected with the STA/LTA algorithm.
285 Grey boxes mark time intervals where no video/audio-recordings are available. Dotted black lines highlight
286 different days.

287

288 Thermal waveforms show a unimodal distribution in terms of event duration ranging 2 to 60 seconds, with
289 more than 60% of the events ranging in the 10-30 s interval, and a broad unimodal distribution of amplitudes
290 centred around 2-4x10° K. Event thermal energy ranges between 1.1x10° and 2.2x10*! J, with a bimodal
291 distribution (major peak at 2x10%° J and secondary peak at 5x10° J). No obvious correlation is observed
292 between peak amplitude and duration (Figure 5a-c). The ejection velocity of the bombs and plumes was
293 retrieved from the time/height diagrams of the maximum temperature. Nearly half of the events (33 out of
294 67) are characterised by one individual bomb ejection pulse, 19 events have two main pulses, whereas the
295 rest show 3 or more ejection pulses. Bomb velocity ranged in the 10-50 m/s with a mode around 20-30 m/s,
296 whereas plumes were ejected at lower velocities (5-25 m/s) with a mode at 6-9 m/s. Maximum bomb
297 elevation widely ranged from 50 to larger than 300 m, exceeding the limit of vertical FOV in ca 20% of the
298 events. Ash and gas plumes can be detected up to 200 -300 m in 90 % of the cases, above that height they
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299 become thermally transparent (Figure 5d-e). We note a correlation between bomb content, discriminated
300 by visual inspection, and bomb velocity (Figure 5f), bomb-rich explosions displaying the highest values (30-
301 50 m/s, with 2 events up to 100 m/s), and ash-dominated ones showing the lowest values (10-20 m/s). We
302 manually tracked a few particles exiting the vent during three selected explosive events using high-speed
303 videos and retrieved speeds in the range 92-331 m/s (04/09, 23:10), 220-460 m/s (05/09, 00:25) and 100-
304 500 m/s (05/09, 00:40), respectively. Such values of velocity are in line with values measured at Stromboli
305 and Yasur (Vanuatu) (e.g. Taddeucci et al. 2012, Spina et al.,2016b), and are representative of the highly
306 accelerated portion of the jet at the vent exit. Velocity values measured from the thermal infrared videos are
307 significantly lower because of the lower spatial and temporal resolution of the FLIR thermal camera
308 compared to high-speed one and to the fact that our thermally derived velocities are retrieved from the slope
309 of the bomb’s trajectories (Figure 2) and thus are to be considered as representing an average velocity of the

310 bomb from the exit position to its maximum elevation.
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312 Figure 5: Duration of the event plotted against amplitude of the thermal waveform peak (a) and (b) thermally
313 radiated energy. (c) Amplitude of the thermal waveform peak against thermal energy; bomb vs plume speed
314 (d) and height (e) as computed from time vs height plot of the thermal anomaly (see text); (f) correlation
315 between bomb velocity and bomb index, reflecting purely ash, bomb-free (=0) vs bomb-rich (=1) explosive
316 events.

317

318 4.2 Acoustic signals results

319 The 72 acoustic signals are characterized by discrete transients, mostly exhibiting a compressive impulsive
320 onset followed by a nearly symmetrical rarefaction peak and by a differently developed coda. These are
321 occasionally related to secondary pulses (confirmed by thermal and high-speed images), as also frequently
322 recognized for other volcanoes (De Angelis et al., 2019). Waveforms variability (Figure 3a and 3b) reflects on
323 the widespread distribution of event durations, spanning 2-22 seconds (Supplementary Figure 1a). The peak-
324 to-peak amplitude of the events lies mostly in the range 0-100 Pa; three exceptional high-amplitude events
325 with peak-to-peak amplitude of ca. 184, 272, and 384 Pa lasting around one-tenth of second were observed

326 (Supplementary Figure 1b).

327 The peak frequency of the acoustic events mostly lies below 1 Hz (Supplementary Figure 1d), whilst mean
328 frequency can reach values up to 15 Hz, with a mean value of 3.5+3, suggesting a relatively broadband
329 spectrum at least for some of the events (Supplementary Figure 1e). The quality factor spans over two orders
330 of magnitude (0.33 up to 50), although it is mostly clustered below 10 (Supplementary Figure 1f). Acoustic

331 energy lies mostly in the range 10%-10° J, with few exceptions as low as 102 (Supplementary Figure 1g).

