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Abstract
Global Synthetic Aperture Radar (SAR) measurements made over the past decades provide insights into the
lateral extent of magmatic domains, and capture volcanic process on scales useful for volcano monitoring.
Satellite-based SAR imagery has great potential for monitoring topographic change, the distribution of
eruptive products and surface displacements (InSAR) at subaerial volcanoes. However, there are challenges in
applying it routinely, as would be required for the reliable operational assessment of hazard. The deformation
detectable depends upon satellite repeat time and swath widths, relative to the spatial and temporal scales
of volcanological processes. We describe the characteristics of InSAR-measured volcano deformation over the
past two decades, highlighting both the technique’s capabilities and its limitations as a monitoring tool. To
achieve this, we draw on two global datasets of volcano deformation: the Smithsonian Institution Volcanoes
of the World database and the Centre for the Observation and Modelling of Earthquakes, Volcanoes and
Tectonics volcano deformation catalogue, as well as compiling some measurement characteristics and
interpretations from the primary literature.
We find that a higher proportion of InSAR observations capture non-eruptive and non-magmatic processes
than those from ground-based instrument networks, and that both transient (< month) and long-duration
(> 5 years) deformation episodes are under-represented. However, satellite radar is already used to assess the
development of extended periods of unrest and long-lasting eruptions, and improved spatial resolution and
coverage have resulted in the detection of previously unrecognised deformation at both ends of the spatial
scale (~ 10 to > 1000 km2). ‘Baseline’ records of past InSAR measurements, including ‘null’ results, are
fundamental for any future interpretation of interferograms in terms of hazard‚ both by providing information
about past deformation at an individual volcano, and for assessing the characteristics of deformation that are
likely to be detectable (and undetectable) using InSAR.
More than half of all InSAR deformation signals attributed to magmatic processes have sources in the shallow
crust (< 5 km depth). While the depth distribution of InSAR-derived deformation sources is affected by
measurement limitations, their lateral distribution provides information about the extent of active magmatic
domains. Deformation is common (24% of all potentially magmatic events) at loci ≥5 km away from the
nearest active volcanic vent. This demonstrates that laterally extensive active magmatic domains are not exceptional,
but can comprise the shallowest part of trans-crustal magmatic systems in a range of volcanic settings.
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Introduction
Monitoring data have been described as the “only scientifically valid basis for short-term forecasts of a future
eruption, or of possible changes during an ongoing
eruption” (Tilling, 2008). Ideally, such data should be
collected and analysed in real (or near-real) time and be
done so consistently over long periods. In practise, continuous measurements from seismometers, tiltmeters
and Global Positioning System (GPS) form the basis of
most monitoring data streams, occasionally supplemented by field campaigns, gas and geochemical measurements (e.g., Sparks et al., 2012). Satellite-based
Synthetic Aperture Radar (SAR) measurements have the
potential to make a significant contribution to volcano
monitoring (e.g., Pinel et al., 2014), especially in the
form of regional surveys and for remote volcanoes with
limited monitoring infrastructure.
The focus of most research in the application of SAR
imagery in volcanology has been Interferometric SAR
(InSAR), where the change in phase between timeseparated radar images is used to measure displacements
of the Earth’s surface on a centimetre to millimetre scale
using interferograms (e.g., Bürgmann et al., 2000). Such
measurements capture a wide range of magmatic, hydrothermal and structural processes (e.g., Prichard & Simons, 2004; Biggs et al., 2009), including deformation
during pre-eruptive unrest and during eruptions (e.g., Lu
et al., 2010; Sigmundsson et al., 2010). Deformation
measurements make a broad range of contributions to
hazard assessment at volcanoes, from providing the sole
evidence that a magmatic system is active (e.g., Pritchard
& Simons, 2004; Biggs et al., 2011), to distinguishing
between tectonic and magmatic deformation mechanisms (e.g., Biggs et al., 2009, Ebmeier et al., 2016) to
making eruption forecasts from analysis of variation in
system overpressure (e.g., Hreinsdottir et al.).
InSAR measurements have now been made at over 500
volcanoes worldwide (including null results; Fournier et
al., 2010; Biggs et al., 2014; supplemental material in Biggs
and Pritchard, 2017; Global Volcanism Program, 2013)
and have advanced our understanding of many of the
physical processes that drive deformation (e.g., Pinel et al.,
2014; Biggs & Pritchard, 2017 and references therein).
However, the use of interferograms for volcano monitoring, especially in a decision-making context, remains challenging due to delays between data acquisition and
delivery of ‘raw’ imagery, the historical lack of freely available imagery, and to a dearth of the experience needed to
interpret diverse satellite datasets in many observatories
(e.g., Dzurisin, 2000).
This article describes global datasets of InSAR observations of volcano deformation and draws primarily on the
Smithsonian Institution Global Volcanism Program (GVP)
Volcanoes of the World database (from here on referred to
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as VOTW) and for the Centre for the Observation and
Modelling of Earthquakes, Volcanoes and Tectonics
(COMET) volcano deformation catalogue. Some additional
deformation measurement characteristics were compiled
for this article (data sources are described). From a snapshot of these databases, we describe the temporal and
spatial characteristics of InSAR-measured deformation at
volcanoes. This allows us to examine two issues concerning
the measurement and recording of deformation: (1) the
type of magmatic processes we are most likely to be able to
detect with InSAR and how these compare to groundbased measurements; and (2) considerations for constructing catalogues or databases of volcano deformation to provide accurate baseline data for future monitoring. We also
discuss the implications of InSAR observations for our understanding of the location and lateral extent of magmatic
systems.
SAR data & volcano monitoring

The pixels of SAR images contain an amplitude and a
phase component, both of which provide information
relevant to volcano monitoring (Fig. 1). Variations in
SAR amplitude occur when the reflectivity or scattering properties of the surface of a volcano change
(e.g., Pallister et al., 2013) and can be used to assess
the shape of volcanic structures during eruption or
unrest, including detecting the development of new
eruptive vents, dome growth (e.g., Wang et al., 2015;
Ozawa & Kozono, 2013) and the emplacement of flow
and eruptive deposits (e.g., Meyer et al., 2015). On
the scale of days to weeks, SAR observations of dome
and crater changes from amplitude imagery have provided critical information during volcanic crises at
Soufrière Hills, Montserrat (Wadge et al., 1999) and
Merapi, Indonesia (Pallister et al., 2013). Radar images
are particularly important because they can be made
through clouds and at night when visual observations
are not possible.
InSAR methods require at least a pair, (and preferably a longer time series), of SAR images to analyse
the variation in phase. Variations in radar phase are a
consequence of relative ground motion and/or
changes to the surface scattering properties (as well
as nuisance factors including path delays through the
atmosphere due to changes in refractivity). Measurements of displacements are made from interferograms, maps of shifts in radar phase between images
acquired at different times. As phase is cyclical, phase
differences take the form of repeating ‘fringes’ with
values between 0 and 2π, resulting in an ambiguity of
2π in phase measurements. The main challenges of
analysing InSAR data include solving for this ambiguity and identifying or correcting the contributions that
other factors, such as variations in satellite position
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Fig. 1 Flowchart illustrating the current uses of SAR imagery and InSAR timeseries observations for volcano monitoring through the use of
amplitude images, coherence changes in phase, ground displacements from differential InSAR and topographic change detection. Illustrative
examples of amplitude, coherence and displacement data are from RADARSAT-2 images, while topographic change is derived from the analysis
of TanDEM-X data at Reventador volcano, Ecuador (Arnold et al., 2017)

or atmospheric composition, make to phase (InSAR
methods are reviewed by Simons & Rosen, 2007). In
addition, changes in the scattering properties of the
Earth’s surface may result in phase incoherence, making deformation measurement impossible. This is particularly problematic on steep volcanoes with frequent
explosive eruptions or rockfalls, on volcanoes with ice
caps and in regions of dense vegetation (e.g., Pinel et al.,
2011; Ebmeier et al., 2013; Lu & Dzurisin). Measurement
thresholds have been lowered from centimetres to millimetres through the development of methods to correct atmospheric phase contributions (e.g., Parker et al., 2015;
Bekaert et al., 2015), limit analysis only to stable (‘persistent’) scatterers (e.g., Hooper, 2008), and solve for deformation as part of a time series (approaches reviewed by
Osmanoglu et al., 2016). Increasing numbers of systematic
acquisitions by constellations of SAR satellite platforms
offer the chance to improve on these detection thresholds,
and provide the opportunity to apply signal processing approaches (e.g., independent component analysis, Ebmeier,
2016) to the analysis of large, multi-temporal InSAR
datasets.
Other types of measurement (beyond ground displacements), have also been derived from the phase
component of SAR imagery and successfully demonstrated for use in volcano monitoring, including
topographic differences and variations in the coherence of the phase signal (Figure 1). Changes to topography on a metre-scale related to dome growth or
the emplacement of flow deposits can be retrieved

