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Phreatic eruptions are caused by pressurization of geothermal fluid sources at shallow levels. They are 
relatively small compared to typical magmatic eruptions, but can be very hazardous. However, owing to 
their small magnitudes, their occurrences are difficult to predict. Here we show the detection of locally 
distributed ground inflation preceding a small phreatic eruption at the Hakone volcano, Japan, through 
the application of interferometric synthetic aperture radar analysis. The ground inflation proceeded the 
eruption at slow speed of ∼5 mm/month with a spatial size of ∼200 m in the early stage, and then it 
accelerated 2 months before the eruption that occurred for the first time in 800–900 yrs. The ground 
uplift reached ∼30 cm, and the eruption occurred nearby the most deformed part. The deformation 
speed correlated well with inflation of spherical source located at 4.8 km below sea level, thus suggesting 
that heat and/or volcanic fluid supply from the spherical source, maybe magma reservoir, directly drove 
the subsurface hydrothermal activity. Our results demonstrate that high-spatial-resolution deformation 
data can be a good indicator of subsurface pressure conditions with pinpoint spatial accuracy during the 
preparatory process of phreatic eruptions.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Phreatic eruptions are thought to be related to transient pres-
sure changes in subsurface hydrothermal systems that can be at-
tributed to the heating of shallow aquifers (e.g., Barberi et al., 
1992; Germanovich and Lowell, 1995). Crustal deformation pre-
sumably proceeds in association with the internal pressure in-
crease during the preparatory process of an eruption in the prox-
imity of future vent, which would be a useful precursory signal 
to infer the potential area of eruption start if it could be de-
tected. Phreatic eruptions generally take on a wide range of size; 
some events could be so large that they have serious effects on 
distant areas such as the 1980 eruption of Mount St. Helens fol-
lowed by magmatic eruptions (volcanic explosivity index (VEI) =
5) (Shimkin, 1993), others only affect a limited area surrounding 
the explosive vents such as the 2014 eruption of Mount Ontake, 
Japan (VEI = 2) (Kato et al., 2015). However, even if the scale is 
small, phreatic eruptions can be dangerous events, as evidenced 
by the numerous casualties following the 1990 Agua Shuca erup-
tion in El Salvador; 25 deaths (Handal and Barrios, 2004) and the 
2014 Ontake eruption in Japan; 58 deaths (Kato et al., 2015).
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One of the difficulties in monitoring phreatic eruptions is that 
the precursory signals are generally thought to be small and local-
ized (e.g., Barberi et al., 1992). In some cases, precursory signals 
have been detected for small phreatic eruptions by using seis-
mic and GNSS data (Kato et al., 2015; Miyaoka and Takagi, 2016), 
which demonstrate that they can be good monitoring approaches 
to detect anomalous activities prior to an eruption. However, it is 
difficult to infer the potential area of eruption start with pinpoint 
spatial accuracy by these types of observations. This is why there 
are scarce reports of precursor detection to identify potential vents 
of forthcoming eruption although there has been reports on detec-
tion of some types of precursory signals. To enable more effective 
proactive monitoring, studies on the occurrence potential of future 
phreatic eruptions are needed.

Mt. Hakone is a caldera volcano with a size of 8 km in 
the east–west direction and 12 km in the north–south direc-
tion (Fig. 1a). The most recent magmatic eruption occurred 
roughly 3 ka (Kobayashi, 1999), and the last historical eruption, 
which occurred around the 12th and 13th centuries, was of the 
phreatomagmatic type (Kobayashi et al., 2006). Several fumarolic 
activity areas are located within the caldera, and Owakudani 
(OWK) is one of the most active geothermal areas in this region. 
In 2015, a small but evident phreatic eruption occurred at OWK 
on 29–30 June (the exact eruption start time is unknown), which 
is the first eruption in over 800–900 yrs. This eruption formed 
le under the CC BY-NC-ND license 
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Fig. 1. Hakone volcano and 2015 volcanic activity. (a) Black and white vectors on the map represent the GNSS-derived horizontal ground displacements (27 Mar. 2015 to 
27 Jun. 2015) and the model-calculated displacements, respectively. Gray dots are epicenters of earthquake swarms (1 Jan. 2014 to 31 Dec. 2015). The yellow circle and 
rectangular represent the spherical pressure source and dike opening model, respectively. The red star indicates the Owakudani geothermal area. Left-top and -bottom show 
the locations of the Hakone volcano within the tectonic setting and an aerial photo of the Owakudani area, respectively. (b) Baseline changes between GNSS stations and 
seismicity. Dots indicate baseline changes between the 950230 and 960621 stations, respectively. The histogram shows the daily number of earthquakes. The inset shows the 
baseline changes and the seismicity since 1997. Shaded zones indicate the periods in which GNSS baseline changes and seismic swarms were observed. (For interpretation 
of the colors in the figure(s), the reader is referred to the web version of this article.)
several vents with diameters of ∼20 m, from which volcanic ash 
consisting of non-juvenile material was erupted in amounts of 40 
to 130 tons; the plume height was ∼100 to 800 m (Coordinating 
Committee for Prediction of Volcanic Eruption, 2015).

