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EXPRESS LETTER

Infrasonic wave accompanying a crack 
opening during the 2015 Hakone eruption
Yohei Yukutake1* , Mie Ichihara2 and Ryou Honda1

Abstract 

To understand the initial process of the phreatic eruption of the Hakone volcano from June 29 to July 01, 2015, we 
analyzed infrasound data using the cross-correlation between infrasound and vertical ground velocity and compared 
the results of our analysis to the crustal deformation detected by tiltmeters and broadband seismometers. An infra-
sound signal and vertical ground motion due to an infrasound wave coupled to the ground were detected simultane-
ously with the opening of a crack source beneath the Owakudani geothermal region during the 2-min time period 
after 07:32 JST on June 29, 2015 (JST = UTC + 8 h). Given that the upper end of the open crack was approximately 
150 m beneath the surface, the time for the direct emission of highly pressurized fluid from the upper end of the 
open crack to the surface should have exceeded the duration of the inflation owing to the hydraulic diffusivity in the 
porous media. Therefore, the infrasound signal coincident with the opening of the crack may reflect a sudden emis-
sion of volcanic gas resulting from the rapid vaporization of pre-existing groundwater beneath Owakudani because 
of the transfer of the volumetric strain change from the deformation source. We also noticed a correlation pattern 
corresponding to discrete impulsive infrasound signals during vent formation, which occurred several hours to 2 days 
after the opening of the crack. In particular, we noted that the sudden emission of vapor coincided with the infla-
tion of the shallow pressure source, whereas the eruptive burst events accompanied by the largest vent formation 
were delayed by approximately 2 days. Furthermore, we demonstrated that the correlation method is a useful tool in 
detecting small infrasound signals and provides important information regarding the initial processes of the eruption.

Keywords: Infrasound signal, Vertical ground motion, Correlation, Monitoring, Volcanic activity, Phreatic eruption

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Open Access

*Correspondence:  yukutake@onken.odawara.kanagawa.jp 
1 Hot Springs Research Institute of Kanagawa Prefectural Government, 
586 Iriuda, Odawara, Kanagawa, Japan
Full list of author information is available at the end of the article

Introduction
Phreatic eruptions are generally thought to involve the 
transfer of magmatic or hydrothermal heat to circulating 
groundwater without an eruption of fresh magma (e.g., 
Barberi et  al. 1992). These events sometimes become 
explosive phenomena and cause severe damage around 
a vent, such as in the case of the 2014 phreatic eruption 
of Mt. Ontake in Japan. Considering that these phenom-
ena are usually not accompanied by remarkable magma 
movement, it is difficult to observe any associated pre-
cursors. Recently, several studies have successfully 
detected inflations of shallow pressure sources several 
minutes to days prior to phreatic eruptions as short-
term precursors (e.g., Aoyama and Oshima 2015; Takagi 

and Onizawa 2016; Iguchi et al. 2017). Therefore, under-
standing the initial processes during a phreatic eruption 
is essential to examine its preparatory processes as well 
as to mitigate volcanic hazards. Infrasound, seismic, and 
geodetic data observed during a small phreatic eruption 
of the Hakone volcano in central Japan (Fig. 1a) provide 
an excellent opportunity to understand the initial pro-
cesses of a phreatic eruption.

Infrasound data provide useful information regard-
ing eruptive activities of volcanoes, especially in  situa-
tions in which visual information surrounding vents is 
unavailable. However, pressure signals obtained using a 
microphone are generally contaminated by wind noise. 
Therefore, to obtain meaningful infrasound signals 
associated with a volcanic source, a high-quality noise 
reduction system, such as multiple sensors in an array, 
is required (e.g., Ripepe and Marchetti 2002; Garcés 
et  al. 2003). Recently, Ichihara et  al. (2012) proposed a 
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new method to distinguish infrasound signals from wind 
noise even in  situations in which only one microphone 
is available using a cross-correlation analysis between 
the infrasound and vertical ground motion signals. This 
method has been applied and tested at other volcanoes 
(Yokoo and Ichihara 2012; Matoza and Fee 2014).

In this study, we applied the correlation method to the 
infrasound data collected during the 2015 eruption of the 
Hakone volcano where one microphone was co-located 
at a seismic station within approximately 520  m of the 
vents (Fig. 1b). We attempted to identify the infrasound 
signal associated with the eruptive activity. We discuss 
the relationship between the infrasound signals and the 
source process of an open crack that caused a rapid tilt 
change during the initial stage of the activity.

