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A B S T R A C T

Sentinel-1 has transformed how satellite radar data (SAR and InSAR) are used in volcanology. The systematic, 
long-term archive and open-access policy means that volcano observatories and research organisations have 
invested in integrating Sentinel-1 datasets into their monitoring systems. We identify 233 high priority volcanoes 
and estimate that Sentinel-1 data has been used in peer-reviewed publications for 90 of them. We examine a 
global archive of 3.3 million automatically processed Sentinel-1 interferograms of volcanoes and use machine 
learning methods to identify eruptions and periods of unrest. We then review the ways in which InSAR data are 
being used in different contexts. At frequently erupting basaltic systems in Iceland, Hawaiʻi, the Galápagos, and 
Piton de la Fournaise, InSAR has become an effective monitoring tool and is integrated with other datasets and 
models to forecast magma pathways. For large explosive eruptions, deformation measurements often remain 
challenging, but SAR backscatter is increasingly used to map damaging flows and measure the changing shape of 
ocean islands. Sentinel-1's long archive provides critical baseline measurements that are vital for measuring slow 
deformation, capturing new periods of unrest and providing fresh insights into subsurface dynamics. Under
standing the drivers of deformation remains challenging and typically relies on integration with external data
sets. Future European Space Agency missions have the potential to improve both resolution and coverage 
providing an even richer dataset to further enhance global volcano monitoring.

1. Introduction

Volcanic unrest can give warning of impending eruptions, thus 

monitoring and appropriate emergency management can save lives. A 
good example is the 2010 eruption of Merapi, Indonesia, in which about 
400 people were killed, but over 400,000 were evacuated and an 
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estimated 10,000 to 20,000 were saved (Pallister et al., 2013). The 
signals of unrest (e.g., seismicity, deformation, changes in gas chemis
try) can be measured and used to inform decisions such as defining 
exclusion zones and issuing evacuation alerts. (e.g., Sparks et al., 2012; 
Winson et al., 2014). However, less than half of the world's volcanoes 
have ground-based monitoring equipment and space-based methods are 
increasingly being used (Pritchard et al., 2018; Pritchard et al., 2022). 
Magma intrusions and subsurface pressure changes cause surface 
deformation and may lead to eruption; therefore, geodetic observations 
are key to understanding the structure and rheology of magmatic sys
tems (Dumont et al., 2022; Le Mével et al., 2021; Weber et al., 2025) and 
forecasting volcanic eruptions (Galetto et al., 2022; Gregg et al., 2022).

In the past 30 years, satellite technology has revolutionised the 
coverage, resolution and frequency of geodetic observations of vol
canoes (Pritchard et al., 2022). In 1997, deformation signals had been 
recorded at 44 volcanoes; by 2018, the number had risen to more than 
300 (Biggs and Pritchard, 2017; Dvorak and Dzurisin, 1997; Ebmeier 
et al., 2018; Furtney et al., 2018). The nature of the observations has 
changed from infrequent ground-based point measurements using 
traditional surveying techniques to dense time series of high-resolution 
images. These new datasets have revealed complexity in spatial and 
temporal patterns that was not apparent during the earlier era of vol
cano geodesy (Biggs and Pritchard, 2017; Ebmeier et al., 2018).

The regular acquisition strategy and open data policy of Sentinel-1 
has transformed the application of Synthetic Aperture Radar (SAR) to 
volcanoes from opportunistic research to a global monitoring tool (Biggs 
and Wright, 2020; Poland and Zebker, 2022). Since 2014, Sentinel-1 has 
acquired images every 6–12 days globally with a spatial resolution less 
than 30 m. Several groups have developed near-real-time processing 
systems that are robust enough for automated analysis (Agram et al., 
2016; Casu et al., 2019; Meyer et al., 2019; Morishita et al., 2020) and 
have designed ‘big data' tools to extract useful information from this 
enormous satellite archive (Biggs et al., 2022).

In this study, we review the use of Sentinel-1 for volcanology during 
its first decade of operation. In Section 2, we summarise the various 
ways in which SAR data can be used in volcanology and discuss the 
automated processing systems and machine learning approaches that 
have been and are being developed for Sentinel-1. In Section 3, we up
date global catalogues of volcano deformation using Sentinel-1 data, 
based on both traditional literature reviews and machine learning ap
proaches. In Section 4, we review the use of Sentinel-1 for significant 
eruptions including effusive eruptions at ocean islands, large magnitude 
explosive eruptions and other societally important volcanic events. In 
Section 5, we consider non-eruptive activity at volcanoes including 
stalled intrusion, restless calderas, and flank motion. Finally, we discuss 
the lessons learned from the first decade of Sentinel-1 data and look 
forward to the opportunities presented by the upcoming European Space 
Agency (ESA) missions.

2. Methods

2.1. Sentinel-1

The Sentinel-1 constellation consists of two satellites in the same 
orbit acquiring data in a pre-programmed operation mode to produce a 
consistent long-term data archive. The first satellite, Sentinel-1 A, 
launched in April 2014, was followed by Sentinel-1B in 2016. Sentinel- 
1B stopped delivering radar data in December 2021 while Sentinel-1 A 
has been operational for more than a decade. Sentinel-1C was launched 
in December 2024 and Sentinel-1D in November 2025. The Sentinel 
High Level Operation Plan (Potin et al., 2021) states that while two 
satellites were operating, tectonically and volcanically active areas 
within Europe should be revisited every 6 days and areas outside of 
Europe should be revisited every 12 days, but this has not always been 
practical. Data from most continental volcanic areas were acquired 
using Interferometric Wide (IW) swath mode, which steers the beam in 

both azimuth and range directions (TOPSAR) to acquire data with a 250 
km swath at 5 m by 20 m resolution. A small fraction (~0.09%) of 
Sentinel-1 data has been acquired in Stripmap (SM) mode over isolated 
oceanic targets where the continuity of the IW background mission is not 
an issue, such as Piton de la Fournaise (La Reunion), and Fogo (Cape 
Verde). These products have an 80 km swath at slightly less than 5 m by 
5 m spatial resolution.

Fig. 1 illustrates the different ways in which Sentinel-1 SAR data can 
be processed to provide information in volcanology, using the 2017 
eruption of Erta `Ale (Ethiopia) as a case study. Changes in surface 
scattering properties (backscatter) and phase coherence can be used to 
map volcanic deposits, and in the case of Erta `Ale, show that the lava 
flows are smooth close to the vent and rougher at greater distance 
(Gosling et al., 2025; Moore et al., 2019). The interferogram (InSAR) and 
pixel offset tracking measurements can be used to measure the amount 
of surface displacement in the satellite line of sight and in the case of 
Erta `Ale show the intrusion of a dyke (Moore et al., 2019; Xu et al., 
2017). Each of these methods can be used to produce a time series, 
providing detailed temporal as well as spatial information and reducing 
noise.

2.1.1. SAR backscatter
The amplitude, or backscatter, of the SAR signal represents the 

strength of the returned signal, providing information on the charac
teristics of the ground surface (Fig. 1a). The backscatter is a function of 
the known satellite observation parameters, including polarisation, 
wavelength and incidence angle, and also the surface scattering prop
erties (i.e., surface roughness, local incidence angle and dielectric 
properties), which vary across the landscape (Pinel et al., 2014). 
Sentinel-1 SAR data includes both co-polarized (e.g., VV and HH) and 
cross-polarized (e.g., VH and HV) backscatter measurements. Cross- 
polarized backscatter is sensitive to volume scattering, allowing for 
better differentiation between forested and unvegetated areas, as well as 
the detection of volcanic material emplaced within these environments 
(Poland, 2022; Solikhin et al., 2015). However, it is currently underu
tilised in volcanic monitoring (Poland, 2022).

Volcanic activity can significantly alter the ground surface through 
the emplacement and removal of material and the development of de
posits over time. The emplacement of lava flows (e.g., Ezquerro et al., 
2023; Goitom et al., 2015), pyroclastic flow deposits (e.g., Dualeh et al., 
2021), and ash (Goitom et al., 2015) dominantly cause changes to the 
surface roughness, which affects backscatter differently depending on 
radar wavelength. In contrast, lava dome growth and crack formation 
primarily affect the local topographic slope (e.g., Dualeh et al., 2023; 
Plank et al., 2019). Subtle temporal variations in backscatter can be 
caused by progressive weathering and compaction of deposits or vege
tation decay caused by degassing (Dualeh et al., 2023). The interpreta
tion of how the ground surface changes due to volcanic activity requires 
an understanding of the pre-eruption ground surface. The same deposit 
can cause either an increase or decrease in backscatter depending on the 
scattering properties prior to emplacement. The combined contributions 
to the surface scattering properties result in complex backscatter signals 
that can be challenging to interpret. However, radar images can provide 
insights when other sensors (e.g., optical or thermal) are limited by 
visibility due to cloud coverage.

