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Abstract 

Monochromatic infrasound waves are scarcely reported volcanic infrasound signals. These waves have the potential 
to provide constraints on the conduit geometry of a volcano. However, to further investigate the waves scientifically, 
such as how the conduit shape modulates the waveforms, we still need to examine many more examples. In this 
paper, we provide the most detailed descriptions of these monochromatic infrasound waves observed at Aso volcano 
in Japan. At Aso volcano, a 160-day-long magmatic eruption occurred in 2014–2015 after a 20-year quiescent period. 
This eruption was the first event that we could monitor well using our infrasound network deployed around the 
crater. Throughout the entire eruption period, when both ash venting and Strombolian explosions occurred, mono-
chromatic infrasound waves were observed nearly every day. Although the peak frequency of the signals (0.4–0.7 Hz) 
changed over time, the frequency exhibited no reasonable correlation with the eruption style. The source location of 
the signals estimated by considering topographic effects and atmospheric conditions was highly stable at the active 
vent. Based on the findings, we speculate that these signals were related to the resonant frequencies of an open 
space in the conduit: the uppermost part inside the vent. Based on finite-difference time-domain modeling using 3-D 
topographic data of the crater during the eruption (March 2015), we calculated the propagation of infrasound waves 
from the conduit. Assuming that the shape of the conduit was a simple pipe, the peak frequency of the observed 
waveforms was well reproduced by the calculation. The length of the pipe markedly defined the peak frequency. By 
replicating the observed waveform, we concluded that the gas exhalation with a gas velocity of 18 m/s occurred at 
120 m depth in the conduit. However, further analysis from a different perspective, such as an analysis of the time 
difference between the arrivals of infrasound and seismic waves, is required to more accurately determine the conduit 
parameters based on observational data.
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Introduction
Erupting volcanoes are principal sources of infra-
sound waves. Previous work has shown that infrasound 
waves can be used to study and monitor volcanoes (Fee 
and Matoza 2013; Johnson and Ripepe 2011). Infra-
sound waves observed in volcanic settings are currently 
commonly used to aid in the monitoring of volcanic 

activity and the mitigation of hazards posed by eruptions 
(McNutt et  al. 2016). Additionally, infrasound-based 
studies can provide more valuable information about 
eruption dynamics that can be used to develop quanti-
tative models of eruptions. Kim et al. (2015) presented a 
waveform inversion technique that uses infrasound data 
to estimate the volume flux during an eruption. Fee et al. 
(2017b) demonstrated that the inversion method showed 
sufficient promise for the quantitative characterization of 
eruption parameters, volume and mass flow rates, tak-
ing the Vulcanian eruptions at Sakurajima volcano as an 
example.

Open Access

*Correspondence:  yokoo.akihiko.5a@kyoto-u.ac.jp 
1 Aso Volcanological Laboratory, Institute for Geothermal Sciences, Kyoto 
University, 3028 Sakanashi, Aso, Kumamoto 869-2611, Japan
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-4671-3546
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-019-0993-y&domain=pdf


Page 2 of 14Yokoo et al. Earth, Planets and Space           (2019) 71:12 

Infrasound tremor occurring during eruptions is one 
type of infrasound waves recorded at volcanoes. Such 
tremor is generally observed during large Plinian-style 
eruptions with sustained ash plumes (Fee et  al. 2017a). 
These infrasound waves have been studied by compar-
ing them with jet noises produced from turbulent flows 
(Matoza et  al. 2009). In contrast to those observed in 
large-scale eruptions, infrasound tremor in small-scale 
open-vent eruptions has infrequently been observed at 
only a few volcanoes, namely Hawaii, Villarrica, Sakura-
jima, and Etna volcanoes. The frequency of the tremor 
shows a monochromatic nature, with a significant peak 
occurring at a low frequency. The source mechanisms 
of the tremor have been proposed to be the resonance 
of the topographic cavity above the lava lake (Fee et  al. 
2010), the resonance of the air column at the upper-
most end of the conduit (Goto and Johnson 2011; John-
son et  al. 2018a; Spina et  al. 2015), or the resonance of 
the ash-gas column above the fragmentation front in 
the conduit during ash-gas ejection (Yokoo et  al. 2008). 
Another potential source of such infrasound signals was 
also proposed to be the direct relation of the flow dynam-
ics of gas bubbles during their ascent in the magma col-
umn (Ripepe et  al. 2010). The source mechanisms have 
not yet been conclusively defined.