Several anomalies were observed prior to the 2015 eruption. 
A seismic swarm started around 26 April 2015, whose hypocen-
ters ran linearly in an almost north–south direction with some 
branches in the WNW–ESE direction (Fig. 1). The GNSS (Global 
Navigation Satellite System)-observed horizontal displacements 
were oriented radially and outwardly, which is suggestive of in-
flation of the volcano body (Fig. 1a). The GNSS-recorded daily 
baseline plots show that the distance between the stations started 
to lengthen in April, and this continued through the eruption at 
the end of June and finally terminated around August (Fig. 1b). 
However, it is difficult to use the seismic and GNSS observa-
tions to directly measure the ground displacement just above 
the subsurface hydrothermal system at OWK and to describe the 
pressure conditions. By contrast, a synthetic aperture radar in-
terferometry (InSAR) is capable of spatially detailed mapping of 
crustal deformation, which can provide information on the subsur-
face pressure condition even for a local phenomenon. This study 
demonstrates that high-spatial-resolution radar satellite data can 
contribute to the retrieval of locally distributed precursory pres-
sure changes.

2. Data and methods

2.1. InSAR analysis

An L-band synthetic aperture radar (SAR) satellite, known as the 
Advanced Land Observing Satellite 2 (ALOS-2), collected observa-
tions for the 2015 activity. We examined the crustal deformation in 
OWK before the eruption by SAR interferometry (InSAR) analysis. 
The analyzed SAR data are listed in Supplementary Table S1. The 
ALOS-2 data were processed using GSISAR software (Fujiwara and 
Tobita, 1999; Fujiwara et al., 1999; Tobita et al., 1999; Tobita, 2003)
for InSAR processing. We applied multi-look processing with 4 by 
4 looks in both the range and azimuth directions, which resulted 
in pixel spacing of about 5.6 m and 7.2 m in the radar coordinate, 
respectively. We reduced the atmosphere-related noise using a nu-
merical weather model for the InSAR data (Kobayashi et al., 2014;
Kobayashi, 2016).
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2.2. Multi-temporal InSAR

As shown later, we could not detect significant ground defor-
mation before the end of April by the standard InSAR analyses. To 
further confirm the ground deformation before the end of April, 
we apply a multi-temporal InSAR (MTI) analysis that enables us 
to measure the temporal evolution of the slowly proceeding de-
formation. Unfortunately, there were only a few ALOS-2 images 
available for this task, and thus, we utilized RADARSAT-2 (RS2) and 
Sentinel-1A (S1) SAR satellites, which acquired ∼10 images every 
∼1 month from the end of 2014 to the end of April in 2015 (Sup-
plementary Tables S2 and S3).

To achieve high measurement accuracy in the MTI analysis, in 
general, use of a persistent scatterer (PS) is robust and efficient. 
A PS is a coherent radar target, which often corresponds to a point 
scatter such as a man-made structure. The phase stability is high 
over time, and thus, a PS can be a suitable measurement point 
to trace temporal variation on deformation with high measure-
ment accuracy (Ferretti et al., 2001). However, there exist few PS 
points in mountainous areas unlike in urban areas. This is a crit-
ical drawback for monitoring the crustal deformation associated 
with volcanic activity. Further, to make matters worse, both the 
RS2 and S1 satellites illuminate C-band microwaves that hinder 
the ability of InSAR analysis to measure ground displacement in 
non-urban areas unlike L-band data due to less coherence. Thus, 
the use of distributed scatterers (DSs), which are pixels that share 
similar reflectivity values in a resolution cell (Hanssen, 2001) and 
are dominantly distributed in SAR imagery; unlike a PS that con-
sists of a point-wise bright scatterer, is indispensable for improving 
the spatial density of measurement points in non-urban areas.

One of the difficult points for the use of DSs is the temporal 
instability of phase estimates. The phase of a DS, unlike a PS for 
which the phase is deterministic, can be described by statistical 
terms (e.g., Bamler and Hartl, 1998; Hanssen, 2001). The phase 
is dominated by stochastic behaviors, and thus, the multi-looked 
phases are not linked among all pairs of interferograms (Ferretti et 
al., 2011). Hence, to make use of the DSs with high measurement 
accuracy in time series analysis, we have to optimize the phase 
time series data by some sophisticated approach. In this context, 
a phase optimization of DS pixels was inevitable to overcome this 
drawback for the MTI analysis.

