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Combined use of repeated active shots 
and ambient noise to detect temporal changes 
in seismic velocity: application to Sakurajima 
volcano, Japan
Takashi Hirose*  , Hisashi Nakahara and Takeshi Nishimura

Abstract 

Coda-wave interferometry is a technique to detect small seismic velocity changes using phase changes in similar 
waveforms from repeating natural or artificial sources. Seismic interferometry is another technique for detecting 
seismic velocity changes from cross-correlation functions of ambient seismic noise. We simultaneously use these 
two techniques to clarify seismic velocity changes at Sakurajima volcano, one of the most active volcanoes in Japan, 
examining the two methods. We apply coda-wave interferometry to the records of repeated active seismic experi-
ments conducted once a year from 2011 to 2014, and seismic interferometry to the ambient seismic noise data. We 
directly compare seismic velocity changes from these two techniques. In coda-wave interferometry analyses, we 
detect significant seismic velocity increases between 2011 and 2013, and seismic velocity decreases between 2013 
and 2014 at the northern and eastern flanks of the volcano. The absolute values are at a maximum 0.47 ± 0.06% for 
2–4 Hz, 0.24 ± 0.03% for 4–8 Hz, and 0.15 ± 0.03% for 8–16 Hz, respectively. In seismic interferometry analyses, verti-
cal–vertical cross-correlations in 1–2, 2–4, and 4–8 Hz bands indicate seismic velocity increases and decreases during 
3 years of 2012–2014 with the maximum amplitudes of velocity change of ±0.3% for 1–2 Hz, ±0.4% for 2–4 Hz, and 
±0.2% for 4–8 Hz, respectively. Relative velocity changes indicate the almost annual change. These periodical changes 
are well matched with volcano deformation detected by GNSS receivers deployed around the volcano. We compare 
the results from coda-wave interferometry with those from seismic interferometry on the shot days and find that 
most of them are consistent. This study illustrates that the combined use of coda-wave interferometry and seismic 
interferometry is useful to obtain accurate and continuous measurements of seismic velocity changes.
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Background
Temporal changes in seismic velocity associated with 
large earthquakes or volcanic activities have been 
detected from analyses of coda-wave interferometry or 
seismic interferometry. These interferometric techniques 
are now widely used to monitor temporal changes in 
structure. Coda-wave interferometry is a technique to 

detect slight changes in medium properties by measur-
ing phase changes or waveform changes in coda waves 
from repetitive similar sources (e.g., Poupinet et al. 1984; 
Snieder et al. 2002; Snieder 2006). Poupinet et al. (1984) 
first applied coda-wave interferometry to an earth-
quake doublet consisting of two micro-earthquakes that 
occurred 14 months before and 7 months after the M5.9 
Coyote Lake, California, earthquake, and detected seis-
mic velocity decrease of 0.2%. Nishimura et  al. (2000, 
2005) analyzed records of repeated active seismic experi-
ments conducted at Iwate volcano, Japan, from 1998 to 
2003, and detected seismic velocity decrease of about 
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1%. These two studies interpreted that these velocity 
decreases were caused by static stress change in shallow 
structures close to M5.9 or M6.1 earthquakes and/or 
volcanic pressure sources. Cannata (2012) applied coda-
wave interferometry to repeating volcano-tectonic earth-
quakes that occurred with about 3-h interval at Mt. Etna 
and obtained detailed temporal seismic velocity changes 
in the volcanic edifice. However, such a high time reso-
lution is rare in general, because the time intervals of 
repeating earthquakes or repeated active seismic experi-
ments are usually long in time.

