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Abstract

In order to clarify the time relation of the expansion of a gas pocket and failure of it’'s the
overlying plug of lava during Vulcanian eruptions, infrasound records and video images of the
Vulcanian eruption that occurred at Sakurajima volcano on January 2, 2007, were analyzed with

respect to their origin times. Weak (< 3 Pa) and slowly increasing air pressure preceded the
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impulsive compression phase by 0.25-0.32 s, and alonger-period rarefaction phase of infrasound

waves was recognized at all microphone stations. The velocity of the compression phase was

assumed to be supersonic (ca. 400 m/s) up to 850 m above the crater bottom from other recent

explosions. On the other hand, the propagation velocity of the preceding weak signal was regarded

to be similar to the air sound velocity because the lack of impulsivenessis unlikely to be related to

the main compression phase. Therefore, the estimated origin time of the main compression phase

was delayed by 0.5-0.7 s from the preceding phase. The origin time of the preceding phase

coincided with the onset of the isotropic expansion process of the pressurized gas pocket, which

was obtained by the waveform inversion of the explosion earthquake. In contrast, the origin time

of the main impulsive phase coincided with the time when the expansion rate reached its peak.

This observation suggests that the volumetric increase of the gas pocket caused swelling of the

surface of the crater bottom and its subsequent failure. When the expansion velocity exceeded a

threshold level, the main impulsive compression phase radiated with a high velocity by the sudden

releases of the pressurized gases. The volumetric change at the source was estimated to be 280—

560 m® from the preceding phase of the infrasound. This volume change indicates that the vertical

displacement of the swelling ground was on the order of 1.0 m, assuming the radius of the lava

plug was ca. 10 m.
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Introduction

From the last decade, low-frequency microphones have been used world-wide for

acoustic observation of volcanic eruptions. Network or array observations using

these microphones have enabled the correct determination of vent locations of the

source (Ripepe and Marchetti 2002; Johnson 2005), even if the eruptions are

obscured by bad weather conditions or topography. This makes acoustic

observations, in particular when coupled with seismometers and/or video cameras,

a powerful tool to provide an integrated geophysical analysis for understanding

eruption mechanisms and to infer the depth in the conduit. For eruptions at open-

vent systems (Garcés and Hansen 1998; Ripepe et a. 2001; Gresta et al. 2004),

mechanisms for infrasound generation, as determined from these observations,

have been proposed as oscillations of alarge elongated bubble at the air-magma

interface (Vergniolle and Brandeis 1996; Vergniolle et al. 1996, 2004), bursting of
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pressurized bubbles (Rowe et al. 2000), and the explosive fragmentation of

foaming magma (Ripepe et al. 2001).

Despite the common use of infrasound at open-vent explosive systems, their

application on Vulcanian systemsis still poor. With the aim of understanding the

source mechanism of infrasound generation during Vulcanian activity, where a

lava plug has been observed at the crater bottom (Stix et al. 1997; Ohminato et al.

2006) is destroyed by the explosion (Ishihara 1985), we can not tacitly assume the

same mechanism inferred for Strombolian eruptions, in which an infrasound wave

generated at the magma free surface that located at a depth of afew tens m within

the vent and propagated from that source depth to the air, without interaction with

choking materials (Ripepe et a. 2001, 2002). In other words, deformation of the

materials would occur at the onset of the eruption.

At Sakurajima volcano, located in southwestern Japan (Fig. 1), explosive

Vulcanian eruptions have repeatedly occurred at the summit crater since 1955,

and the number of events attained 7888 at the end of 2006. Infrasound waves have

always accompanied these eruptions and they have been observed with the low-

frequency microphones (Iguchi and Ishihara 1990) and evidenced the existence of
4
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aprecursor phase followed by a major pressure phase (Sakai et al. 2001).