Here we basically follow the approach proposed by Ferretti et 
al. (2011), but partly employ different methods. The basic anal-
ysis flow consists of (1) adaptive space filtering for extraction of 
brother pixels (BPs) (Ferretti et al., 2011), (2) calculation of the 
complex coherence matrix, and (3) optimization of phase time se-
ries data by the maximum likelihood approach under a complex 
circular Gaussian distribution.

The complex coherence plays an essential role in optimizing 
the phase history data of DSs during the processing step (3). Es-
timate of the coherence matrix theoretically requires an ensemble 
of samples that meet ergodicity (Hanssen, 2001). To reduce the 
estimate error, multi-looking transactions using only same scatter-
ers should be done to keep the ergodicity. However, the selection 
of samples by using a conventional simple rectangular estimation 
window possesses the risk of overestimating/underestimating the 
coherence because effects of different backscattering characteristics 
are included with high probability. Thus, to estimate the coher-
ence value with high accuracy, it is necessary to identify groups of 
neighboring pixels that have similar backscattering characteristics. 
Ferretti et al. (2011) have proposed an effective way, in which the 
BPs are extracted by using a Kolmogrov–Smirnov (KS) test, which 
is a non-parameteric test. The KS test tends to be most sensitive 
around the median value, while it is less sensitive to deviations at 
the tails of a probability distribution. To overcome this drawback, 
some modified KS tests have been proposed. Here, we use Kuiper’s 
test, which is one type of modified KS test, as a relatively simple 
and numerically easy way of handling owing to the approximate 
formulation for the probability estimate (Press et al., 1992). This 
kind of space adaptive filtering represents a multi-look approach, 
and it has an advantage in that it can preserve point-wise phase 
information unlike conventional multi-look algorithms (Curlander 
and McDonough, 1991). Here, we set an estimation window with 
the size of 11 pixels ×11 pixels and searched BPs within the win-
dow.

Once we obtain multi-looked SAR images using the BPs, we 
can then calculate a complex coherence matrix for all InSAR pairs 
by using the SAR data obtained from the space adaptive filtering. 
After obtaining the complex coherence matrix, we retrieve the op-
timal phase history data of each DS pixel. To get the optimized 
phases, we used a phase linking algorithm proposed by Guarnieri 
and Tebaldini (2008). In this algorithm, the optimized phases are 
obtained as a maximum likelihood estimator assuming a complex 
circular Gaussian distribution by which the statistical behavior of a 
DS is described. The joint probability density function (pdf) for the 
stacked interferometric phases is written as (Ferretti et al., 2001;
Zan and Rocca, 2005)

pdf(d | ϕ) ∝
∏

exp
(−dHC−1d

)
, (1)

where d = [d0(x), · · · , dN−1(x)]T is a complex data vector that con-
sists of di (x). The superscript T stands for transpose, and di (x) is 
the complex reflectivity value of the i-th SAR image at pixel x. The 
superscript H stands for Hermitian transposition. ϕk is the inter-
ferometric phase of the k-th acquisition. C−1 is an inverse matrix 
of the covariance matrix. By solving equation (1), we eventually 
obtain the following function:

F(ϕ1, · · · ,ϕN−1) = ξH(
�−1 � I

)
ξ . (2)

Here, ξH = [1, exp( jϕ1), · · · , exp( jϕN−1)], and I is a matrix that 
consists of all the interferograms. � represents the Hadamard 
product. The maximum likelihood estimate of the interferometric 
phases is yielded eventually by maximizing the above function.

The phase time series at each pixel is optimized on the basis of 
coherence information by using all the “wrapped” interferograms. 
The joint approach combining the space adaptive filter and the 
phase linking method is more effective than the Small Baseline 
Subset (SBAS) technique (Berardino et al., 2002) in that the phases 
are optimized before unwrapping.

By completing the above phase optimization, we can handle 
the temporally coherent signals that are identical to PS points and 
incorporate the data into a conventional persistent scatterer inter-
ferometry (PSI) (Ferretti et al., 2001) analysis chain. We used a 
10-m-mesh digital elevation model (DEM) released by Geospatial 
Information Authority of Japan (https://fgd .gsi .go .jp /download /ref _
dem .html) in the processing. The optimized pixels are used for the 
PSI analysis in which a linear trend and DEM correction terms are 
modeled from the time series data. The atmosphere-related noise 
is reduced by using a numerical weather model (Kobayashi et al., 
2014; Kobayashi, 2016). The residual data following subtraction of 
the modeled DEM error and the modeled atmospheric noise from 
the original data are regarded as the temporal variation of ground 
deformation, which consists of linear and non-linear ground de-
formation, and unmodeled noise. For the PSI analysis, we basi-
cally employed the GAMMA/IPTA module (Wegmüller and Werner, 
1997; Werner et al., 2003).