332 The exit velocity of gas at the vent has been computed by using equations (4), (5), and (6), assuming different
333 radiation patterns. For a monopole source ranges between 5 and 165 m/s with an average value of 38 m/s.
334 Dipole sources correspond to exit velocity of 44-450 m/s (average 160 m/s) whereas a quadrupole source

335 implies exit velocities between 176 and 999 m/s with an average of 450 m/s.

336 Spectra cross-correlation successfully classified 54 events (up to 75% of the dataset) in six families. Family |,

337 Il, and IV gather the highest number of events. All three families include mostly dichromatic spectra (Figure
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338 64a, b, and d), but with different partitioning of spectral energies among the two peaks. In particular, Family |

339 displays the greatest variability of the dataset and is characterized by the first spectral peak falling in the

340 range 0.66-1.6 Hz and overpowering the higher frequency peak (4.3-4.6 Hz). Family Il exhibits

relatively

341 higher spectral content on the second peak, at ca. 4.6 Hz compared to the Family I, but the low-frequency

342 peak (0.99-1.6 Hz) still remains dominant in terms of energy. Family IV exhibit an almost perfectly dichromatic

343 spectrum, mostly peaked at 1.6 Hz and 4.6-4.9 Hz. Family Il and V are monochromatic and exhibit very low

344 spectral peaks (ca. 0.7-0.99 Hz; Figure 6¢ and e). Finally, Family VI has a relative tendency to a broad-band

345 distribution of the spectral energy (Figure 6f).
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347 Figure 6 (a) to (e) Overlapped normalized frequency spectra of the family I-VI.
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348

349 5. Discussion
350 5.1 Eruption dynamics at Batu Tara

351 In the studied period, the correlation among the investigated parameters characterizing acoustic or thermal
352 transients revealed that the duration of the acoustic events tends to be positively correlated with the
353 height of the ash plume (Figure 7a): events lasting longer than 10 seconds exhibit plume height above 180
354 meters. This evidence suggests that longer acoustic events correspond to longer source emission. It is worth
355 noting that thermally detected durations are, on average, from 1.2 to 2 times higher than acoustically
356 detected ones. Acoustic duration does not scale with the peak-to-peak amplitude of the events (Figure 7b;
357 longer events are not necessarily characterized by stronger overpressure, oppositely to the observation of
358 Matoza et al. 2014). Interestingly, comparison to the bomb index suggests that high-amplitude events are
359 related to bomb-dominated explosions (Figure 7c). This observation also matches with the evidence that
360 bomb-dominated explosions display higher velocities of the bombs (Figure 5f) pointing to the evidence that
361 bomb-dominated explosions have more explosive energy than ash-dominated ones. Coherently, at Yasur
362 volcano (Vanuatu) a progressive shift from bomb-rich explosion to ash-rich ones has been linked to
363 progressive volatile reduction and/or increase in magma viscosity (Simons et al. 2020). Finally, with only one
364 exception, acoustic events with Quality factors above 10 (Figure 7d), exhibit mean frequencies above 5 Hz.
365 This suggests that broadband-spectrum-events are related to source processes exhibiting low rates of energy

366 losses.

367
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369 Figure 7: Comparison among different investigated parameters. In (a) and (b) the duration of the acoustic
370 events is plotted against the height of the erupted plume and the peak-to-peak amplitude of the acoustic
371 events, respectively. In (c) the latter is charted together with the bomb index, that provides a qualitative
372 evaluation of the bomb content in the eruptive plume. In (d) the quality factor of the acoustic events
373 computed by Sompi method is plotted against the mean frequency.