Propagations of infrasound waves in the atmosphere above the crater have

occasionally been recorded by video cameras as visualized shock waves (Ishihara

1985; Y okoo and Ishihara 2007). Although the propagation velocities and the

peak over-pressures for the conspicuous compression phase of infrasound waves

have been examined, the weak pressure increase ahead of the strong compression

phase (Sakai et al. 2001) has not been taken into account in the considerations of

the eruption mechanism.

The mechanisms and source dynamics of Vulcanian eruptions of Sakurgjima have

been mainly studied from a seismological perspective by many researchers

(Iguchi 1994; Uhiraand Takeo 1994), comparing the seismic signals with the

acoustic phenomena (Ishihara 1985). From the analysis of explosion earthquakes

and infrasound waves, Tameguri et al. (2002) summarized the sequence of

explosive eruption processes as follows. A pressure wave originating from an

isotropic expansion at a depth of 2 km propagated upward in a magma conduit

with a speed of 1.4-1.9 km/s, and reached a highly-pressurized gas pocket, which

was pre-existing at a depth of 300-500 m beneath the crater bottom, within 1 s.
5
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The pressure wave then induced expansion of the gas pocket. Strong infrasound

wave radiated within 0.3 s after the start of this expansion. Strain steps were also

observed at the onset of these explosive eruptions using extensometers deployed

in an underground tunnel. The strain steps were caused by an instantaneous

pressure decrease that reflected the outburst of the preformed gas pocket (Ishihara

1990).

Thereby, as proposed from the perspective of macroscopic eruption dynamics by

Kanamori et al. (1984), we could assume that the surface phenomena of

Vulcanian eruptions are initiated by the “instantaneous failure” of the cap that

seals a pressurized gas and magma at the top of the conduit. However, it is known

that instant failure with zero in time would not be realistic (Iguchi et al. 2007). A

finitetimeis required for the cap failure, and some kinds of signals associated

with this process would be observable.

The Green’ s function of the air, through which the infrasound waves pass from

the source to the microphone, is much simpler than that for the propagation of

seismic waves in the ground (Garcés 1997; Johnson 2005). Therefore, it is thought

that infrasound records are good indicators for understanding eruption
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mechanisms, because they directly reflect the source information. In this report,

we analyze the infrasound records and video images of the Vulcanian eruption

that occurred at 17:53 on January 2, 2007 to determine the exact origin time of the

infrasound wave. The time relation between the acoustic and seismic wave

generations is then clarified with a higher time resolution at the source with an

aim to confirm the process for destruction of the existent lava plug. The eruption

analyzed in this investigation was the most vigorous within the last 4 years at

Sakurajima volcano, although it was small scaled one compared with the 1970-

1990s eruptions.

Observations

Low-Frequency Microphones and Seismometers

Fig. 1 shows the infrasound observation network at Sakurajima volcano with three

low-frequency microphones (Aco, Type 3348/7144). This type of microphone has

aflat frequency response in the range of 0.1-100 Hz. Sampling frequencies were

200 Hz at stations SVO and ARM, and 100 Hz at KUR. Eruption earthquakes

were observed using three broadband seismometers (Akashi, JCP-1 with aflat
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response of 0.02-120 s, 200 Hz sampling) at stations HAR, ARI and KOM and

one long-period seismometer (Akashi, JEP-6B3, 0.025-2.5 s, 200 Hz sampling)

installed in aborehole at SBT (Fig. 1). All signals from these sensors were

digitized at 24-bit resolution with time data calibrated by GPS and transmitted to

SVO viatelephone lines.

Video Monitoring Systems

Visual observations with accurate time calibrated by GPS were conducted

simultaneously using two image monitoring systemsinstaled at SVO and KUR,

on both sides of Sakurgjimavolcano (Fig. 1). In the SVO system, the shutter

timing of the digital camera module was controlled by the 1 PPS signal from a

GPS clock module. Images taken by the camera were transmitted to a computer

via |[EEE1394 cable with arate of 30 fps, and stored as jpeg formatted files. The

other system installed at KUR used a high-sensitive analog TV camera (30

fps/NTSC). The time-code was directly inserted on the video images using atime-

code generator synchronized with a 1 kHz oscillator, which was controlled by the

1 PPS signal from the GPS. These videos were recorded on aHD/DVD video
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deck. Video images captured by both systems were able to be compared with

other records acquired with accurate timing system errorsof <+ 1/60 s.