Both RS2 and S1 satellites produce C-band SAR data, and thus, 
coherence is worse than that for L-band data derived from the 
InSAR method. The coherence in the InSAR results are degraded 
since May in 2015. To avoid a no-measurement-point spread sit-
uation in the central part of the deformation area, we used only 
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the data acquired before April for the MTI analysis, although there 
were several available images acquired after April 2015.

3. Result

3.1. InSAR-detected precursory local ground inflation

Fig. 2 shows the time series of the InSAR images. No significant 
change can be identified until 17 April (Fig. 2a-1, a-2), but line-
of-sight (LOS) shortening signals can be clearly recognized from 
the date of 7 May and onward (Fig. 2b-1). The temporal timing 
was almost concordant with the appearance of seismicity anoma-
lies and volcano inflation. The deformed area was approximately 
circular with a diameter of ∼200 m, and the spatial extent did not 
change throughout the activity. The maximum displacement was 
positioned at the center of the deformed area in the initial stage 
(Fig. 2b-1), but the peak location shifted to the southwest starting 
in the middle of May (Fig. 2a-3, b-2). The LOS shortening signals 
could be identified from both the ascending and descending or-
bits of the right-looking mode, which suggests that the uplift was 
predominant compared to horizontal deformation. The ground in-
flation evolved with time toward the eruption, but the deformation 
speed significantly decreased in June (Fig. 2c). A large inflation was 
observed again in association with the eruptions (Fig. 2a-6, b-5), 
although it is unclear whether this inflation occurred before or af-
ter the eruption.

Assuming that the deformation was sufficiently small in June 
(Fig. 2a-5, b-4), we estimated the quasi-up–down and -east–west 
components by using the cumulative LOS displacements (Fig. 3) 
(Fujiwara et al., 2000). The ground uplift reached approximately 
30 cm, and eastward movement was predominant at ∼15 cm at 
most. The ground was asymmetrically uplifted with maximum dis-
placement in the southwestern most area, as if a lid had opened 
with a hinge fixed at the northeast. Some surface cracks were 
observed at the highly-deformed area on 27 May (Hot Springs Re-
search Institute of Kanagawa Prefecture, 2015). The deformation 
pattern looks like a trapdoor faulting (Amelung et al., 2000).

Here, we stress that the eruption initiated in close proximity 
to observed deformation area, and the vents in this area are in-
dicated by red triangles in Fig. 2 and 3. Further, it is noteworthy 
that the vents were located in proximity to the maximum ground 
uplift area, that is, the eruption started at the most pressurized 
side within the deformation area. The large deformation associated 
with the eruption (Fig. 2a-6, b-5) may reflect the rebuilt pressure 
just before the eruption. The most deformed area would have been 
subjected to strong extensional strain, where the effective tensile 
strength of rock should have decreased, thus implying that the 
southern part of the deformation area enhanced the occurrence 
potential of the eruption.

Conventional ground-based observations are not available at a 
spatial density that samples the displacement area associated with 
such a local and small phreatic eruption, whereas, thanks to the 
high-spatial-resolution ALOS-2 data, the detailed pressure distri-
bution can be unveiled with pinpoint accuracy. Although ground 
inflation has been expected to precede a phreatic eruption theo-
retically (Germanovich and Lowell, 1995), as far as we know, no 
observational work has detected the spatial distribution and time 
evolution of such an event. Here, we present the first observational 
work that succeeded in detecting this kind of precursory signal for 
a phreatic eruption point. The results thus demonstrate that InSAR-
based ground deformation can be a good indicator for proactively 
knowing the preparatory process of phreatic eruptions.

3.2. Slowly progressive ground deformation in the early preparatory 
stage

The subsurface pressurization process was almost synchronized 
with the start of the seismic and GNSS observation anomalies, 
which allows us to infer that the inflow of magmatic fluids kicked 
off the subsurface pressure increase at the end of April. Although 
there were no remarkable anomalous activities before April 2015, 
we found that the GNSS-derived baseline slightly lengthened start-
ing around the time of August 2014 (Fig. 1b). It is interesting to 
examine whether or not the ground inflation proceeded at OWK 
before April 2015 in synchrony with the small baseline change. To 
characterize the displacement history before the end of April, we 
apply an MTI analysis that enables us to measure the temporal 
evolution of the slowly proceeding deformation.