SAR imagery can also be used to observe fluctuations in lava lake 
levels and lava flow thickness by calculating changes in the radar 
shadow widths (e.g., Barrière et al., 2022; Moore et al., 2019; Smittar
ello et al., 2023; Wadge et al., 2012). The accuracy of these measure
ments depends on the geometry of the volcanic feature with respect to 
the sensor's direction of travel and incidence angle. Continuous time 
series of lava lake fluctuations can provide insight about the connec
tivity of the system and potential about pressure changes in the shallow 
plumbing system (e.g., Moore et al., 2019).
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2.1.2. SAR interferometry (InSAR)
The phase difference between two co-registered SAR images is 

determined primarily by the changes in distance between the satellite 
antenna and the ground targets, provided any changes in surface scat
tering properties are small (Fig. 1b). Once the topographic phase 
contribution has been removed using a digital elevation model (DEM), 
the remaining signal can be attributed to surface deformation and 
changes in atmospheric conditions. Many detailed reviews of this 
capability are available including (Bürgmann et al., 2000; Hooper et al., 
2012; Pinel et al., 2014; Rosen et al., 2000).

The classic volcano deformation cycle suggests that volcanoes uplift 
prior to eruption as magma pressurises a chamber and then subside as 
magma is released during the eruption. Although this general pattern 
has been observed in some cases, dense time series of InSAR measure
ments reveal a much greater diversity of signal characteristics, 
compatible with the prevailing ‘transcrustal mush’ paradigm (Cashman 
et al., 2017). In reality, deformation signals at volcanoes are caused by a 
wide range of magmatic, hydrothermal and structural processes (Biggs 
and Pritchard, 2017; Ebmeier et al., 2018), and distinguishing between 
sources of deformation often remains challenging during periods of 
unrest (Pritchard et al., 2019). The characteristics of volcanic defor
mation that can be detected depend on the repeat interval of SAR ac
quisitions, resolution and wavelength of the instrument, rates of 
temporal and geometric decorrelation and noise (e.g., atmospheric 
contributions). Minimum detectable displacement rate or magnitude 
therefore differs from volcano to volcano, depending on radar wave
length, time span of observations, look direction of satellite, number of 
acquisitions in a time series, ability to reduce atmospheric noise, and 
level of coherence, but is typically on the order of a few centimeters.

Atmospheric effects, primarily due to water vapour in the tropo
sphere, cause anomalies which can obscure or distort deformation or 
even lead to misinterpretation of signals (e.g., Beauducel et al., 2000; 
Yip et al., 2019). These effects are particularly challenging at high-relief 
volcanoes where the stratification of water vapour can lead to artefacts 
that correlate to topography, especially in humid, tropical environments 
(Albino et al., 2020; Ebmeier et al., 2013) and in arid continental en
vironments, which are characterized by extreme seasonal variations in 

tropospheric temperature and water vapour (Biggs et al., 2021; Dogru 
et al., 2023). Correction approaches can be divided into three categories: 
those based on empirical relationships, those based on external data sets, 
and those based on weather models. They can be used individually or in 
combination and have variable levels of success depending on the 
environment (e.g., Bekaert et al., 2015).

2.1.3. Phase coherence
The loss of phase coherence between SAR images (Fig. 1c) depends 

on both the technical specifications of the satellite system (signal 
wavelength, repeat interval, orbital tube) and the temporal stability of 
surface scattering properties (Kellndorfer et al., 2022). This provides 
opportunities for measuring volcanic processes that change surface 
scattering properties, including lava flows, pyroclastic flows, lahars and 
tephra fall (e.g., Poland, 2022; Udy et al., 2024). However, poor 
coherence limits the use of Sentinel-1 InSAR data in areas dominated by 
dense vegetation or snow cover.

2.1.4. Pixel offset tracking
Pixel offset tracking matches patterns between two backscatter im

ages via image cross-correlation, producing displacement maps in 
across-track (range) and along-track (azimuth) directions (Fig. 1d). Pixel 
offset tracking is particularly useful for measuring displacement signals 
with gradients larger than 1 fringe per pixel, where InSAR cannot be 
used; however, the accuracy is significantly lower than that of InSAR, 
estimated to be 1/30th of the pixel dimension (Casu et al., 2011). This 
corresponds to roughly 8 cm in range and 47 cm in azimuth for Sentinel- 
1. Although pixel tracking has not been widely applied to Sentinel-1 
studies of volcanoes, it has considerable potential for measuring 
displacement during dyke intrusions and caldera collapses (e.g., Ham
ling et al., 2019).

2.1.5. Time series analysis
InSAR time series combine multiple interferograms to track changes 

in displacement over time. This is particularly important in volcanology 
where transient behaviour may reflect sudden changes in the system. 
Time series analysis addresses two of the key limitations of InSAR: loss of 

Fig. 1. Sentinel-1 Synthetic Aperture Radar (SAR) data over the 2017 eruption of Erta ‘Ale (Ethiopia) showing (A) Backscatter RGB change difference (28/01/ 
2017–01/01/2020), (B) Interferogram (04/01/2017–28/01/2017), (C) Phase Coherence (28/01/2017–01/01/2020), and (D) Range Pixel Offset Tracking (04/01/ 
2017–28/01/2017). Erta ‘Ale Crater outlined in black (red in C) and lava flow extent in (A). All images are from descending track. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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coherence due to changes in the scattering properties, and changes in 
radar path length not associated with surface deformation, such as at
mospheric effects (Hooper et al., 2012). Time series algorithms fall into 
two broad categories, the first being persistent scatterer InSAR, which 
targets pixels with consistent scattering properties in time and viewing 
geometry (Ferretti et al., 2002; Hooper et al., 2007), and the second 
being the more general small baseline approach (Berardino et al., 2003; 
Doin et al., 2011; Morishita et al., 2020). The selection of interferograms 
for the time-series analysis must be carefully considered and adapted to 
suit particular volcanic environments (e.g., Smittarello et al., 2022a). 
For example, at high latitudes, processing strategies can be adapted to 
skip images collected during winter months (e.g., Wang et al., 2023) and 
in vegetated areas to overcome the ‘fading signal’ attributed to soil 
moisture variations (e.g., Bedón et al., 2024; De Zan et al., 2013).

2.2. Automatic processing systems

Automatic InSAR processing systems are crucial for volcano moni
toring, leveraging satellite data to detect potential unrest, offer near 
real-time insights into volcanic activity and provide baseline measure
ments (Biggs et al., 2021; Tilling, 2008). While InSAR measurements 
have great potential for volcano monitoring in an observatory context, 
there are practical challenges to its uptake, especially in less-developed 
countries. In-house processing may be limited by the availability of 
suitable computers, reliable power and internet, as well as staff time 
required for training, radar processing and analysis (Watson et al., 
2022).

The regular, open acquisition policy of Sentinel-1 makes it especially 
suited to automation, and several platforms have been developed to 
process and share data. Systems broadly fall into two categories: 1) those 
that automatically process new data over one or more target volcanoes 
as the data are acquired, such as COMET's LICSAR system (Lazecký et al., 
2020), MOUNTS (Valade et al., 2019), AMSTer (d'Oreye et al., 2019), 
and the IREA system (Casu et al., 2019), and 2) on-demand services such 
as ESA's Geophysical Exploitation Platform (Foumelis et al., 2021), ASF's 
SARVIEWS project (Meyer et al., 2019), and Formater's Flatsim project 
(Thollard et al., 2021).

No global, automatic processing system specifically tailored for 
volcanoes is currently operational and volcanoes are a particularly 
challenging environment for multi-purpose processing systems. Default 
parameters designed for multiple applications and broad coverage may 
not always produce the best possible results at individual locations. Most 
detailed studies therefore rely on reprocessed datasets that have been 
optimised for a specific setting by making choices related to the inter
ferogram selection, pixel dimensions in the final geocoded image, type 
of phase filtering, unwrapping strategy, etc. (Bedón et al., 2024). For 
example, in parts of the world where the scattering properties of the 
Earth's surface change rapidly, the best approach may be to make only 
the shortest possible time-span interferograms to maximise coherence. 
In contrast, where seasonal snow cover makes measurement during 
winter impossible, a better strategy is to make fewer one-year in
terferograms that span the snowy season.

Weather models are routinely available globally and therefore 
particularly suited for providing atmospheric corrections for automated 
Sentinel-1 processing systems. For example, the COMET LICSAR system 
provides corrections based on the Generic Atmospheric Correction On
line Service for InSAR (GACOS), which uses the European Centre for 
Medium-Range Weather Forecasts (ECMWF) high resolution model (Yu 
et al., 2018). These, however, must be treated with caution for the many 
volcanoes where input data are sparse or orographic turbulence is sig
nificant, and the latency of data availability means that they cannot be 
used during emergency situations.

