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[1] We use 2007–2011 Advanced Land Observing Satellite (ALOS) data to perform an
arc-wide interferometric synthetic aperture radar (InSAR) time series survey of the
Trans-Mexican Volcanic Belt (TMVB) and to study time-dependent ground deformation
of four Indonesian volcanoes selected following the 2007–2009 study of Chaussard and
Amelung (2012). Our objectives are to examine whether arc volcanoes exhibit long-term
edifice-wide cyclic deformation patterns that can be used to characterize open and closed
volcanic systems and to better constrain in which cases precursory inflation is expected.
We reveal deformation cycles at both regularly active and previously inactive Indonesian
volcanoes, but we do not detect deformation in the TMVB, reflecting a lower activity
level. We identify three types of relationships between deformation and activity: inflation
prior to eruption and associated with or followed by deflation (Kerinci and Sinabung),
inflation without eruption and followed by slow deflation (Agung), and eruption without
precursory deformation (Merapi, Colima, and Popocatépetl; at Merapi, no significant
deformation is detected even during eruption). The first two cases correspond to closed
volcanic systems and suggest that the traditional model of magmatic systems and eruptive
cycles do apply to andesitic volcanoes (i.e., inflation and deflation episodes associated
with magma accumulation or volatile exsolution in a crustal reservoir followed by
eruptions or in situ cooling). In contrast, the last case corresponds to open volcanic
systems where no significant pressurization of the magmatic reservoirs is taking place
prior to eruptions and thus no long-term edifice-wide ground deformation can be detected.
We discuss these results in terms of InSAR’s potential for forecasting volcanic unrest.
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1. Introduction

[2] The traditional model of a magmatic system assumes
that overpressure in a magma reservoir, due to volatile exso-
lution or influx of new magma, eventually opens a conduit to
the surface causing an eruption. Subsequent drainage of
magma and gas from the reservoir releases overpressure
and terminates the eruption. This model leads to the concept
of the eruptive cycle [e.g., Blake, 1981; Tait et al., 1989;
Bower and Woods, 1998; Lu et al., 2002; Dzurisin, 2003]
suggesting that eruptions should be preceded by a pressure
increase within the magma reservoir that is sufficiently large

to cause fracturing of the reservoir wall and conduit formation
or dike propagation. In this perspective, measurement of edi-
fice-wide ground deformation due to reservoir pressurization
can be used as an indicator for impending eruptive activity.
[3] Such cyclic, long-term, edifice-wide deformations cor-

responding to inflation-eruption-deflation patterns (with
periods of months to years) have been mostly described at ba-
saltic volcanoes [Lu et al., 2003; 2005; Baker and Amelung,
2012; Toombs and Wadge, 2012]. This type of behavior is in
contrast to cyclic and acyclic short-term deformation of the
summit area (with periods of hours to weeks) related to
magma ascent in conduits observed at more silicic volcanoes
[e.g., Denlinger and Hoblitt, 1999; Voight et al., 1999;
Nishimura, 2009; Surono et al., 2012]. However, it is not
clear to what extent silicic arc volcanoes exhibit long-term,
edifice-wide deformation cycles. The lack of such observa-
tions may be due to the limitations of previous studies, which
focused on individual volcanoes [e.g., Froger et al., 2007;
Riddick and Schmidt, 2011; Wicks et al., 2011] and used in-
terferograms instead of time series, suffering temporal
aliasing [e.g., Pritchard and Simons, 2004; Lu et al., 2007;
Fournier et al., 2010].
[4] Chaussard and Amelung [2012] conducted an interfer-

ometric synthetic aperture radar (InSAR) time series survey
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of the west Sunda volcanic arc and detected inflation at six
volcanoes, three of which erupted afterwards, suggesting that
the traditional model of magmatic systems may also apply to
silicic volcanoes. However, they could not constrain cyclic
deformation because they studied only a 2 year period.
[5] To better understand the relationships between deforma-

tion and volcanic activity, we first conduct an arc-wide ground
deformation survey of the Trans-Mexican Volcanic Belt
(TMVB) using 2007–2011 Advanced Land Observing
Satellite (ALOS) InSAR (the satellite suffered power failure
in April 2011). Because the TMVB is located in extensional
tectonic setting [e.g., Garcia-Palomo et al., 2000], we expect
magma reservoirs (storage zones of partially molten bodies,
sometimes referred to as magma chambers [e.g.,
Gudmundsson, 2012]) to be located at shallow depths
[Chaussard and Amelung, 2012]. Some shallow reservoirs
have already been documented [Straub and Martin-Del
Pozzo, 2001; Zobin et al., 2002]. Deformation resulting
from pressurization of such reservoirs is readily detected
by InSAR [e.g., Biggs et al., 2009]. Second, we use the
2007–2011 InSAR time series to test for cyclic deformation
at four volcanoes of the west Sunda arc, selected according
to the results of the 2007–2009 survey of Chaussard and
Amelung [2012] (only four volcanoes are studied because of
changes in the Japanese Space Exploration Agency’s data dis-
tribution policy). We selected volcanoes with a wide spectrum
of deformation behavior: Sinabung and Kerinci in Sumatra,
which inflated and erupted; Agung in Bali, which inflated
but did not erupt; and Merapi in Java, which erupted but no
deformation was previously detected.
[6] Throughout this paper we refer to closed volcanic sys-

tems as volcanoes with sealed conduits that may exhibit
edifice-wide long-term ground uplift due to reservoir pressur-
ization. They are in contrast to open volcanic systems with
permanent or semipermanent open conduits that may show
short-term, localized deformation related to conduit processes
but do not experience significant reservoir pressurization.
[7] This paper is organized as follows: First, we present the

background geological information. Second, we summarize
the data used and the analysis methods. Third, we present
the results of the TMVB survey followed by the observations
at the west Sunda volcanoes. Fourth, we compare the results
obtained in the two arcs and discuss the observed relationships
between deformation and activity, and implications for the
magmatic systems. Lastly, we investigate the potential and lim-
itations of InSAR observations for forecasting volcanic unrest.