Characteristics of Observed Data of the Vulcanian

Eruption on January 2, 2007

Infrasound Waveforms

Fig. 2 shows the observed infrasound waves associated with the explosive
eruption on January 2, 2007. The infrasound waves were mainly composed of a
first impulsive compression and subsequent longer-period rarefaction phases,
similar to an N-shaped shock wave. After the two main phases, some oscillations
indicating a return to the ambient pressure lasted approximately 10 s. The
waveforms observed at different stations resembled each other. Cross correlation
coefficients for the 5 swindow from the onset were 0.72 (SVO-KUR), 0.73
(SVO-ARM) and 0.92 (KUR-ARM). Spectrograms computed by Fast Fourier
Transfer in the 5.12 s time windows, and shifted 0.1 s steps, are aso displayed

with their waveformsin Fig. 2(a). Theintensity of the waveforms was mainly
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concentrated in the frequencies lower than 3 Hz. The maximum amplitude of the

first compression phase was 78 Paat SV O.

Another important feature, that is small and gradually increasing pressure (<3

Pa), was recognized 0.25-0.32 s before the onset of the main phase at all stations

(Fig. 2(b)). Thisisreferred to as the “preceding phase” after Sakai et al. (2001).

The increasing rate of the air pressure in the preceding phase was not constant, but

was slightly accelerated with time. This preceding phase was not due to the

response of the microphones, but was a part of the infrasound wave itself. The

same type of microphones as used here was successful for the capture of shock

waves at field explosion experiments using dynamite. The captured shock waves

started with an instantaneous pressure increase without a preceding phase (Kato et

al. 1999).

Characteristics of the infrasound wave of the eruption examined in the present

study were commonly found in the records of all 10 eruptions during the period

from June 2006 to August 2007 at Sakuragjima.
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Video Images

Images taken by the KUR system during the eruption are shown in Fig. 3. The
passage of the strong compression phase of the infrasound wave is clearly
visualized. Before the eruption, fumarolic steam drifted above the crater rim, as
seen in the upper part of theimages at 17:53:51-17:53:53. Some of this steam
disappeared instantaneously in the image at 17:53:54, and then condensed steam
appeared over the crater rim (the following images). After this sequence of
phenomena, numerous incandescent ballistics and a dense volcanic cloud were

gjected from the inside of the crater (the images after 17:53:57).

Analysis and Results

Source Location and Origin Time of the Preceding Phase of the

Infrasound Wave

Source location (xo,yo) and origintime t of the preceding phase were

Oprec
estimated from the arrival times at the three microphone stations (Fig. 1). A grid

search method was applied for determination of the location (x,, y,). Grid point

11
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(x,y) was set on the ground surface within the area of the summit crater (Fig. 4;
800x700 m, 10-m increment for each).

Firstly, the path length L. from the source points (x,y) tothestation i was
calculated based on Minakami et al. (1970), using DEM (digital elevation model)
data (surveyed on December, 2001). However, we modified the elevation data at
the southeastern part of the summit crater (B-crater) as being filled with talus
deposits until 700 m altitude, because it was found that on September 2004 the B-
crater was buried and no significant topographical changes have been observed
since then (Fig. 5). The method of Minakami et al. (1970) was not so special that
it has been already accepted for researchers studying volcanic infrasound waves
(e.g., Ruiz et a. 2007); namely, the path-length was assumed to be summative
lengths of divided sub-paths above atopographic profile. The simplest one was a
summation of two paths, those from the source to the crater margin and from the
crater margin to the station.