Monochromatic infrasound tremor can be a good indi-
cator of volcanic activity. By monitoring the frequency 

content and damping characteristics of monochromatic 
infrasound waves, Johnson et  al. (2018a) succeeded in 
detecting the rising level of the lava lake in the crater of 
Villarrica volcano preceding its significant 2015 eruption. 
However, little is known about the capability of using 
these signals, mainly because such tremor has not been 
well reported. To further investigate the source process 
of monochromatic infrasound waves during a volcanic 
eruption, we still need to examine many more examples.

Here, we report the infrasound signals observed during 
the 2014–2015 eruption of Aso volcano in Japan (Fig. 1). 
The infrasound signals at Aso volcano stand out because 
they had an extraordinarily low-frequency peak (~ 0.5 
Hz) and lasted for more than minutes to hours and days. 
In addition to presenting the characteristic properties of 
the observed infrasound waves, we also present a prelim-
inary elucidation of these datasets based on the numeri-
cal calculations of air resonance inside the conduit.

Eruptions of Aso volcano in 2014–2015
Aso volcano, which is an active volcano in Japan, is 
located on Kyushu island, SW Japan (Fig. 1a). At an erup-
tive vent inside its summit crater “Nakadake-1st-crater” 
(cross in Fig. 1c), the most recent magmatic eruption of 
Aso volcano began on November 25, 2014 (the dates and 
times reported in this paper are all in Japan local time, 
i.e., + 9 h from UT) after 20 years of quiescence (Yokoo 
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Fig. 1 Infrasound stations deployed at Aso volcano. a Map of Aso volcano (Aso caldera) in SW Japan. b Active crater of the volcano 
(Nakadake-1st-crater) is located at the center of the caldera. c Infrasound stations indicated by circles are installed around the active crater, where a 
cross marks the eruptive vent. The UMA station (double circle) is also equipped with a broadband seismometer. A square indicates a weather station 
of JMA
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and Miyabuchi 2015). The 2014–2015 eruption was char-
acterized by a combination of ash venting and frequent 
Strombolian explosions (Fig. 2). A total of 2.1× 106 tons 
of ash was ejected over six months of activity (Miyabuchi 
et al. 2018), corresponding to 0.8 km3 DRE magma. This 
amount of magma was one order of magnitude smaller 
than the amount of ash produced by the 1989–1991 
eruptions (Ono et al. 1995). The size of the vent we meas-
ured from the SSW crater rim in the first few days of the 
2014–2015 eruption was approximately 10 m in diameter 
(Fig. 3). This diameter increased rapidly during the first 
1.5 months to 45 m and then gradually increased. The 
vent eventually reached ∼ 50m in diameter by the end of 
the eruption.

These successive eruptions, starting in November 2014, 
stopped following a collapse of the crater floor on May 3, 
2015, with a felt earthquake, which was likely caused by 
the drain-back of the magma. The subsidence caused by 
this collapse reached 20–30 m in the southern half of the 
crater. The total volume of the subsidence was estimated 
to be 5.2× 105 m3 based on the observed differences 
between two photograph-based digital elevation models 
(DEMs) that were created in March and May 2015. After 
this collapse event, the high-temperature fumarolic activ-
ity at the southern inner wall of the crater apparently 
began to decrease to one-tenth of its original value (Cigo-
lini et al. 2018). The heat discharge rate, which was 1–2 
MW before and during the 2014–2015 eruptions, con-
sequently reached 0.1–0.2 MW by the end of 2015. The 
thermal pathways beneath the crater were crushed dur-
ing the collapse event.

Observation of infrasound waves and results
By the beginning of the 2014–2015 eruptions, we had 
previously established an infrasound network composed 
of five stations around the crater of Aso volcano (cir-
cles in Fig.  1c). Each station was equipped with a low-
frequency microphone (Datamark SI104; flat response 
in 0.1–1000 Hz). The infrasound data at all the stations 
were recorded by GPS-time synchronized digitizers at a 
sampling frequency of 100 Hz. The KAE station, which 
was located only 300 m east of the crater center, was 
buried by ejected materials in early December 2014, i.e., 
shortly after the start of the eruptions. Thus, we can only 
use the KAE data obtained during the first 2 weeks of the 
eruptions.