2. Tectonic and Volcanic Settings of the
Studied Arcs

2.1. The Trans-Mexican Volcanic Belt

[8] The Trans-Mexican Volcanic Belt, in central Mexico,
results from the subduction of the Cocos Plate under the
North American Plate at ~55mm/yr [Ferrari et al., 2012;
Ramı ́rez-Herrera and Urrutia-Fucugauchi, 1999]. The arc
is composed of 20 polygenetic andesitic to dacitic stratovol-
canoes, 11 of which have been historically active [Simkin and
Siebert, 2002]. The explosive, often Plinian eruptions of
these volcanoes threaten millions of people living in their
vicinity [e.g., Davila et al., 2007; Zobin et al., 2009]. For
example, Popocatépetl is located only 70 km southeast of
the capital Mexico City (21.2 million people) and 40 km west

of the major city of Puebla (2.7 million people). In addition,
volcanism also occurs in extensive monogenetic provinces,
such as the Michoacán-Guanajuato volcanic field, home of
~1400 volcanoes, including the historically active Parícutin
(1943–1952) and Jorullo (1759–1774) cinder cones.
[9] During the past century, only three polygenetic

volcanoes of the TMVB experienced eruptions: Colima,
Popocatépet, and El Chichón (from west to east). El Chichón
last erupted in 1982, while Colima and Popocatépetl have both
been regularly active in the past 20 years and experienced
unrest during our survey period.
[10] Colima is Mexico’s historically most active volcano

with over 40 eruptions since the sixteenth century. Its last
Plinian eruption in 1913 left a deep summit crater that
was slowly refilled [Simkin and Siebert, 2002]. Colima’s
2007–2011 unrest was dominated by lava dome growth in
the crater [Zobin et al., 2006; James and Varley, 2012].
[11] Popocatépetl, in the eastern half of the TMVB, had

several major eruptions in the last 5000 years including three
Plinian events, the latest of which took place in 800A.D.
[Simkin and Siebert, 2002]. Most of its eruptions in the past
600 years were relatively small. Its 2005–2011 unrest period
was characterized by dome growth and destruction, ash
plumes, gas-and-steam emissions, and explosions [De La
Cruz-Reyna et al., 2008].

2.2. The West Sunda Volcanic Arc

[12] The Indonesian arc, home of 13% of the world’s
active volcanoes, results from the subduction of the
Australian Plate under the Sunda Plate at rates varying
from 47mm/yr in North Sumatra, to 72mm/yr in Java
[McCaffrey, 2009]. The western portion of the arc, the west
Sunda arc, is composed of 84 andesitic to dacitic stratovol-
canoes in Sumatra, Java, and Bali, 76 of which have been his-
torically active [Simkin and Siebert, 2002]. Because several
millions of people live in the proximity of these frequently
erupting, explosive volcanoes, the Indonesian arc is responsi-
ble for 67% of the worldwide volcano-related fatalities
[Blong, 1984; Simkin and Siebert, 2002]. Below we present
the recent activity history of the four west Sunda volcanoes
studied in detail.
[13] Sinabung, in northern Sumatra, had no recorded histor-

ical eruptions prior to its reawakening in August 2010 [Simkin
and Siebert, 2002]. This Vulcanian eruption was characterized
by 5–6 km high ash plumes and lava effusion and resulted in
the evacuation of 12,000 people. On September 30, a month
after the start of unrest, activity decreased to minor degassing
near the crater [Simkin and Siebert, 2002].
[14] Kerinci, in central Sumatra, has had more than 25

moderately explosive eruptions since its first recorded in
1838, including seven since 1990 [Simkin and Siebert,
2002]. Its latest eruptions occurred on 9 September 2007, at
the end of March 2008, and from 1 April to 19 June 2009.
Unrests in 2007 and 2008 were characterized by small gas
plumes, while the 2009 eruption was more vigorous with
ash and gas plumes that rose 500–1000m above the vent
and explosions that ejected ballistic material.
[15] Agung, in Bali, last erupted in 1963–1964 after a cen-

tury of inactivity [Simkin and Siebert, 2002]. This eruption
resulted in 1100 fatalities and was Indonesia’s largest and
most devastating eruption of the twentieth century, which
also influenced the Earth’s climate [Self and Rampino,
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2012; Hansen et al., 1978]. This subPlinian eruption had two
paroxysmal explosive phases (volcanic explosivity index
(VEI) 5) and generated widespread ash fall and pyroclastic
flows leading to lahars that destroyed many villages.
[16] Merapi, located north of Central Java’s capital

Yogyakarta, is Indonesia’s most active volcano. It erupts
every 5–10 years and produces Plinian eruptions every cen-
tury [Surono et al., 2012]. Merapi had three unrest periods
during our observation time: in 2007, 2008, and 2010. The
first two were characterized by periodic lava dome growth,
similar to Popocatépetl and Colima [Simkin and Siebert,
2002], while the last one, defined as the century eruption,
produced pyroclastic flows, ash plumes, and explosions
between 26 October and 2 November 2010. This eruption
resulted in the death of 400 people and the evacuation of
~400,000 [Surono et al., 2012; Pallister et al., 2012].

3. Data and Method

3.1. InSAR Data and Method

[17] InSAR has been demonstrated to be a useful tool to
measure surface deformation associated with multiple
geohazards: earthquakes, volcanic eruptions, and anthropo-
genic activities [e.g., Massonnet et al., 1993; Amelung
et al., 2000; Chaussard et al., 2013]. Ground displacement
in the radar line-of-sight (LOS) direction is obtained from
the phase difference of synthetic aperture radar (SAR) pairs
of the same area acquired at different times (interferograms).
We use a modified version of the Gamma software to process
Single Look Complex images and the ROI_PAC software
developed at NASA’s Jet Propulsion Laboratory [Rosen
et al., 2004] to produce interferograms.
[18] To survey 90,000 km2 in the TMVB, we used 450

ALOS images acquired between 2007 and 2011 and pro-
duced ~2200 interferograms. Table 1 summarizes the data
used. For the west Sunda arc, we focused on four volcanoes
(Sinabung, Kerinci, Agung, and Merapi) adding 2 years of

ALOS data and 255 interferograms to the data discussed by
Chaussard and Amelung [2012].