Thetentative origintime t,,, at each point (x,y) wasthen calculated as

[\l (1)

12
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where N isthe number of microphone stations (N =3) and t,, isthearrival
times of the preceding phase at the station i . The preceding phase was regarded
as propagating with an effective speed of sound ¢, (z) atanadltitude z along
its path-line from the source to the station (Garcés et al. 1998). The reason for this
was that the preceding phase had no impulsive nature (Fig. 2). ¢ (z) is

described as;

Cesti (Z) = Car (Z) W (Z)

-SRI +w(2) ?
where c, (z) isthe speed of soundintheair, y isthe specific heat ratio (=1.4),
R isthe universal gas constant (8.3144 JK ™ mol™), T(z) istheair temperature
(K), M isthe mean molar mass of the air (28.966x10° kgmol™®) and w(z) is
the component of the wind velocity (m/s) along the infrasound path. T(z) and

w (z) were calculated from the aerological weather data for every 100 m altitude.

A grid search was conducted so as to minimize the standard deviation;

3)

13
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The minimum deviation provides the source location (x,,Y,) andthe

corresponding t, isregarded astheorigintime t,,...

The resultant source location (x,,Y,) of the preceding phase of the infrasound
wave is shown by adouble circle with the contour linesof A& inFig. 4. The
source of the wave was located in alateral position from the center of the A-crater
with aspatial resolution of NNE directed area of 85x40 mat Ae¢ <0.05s. This

deviation value was dightly larger than the error of reading of t_. (+£0.025).

arri

The corresponding origin time t was simultaneously estimated to be

Oprec

17:53:51.97 with the minimum Ag =0.007 s. The potential error of t wasin

Oprec

therange of +0.11 swithin thisconsidering areaof A& <0.05s.

Origin Time of the Impulsive Compression Phase of the Infrasound

Wave

Next, the origintime t of the main impulsive compression phase of the

Ocomp

infrasound wave was estimated from the video record. The passage of the
impulsive compression phase was clearly observed in the video recorded by the

KUR system (Fig. 3). It was recognized by the disappearance of floating

14
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fumarolic steam at the rim of the summit crater and the increase in luminance of

the parts on the images. The increase in luminance was caused by the

disappearance of dark-colored steam clouds on the bright sunset light background.

Temporary changes of luminance at five regionsin and around the steam clouds

(small squares labeled a—e in Fig. 3) are shown in Fig. 6. A sudden increasein

luminance at 17:53:53.50+ 0.05 corresponds to the disappearance of the clouds,

dueto the arrival of the compression phase of the infrasound wave. Time errorsin

these videos were potentially only <+ 1/60 s; however, these phenomena were

not sufficiently distinct in the space on the images to determine arigid time of

their appearance within that error range because the steam cloud had no fixed

form with time. The resulting time data were, therefore, represented with an error

of +0.05s.

The steam cloud which disappeared instantaneously with the passage of the main

compression phase was positioned horizontally in an area of 20x50 m at the

eastern crater rim at an atitude of 920950 m (Figs. 3, 4 and 5). Hence, the path-

length from the estimated source location (the double circle in Fig. 4) to the steam

was estimated to be 410-432 m under the assumption of the same source location
15
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for both the preceding and main compression phases. As the disappearance of the

cloud above the crater was not well traced during the eruption, the propagation

velocity of the main impulsive compression phase was assumed to be

approximately 400 m/s on average, with reference to the eruptions on April 19,

2006 and November 4, 2007 (392411 m/s; see Appendix). As aresult, the origin

time t of the impulsive compression phase was determined to be

Ocomp

17:53:52.47-52.63 (Table 1). Even if we consider the variation of the propagation

speed as 392411 m/s, possible differences of t was estimated to be only

Ocomp

+0.03s.