Several platforms have been developed to share the results of auto
matic processing systems without requiring local computing capacity 
beyond an internet browser. The Alaska Satellite Facility's cloud-based 
Hybrid Pluggable Processing Pipeline and OpenScienceLab platforms 

allow on-demand InSAR processing capabilities and cloud-based Jupyter 
Notebook platforms that enable end-to-end research right next to the 
archive of large data volumes, without requiring data download (Meyer 
et al., 2025). The COMET Volcanic and Magmatic Deformation Portal 
(comet.nerc.ac.uk/comet-volcano-portal, referred to as COMET Volcano 
Portal) is a set of online tools designed to allow observatory scientists to 
critically interrogate automatically generated Sentinel-1 interferograms 
and identify deformation around active volcanoes (Watson et al., 2022). 
The tools are designed for volcano observatory scientists and researchers 
to get a first look at InSAR data around a volcano and to facilitate 
comparison with ground-based measurements (e.g., GNSS, levelling) or 
to motivate tasking/processing of data from other satellites (e.g., X-band 
radar satellites).

2.3. Machine learning approaches

Sentinel-1 provides a long-term, open-source data archive with sys
tematic acquisition parameters, which is ideally suited to machine 
learning (e.g., Wassie and Milillo, 2025). For a more detailed discussion 
of the advantages and disadvantages of machine learning approaches in 
volcanology, the reader is referred to the recent review by Petrelli et al. 
(2025). Supervised-learning methods are designed for detecting signals 
whose characteristics are known and for which labelled datasets are 
available. For example, Convolutional Neural Networks (CNN) can be 
trained to identify deformation signals in InSAR images using labelled 
datasets (Anantrasirichai et al., 2018; Bountos et al., 2022) or synthetic 
images created from simple models of deformation processes and at
mospheric artefacts (Anantrasirichai et al., 2019b; Valade et al., 2019). 
Although training the network is computationally expensive, applica
tion to large datasets is very quick and can rapidly identify images that 
need expert analysis. Combining with stacking or time-series approaches 
lowers the detection threshold, allowing for the detection of slow unrest 
as well as rapid events (Anantrasirichai et al., 2019a; Beker et al., 2023). 
CNNs are also used to improve the quality of signals through denoising 
approaches (Abdallah et al., 2025; Sun et al., 2020) and to classify the 
pattern of deformation (Gaddes et al., 2024).

Unsupervised methods have the advantage that they require no prior 
knowledge of the signal characteristics, instead learning the character
istics of ‘normal’ behaviour during a training period (Chandola et al., 
2009). For example, time series of interferograms can be separated into 
component parts using blind signal separation methods, such as prin
cipal component analysis (PCA; Gaddes et al., 2018), independent 
component analysis (ICA; Ebmeier, 2016), and non-negative matrix 
factorisation (NMF; Gaddes et al., 2018). This can be used to detect 
changes in a component that was present during the training phase or 
the addition of new components that were not present during training 
(Gaddes et al., 2019). Deep learning techniques, including CNNs, 
Generative Adversarial Networks (GANs), and Variational Autoencoder 
(VAEs), can be trained in an unsupervised manner for anomaly detection 
(Popescu et al., 2025; Shakeel et al., 2022). Similarly, self-supervised 
contrastive learning does not require labelled data and instead learns 
meaningful representations of the data by contrasting similar and dis
similar data points (Bountos et al., 2021).

3. Global deformation catalogues

3.1. Use of Sentinel-1

We assess the impact of the Sentinel-1 mission on the number of 
observations of volcano deformation on a global scale by reviewing 
published articles and observatory reports that contain Sentinel-1 im
agery. This provides a preliminary impression of the coverage of 
Sentinel-1 observations, though heavily biased towards English- 
language literature and towards volcanoes where deformation is 
measurable (Fig. 2). We are also aware that Sentinel-1 is used by ob
servatories and others to monitor volcanoes for which there have been 
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no publications. We frame our analysis using the system proposed by the 
USGS Powell Center Volcano Remote Sensing Working Group (Pritchard 
et al., 2022) to guide the frequency of satellite observations required for 
volcano monitoring. Volcanoes with recent eruptions and significant 
population exposure were categorised as ‘Active’ (A1 or A2, weekly to 
monthly SAR observations), those with reports of unrest as ‘Quiescent’ 
(B1 or B2, sufficient SAR observations to maintain InSAR coherence) and 
those with no evidence for unrest since 1990 as inactive (C, quarterly 
SAR observations, or as necessary to maintain InSAR coherence).

The eruption catalogue of the Global Volcanism Program lists 322 
eruptions from 116 subaerial volcanoes with start dates in the first 10 
years of Sentinel 1's operations (April 2014–April 2024); however, we 
extend our analysis to the 264 (233 subaerial) volcanoes classified as 
‘A1’ or ‘A2’ according to the approach of the USGS Powell Center Vol
cano Remote Sensing Working Group (Pritchard et al., 2022). Weekly 
SAR observations are recommended for ‘A1’ volcanoes, which are 
defined here as having erupted since 1900 in regions with a Population 
Exposure Index (PEI) ≥6 (Loughlin et al., 2015), since 1990 with PEI >2, 
or having had an eruption between 2019 and 2025. Monthly to weekly 
SAR images are recommended for ‘A2’ volcanoes, which include those 
with eruptions since 1990 with PEI < 2. This classification of activity has 
been updated for this work (Supplementary Table) and aims to provide a 
basis for planning monitoring with SAR, optical and IR sensors. Since 
this classification exercise was last performed (Pritchard et al., 2022), 

some volcanoes have erupted or had their first detection of unrest, 
leading to an increase in activity classification (e.g., Socompa, C – 
‘inactive’, to B1 – ‘quiescent’, satellite observations of unrest since 
1990). Others have entered phases of quiescence (e.g., Cerro Hudson, A1 
to A2).

Of the 233 subaerial category ‘A' volcanoes, 90 have reports using 
Sentinel-1 imagery (39%), with the global distribution illustrated in 
Fig. 2a. Sentinel-1 imagery has been used to study volcanoes in all of the 
world's major volcanic regions, including tropical zones where C-band is 
commonly insufficient to penetrate dense vegetation. In Alaska, 75% of 
category A1 volcanoes have reports of Sentinel-1 observations, while in 
Indonesia only 26% have Sentinel-1 observations. In spite of the chal
lenges of making useful measurements in tropical, highly vegetated re
gions, the number of Sentinel-1 observations that have been made in 
Indonesia, Australia and Papua New Guinea are higher than might have 
been expected relative to numbers of previously reported InSAR defor
mation measurements (Fig. 2d), perhaps due to the relative accessibility 
Sentinel-1 data. By contrast, there are lower numbers of Sentinel-1 ob
servations reported at Japanese volcanoes, for which L-band ALOS-2 
imagery is available.

Insets (b) and (c) show more detail of South America, where 70% of 
A1/A2 volcanoes have Sentinel-1 observations and Indonesia, where 
only 24% have observations. (d) Number of A1 volcanoes with reported 
Sentinel-1 observations and number with InSAR deformation 

Fig. 2. (a) Global completeness of Sentinel-1 observations for volcanoes considered priorities for satellite remote sensing (categories ‘A1’ and ‘A2’). Purple triangles 
indicate A1 or A2 volcanoes where at least one Sentinel-1 interferogram has been published (volcanoes with only backscatter observations are not included), while 
yellow triangles are A1 or A2 volcanoes with no reports of Sentinel-1 observations. Grey circles indicate volcanoes where InSAR measurements of deformation pre- 
Sentinel (all activity categories). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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measurements from all satellites (L-, C- and X-band) in the 20 years prior 
to the launch of Sentinel-1. Note that Sentinel-1 has not increased the 
number of volcanoes with reported observations in Alaska. The unla
belled points in the lower left of the plot include regions where 
marginally more volcanoes have Sentinel-1 observations than reported 
InSAR measurements pre-2015 (New Zealand, Fiji and the Mediterra
nean), regions with no change (Africa, Iceland, Hawai'i, USA) and with 
fewer Sentinel-1 than pre-2015 observations (Philippines and West 
Indies).

3.2. Automatic detections

In this section, we analyse the first decade of Sentinel-1 observations 
using the LICSAR database, which contains 3.34 million InSAR images of 

volcanoes (Lazecký et al., 2020). This is by far the largest dataset yet to 
be systematically analysed, surpassing the 600,000 interferograms re
ported in Biggs et al. (2022). However, the archive is heterogenous and 
incorporates interferograms generated for several purposes including 
routine background processing, detailed studies of individual volcanoes 
and applications outside of volcanology. Thus, the number and duration 
of interferograms varies significantly between volcanoes. For example, 
at Campi Flegrei (Italy) there are nearly 20,000 interferograms with 
timespans greater than 9 months, but at most volcanoes there are less 
than 1000 (Fig. 3e, Supplementary Table). However, due to differences 
in environmental conditions (e.g. snow and vegetation cover), it will 
never be possible to produce a completely uniform dataset and these 
heterogeneities must be accounted for during the analysis.