The right-hand panels in Fig. 2 show the 10-min infra-
sound signals observed at ACM, the nearest station 
on the crater rim (Fig. 1c). It is evident that continuous 
and countless perturbations in pressure with a mono-
chromatic nature were observed whenever any type of 
eruption (or no eruption) occurred at the vent. The cor-
responding power spectra showed a clear peak frequency 

of approximately 0.5–0.6 Hz (Fig.  4). The one-minute 
infrasound data recorded at all the stations show a high 
degree of correlation (Fig. 5a), excluding those recorded 
at KAE. These data reflect the clear monochromatic 
oscillations of the pressure data (dominant frequency of 
0.68 Hz for 10-min data; 13:30–13:40 on December 15, 
2015), with some amplitude modulation. Such mono-
chromatic pressure oscillations appear to have been 
induced by, or occurred after, the incident wave packets 
(arrows in Fig. 5a). Another feature observed in the wave-
forms is that the observed pressure perturbations were 
derived from the crater as wave traces in Fig.  5a (from 
top to bottom), which are plotted in the order of increas-
ing distance from the crater center.

To improve the signal-to-noise ratios of the signals and 
to elucidate the time evolution of their dominant fre-
quency, we generated a stacked spectrogram using all the 
stations data that might have been measured at the dis-
tance of the ACM station from the crater center (Fig. 6a), 
assuming that the infrasound waves radiated outward 
from the crater center. Our assumption of the source 
location was validated as described in the next section. 
The infrasound waves at the stations at Aso volcano were 
obscured by windy conditions (McKee et al. 2017) due to 
the lack of vegetation around the crater. Contamination 
of the wind-derived pressure oscillations is easily recog-
nized in the spectrogram of the infrasound data (Addi-
tional file 1), in which power concentrations ranged over 
a wide frequency band (0.01–10 Hz) during windy condi-
tions. Therefore, we eliminated the data collected when 
the wind velocity observed at the JMA station (1.2 km 
WSW of the crater; a square in Fig. 1c) was ≥ 7.74m/s , 
which is the average value of every 10-min record from 
November 2014 to May 2015. This threshold velocity 
of the wind was determined by taking a trial-and-error 
approach. As shown in Fig.  6a, these monochromatic 
infrasound signals were observed only during the period 
of the 2014–2015 eruption. The dominant frequency was 
not constant but instead fluctuated around 0.4–0.7 Hz 
over time. In late March and the middle of April, the fre-
quency increased up to ∼ 1.5Hz , caused by the intense 
Strombolian explosions and gas exhalations at the crater 
(Ishii et al. 2019).

The air pressure change recorded on the ground sur-
face consists of three main components (Ichihara et  al. 
2012): the incident pressure wave itself and pressure 
changes due to vertical ground motion and wind. Here, 
we briefly describe how we verified the second contribu-
tion to our infrasound records. The third was not con-
sidered because we omitted the data during the strong 
wind conditions. A spectrogram of broadband seismic 
signals (vertical component) recorded at UMA (double 
circle in Fig. 1c; Guralp CMG-40T, 30 s–50 Hz) was also 
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Fig. 2 Surficial phenomena and corresponding infrasound waveforms. Several types of surficial eruptive events (a Strombolian explosion; b ash 
ejection; and c emission of gas–steam mixtures) with their corresponding 10-min infrasound waveforms observed at ACM. All pictures in a–c were 
taken from the SW or SSW rim of the crater at 19:55 on April 18, 2015, 10:57 on January 13, 2015, and 9:23 on March 20, 2015, respectively. Timings 
of these snapshots were marked in the diagrams
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generated to compare the frequency features of the infra-
sound data to those of the seismic data (Fig.  6b). Many 
significant peaks occurred at < 0.6Hz ; however, there 
were no fluctuations over time, in contrast to the peak of 
the infrasound signals (0.4–0.7 Hz; Fig. 6a). The observed 
amplitude of the seismic records (10–100 µm/s ) could 
contribute only < 10−2 Pa to the infrasound. The value 

was too small to be observed in infrasound records (10–
100 Pa; Fig. 2). These two findings indicate that the main 
component of the observed infrasound signals was the 
incident wave propagating in the air to the station.
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Fig. 3 Time evolution of sizes of pyroclastic cone and its vent. a Size of the pyroclastic cone built at the crater floor (crosses) and the exit of its vent 
(circles). Red bar indicates the period of the 2014–2015 eruption. b–f Photographs taken from the SSW crater rim showing growth of the pyroclastic 
cone and its vent
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Source location of monochromatic infrasound 
waves
To estimate the source location of the monochromatic 
infrasound waves, a grid search method was applied fol-
lowing Yokoo et al. (2009). A root-mean-squared timing 
residual ǫ was calculated for each candidate grid of the 
source location:

where Nsp is the number of station pairs used to calcu-
late a time lag (we chose times of Nsp ≥ 4 in this study); 
�tobs is the observed time lag of the monochromatic 
infrasound waves between two stations; and �tsyn is the 
computed time lag based on the theoretical propagation 
of sound in the air. The latter time lag is also a function of 
the direction from a source location to the station with a 
given wind direction. The location determined by mini-
mizing ǫ in Eq. (1) indicates the point from which the 
most intense signal at each time window is radiated.