3.2. InSAR Time Series Analysis

[19] We use the small baseline subset (SBAS) method
[Berardino et al., 2002; Lanari et al., 2004] to obtain dis-
placement time series from the InSAR data. In this method
a network of interferograms is inverted to retrieve the surface
displacement through time. We select the interferogram
network using the following approach. We first use a
Delaunay triangulation to obtain an interconnected network
of interferometric pairs (Figure 1, all lines). We then select

Table 1. ALOS PALSAR Scenes Processed to Study the TMVB and the Four West Sunda Volcanoesa

Track Frame Earliest Scene Latest Scene Number of scenes Number of interferograms Volcano(es)

Trans-Mexican Volcanic Belt
179 350–360 2-Mar-07 13-Mar-11 12 21 San Martin
181 380 18-Feb-07 14-Jan-11 12 24 Los Atlixcos, Naolinco Volcanic Field
183 360–370 6-Feb-07 2-Jan-11 11 16 Cofre de Perote, La Gloria, Serdan-Oriental, Las

Cumbres, Pico de Orizaba
184 370 26-Aug-07 19-Jan-11 13 27 La Malinche
185 370 28-Jul-07 21-Dec-10 11 21 Papayo, Iztaccihuatl, Popocatepetl
186 370 11-Feb-07 7-Jan-11 19 47 Chichinautzin, Ajusco
187 370–380 28-Feb-07 9-Dec-10 13 26 Jocotitlan, Ajusco, Nevado de Toluca
188 370–400 2-Aug-07 10-Jan-11 14 28 Zitácuaro-Valle de Bravo, Nevado de Toluca
189 380–390 19-Aug-07 27-Feb-11 15 41 Michoacán-Guanajuato field
190 380–400 5-Mar-07 16-Mar-11 18 40 Michoacán-Guanajuato field
191 380–390 7-Aug-07 15-Feb-11 17 42 Michoacán-Guanajuato field
192 380–390 24-Aug-07 4-Mar-11 16 31 Michoacán-Guanajuato field (Paricutin)
194 380 12-Aug-07 20-Feb-11 14 18 Nevado de Colima
195 370 and 410 26-Feb-07 9-Mar-11 13 27 Nevado de Colima, Colima
196 410 30-Apr-07 24-Dec-10 13 28 Ceboruco, Sanganguey

West Sunda Arc
422 7010 21-Feb-07 4-Mar-11 26 73 Agung, Batur
431 7030 8-Jun-07 1-Feb-11 23 73 Merapi, Merbabu, Telomoyo
446 7150 3-Jul-07 26-Nov-10 21 54 Kerinci
495 50 20-Feb-07 16-Jan-11 21 55 Sinabung, Sibayak

aThe volcanoes covered by each track are shown in the last column; the ones with unrest periods during the survey time are in italics.

Figure 1. Perpendicular baseline-time plot of a triangulated
network of interferometric pairs for Sinabung. All lines:
Delaunay triangulation. Solid lines: pairs used for the time
series inversion. Dotted lines: pairs with perpendicular and
temporal baselines above the selected threshold (1.5 km and
1 year). Dashed lines: pairs with low coherence.
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interferograms with small spatial (<1.5 km) and small tem-
poral (<1 year) baselines to maintain high coherence
(Figure 1, removing dotted line pairs). Finally, we examine
each interferogram and remove those with low coherence
on the volcanoes (Figure 1, removing dashed line pairs). If
the remaining network is not fully connected, we add inter-
ferograms with larger baselines but good coherence.
[20] This semiautomatic approach is an effort to achieve a

balance between using only interferograms with good coher-
ence in the areas of interest and maintaining a fully connected
network (describing an overdetermined problem). It is practi-
cal for ALOS InSAR because of the relatively small number
of acquisitions available for each frame (less than 30). An
alternative method is the automated approach of Baker and
Amelung [2012], in which interferograms are selected using
a threshold for the percentage of pixels within an area of in-
terest above a given coherence. However, the appropriate
threshold depends on the interferogram quality and the size
and location of the area of interest, which still involves man-
ual evaluation of the interferograms.
[21] The SBAS method allows one to obtain the displace-

ment between any two acquisitions, regardless of the possi-
bility of generating a particular interferogram. We reference
the displacement time series to a single pixel that exhibits
high coherence and is located far enough from the volca-
noes to not be affected by significant deformation. We apply
a temporal coherence threshold to the final time series,
calculated using the formulation by Tizzani et al. [2007]
and Gourmelen et al. [2010] to eliminate bias from phase-
unwrapping errors. We select only pixels with a temporal
coherence greater than 0.7, a typical value in InSAR appli-
cations [Casu et al., 2006; Tizzani et al., 2007]. We correct
for digital elevation model (DEM) errors after the time
series inversion by identifying and removing the depen-
dency of the displacement history to the perpendicular

baseline history [Fattahi and Amelung, 2013] (example
shown in Figure S1 in the supporting information).

3.3. Atmospheric Noise

[22] Atmospheric phase delays can be decomposed into two
sources, the layered atmosphere (differences in temperature,
pressure, and water content at different elevations) and the tur-
bulent atmosphere (variable water vapor distribution) [Zebker
et al., 1997; Emardson et al., 2003]. The two commonly used
methods to mitigate atmospheric delays rely on global meteo-
rological models [Jolivet et al., 2011] or spatial-temporal filter-
ing [Colesanti et al., 2003].
[23] Here we use the following strategy. We first eliminate

acquisitions potentially affected by strong atmospheric noise:
we isolate outliers from a trend in the time series and use
pairwise logic on the original interferograms (which have
more coherent pixels than the time series) to confirm that a
particular acquisition is affected by atmospheric delays
(example in Figure S2).We then identify atmospheric delays
by comparing the range change measurements at a volcano of
interest with the ones at a neighboring inactive volcano of
similar elevation. If the measurements at the two volcanoes
correlate, they reflect atmospheric phase delay rather than
ground deformation. Correlated delays can be due to the
layered or the turbulent atmosphere since turbulent effects
are stronger in areas with significant topography.