On the other hand, seismic interferometry, which is a 
technique to estimate relative seismic velocity changes 
using cross-correlation functions of ambient seismic 
noise (e.g., Shapiro and Campillo 2004; Curtis et  al. 
2006), enables us to continuously monitor seismic veloc-
ity changes. Brenguier et  al. (2008) determined seismic 
velocity changes at Piton de la Fournaise volcano every 
10  days. They interpreted the observed seismic velocity 
decrease of about 0.1% preceding eruptions at the vol-
cano by dilatation of the edifice due to pressure increase 
in the magma. Takagi et  al. (2012) detected a coseismic 
decrease in Rayleigh wave velocity of 0.1–0.5% related to 
the occurrence of the 2008 Iwate–Miyagi Nairiku earth-
quake, NE Japan (M7.2). Since ambient noises are avail-
able everywhere, seismic interferometry has been applied 
at many fields for continuous monitoring (e.g., Sens-
Schönfelder and Wegler 2011). However, ambient noise 
source distribution may affect the quality of retrieved 
Green’s functions and accordingly relative seismic 
velocity changes. For example, Stehly et  al. (2006) dem-
onstrated that noise sources show a clear seasonal vari-
ation; the noise sources in 0.05–0.1 Hz are located in the 
northern Atlantic and the Pacific during the winter in the 
northern hemisphere, while in the Indian Ocean and in 
the Southern Pacific during the summer in the northern 
hemisphere.

Recently, Budi-Santoso and Lesage (2016) applied 
these two techniques simultaneously. They detected seis-
mic velocity decrease of up to 1.5% associated with the 
2010 eruption at Merapi volcano, Indonesia. Temporal 
changes in seismic velocity estimated from seismic inter-
ferometry analysis displayed non-synchronized changes 
with those from coda-wave interferometry analysis. Such 
non-synchronized changes may be caused by the differ-
ence of wave fields because the coda-wave interferometry 
used volcano-tectonic earthquakes occurring at depths of 
about 0.5–2.3 km and not at the ground surface. In addi-
tion, the errors on vertical locations of volcano-tectonic 
earthquakes were as large as about a few hundred meters. 
Cross-correlation coefficients of the similar seismograms 
were higher than 0.75. However, that threshold is a little 
bit lower.

Sakurajima is one of the most active volcanoes in Japan, 
which is located at the southern rim of Aira caldera in 
southern Kyushu, Japan. The volcano is well known to 
exhibit vulcanian eruptions in these decades, and the 
number of explosions mainly from Showa crater reached 
835 in 2012, 883 in 2013, and 450 in 2014 (Japan Mete-
orological Agency 2015). The volcanic activities have 
been monitored by various observations: seismic and 
geodetic measurements as well as volcanic gas observa-
tions (e.g., Iguchi et al. 2013). Tsutsui et al. (2016) further 
repeated active seismic experiments once a year from 
2008 and detected temporal changes in reflection coeffi-
cients that are inferred to be caused by density or seismic 
velocity changes in the sill at a depth of around 4.9  km 
beneath Sakurajima volcano. However, there is no study 
so far that applies coda-wave interferometry to the data 
of the repeated active seismic experiments at Sakurajima. 
There are only a few researches that continuously moni-
tor temporal structure changes at Sakurajima; Maeda 
et  al. (2015) reported temporal changes in the subsur-
face structure using waveforms of an active source called 
accurately controlled routinely operated signal system 
(ACROSS) during an active eruptive period from Sep-
tember 2012 to July 2014.

In this study, we apply coda-wave interferometry to 
the repeated active seismic experiments conducted at 
Sakurajima once a year from 2011 to 2014. Also, we 
apply seismic interferometry to ambient seismic noise at 
Sakurajima. Since active seismic sources are located near 
the ground surface, the seismic waves we analyze in these 
two kinds of methods are almost same and sample same 
regions. Most of shot points at each shot site are located 
within 10 m, and we choose records of which the cross-
correlation coefficient is higher than 0.9 between the two 
shots. We compare seismic velocity changes obtained 
from these two methods and discuss a relation between 
the seismic velocity changes and the volcanic activity at 
Sakurajima.

Methods
Data processing
We use seismograms recorded at six stations at Sakura-
jima maintained by Japan Meteorological Agency 
(JMA). Three-component short-period seismometers 
with a natural frequency of 1  Hz are installed on the 
ground surface at three stations of V.SKRB, V.SKRC, 
and V.SKRD and are installed in boreholes with depths 
of between 80 and 100 m at the other three stations of 
V.SKA2, V.SKD2, and V.SFT2. All the seismograms are 
recorded with a sampling frequency of 100  Hz and an 
A/D resolution of 24 bit. Figure 1 shows the spatial dis-
tribution of the JMA seismic stations (squares) and the 
shot points (stars).