2015 Hakone eruption
Volcanic activity of the Hakone volcano, e.g., an increase 
in volcano tectonic (VT) earthquakes, detection of crus-
tal deformation, and activation of fumarolic gas emis-
sions, gradually intensified at the end of April 2015. From 
June 29 to July 01, 2015, a phreatic eruption occurred in 
the Owakudani geothermal region on the northern slope 
of the central cone in the Hakone caldera where fuma-
rolic activity is present. During this eruption, only 100 
tons of the altered material that developed near the sur-
face of the steaming area erupted (Nagai et al. 2015). The 
discharged mass was less than 1% of that discharged dur-
ing the 2014 phreatic eruption of Mt. Ontake (Takarada 
et  al. 2016). An abrupt increase in VT earthquakes was 
observed after 07:32 on June 29 (JST = UTC + 8  h) 
(Yukutake et  al. 2017). Nearly simultaneously, a tilt 
change of up to 10 μrad was observed during the 2 min 
after 07:32 by tiltmeters and broadband seismometers 
installed around the Owakudani region (Fig.  1a). This 
rapid tilt change was explained by assuming a shallow 
open crack source of approximately 5 cm in dilation ori-
ented NW–SE and extending to an elevation of approxi-
mately 850  m (Honda et  al. 2017). Doke et  al. (2017) 
estimated a similar open crack source model beneath 
Owakudani using crustal deformation detected by Inter-
ferometric Synthetic Aperture Radar (InSAR) analysis. 
Ash fall was reported at approximately 12:00 on June 
29, and several vents formed from the afternoon of June 
29 until the early morning of July 01 in the Owakudani 
region (Mannen et al. 2015). To understand the relation-
ship between the deformation source process and this 
eruptive activity, it is important to examine the surface 
phenomena during the crack opening. However, owing 
to poor visibility in the Owakudani region, we could not 
observe detailed surface phenomena during the rapid tilt 
change (Additional file 1: Figure A1). The vent formation 

was initially identified at 16:37 on June 29 via visual 
observation (Mannen et al. 2015).

Data and methods
An infrasonic microphone (ACO, TYPE7144, 0.1–
100  Hz) was installed at the OWD seismic station 
(Fig.  1b) on May 21, 2015, by the Japan Meteorological 
Agency approximately 2 m from a velocity seismometer 
(Sercel, L-4C, 1 Hz) installed by the Hot Springs Research 
Institute of the Kanagawa Prefectural Government. The 
signals were continuously recorded at a 100-Hz sampling 
frequency for the microphone and 200  Hz for the seis-
mometer. The station is at a distance of approximately 
520  m from the vents that formed during the phreatic 
eruption (Fig. 1b).

We conducted a cross-correlation analysis between 
the microphone and the vertical ground velocity data 
at the OWD station using the method of Ichihara et  al. 
(2012). According to Ben-Menahem and Singh (1981), 
the vertical ground velocity of an elastic surface wave 
excited by a horizontally incident pressure (infrasonic) 
wave is theoretically delayed by a quarter of a cycle rela-
tive to the pressure wave. Therefore, when the pressure 
wave propagates on the ground surface exciting the elas-
tic surface wave, the correlation function between the 
infrasound and the vertical ground velocity has a positive 
peak near τ = 1/(4f0) (τ and f0 are the delay time of the 
ground velocity to the infrasound and the characteristic 
frequency of the pressure wave, respectively), a negative 
peak near τ = − 1/(4f0), and a node at τ = 0. We termed 
this pattern of the correlation function the correlation 
pattern. When the wind noise is incoherent between the 
microphone and the seismometer, the wind noise com-
ponent in the recorded infrasound and seismic traces 
cancels out in the cross-correlation calculation. Further-
more, the infrasound noise because of the incidence of a 
seismic wave is also canceled out by the correlation anal-
ysis in most cases because the pressure change caused by 
an incident seismic wave does not have significant power 
(Ichihara et al. 2012). Therefore, we can effectively iden-
tify the infrasonic signal as the correlation pattern.