4. Results

[24] First, we present the results for the TMVB and west
Sunda arc in form of averaged LOS velocity maps (Figures 2
and 3, ground motions toward and away from the satellite
being shown with red and blue colors, respectively). These
maps allow the identification of actively deforming volcanoes
related to subsurface magma movements or hydrothermal

Figure 2. Averaged 2007–2011 LOS velocity map of the Trans-Mexican Volcanic Belt, from ALOS
InSAR. Only pixels with a temporal coherence larger than 0.7 are shown. Red triangles: historically active
volcanoes (bold: those active during the survey period). Black triangles: other volcanoes. Black diamonds:
major cities near volcanoes. White arrow: relative plate convergence rate at the Cocos Trench. Positive
LOS velocities (uplift) are shown in red and negative LOS velocities (subsidence) in blue. Labeled insets:
zoomed in for volcanoes showing deformation (Parícutin) or volcanoes active during the time period of the
survey (Colima and Popocatépetl). These insets have a smaller color scale. Bottom right inset: LOS
velocity map of El Chichón, volcano located southeast of the area shown.
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Figure 3. Averaged 2007–2009 LOS velocity map of the west Sunda arc, Indonesia, from ALOS InSAR
(see Figure 2 for legend). Data of Chaussard and Amelung [2012] supplemented by imagery through 2011
for Sinabung, Kerinci, Merapi, and Agung volcanoes. Insets show averaged LOS velocity maps at these
volcanoes for activity periods described in the text.

Figure 4. LOS displacement time series near the summits of (a) Colima and (b) Popocatépetl volcanoes
(black circles) and for inactive neighboring volcanoes (Nevado de Colima and Iztaccíhuatl, respectively,
grey squares). Grey shaded area: activity period (continuous in both cases). The DEMs on the right show
the locations of the volcanoes.
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effects. Second, we present LOS displacement time series near
the summit of the selected volcanoes, which represent either
ground motion or atmospheric delays (Figures 4–8). Positive
LOS displacements represent motion toward the satellite
(i.e., uplift in case of ground deformation) and negative LOS
displacements motion away from the satellite (subsidence).
In highly variable time series, results from successive SAR
acquisitions are connected by a line (Figures 4 and 8), whereas
for time series with a clear trend, the best fitting linear regres-
sions are shown (Figures 5, 6, and 7). The SAR dates are in
decimal years rounded to the first decimal; this is a unique
identifier because the shortest time span between two ALOS
acquisitions is 0.13 years (46 days).

4.1. Mexico

[25] The InSAR survey of the TMVB did not reveal
substantial inflation at any of the 20 volcanic edifices
(Figure 2). The most notable signals are subsidence in
Mexico City and Toluca [Cabral-Cano et al., 2008;
Osmanoglu et al., 2011] (E. Chaussard et al., Land subsidence
in central Mexico detected by ALOS InSAR time-series, sub-
mitted to Remote Sensing of Environment, 2013) (Figure 2).
The measurement noise of the averaged LOS velocity map is
~2 cm/yr (green-yellow colors) and varies along the arc
depending on the number of SAR acquisitions and the atmo-
spheric conditions. The only clear signal associated with a vol-
cano is subsidence in the lava field of Parícutin, a monogenetic
volcano of the Michoacán-Guanajuato volcanic field (also
observed by Fournier et al. [2010]) (Figure 2, central inset).
No clear deformation is detected at the three historically active
volcanoes (El Chichón, Popocatépetl, and Colima). In the
following three sections we describe the results for the latter
two, which experienced unrest during our observation time.
4.1.1. Colima
[26] Thirteen SAR images covering Colima were acquired

between early 2007 and early 2011. The LOS displacement
time series near the summit is highly variable (Figure 4a,
black circles) and could represent either successive uplift
periods or atmospheric effects. To evaluate the atmospheric
contributions, we compare this time series with the one at
Nevado de Colima (Figure 4a, grey squares), the neighboring
inactive volcano 5 km to the north and with a similar eleva-
tion (3850 and 4320m for Colima and Nevado de Colima, re-
spectively). The similarity of the time series indicates that the

LOS displacements are caused by atmospheric phase delays
rather than ground deformation.
4.1.2. Popocatépetl
[27] Eleven SAR images covering Popocatépetl were

acquired between mid-2007 and the end of 2010. Similar to
the case of Colima, the LOS displacement time series is
highly variable (Figure 4b, black circles). The time series at
Popocatépetl and at its neighboring inactive volcano
Iztaccíhuatl, 15 km to the north and with a similar elevation
(5426 and 5230m, Figure 4b, black circles and grey squares,
respectively), are correlated, suggesting that the LOS dis-
placements are caused by atmospheric phase delays.

4.2. West Sunda

[28] Ground velocity maps at Sinabung, Kerinci, Agung,
and Merapi covering the 2007–2011 time period are shown
in Figure 3 (insets). We detect inflation followed by deflation
at three volcanoes: Sinabung and Kerinci in Sumatra and
Agung in Bali, while no clear deformation is observed at
Merapi in Java.
4.2.1. Sinabung
[29] Twenty-one SAR images covering Sinabung were ac-

quired between early 2007 and early 2011. The time series
shows ~10 cm of LOS displacement toward the satellite be-
tween 2007.1 and 2010.7 and 3 cm of LOS displacement
away from the satellite after 2010.7, following the
September 2010 eruption (Figure 5, black circles). The time
series of Sibayak, the neighboring inactive volcano located
15 km northeast and with a similar elevation (2212 versus
2460m for Sinabung, Figure 5, grey squares), is nearly flat,

Figure 5. Same as Figure 4 but for Sinabung (black circles) and its inactive neighbor Sibayak (grey
squares). Black lines: best fitting linear regressions for the different periods of activity with the correspond-
ing deformation rates. Full line: well-constrained deformation trend; dashed line: possible deformation
trend, the temporal pattern being poorly constrained. Grey shaded area shows activity periods.