Page 3 of 12Hirose et al. Earth, Planets and Space  (2017) 69:42 

We use the seismic waves excited by repeated active 
seismic experiments conducted from 2011 to 2014 for 
analyses of coda-wave interferometry. At each experi-
ment, 5–13 shots using dynamite were conducted on the 
eastern-northern flank: 13 shots in 2011, 2012 and 2014, 
while 5 shots in 2013 (shown with red stars in Fig.  1). 
Dynamite charge of each shot is 20 kg with an exception 
at a shot site URAE in 2013 of 200  kg. The shots were 
detonated inside 10-m deep boreholes. Figure 2 shows an 
example of the vertical-component velocity seismograms 
in 4–8 Hz band at station V.SFT2 for the shots at KOME 
in 2011 and 2012. The seismograms in 2011 and 2012 
are similar to each other as cross-correlation coefficient 
is 0.925. Since dominant frequencies of the observed 
seismograms range between 3 and 8 Hz (Fig. 2), we ana-
lyze seismograms filtered in 1–2, 2–4, 4–8, 8–16, and 
16–32 Hz bands. To obtain accurate velocity changes, we 
choose records of which the cross-correlation coefficient 
is higher than 0.9 between the two shots in a time win-
dow between 0 and 5 s in lapse time. We further use sig-
nal-to-noise (S/N) ratio to select the records. Calculating 
S/N ratio from the root-mean-squared (RMS) amplitude 
of the signal from 0 to 20 s to that of the noise from −5 to 

0 s, we use the records with S/N ratios of larger than 3 for 
2011, 2012, and 2014 data. Because of low signal-to-noise 
ratio, we lower the minimum S/N ratio to be 2 only for 
2013 data.

Seismic interferometry is applied to the ambient seis-
mic noise data between 2012 and 2014. Ambient noises 
are first filtered in 1–2, 2–4, and 4–8 Hz bands. For each 
frequency band, we choose 10-min-long data having 
amplitude of smaller than 10 times of the average RMS 
amplitude of ambient noise recorded in 2012. We apply 
1-bit normalization and spectral whitening to reduce 
the effect of earthquake signals (e.g., Bensen et al. 2007). 
Finally, cross-correlation functions (CCFs) are calculated 
every 10  min, and daily CCFs (hereafter called DCCFs) 
are obtained by stacking the 10-min CCFs every day for 
15 pairs from six stations. The obtained DCCFs are con-
sidered to be Green’s functions recorded at one of a sta-
tion pair from a virtual source at the other station of the 
pair.

Estimation method of seismic velocity changes
To estimate seismic velocity changes, we use Moving 
Window Cross-Spectral (MWCS) technique (Poupinet 
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Fig. 1  Spatial distribution of seismometers (squares), GNSS stations (circles), and shot points (stars) at Sakurajima volcano located in Kyushu island, 
Southwestern Japan (red triangle in the upper left panel). Gray contour lines show the topography of Sakurajima. Thirteen shots are shown by stars and 
five shots in 2013 are especially shown by red stars
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Fig. 2  Velocity seismograms in the 4–8 Hz and observed velocity spectra at station V.SFT2. Top two panels are velocity seismograms for the shots in 
2011 and 2012 at KOME. The cross-correlation coefficient is 0.925 in a time window of 0 and 20 s in lapse time. The third panel from the top is coher-
ence in the short time windows. The fourth panel from the top is an example of estimating dt/t using MWCS technique and the linear regression. 
The bottom panel shows observed velocity Fourier spectra
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et  al. 1984). In this method, delay times, dt, between 
two similar seismograms are calculated at respective 
lapse times using a relation, φ(f ) = 2π fdt, where φ is the 
phase of cross-spectrum and f is the frequency, for con-
secutively overlapping short time windows. We set the 
length of the short time windows to be 2.56  s for 1–2 
and 2–4 Hz, 1.28 s for 4–8 Hz, 0.64 s for 8–16 Hz, and 
0.32  s for 16–32  Hz, respectively, which are overlapped 
by 75% with the adjacent time windows. Assuming a spa-
tially homogeneous velocity change, we derive a relation 
of dt/t = −dv/v, where v is the seismic velocity, and t is 
the lapse time. We estimate relative velocity changes dv/v 
from linear regression of the delay time with respect to 
the lapse time for the data whose cross-correlation coef-
ficients are higher than 0.7 in the short time windows. 
Coherences in the short time windows and an example of 
estimating dt/t are shown in Fig. 2. Coherences become 
lower from around 10 s in lapse times. From this reason, 
records of the repeated active seismic experiments in 
lapse times between 0 s and 10 s are used in coda-wave 
interferometry analysis. In seismic interferometry analy-
sis, DCCFs in lag times between −10 and +10 s are used. 
Each DCCF is cross-correlated with a reference CCF, 
which is calculated by stacking DCCFs over 2012 and 
2013.