Fig. 4a shows the velocity field estimated by applying the 
technique to RS2 data. Green-colored pixels, which represent lit-
tle ground movement, were spread over the analysis domain, 
but in OWK, we can clearly identify the LOS shortening signal. 
Fig. 4b shows the time series of InSAR images with reference to 
28 September 2014, and these results clearly show that the de-
formation evolved with time. The ground displacement reached up 
to ∼3 cm during these six months. The spatial extent of the de-
formation was approximately circular with a diameter of ∼200 m. 
The most striking point is that the position and the spatial ex-
tent was just the same as that observed by ALOS-2 InSAR since 
May in 2015 (Fig. 2b-1). The results demonstrate that the locally 
distributed ground deformation had already started before the out-
standing anomalous activity at the end of April 2015.

Similar results were also obtained when using S1 data (Sup-
plementary Fig. S1). The LOS shortening signals could be iden-
tified with almost the same spatial extent and location as the 
RS2-derived deformation. The time histories also had similar fea-
tures, although the data dispersion was larger than that for the 
RS2 results (Supplementary Fig. S2).

Although we cannot confirm the component of the movement 
because only one sight direction was available, the signal prob-
ably shows the ground inflation. The phase change area had a 
northwest-facing slope, and thus, if the ground had landslide-wise 
movement, the phase change should show the LOS lengthening be-
cause both the northwestward movement and subsidence is iden-
tical to displacement away from the satellite for the emitting-beam 
configuration. Thus, the observed displacement was inferred to 
consist of uplift predominantly as observed by ALOS-2.

Fig. 5 shows the time series data of cumulative LOS displace-
ments, as indicated by circles (RS2) and squares (ALOS-2). The 
incidence angles of both types of satellite data were almost the 
same, and thus, the obtained phase changes were comparable 
given the same time histories. The red and blue lines represent the 
time histories at points P and Q, which are positioned at the cen-
tral part and the southern part in the deformed area, respectively 
(Fig. 4b-7). We here simply connected the time histories of RS2 
and ALOS-2 data under the assumption that there was no signifi-
cant ground displacement between the acquisition dates of master 
images of RS2 and ALOS-2 (11 days). We can obviously find that 
the ground slightly but steadily inflated with time at an almost 
the constant speed; the rate was ∼5 mm/month in the early stage, 
and then, it accelerated up to almost the same time as the start of 
the seismic swarm observed at the end of April in 2015. The in-
set shows the enlargement view of the time histories for RS2. The 
area within five pixels surrounding points P and Q, as indicated by 
dotted lines, also systematically moved toward the satellite with a 
similar speed. The derived time histories of displacements are un-
correlated with those of perpendicular baselines which produces 
elevation-correlated phase changes, that is, the time evolution of 
LOS shortening is not produced by the error of the DEM correction 
estimate. We found that the ground movement could be recog-
nized as significant by the end of 2014 at the latest, although 
this was not so clear because there were no available data before 
September 2014. On the other hand, point R (Fig. 4b-7) located 
at a distance of ∼300 m from point P, as indicated by gray lines, 



248
T.Kobayashiet

al./Earth
and

Planetary
Science

Letters
491

(2018)
244–254

sign means a LOS shortening signal. (b) Same as Fig. 2a but 
Fig. 2. Detection of locally distributed ground inflation prior to a small phreatic eruption. (a) ALOS-2 InSAR-derived ground displacements for the ascending orbit. Minus 
for the descending orbit. (c) Cumulative displacements on the cross section A–B for the ascending orbit. (d) Same as Fig. 2c but for the descending orbit.



T. Kobayashi et al. / Earth and Planetary Science Letters 491 (2018) 244–254 249
Fig. 3. Quasi-up–down (a) and quasi-east–west (b) displacements calculated by us-
ing the cumulative displacements derived from ALOS-2 data. Red triangles and open 
circles represent eruption vents and fumaroles, respectively. The time span for the 
estimate of cumulative displacement is from 1 May 2015 to 7 June 2015 for the as-
cending orbit data (Fig. 2a-1 to 2a-5), while for the descending orbit data the time 
span is from 7 May 2015 to 18 June 2015 (Fig. 2b-1 to 2b-4).

did not show any significant ground deformation. The deformation 
proceeded in a spatially limited area.

These findings obtained from RS2 and S1 strongly suggest that 
the subsurface pressure increase had already started, which was 
probably caused by some significant volcanic fluid and/or heat in-
jection, prior to the enhancement of the seismic swarm activity 
and the GNSS-observed volcano inflation identified at the end of 
April 2015.