Figure 6. Same as Figure 5 but for Kerinci Volcano.
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confirming that the LOS displacements at Sinabung represent
real ground deformation.
[30] The time series suggests uplift at a rate of ~2 cm/yr

prior to the 29 August 2010 eruption, in agreement with the
2007–2009 study of Chaussard and Amelung [2012],
followed by rapid subsidence (Figure 5). However, as
ALOS stopped operations in April 2011, we do not have
enough observations to resolve the temporal sequence of
deflation and whether it was coeruptive, instantaneous, or
posteruptive and spread out over a longer time period. The
net change between the last acquisition prior to the eruption
(2010.5) and the first acquisition after the beginning of the
eruption (31 August 2010, 2010.7) is uplift. It is possible that
short-term preeruptive inflation masks deflation starting with
the eruption or that the 2010.7 acquisition is affected by at-
mospheric delays. The three subsequent acquisitions suggest
a posteruptive subsidence rate of ~9 cm/yr.
4.2.2. Kerinci
[31] Seventeen SAR images covering Kerinci were ac-

quired between mid-2007 and the end of 2010. The time se-
ries shows ~10 cm of LOS displacement toward the satellite
between 2007.8 and 2009.1 and 4 cm of LOS displacement
away from the satellite during 2009.1–2009.8 associated
with the April–June 2009 eruption (Figure 6). During
2009.8–2010.9, no significant LOS displacement is detected,
most of the variance in the displacement time series being
likely due to atmospheric delays, but no other volcano is
present in the vicinity of Kerinci for comparison.
[32] The clear linear trend prior to the April–June 2009

eruption period suggests that the LOS displacements at
Kerinci correspond to real ground deformation. At least

1 year of inflation at a linear rate of ~7 cm/yr is observed prior
to the eruption, in agreement with previous observations
[Chaussard and Amelung, 2012]. Because of the lack of ac-
quisitions between February 2009 and October 2010, we
are not able to constrain the deformation associated with
and during the first 6months after the eruption. However, it
seems that the inflation period halted with the April–June
2009 eruption. The 4 cm of LOS subsidence between
2009.1 and 2009.8 reflects either linear subsidence at a rate
of 7 cm/yr or sudden subsidence following the eruption.
Because we do not consider significant the subtle inflation
(at ~0.6 cm/yr) after October 2009, the subsidence period ap-
pears limited to the first 7months following the eruption, and
as of the end of 2010, the volcano remained close to its
preeruption state.
4.2.3. Agung
[33] Twenty-three SAR images covering Agung were

acquired between mid-2007 and mid-2011. The time series
shows ~15 cm of LOS displacement toward the satellite
between 2007.5 and 2009.2 and ~7 cm away from the
satellite after 2009.2 (Figure 7, black circles). The time series
at Batur, the neighboring inactive volcano located 18 km
northwest (Figure 7, grey squares), is nearly flat, confirming
that the LOS displacements at Agung represent real
ground deformation.
[34] The time series reveals uplift at a linear rate of ~8 cm/

yr prior to 2009.2, slightly higher than that reported by
Chaussard and Amelung [2012] probably because of the
additional data. Inflation at Agung stopped at 2009.2, and a
period of slow subsidence started at a rate of ~2 cm/yr,
despite the lack of eruption.

Figure 7. Same as Figure 5 but for Agung (black circles) and its inactive neighbor Batur (grey squares).

Figure 8. Same as Figure 5 but for Merapi Volcano (black circles) and its inactive neighbor Merbabu
(grey squares).
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4.2.4. Merapi
[35] Twenty-three SAR images covering Merapi were ac-

quired between mid-2007 and early 2011. The LOS displace-
ment time series near the summit is highly variable (Figure 8,
black circles), similar to the ones described at Colima and
Popocatépetl. The time series at Merapi and at its neighbor-
ing inactive volcano Merbabu, ~10 km to the north and with
a similar elevation (2968 and 3145m, Figure 8, black circles
and grey squares, respectively), are correlated, suggesting
that the LOS displacements are due to atmospheric phase
delays, consistent with the results of Chaussard and
Amelung [2012].
[36] Following the observation of a systematic and increas-

ing offset between the time series at Merapi and Merbabu
starting in 2009, we investigate the possibility of using
Merbabu’s time series to correct the atmospheric signal at
Merapi and resolve subtle inflation prior to the October
2010 eruption (Figure S3). However, the signal obtained by
differentiating the time series remains ambiguous and still
likely dominated by atmospheric effects.

5. Discussion

5.1. Comparison Between the Two Volcanic Arcs

[37] The observation that none of the volcanoes of the
TMVB are deforming is in contrast to observations in the
west Sunda arc where Chaussard and Amelung [2012]
identified inflation at six volcanoes and subsidence at one
volcano during 2007–2009. We showed that at least three
of these volcanoes continued to deform during 2009–2011.
Although the TMVB has only one quarter as many volca-
noes, this suggests that it is characterized by a much lower
activity level than the west Sunda arc.
[38] This difference in the number of inflating volcanoes is

consistent with differences in the reported historic activity
and the activity over the last century. In the TMVB, only
11 out of the 20 volcanoes had historic activity and three in
the last hundred years (55 and 15%, respectively) [Simkin
and Siebert, 2002]. In contrast, in the west Sunda arc, 76 of
the 84 volcanoes had historic activity and 60 in the last cen-
tury (90 and 71%, respectively). These differences in the
number of eruptions are consistent with the ~50 times lower
magmatic output (eruptive rates) for the last thousand years
or more of the Mexican volcanic arc compared to the
Indonesian arc (1.37 × 10�4 versus 6.6 × 10�3 km3) [White
et al., 2006; Vazquez and Reid, 2004]. Thus, the lack of in-
flating volcanoes reflects the lower activity level of the
TMVB rather than any other fundamental differences in the
mode of magma ascent. However, the reason why the activity
level is different is unknown. The west Sunda and Mexican
arcs are in similar subduction setting (convergence rates of
4–7 cm/yr and slab dip angles of 30–40° below the arcs
[Hughes and Mahood, 2011]), in similar tectonic settings
(extension to strike-slip stress regimes) [Chaussard and
Amelung, 2012], and on crusts with similar thicknesses
(~30 km) [Hughes and Mahood, 2011].