Results
Coda‑wave interferometry
We calculate relative velocity changes for all combi-
nations of the shot year. The number of shots in 2013 
is fewer than the other years. Hence, we consider the 
velocity changes of 2011, 2013, 2014 with respect to that 
of 2012 as our representative results. Relative velocity 
changes are obtained for about 5–15 paths between the 
shot and stations for each pair of the shots (Table  1). 
Totally, 280 paths, which is about 10% of all the com-
binations for all pairs of the shots, are measured. This 
may be because active shots using dynamite charge of 
20 kg were so small that only stations on the northeast-
ern flank of the volcano recorded seismic waves with 
good S/N ratios. For the 1–2 and 16–32  Hz band, the 
S/N ratio or cross-correlation coefficient is too low to 
estimate relative velocity changes. The spatial distribu-
tion of the estimated relative velocity changes is shown 
in Fig.  3. Seismic velocity changes are shown by colors 
of lines connecting the stations and the shot points. Blue 
lines show velocity increases and red ones show velocity 
decreases. Seismic velocity increase is dominant both for 
the periods of 2011–2012 and 2012–2013. Both seismic 
velocity increase and decrease are found for the period 
of 2012–2014. Most of the paths for which significant 
seismic velocity changes are detected are located in the 
northern-eastern flank of the volcano. Absolute values of 

the relative velocity changes show a frequency depend-
ence; seismic velocity changes become smaller at higher 
frequencies, and vice versa: at a maximum 0.47 ± 0.06% 
for 2–4 Hz, 0.24 ± 0.03% for 4–8 Hz, and 0.15 ± 0.03% 
for 8–16  Hz, respectively. The errors of the estimations 
are approximately 0.01–0.03% on average. Though some 
paths show opposite polarity in values of the relative 
velocity change, the errors in those paths are not so large 
compared to other paths. We also show the results for all 
combinations of the shot year in Table 1. Seismic velocity 
decrease is found only for the period of 2013–2014.

We only use records of which the cross-correlation 
coefficient is higher than 0.9. Hence, the obtained results 
are reliable. However, the dynamite charge of 20 kg for all 
the shots except one at Sakurajima restricts the estima-
tion of the velocity changes to the northeastern flank of 
the volcano. This limitation of wave paths makes it dif-
ficult to compare the results obtained from coda-wave 
interferometry and those from seismic interferometry 
for almost identical wave paths (only a few exceptions are 
shown in Additional file  1). For this reason, we average 
the values of relative velocity changes for all shot–station 
pairs when we compare the results from coda-wave inter-
ferometry with those from seismic interferometry.

Seismic interferometry
We estimate relative velocity changes for 15 station pairs 
(all pairs among six stations) at Sakurajima by calculating 
DCCFs over the 3 years between 2012 and 2014. We do 
not estimate relative velocity changes for five pairs in Feb-
ruary 2012 and for nine pairs in August 2013 because of 
low S/N ratio of the records. However, we are able to esti-
mate relative velocity changes for the other observation 
periods and discuss temporal changes in seismic veloc-
ity almost all the way from January 1, 2012, to December 
31, 2014, by seismic interferometry. Temporal changes in 
DCCFs for the pair V.SFT2–V.SKD2, separation distance 
of 5.5 km, are shown as an example in Fig. 4. For this pair, 
there is a phase with large amplitude around 4  s in lag 

Table 1  Mean values of relative velocity changes from the 
coda-wave interferometry analysis of  the vertical-compo-
nent records

Numbers in bracket represent the number of paths

Period 
of time

2–4 Hz 4–8 Hz 8–16 Hz

2011–2012 +0.016 ± 0.089% (7) +0.038 ± 0.059% (20) +0.044 ± 0.042% (17)