First, we use the supervised machine learning approach of 

Fig. 3. Machine Learning approaches for detecting volcano deformation in Sentinel-1 datasets. a) Results of the CNN-detection algorithm applied to the 3.34 million 
interferograms in the LICSAR archive from the first decade of Sentinel-1 operations. The 30 volcanoes most frequently flagged following GACOS atmospheric 
corrections are displayed, with the percentage of short interferograms flagged on the x-axis and the percentage of long interferograms flagged on the y-axis. The red 
names correspond to false positives (Supplementary Table). b-d) Results of the LiCSAlert algorithm for eight of the volcanoes, with periods of volcanic unrest labelled. 
b) high unrest metrics associated with volcanoes that went on to erupt. c) moderate unrest metrics for volcanoes that experienced changes in deformation rate, but 
did not go on to erupt. d) low unrest metrics for volcanoes that did not change behaviour but are subject to large topographically correlated atmospheric signals. e) 
Violin plot showing the distribution of interferogram durations at each of the 30 volcanoes shown in panel a. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Anantrasirichai et al. (2019b), which uses a Convolutional Neural 
Network (CNN) for detecting volcano deformation in wrapped in
terferograms. Although more recent approaches such as transformers 
have been tested (Anantrasirichai et al., 2025) their performance has not 
yet been thoroughly investigated. We then apply the LiCSAlert algo
rithm to selected volcanoes at which the CNN flagged a large number of 
interferograms. LiCSAlert is a suite of machine learning methods for 
determining when the signals present in a time series of interferograms 
deviate from the previously exhibited behaviour (Gaddes et al., 2019). 
LICSAlert is sensitive to new deformation entering a time series but, in 
contrast to the CNN method, only aims to detect existing deformation 
patterns if they change in rate (i.e., it will not alert a user to continued 
steady-state deformation).

3.2.1. CNN
Initially, the CNN described in Anantrasirichai et al. (2019b) flagged 

61,235 of the 3.34 million interferograms (1.8%). The flagged images 
came from 621 different volcanoes, of which 39 had more than 100 
flagged interferograms. To reduce the effect of atmospheric artefacts, we 
applied a GACOS correction to the unwrapped version of the flagged 
interferograms (Yu et al., 2018) and repeated the analysis. We then 
rewrapped the corrected interferograms to ensure compatibility with the 
same CNN-based model used above. Anantrasirichai et al. (2019b) re
ported a positive predictive value (PPV) of 82% without GACOS and 
100% with GACOS. We introduced four different offsets to the 
unwrapped interferograms to generate variations in phase jump posi
tions after wrapping following (Anantrasirichai et al., 2019a). This 
reduced the number of flagged interferograms to 26,934, which is 0.8% 
of the total.

Fig. 3a shows the detection results for the 30 volcanoes most 
frequently flagged as potentially deforming by the CNN-based frame
work after applying GACOS correction. As the dataset is heterogeneous, 
with different numbers and durations of interferograms at each volcano, 
we show the detection percentages (rather than total number of de
tections) and subdivide into short interferograms and long interfero
grams. The detection threshold varies between volcanoes thus there is 
no simple mapping function between detection threshold and displace
ment rate (Biggs et al., 2022; Anantrasirichai et al., 2019a). Nonetheless, 
to illustrate the typical values, we use a mid-range estimate of ~5 cm 
from Biggs et al. (2022). We define short interferograms as those less 
than or equal to 12 days (the repeat interval of Sentinel-1) and we would 
expect to detect discrete events with displacements above this threshold. 
We define long interferograms as those with timespans greater than 9 
months and we would expect to be able to detect steady rates >6.7 cm/ 
yr.

This plot gives a first order approximation to the type of deformation 
detected: 1) continuous, rapid deformation will be detected in both long 
and short interferograms and plot in the top right quadrant (e.g., Sierra 
Negra); 2) continuous, slow deformation will be detected in long in
terferograms, but not short ones and will plot in the top left quadrant (e. 
g., Campi Flegrei); 3) atmospheric noise will be detected in equal 
numbers of short and long interferograms and will plot in the bottom 
right quadrant (noting the different scales for x- and y- axes); and 4) 
transient deformation will produce small numbers of detections with a 
slightly higher percentage in long interferograms than in short ones and 
will plot in the bottom left quadrant (e.g., Etna). More detailed analysis, 
including time-series approaches, source modelling and comparison 
with other monitoring data is required to fully understand the cause of 
deformation in each case.

Campi Flegrei (Italy), produced the largest number of flagged in
terferograms (13,122), of which 12,837 are long interferograms with 
time-spans greater than 9 months. The intense processing effort at this 
volcano means that a much larger number of interferograms (13,122) 
are available here in comparison to other volcanoes (Supplementary 
Table) and the overall detection percentage of 36% is similar to other 
restless caldera systems. This includes Laguna del Maule (Chile), 

Domuyo (Argentina) and Askja (Iceland) which are flagged in many long 
term interferograms (51%, 30% and 9% respectively), but very few 
short-term ones, reflecting the slow, steady nature of the deformation at 
these systems (Le Mével et al., 2021; Lundgren et al., 2020; Parks et al., 
2024). It is worth noting that the number of long interferograms avail
able depends on the processing strategy for a given volcano and 
consequently some volcanoes may not be flagged despite relatively high 
rates of deformation This includes restless caldera systems in the East 
African Rift (Albino and Biggs, 2021) and those in densely vegetated 
areas, including Indonesia.

The largest proportion of flagged interferograms (65%) are from 
Sierra Negra (Galápagos), which is flagged in both short- and long-term 
interferograms reflecting its status as the most rapidly and persistently 
deforming volcano globally (Section 4.1.3: Galápagos). Six other 
Galápagos volcanoes are ranked in the top 30 (Fernandina – 23%; 
Darwin – 18%, Wolf – 12%, Cerro Azul – 9.7%; Ecuador – 6.7%; Alcedo - 
2.8%), although many of the flags at Darwin are artefacts caused by its 
proximity to Sierra Negra. In Hawaiʻi (Section 4.1.1), K̄ılauea is flagged 
in 67% of the long-term interferograms, while Mauna Loa's 2022 erup
tion also caused detections in over 3000 interferograms. Both the 
Rekjanes and Krysuvik tiles lie on the Reykjanes Peninsula of Iceland, 
where the ongoing dyke intrusion sequence is described in Section 4.1.2.

Fujisan (Japan), has a large number of detections, but is known to be 
a site of atmospheric artefacts that are challenging for the CNN to 
distinguish from real deformation (Biggs et al., 2022). The application of 
GACOS atmospheric corrections reduce the number of false positives but 
does not remove them entirely - the overall detections decrease from 
14.7% to 4.9%. Similarly, the number of detections at Fogo (Cape Verde) 
decreases from 18% to 3.5% once GACOS has been applied. Other vol
canoes in the top 30 whose detections appear to be caused by atmo
spheric artefacts include Las Cumbres and Pico de Orizaba (Mexico) and 
Tata Sabaya and Ollague (Bolivia), where the overall detection per
centages are reduced from 2- 4% to 1.3–1.6% when GACOS is applied. 
Similarly, although Vesuvius has a large number of detections the per
centage of detections is very small (0.2%). Some of these are likely at
mospheric in origin, but longer timespan interferograms may record 
slow deformation at rates <1 cm/yr. Inteferograms from Kverkfjoll, 
Grimsvotn, Esjufjoll and Bardarbunga (all in Iceland) are mostly inco
herent due to the icecap, but the small percentage of interferograms that 
are coherent (<1%) are affected by ice motion.

Etna (Italy), Nevados de Chillan (Chile) and Nevados Casiri (Peru) 
make up the remainder of the top 30 and have all experienced transient 
deformation signals (Astort et al., 2022; Biggs et al., 2022; Bonforte 
et al., 2019; De Novellis et al., 2019; Lizama et al., 2025). Biggs et al. 
(2022) also reported a large number of detections at Erte Ale (Ethiopia) 
and Rinjani (Indonesia) but as the transient deformation did not 
continue and no new detections were added, these volcanoes dropped to 
44th and 39th respectively in the rankings. This highlights the dangers 
of ranking volcanoes based on the number of detections alone, because 
persistent atmospheric artefacts may produce a larger number of de
tections than transient deformation signals.