5.2. Unrest and Precursory Deformation: Closed
Versus Open Volcanic Systems

[39] We have identified three different types of relation-
ships between deformation and volcanic activity: volcanoes
that inflate prior to eruption (Sinabung and Kerinci),

volcanoes that inflate but do not erupt (Agung), and volca-
noes that erupt but do not show precursory deformation
(Merapi, Colima, and Popocatépetl). Other significant obser-
vations include that (1) Sinabung did not erupt for centuries,
whereas Kerinci is erupting every few years; (2) eruptions of
both volcanoes were associated with or followed by subsi-
dence (our observations do not allow us to constrain whether
subsidence was coeruptive or posteruptive, as described
above); (3) Agung’s inflation was followed by slow subsi-
dence despite the lack of any eruption; and (4) no significant
deformation was observed even during eruption at Merapi.
We now separately discuss volcanoes that show inflation
(followed or not by an eruption) and volcanoes that do not.
[40] Here we refer with the terms open and closed volcanic

systems to the part of the volcano between the shallowest res-
ervoir and the surface. Closed volcanic systems correspond
to volcanoes with sealed conduits, while open volcanic sys-
tems correspond to volcanoes with permanent or semiperma-
nent open conduits. Open systems are characterized by
frequent degassing (open vent [e.g., Newhall, 2007]) and
lava dome growth (closed vent). Edifice-wide inflation can
only occur at closed volcanic systems where the reservoir
pressurization results in significant long-term ground uplift
(months prior to eruption), in contrast to short-term deforma-
tion (days to weeks prior to eruption). At open volcanic sys-
tems, magma rises through the established conduit, resulting
in limited pressurization of the reservoir and the absence of
edifice-wide long-term inflation [Albino et al., 2011]. Our
use of these terms is in contrast to petrological studies in
which they refer to the part of the volcanic system between
a deep magma source and a shallower reservoir [e.g.,
Zellmer et al., 2005; White et al., 2006].
5.2.1. Inflating Volcanoes: Closed Systems
[41] The different activity stages at closed volcanic sys-

tems, with different expressions in terms of surface deforma-
tion, are summarized in a cartoon of the eruptive cycle model
in Figure 9. When no magma is supplied from depth to the
shallow magma system, the volcano is in repose in the sense
that no surface deformation is occurring (Figure 9, stage a).
Influx of new magma or exsolution of volatiles leads to the
pressurization of the reservoir and inflation of the volcanic
edifice (Figure 9, stage b). When the pressure exceeds the
strength of the reservoir wall (i.e., exceeds the critical over-
pressure), the wall breaks, magma ascends through a conduit
or dike toward the surface, and the volcano erupts (case 1 in
Figure 9). The drainage of magma and gas from the reservoir
is associated with pressure decrease and deflation of the edi-
fice (Figure 9, stage c). After a repose period the cycle begins
anew. An alternative scenario is that the pressure in the reser-
voir remains below the critical overpressure and no eruption
occurs (case 2 in Figure 9). The shutdown of the magma in-
flux leads to cooling and degassing of the magma in the res-
ervoir, associated with slow deflation of the edifice (Figure 9,
stage c′). Stages of this eruptive cycle have been previously
described by Blake [1981] for eruptions driven by magma in-
flux and by Tait et al. [1989] for eruptions driven by
gas exsolution.
5.2.1.1. Inflation
[42] Periods of inflation at Sinabung, Kerinci, and Agung

suggest that progressive magma recharge or gas exsolution
leads to the pressurization of the magma reservoirs
(Figure 9, stage b). Because our data start only in 2007, we
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are not able to constrain the end of the repose and start of the
inflation period. At Sinabung, the long period of inactivity
(centuries) suggests that the reservoir was cooled and
depressurized. Thus, it is very likely that magma influx pres-
surized the system, resulting in the observed inflation, fol-
lowing the model of Blake [1981]. Kerinci erupts regularly
(every few years), and its eruptions involve gas and ash
plumes rather than massive lava flows. Because of the short
repose time, the small size of the eruptions (VEI 1), and the
limited amount of magma involved, we hypothesize that
Kerinci’s inflation was largely driven by gas exsolution
rather than by influx of new magma, following the model
of Tait et al. [1989]. Gravity change observations could dis-
tinguish between the two modes of inflation [e.g., Battaglia
et al., 1999], but such measurements are not available.
At all volcanoes, the observed inflation probably represents
both instantaneous elastic deformation, contemporary with
magma influx or gas exsolution, and delayed viscoelastic
deformation for reservoirs surrounded by viscoelastic shells
[e.g., Dragoni and Magnanensi, 1989].
[43] Chaussard and Amelung [2012] inferred from the

geodetic observations that the reservoirs are small (radius
~1 km) and located at shallow depths (~1–3 km below the
regional elevation, corresponding to less than 5 km below
the summits). They did not invert for the sources’ radii
because of the well-known trade-offs in elastic modeling be-
tween the source’s radius, overpressure, and depth. However,
because the deformation pattern is confined to the volcanic
edifices, only small and shallow magma reservoirs can ex-
plain the observations. New magma influx into such