2012–2013 +0.130 ± 0.137% (4) +0.049 ± 0.054% (4) +0.046 ± 0.034% (2)

2013–2014 −0.064 ± 0.089% (4) −0.030 ± 0.100% (7) −0.012 ± 0.089% (4)

2011–2013 +0.225 ± 0.152% (4) +0.144 ± 0.096% (3) No data

2011–2014 +0.002 ± 0.121% (13) −0.004 ± 0.049% (15) +0.018 ± 0.055% (8)

2012–2014 −0.008 ± 0.115% (9) +0.027 ± 0.052% (12) +0.015 ± 0.048% (15)
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time. Assuming that this phase is direct wave, the propa-
gation velocity of this phase is approximately 1.4  km/s. 
Miyamachi et  al. (2013) estimated the P-wave velocity 
of about 2.3–2.8 km/s in the area shallower than 1 km at 
Sakurajima. From this result, the phase around 4 s in lag 
time is thought of as S-wave or Rayleigh wave. A refer-
ence CCF is exhibited by a black solid curve on the top 
of the figure, and an example of estimating dt/t is shown 
on the bottom. Temporal changes in seismic velocity esti-
mated from the CCFs are shown in Fig. 5. For this station 
pair, an almost annual oscillation is found for all the fre-
quency bands. For example, the relative velocity changes 
are negative until August 2012, turn to positive, and keep 
it until February 2013 and turn into negative again. Simi-
lar periodical oscillations are recognized during 3  years 

for most of the station pairs and all frequency bands. 
Amplitudes of these periodical oscillations are at a maxi-
mum 2% for 1–2 Hz, 1% for 2–4 Hz, and 0.5% for 4–8 Hz, 
respectively, indicating a frequency dependence of veloc-
ity changes.

Lastly, we average the data of the relative velocity 
changes for seismic interferometry from all 15 station 
pairs. Daily variations of the values of relative velocity 
changes obtained from seismic interferometry analysis 
are large for each station pair (each path). Therefore, it is 
difficult to directly compare the values of relative veloc-
ity changes from coda-wave interferometry with those 
on shot days from seismic interferometry with high 
accuracy for a limited number of almost identical paths 
(see Additional file 1 for a few exceptions). Furthermore, 

Fig. 3  Spatial distribution of seismic velocity changes estimated from the coda-wave interferometry analysis of the vertical-component records in 
2011–2012, 2012–2013, and 2012–2014 periods. The results are shown for 2–4, 4–8, and 8–16 Hz, and lines connect the stations and shot points. 
Blue lines indicate seismic velocity increase and red ones show decrease
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we can reduce the effect of the seasonal variation of 
noise sources by averaging for all 15 station pairs hav-
ing different configurations (e.g., Froment et  al. 2010). 
Those values are shown in Fig. 6 by gray dots. Error bars 
show ± one standard deviation with respect to the dif-
ferent station pairs. Amplitude of velocity change is 
±0.3% for 1–2  Hz, ±0.4% for 2–4  Hz, and ±0.2% for 
4–8 Hz, respectively. The almost annual change is clearly 

seen by averaging the seismic velocity change, especially 
for 2–4 and 4–8  Hz band. We discuss the mechanism 
of this periodic seismic velocity oscillation in the next 
section.

Discussion
We compare the results obtained from coda-wave inter-
ferometry with those from seismic interferometry. Mean 

Fig. 4  DCCFs for the V.SFT2–V.SKD2 pair in the 2–4 Hz over the time period of 2012 and 2014. Temporal changes in seismic velocity are estimated 
by using parts between −10 and 10 s in lag time. The reference CCF is shown at the top by black solid curve, which is calculated by stacking DCCFs 
over 2012 and 2013. The bottom panel is a result of estimating dt/t on March 6, 2012
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values of the relative velocity changes from coda-wave 
interferometry are calculated by averaging the results 
from the vertical component for all shot–station pairs. 
Results of seismic interferometry are also averaged for 
all 15 station pairs. In Fig.  6, the mean relative veloc-
ity changes shown by red squares are overwritten by 
assuming that the results for the 2012 experiment are 
the same as those on the same day from seismic inter-
ferometry. Error bars show  ±  one standard deviation. 
The mean relative velocity changes distribute within the 
variability among station pairs in seismic interferometry 
between 2012 and 2014 in 2–4 and 4–8 Hz band. Hence, 
the results from these two techniques are consistent 
with each other. This is also supported by comparing the 
results of coda-wave interferometry and those of seis-
mic interferometry for only a few almost identical paths 
(Additional file 1).