Theorigintime t of the impulsive compression phase was 0.5-0.7 s after the

Ocomp

origintime t of the preceding phase (Fig. 7). Moreover, the time difference

Oprec

between the two phases at the source (t ) was 0.2-0.4 slonger than the

Ocomp tOprec
observed arrival time difference at the microphone stations (observed duration of
the preceding phase; At =0.25-0.32 s). This discrepancy was caused by the

differences in the propagation velocities from the source to the stations. Namely,

the main phase of the infrasound wave ran after the preceding phase with a

supersonic propagation speed (ca. 400 m/s) as an air shock wave. This speed
16
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obviously did not decrease until a distance of ca. 850 m away from the source (see

Appendix).

Interpretation and Discussion

Origin Time of the Gas Pocket Expansion Revealed by Seismological

Analysis

As aready described by Ishihara (1985, 1990), the main phase of the infrasound
wave radiated at the outbreak of a highly pressurized gas pocket beneath the crater
bottom and propagated as an air shock wave. Tameguri et al. (2002) demonstrated
that isotropic expansion at a depth of 300-500 m revealed by moment tensor
analysis of explosion earthquakesis closely related with the occurrence time and
amplitude of this shock wave. It was hypothesized that the preceding phase ahead
of the main phase of the infrasound wave would be induced by an upward
movement of the lava plug toward its failure, due to expansion of the gas pocket.
To confirm this, the start time of expansion of the gas pocket was estimated by the
waveform inversion of the explosion earthquake, based on the method of

Tameguri et al. (2002). In the calculation, a triangle source time function was
17
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assumed for the moment velocity (M, (t)). In the observed waveforms associated

with the eruption on January 2, 2007 (Fig. 8), the compressional P phase, the

subsequent dilatation wave (D phase) and long-period larger motion (LP phase)

were clearly recognized as usual explosion earthquakes (Tameguri et a., 2002).

The results of the calculation are summarized in Table 2 and Fig. 9. Moment

tensor analysis of explosion earthquakes shows that an isotropic expansion

generating the P phase occurred first at a depth of 0.9 km below the sealevel at

17:53:51.23 (Fig. 9(a)). Cylindrical contraction then followed at the same depth

(Fig. 9(b)), radiating a dilatational elastic wave (the D phase). Approximately 0.8

s after the beginning of the P-phase isotropic expansion, a shallower isotropic

expansion occurred at 0.5 km above the sealevel (Fig. 9(c); LP1 source), which

corresponds to the excitation of the LP phase being closely related to the shock

wave at 17:53:52.03. The squared residual for estimation of the origin time of this

sourceis shown in Fig. 10, which indicates that the resultant origin timeis

accurate in the order of 0.1 s. The shallower expansion changed to a horizontal

contraction 1.1 slater (Fig. 9(d); LP2 source).

18
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A noteworthy point of thisresult isthe time of the LP1 source generating the

shallower expansion. The origin time of the shallower expansion (t;, ,,=52.03 ),

evaluated from moment tensor analysis of the explosion earthquake, coincides

with the origin time of the preceding phase of the infrasound wave (t,,,..=51.97 s;

Oprec

Table 1) evaluated from the infrasound source searching. On the contrary the peak

time of the moment velocity (t,,, =52.58 s) is close to the origin time of the

impulsive compression phase (t =52.47-52.63 s) evaluated from video

Ocomp

images. These two correspondences show not only that the main impulsive

compression phase of the infrasound wave is certainly related to the shallower

expansion source exciting the LP phase, but also that the radiation of the

preceding phase is closely related to the expansion process. This seems to support

our hypothesis that the preceding phase of the infrasound wave was firstly excited

at the upward movement of the lava plug, which acted as alid of the gas pocket.