Prior to the correlation analysis, the sensitivity and 
characteristics of the microphone installed at the OWD 
station were compared to the records obtained by a 
well-calibrated reference microphone (Hakusan, SI104, 
0.3–1500  Hz) at the same position on March 22, 2017. 
Impulsive calibration signals were provided to both 
sensors (Additional file  2: Figure A2a). As a result, we 
obtained the response function of the OWD microphone 
with respect to the reference sensor, which showed a 
reduction in the sensitivity and a phase shift of the OWD 
microphone in the frequency range used in this analy-
sis (Additional file  2: Figures A2b and A2c). Thereafter, 
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we deconvolved the response function from the real 
infrasound records at the OWD station. The frequency 
response of the seismometer provided in the catalog was 
also removed from the seismic records, and the seismic 
records were decimated to 100 Hz.

We investigated the signals within two frequency 
ranges, namely 3–12  Hz as the low-frequency range 

and 6–20  Hz as the high-frequency range, by applying 
band-pass filters to the infrasound and seismic records. 
Given the small distance between the microphone and 
the seismometer at the OWD station, frequency ranges 
higher than those proposed by Ichihara et al. (2012) were 
used in this study. The phase shift due to the inter-sensor 
propagation time (Matoza and Fee 2014) was negligible. 
A cross-correlation function of the filtered records was 
calculated using a 5-s sliding window within a range of 
τ from −0.4 to 0.4 s. The cross-correlation function was 
plotted on the time (t)–delay (τ) axis to identify the cor-
relation pattern associated with the infrasound signal. 
Furthermore, when the cross-correlation functions were 
plotted over a long time range (4 h), we stacked the cor-
relation functions within a 20-s time window.

Results
An example of a temporal sequence of root-mean-square 
(RMS) amplitudes and microphone–seismometer corre-
lation functions in the low-frequency range from 7:00 to 
11:00 on June 29, 2015, is shown in Fig.  2a, b. The cor-
relation pattern emerges nearly simultaneously as that 
of the rapid tilt change and appears continuously dur-
ing the first 15 min following the onset of the tilt change 
(Figs. 2b and 3e). An example of a temporal sequence of 
microphone–seismometer correlation functions in the 
high-frequency range from 02:30 to 06:30 on July 01, 
2015, is indicated in Fig.  2c, d. The correlation pattern 
can be identified during the period from 04:05 to 06:00. 
Yukutake et al. (2017) reported that the largest amplitude 
volcanic tremor during the eruptive activity occurred 
during this time period and was accompanied by discrete 
impulsive infrasound signals. According to Mannen et al. 
(2015), the largest vent 15-1 (Fig. 1b) was formed during 
this tremor and infrasound activity.

To confirm whether a similar correlation pattern 
emerged during other periods, we investigated the cor-
relation between the reference correlation pattern and 
the microphone–seismometer correlation function at 
each time. The reference patterns were estimated from 
the ensemble average of the microphone–seismometer 
correlation functions during the period from 07:32:50 
to 07:43:00 on June 29 for the low-frequency range and 
from 04:30:00 to 05:30:00 on July 01 for the high-fre-
quency range. The cross-correlation coefficient between 
the reference and each microphone–seismometer cor-
relation function was computed from May 21, 2015, to 
September 30, 2016. The correlation pattern was distin-
guished on the basis of two conditions: (1) the cross-cor-
relation coefficient was greater than or equal to 0.8, and 
(2) the cross-correlation coefficients that satisfy the first 
condition last more than 2  min. The second condition 
was given to avoid a coincidental match to the reference 
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pattern. The correlation pattern was identified during the 
periods of 07:32–07:45 on June 29 and 06:57–06:59 and 
10:32–10:34 on June 30 in the low-frequency range and 
during the period of 04:05–06:00 on July 01 in the high-
frequency range (Fig. 2f ).

The microphone–seismometer correlation func-
tion observed after 07:32 on June 29 was compared to 
the time series of the tilt changes using the seismic and 
microphone data as shown in Fig. 3. The increase in seis-
mic amplitude was initially observed at 07:32:30 on June 
29 (the yellow line in Fig.  3). After 20  s, the amplitude 
of the infrasound signal increased, and the correlation 
pattern between the infrasound and the vertical ground 
velocity emerged (the black line in Fig. 3). The rapid tilt 
change was initiated nearly simultaneously as the emer-
gence of the correlation pattern.