reservoirs likely leads to rapid pressure increase and eruption
[Jellinek and DePaolo, 2003], consistent with the occurrence
of eruptions at Sinabung and Kerinci. The fact that the infla-
tion at Agung did not lead to eruption suggests that the pres-
sure in the reservoir remained below the critical overpressure
either because the volcano was originally far from a critical
state [e.g., Pinel et al., 2010], possibly as a consequence of
the massive 1963–1964 eruption (VEI 5) that could have
emptied part of the reservoir, or because the reservoir is
contained in country rocks with a lower effective viscosity
[Jellinek and DePaolo, 2003]. Alternatively, the critical
overpressure might have been reached, causing the reservoir
to rupture, but some physical barrier prevented magma from
reaching the surface [Moran et al., 2011].
5.2.1.2. Deflation
[44] At Sinabung and Kerinci, the inflation led to eruption

associated with or followed by relatively rapid subsidence
(Figure 9, stage c, case 1), while at Agung, the inflation
was followed by a period of slow subsidence (Figure 9, stage
c′, case 2).
[45] Coeruptive, quasi-instantaneous subsidence is expected

in response to the removal of magma and gas during the erup-
tion (elastic deformation), while posteruptive subsidence due
to viscoelastic relaxation is expected with a temporal delay
[e.g., Brandsdottir and Einarsson, 1979; Thordarson, 2009].
As noted earlier, subsidence at Sinabung was not only
coeruptive but likely also posteruptive, possibly representing
both viscoelastic deformation and cooling of the reservoir.
Subsidence following Kerinci’s eruption was small (4 cm)
and either only coeruptive or took place in the first 7months

Figure 9. Cartoon for the eruptive cycle model of closed volcanic systems, consisting of repose (stage a),
inflation (stage b), eruption and deflation (stage c), or no eruption and slow deflation (stage c′). Case 1:
inflation followed by eruption (as seen at Kerinci and Sinabung). Case 2: inflation not followed by eruption
(as seen at Agung), when the pressure in the reservoir remains below the critical overpressure.
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following the eruption, the temporal pattern being poorly
constrained. As of late 2010, Kerinci was close to its
preeruption state, suggesting that only minimal magma
addition or gas exsolution is necessary to bring it to its
next eruption.
[46] The slow subsidence following Agung’s inflation

likely reflects cooling of the newly added magma (Figure 9,
stage c′). This interpretation is supported by subsidence at a
similar rate (~2 cm/yr) at Krafla Volcano that was explained
by partial solidification and thermal contraction of a magma
reservoir located around similar depths as at Agung (3 km
for Krafla and 2 km for Agung) [Sigmundsson et al., 1997].
Cooling of Agung’s reservoir could also be amplified by
hydrothermal circulation due to its shallow depth. Agung’s
2009–2011 deflation is less than half of the 2007–2009 infla-
tion; thus, significant magma influx or gas exsolution is still
necessary for the system to reach its critical overpressure
leading to an eruption. It is likely that the next eruptions of
Agung will be preceded by significant inflation.
5.2.2. Nondeforming Volcanoes: Open Systems
[47] The different activity stages at open volcanic systems

are summarized in a cartoon of the eruptive cycle model in
Figure 10. Similar to closed systems, when no magma is
supplied from depths, the volcano is in repose (Figure 10,
stage a). When magma is supplied to the shallow reservoir,
the volcano enters a period of activity characterized by
degassing at the vent or growth of a lava dome, reflecting
the presence of a permanent or semipermanent conduit
[e.g., Wallace, 2001] (Figure 10, stage b). In such settings,
magma can rise toward the surface without pressurizing the
reservoir, explaining the absence of inflation [Albino et al.,
2011]. Presumably, the system is permanently in a state of
near eruption in which eruptions may be triggered by small
intrusions into the reservoir, gradual overpressurization of
the conduit, or destabilization of the lava dome (Figure 10,
stage c) [Gottsmann et al., 2011]. The volcano either enters
a period of repose or returns to its activity level preceding
the eruption, depending on the magma remaining in the

reservoir and on the influx from depths (Figure 10, stages a
and b), and the cycle begins anew.
[48] Popocatépetl, Colima, and Merapi do not show

periods of inflation prior to their numerous activity periods
(in agreement with the results of Pinel et al. [2011] at the
Mexican volcanoes). This lack of deformation cannot be
explained by magma reservoirs being too deep to create
detectable uplift because the volcanoes are known to have
shallow reservoirs: Merapi at 2 and 8.5 km below the summit
[Ratdomopurbo and Poupinet, 2000; Beauducel and Cornet,
1999] and Colima and Popocatépetl at ~4–5 km depth
[Straub et al., 2001; Zobin et al., 2002]. However, these vol-
canoes are well known for regular eruptions, frequent open-
vent degassing, and the growth of lava domes [e.g., Taran
et al., 2001; Delgado-Granados et al., 2001; Le Cloarec
and Gauthier, 2003; Luebcke et al., 2010], characteristics
that typically define open volcanic systems [e.g., Wallace,
2001]. Thus, the lack of precursory inflation likely reflects
that these volcanoes are open systems where limited pressur-
ization occurs in the magma reservoirs because magma rises
through already-established conduits or fractures. At Merapi,
we do not detect significant deformation even during the
large 2010 eruption. This suggests either that the material
erupted originated from deep midcrustal reservoirs and
only transited through the shallow storage system [e.g.,
Grapenthin et al., 2013b] or that the coeruptive volume
changes are masked atmospheric effects and below our
detection threshold. Ground-based instruments (near-field
GPS, tiltmeters, and electronic distance measurement
(EDM)) may allow detection of subtle coeruptive motion if
not damaged by eruptive products.
[49] At Merapi, electronic distance measurement (EDM)

lines detected summit inflation starting mid-September
2010 preceding the 26 October 2010 eruption [Surono
et al., 2012]. This short-term inflation likely reflects pressur-
ization within the conduit, supporting our interpretation of
Merapi as an open volcano. However, we do not observe this
inflation period in our time series because of insufficient

Figure 10. Cartoon for the eruptive cycle model of open volcanic systems such as Merapi, Colima, and
Popocatépetl. Eruptions are not preceded by long-term edifice-wide inflation. Conduit pressurization
may occur prior to eruptions, but this cannot be resolved with the low temporal resolution (46 days) of
ALOS data.