In addition, the coincidence of the origin time of the main impulsive phase with

the peak time of the moment velocity of expansion suggests that the lava plug was

destroyed at the time when the expansion velocity attained a peak, 0.5-0.7 s after

the start of expansion.
19



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

Volumetric Change for Excitation of the Preceding Phase of the

Infrasound Wave

In the locating procedure, the infrasound phase preceding the main shock wave
has been assumed to be a pressure wave propagating at sound speed vel ocity
(=340 m/s; Fig. 7), as a consequence of the non-implusive nature of the signal.
Accordingly the air pressure change p (t) observed at the various infrasound
stations i during the preceding phase (- At, <t <0 inFig. 2(b)) may be

described as follows (Lighthill 1978; Vergniolle and Brandeis 1996);

0= 298 v e a) @

where p, (z) and V(t) aretheair density (kg m™) and the volume of the source
(m®), respectively. L (z) is calculated from the aerological weather data (the
atmospheric pressure p, (z) (Pa), and T(z)) by the perfect gas law;

Par(2) = pa (2M /RT(2). (5)
Hence, the source time function of the volume change could be inversely

estimated from the observed pressure change of the preceding phase.

20
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However, the whole waveform of the preceding phase could not be observed,
because the preceding phase was covered with the subsequent main phase after
the arrival of the main phase at the stations (dashed line in the source time
function in Fig. 7). As the main impulsive compression phase was radiated 0.5—
0.7 s after the origin time of the preceding phase, it is assumed that the preceding
phase continued until the onset of the main phase, but it was overtaken and hidden
by the main shock wave in the pressure records. Assuming that the volumetric
change had the same increasing rate as that estimated from the moment velocity in
the LP1 source (the period from the origin time to the peak time), it was expressed
by a quadratic function of thetime (V [ IModt =at?; Fig. 9 and Table 2).
Therefore, we here extrapolated the volume change as if it was not hidden by the
shock wave, by fitting the double-integration of the observed infrasound pressure
data at the station ARM into these quadratic function (Fig. 11), which was the
least distorted of the three stations data during the propagation because ARM has

the shortest path-length from the source (ca. 2.8 km). Consequently, it was 280—

t as0.5-0.7s

Ocomp  “Oprec

560 m°® considering with the variation of thetime of t

(Fig. 11). This estimated volumetric change at the source was equivalent to the
21
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height of the ground bulge, in the order of 1 m (0.9-1.8 m), assuming that the

radius of the cylindrical lava plug was the observed value of ca. 10 m (Ishihara

1985). However, vertical displacement of considering lava plug were estimated to

be 0.3-1.3 m from KUR and SV O data, which was slightly smaller values than

those from ARM data, since volume changes were only 210-420 m® and 90200

m®, respectively. These discrepancies might suggest that some of our assumptions

used here were insufficient or incorrect and this point in question would be open

to further discussion. The source dynamics for generating preceding phase of

infrasound wave associated with Vulcanian eruptions and their physical

parameters are necessary to be made a much clearer from combining theoretical

and observational approaches.

Time Sequence of Infrasound Wave Generation

The results presented and discussed here allow usto infer a complex source

mechanism for the infrasound radiated by the Vulcanian eruption of Sakurgjima

volcano on January 2, 2007, as shown in Fig. 12. A deeper source (0.9 km bdl) is
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inferred to radiate a pressure wave within the conduit (stage 0), which once it

reaches a shallower gas pocket (ca. 500 m adl), confined below a sealing lava

plug, triggersitsisotropic expansion (stage 1). This explosion leads to an upraise

of the lava plug at the bottom of the crater and the upward process of the lava plug

with a0.5-0.7 s duration would radiate the preceding phase of the infrasound

wave. The preceding phase was observed as aweak and gradual increase of the air

pressure change at the microphone stations around the crater. The expansion rate

of the gas pocket gradually accelerated and when it exceed athreshold level, the

lava plug failed and a strong air shock wave, which propagated with a velocity of

ca. 400 m/s, started to be radiated (stage 2). This was observed as the main phase

of infrasound wave at the stations; a set of compression and rarefaction phases.

After breakage of the lava plug (removal of the lid), the gas pocket still expanded

isotropically, but its rate changed and began to decrease.
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Conclusions

Infrasound of the recent Vulcanian eruption of Sakuragjima volcano in 2007 was

analyzed with video and seismic records. From the results of the analysis, several

conclusions were obtained.