Discussion
Because the correlation pattern was identified only dur-
ing the eruption (Fig.  2e), it was thought to reflect the 
occurrence of an infrasound signal associated with the 
eruptive activity. A slight shift of the node in the corre-
lation pattern from the theoretical position of τ = 0 was 
observed as seen in Fig.  2d. Yokoo and Ichihara (2012) 
indicated that the node in the correlation pattern could 
be shifted from the theoretical position when a seismic 
single in the same frequency range as that of an infra-
sound signal overlapped in a ground velocity record 
(Additional file 3). This shift of the node may be an effect 
of the volcanic tremor signal observed during this period 
(Yukutake et  al. 2017). The correlation coefficients as 
shown in Fig. 2b, d range from approximately −0.2 to 0.2, 
which is low compared to examples from other volcanoes 
(e.g., Ichihara et al. 2012; Matoza and Fee 2014). Ichihara 
et al. (2012) demonstrated that during a subplinian erup-
tion, the correlation pattern becomes less clear even if the 
infrasonic amplitude is very large. This is a result of the 
strong seismic waves that are not coupled to the infra-
sonic signals. The low correlation coefficients at Hakone 
may be explained by contamination from relatively high-
amplitude seismic signals generated by VT earthquakes 
or the volcanic tremor.

During the first 30  s after the onset of the rapid tilt 
change, the tilt record represents a reverse polarity with 
respect to that expected from the crack opening, i.e., 
a tilt downward in the NE direction at the KZR station 
(Fig.  3d). Thereafter, the polarity aligned with the crack 
opening, i.e., a tilt downward in the SW direction at the 
KZR station. Honda et  al. (2017) demonstrated that the 
tilt change showing reverse polarity in the initial phase 
was caused by an apparent transient response of the tilt-
meter, as described in Kokubo (2013), rather than a real 
contraction of the source. Therefore, it is suggested that 

the opening of the crack started simultaneously with the 
emergence of the correlation pattern.

The relationship between the correlation pattern and 
the tilt changes (Fig. 3) shows that the surface phenom-
ena, such as rapid emission of volcanic gas, occurred con-
currently with the crack opening beneath the Owakudani 
region even though we cannot estimate the exact scale of 
the upwelling. The result also suggests that the increase 
in the infrasound amplitude was not caused by an inci-
dence of seismic waves. The upper end of the open crack 
estimated by Honda et al. (2017) is approximately 150 m 
beneath the surface of the Owakudani region, which is 
approximately 1000 m above sea level. Honda et al. (2017) 
indicated that the residual becomes three times larger 
than that of the best model when the upper end of the 
open crack is fixed at a depth of 50 m below the surface. 
The open crack model estimated by the ground defor-
mations based on InSAR data (Doke et al. 2017) has an 
upper end at a similar elevation of 830 m above sea level. 
Because the surface area above the open crack is mostly 
covered with dense vegetation, it is difficult to detect sub-
tle surface displacements via field survey. However, field 
surveys at Owakudani, which is a barren area because of 
the fumarolic activity, and along trekking courses, where 
the soil is exposed, did not observe any surface displace-
ment to indicate the emergence of the open crack at the 
surface (Mannen, personal communication). Therefore, it 
is reasonable to believe that the opening of the crack did 
not reach the ground surface but stopped approximately 
150  m below the surface. If we assume that the sudden 
opening of the crack reflects an intrusion of highly pres-
surized hydrothermal fluid, the instantaneous response 
of the infrasound signal to the rapid tilt change cannot be 
explained by the diffusion of the pressurized fluid from 
the open crack. The diffusion of the fluid from the upper 
end of the crack to the surface (approximately 150  m) 
takes a longer time given the hydraulic diffusivity of 
the porous media of 0.5–1.0 m2/s, which was estimated 
on the basis of the hypocenter migration of the earth-
quake swarms in the Hakone volcano and corresponds 
to a migration velocity of several tens of meters per hour 
(Yukutake et al. 2011). The delay in the fluid diffusion or 
the following heat transfer from the open crack may cor-
respond to the timing of vent formation (Mannen et  al. 
2015) and the increase in the volcanic tremor amplitude 
(Yukutake et  al. 2017) that occurred several hours after 
the onset of the rapid tilt change.