Overall, of the 30 most flagged volcanoes, we find that 17 are asso
ciated with real deformation signals (9 rapid persistent, 4 slow, 
continuous, and 4 transient) and 13 are false positives (5 ice-related 
deformation, 7 dominated by atmospheric signals, and 1 contaminated 
by the signal from a neighbouring volcano) as described in the supple
mentary table. Conversely, we cross-reference the flagged volcanoes 
against the list of 90 category A volcanoes which have reported defor
mation using Sentinel-1 InSAR data described in Section 3.1 and find 
that 46 have at least one flag and 18 have more than 25 flags. This 
suggests that although the current machine learning techniques show 
promise in automatically detecting deformation signals, they do not yet 
match the performance of expert analysis.

3.2.2. LiCSAlert
The basis of the LiCSAlert algorithm is described in Gaddes et al. 
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(2019), but we also provide a brief summary here. The algorithm uses a 
baseline time series of approximately three years to determine the 
background behaviour of each volcano. We first apply spatial indepen
dent component analysis (sICA) to recover the deformation and atmo
spheric signals that mix to form each interferogram, and then determine 
how each signal contributes over time by performing a least squares 
inversion to reconstruct each interferogram from the recovered sources. 
When used for volcano monitoring, the contribution of each signal to 
each new interferogram is recorded, allowing for any significant change 
in their level of contribution to be detected. Additionally, the residual 
signal in each interferogram that cannot be explained by a combination 
of the baseline signals is also recorded, allowing the algorithm to detect 
new deformation signals. If deformation that occurred during the 
baseline stage persists but slightly changes spatially, the residual when 
this is fit using the original (i.e., baseline) deformation signal would also 
increase and produce an increased unrest metric.

This approach produces a rich data set that details how each latent 
signal contributes in time, and also how the residual evolves. To 
condense this, we present here only the deviations of the most signifi
cant deformation signal (which we term the “existing deformation un
rest metric”) and the deviations of the residual (which we term the “new 
deformation unrest metric”). As the Sentinel-1 acquisition strategy re
sults in most volcanoes being imaged in at least two frames (i.e., 
ascending and descending), this analysis is repeated for each frame, with 
the maximum of either the new deformation unrest metric or the 
existing deformation metric across all frames being recorded as the 
unrest metric for each day.

Fig. 3b-d shows the results from our analysis of eight volcanoes 
selected from those that the CNN flagged when applied without GACOS 
corrections and which represent a range of processes. Fig. 3b shows 
three volcanoes that exhibited unrest and went on to erupt (Reykjanes 
Peninsula, Wolf Volcano, and Mauna Loa), each of which have a low 
unrest metric before eruption, which then jumps at the time of eruption. 
Following each eruption, the unrest metric gradually decays as the 
deformation associated with it recedes into the past, which allows the 
algorithm to reset in readiness to detect new episodes of unrest, as 
demonstrated through the detection of the multiple eruptions that 
occurred on the Reykjanes Peninsula. While this approach does not 
smooth the onset of unrest, it does smooth the end of unrest. This is a 
reasonable compromise to allow the algorithm to reset for future unrest.

Fig. 3c shows the results of our analysis of volcanoes that experi
enced unrest but did not go on to erupt. At Askja, the reversal from 
subsidence to uplift that occurred in early 2021 is clearly identified 
though a large increase in the unrest metric. At Campi Flegrei, accel
eration in the uplift that occurred in 2024 is also identified, as well as 
acceleration in the uplift that occurred at Sierra Negra in early 2022. In 
both of these cases, the unrest metric reaches its peak 6–12 months after 
the onset of acceleration, and this time delay depends on the magnitude 
of the acceleration change. Fig. 3d shows the results of our analysis at 
volcanoes that did not experience unrest but were subject to strong 
topographically correlated atmospheric phase screens. The low unrest 
metric demonstrates that the LiCSAlert algorithm can detect these true 
negative cases, preventing interpretation of strong atmospheric signals 
as signs of volcanic unrest.

4. Sentinel-1 studies of significant eruptions

In this section, we focus on significant eruptions that have occurred 
during the first decade of Sentinel-1 data acquisitions. As demonstrated 
in Section 3, basaltic intraplate ocean island volcanoes are some of the 
most frequently deforming volcanoes globally, and these are discussed 
in Section 4.1. In contrast, large explosive eruptions are often more 
challenging to study using InSAR, and Section 4.2 reviews the use of 
Sentinel-1 at the large magnitude explosive eruptions (VEI4+) to have 
occurred between 2014 and 2024. Finally, we review additional erup
tions that have had particular societal significance, either due to a large 

number of fatalities or the scale of evacuations.

4.1. Effusive eruptions

4.1.1. Hawai'i
Ground deformation on the Island of Hawaiʻi – including K̄ılauea and 

Mauna Loa volcanoes – is measured by the U.S. Geological Survey's 
Hawai'ian Volcano Observatory (HVO) using a network of in situ sensors 
(tiltmeters, GNSS sensors, and gravimeters) and SAR satellites. In 
addition to Sentinel-1, access to data from other radar satellites (e.g., 
TerraSAR-X, COSMO-SkyMed) is facilitated by Supersite designation for 
Hawai'i's volcanoes. The variety of data sets, combined with frequent 
volcanic activity, provides a unique ability to resolve magmatic pro
cesses (Fig. 4).

From 1983 to 2018, K̄ılauea erupted almost continuously from a rift 
zone vent at or near Pu‘u‘ō‘ō some 20 km from the summit, and from 
2008 to 2018 also from a summit lava lake During the 1983–2018 
eruption, changes in magma supply, vent elevation, tectonic stress, and 
other factors led to changes in magma pressure and intrusions in the 
summit and rift zones. Sentinel-1 data were used operationally by HVO 
to track unrest and to share changes with the public, and by the broader 
community for research purposes. An early application came in 2015, as 
heightened magma system pressurization led to an intrusion beneath 
K̄ılauea's summit. Combined with other geodetic data, a Sentinel-1 
InSAR time series was used to model the geometry of two summit 
magma reservoirs and suggest that the event may have been caused by a 
short-term increase in magma supply to the volcano (Bemelmans et al., 
2021).

In 2018, an intrusion into K̄ılauea's lower East Rift Zone 40 km from 
the summit triggered a series of destructive events, including an Mw6.9 
décollement earthquake, eruption of >1 km3 of magma from the lower 
East Rift Zone, and collapse of the summit caldera (Anderson et al., 
2024; Neal et al., 2019). Operationally, interferograms and amplitude 
images from Sentinel-1 and other satellite SAR sensors were used by 
HVO during the eruption to monitor magma movement and the early 
stages of caldera collapse when the vent was obscured by tephra emis
sions. Subsequently, the data have contributed importantly to numerous 
research efforts (Fig. 4). Together with GNSS, tilt, and lava lake eleva
tion data, Sentinel-1 interferograms were used to resolve the location, 
geometry, and total volume of the subcaldera magma reservoir in the 
days before collapse started, as well as the critical failure thresholds at 
which collapse began (Anderson et al., 2019). The data were also used to 
track and model the dike intrusion and magma extraction from the rift 
zone, suggesting that the décollement earthquake was triggered by 
stress change induced in part by the dike (Chen et al., 2019; Kundu et al., 
2020). Other applications of Sentinel-1 data to the 2018 eruption 
included detecting surface fault slip (Wang et al., 2019), modelling 
caldera collapse processes (Roman and Lundgren, 2021), and mapping 
lava flows using SAR coherence (Lee et al., 2023).

HVO's extensive operational use of Sentinel-1 and other SAR data – 
which includes situational awareness, the internal development of 
explanatory models, and communications with the public and the 
observatory's partners continued in the years after 2018. Processes 
recorded at K̄ılauea during this time include multiple intrusions and 
eruptions as the volcano recovered from the 2018 activity, while data 
from Mauna Loa were used to track the buildup to its 2022 eruption, co- 
eruption dike intrusion and magma reservoir depressurization, and 
subsequent post-eruption repressurization. Research efforts include the 
development of an automated routine for integrating GNSS and InSAR 
time series data (Corsa et al., 2022) and mapping lava flows to investi
gate the potential for using InSAR correlation to track volcanic activity 
on Venus (Brandin et al., 2024).

4.1.2. Iceland
Automated processing of Sentinel-1 interferograms at the Iceland 

Meteorological Office (IMO) is used for routine monitoring of Iceland's 
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34 active volcanoes. Reactivation of the Reykjanes Peninsula 
commenced in December 2019, with a week-long microearthquake 
swarm at the Fagradalsfjall volcanic system followed by inflation, 
detected by Sentinel-1 and GNSS, at the Svartsengi volcanic system the 
following month. A series of dike injections and eruptions then occurred 
at Fagradalsfjall between February 2021 and August 2023 (Parks et al., 
2023; Sigmundsson et al., 2022) initially accompanied by a series of 
large earthquakes reaching greater than Mw5. Sentinel-1 was used with 
GNSS and other radar satellites to constrain the location and volume of 
the dike injections and the slip for the largest earthquakes.