(1) Inthe infrasound waveforms associated with the eruption observed by low-

frequency microphones, the preceding phase was clearly recognized. It was

characterized by weak and slowly increasing air pressure and it preceded the

onset of the main impulsive compression phase by 0.25-0.32 s.

(2) The origin time of the preceding phase, which was estimated from the arrival

times at the stations, corresponds to the start time of the expansion for the

pressurized gas pocket determined by waveform inversion of explosion

earthquakes. On the other hand, the origin time of the main impulsive

compression phase, which is estimated from video images, was close to the

time when the expansion velocity of the gas pocket reached a peak value. The

time difference between the origin times of the preceding and the main phases

was 0.5-0.7 s at the source.
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(3) Theidentification of different signals originating at sequential times point to a
complex process generating infrasound from Vulcanian eruptions at
Sakurgjimavolcano. At the eruption onset, a gas pocket sealed by a
consolidated lava plug began to expand first, which induced swelling-up of the
lava plug and this radiated the preceding phase of the infrasound wave. The
expansion rate of the gas pocket gradually accelerated within 0.5-0.7 sand
when it exceeded athreshold level, the swelling lava plug led to afailure. At
this time, the main impulsive compression phase of the infrasound wave was
radiated by the sudden release of pressurized gases. After the failure of the

lava plug, the expansion rate changed and began to decrease.
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Appendix A. Propagation Velocity of the Impulsive

Compression Phase of an Infrasound Wave

The propagation velocities of a set of compression and rarefaction phases of the
infrasound waves associated with the Sakurajima V ulcanian eruptions on 1980s
were higher (440-570 m/s) than the speed of sound in air at a distance near to the
source (Ishihara 1985; Y okoo and Ishihara 2007). Two recent cases of video
images taken by the SV O monitoring systems were analyzed to estimate the travel
speeds of these main phases, by the detection of sudden luminance changes along
the propagation path of the wave.

At the eruption on April 19, 2006, atempora condensation cloud caused by

passage of the rarefaction phase of the infrasound wave appeared at 09:50:21.1.
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416  Thiscloud formation was recognized as luminance increasing at altitudes ranging

Fig.A.1 417  1060-1265 m (Fig. A.1(a)). This range corresponds to the weather clouds existing

418 before the eruption. By tracing the onset time of luminance changesin altitude at

419 every 5m, the apparent propagation velocity of the wave was estimated as 392

420 m/s (11 m/s) on average. A propagating wave was a so observed as weak

421  changesin brightness at altitudes of 1250-1600 m for the eruption on November

422 4,2006 (Fig. A.1(b)). The onset time of the increase in brightness at altitudes of

423 13151660 m indicated that the velocity of the wave was 411 m/s (£ 11 m/s).

424 From these two results, the main phase of the infrasound waves were certainly

425  faster (ca. 400 m/s) than the speed of sound in air at a distance near to the source

426  (until 360-870 m above the crater bottom).
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Fig. 1. Observation network of low-frequency microphones, seismometers and video cameras at

Sakuragjima volcano. Solid sguares indicate the microphone stations (SVO, KUR and ARM). Three

broadband seismometers were installed at ARI, HAR and KOM, and one long-period seismometer

was installed at SBT (open circles). Video cameras were installed at SVO and KUR (open

triangles).

Fig. 2. (a) Observed infrasound waveform with spectrogram for the eruption on January 2, 2007.

Inset numbers are the maximum pressure amplitudes. (b) Close-up of the waveforms shifted by the

arrival times of the main impulsive compression phase (shown by the arrowsin (a)) to be zero in

time.

Fig. 3. Selected images of the eruption taken by the KUR monitoring systems from 17:53:51 to

17:54:00. Disappearance of fumarolic steam caused by the passage of the impulsive compression

phase of the infrasound wave is shown by the two circlesin theimage at 17:53:54. Luminance

changesin five small squares shown in theimage at 17:53:51 (a—e; 20x20 pix) were analyzed.