We then considered the relation of the strain trans-
fer caused by the crack opening to the instantaneous 
response of the infrasound signal. The strain change due 
to the crack opening propagates to the surface nearly 
instantaneously in contrast to the diffusion of the fluid 
because the crack is very near the surface. Figure 4 shows 
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the spatial distribution of the volumetric strain changes 
at the surface of the Owakudani region (at an elevation 
of 1000 m) using the crack model of Honda et al. (2017). 
The final static strain changes because of the crack open-
ing were calculated using the formula of Okada (1992). 
This result indicates that a positive (dilatational) volu-
metric strain change of more than 25 μ acted on the 
area around the vents at the end of the rapid tilt change. 
This value of the strain change corresponds to a depres-
surization of approximately 0.16 MPa, which is 1.6 times 
greater than the atmospheric pressure near the surface 
if we set the rigidity to 3.9  GPa as calculated assuming 
an S-wave velocity of 1.4 km/s in the surface layer of the 
Hakone caldera (Oda 2008) and a rock density of 2.0  g/
cm3. If we use the other crack model estimated using 

the InSAR data (Doke et al. 2017) to calculate the strain 
change, a large volumetric strain area of more than 25 μm 
is also produced around the vents (Additional file 4: Fig-
ure A4). The detailed distribution of the volumetric strain 
changes is expected to change when considering the dif-
ferences between the fault models, the heterogeneity of 
the displacement, and the effect of topography. However, 
it is certain that dilatational volumetric strain changes 
comparable to an order of magnitude of 10 μm acted on a 
broad area in the Owakudani geothermal region because 
of the opening of the crack. It is reasonable to believe 
that groundwater near the boiling temperature pre-
existed beneath the Owakudani geothermal region prior 
to the eruption because fumarolic activity was previously 
observed. Even though a dynamic time sequence of strain 
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change was not considered here, the infrasonic wave coin-
cident with the rapid tilt changes may be attributed to the 
emission of vapor caused by groundwater boiling due to 
depressurization resulting from the strain transfer (Fig. 5).

Figure 3 indicates that the increase in the seismic ampli-
tude occurred approximately 20  s before the occurrence 
of the infrasonic wave. The VT earthquakes that occurred 
near the onset of the rapid tilt changes were distrib-
uted near an elevation of 0 km (approximately sea level) 
beneath Owakudani (Fig.  4). The result suggests that 
the pressure of the hydrothermal fluid at depth initially 
increased, thus triggering the VT earthquakes at depth 
and subsequently opening the shallow crack (Fig. 5).

On the other hand, Yukutake et  al. (2017) reported 
discrete impulsive infrasonic waves coincident with the 
increase in the volcanic tremor amplitude. The corre-
sponding signal was detected as the correlation patterns 
at 06:57 and 10:32 on June 30 and from 04:05 to 06:00 on 
July 01 (Fig. 2f ). The last period contains the most pro-
nounced impulsive signal activity. During this period, the 
largest vent (15-1 in Fig. 1b) formed (Mannen et al. 2015). 
Yukutake et al. (2017) suggested that the impulsive infra-
sonic waves were generated by the bursting of a gas slug 
at the surface vent during groundwater boiling, which 
was likely caused by heat transfer from the open crack.

Conclusions
We detected infrasound signals associated with erup-
tive activity in the Owakudani geothermal region during 

the opening of a shallow crack using a cross-correlation 
method between infrasound and vertical ground veloc-
ity. The correlation pattern showing the infrasound sig-
nal associated with the volcanic source occurred nearly 
simultaneously as the rapid tilt change related to the 
opening of a crack beneath the Owakudani geother-
mal region. Given that the upper end of the open crack 
is approximately 150  m beneath the surface, the direct 
emission of highly pressurized hydrothermal fluid from 
the open crack is not plausible because of the hydrau-
lic diffusivity in this region. The instantaneous response 
of the infrasonic wave may reflect rapid vaporization of 
groundwater beneath Owakudani caused by the strain 
transfer resulting from the crack opening. We also 
detected a correlation pattern corresponding to discrete 
impulsive infrasound signals at 06:57 and 10:32 on June 
30 and from 04:05 to 06:00 on July 01 that may be related 
to the behavior of a gas slug at the surface vent. The most 
pronounced impulsive infrasound activity was detected 
approximately 2  days after the rapid tilt change, during 
which the largest vent formed. These results suggest that 
the sudden emission of vapor occurred simultaneously 
with the inflation of the shallow pressure source, whereas 
the eruptive burst events accompanied by the largest vent 
formation were delayed for 2  days. We demonstrated 
that the infrasonic wave during the phreatic eruption, 
even with a small amplitude on the order of less than 
1 Pa, could be distinguished from wind and seismic noise 
using the correlation method. Furthermore, this study 
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showed that the correlation method is a powerful tool for 
monitoring surface phenomena at vents when only one 
microphone is available.
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