CHAUSSARD ET AL.: INSAR TIME SERIES IN INDONESIA AND MEXICO

10



temporal resolution: we have one acquisition before this de-
formation period and one when the eruption was in progress
(16 September and 1 November, respectively). SAR mis-
sions with higher temporal sampling or near-field continuous
GPS may be able to detect such deformation.

6. Implications for the Potential of InSAR as a
Forecast Tool for Volcanic Unrest

[50] Our results suggest that closed andesitic volcanoes
have cyclic behaviors, eruptions being caused by long-term
reservoir pressurization associated with edifice-wide infla-
tion. The rate of replenishment and the volume of gas or
magma drained by the eruptions likely determine the
periodicity and volume of the eruptions [e.g., Tait et al.,
1989]. In this perspective, systematic ground deformation
measurements obtained by InSAR could help forecast
volcanic unrest.
[51] However, there are several limitations. First, inflation

is mostly detectable at volcanoes with shallow magma reser-
voirs. Second, open volcanic systems do not present edifice-
wide long-term inflation. Third, as shown by the example of
Agung, inflation does not always lead to eruption. Inflation
without eruption has also been observed at several other
andesitic volcanoes: Peulik, Akutan [Lu et al., 2007],
Hualca-Hualca, Uturuncu, Lazufre [Pritchard and Simons,
2004], Laguna del Maule, Cordon Caulle, Cerro Hudson
[Fournier et al., 2010], and Three Sister volcanic complex
[e.g., Riddick and Schmidt, 2011]. To better understand
how reliable inflation is as an eruption precursor, observa-
tions over multiple eruptive cycles and physics-based models
are required.
[52] Many more eruptions have been documented which

were not preceded by inflation (similar to Merapi, Colima,
and Popocatépetl). Examples include Irruputuncu, Lascar,
Nevado del Chillan, Copahue, Llaima, Villarrica, and
Chaiten in Chile [Pritchard and Simons, 2004; Fournier
et al., 2010]; Aracas and Ojos del Salado in Argentina
[Pritchard and Simons, 2004]; Sabancaya and Ubinas in
Peru [Pritchard and Simons, 2004]; Reventador in
Ecuador; Nevado del Tolima and Galeras in Columbia
[Fournier et al., 2010; Parks et al., 2011]; and Pavlof,
Chiginagak, Shishaldin, and Veniaminof in Alaska [Lu
et al., 2007]. Our study suggests either (1) that these volca-
noes are open systems, (2) that they are closed systems and
lack shallow magma reservoirs, or (3) that precursory infla-
tion has been missed. The latter could occur because of tem-
poral aliasing of the measurements associated with
conventional InSAR (these studies did not use time series ap-
proaches). Else, a different model not requiring significant
precursory inflation, such as magma filling of existing frac-
tures, may apply [Scandone et al., 2007].
[53] A limitation of ALOS-type missions for identification

of deformation at tropical volcanoes is the average detection
threshold of ~2 cm/yr [Ebmeier et al., 2013] due to the atmo-
spheric biases and to the satellite’s long repeat interval
(46 days). Using continuous GPS, Cervelli et al. [2006]
detected ~1 cm of inflation prior to Augustine’s 2006 erup-
tion, in the Aleutians, but ALOS InSAR would likely have
missed such small deformation related to dike propagation.
Other volcanoes with precursory inflation that may have been
regarded as examples of no deformation include Bromo,

Indonesia in 2004 [Abidin et al., 2004]; Asama, Japan in
2004, 2008, and 2009 [Takeo et al., 2006; Aoki et al., 2005,
2013]; Unzendake and Kirishima, Japan in 1990–1995 and
2011, respectively [Nishi et al., 1999; Nakao et al., 2013];
and Redoubt, Aleutians in 2009 [Grapenthin et al., 2013a].
In the first two cases, the deformation is small because the
sources are shallow (deformation related to conduit or dikes)
and in the last three because the sources are deep.
[54] In summary, systematic multidecade InSAR surveys

could contribute to developing better models for eruption
forecasting. At closed volcanic systems, InSAR can become
a powerful forecast tool if inflation is above the detection
threshold. Moreover, even if the eruptive cycle model does
not apply, eruptions being caused by random magma injec-
tion [Dzurisin, 2003], systematic ground deformation moni-
toring remains useful to evaluate which volcanoes of an arc
are more likely to erupt in the near future. InSAR-detected
deformation can also be used to deploy ground-based equip-
ment to monitor changes in volcanic activity. Finally, when
InSAR fails to detect deformation, it is likely that far-field
GPS is not appropriate to evaluate volcanic unrest and other
techniques should then be used to image the magma supply
path (near-field GPS; EDM; strain meters; and seismic)
[e.g., Takeo et al., 2006]. At open volcanoes, SAR amplitude
images appear more useful than phase images and can be
used to monitor landform changes such as deformation of
lava domes, tephra distribution, or extent of volcanic flows
(example of Merapi [Pallister et al., 2012]).

7. Conclusion

[55] A ground deformation survey of the 20 Mexican
arc volcanoes revealed that none of them were inflating
during 2007–2011, even the active centers Colima and
Popocatépetl. Time series analysis of selected Indonesian
volcanoes showed that both Sinabung and Kerinci inflated
prior to their 2010 and 2009 eruptions, respectively, and de-
flated afterward. Agung inflated for 2 years, did not erupt,
and slowly deflated afterward. No deformation was detected
at Merapi despite its major eruption in 2010.
[56] We identified three types of relationships between de-

formation and activity: precursory inflation, inflation without
eruption, and eruption without precursory deformation.
Inflation occurs at closed volcanic systems as the result of
pressure increase in the magma reservoirs, and an eruption
follows only if the pressure reaches the critical overpressure.
In contrast, open volcanic systems such as Colima,
Popocatépetl, and Merapi show no significant long-term res-
ervoir pressurization prior to eruption, suggesting that
magma rises through already-established conduits. Our study
suggests that InSAR can become a useful forecast tool for
closed volcanic systems.
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