374

375 Exit velocities of particles at the vent computed from high-speed images fall within the range of 90-500 m/s.
376 This range of values nicely fits gas exit velocities computed for dipole sources (54-464 m/s) that could in fact
377 represent a reasonable choice for short-lived (few tens of seconds) explosive events associated with plumes
378 rising up to their highest elevation within few minutes (De Angelis et al., 2019), despite their inherent
379 uncertainties. Indeed, exit velocities computed following equation (4) to (6) suffer from limits in the
380 assumption and in the spatial sampling of data, as reported in several studies (e. g., Matoza et al., 2013
381 and De Angelis et al., 2019. For instance: 1) waveform inversion demonstrated that the most realistic

382 source models are a combination of monopole (as the injection of mass in the atmosphere) and dipole

383 sources (Johnson et al. 2008) or eventually even higher-order source term (including quadrupole sources
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384 when, for instance, turbulence is dominant) when dealing with sustained eruptions; 2) Matoza et al. (2013)
385 observed that in the absence of good spatial sampling of jet noise directionality, that is in practice usually
386 not possible in volcano acoustic field experiments, the power evaluated might not be representative of the
387 source; 3) the derivation of gas exit velocity from equation (3) neglects the effects of topography and
388 attenuation, factors that have been often demonstrated to be a relevant contribution (De Angelis et al. 2019).
389 Consequently, cross-validation with thermal imagery, here performed, is strongly recommended (De Angelis

390 et al., 2019).

391 The different families of acoustic events identified by spectra cross-correlation can address differences in the
392 geometry of the plumbing system (e.g. Johnson et al. 2018). The analysis of the identified acoustic families
393 suggests that the acoustic source of Batu Tara explosive events correspond to an open-closed pipe resonance
394 of the upper conduit. Noteworthy, pipe resonance associated with the dipole  streamline of the acoustic

395 sound field have been postulated (Rayleigh, 1945; Elder, 1992; Chanaud, 2010).

396 Pipe resonance of the volcanic system has been widely documented at different volcanoes worldwide,
397 providing several information on the geometry of the feeding system (e.g. Garces and McNutt, 1997; Jhonson
398 et al. 2018; Yokoo et al., 2019; Witsil and Johnson, 2018; Watson et al. 2020). Watson et al. (2019)
399 investigated the effects of volcanic crater geometries, temperature profiles, gas compositions, and source
400 descriptions on infrasound by a linearized model of quasi one-dimensional (1D) wave propagation inside
401 volcanic crater coupled with 3D axisymmetric radiation into the atmosphere from the crater. They found that
402 crater geometry has a most prominent role compared with temperature and gas composition. A volcanic
403 conduit represents an open-closed pipe resonator open to the atmosphere on one side and having an
404 impedance contrast (e.g., the surface of the magmatic column, the fragmentation level, or a conduit cross-
405 section variation) at the other side. In the case of a flanged open-closed pipe resonator, the fundamental
406 frequency is a function of sound speed (c) and resonator length (L) and radius (R:) as follows (Kinsler et al.

407 1999):
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Cc

8R,
4(L + =52

408 fo =

409 Harmonic frequencies are generated as odd multiples of the fundamental. In our case, a fundamental peak
410 corresponding with the main peak at 1.5-1.6 Hz would have a second harmonic at 4.6-4.9 Hz, in agreement
411 with the second peak we observe. This is evident especially in Family IV (Figure 6d) and can be hypothesised
412 also for Family | and Il that suffer from a much wider distribution of the fundamental frequency due to a
413 higher number of events gathering in the acoustic families, including lower frequencies events (0.6-0.99 Hz).
414 Hence, Family Il and V are likely to represent an end-member low-frequency case where harmonics are
415 missing at all. Indeed, monochromatic acoustic infrasound waves have been described and related to conduit
416 pipe resonance at Aso Volcano (Yokoo et al. 2019). For a fundamental frequency in the range 0.6-1.6,
417 assuming a conduit radius equal to 6.5, the length of the conduit resonating span from a minimum value of
418 almost 50 m (assuming c equal to 340 m/s and fO corresponding to 1.6 Hz) up to a maximum of ca. 290 m
419 (assuming c equal to 700 m/s, equal to that of magmatic gases at eruptive temperature; Weill et al. 1992),

420 and f0 corresponding to 0.6 Hz).