The time lags �tobs observed between our spa-
tially distinct stations (Fig.  1c) were calculated using 
a cross-correlation method. As shown in Fig.  5a, the 
waveforms observed at these stations are highly simi-
lar to each other. The monochromatic perturbation of 
the infrasound pressure continued for a long time, i.e., 
minutes to hours to days (Fig.  2). Therefore, we used 
every 10-min-long data point that was filtered by the 

(1)ǫ =
1

Nsp

√

∑

(

�tobs −�tsyn
)2
,

0.2–1.0 Hz band, which covers the dominant frequen-
cies (Fig.  6a). We used only the data with the higher 
cross-correlation coefficient values ( R ≥ 0.9 ). The esti-
mated time lags remained nearly constant throughout 
the entire period of investigation (Fig. 5b).

To estimate �tsyn , we first calculated the path length 
of the infrasound waves from each candidate source 
grid to each station. Candidate source locations (with 
1 m spacing) were set on the ground surface within a 
circular area with a 500 m radius centered at the active 
crater (Fig. 7a). To accurately consider the topographic 
barriers in the 2-D profile, we used a 1-m-resolution 
DEM acquired by an airborne laser survey of the Geo-
spatial Information Authority of Japan in 2012. Then, 
the travel time along the path from each grid to each 
station was calculated using the effective sound speed 
in the air ceff  , which varies with both the air tempera-
ture Tair (K) and the wind velocity vector v:

where cair is the air sound velocity and i is the unit vector 
for a given grid-to-sensor direction. cair is also expressed 
using the ratio of specific heats γ (1.402), the universal 
gas constant R0 (8.3144 J K−1 mol−1 ), Tair , and the mean 
molar mass of the air M ( 28.966× 10−3 kg mol−1 ). Over 
the entire observation period, we used actual tempera-
ture and wind data recorded every 10 min at the JMA 

(2)
ceff = cair + v · i

=

√

γR0Tair/M + v · i,

Fig. 4 Power spectra for Aso infrasound signals. Power spectra of a 10-min and 30-s records (black and gray lines, respectively) for the times of 
various surficial phenomena (a Strombolian explosion; b ash ejection; and c emission of gas-steam mixtures). Same data of Fig. 2 are used to 
calculate the spectra. Red line in a is data on March 25, 2015, when the intense Strombolian explosions and gas exhalations were observed
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station (Fig. 1c). These synthetic travel times were used to 
determine the �tsyn values between the stations.

An example of a result estimating the source loca-
tion is shown in Fig. 7a, which represents a case during 
the period of 13:30–13:40 on December 15, 2015. Some 
of the infrasound data (1 min) from this period are dis-
played in Fig. 5a. The source location of the monochro-
matic infrasound wave, as indicated by a cross in Fig. 7a, 
is definitely located at the actual vent position (Fig. 1c). 
The spatial distribution of the estimated ǫ values is some-
what elongated in the EW direction because we could not 
use data from the KAE station during this time period. 
For the entire 2014–2015 eruption, more than three thou-
sand datasets (3115 10-min time data points) satisfied the 
threshold values of Nsp and R and were used to estimate 
the source location. All of the located infrasound sources 
are clustered around the active vent (Fig. 7b). The sources 
are located in a relatively narrow space, with the 1σ vari-
ances in the NS and EW directions being 8.6 m and 11.1 

m, respectively. No apparent time evolution of the source 
locations could be identified, although the observed peak 
frequency changed over time (Fig. 6a).