from the phase component of SAR images that have
close temporal but large spatial separation (e.g.,
Ebmeier et al., 2012; Arnold et al., 2016, Naranjo et
al., 2016). This is most successfully achieved with
bistatic image pairs (close to simultaneously
acquired, but spatially separated pairs of images)
acquired by satellite missions designed for the measurement of topography (e.g. DLR’s TanDEM-X,
Albino et al., 2015). Although the effectiveness of
SAR measurements of topography during an effusive
eruption have been demonstrated (Poland, 2014),
such bistatic data are not yet widely available for use
in monitoring. Finally, interferometric phase coherence captures how rapidly surface scatterers are
changing and can in some circumstances be used to
track the development of fresh lava flows as they are
emplaced, settle and cool (e.g. Dietterich et al.,
2012). Incoherence, caused by the emplacement of
fresh explosive deposits including pyroclastic flows
and ash fall, also has potential for tracking eruption
progress, especially in conjunction with SAR amplitude measurements.
The contribution that InSAR and SAR data make
to volcano monitoring varies between economic settings. In some regions, especially where volcano observatories1 employ specialist staff, interferograms
are integrated into the data streams relied upon for
decision-making, notably the Alaska Volcano
Observatory (Meyer et al., 2015), the Hawai’i
Volcano Observatory (Poland et al., 2008), Italian

Ebmeier et al. Journal of Applied Volcanology (2018) 7:2

volcanoes (Buongiorno et al., 2008), at La Réunion
(Peltier et al., 2010) and in Iceland (Sigmundsson et
al., 2015b). The utilisation of new technology
(Poland, 2014), developments in analysis and near
real-time data integration (Meyer et al., 2015) and
use of geodetic measurements in remote settings (Lu
& Dzurisin, 2014) have all been driven by monitoring goals. For some observatories where SAR data
are not integrated into monitoring streams,
especially in Middle Income Countries (as defined by
the Organisation for Economic Co-operation and
Development Development Assistance Committee,
OECD-DAC), SAR measurements have nevertheless
been used to supplement ground-based measurements, especially where instrumental networks are
sparse (e.g., Delgado et al., 2017; Ebmeier et al.,
2016). Where local observatories do not routinely
processes and analyse SAR imagery, external organisations or research groups may do so (e.g., U.S.G.S.
Volcano Disaster Assistance Program (VDAP) or
Volcano Hazards Program, and Committee for Earth
Observations Satellites (CEOS) Volcano Pilot).
Projects such as the CEOS Volcano Pilot have demonstrated that SAR data provide unique information
about volcanic unrest, which is complementary to
established monitoring networks and valued by
observatory scientists (Pritchard et al., n.d., under
review). Where volcanoes are unmonitored, especially in Least Developed Countries, and where there
have not been recent eruptions, InSAR measurements may provide the only source of information
about volcanic unrest (e.g., Biggs et al., 2011). Such
measurements often come from retrospective
analyses of SAR data archives, and thus do not
constitute true monitoring, although some pilot schemes
are getting closer to that goal.
Displacement measurements from interferograms
are included in analyses of multi-year trends in a volcano’s activity by some volcano observatories (e.g.,
Wicks et al., 2006; Neri et al., 2009; Lu et al., 2010).
In a few regions, over time windows of weeks to
months, InSAR deformation measurements have contributed to datasets used to forecast the development
of eruption (e.g., at Bar∂abunga, 2014, Sigmundsson
et al., 2015a) or unrest (e.g., at Chiles-Cerro Negro,
Ebmeier et al., 2016). At all volcanoes an understanding of deformation baseline is critical for interpreting
new geodetic observations, and is especially important
in absence of other geophysical datasets.
The number of SAR satellites providing data for research and geohazard applications has dramatically increased over the past two decades (e.g., Pritchard et al.,
n.d., under review; Elliott et al., 2016). Since the 1990s,
the ranges of wavelengths available, swath coverages and
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repeat measurement intervals have increased (Table 1).
Of particular note for volcanology are the shorter repeat
times of a few days and higher ground resolutions (of a
few metres) of the X-band satellites (TerraSAR-X) and
constellations of satellites (COSMO-SkyMed), as well as
the global coverage and free data supplied by Sentinel-1
and promised by the upcoming NASA-ISRO SAR
(NISAR) mission.
Identifying and interpreting magmatic and volcanic
deformation

Deformation identified as volcanic or magmatic is
generally in a geographic region with evidence of past
volcanic activity and is additionally either (1) localised
on a volcanic edifice/deposits or (2) consistent with a
pressure change within the Earth’s crust. Most
displacement signals that meet these criteria are
related to structural (edifice growth and collapse),
hydrothermal or magmatic processes. In most cases
the spatial and temporal characteristics of magmatic
deformation have limited overlap with those caused
by tectonic or anthropogenic processes. However, ambiguities sometimes exist between magmatic and, for
example, isostatic rebound (e.g., Lu & Dzurisin, 2014)
or hydrothermal deformation signals (e.g., Biggs et al.,
2011). Distinguishing between hydrothermal and magmatic volume changes is particularly challenging, and
not usually possible from geodetic data alone without
additional constraints from gravity or conductivity
measurements. Separating out the magmatic and tectonic elements of a deformation event may also be
non-trivial, for example, during an episode of rifting
(e.g., Biggs et al., 2009) or during moderate earthquakes that sometimes accompany volcanic unrest or
eruption (e.g., Diez et al., 2005; Ebmeier et al., 2016).
Magmatic deformation can be broadly defined as relating to pressure changes within a magmatic system. A
first order interpretation of deformation at a volcano is
often one of a change in volume within a long-lived
magma chamber or reservoir (which could be loosely defined as a site of repeated intrusion). However, InSAR
displacements have also been attributed to other physical mechanisms, including, but not limited to, one-off
emplacement of dykes or sills (often called simply ‘intrusions’), phase changes (e.g., Caricchi et al., 2014), and
the interaction of magma with a conduit system (e.g.,
Stephens et al., 2017). Parts of the crust where magma is
stored are currently understood to include zones of
partially crystalline mush, more mobile lenses of lower
crystal fraction, and a higher crystal fraction framework.
Zones of magma storage are expected to be spatially
complex, with temporally varying types of connectivity
between different parts of the system, allowing both the
development of distinct chemical compositions and the
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Table 1 Some parameters of historical and current SAR satellite instruments used to measure volcano deformation
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assembly of mobile (and therefore eruptible) magma.
Such systems as a whole have been designated ‘transcrustal magmatic systems’ (e.g., Cashman et al., 2017),
while magma storage zones of unknown structure and
connectivity have been termed ‘magmatic domains’ (e.g.,
Sigmundsson, 2016).
The links between geodetic sources and the characteristics of complex magmatic domains are inherently ambiguous. A single observation of uplift, for example, does
not allow us to discriminate between a one-off intrusion
and the latest cycle of growth of a long-lived reservoir.
Furthermore, we cannot necessarily discriminate between a pressure change throughout an entire system
and one limited to some small section of a larger whole,
i.e. we do not know what fraction of the magmatic system is involved in the deformation. However, if a
deforming system can also be imaged tomographically
(e.g., as a zone of low seismic velocity, Sigmundsson,
2016), then the relationship between the actively
deforming sections and broader magmatic domain can
be assessed.
This article synthesises volcanic and magmatic displacement measurements made around the world by
a broad range of authors with diverse frameworks for
the interpretation of measurements made over the
past two decades. Here, we therefore describe
‘deformation source’ characteristics, rather than imposing terminology associated with different physical
interpretations by different authors, e.g., ‘chamber’,
‘reservoir’ or ‘intrusion’. We refer to the full extent of
magma storage throughout the crust as a transcrustal magmatic system, but use the term ‘magmatic
domain’ more generally to describe a part of that
system - for example, a region examinable from a
particular type of measurement. We discuss the implications of the global InSAR deformation dataset for
understanding magmatic processes in the discussion.
Insights from global InSAR volcano deformation
measurements