It is further noted that neither PSI analysis nor MTI anal-
ysis without applying the phase linking method could exploit 
any meaningful signals (Supplementary Figs. S3, S4, S5). The PSI 
method, which is the most standard approach to InSAR time series 
analysis (Ferretti et al., 2001), did not work well in non-urban ar-
eas as expected (Supplementary Fig. S3) because it was difficult to 
properly pick up naturally derived PSs. We also conducted a differ-
ent PSI analysis implemented in StaMPS software with the default 
parameters (Hooper et al., 2012) (Fig. S4). The density of measure-
ment points slightly increases, but is still much lower than that 
derived by our MTI approach.

We further confirmed the result obtained by SBAS method. 
Fig. S5 shows the LOS displacement field derived by a single-look-
based SBAS analysis using a calculation command “mb_pt” imple-
mented in GAMMA/IPTA, which functions on the basis of a method 
presented in Schmidt and Bürgmann (2003). Although the defor-
mation is slightly identified, the spatial density of measurement 
points is much lower than that derived from our MTI approach.
Supplementary Fig. S6 shows the velocity field and the time 
history of InSAR data obtained in the same manner as Fig. 4 but 
without applying the phase linking method. The plotted measure-
ment points are the same as those of Fig. 3. We could hardly 
exploit any meaningful signals from these InSAR images. On the 
other hand, through phase optimization processing, we were able 
to successfully exploit much more high-measurement accuracy 
pixels compared to conventional approaches, such as PSI (Ferretti 
et al., 2001), while keeping the original pixel spacing even in 
non-urban areas. Further we partly succeeded in measuring the 
displacement robustly even for the vegetation-covered areas; e.g., 
point R and the surroundings (aerial photo in Fig. 1a). This ad-
vanced technique was able to successfully unveil the slowly pro-
gressing local ground deformation. Here, we emphasize that the 
phase optimization for DSs effectively worked to detect the infla-
tional deformation even for C-band SAR data in the mountainous 
area.

4. Discussion

4.1. Pressure source model

Volcanic hydrothermal systems, which commonly develop with-
in the shallow levels of volcanic edifices (e.g., Wright et al., 1985;
Pellerin et al., 1996), are thought to be intimately involved with 
phreatic eruptions (Ussher et al., 2000; Kanda et al., 2010; Seki 
et al., 2015). Fluid-rich sources confined by less permeable clay-
rich sediments often lie horizontally within these areas and take 
on a convex lens-shape (Seki et al., 2015; Montanaro et al., 2016). 
If a geothermal fluid source lay at ∼100 m in depth (Seki et al., 
2015), the ground deformation could be approximately described 
by the elastic behavior of a fluid-saturated medium (Ingebritsen et 
al., 2006).

We constructed a pressure source model to account for the 
RS2-derived local deformation in the Owakudani geothermal area 
(Fig. 4). Here, we apply the penny-shaped crack model proposed 
by Fialko et al. (2001) (see Supplementary information in more de-
tail). The source was obviously positioned at a shallow depth, and 
thus, the surrounding medium should have been soft. In this cal-
culation, we assigned a rigidity value of 0.1 GPa with a Poisson’s 
ratio of 0.4 assuming fluid-saturated clay for the medium (Bowles, 
1996). The pressure source was eventually estimated to be located 
at a depth of ∼150 m from the ground surface with a pressure 
change of 0.7 MPa, which is equivalent to 1,330 m3 in volume 
change (Table 1). The model can account for the observation with 
a residual of less than ∼1 cm (Fig. 6).

Here, we discuss the cause of inflation by a simple analytical 
approach assuming that a penny-shaped circular crack filled with 
water exists under the ground. First, we assume that the crack 
bulges as a result of the direct injection of liquid water. The in-
jected volume of water can be estimated using formulation (A.3 in 
Supplementary information). Here, we assume a crack with an as-
pect ratio A of 0.1. Taking 1 GPa as the bulk modulus of water K f
(e.g., Germanovich and Lowell, 1995) and 0.1 GPa for μ as used in 
the pressure source modeling, the injected volume �V resultantly 
approaches to the volume change �V 0, that is, 1,330 m3 (Table 1).