Finite‑difference time‑domain computation 
of monochromatic infrasound waves
Trying to understand the conduit conditions responsi-
ble for the monochromatic infrasound waves observed 
during the 2014–2015 eruption at Aso volcano, we 
computed a 3-D pressure wavefield using a GPU-based 
finite-difference time-domain (FDTD) code (Kim and 
Lees 2014; Kim et  al. 2015) that incorporates a rigid 
air–ground boundary and linear wave propagation. In 
this calculation, Gaussian-like pulses (the Blackman-
Harris window; Harris 1978) with four different pulse 
widths of the pulse ( τ = 0.16, 0.31, 0.78 , and 1.55 s; 
Fig. 8a) were used to represent impulsive pressure-time 
histories at the point source. This approach is equiva-
lent to the use of a smoothed step function in time 
histories of a fluid flux, which might provide sustained 
pressure perturbations, as observed at Aso volcano 
(Fig.  2). We selected such a simple source waveform 
so that complex propagation effects (e.g., reflection 
and refraction) could be easily distinguished from the 
source effect. This pressure source was located at the 
bottom center of the conduit, similarly to the study of 
Morrissey and Chouet (1997), whose vertical length 
L varies from 0 to 200 m. We think it is inadequate to 
set the source in the midpoint of the air column inside 
the conduit for eruptions at Aso volcano. The radius 
of the conduit was fixed at 25 m at any depth (a sim-
ple straight pipe) reflecting the actual situation in late 
March (Figs.  2c, 3). The computation space was 2000 
m× 2000 m× 2000 m , with a resolution of 2 m, in 
which the vertical space corresponded to altitudes 
ranging from 900 to 2900 m, analogous to the location 
of the crater at Aso volcano. Surrounding this com-
putation space, we utilized perfectly matched layers 
with a depth of 50 m as the absorbing boundary layers. 
We adopted a time step of �t = 0.001 s to satisfy the 
numerical stability condition (Wang 1996). The 1-D air 
sound speed and the 1-D density of the air were esti-
mated based on the JMA station data (22:30 on March 
25, 2015). The effects of wind and intrinsic attenuation 
in the air during the propagation of infrasound waves 
were not considered in these calculations.

We modeled infrasound radiation for both a half-
space geometry and also with the topography provided 
by the DEM. This approach was adopted to distinguish 
first the effect of the conduit from complex observed 
signals. For example, even at stations on the crater 
rim at Erebus volcano, reflection effects from the cra-
ter topography were found in the infrasound signals 
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Fig. 5 Well-correlated infrasound waveforms between the stations. 
a Normalized one-minute infrasound waveforms recorded at four 
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(annotated at the right; see Fig. 1). Arrows indicate beginning of 
monochromatic oscillations. b Results of cross-correlation analyses 
between all stations’ data filtered by a 0.2–1.0 Hz pass-band. Only 
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(Witsil and Johnson 2018). Figure 8b–f shows the sim-
ulated pressure distribution in the air at 3 s after the 
pressure initiation (a fixed pulse τ = 0.78 s ). These 
snapshots observed at different conduit lengths L high-
light that the wavelengths of the pressure perturbation 
propagating toward the open space were not constant, 
even though the same initial pressure signal was used 
in the calculations. The computed waveforms at a loca-
tion where the horizontal distance from the conduit is 
the same as that of the ACM station (Fig.  9a) showed 
systematic changes in their features with changes in L. 
At L = 25m (top of Fig.  9a), the duration of the first 
positive phase of the waveform retained the differ-
ences in the original pulse widths at the wave source 
( τ = 0.16−1.55 s ). The subsequent negative phase, 

which was caused by reflection at the exit edge of the 
conduit (Kim and Lees 2011), also showed nearly the 
same length of pulse widths. However, such was not the 
case for τ = 1.55 s . The reason why the reflected phase 
has a negative amplitude and the same width is that the 
open-exit reflection coefficient is nearly −  1 when the 
wavelengths are much longer than the conduit radius 
(Stepanishen and Tougas 1993). The codas at all of the 
initial source conditions in a 25-m conduit are simi-
lar. In contrast, the longer L is (from top to bottom in 
Fig. 9a), the more significant the coda will be compared 
to the first positive signal, and the longer the wave-
lengths will be.

The wavelengths of the coda are strongly related to 
the lengths of the conduit L in which an initial pressure 
source was settled but are not related to the source width 
τ (Fig. 9a). To elucidate their relationships, the fundamen-
tal frequencies of the 10-s simulated waveforms observed 
at ACM were examined (Fig.  9c; Additional file  2). For 
example, for τ = 0.16 s, the estimated fundamental fre-
quency was nearly constant at approximately 2.3–2.5 Hz 
when the conduit length was short ( L ≤ 10m ). This fre-
quency of ∼ 2Hz gradually decreased to ∼ 0.37Hz at 
L = 200m . Under other initial conditions ( τ = 0.31, 0.78 , 
and 1.55 s), the estimated fundamental frequencies of the 
waveforms showed the same change curves. We confirmed 
that the coda frequency was predominantly controlled by 
the conduit length L even under different initial τ values, as 
expected.