InSAR measurements have provided a diverse picture of
magmatic processes in different tectonic settings. One
major advance provided by InSAR data is the possibility of
regional surveys, which have now been carried out at most
of the Earth’s major volcanic arcs (Alaska/Aleutians,
Mexico/Central America, Northern-Central-SouthernAustral Andes, Indonesia & Japan). The incorporation of
‘null’ results into such studies has allowed global statistical
demonstration of the association between deformation
and eruption (Biggs et al., 2014) and the observations that
some smaller volume (< VEI 3) eruptions at stratovolcanoes take place without generating measurable deformation (e.g., Pritchard & Simons, 2004, Moran et al., 2006,
Ebmeier et al., 2013).
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InSAR studies have revealed differences in magmatic
systems related to tectonic settings. At volcanic arcs
InSAR measurements have provided evidence for
deformation sources at a range of depths (e.g., Lu &
Dzurisin, 2014), including the growth of mid-to lower
crustal plutons (e.g., Pritchard & Simons, 2004; Ruch et
al., 2008) and shallow, extensive bodies aligned with the
arc azimuth that subside during great earthquakes
(Pritchard et al., 2013; Takada and Fukushima, 2013).
Both long term (e.g., Parker et al., 2014) and transient
subsidence (Caricchi et al., 2014) have been interpreted
in terms of phase changes related to the cooling of an
intrusion.
InSAR observations have provided major insights into
the progression of rifting episodes and fissure eruptions in
East Africa (e.g., Wright et al., 2006; Biggs et al., 2009; Pagli
et al., 2012) and Iceland (Sigmundsson et al., 2015a, b).
These have included the observations that magma is
supplied to the crust intermittently, rather than steadily,
and that its storage is distributed over multiple locations
and depths in the lead up to a rifting episode (Wright et al.,
2012; Biggs et al., 2016). Ascent into the shallow crust
encompasses both repeated sill intrusion and multiple,
interacting dykes (e.g., Hamling et al., 2010). Rift zones are
extensively intruded by interconnected lenses of melt (e.g.,
Heise et al., 2007), but InSAR measurements have nevertheless shown the importance of repeated deformation originating beneath volcanoes and of repeated sill intrusion,
which also seem to play a role in rifting events. For example, uplift attributed to sill intrusion at Alu and Gabho
in Ethiopia preceded the Alu-Dalafilla and Dabbahu rifting
episodes, respectively (Pagli et al., 2012), and similarly a deformation source beneath dormant Gelai volcano was active during rifting in Tanzania (Biggs et al., 2013). In
contrast, neither long term uplift nor subsidence in the
Taupo Volcanic Zone New Zealand, are associated with
major volcanic features, but are centred beneath the Bay of
Plenty and the boundaries between calderas in the Taupo
volcanic zone, respectively (Hamling et al., 2016; Hamling
et al., 2015).
The measurement of deformation at ocean islands with
InSAR presents particular challenges due to the lack of far
field observations, especially where only a fraction of the
full displacement field may be discernible (e.g., Gonzalez, et
al., 2013; Lu & Dzurisin, 2014). Long-lived hotspot eruptions at Kilauea, Hawai’i (e.g., Poland et al., 2008) and Piton
de la Fournaise, Réunion (e.g., Peltier et al., 2010), as well as
repeated episodes of intrusion in the Galapagos (e.g.,
Bagnardi et al., 2013) dominate the small number of
systems worldwide where multiple cycles of eruption have
been observed geodetically (although this also includes
non-hotpot volcanoes such as Okmok, Aleutians, Biggs
et al., 2010a). As well as cycles of pre-eruptive uplift
followed by co-eruptive subsidence, such long-lived
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eruptions have also provided evidence for endogenous
growth, change in intrusion location in response to
varying stress fields (e.g., Bagnardi et al., 2013) and
cycles of feedback related to topographic structures
(e.g., Jónsson, 2009; Lénat et al., 2012).

Data sources: Catalogues and databases of
volcano deformation
Freely accessible catalogues and databases of past volcanic eruptions, activity and unrest are critical for identifying gaps in current observations and for understanding
the context of recent activity (e.g., Venezky & Newhall,
2007; Brown et al., 2014; Loughlin et al., 2015). The
dataset compiled for the Smithsonian Institution GVP’s
VOTW relational database (Global Volcanism Program,
2013) is being developed to allow deformation to be
compared to eruptive parameters and other information
including petrological and emission data. It contains
data about all of the volcanoes known to have erupted in
the past 10,000 years and is housed at the Department
of Mineral Sciences at the National Museum of Natural
History, Smithsonian Institution, Washington, D.C.,
USA. The addition of deformation (and emissions) data
to this database has required the adoption of new
database structures to allow database entries to be made
for deformation and emission periods as well as eruptions. Any number of deformation periods can be added
to the database for a particular volcano, with entries
made for a set number of parameters including: start
and end dates, method of observation (InSAR, GPS, tilt,
etc.), direction of displacement, displacement and/or
displacement rate, location of centre of deformation,
spatial extent of deformation, likely cause of
deformation, and remarks. In addition to this basic information, the database also aims to record modelling
information where available, as well as sample images
and appropriate references. VOTW currently includes
422 records of deformation measured at 198 different
volcanoes. Users will be able to search for deformation
data on the Smithsonian Institution GVP website (volcano.si.edu) and submit published measurements through
a Microsoft Excel upload tool for GVP staff to approve
and commit.
The COMET volcano deformation catalogue is, at this
stage, an inventory of past observations of volcano deformation, designed to accompany and provide context
for the release of the most recent Sentinel-1 interferograms for volcanoes around the world. In the long term
the COMET catalogue should provide feeder information
for the VOTW database. The COMET catalogue is currently hosted by the University of Bristol, UK (volcanodeformation.blogs.ilrt.org) and is designed as a repository for
information about past observations of deformation, primarily, but not exclusively, from InSAR measurements,
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and largely recorded in ‘free text’ format. The catalogue is
designed to allow community contributions, with most information recorded in ‘free text’ boxes (sample guidelines
for contributors to the COMET deformation database are
shown in Appendix 1). Volcano names, numbers and locations use the VOTW database conventions to ease future compatibility. Contributors are asked to select
multiple options from a list of categories to describe the
types of deformation measurement and the range of inferred causes before describing deformation characteristics
in as much detail as possible. Catalogue entries are organised by volcano, with multiple observations recorded in
the same entry. The COMET database currently includes
entries for 1011 volcanoes, of which 464 have reported
geodetic measurements (including null results). Although
the majority of the information in the catalogue comes
from publications, our intention is to provide a forum for
sharing information from the ‘grey’ literature, including,
for example, observations from otherwise unpublished
student theses, conference abstracts, observatory reports
and personal communications, which are allowed as references. The COMET catalogue records ‘null’ results – that
is, a measurement of no deformation with a quantified uncertainty (or measurement threshold) over a particular
time period (e.g., Moran et al., 2006; Ebmeier et al., 2013).
Such data are critical for robust probabilistic analyses of
links between measured deformation and outcomes in
term of volcanic activity, but are rarely published.
Here we present a synthesis of observations based on a
‘snapshot’ subset of information from the VOTW and
COMET databases (from March 20172). Our combined
dataset encompasses InSAR measurements of 339 episodes
of deformation at 160 different subaerial volcanoes and is
spread globally across all arcs, rifts and oceanic islands
(note that as this encompasses just InSAR measurements,
this total is lower than number of records in either database, and lower than the 485 episodes of deformation in
the appendix to Biggs and Pritchard, 2017, which combines
both InSAR and ground-based measurements). This work
is focussed on parameters of individual deformation episodes including deformation episode duration, maximum
deformation rate, approximate signal area (‘footprint’) and
inferred depth of the associated source. Not all of this information is available for every deformation episode, or even
every volcano. The uncertainties on some of the properties
are also highly variable between catalogue entries. For example, the values for maximum displacement rate may be
reported directly in publications or estimated from publication figures, and may therefore depend on the figure resolution and quality as well as the processing and reporting
choices made by the authors. Inferred depth is non-unique,
dependent on choice of model and optimisation method, as
well as a normally incomplete knowledge of crustal properties, and can trade-off with estimated volume change (e.g.,
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Masterlark, 2007; Hickey and Gottsmann, 2014). The majority of inverse modelling of geodetic data relies on analytical solutions for particular geometries and assumptions
that the Earth’s crust behaves as a homogeneous uniform
half-space (e.g., Segall, 2010). The reliability of geodetically
determined depths may therefore depend on assumptions
about crustal rheology and whether any independent constraints on source depth and location inform the modelling.
We discuss some of the challenges of classifying deformation data for a catalogue or database, along with strategies
for making such exercises useful in the discussion section,
below.