We next account for the inflation as the thermal expansion of 
liquid water confined in the circular crack. We basically followed 
the idea of Germanovich and Lowell (1995), but we did not take 
the horizontal growth of the crack into account for simplicity. By 
using this formulation (A.5 in Supplementary information) and tak-
ing 10−3/◦C as the coefficient of thermal expansion of water α f , 
we derived 18 ◦C as the temperature increase. Here, we used the 
same values for the parameters of A, K f , and μ as previous esti-
mates. Assuming a crack with an aspect ratio of 0.1, the modeled 
crack bulge can be accounted for by water injection in the amount 
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Fig. 4. RS2-detected locally distributed ground inflation since the middle of 2014. (a) Deformation velocity map from 28 September 2014 to 15 March 2015. (b) A series of 
InSAR images derived from MTI analysis. Dotted circle in Fig. 4b-7 indicates the horizontal position of the estimated crack bulge.
of 1,330 m3 or a temperature increase of 18 ◦C. Although, in the 
real process, both physical processes could have contributed to the 
pressure increase with more complexity, the estimated fluid/heat 
supply seems to be within a realistic range.

4.2. Subsurface hydrothermal activity driven by deep magma behavior

Here, we will discuss the phreatic eruption in relation to 
the GNSS-observed inflation that likely was associated with the 
heat/volcanic fluid supply to the hydrothermal system. First, we 
modeled the inflational deformation sources for the widely dis-
tributed deformation obtained by GNSS data (black arrows in 
Fig. 1a). For the modeling, we assumed a combination of one 
spherical source (Mogi, 1958) and one opening dike (Okada, 1985)
as one of the possible deformation sources. We assumed a dike 
source that runs nearly in the NS direction on the basis of the 
hypocenters, which were distributed with a NS-oriented linear 
trend (Fig. 1). In addition to the dike, a spherical source is essen-
tial to account for the GNSS data. This is because the site of MHAK 
shows significant southward movement, which cannot be produced 
by the NS-striking dike opening. The need for a spherical source 
has been proposed to explain the ground movement at MHAK in 
previous studies (Daita et al., 2009; Yukutake et al., 2016). The 
more detailed modeling approach is described in Supplementary 
information. The pressure sources for the GNSS-observed volcano 
inflation can be eventually modeled as a combination of spheri-
cal source inflation and a NS-trending dike opening (Fig. 1a and 
Supplementary Table S4). The spherical source may correspond to 
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Fig. 5. Time histories of ground deformation. Red and blue lines show the time series data for the central (point P) and the southern (point Q) parts of the deformed area 
(Fig. 4b-7), respectively. Circles and squares represent the data acquisition dates for the RS2 and ALOS-2 satellites, respectively. The inset shows an enlarged view of the 
RS2-derived time histories. Dotted lines indicate the data for the surrounding points within five pixels. Vertical gray bars represent perpendicular baselines.
Table 1
Model parameters for a bulge of a penny-shaped crack. �P and �V 0 represent the 
internal pressure change and volume change, respectively. The depth was measured 
from the ground surface.

Longitude Latitude Depth 
(m)

Radius 
(m)

�P
(MPa)

�V 0

(m3)

139.02185 35.24327 152 50 0.67 1,330
(0.00005) (0.00006) (26) (22) (0.2) (162)

the main magma chamber of the Hakone volcano, and the OWK 
geothermal area is located at the northern tip of the dike open-
ing, which is connected to the spherical source. This implies that 
heat/fluid was supplied from the magma chamber beneath Mt. Ko-
magatake via the dike-shaped passage (Fig. 7). Although OWK is 
located at a distance of ∼6 km away from the magma chamber, 
it is supposed that the passage is plausible. This is because there 
was a good temporal correlation with the deep magma activity; 
the local inflation accelerated in May 2015 in synchrony with the 
active seismicity and volcano inflation, whereas, in June, the lo-
cal deformation decelerated as the seismicity and inflation calmed 
down (Fig. 1b and Fig. 2). By modeling the deformation sources 
for the acceleration and deceleration periods, the contribution of 
the spherical source inflation was estimated to have decreased by 
∼60% in terms of the volume change per day, which may imply 
that the heat and/or volcanic fluid supply also decreased (Supple-
mentary Fig. S8 and Supplementary Tables S5 and S6). The details 
for the modeling is described in Supplementary information. The 
synchronization with GNSS-observed inflation speed strongly sug-
gests that the passage connecting the spherical source under Mt. 
Komagatake and the subsurface hydrothermal system at OWK has 
been robustly established so that heat and/or volcanic fluid can be 
smoothly injected to the shallow part with no substantial time de-
lay.