Following Kinsler et al. (1999), the normal mode f0 of an 
open-end pipe (the other end is closed) with the end cor-
rection (flanged) is described by

where cair is the air sound speed in the pipe, L is the pipe 
length, and a is the pipe radius. To achieve a straightfor-
ward interpretation of the condition of the space inside 
the conduit, we fixed the values of cair and a to 338 m/s 
and 25 m, respectively, which are the same as the val-
ues used in the FDTD calculation. The red line in Fig. 9c 
shows the theoretical shift in the frequency f0 with the 
conduit lengths L. We identified no significant differ-
ences between this frequency and the change curve of 
the fundamental frequencies of the simulated pressure 
waveforms described in the previous paragraph. This 
result suggests that the coda in our simulated waveforms 
was undoubtedly a resonant tone of the conduit that was 
caused by the oscillating pressure waves in the conduit.

We then incorporated topographic data from Aso vol-
cano into the FDTD calculation. The DEM used for the 
calculation was established using two datasets acquired 
in different years. The dataset used for the area outside 

(3)f0 =
cair

4(L+ 8a/3π)
,

Fig. 6 Spectrograms of infrasound and seismic waves during the 
2014–2015 eruption. a Seven-month stacked spectrogram of the 
infrasound record using reduced data of all the stations to ACM. 
Data obtained under windy conditions ( ≥ 7.74m/s at JMA; Fig. 1) are 
eliminated. Black bar on the left-hand side indicates the period of the 
2014–2015 eruption. b Spectrogram of the broadband seismic record 
of the UMA station. Non-functional stations create data gaps
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the crater was the 2012 DEM, which was the same as that 
used to estimate the source locations of the infrasound 
waves. The other dataset (inside the crater) was newly 
created from datasets based on our ground-based and 
aerial photogrammetry surveys, which were conducted 
on March 26 and 27, 2015, respectively. We merged both 
the 2012 and 2015 DEMs and decimated the new one to 
a resolution of 2 m. All other conditions in the numerical 
calculations, such as τ and L, were not changed.

The simulated waveforms obtained using the volcano 
DEM and their fundamental frequencies are shown in 
Fig.  9b, d. Compared to the waveforms obtained under 
no-topography conditions (Fig. 9a), the waveforms under 
the actual topography were greatly distorted due to the 
reflections and diffractions occurring during the wave 
propagation. For example, at L = 25 m (top in Fig. 9b), all 
of the waveforms had a coda with a much longer duration. 
At τ = 1.55 s (the bottom trace of the four waveforms), 

the negative phase following the first positive phase 
became conspicuous. As L increased, the distortions of 
the first positive phase became more noticeable, espe-
cially in the minor secondary peak on the right shoulder. 
The codas were still pronounced, similarly to those in 
the no-topography calculations; however, the peak fre-
quencies of the 10-s waveforms at L ≥ 30 m were ~ 15% 
smaller than the theoretical f0 values obtained from Eq. 
(3) (red solid and broken lines, respectively, in Fig.  9d). 
This decrease in f0 was also due to the effect of topogra-
phy during wave propagation. Another topographic effect 
was observed in the fundamental frequencies for condi-
tions involving a shorter conduit, approximately 0.4, 1.3, 
and 2.1 Hz (Fig.  9d and Additional file  2), although the 
effect was inconspicuous compared to that in the cases of 
a longer conduit. However, we argue that any source time 
function could not generate the different frequency con-
tents of the coda, similarly to the calculations performed 
without topography. The main feature of the observed 
waveforms as low-frequency pressure oscillations was 
produced only by the air resonance in the conduit.

Constraint on conduit size from observed 
infrasound waveforms
Based on our FDTD calculations described in the pre-
vious section, we invoke a simple model of the mono-
chromatic pressure perturbation of the infrasound wave 
records during the 2014–2015 eruption at Aso volcano. 
The observed infrasound waves could be explained as a 
resonance of the air within the top portion of the conduit 
above the magma free surface. The concept is similar to 
the models proposed for infrasound coda observed at 
Etna (Spina et al. 2015), Cotopaxi (Johnson et al. 2018b), 
Villarrica (Richardson et al. 2014), and Erebus volcanoes 
(Witsil and Johnson 2018). This idea suggests that we 
have the potential to constrain both the size of the con-
duit and the source time function for the radiation of the 
infrasound signal. We used a sample case on March 25, 
2015, to demonstrate this procedure. During this simu-
lation, we made two assumptions: (1) the shape of the 
conduit was a pipe with a radius of 25 m, as we observed 
(Fig.  3), that the conduit does not change in size with 
depth, and (2) the conduit was filled with air whose tem-
perature is the same as that of the surrounding air esti-
mated from the JMA data. Although we did not consider 
volcanic gas species, temperatures similar to those in 
the air condition were concluded in the Cotopaxi’s case 
(Johnson et al. 2018b). This analysis comprised two steps. 
During the first process, the peak frequency of the mono-
chromatic infrasound waves was examined to determine 
the length of the conduit. Then, we compared the wave-
forms of the first positive–negative phases between the 

Fig. 7 Source location of monochromatic infrasound waves. a 
Spatial distribution of the timing residual ǫ for 10-min data during 
13:30–13:40 on December 15, 2015. White cross at the crater center 
shows a location with the minimum value ( ǫ = 0.10 s). b Source 
location of the 10-min infrasound records during the entire eruption 
period ( N = 3115)
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observed and simulated infrasound waves to constrain 
the source time function occurring inside the conduit.