Assessing the characteristics of volcano
deformation
In this article we discuss both direct observations of
InSAR-measured signals, such as signal area and duration
of displacements, as well as parameters derived from the
InSAR measurements, such as deformation source location,
displacement rate and source depth. We also use contextual information such as dates of eruptions and published
interpretations of deformation signals in our discussions.
This section describes considerations for defining parameters than best characterise both InSAR measurements and
the episodes of deformation that they capture.
Direct parameters of InSAR signals

An estimation of signal duration is made by almost all
publications that describe InSAR data and is included as
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an explicit record category (measured in days) in both
the VOTW database and COMET deformation catalogue. The apparent duration of a deformation signal
measured with InSAR depends both on its true duration
and on the satellite repeat time. It is sometimes possible
to assess the duration of deformation episodes that are
shorter than satellite repeat time if multiple satellites
have acquired data or if a correlation with independent
measurements of unrest, such as seismicity, is assumed
(e.g., Sigmundsson et al., 2015b). However, for at least
one fifth of the InSAR observations in the VOTW database, deformation is thought to have started before or
finished after the window of observation, and therefore
only captures a fraction of the true signal duration (e.g.,
Chaussard et al., 2013). The distribution of apparent durations in the VOTW and COMET databases are shown
in Fig. 2A.
Displacement signal area is a critical consideration for
designing monitoring networks, measurement campaigns
and tasking satellite acquisitions. Signal area is reported in
some entries of the COMET deformation catalogue, and
we have supplemented this information from the primary
literature (e.g., Additional file 1: Table S1). Whilst signal
area can be inferred directly from InSAR data, it depends
on both the properties of the deformation source (depth,
volume or pressure change and geometry) and on the detection threshold for deformation in the InSAR data
(which depends in turn on radar wavelength, time span of
observations, look direction of satellite, number of

Fig. 2 a Frequency of the observed duration of InSAR-measured displacement episodes, subdivided by whether deformation occurred in the period
leading up to eruption (grey), during eruption (red) or during an inter-eruptive period (orange). b Relationship between approximate area of displacement
signal as detected from InSAR measurements and the maximum detected rate of displacement in cm/yr. Note that the y-axis is logarithmic c Frequency of
inferred maximum depths of deformation sources estimated from InSAR-measured displacements at intervals of 1 km, with same colour scheme as part
(A). d) Boxplots illustrating distribution of deformation source depths inferred from InSAR measurements of deformation. The central dark line indicates
median value, the box limits show upper and lower quartiles and red crosses show the locations of outliers
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acquisitions in a time series, ability to reduce atmospheric
noise, and level of coherence). Ideally it would be defined
using a threshold displacement magnitude, relative to a
far field location, but it is rarely possible to extract such
information from publications. We therefore approximate
deformation footprint areas by using the signal diameters
provided by authors (or estimated from publication
figures), assuming either a circular or elliptical shape. As
signal areas have a range that spans orders of magnitude,
this crude approximation is sufficient for a first order
comparison with other properties (e.g., maximum displacement rate in Fig. 2B).
Derived deformation source parameters

The VOTW database records both mean and maximum
displacement rate (in cm/yr), where it has been reported
in the source publications. Mean displacement rates derived from total displacement in a single interferogram
(or from the sum of a chain of images) can be calculated
for most episodes in the dataset. However, mean
displacement rates are only physically meaningful if the
duration of deformation is equal to or greater than the
time spanned by the interferogram(s). Maximum
displacement rates estimated by the authors of InSAR
studies and recorded in both VOTW and COMET databases are more likely to represent true deformation
rates, but are limited by satellite repeat time. For example, the maximum displacement rate of a transient,
but rapid, acceleration is likely to be underestimated if
its duration was a small fraction of satellite repeat time.
The highest deformation rates in our datasets (metres
per day) were detected during caldera collapse at Bar∂abunga (Gudmundsson et al., 2016), and dyke opening
during eruptions or rifting events (e.g., Pagli et al., 2012)
where duration could be defined from independent data
sources. Despite measurement limitations, some general
trends can be observed in the relationship between displacement rate and other deformation signal parameters.
There is a broad anti-correlation between displacement
rate and duration (e.g., Fournier et al., 2010; Biggs &
Pritchard, 2017), as deformation rates above a few 10s
cm/yr tend not to continue longer than a few weeks to
months (Laguna del Maule, 28 cm/yr., is a notable exception, e.g., Feigl et al., 2014). Deformation signals with large
spatial footprints (> 1000 km2) have low rates (Figure 2B)
and have been attributed to the growth of plutonic bodies
in the mid to lower crust (e.g., Pritchard & Simons, 2004).
One of the most useful derived parameters is the
depth of the inferred deformation source. Apparent
depth of deformation depends both on the processes detected (e.g., the intrusion of a sill, overpressure of (part
of ) a reservoir or ascent of a diapir) and on the approach
taken to modelling the geodetic data. Source depth
depends on a range of factors relating to buoyancy,
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magma composition, stress conditions and pre-existing
structural features (e.g., Chaussard & Amelung, 2014), as
well as conditions that promote the amalgamation of
lenses of melt and volatiles in a mush system to form
larger bodies of eruptible magma (e.g., Cashman et al.,
2017). We do not discuss estimations of volume change
here, because it is strongly dependent on the reservoir
or intrusion compressibility, which is very poorly constrained, and depends on both magma and exsolved gas
compressibilities as well as source geometry and material
properties of the surrounding rock (e.g., Rivalta and Segall,
2008; Amoruso and Crescentini, 2009; McCormick Kilbride et al., 2016). Modelled source depth is recorded for
some deformation episodes by both VOTW and COMET,
and we build on this by including further preferred deformation source depths from publications (including any
estimation of uncertainty provided). Such depths are affected by the assumptions required for modelling, as well
as the spatial and temporal resolution of geodetic data
(and therefore the SAR instrument used for measurement)
and processing methods (e.g., single interferogram, time
series, persistent scatterer). We do not attempt to separate
out data from magmatic and hydrothermal sources here,
but note the authors’ interpretation of the deformation.
Some of the shallower depths reported are therefore likely
to relate to hydrothermal systems, so that any magma
storage is actually deeper (e.g., at Campi Flegrei, Trasatti
et al., 2008; Gottsmann et al., 2006). Figure 2C and D illustrate the distribution of inferred depths of deformation
sources. For this figure we have used the maximum estimated source depth where a range of possible values have
been evaluated, or where multiple depths have been suggested for the same deformation events. Only depths associated with potential sites of magma storage are included
here (in practice, the majority of these are modelled as
point, spherical, ellipsoidal, penny-shaped or sill-like
sources - the depth ranges estimated for opening dykes
are excluded).
Summary of InSAR signal characteristics