Meanwhile a series of uplift episodes, constrained by Sentinel-1 and 
GNSS, continued to occur at Svartsengi, eventually culminating in a 
major rifting event in November 2023, when a 15 km long dike was 
emplaced, with ultra-rapid initial magma flow rates of 7400 m3s− 1 

(Fig. 5, Sigmundsson et al., 2024). This event was also accompanied by 
earthquakes reaching greater than Mw5. Since then, a series of dyke 
intrusions and eruptions have occurred at Svartsengi (Parks et al., 2025), 
causing significant damage to houses, roads, hot water pipes, and power 
networks in and around the town of Grindavík. Inflation, constrained by 
Sentinel-1 and GNSS, has been almost continuous, punctuated only by 
periods of deflation during diking events and eruptions, and the 

deformation rate and style is used to forecast when the events are likely 
to occur (Parks et al., 2025).

4.1.3. Galápagos
Six volcanoes in the Western Galápagos experienced unrest with 

significant deformation since the launch of Sentinel-1 A, of which three 
also had effusive eruptions: Wolf (2015, 2022), Sierra Negra (2018), and 
Fernandina (2017, 2018, 2020, 2024). Comparison of deformation 
measured using Sentinel-1 (Fig. 6a) to historical InSAR datasets show 
that locations of magma storage at these volcanoes (Fig. 6b) have been 
consistent, to within modelling uncertainty, for almost three decades 
(Reddin et al., 2024). Furthermore, correlations in displacements be
tween all six active volcanoes (Alcedo, Cerro Azul, Darwin, Fernandina, 
Sierra Negra, and Wolf) between 2015 and 2022 are statistically sig
nificant, especially during periods of elevated magma flux into the 
shallow crust (Reddin et al., 2023). This has been attributed to pore 
pressure diffusion in sill complexes at the base of the crust, analogous to 
systems proposed to exist beneath Mauna Loa and K̄ılauea (Gonnermann 
et al., 2012), allowing changes in a magmatic zone beneath one volcano 
to affect neighbouring systems. Sentinel-1 has provided a much- 
increased temporal density of geodetic observations, allowing both 

Fig. 4. Sentinel-1 images of Kı̄lauea volcano during its 2018 lower East Rift Zone eruption and summit collapse. (a-b) Backscatter images from the summit showing 
the collapse of the caldera, which was ongoing when the second image was acquired. (c) Backscatter image of the lower East Rift Zone (ERZ) acquired on 1 July 2018 
with pink indicating lava flows mapped by the Hawaiian Volcano Observatory. The backscatter imagery clearly shows the active lava channel and growth of the 
coastline due to lava emplacement d) Ascending-mode interferogram spanning 2 May to 1 July 2018 showing displacement in the range direction caused by magma 
evacuation from the summit and middle ERZ, intrusion into the lower ERZ, and the Mw6.9 earthquake. Incoherent areas are caused mostly by forest and, in the lower 
ERZ, new lava flows (shown in pink) (e) Large magnitude displacements measured using pixel offset tracking in the range direction and refined using the inter
ferometric phase. A mask is applied based on the offset cross-correlation coefficients and interferometric coherence. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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more granular analyses of eruption progression than previously possible 
(Davis et al., 2021), as well as applications of novel approaches to 

comparing deformation time series (Reddin et al., 2023).
Deformation at Fernandina, the most frequently erupting of the 

Western Galápagos, has typically been characterized by inter-eruptive 
uplift lasting months to years and subsidence during eruptions. For 
example, Sentinel-1 interferograms showed that the eruption from a 
circumferential fissure in 2017 was supplied by connected reservoirs at 
~1 km and 5 km depths below the surface, both of which recharged 
steadily until an eruption in 2018 that was oriented radially to the 
summit caldera and that was primarily supplied from the deeper reser
voir (Galetto et al., 2023). In contrast, Sentinel-1 imagery showed that 
although the 2020 eruption was limited to a single day of lava flows 
from a fissure oriented circumferential to the caldera on the east flank, 
significant intrusion in the SW flank accompanied the eruption, which 
was also followed by three months of island-wide deformation. The 
volumes of magma involved in the intrusive event that accompanied the 
2020 eruption were significantly larger than those intruded and erupted 
during each of the 2017 and 2018 eruptions (Galetto, 2023). Uplift 
during the 2020 eruption to the southwest of Fernandina Island, and 
extending offshore, is related to an offshore intrusion or eruption 
(Galetto, 2023; Reddin et al., 2024). Between the 2020 event and the 
February 2024 eruption, uplift was centred on the caldera and is 
consistent with increases in volume in the shallower (1 km depth) 
reservoir. Complex co-eruptive subsidence in February 2024 was related 
to syn-eruptive transport of magma to a circumferential fissure.

Sierra Negra uplifted over 6.5 m in at least 4 distinct phases between 
eruptions in 2005 and 2018, with a well-constrained magma accumu
lation depth of about 2 km below the surface (Bell et al., 2021). Sentinel- 
1 data were modelled in near real time using an Ensemble Kalman Filter 
(EnKF) to forecast the timing of reservoir failure, 5 months in advance of 
the 2018 eruption (Gregg et al., 2022). Sentinel-1 interferograms then 
captured the propagation of an unusual, highly curved sill, whose tra
jectory was controlled by the interaction of competing stresses, and that 
eventually surfaced to feed a fissure eruption (Davis et al., 2021).

Recent eruptions at Wolf in 2015 and 2022 provide a good example 
of Sentinel-1 imagery capturing a volcano's full eruptive cycle. Although 
regular Sentinel-1 acquisitions at Wolf did not begin until the end of 
2015, there were a few descending acquisitions during the 2015 
circumferential and intracaldera eruptions between May and July, and 
that contribute to a picture of hydraulically connected reservoirs at 1 
and 5 km depths below surface (Xu et al., 2017), or alternatively to 
single reservoir interacting with a caldera bounding ring fault (Liu et al., 
2019). Between 2017 and the 2022 eruption, Wolf caldera uplifted by 
more than 40 cm, with displacement data modelled plausibly by 

Fig. 5. Sentinel-1 interferogram spanning dike intrusion and deflation of a shallow magma reservoir occurring between 10 and 12 November 2023, at the Svartsengi 
volcanic system, Iceland. (a) wrapped and (b) unwrapped (modified from Sigmundsson et al., 2024).

Fig. 6. (a) Map showing cumulative Sentinel-1 displacement of the Western 
Galápagos between January 2017 and July 2018 and spanning an intrusion at 
Cerro Azul and eruptions at Sierra Negra and Fernandina. Time series show 
representative displacements over a longer duration for each of the 6 active 
volcanoes (2017–22), after Reddin et al., 2023; note the different ranges of 
displacement amplitudes for each volcano and that positive values correspond 
to a reduction in range (generally indicative of inflation/uplift). (b) Diagrams 
showing magma storage areas adapted from Reddin et al. (2024), incorporating 
interpretations from Galetto, 2023, Xu et al., 2017 and others. Magmatic zone 
depths and geometries from inversion of Sentinel-1 imagery (2015–2024) in 
orange, for both co- and inter-eruptive displacements compared to previous 
interpretations of deformation in grey.
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interconnected stacked sills (Reddin et al., 2024) or by an asymmetri
cally opening ring fault that would have promoted the opening of the 
radial dyke that fed the 2022 fissure eruption (Xu et al., 2023).

4.1.4. Piton de la Fournaise, La Réunion
Since 1998, in addition to routine in situ monitoring carried out by 

the Observatoire Volcanologique du Piton de la Fournaise using seismic 
and GNSS networks, the volcanic activity of Piton de la Fournaise has 
been continuously monitored using InSAR data as part of a French na
tional observation service (OI2/SNOV-ISDeform/INSU; Richter and 
Froger, 2020). A wide variety of SAR data have been employed for this 
purpose, provided by various sensors operating in X, C, or L bands. This 
monitoring has enabled the imaging of ground surface displacements 
associated with 61 magma intrusions (57 eruptions and 4 failed erup
tions) that took place between March 1998 and July 2023.

For monitoring volcanic ground deformation using Sentinel-1, the 
higher spatial resolution of Stripmap (SM) mode is preferable to Inter
ferometric Wide Swath (IW). Recognizing this advantage, ESA agreed in 
May 2015 to alternate Sentinel-1 acquisitions between IW and SM 
modes over La Réunion, with an average 24-day revisit interval for both 
ascending and descending passes. From October 2016, the launch of 
Sentinel-1B allowed the interval between successive acquisitions to be 
reduced to 12 days while maintaining the alternate acquisition of IW and 
SM images. This acquisition strategy, optimal for displacement charac
terization, continued until the failure of Sentinel-1B in December 2021. 
Subsequently, acquisitions were made in IW mode for both ascending 
and descending passes every 12 days until May 2022. From that point 
onward, IW data were acquired every 12 days for descending passes and 
SM data every 12 days for ascending passes. This acquisition scenario is 
significantly less favourable than the previous one for precise displace
ment characterization; however, during this period, Sentinel-1 data 
were supplemented with other datasets, particularly numerous ALOS-2 
Spotlight-mode acquisitions, to continue monitoring the activity of 
Piton de la Fournaise.