As mentioned above, by viewing the time histories of GNSS 
data in more detail, we found that the baseline slightly length-
ened starting around the time of August 2014 (Fig. 1b). This may 
suggest that deeply existing magma enhanced its activity one year 
before the eruption, and the path through which heat/fluid can as-
cend from the depths had already developed before April 2015. 
The Hakone volcano experienced several similar events consist-
ing of volcanic activities with intense NS-trending seismic swarms 
and volcano inflation in 2001, 2006, 2008–2009, and 2012–2013 
(Fig. 1b) (Daita et al., 2009; Yukutake et al., 2015, 2016), although 
these events did not lead to an eruption. The repetitive magma 
penetrations for over a decade might have built up a robust dike-
shaped passage leading to the crust under the OWK geothermal 
Fig. 6. Data fitting for modeling using a penny-shaped crack. (a), (b) and (c) observation, calculation, and residual, respectively. The shaded circle is the position of the 
estimated circular crack model. The LOS displacements from 28 September 2014 to 15 March 2015 (Fig. 4b-7) derived from RS2 are used for the estimate.
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Fig. 7. Schematic view of the small phreatic eruption process and plumbing system.
area, and the subsurface hydrothermal system might thus effec-
tively react to even slight activation of deep magma.

The local deformation in OWK decelerated in synchrony with 
the inactivation of the inflation of the spherical pressure source 
in June 2015 (Fig. 2a-5, 2b-4), followed by the eruption, which 
seems to present a paradoxical time evolution. However, the in-
ternal pressure in the hydrothermal system should have built 
up again in some way resulting in the pressure exceeding the 
strength of the surrounding rock. So how did the hydrothermal 
system recover the internal pressure while the deep magma activ-
ity calmed down? The idea of mineralogical conduit sealing, which 
is one of several possible mechanisms for phreatic eruptions, may 
give some hints for the proper interpretation (Hurst et al., 1991;
Christenson et al., 2010). In analogy with it, we may interpret 
the following speculative scenario just before the eruption (Fig. 7). 
Native sulfur and/or hydrothermal minerals ascending from the 
depths reacted with water and deposited in the conduit, which 
resulted in the sealing of the conduit. However, the supply from 
the depths still continued without ceasing, although its rate de-
creased, and hence, the internal pressure increased around the 
sealing area; subsequently, the sealed zone was broken. The vol-
canic fluid and/or heat was then injected to the subsurface part 
once again, which caused the internal pressure to increase in bulk 
and eventually resulted in an eruption.

5. Conclusion

We applied standard InSAR, advanced MTI, and GNSS data anal-
yses to the 2015 Hakone-Owakudani volcanic activity, Japan, and 
investigated the local ground deformation before phreatic erup-
tions at and around the eruption points. Our main findings are as 
follows:

1) We successfully detected the locally distributed ground infla-
tion prior to the phreatic eruption where the eruption started. This 
is the first detection of the precursory signal, as far as we know, 
of which we mapped the spatial extent and its time evolution. Our 
finding demonstrates that the GNSS could see the deformation but 
could not clearly see the precursor.

2) The ground inflation proceeded at constant slow speed of 
∼5 mm/month in the early stage; since the end of 2014 at the 
latest, and then, it accelerated two months before the eruption. 
The ground uplift eventually reached ∼30 cm.

3) The deformed area was approximately circular with a diam-
eter of ∼200 m, and the spatial extent did not change throughout 
the activity.

4) The maximum displacement was positioned at the center
of the deformed area in the initial stage, but the peak location 
shifted to the southwest starting in the middle of May. The ground 
deformation proceeded with a trapdoor-like shape. The eruption 
occurred nearby the most deformed part.

5) The deformation source for the early stage can be modeled 
as an elastic response by a bulge of a penny-shaped crack with a 
pressure increase of 0.7 MPa which is embedded at the depth of 
∼150 m.

6) The deformation speed almost synchronized with the in-
flation of spherical pressure source under Mt. Komagatake, thus 
suggesting that heat and/or volcanic fluid supply from deep depths 
directly drove the subsurface hydrothermal activity.

This study demonstrates that InSAR analysis can provide a 
novel volcanological view for a small-sized phreatic eruption. The 
high-spatial-resolution SAR data unveiled the unevenly distributed 
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ground deformation, which was helpful for narrowing down the 
possible eruption point. The locally distributed ground deformation 
represents direct information on subsurface pressure conditions. 
The study demonstrates that high-spatial-resolution deformation 
data can be a good indicator of subsurface pressure conditions 
with pinpoint spatial accuracy during the preparatory process of 
phreatic eruptions, which may suggest that the similar signals 
could be detected prior to phreatic eruptions in more cases by 
applying the elaborated InSAR analysis. InSAR-based observations 
have the potential to lead to a breakthrough of geophysical mon-
itoring for small phreatic eruptions, which may in turn lead to 
improved assessments of future occurrence potentials and better 
mitigation of related disasters.
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