If we were to describe a ‘modal’ InSAR deformation signal from the global datasets described above, it would be
attributed to the movement of magmatic or hydrothermal fluids within the shallow crust (< 5 km depth), not
associated with an eruption, with a rate of a few cm/yr.
and footprint area < 100 km2. The properties of this
modal signal are primarily the consequence of the
historical spatial and temporal boundaries of InSAR
measurement, rather than evidence for a universally
common deformation sources. In fact, we expect melt to
be distributed at different fractions throughout the crust,
with significant differences between rift zones, where
melt fraction is expected to be high over large areas, and
in arcs, where accumulation of higher melt fraction
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lenses will form melt-rich reservoirs at depths where
stress conditions are favourable. However, characterisation of the depths and setting where most geodetic signals originate is a good starting point for assessing the
processes for which SAR data are likely to be most useful for monitoring.
There is a peak in the number of displacement episodes in our study that suggest a maximum deformation
source depth of 4-5 km (Fig. 2C), and only half of the
deformation signals were thought to be deeper than this.
That half of potentially magmatic source detected with
InSAR are thought to lie in the shallow crust (< 5 km) is
unsurprising, given that pressure changes in shallow systems cause higher magnitude surface displacements, and
are therefore more likely to be detected by InSAR measurement (i.e. small volumes changes in the mid to lower
crust are unlikely to be detectable). It is likely that very
shallow sources are underreported due to both the lower
spatial sampling of many historical measurements and
particularly where high deformation rates or eruptive
products cause phase incoherence near active vents.
Although the ranges of co-eruptive, pre-eruptive (here
defined as occurring in the year before an eruption) and
inter-eruptive inferred maximum depths largely overlap
(Figure 2D), the mean value for deformation sources involved in co-eruptive deformation is ~ 2 km shallower
than that for those not associated with eruption. Whilst
there are examples of volcanoes where co-eruptive
subsidence is shallower than the pre-eruptive uplift (e.g.,
Eyjafjalljökull 2010, Sigmundsson et al., 2010), this is not
always the case, and the difference in mean values is
more likely to be because most examples of mid-lower
crustal deformation are non-eruptive. Deformation
sources with maximum depths deeper than ~ 12 km
were inferred only from displacements that occurred
during inter-eruptive periods.
About 60% of InSAR measurements of deformation
catalogued here (Fig. 2A) have estimated durations that
exceed a year, and only 14% have durations shorter than
a month (39 of 285 entries for which we have signal durations). Those thought to have lasted less than a month
were almost all high magnitude (i.e. much larger that
half radar wavelength) and produced displacements that
endured at least as long as the satellite repeat time.
Ground-based deformation measurements record a
slightly higher proportion of deformation lasting less
than a month (20%). Pre-eruptive unrest lasting days to
months, especially where deformation is low magnitude
or transient, is likely to be under-represented in historical InSAR data. However, newer satellite missions with
shorter repeat intervals (TerraSAR-X repeat = 11 days,
COSMOSkyMed constellation minimum repeat = 116 days) have recently made the measurement of rapid
processes, particularly those connected to lava dome
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growth (e.g., Salzer et al., 2014) or conduit processes
(e.g., Stephens et al., 2017), possible for the first time. At
the other end of the scale, the duration of satellite
missions (typically 5-10 years) is also potentially a limiting factor for detecting low-rate, long duration deformation. Ground-based measurements have captured 10%
more deformation signals lasting > 5 years than InSAR,
suggesting that the longest duration processes also
remain under-represented. The planned long duration of
current missions, especially the European Space
Agency’s 20 year commitment to the Sentinel-1
programme, should improve this in the coming decades.
A small proportion of volcanoes have levelling survey
data that extends back decades, providing evidence of
many decades of subsidence (e.g., > 50 years at Medicine
Lake, Parker et al., 2014; Santorini, Parks et al., 2012),
uplift (decades e.g., Long Valley, Newman et al., 2006) or
complex deformation sequences (e.g., 100s years, Campi
Flegrei, Lundgren et al., 2001 and references therein).
InSAR measurement has been possible since 1992 at the
earliest, so the longest possible duration of InSAR deformation observations is 25 years, although in effect,
measurements have been possible for a much shorter
time in some parts of the world due to dense vegetation
and low frequencies or gaps in image acquisitions.
The surface area of InSAR-measured volcano deformation ranges from < 1 km2 to > 3000 km2, with a mean
value of ~ 240 km2 (e.g., Figure 2B). The majority of
ground displacement footprints are elliptical, and related
to the elastic deformation of the crust caused by the
movement of fluid, but shallow processes that involve a
brittle component can produce more complex, irregular
patterns (e.g., fracturing of pyroclastic flow deposits at
Lascar, Andes, Whelley et al., 2012; and landsliding at
Arenal, Costa Rica, Ebmeier et al., 2014). One of the
most striking outcomes of regional InSAR surveys of
volcano deformation (e.g., Pritchard & Simons, 2004; Lu
& Dzurisin, 2014) has been the discovery of deformation
taking place many kilometres away from the nearest
recorded Holocene volcano. In Table 2, we list 33 observations of deformation where the centre of deformation
is ≥5 km away from the volcano’s summit, or in some
cases the most recent vent. Offsets of ≥5 km are unlikely
to be an artefact of the inclined SAR viewing geometry
for deformation sources in the shallow crust. The 33
examples in Table 2 are limited to signals attributed to
magmatic or hydrothermal processes (excluding a few
examples of dykes opening which may, or may not be
associated with long term storage of magma in the
crust). Figure 6 also excludes instances where we are
confident that the deformation measured was associated
with a one-off intrusion rather than the development of
a reservoir (e.g., one of Fernandina’s multiple sill intrusions was ~ 5 km away from its summit), although in
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Table 2 List of the 33 InSAR detected deformation sources that are more than 5 km from the nearest Holocene volcano. Displacements that lie beneath Pleistocene volcanoes,
or apparently recent volcanic deposits are indicated with a star, and details provided in the ‘context of deformation’ column
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Table 2 List of the 33 InSAR detected deformation sources that are more than 5 km from the nearest Holocene volcano. Displacements that lie beneath Pleistocene volcanoes,
or apparently recent volcanic deposits are indicated with a star, and details provided in the ‘context of deformation’ column (Continued)
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many cases we do not have the means to distinguish
this. In several cases, such deformation lies beneath a
volcanic edifice where deposit age is unknown (e.g., at
Haledebi, Ethiopia; examples marked with a star in Table 2)
and the volcano has not historically been in included in
Holocene databases, although VOTW has recently been
updated to include all Pleistocene volcanoes.

Comparison between InSAR and ground-based
measurements
Some of the characteristics of volcanic and magmatic
deformation signals measurable with InSAR can be illuminated by comparison to the properties of deformation measured with ground-based instrumentation.
However, both the GVP VOTW database and the
COMET catalogue also include deformation observations made from ground-based instrumentation.
Figure 3 compares 339 observations of deformation
made with InSAR (at 160 volcanoes) to 152 made
with various ground-based instruments (at 77 volcanoes). It should be noted that there are many decades
of ground-based measurements that have not yet been
compiled into any database, and that form our only
record of pre-satellite era deformation (e.g., deformation during unrest at 27 volcanoes described by
Phillipson et al. (2013) and extracted from Global
Volcanism Program weekly reports). There are some
volcanoes in our datasets where both InSAR and
ground-based measurements of deformation have
been made, but many volcanoes appear in only one
of the two datasets. Almost three times as many
InSAR measurements capture non-eruptive processes
relative to ground-based measurements (including
GPS, tilt & electronic distance meter) (Fig. 3). This is
unsurprising, given that ground-based networks tend
to be installed at volcanoes in response to recent
activity, while InSAR studies can be conducted
systematically in survey mode over large regions.
Possibly because ground-based instruments are sited to
avoid such effects, InSAR measurements have also detected a greater proportion of non-magmatic processes,
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including deformation associated with hydrothermal systems (e.g., Recheshnoi, Lu & Dzurisin, 2014), the settling
of recent flow deposits (e.g., Arenal, Ebmeier et al., 2010),
fault slip (e.g., Gelai, Biggs et al., 2009) and gravitational
failure (e.g,. Etna, Lundgren et al., 2004).
Of the 152 observations of deformation made with
ground-based instruments from our snapshot of the
VOTW database, 98 are from Developed Countries
(DCs) and a further 19 from Upper Middle Income
Countries (UMICS) and territories (2017 OECD-DAC
list of Official Development Assistance recipients,
www.oecd.org/dac/stats/daclist.htm), and < 2% of measurements come from Least Developed Countries
(LDCs), although these countries have roughly 8% of
Holocene volcanoes. LDCs are better represented in the
global InSAR catalogue with 15% of all records (DCs
and UMICS make up ~ 70% of observations). This illustrates the potential that satellite remote sensing has for
monitoring volcanoes in LDCs, where funding for
ground-based infrastructure is particularly limited.

Temporal properties of volcanic and magmatic
InSAR signals
To be useful for hazard mitigation, monitoring data need
to be available for analysis on the timescales over which
hazards manifest (e.g., Loughlin et al., 2015). Decision
makers with different responsibilities require hazard information at various timescales (black bars on Fig. 4A)
and levels of detail, with an emphasis on uncertainty.
For example, the United States Geological Survey operate dual volcano alert level systems to accommodate
both the aviation industry, who require hazard information as rapidly as possible, and those responsible for hazard response on the ground who may prefer a lead time
to inform and educate decision makers (Fearnley et al.,
2012). While relevant information for long-term infrastructure and public service planning should capture
broad changes between years or decades, monitoring
data that feeds into decisions about evacuation must be
available on much shorter timescales in as near to realtime as possible (Tilling, 2008).

Fig. 3 Comparison of InSAR and ground based measurement in terms of inferred origins: i) attributed to magmatic processes during period of
eruption, ii) attributed to magmatic processes not associated with eruption, iii) either magmatic or hydrothermal or both in combination, not
associated with eruption, iv) attributed to hydrothermal system, v) settling of recent flow deposits and f) displacements associated with faulting
or gravity driven collapse on any scale
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Fig. 4 a. Illustration of significant timescales for InSAR measurement (satellite repeat time, 1observation period as estimated by Parker et al., 2015),
decision makers with responsibility for volcanic hazard (indicative durations) and duration of unrest and eruption (2unrest periods as described by
Phillipson et al., 2013). Examples of eruptions with different durations of pre-eruptive unrest are indicated by volcano name and eruption date
(López et al., 2012; Delgado et al., 2014), while volcano name and arrows show episodes of unrest. b. Cumulative number of InSAR measurements
of volcano deformation that have captured various durations – note non-linear time scale on x-axis

The processes that eventually lead to eruption, including the intrusion, migration and ascent of magmatic fluids, take place on a range of timescales from
days to decades (indicative red bars on Fig. 4A). For
monitoring, the most important of these is arguably
the duration of any pre-eruptive unrest. Passarelli &
Brodsky, 2012 find that the duration of pre-eruptive
unrest is generally longer for volcanoes with higher
silica contents: from minutes to a year for basalts,
and from days to years for andesites. Phillipson et al.,
(2013) find that the median duration of pre-eruptive
unrest captured by monitoring networks varied significantly between different types of volcanoes, with
pre-eruptive unrest at complex volcanoes lasting an
average of just two days before eruption, about a
month at stratovolcanoes and > 2 months at shield
volcanoes and calderas. The timescales over which an
eruption evolves in character are also important for
assessing volcanic hazard. Decrease in reservoir overpressure, for example, has been estimated from GPS
(e.g. Hreinsdottir et al., 2014a; Mastin et al., 2008)
and InSAR measurements (e.g., Sigmundsson et al.,