We compared the velocity changes of 2011, 2013, 2014 
to that of 2012 at first. However, other choices of a refer-
ence year and combination of two shot years are possi-
ble. Since there is no result from seismic interferometry 
in 2011, we cannot use 2011 as the reference year due to 
the unavailability of data. In Fig. 6a, we show the differ-
ences by changing the reference year. Pairs of shot years 
are fixed to be 2011–2012, 2012–2013, and 2012–2014. 
Different colors indicate the differences of the reference 
year (2012: red, 2013: blue, 2014: green). Blue line slightly 
shifts to the above from the other two. However, the val-
ues of mean relative velocity changes are still within pair 
variations in seismic interferometry between 2012 and 
2014. The results of all three patterns are almost the same 
in 4–8 Hz band. In Fig. 6b, we show the results of various 
combinations of two shot years. Calculated mean relative 
velocity changes from 2013 to 2014 are shown by green, 

Fig. 5  Temporal changes in relative seismic velocity for the V.SFT2–V.SKD2 pair. The results for 1–2, 2–4, and 4–8 Hz are shown from the top to the 
bottom. Black dots are the relative seismic velocity changes estimated day by day, and vertical bars show their SD
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those from 2011 to 2014 by blue, and those from 2011 to 
2013 by cyan. Plots by red indicate the velocity changes 
in each year to that of 2012. The differences between 
them are quite small both in 2–4 and in 4–8 Hz bands, 
at a maximum about 0.05% in 2–4 Hz band for the case 
of 2011–2013. Those comparisons indicate that we can 
obtain reliable results from coda-wave interferometry.

We have compared the mean values of velocity changes. 
To see the spatial variations of velocity changes, we need 

to consider sensitivity kernels (e.g., Pacheco and Snieder 
2005). The kernels have two peaks at the position of the 
source and station (see Additional file  2). Therefore, 
measured velocity changes are expected to be sensitive 
to local changes at the source and station. Coda waves 
that we use are probably the mixture of body waves and 
surface waves. One advantage of our study is that both 
of shot points and stations are located at near surface. 
Therefore, the sensitivity kernels have large sensitivities 

Fig. 6  Comparison between the results of the coda-wave interferometry analysis with those of the seismic interferometry analysis. The results from 
the seismic interferometry analysis (gray dots) are calculated by stacking the results for all station pairs. Error bars show ± one standard deviations. 
Those from the coda-wave interferometry analysis are mean values of relative velocity changes for the vertical component. The mean relative veloc-
ity changes calculated every other year (2011–2012, 2012–2013, 2012–2014) are shown by red square symbols. a Results for the different reference 
years (blue 2013 and green 2014). Stars indicate the reference year. b Results for the shots between 2013 and 2014 (green), 2011 and 2014 (blue), and 
2011 and 2013 (cyan)
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near the surface regardless of the predominance of either 
body waves or surface waves. Almost annual changes 
in seismic velocity are detected commonly for many 
shot–station pairs and station pairs. This suggests that 
the almost annual changes in seismic velocity take place 
at shallow depths widely over Sakurajima. On the other 
hand, it is true that the spatial variation of the estimated 
relative velocity change exists, especially in the shorter-
period component. So far, causes of such spatial variation 
are not clear yet, though it may reflect structural changes 
in the vicinity of shot points or stations.