Since the beginning of Sentinel-1 acquisitions over Piton de la 
Fournaise in July 2015, 26 intrusions (23 eruptions and 3 failed erup
tions) have been imaged by at least one ascending and one descending 

Sentinel-1 interferogram. Systematic inverse modelling of ground 
displacement associated with the 26 intrusions determined the location, 
geometry and stress changes for each. These analyses were com
plemented by inverse modelling of the 35 intrusions (34 eruptions and 1 
failed intrusion) recorded prior to Sentinel-1 acquisitions between 1998 
and July 2015, and measured by other InSAR sensors and by GNSS, 
leading to intrusion and fault models for a total of 61 displacement 
events (Dumont et al., 2022). This extensive analysis provided valuable 
insight into the structure and dynamics of the volcano's magma 
plumbing system, and major flank slip structure. For example, a spoon- 
shaped intrusion zone accommodating 45% of the intruded volume was 
imaged (Fig. 7a). This structure, suggestive of a rotational landslide, 
connects at the surface to the main NE-SE rift zone. The intrusion 
mechanism shows a continuum, transitioning from pure opening in the 
main rift zone to sheared intrusion and pure slip further east (Fig. 7b). 
On a geological time scale, it is likely that this structure is responsible for 
catastrophic flank failures, as evidenced from bathymetry. Four sec
ondary rift zones were also imaged by the systematic modelling of 
intrusive events (Fig. 7a). Since 2015, Sentinel-1 acquisitions have 
contributed to understanding the link between stress inherited from 
intrusions and slip events and the location of subsequent events 
(Dumont et al., 2024). The increase in normal stress in the main rift zone 
explains the alternation of intrusions in the NE and SE rift zones, as well 
as the occurrence of intrusions in the secondary rift zones when normal 
stress in the NE-SE rift zones is too large to accommodate magma 
intrusion (Fig. 7c). It also explains that successive intrusions take place 
at increasing distances from the summit. Stress modelling also showed 
positive feedback where rift zone intrusions decrease normal stress, and 
increase Coulomb stress in the sill zone, explaining the occurrence of 
sills and sheared sills. Conversely, the intrusion of sills and sheared sills 
decreases normal stress in the rift zones, further allowing new rift zone 
intrusions. Since April 2021, normal stresses are at their maximum in the 
main rift-zone, and at their minimum in the sill zone, explaining the 
occurrence of sill intrusions in October 2021 and July 2023.

Sentinel-1 data were also used to test a new method for tracking the 
propagation of magma by joint inversion of InSAR and GNSS data 
(Smittarello et al., 2019). Indeed, in May 2016, Sentinel-1 acquired an 

Fig. 7. Piton de la Fournaise intrusions. a) From systematic modelling of 61 magma intrusions (57 eruptions and 4 failed eruptions) in 1998–2023, a main rift zone 
(red) and four secondary rift zones (yellow, green, blue and purple) were identified. b) West-east cross-section showing the variation in fracture displacement when 
going towards the sea. c) Timeline of 2015–2023 intrusions. The top plot shows the location of each eruption along the rift zone (colors refer to the rift zone colors in 
a). The middle plot shows the mean normal stress increase in the main rift zone where dike opening takes place and in the sill zone where sills, sheared intrusions and 
slip take place. The bottom plot shows the distance of the eruptive fissures from the summit. Adapted from Dumont et al. (2022) and Dumont et al. (2024). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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image during magma propagation, separating the displacements 
induced by the beginning of the magma injection from those associated 
with the final opening of the eruptive fissures. The analysis showed that 
magma started to propagate in a sill that paused for 5 h before its final 
upward propagation in a dike that fed the eruption.

4.1.5. Macaronesia (Canaries, Cape Verde and the Azores)
Ocean island volcanoes exhibit a wide range of eruptive recurrence 

times. At first order, eruption rates are proportional to magma flux rates 
and it is often more challenging to characterize the behaviour of low 
magma flux rate ocean islands due to their infrequent activity (González 
et al., 2013). Sentinel-1, with its high repeatability and operational ca
pabilities, has enabled the tracking of a few of those elusive eruptive 
events that occur after decades of quiescence, for example, the 
November 2014 eruption of Fogo volcano (Cape Verde Islands) and the 
2021 Tajogaite eruption in La Palma (Canary Islands).

The 2014–2015 Fogo eruption marked the first significant surface 
deformation event imaged by Sentinel-1's Terrain Observation by Pro
gressive Scans (TOPS). The analysis of Sentinel-1 data revealed a multi- 
segmented dike system feeding the eruption, with magma ascending 
beneath the Pico do Fogo. This was the first demonstration that the 
geophysical parameters of magmatic intrusion models could be inferred 
from TOPS burst acquisitions (González et al., 2015).

For the 2021 Tajogaite eruption, multi-temporal Sentinel-1 in
terferograms from ascending and descending orbits captured pre- and 
co-eruptive deformation. Particularly relevant was modelling of 
Sentinel-1 displacement maps to reveal pre-eruptive sill-like magmatic 
intrusions evolving into a complex dike system (De Luca et al., 2022). 
During the co-eruptive phase, this complex network of interconnected 
sills and dikes modulated the eruptive activity as revealed by changes in 
crater arrangement, with at least three distinct phases of activity linked 
to pressure surges and increased seismic activity (Muñoz et al., 2022).

The lava flow fields generated during the Strombolian-style erup
tions from Fogo and Tajogaite significantly impacted population centers, 
necessitating rapid post-eruptive reconstruction efforts. A key challenge 
arose from the urgent need to rehouse displaced populations and restore 
road connectivity on such small islands, leading to construction directly 
on actively cooling lava flows. Basaltic lava flows, characterized by 
variable thicknesses, undergo rapid initial contraction and compaction, 
followed by a gradual deceleration over longer timescales (Chaussard, 
2016; Purcell et al., 2022). Consequently, severe damage to new housing 
in Chã das Caldeiras (Fogo) was concentrated in areas of rapid subsi
dence (Bagnardi et al., 2016), while by summer of 2024 newly paved 
roads in La Palma showed accumulated damage and cracking correlated 
with high-strain areas identified in post-eruption Sentinel-1 time series 
(González and Garmendia, 2024). Sentinel-1 data were pivotal to 
demonstrating such a link and offers a way to fully consider 
post-emplacement lava flow dynamics while planning infrastructure 
reconstruction following future eruptions.

4.2. Large explosive eruptions

Measuring the deformation associated with large explosive eruptions 
at stratovolcanoes is particularly challenging using InSAR. Many stra
tovolcanoes have snow or ice at their peaks and heavily vegetated flanks 
that, along with steep topography results in poor coherence and geo
metric distortions. Frequent height changes during eruptions mean that 
the DEMs required to correct topographic phase contributions are often 
out of date. Here we systematically report on the largest explosive 
eruptions that occurred during the first decade of Sentinel-1 operations. 
We rank the Global Volcanism Program list of eruptions for April 
2014–April 2024 by Volcanic Explosivity Index (VEI; Newhall and Self, 
1982) and find one VEI 5 eruption (the 2022 eruption of Hunga Tonga- 
Hunga Ha'apai in the Kingdom of Tonga) and twelve VEI 4 eruptions of 
which four occurred in Indonesia and three in Papua New Guinea. In this 
section, we review to what extent Sentinel-1 has been used at each of 

these large explosive eruptions. We exclude the 2015 eruption of Wolf, 
which was described in Section 4.1.3 and the 2021 eruption of 
Fukutoku-Oka-no-Ba, which was submarine (Fauria et al., 2023).

4.2.1. Manam, Papua New Guinea 2015 & 2018
Manam is one of the most frequently active volcanoes in Papua New 

Guinea and is one of the world's largest emitters of SO2 due to persistent 
open-vent degassing (Carn et al., 2017). During the first decade of 
Sentinel-1 observations, the Global Volcanism Program recorded VEI 4 
eruptions on 31 July 2015 and 25 August 2018 as well as several VEI 2–3 
events. Manam is a challenging target for InSAR measurements, how
ever, as it sits on a densely vegetated island 10-km wide located 
approximately19 km off the coast of the mainland. Although previous 
studies have demonstrated the potential of L- and P- band SAR to map 
volcanic flows at Manam (Weissel et al., 2004), we could not find any 
published analysis using Sentinel-1 or useful data via automated pro
cessing systems.