2015a, b) over weeks to months. Deformation of a
lava dome (hours to days, e.g. Salzer et al., 2014),
change in effusion rate (days to months, e.g., Poland,
2014) or slip during mass wasting (over years, e.g.,
Froger et al., 2001; Solaro et al., 2010 or minutes e.g.,
Voight et al., 1981) may also indicate changes in hazard level during an ongoing eruption. Changes in
such deformation signals may occur rapidly, or gradually over years, requiring measurement at regular intervals for detection. Satellite repeat intervals that
exceed the duration of target deformation signals
limit the timescales over which InSAR is appropriate
for monitoring. Historically, satellite repeat times were
35-46 days (ERS, ENVISAT-ASAR, ALOS-PALSAR,
Table 1) with actual measurement frequency being
even lower in areas with seasonal snow cover or
flooding and for instruments with limited power and
acquisition strategy that did not prioritise volcanic
hazard. The higher number of InSAR measurements
for signal durations of > 12 months (Fig. 4B) reflects
the under-representation of signals lasting days to months
in our records. The lack of a significant increase in the
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cumulative number of InSAR observations between one
and two decades is a consequence of the limited time over
which InSAR measurement has been possible. Presently,
multiple cycles of eruption and intrusion have only been
observed at a handful of volcanoes (e.g., Sigmundsson et
al., 2010; Lu et al., 2010; Biggs et al., 2010a, b; Bagnardi et
al., 2013), although cycles of activity within long-lasting
eruption have been observed at several more (e.g., Poland
et al., 2008; Peltier et al., 2010).
Pre-eruptive deformation

Pre-eruptive deformation can take a range of forms, but
its utility for volcano monitoring and ultimately forecasting eruptions depends on our ability to interpret the
process responsible and forecast its evolution. A simple
definition would be any deformation that occurs in a
specified time period leading up to an eruption, but at
active, frequently erupting systems, it may be unclear
whether this is related to the previous eruption or simply baseline activity.
About half of the deformation episodes in our catalogue occur in the year before a volcanic eruption or
span the eruption itself (excluding flow deposit and
gravity-driven subsidence). However, a more useful definition of ‘pre-eruptive’ might require the demonstration
of a causal link to the eruption. This is relatively
straight-forward where pre-eruptive uplift continues
until the onset of eruption, and is followed by similar
co-eruptive subsidence (e.g., at Okmok, 2008; Lu et al.,
2010) or when the onset of deformation is correlated
with seismicity (e.g., at El Hierro, Gonzalez et al., 2013).
However, gaps of days to months between a period of
observed inflation and the eventual eruption (e.g., at
Kerinci, Sinabung and Slamet, Indonesia, Chaussard et
al., 2013) make a connection with eruption harder to
infer and interpret. Uplift preceding eruption can be of
long duration (e.g., 6 years before the 2011 eruption of
Hudson, Delgado et al., 2014), or continue after an
eruption has taken place (c.f. 2012 phreatic eruption at
Copahue, Velez et al., 2016). There are a growing number of observations of episodes of uplift occurring both
months and years before the onset of eruption: the 2010
eruption of Eyjafjallajökull tapped sills both emplaced
gradually in the three months before eruption, and a
decade earlier (Sigmundsson et al., 2010). Such
intrusions could only be classified as ‘pre-eruptive’ in
retrospect. Distinguishing between a shallow preexisting reservoir being ‘charged’ by an intrusion (e.g., as
interpreted at Santorini, Parks et al., 2012) and endogenous growth of a volcanic edifice (e.g., Tungurahua, Biggs
et al., 2010a, b; Fernandina, Bagnardi et al., 2013) therefore requires an understanding of the pre-existing magmatic plumbing. These historical deformation
measurements provide a useful baseline for interpreting
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future episodes of uplift in particular. For future monitoring, InSAR is likely to be useful for ‘pulsed’ reservoir
charging, where the time between intrusion and
eruption greatly exceeds satellite repeat time (but is also
less than the total monitoring duration) and measurement of repeated intrusion allows a picture of the volume and location of eruptible magma to be built up.

Spatial properties of volcanic and magmatic
InSAR signals
The high spatial density of InSAR displacement measurements over wide areas has revealed the areal extent
of deformation fields that would previously only have
been sampled at a handful of points. This includes highly
localised deformation signals that occur between the
gaps in ground based monitoring networks (e.g., Fig. 5A).
In some cases localised deformation signals lie in network gaps by design – for example, where instruments
are sited to avoid local subsidence associated with young
flow deposits. In other cases (e.g., at Tungurahua,
Fig. 5A; Galeras, Parks et al., 2011), InSAR has allowed
the detection of displacement associated with magmatic
intrusion beneath regions where the installation and
maintenance of ground based instruments would have
been too dangerous. All of the deformation signals attributed to magmatic processes detected thus far are
smaller than the footprint of TOPS mode Sentinel-1
imagery (~ 250 km), although several exceed the area
of higher resolution instruments, such as COSMOSkyMed and TerraSAR-X (e.g., at Uturuncu, Lazufre,
Lassen, Fig. 5B, Pritchard & Simons, 2004; Ruch et
al., 2008; Parker et al., 2016). For most displacement
footprints ‘offset’ by <5 km, the volcano itself lies
within the deformation footprint, but at greater offsets, a higher proportion of displacement footprints
would not be detectable in measurements on the volcano’s edifice itself, where ground-based instruments
would usually be located (Fig. 5C).
Calderas typically have spatially and temporally variable
deformation signals, as well as some of the highest rates of
non-eruptive deformation detected using InSAR (Wicks et
al., 2006; Le Mével et al., 2015; Jay et al., 2014; Biggs, et al.,
2009). At larger calderas (> 10 km diameter) deformation is
frequently centred on caldera rims and extends beyond
their topographic boundaries. These include displacements
attributed to both magmatic and hydrothermal processes
where deformation signals occur outside caldera boundaries, including at Uzon caldera, Kamchatkta (Lundgren &
Lu, 2006) and at Yellowstone, USA (Wicks et al., 2006).
The peaks of displacement signals at active calderas are
rarely focussed on the most recent eruption vent, although
some do correspond to the location of a resurgent dome
(e.g., Newman et al., 2006).
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Fig. 5 a. Examples of localised displacement signals at Arenal (landsliding and gravity-driven slip) and Tungurahua (co-eruptive endogenous
growth) with footprint area indicated by grey polygons and the locations of the stations that make up local monitoring networks indicated. b.
Footprints of some of the largest InSAR displacement signals detected so far compared to ground swath dimensions of commonly used SAR
instruments and acquisition modes. Note that the inner footprint for Uturuncu shows uplift, while the outer footprint shows the even broader
annulus of subsidence. The bold red circle (diameter 20 km) indicates the size of the rose-plots in D-F. c. Scatterplot illustrating the relationship
between displacement signal offsets and area. Data are limited to a single displacement episode per inferred deformation source location, so that
there may be more than one entry per volcano, but only a single entry for episodes of uplift and subsidence attributed to the same source. The
red dotted line describes the area of a circle with radius equal to the offset from the nearest volcano, so that points below the line generally
represent displacement signals that do not encompass the nearest volcano. d. Illustration of displacement locations (red crosses) not associated
with an eruption and ≥5 km from the nearest volcano (central triangle). Grey shaded ellipses show approximate signal dimensions where signal
diameter < 10 km. e. Displacement locations and footprints associated with specific eruptions, relative to the eruptive vent (central triangle), as for
D. f. Displacement locations and footprints associated with earthquakes in the immediate surroundings of a volcano, or triggered by distal great
earthquakes, relative to the nearest volcano (central triangle), as for D. Volcano locations are from GVP’s VOTW database

For the majority (27 of 33) of signals occurring ≥5 km
away from the nearest GVP volcano, the deformation
centre is not associated with distinct volcanic structures
at the surface. There are 5 cases where deformation can
be associated directly with a specific eruption (Fig. 5E),
and 11 either caused directly or triggered by an earthquake (Fig. 5F). In total, 24% of deformation signals
attributed to magmatic deformation (32 of 133) are

centred ≥5 km from the volcanic edifice, with 8% (11 of
133) more than 10 km away (Fig. 6A, note that only
observations for which depths were available are included). Of the 11 signals ≥10 km from the volcano,
Haledebi, Gelai & Calabozos are associated with apparently young volcanic features at the surface (fresh looking lava flows, Pleistocene shield volcano & Pleistocene
collapse caldera, respectively; Biggs et al., 2011, 2013;
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Fig. 6 a. Distances between the centre of deformation and the nearest edifice catalogued in the VOTW database are shown with respect to inferred
source depth. For offsets greater than ~ 5 km, depths are shown as a range of values which correspond to the best-fit depths from different modelling
methods, source geometries and time periods in different cases. Displacements < 5 km from the associated edifice are shown as circles. Red symbols
correspond to deformation attributed to magmatic processes, while blue symbols were attributed, at least in part, to hydrothermal processes. The
examples in this figure are limited to those sources interpreted to be associated with magma storage of some variety, normally modelled as a sill, point
source or ellipsoid. Volcano feature locations taken from GVP’s VOTW database. b. Illustration of generalised magmatic systems consistent with the
prevalence of deformation sources at different lateral distances from and depths below a volcano. No vertical exaggeration