Fig. 4. Source location of the infrasound wave for the eruption on January 2, 2007 (double circle).

The red contour lines represent the resultant A& . Source locations associated with the 10
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eruptions during 2006-2007 are indicated by circles. The hatched area at the eastern crater rim

indicates the location of the fumarolic steam that was visible from KUR (see Figs. 3 and 5).

Fig. 5. Aeria photograph of the summit crater of Sakurajima volcano (taken from the northeast on

August 6, 2005; courtesy of SVO). The B-crater had been buried by talus deposits since

September 2004. The white squared zone at the crater rim (lower |eft) denotes the fumarolic steam

indicated by arrowsin Fig. 3.

Fig. 6. Luminance changes in the five small squares shown in Fig. 3. Onset times of the impulsive

compression phase of the infrasound wave are recognized as sudden increases in luminance (light-

gray colored time; disappearance of fumarolic steam at the five regions).

Fig. 7. Schematic time-spatial relation for the generation and propagation of the infrasound wave.

Fig. 8. Vertical velocity waveform for the explosion earthquake on January 2, 2007, observed at

HAR (Fig. 1) and the synthetic one (black solid and red broken lines, respectively). P, D and LP

indicate the P-wave first, dilatational and largest long-period motions, respectively (Tameguri et

al., 2002). Onsets of their phases were indicated by arrows.
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Fig. 9. Resultant source time functions of moment rate for each phase of the explosion earthquake

The periods (a) to (d) were the source times of the P, D, LP1 and L P2 phases, respectively.

Details arein the text and Table 2.

Fig. 10. Reliability of the origin time of the LP1 source (t',, ;) for the eruption on January 2,

2007. Residual is plotted against the time variation.

Fig. 11. Estimated volumetric change for an excitation of the preceding phase using pressure data

observed at ARM (solid and dotted lines). Zero in time is set by the arrival time of the main phase

at ARM. The dashed line at t>0 is assumed from the estimated moment change (V 0 t?).

Fig. 12. Schematic sequential image for the surface phenomena at the explosive eruption of

Sakurgjimavolcano on January 2, 2007. Stage 0: pressurized gas pocket is sealed with a

consolidated lava plug. Stage 1: swelling up of the crater bottom, which excites a preceding phase

of the infrasound wave, due to expansion of the gas pocket beneath the crater. Stage 2: the lava

plug (crater bottom) isfailed. At thistime, the main phase of the infrasound wave is radiated. After

the failure of the lava plug, the expansion rate of the gas pocket decreases.

Fig. A.1. () Snapshots before and during the eruption on April 19, 2006, taken by the SVO

monitoring system (left), and luminance changes at several atitudes from 09:50:20 for this
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eruption (center: upward means brighten changing). Each arrow indicates the onset time of an

increase in luminance. Relationship between these onset times and the altitude is displayed in the

diagram with a 1.0 swindow width (right). (b) Two captured images for the eruption on November

4, 2006, and luminance change during the 5 s above the crater of the eruption. After 17:33:40.8,

weak increases in luminance were al so observed.

Table 1. Estimated origin times for the infrasound wave and expansion of the shallower gas

pocket.

time (hh:mm:ss)

origin time of preceding phase Loprec 17:53:51.97

origin time of main impulsive compression tocomp ~ 17:93:52.47-52.63
phase

origin time of shallow gas pocket’s expansion  t', 17:53:52.04

Peak time of expansion velocity of shallow (S 17:53:52.58

gas pocket

Table 2. Results of the moment tensor analysis for the explosion earthquake on January 2, 2007.

P phase D phase LP phase
LP1 LP2
source time of moment
velocity (17:53:s9)
origintime 51.23 51.43 52.03 53.13
peak time  51.33 51.73 52.58 53.73
end time 51.43 52.03 53.13 54.33
source depth (km bgl) 0.90 0.90 -0.50 -0.50

moment tensor (Nm)
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