421 The different partitioning of spectral energy among different peaks that motivate family classification can be
422 tentatively explained in analogy with musical instruments such as clarinet, i.e. an open-closed pipe resonator.
423 Computer-based studies addressing the behaviour of a clarinet demonstrated that for the same note (same
424 fundamental and duration) the spectral centroid (i.e. a sort of centre of mass of the spectrum) moves toward
425 higher frequencies with increasing mouth pressure or reed opening (Barthet et al. 2007). We can speculate
426 therefore that differences in the input source triggering the conduit resonance or in the conduit geometry
427 (e.g. flaring), resulting from the erosion or accumulation of products within the vent, are likely to produce
428 the different partition of acoustic energy in the spectra of the sorted families. The latter hypothesis is
429 justified by the evidence of coupling between volcanic flow and conduit shape in time and depth (e.g.
430 Macedonio et al. 1994), that is known to affect seismic and acoustic signals (Johnson et al., 2018, Spina et al.,
431 2019), and also by the evidence that the presence of a debris clog or a vent plug can increase the explosivity
432 of the eruption (Del Bello et al., 2015; Capponi et al., 2016).
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433

434 5.2 Strombolian or Vulcanian explosions

435 The acoustic amplitudes and durations measured at Batu Tara are comparable to Vulcanian explosions
436 observed at Popocatepetl (Mexico) (e.g. Arambula-Mendoza et al., 2013), to violent Strombolian activity at
437 Yasur (Vanuatu) (e.g. Marchetti et al. 2013), to the so called ash-explosions at Karymsky (Russia) (Lopez et
438 al., 2013) and partly to vulcanian explosion at Sakurajima (Japan) (Johnson  and Miller, 2014) volcanoes.
439 Explosion duration and mean bomb velocity/height fall well in the range displayed by small Strombolian
440 activity at Etna, Yasur, and Stromboli (Bombrun et al., 2016; Gaudin et al., 2017), despite more frequently
441 observed values of durations at Batu Tara are on the high-end member. Acoustic energy, spanning 10%-10° J,
442 overlaps the range found by Marchetti et al. (2009) for Fuego, Stromboli, Villarica and Santiaguito volcanoes
443 (10%-108) as closely resembling also values provided for Strombolian eruptions at Aso, Yasur, and Arenal (10%-
444 108) by Zobin et al. (2019). Thermal energies, spanning 3 orders of magnitude, (10° - 10*') show minimal
445 overlap and are mostly higher than the values for Strombolian to Fire-fountaining activity at Mt. Etna (10°-
446 10°, Bombrun et al. 2016), and those for Stromboli, Villarica, Santiaguito and Fuego volcanoes (10°-10°,
447 Marchetti et al., 2009). This is consistent with the general longer thermal duration of the events of Batu Tara
448 compared to Santiaguito, Fuego, and Etna volcanoes, reflecting higher thermal radiation energy values, but
449 cannot be the only factor. According to Marchetti et al. (2009), infrasonic energy reflects the contribution of
450 the gas-thrust phase of the explosion, i.e. the release of over-pressurized gas, whereas thermal radiation
451 energy mostly accounts for the whole explosion dynamics, including the buoyant ascent phase, i.e. the
452 floating ascent of the jet/plume into the atmosphere. In the case of Batu Tara, despite acoustic energies are
453 very similar to those at Stromboli and Fuego (Figure 8), thermal radiation energy exhibits  higher values. A
454 dominance of buoyancy processes (as expected when thermal energies are much higher than infrasonic
455 energies) has been related by Marchetti et al. (2009) to the efficiency of fragmentation processes, i.e. to the
456 amount of ash in the explosive jet. Investigated explosions of Batu Tara are all ash-rich, as opposed to

457 those of Stromboli and Fuego, that are more frequently emitting coarsely-fragmented ejecta. Therefore,
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458 embracing the same simplifying assumptions as in Marchetti et al. (2009), we assume that despite the
459 amount of gas over-pressure generating Batu-Tara explosions may be similar to Stromboli and Fuego
460 explosive activity, the fragmentation mechanism at Batu Tara could be more efficient, producing higher
461 proportion of fine vs coarse fragments, and thus a different volumetric concentration of the solid fraction in

462 the plume.