Over the period of 22:23:00–22:23:10 on the day when 
intense eruption activities were marked, the peak fre-
quency of the observed infrasound records was 0.51–0.52 
Hz (Figs. 4a, 6a). Based on the results of the FDTD cal-
culation including the actual topography, in which f0 
showed a ∼ 15% decrease from its original value on a 
simple pipe resonance predicted by Eq. (3) (Fig. 9d), the 
conduit length L could be estimated as ∼ 118m using 
the peak frequency. Then, we simulated the infrasound 
wave that would be observed at the ACM station if the 
118-m-long conduit was located at the eruptive vent. In 
this calculation, we used τ values ranging from 0.16 s to 
1.55 s. A change in the source pulse width τ could gradu-
ally distort the waveform of the first positive phase (Fig 
9b). We compared a set of the first positive and negative 
phases obtained from the observed and simulated infra-
sound waves (O and S, respectively) using the residu-
als; 

∑
((

O2
− S2

)

/O2
)

 . Figure  10 shows a result of the 
best-correlated waveforms obtained when a pulse width 
of τ = 0.70 s was given at the source. The similarities 

between not only the first pulses of the waveforms but 
also the entire shapes of the waveforms were notable 
because we had already matched the peak frequency 
of the coda during the first step. For this case, by time-
integrating the 0.70-s width pressure pulse (6300 Pa), a 
smoothed step function of the mass flow rate from 0 
kg/s to 3.9× 104 kg/s , and therefore, a step in the vol-
ume rate from 0 to 4.0× 104 m3 /s considering the air 
density of 1.10 kg/m3 , could be deduced at the source. 
Assuming that the degassing constantly occurs over the 
cross-sectional area of the conduit ( 2.0× 103 m2 ), we 
calculated the exit velocity of the gas to be 18 m/s. This 
velocity coincided with the lower range of a gas thrust 
recorded during Strombolian explosive dynamics (Pat-
rick et  al. 2007; Delle Donne and Ripepe 2012). How-
ever, this example was a much larger event among those 
of the entire 2014–2015 eruption, and in most cases, 
the observed signals might show a velocity of gas exha-
lation that is more than one order of magnitude smaller 
by comparison (Figs.  2, 4). This finding suggests that 
most of these events could be reflected by the dynamics 
of the buoyant type of eruptions involving much slower 

ba

dc

fe

0.16 s

0.31 s

1.55 s

0.78 s

Fig. 8 Snapshots of the pressure distribution with different conduit lengths. a Simple source time functions used in our FDTD calculations. b–f 
Snapshots of pressure distribution at 3.0 s after the initiation of the 0.78-s width pulse. The conduit lengths are 0 m, 50 m, 100 m, 150 m, and 200 m 
in b–f respectively. Red and blue colors represent positive and negative pressures, respectively
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velocities (Patrick et  al. 2007). A slight difference in the 
decay rate of the amplitude (the quality factor Q) in the 
coda part was observed (Fig. 10b). The calculated wave-
form had a higher Q value than that of the observed 
waveform. Johnson et  al. (2018a, b) showed that a con-
duit’s geometry, especially its radius, influences the Q val-
ues. The misfit in the coda part might be much improved 
by using more adequate parameters that we did not con-
sider in this analysis.

We successfully estimated the length of the conduit 
and the source time function for the observed signals of 
the monochromatic infrasound waves. However, it was 
assumed that the conduit was a simple pipe filled with the 
air of an ordinary temperature, which reflects a potential 
limitation of our method. The source time function we 
used in the calculation, the Blackman-Harris function 
for the pressure pulse, might be another reason for this 
limitation. If we want to interpret much more realistic 

source conditions associated with the infrasound wave 
records, we need to consider the effects of other param-
eters that we fixed in the FDTD calculation. Some exam-
ples of these parameters include changes in the sound 
velocity cair and the size (conduit radius, a) and shape of 
the conduit (from a straight pipe to a conical pipe). The 
sound velocity can be modified with a fraction of mix-
tures with gas and magma fragments (e.g., Morrissey and 
Chouet 2001). In fact, various surficial phenomena were 
observed at Aso volcano when we observed the same 
∼ 0.5Hz monochromatic infrasound tremor (Figs.  2, 
4). An infrasound coda with 0.4-Hz peak frequency was 
also observed during the fire-fountaining at Etna volcano 
(Ulivieri et al. 2013). This observation indicates that the 
fixed sound velocity may not be appropriate. In Etna’s 
case, the possibility of interference with the resonance 
process itself by the sustained magmatic flux might be 
investigated. The differences in the peak frequency of 