To interpret physical mechanism of temporal changes 
in seismic velocity, we compare them with geodetic data. 
Global navigation satellite system (GNSS) receivers, 
extensometers, and tilt meters are installed at Sakura-
jima to monitor the deformation of the volcano edifice 
(e.g., Japan Meteorological Agency 2015). In the present 
study, we use three GNSS stations of Geospatial Informa-
tion Authority of Japan (GSI) at Sakurajima (the locations 
are shown by circles in Fig.  1). Using the daily coordi-
nates of the three stations (Sakurajima, Kagoshima2, 
and Kagoshima3), we calculate areal strains. In the 

Fig. 7  Comparison of temporal changes in seismic velocity with those of areal strains calculated from GNSS data. Red plus symbols indicate the areal 
strain of a triangle composed of three GNSS stations of Sakurajima, Kagoshima2, and Kagoshima3. Blue dots indicate the relative velocity changes 
estimated by seismic interferometry. The results from the seismic interferometry analysis are stacked values for all station pairs. A median filter with 
a time window length of 10 days is applied to the both data. Two bar plots indicate monthly precipitation (cyan) and the number of explosions per 
month (red), respectively
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calculation, we remove offsets in the daily coordinates due 
to the replacement of GNSS antennas at Kagoshima2 and 
Kagoshima3 on October 26, 2012, by using the difference 
between the median values calculated from 10 days before 
and 10 days after the day of the antenna change. The areal 
strain of zero amplitude is set to be the average value dur-
ing the 3 years between 2012 and 2014. The areal strains 
thus calculated are shown by red plus symbols in Fig. 7. 
The relative velocity changes from seismic interferometry 
are shown by blue dots. Note that we apply a median filter 
with a time window length of 10 days to both of the data 
to remove outliers. Changes in the areal strain are well 
correlated with those in seismic wave velocity in terms of 
not only the almost annual change but also much shorter-
period components down to about 1 month. The correla-
tion is better at 1–2 Hz throughout 3 years. At 2–4 and 
4–8 Hz, the correlation is also better except a period from 
December 2012 to April 2013. Precipitation shows sea-
sonal variations at Sakurajima: high in summer and low 
in winter. However, there seems no clear seismic velocity 
decrease related to high precipitation. Moreover, there 
seems no significant correlation between seismic velocity 
changes and the number of explosions as well; the num-
ber of explosions is a bit large from January 2013 to Feb-
ruary 2013 and from July 2013 to October 2013, but no 
associated changes in seismic velocity are found in these 
periods. Moreover, we consider thermoelastic effects 
(e.g., Tsai 2011). However, we find that the expected seis-
mic velocity changes due to the thermoelastic effects are 
almost in antiphase with the observed seismic velocity 
changes. Therefore, it is not clear why correlation between 
seismic velocity changes and areal strains is not good 
from December 2012 to April 2013.

We estimate strain sensitivities of seismic veloc-
ity changes using the areal strain values to be about 
2.0  ×  103/strain at 1–2  Hz. This sensitivity ranges 
within previously reported values that are compiled in 
Nishimura et  al. (2005). Such consistency strongly sug-
gests that observed annual changes in seismic velocity are 
related to strain changes in volcanic edifice. At Sakura-
jima, spherical pressure sources that explain observed 
ground deformation between November 2009 and 
April 2010 well are estimated at a depth of about 12 km 
beneath the Aira caldera (north of Sakurajima) and at a 
depth of about 5  km beneath Kita-dake (north part of 
Sakurajima) (e.g., Iguchi et  al. 2013). However, there is 
no study which explains geodetic data in other periods of 
time as far as we know. Therefore, the reason why geo-
detic data show the annual-like change is not clear yet.

Conclusions
We examined seismic velocity changes at Sakurajima from 
2011 to 2014 by combining coda-wave interferometry 

analysis of the repeated active seismic experiments and 
seismic interferometry analysis of ambient seismic noise. 
The sources of active seismic experiments are located near 
the ground surface, which enabled us to directly compare 
seismic velocity changes from these two techniques. We 
compare the results obtained from two techniques for all 
reference years and combinations of two shot years. In all 
cases, the results from these two techniques are consist-
ent with each other. The values of mean relative veloc-
ity changes in coda-wave interferometry are within the 
variability among station pairs in seismic interferometry 
between 2012 and 2014 in 2–4 and 4–8 Hz band. Almost 
annual change in relative velocity changes is clearly found 
in both of the estimated seismic velocity changes and 
geodetic signals from GNSS receivers, which is a clear 
example that seismic velocity is well correlated with geo-
detic signals at a volcano. The combined use of coda-wave 
interferometry and seismic interferometry is shown to be 
effective to obtain reliable and continuous measurements 
of seismic velocity changes. This technique will be useful 
as one of monitoring tools of volcanoes.
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