Pritchard et al., 2013). Distal uplift at Iwatesan and Spurr
were both associated with seismic swarms (Nishimura et
al., 2001; Lu & Dzurisin, 2014), while uplift at the Bay of
Plenty has been attributed to an off-axis pressurisation
associated with the Taupo Volcanic Zone (Hamling et
al., 2016). Figure 6 B is a schematic illustration of magmatic plumbing systems as we might imagine them from
InSAR observations alone, and as such is likely to
under-represent deeper, smaller reservoirs.
16% of observations are between a surface radial distance
of 5 and 10 km from the nearest volcano, and are largely at
upper crustal (< 10 km) depths. These examples are more
likely to provide an indication of the lateral extent of shallow magma storage at currently active volcanoes, and
where associated with eruption, have been interpreted as
evidence for connections between bodies of melt-rich
magma over distances exceeding 5 km (e.g., at Puyehue, Jay
et al., 2014; Seguam, Makushin, Korovin, Lu & Dzurisin,

2014; Kirishimayama, Kato & Yamasato, 2013). This includes many mature caldera systems (Atka, Lu & Dzurisin,
2014; Puyehue-Cordón Caulle, Jay et al., 2014), but also
several stratovolcanoes (Three Sisters, Wicks et al., 2002;
Villarica, Delgado et al., 2017 and Fourpeaked, Lu &
Dzurisin, 2014). Deformation ≥5 km from the nearest
volcano is roughly half as likely to be co-eruptive (16% of
deformation ≥5 km from nearest volcano), as deformation
within 5 km of the edifice (39% of deformation < 5 km from
nearest volcano).

Discussion
An implicit assumption behind the design of most instrument networks and monitoring strategies is that a
persistent body of melt (a chamber) or melt-rich magma
(part of a reservoir) that feeds eruptions is located directly beneath the volcanic edifice and/or active vent.
This assumption is particularly common for volcanoes
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without either recent eruption or a record of unrest, and
where information about subsurface plumbing is therefore minimal. The InSAR record of volcano deformation
provides evidence about deformation signal characteristics that allow us to refine this at individual volcanoes,
and more generally provides temporal and spatial
constraints for monitoring network design, and the
characteristics of deformation we can expect to detect
using InSAR.
Implications for the use of InSAR in volcano monitoring

Regular acquisition strategies (e.g., Sentinel-1, COSMOSkyMed volcano background mission, ENVISAT in
some parts of the world) has meant that InSAR measurements have already been used for monitoring the
development of unrest or eruptions lasting weeks to
years (e.g., Poland, 2014; Sigmundsson et al., 2015a, b).
If satellite acquisition timings are fortuitous, InSAR may
also provide important deformation information in near
to real-time during a volcanic crisis, but serendipitous
overflight times cannot be relied upon for monitoring.
Data from multiple satellites or constellations are likely
to be required for the detection of pre-eruptive deformation that occurs on similar timescales to the satellite repeat times. Given that almost one in five InSARdetected deformation episodes are thought to exceed the
duration of the window over which measurements were
made, the proportion of deformation episodes found to
last multiple years or even decades is likely to increase
in the future. The number of short duration, transient
deformation episodes detected is also likely to increase
due to the impact of shorter repeat time instruments
and especially the application of constellations of similar
satellites (e.g., COSMO-SkyMed 1-4 and Sentinel-1a,b).
Improving our detection limits and establishing good
baseline measurements, are also critical for being able to
recognise pre-eruptive deformation.
About half of the deformation sources ≥5 km from the
nearest volcano did not encompass the edifice itself.
Such signals are likely to be missed by observations
made from higher resolution instruments with narrower
swath widths (Table 1), especially in TerraSAR-X and
COSMO-SkyMed’s Spotlight modes. For example, uplift
southeast of Nevado del Ruiz, Colombia, was outside of
the footprint of both the GPS network and the
COSMO-SkyMed imagery acquired over the volcano
during unrest, but was captured by RADARSAT imagery
over the same time period (Lundgren et al., 2015). Observation footprints require a radius of > 20 km about
the volcano of interest, to capture at least part of > 90%
of the deformation signals in the historical InSAR catalogue. Good practice for monitoring could encompass
the integration of higher resolution imagery (e.g,
Spotlight mode TerraSAR-X) over active volcanoes with
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less frequent, broader swath imagery to identify any distal deformation processes (e.g., Sentinel-1 or ALOS-2).
Considerations for recording volcanic and magmatic
deformation

The usefulness of any record of volcano deformation depends heavily on the quality of reporting. Publications
from scientific journals generally provide sufficient information for measurements to be reproduced, but often
lack description of signal parameters (e.g., precise location, area, discrimination between mean and maximum
deformation rate). This information can often be extracted from figures, although this adds additional uncertainty associated with figure scale and labelling.
Informal (‘grey’) literature, including conference abstracts, volcano observatory reports and personal communications may record that an observation of
deformation was made, but often lack any further description. Furthermore, observations of a lack of deformation are rarely reported. An important goal of the
production of catalogues and databases of volcanic and
magmatic deformation is therefore to encourage community contributions of records of InSAR measurements. One purpose of this article is to engage the
international community in reporting deformation to be
recorded in the COMET and GVP VOTW databases.
Another consideration is the primary classification of
each catalogue or database entry (Fig. 7). Episodes could
be classified by deformation source location, defining a
minimum spatial separation for establishing a new record, but the simplest way to do this is by volcano, which
requires a common list of active volcanoes as its basis,
for which the Smithsonian list of Holocene volcanoes is
widely used (Global Volcanism Program 2013). This presents a particular challenge for deformation measurements, due to the notable number of episodes that have
been observed at distance from Holocene volcanoes,
which would nonetheless be associated with that volcano
in the record (starred volcanoes in Table 2). Different
deformation episodes at a volcano can be defined by
their location or duration, both of which in practise depend on spatial and temporal observation windows. If
properties of the deformation, beyond whether it is occurring or not, are also recorded, some further separation on the basis of signal characteristics, such as sign
or rate are also required. Records by observation, rather
than episode, would be needed to support future probabilistic analysis. This is challenging, because measurements of a lack of deformation are rarely reported in
academic publications, so establishing a record of null
results would rely on community contributions from researchers and observatory scientists.
A fully relational database is the most desirable format
for recording volcano and magmatic deformation data,
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Fig. 7 Flowchart illustrating the classification choices required for recording instances of volcano deformation in a database. Both the deformation
information within the GVP’s VOTW database and the COMET volcano databases start by categorising by volcano using the Smithsonian list of
volcanoes active in the Holocene. The GVP VOTW database (orange path) then allows the creation of separate entries for different deformation
episodes. Note that although deformation episodes presented here are classified by Holocene volcano, VOTW also includes 1100 Pleistocene
volcanoes, which may provide improvements for classification. Episodes are distinguished from each other on the basis of a change in location,
change in sign, and temporal separation determined by either the start/stop of deformation, or the start/stop of observation. The COMET deformation
catalogue (red path) aims to record InSAR observations for each volcano, with a particular emphasis on null results. In practice, both approaches result
in a large number of entries that are defined by the start and end of deformation detection – a classification that depends on both timing of both
observation and deformation

as it would allow future users to search for deformation episodes on the basis of location, as well as
properties such as rate, duration, area or inferred
depth. However, the construction of a database requires defining categories that impose some interpretation on observations. For example, recording a
deformation rate, requires that a new entry is made
every time a new rate is measured. Similarly, periodic
pulses of uplift and subsidence attributed to the same
source would require multiple database entries. A
suitable approach at least for preliminary catalogue
entries, is to allow a ‘free text’ format, so that as
much information can be recorded as possible, allowing for unexpected styles of deformation that do not
conform to previously established definitions. This
also allows for a description of uncertainty, which
would currently be challenging to define uniformly
for InSAR measurements due to the diversity of data,
processing and analysis methods widely used.
However, community contributions provided in this
manner are likely to vary in consistency more than
entries to a database with clear definitions. The paths
taken to describe deformation by GVP’s VOTW database (orange) and COMET deformation catalogue
(red) drawn upon here, are indicated on the flowchart
in Fig. 7, which shows the areas of overlap and
difference between the two approaches. A further
consideration for the dissemination of InSAR data is
the challenge of storing and sharing the very large
data files. The seismic community generally share event

catalogues in the first instance, and an analogous approach for InSAR may be to share deformation signal parameters or heavily downsampled data.
Characteristics of shallow magmatic domains