463 Such uncertainty in quantitatively discriminating the eruptive type, i.e. Vulcanian or Strombolian, of Batu
464 Tara explosions result from the complexity of establishing a clear boundary for intermediate terms among
465 the two end-members. Intermediate-intensity ash-rich explosions have been widely investigated in the
466 attempt of defining a quantitative classification scheme, often comparing eruptive activity at the same
467 volcanoes and at different volcanoes worldwide. For instance, Matoza et al. (2014) investigated three
468 datasets of acoustic events from Sakurajima, Karymsky, and Tungurahua volcano, finding an inherent
469 complexity and variability in explosion styles at individual volcanoes, and at the same time, bulk similarities
470 (Matoza et al. 2014). Houghton and Gonnermann (2008) attempted to define novel criteria to identify
471 different eruptive styles at basaltic volcanoes and pointed to the lack of clear correlation between eruptive
472 rate/steadiness and style, whereas the duration of the eruptive event is considered a more distinctive
473 parameter. A recent review of the classification schemes for Strombolian activity, based on thermal images
474 and including events from Stromboli, Yasur, Etna and Batu Tara, revealed commonalities  in the eruptions,
475 which formed a continuum spectrum sharing the same controlling factors (Gaudin et al., 2017). Our analysis
476 of the explosive activity at Batu Tara supports, within the limits of the investigated temporal window, this
477 view of a continuum spectrum of activity, with no gap separating events that span one to two orders of

478 magnitude in eruption parameters.

479

480
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483 Figure 8: Comparison between acoustic and thermal radiation energy measured at Batu Tara for different
484 explosive events (red crosses) with the acoustic and thermal energies measured at Stromboli, Fuego, Villarica,
485 and Santiaguito  (Marchetti et al., 2009), and Etna (thermal energies only, Bombrun et al., 2016).

486

487 6. Conclusive remarks

488 In September 2014 we carried out a multi-parametric campaign aimed at characterizing ongoing explosive
489 activity at Batu Tara Volcano (Flores Sea, Indonesia). The resulting integrated extensive analysis of thermal
490 and acoustic signal from several eruptive events, here described, represent a unique tool for a close-up
491 picture of the eruptive dynamics of a poorly monitored volcano. We summarized the main results in bullet

492 points below:

493 1) Theinvestigated eruptive activity of Batu Tara Volcano was characterized by intermediate-size bomb-

494 free to bomb-rich ash explosions, with plumes rising few hundred meters above the eruptive vents
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2)

with a frequency of ca. 2-6 events per hour. The associated thermal transients, with duration
unimodally distributed in the range 2-60 seconds, show energy in the range 1.1x10° and 2.2x10"! J.
The acoustic signal is composed of discrete transients lasting up to a few tens of seconds, featuring a
relative waveform variability, acoustic amplitude of ca. 0-300 Pa and energy spanning the range 10%-
10°1J.

Cross-checking observation from the high-speed cameras with the exit velocity computed from source
model theory provides a nice fit for a dipole source, and suggests an exit velocity at the vent on the
order of  50-500 m/s.

The spectral properties of the dataset, that are at the base of the sorting of the acoustic events in
different families, suggest that the upper portion of the volcanic conduit may act as an open-closed
pipe resonator. For fundamental frequencies in the range 0.66-1.6 and assuming acoustic velocities
of 340-700 m/s, the length of the resonating conduit falls in the range to 50-300 m. We speculate
that different partitioning among spectral peaks likely reflects variable pressure of the source
triggering resonance or different flange of the conduit geometry, possibly due to debris
clogging/viscous plugging at the vent.

Comparison of the investigated dataset with quantitative information on Strombolian or Vulcanian
explosions at other volcanoes support the hypothesis that eruptive activity occurs within a continuum
spectrum of activity. Quantitative classification scheme aimed at distinguishing different classes of

events often fail due to the inherent complexity of the source processes.
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736 Supplementary Figure 1: Results of different analyses in time and frequency domain of the acoustic events
737  associated with explosive activity from Batu Tara volcano. (a) Duration; (b) Peak-to-peak amplitude, (c)
738 Root-Mean-Square amplitude, (d) Peak frequency, (e) Mean frequency (f) Quality factor, (g) Acoustic
739 Energy.
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740 Supplementary Video 1: Example of two typical explosions detected at Batu Tara.: a bomb-rich explosion

741 (04/09/2014 12:27:34) and a bomb-free one (05/09/2014 12:04:31), recorded in high-frequency mode (200
742 Hz) with a FLIR thermal camera. The camera FOV is 122x346 m, the real-time duration of the explosion is 4.5

743 s and 5.9 s, respectively. Some of the largest bombs reach diameters of 5-7 m.
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