Fig. 9 Results of FDTD numerical calculation. a Simulated waveforms to be observed at ACM without consideration of topography (see Fig. 8b–f ). 
The results obtained using four different pulse widths of the source (Fig. 8a) and four conduit lengths are shown. Radius of the conduit is fixed as 
25 m for all cases. b Simulated waveforms of the FDTD calculation including the topographic data of Aso volcano. c The peak frequency of the 10-s 
synthetic waveforms as shown in a for the no-topography calculation. The observed frequencies for the > 10m conduit lengths are fit to theoretical 
values estimated using Eq. (3) (red line). d The frequencies of the waveforms in b using the Aso DEM are 15% smaller (red line; > 30m length) than 
the theoretical expectation at a simple pipe with a flat topography (broken red line; same line in c)
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the pressure perturbation caused by changes in these 
parameters were examined quantitatively using Eq. (3) 
and based on the work of Ayers et  al. (1985). Figure  11 
shows that all of these parameters independently affect 
the fundamental resonant frequency of a pipe. In par-
ticular, the sound velocity inside the pipe has a significant 
effect on the uncertainty of the estimation of the conduit 
length. Various combinations of parameters could be 
used to generate the observed frequencies of the infra-
sound waves used above, i.e., 0.51–0.52 Hz. This finding 
suggests that the conduit length we estimated should be 
further validated from another perspective, such as based 
on the time difference between the arrivals of infra-
sound and seismic waves (e.g., Richardson et  al. 2014). 
The time difference is certainly relevant to both the con-
duit length and the sound velocity within the conduit. 
Therefore, a reasonable range of both parameters satis-
fying the observed time difference of the data should be 
evaluated using a method based on the probability den-
sity functions (Ishii et al. 2019). The joint analysis of the 
infrasound-based estimation performed in this study and 
an estimation performed using this type of seismo-acous-
tic method (Ishii et  al. 2019) may be a robust tool with 
which to constrain the local topography of the vent. This 
approach could lead to a better comprehensive investi-
gation of the conduit parameters to understand why the 
peak frequency changed over time during the eruption 
period (Fig. 6a). We also found that infrasound waveform 
inversions (Kim et al. 2015) do not necessarily provide an 
actual source time history unless the conduit geometry 
and its associated resonant tones are incorporated into 

the inversion. The accurate response function of the con-
duit should be assessed in cases of small-scale eruptions, 
such as Strombolian explosions. Otherwise, an incorrect 
source time function (i.e., incorrect mass fluxes) may 
be deduced, thus leading to incorrect interpretations of 
eruption processes.

Summary
During the 2014–2015 eruptions at Aso volcano in Japan, 
we successfully observed monochromatic infrasound 
tremor at stations around the crater. The peak frequency 
of the tremor was 0.4–0.7 Hz, which gradually changed 
over time. However, these infrasound signals were asso-
ciated not only with Strombolian eruptions or ash vent-
ings but also with emissions of gas–steam mixtures. 
This result suggests that the monochromatic infrasound 
waves we observed were mainly caused by the air reso-
nance inside the conduit. Such resonance may have been 
produced by an incident pressure oscillation at the base 
of the conduit, such as that caused by a degassing pro-
cess. We determined whether this process could occur at 
Aso based on a numerical calculation using the finite-dif-
ference time-domain method with accurate topography 
data with a resolution of 2 m. The results of this calcu-
lation indicated that the peak frequency of the mono-
chromatic infrasound waves could be accounted for by 
the length of the conduit, regardless of variations in the 
source time function. Assuming a series of conditions 
on a day in March 2015, we also reproduced a waveform 
of the observed monochromatic infrasound signals. The 
results suggest that the gas exhalation with a gas velocity 
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of 18 m/s occurred at 120 m depth in the conduit. How-
ever, further (joint) analysis using seismic data is required 
to more accurately constrain the conduit parameters, 
such as the conduit’s length and the sound speed of the 
air inside it.
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