InSAR measurements allow us to identify distinct sites
of magma storage at high spatial resolution. As relatively
few magmatic systems have been imaged tomographically (e.g., Lees, 2007; Sigmundsson, 2016), at many
volcanoes this provides the best evidence of the lateral
extent of many active magmatic domains. The decrease
in the number of deformation sources found with increasing depth (e.g., Figure 6) may reflect a transition
away from elastic rheology, but is also a consequence of
measurement detection thresholds (i.e., deep sources will
only cause measurable deformation if volume changes
are very large). The lateral distribution of sources, however, is not correlated to systematic measurement uncertainty or modelling choices, and is therefore expected to
capture real characteristics of magmatic systems. Laterally extensive magmatic domains encompassing multiple deformation sources (Figure 6) are consistent with
the upper levels of a complex, variable melt fraction system (e.g., Cashman et al., 2017). Mechanisms for deformation in such systems include the ascent and
intrusion of juvenile magma, the migration of mobile
melt/volatiles and phase transitions (e.g., crystallisation,
exsolution).
Broad zones of magma storage have previously been
identified by tomographic studies that found low velocity
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zones > 10 km in diameter beneath active volcanoes
(e.g., Lees, 2007) and by magnetotelluric studies (e.g.,
Aoki et al., 2013) that have detected large conductive
bodies up to 20 km away from the locations of recent
eruptions. Calderas where the manifestations of unrest
(e.g., seismicity, thermal anomalies, fumerolic gas emission) extend over a large area are expected to sit over
large, complex magmatic domains (e.g., Wicks et al.,
2006). InSAR observations of laterally offset deformation
at some stratovolcanoes (e.g., Delgado et al., 2017) have
provided new evidence of magmatic domain extent at
smaller, younger volcanoes. Deformation associated with
an eruption is more likely to be ‘central’ (< 5 km from
the volcano) than ‘offset’ (≥ 5 km distant), although
there are a few notable examples of distal deformation
accompanying eruption (e.g., Jay et al., 2014). ‘Offset’ deformation not associated with eruptions have been attributed to both magmatic and hydrothermal processes
(notably, Pritchard et al., 2013 and Takada and Fukushima, 2013), so distinguishing between these origins at
upper crustal depths is an important problem for understanding the shape and characteristics of magmatic
domains.
That ~ 24% of potentially magmatic InSAR signals are
centred over 5 km from the nearest volcano demonstrates
that laterally extensive active magmatic zones are not exceptional. Such ‘offset’ deformation sources have so far
been found in both rift zones and volcanic arcs, and at
volcanoes with a range of maturities. We expect melt-rich
lenses to be localised in zones with favourable stress conditions in volcanic arcs, in contrast to rift zones where
high melt fractions are likely to extend over larger areas.
This suggests that locations of deformation will vary more
in rift zones than in volcanic arcs, where stress conditions
may favour persistent magma reservoirs. Seismic reflection and field observations suggest that felsic sill complexes have total lateral extents of < 20 km, while shallow
complexes of mafic sills may have much greater lateral extents (e.g., Magee et al., 2016). This suggests that there are
likely to be major differences in the eventual geometry
and extent of mature magmatic domains in different tectonics settings and for different magma compositions. The
increasing total duration of global InSAR coverage will
provide data with which to examine variations between
active systems, as well as the impact of differences in melt
supply and magmatic system maturity.

Conclusions
Analysis of SAR images and InSAR measurements of
deformation are increasingly used in volcano monitoring, and are swelling the number of geodetically
monitored subaerial volcanoes, improving the spatial
resolution of routine observations and contributing
to our understanding of the diversity of ‘pre-
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eruptive’ deformation signals. We consider a reliable
and detailed record of past observations of volcanic
and magmatic deformation - preferably incorporating
uncertainties and description of ‘null’ results - to be
essential for the future interpretation of interferograms in volcanic settings. Our synthesis of global
InSAR measurements of volcanic and magmatic deformation has implications both for the design of
volcano monitoring strategies and for our understanding of the distribution of magma in the crust.
We use the historical InSAR catalogue as a ‘baseline’ for
assessing the contexts for which SAR is most useful for
monitoring applications. Deformation lasting more than a
few months, but less than a decade is best represented in
the InSAR records, with spatial extents of hundreds of
metres to hundreds of kilometres. However, the number
of deformation episodes that are (1) transient, lasting days
or less and not producing permanent deformation, (2) at
magnitudes of a few mm per year and (3) located several
kilometres from the nearest volcano may be underrepresented. The combination of data from multiple satellites
or constellations, longer total duration of satellite missions
and use of broad survey-mode regional measurements
can mitigate these gaps for future monitoring.
Of the InSAR deformation signals attributed to
magmatic processes, 24% are centred at distances
≥5 km from the nearest active volcano, and most
have sources in the shallow crust (< 10 km depth).
Such ‘offset’ deformation fields, many of which encompass the volcano, are found across different tectonic settings and include co-eruptive subsidence,
episodes of uplift, and subsidence triggered by great
earthquakes. This constitutes independent evidence
that magmatic processes take place over broad regions of the shallow crust (at least over many 10s of
kilometres) at many volcanoes, and is consistent with
a vision of magmatic processes that incorporates
spatially complex, dynamic zones of varying crystal,
melt and volatile fraction. Future analysis of the global set of InSAR measurements have potential to provide useful constraints on the characteristics of the
shallowest parts of trans-crustal magmatic systems.

Endnotes
1
We use the term ‘volcano observatory’ to refer to organizations with statutory responsibilities that include
monitoring volcanic hazards. In different countries this
may be a national geological survey or meteorological
office, an academic institution, or branch of the civil
service.
2
The initial public release of the deformation data on
31 March 2017 was updated to add figures and references on 8 May 2017 (VOTW version 4.5.6, unchanged
with the 4.6 update)
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Appendix 1
Contributor Guidelines for the COMET deformation
database as they appear on:
volcanodeformation.blogs.ilrt.org/how-to-submit-anentry
Volcano name, Volcano number, Latitude and Longitude should be as they appear in the Smithsonian
Database (download the ‘Holocene Spreadsheet’ from
the Database menu, here). In the case of deformation
not clearly associated with a particular volcanic edifice,
assign it to the nearest edifice and make this clear in the
Characteristics of Deformation box, including latitude
and longitude of the centre of deformation. Please take
particular care with volcanoes that have non-unique
names – check that the Volcano number, Latitude and
Longitude all match the Smithsonian Database.
Under Geodetic measurements, select ‘Yes’ for cases
where deformation measurements have been made, and
‘No’ if there have never been any measurements. If there
have been geodetic measurements and deformation of
the volcano was shown, the field Deformation Detected
should be set to ‘Yes’. This should only set to ‘No’ if
there have been geodetic measurements that have not
demonstrated deformation.
For the Measurement Method(s) check boxes, please
tick as many as apply. Make sure to record the time periods covered by each measurement method and any differences in the type of deformation measured in the
Characteristics of Deformation section. If you enter
text into the ‘Other’ box it will appear on the website
exactly as you type it, so make sure that it is phrased
clearly and concisely.
Please indicate the Duration of Observations using
dates (MM/YYYY) separated by a hyphen. If measurements were made over several discrete periods please list
these separated by a comma, e.g. 05/2007-08/2007, 01/
2008-10/2009.
Choose as many Inferred Causes of Deformation as
you judge to apply. For more information about the categories we use here, read this section. If you enter text
into the ‘Other’ box it will appear on the website exactly
as you type it, so make sure that it is phrased clearly and
concisely.
The Characteristics of Deformation box should
contain information about all of the observations of
deformation, their interpretation and results from
modelling. This should be as quantitative as possible
and include references (format: Anon et al., 2014).
The information contained here will of course vary
significantly between volcanoes, but please use the
points below as a checklist. You may need to address
each point for multiple measurement techniques or
periods of observation. Make sure to use SI units and
appropriate references in this section.
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• Where is the deformation? If not centred on the volcano, please provide lat/lon. What is the diameter of the
deformation? Describe the spatial deformation pattern
and how it relates to the volcano?
• How long did deformation last? Has there been more
than one deformation event?
• Give a qualitative description of the character of the
deformation. Was it steady, episodic or transient? Uplift
or subsidence?
• Provide quantitative information about the character
of deformation to back up your description. What was
its rate? By how much does it vary? How many pulses of
deformation have been measured? etc.
• Has a deformation source been inferred? What is the
best-fit source for the deformation? What is the uncertainty on this? How deep is the source (with what uncertainty)? What is the volume change of the deformation
source (with what uncertainty)?
You can add up to five References for each volcano
(one reference is compulsory). Please include all author
names and don’t use abbreviations in the title or journal
name. If the article has a doi, please use it and where
possible turn it into a hyperlink.

Additional file
Additional file 1: Table S1. Supplementary table summarising the
spatial and temporal characteristics ofdefomation signals discussed in this
article. Notes on estimated source depth and relevant citations are also
included. For full references, and a more detailed summary of past
observations, please refer to the VOTW deformation database and to the
COMET volcano deformation catalogue. (XLSX 46 kb)
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