4.2.2. Calbuco, Chile, 2015
Calbuco volcano in Chile had an unexpected and large (VEI 4) 

eruption in April 2015. No precursory deformation was detected before 
the eruption by tiltmeters or InSAR (Delgado et al., 2017; Valderrama 
et al., 2015), but the number of local earthquakes increased about 3 h 
before the eruption (Valderrama et al., 2015). Co-eruptive ground sub
sidence, however, was well characterized by InSAR and provided unique 
information about the magma reservoir depth and volume change 
associated with the eruption (Delgado et al., 2017; Nikkhoo et al., 2016). 
Sentinel-1 was also used to map the changes to the crater morphology 
and eruption deposits (Pritchard et al., 2018).

4.2.3. Sinabung, Indonesia 2018–2019
Sinabung entered its current phase of eruption in 2010 after hun

dreds of years of quiescence. From late 2013 to 2021, activity was 
characterized by lava flows, explosive eruptions, and cycles of lava 
dome growth, collapse and resulting pyroclastic density currents 
(Gunawan et al., 2019). During the first decade of Sentinel-1 operations, 
there were three VEI 4 eruptions in Feb 2018, April 2018 and June 2019. 
While the repeated explosions and collapse events were short in dura
tion, they resulted in fatalities and necessitated repeated relocations of 
more than 25,000 people. The pyroclastic deposits of the February 2018 
eruption were mapped by Poland (2022) using cross-polarized ampli
tude imagery from two different dates combined with interferometric 
coherence across those same dates.

InSAR detection of deformation at Sinabung at all wavelengths is 
dominated by the subsidence of the flow deposits covering the southeast 
quadrant of the volcano (Hanif et al., 2024), which is also the only sector 
of the volcano with consistently good coherence at C-band. We note that 
the Sentinel-1 interferograms are almost always incoherent at the lo
cations of continuous GNSS stations that detected phases of uplift prior 
to 2010 and 2013 eruptions (Hotta et al., 2019). Frequent explosive 
eruptions and high-rate changes in topography prevent InSAR mea
surements at Sinabung's summit crater, while tropical vegetation in the 
surrounding area cause rapid temporal incoherence at C-band. The VEI 4 
explosion in Feb 2018 destroyed the existing lava dome, created a new 
summit crater and was followed quickly by another VEI 4 explosion in 
April. Although the summit lava dome regained some coherence in the 
year between the April 2018 event and the VEI 4 June 2019 eruption, it 
is not clear if true displacements are distinguishable from large atmo
spheric phase contributions and unwrapping errors without further 
work (Fattah et al., 2023). Sinabung is an exceptionally challenging 
target for monitoring with C-band InSAR; L-band imagery may have 
sufficient coherence to enable deformation measurements in the sur
rounding area.

4.2.4. Ulawun, Papua New Guinea. 2019
Over the past 70 years, the Ulawun volcano has erupted several 
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times. The most recent major eruption (VEI 4) began on 26 June 2019, 
with increased seismic activity and ash plumes rising more than 8 km. It 
was followed by lava flows and pyroclastic density currents that reached 
nearby villages, displacing around 11,000 people, although no fatalities 
were reported (Orynbaikyzy et al., 2023). No ground deformation was 
detected before or during the eruption, probably due to the low coher
ence of the volcanic edifice, which is heavily vegetated (Ebmeier et al., 
2013; McKee et al., 2021). Despite challenges in tracking magma 
movement, Sentinel-1 was crucial in delineating areas impacted by 
eruptive activity and accurately mapping eruption deposits, with its 
polarimetric decomposition features notably improving ash deposit 
mapping (Orynbaikyzy et al., 2023).

4.2.5. Soufrière St. Vincent, St Vincent and the Grenadines, 2020–2021
La Soufrière, St Vincent, is the most active subaerial volcano in the 

Eastern Caribbean, and historical eruptions have caused significant fa
talities. The 2020–2021 eruption did not cause any loss of life but 
~16,000 people were evacuated during the explosive phase, which 
began on 9 April 2021 (Robertson et al., 2024). SAR imagery provided 
crucial observations of the evolution of the dome during the initial, 
effusive phase of the eruption (27 December 2020 to 8 April 2021) 
adding important information to ground-based observations that were 
hazardous to collect. The images recorded a change in growth direction 
from vertical to horizontal and could be used to observe structural 
changes (e.g., crack formation). Topographic extraction from SAR im
ages provided a dense time series of dome volume and extrusion rates, 
resolving steady effusion during the majority of the eruption up until 
just before the onset of the explosive phase on April 9, 2021, when a 
rapid increase in effusion rate was noted (Dualeh et al., 2023). While 
sensor resolution, polarisation and incidence angle determined which 
sensors and tracks were most useful for the analysis, the 6 day repeat 
Sentinel-1 acquisitions allowed for a continuous timeseries of change, 
bridging gaps in other datasets.

4.2.6. Taal, Philippines, 2020
Taal volcano is located about 65 km south of Manila and has had 

several large historical eruptions. It experienced a VEI 4 eruption on 
January 12, 2020 directly affecting half a million individuals and 
causing ~$69 M worth of damage to infrastructure and agriculture (Bato 
et al., 2021). Sentinel-1 detected co-eruptive deflation of a shallow 
reservoir and emplacement of a lateral dyke 20 km long (Fig. 8c), and a 
temporal incoherence model was used to map the distribution of ash fall 
to the northeast (Naranjo et al., 2023). Pre-eruptive inflation of a 
reservoir at 5 km depth was only detected retrospectively, although it 
had been tracked as it was occurring with ground-based GNSS stations 
(Bato et al., 2021).

4.2.7. Semeru, Indonesia 2021
Semeru has been continuously erupting since the beginning of 

Sentinel-1 acquisitions in October 2014. The activity has mostly been 
dominated by lava flows within a horseshoe-shaped scar on SE flank and 
small explosive eruptions, which cause poor coherence due to the rapid 
topographic changes. On 4 December 2021, a rainfall-induced dome 
collapse triggered a VEI 4 explosive eruption, producing block-and-ask- 
flows and lahars that caused fatalities (Thouret et al., 2023). These de
posits could be accurately mapped by semi-automatic algorithms based 
on Sentinel-1 coherence, backscatter and polarimetric decomposition 
(Kurnianto et al., 2024; Orynbaikyzy et al., 2023). Time series of 
Sentinel-1 data show that negative line-of-sight displacements of up to 
30 cm occurred continuously between October 2014 to 2023 on the SE 
flank around the horseshoe-shaped scar (Galetto et al., 2025), but there 
was no clear LOS displacement associated with the December 2021 VEI 
4 eruption. Furthermore, the observed displacements seem related or to 
a shallow hydrothermal reservoir or to surface processes (e.g., gravita
tional spreading) and not to the main magma reservoir (Galetto et al., 
2025).

4.2.8. Hunga Tonga-Hunga Ha'apai, Kingdom of Tonga, 2022
The January 15, 2022, eruption of Hunga Tonga–Hunga Ha'apai is 

Fig. 8. Sentinel-1 interferograms showing dyke intrusions associated with significant eruptions. a) Agung (Indonesia). 24 day interferogram spanning 9 September-3 
October 2017. b) Etna (Italy). 6-day interferogram spanning 22-28th December 2018. c) VEI 4 eruption Taal, (Philippines) on 12th January 2020. 6-day interfer
ogram spanning 09-Jan-2020 to 15-Jan-2020. d) Nyiragongo (DRC). 12-day interferogram spanning 21-May-2021 to 2-June-2021 Interferograms automatically 
processed using the COMET LICS system (Lazecký et al., 2020). Each colour cycle represents 2.8 cm of displacement in the satellite line-of-sight. Black lines are model 
dyke locations from a) Albino et al. (2019), b) Bonforte et al. (2019), c) (Bato et al., 2021), d) Smittarello et al. (2022b).
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thought to be the largest volcanic event since the 1991 eruption of Mt. 
Pinatubo in the Philippines. Following a period of vigorous shallow- 
water explosive activity beginning in mid-December 2021, the erup
tion culminated in a massive explosion generating unusual concentri
cally propagating atmospheric acoustic-gravity waves that traversed the 
globe multiple times (Matoza et al., 2022). This explosion also triggered 
an exceptionally fast-traveling global tsunami, recorded worldwide with 
minimal far-field dissipation, reaching Japan and Chile in under 7 and 
10 h, respectively—significantly faster than a typical point-source 
tsunami (Omira et al., 2022). Total destruction of the two islands 
(Hunga Tonga and Hunga Ha'apai) prevented the application of satellite 
radar interferometry to study the eruption mechanism, but Sentinel-1 
amplitude images were widely used to capture the change in land
masses (Fig. 9a-c; Wei et al., 2025).

4.3. Other societally significant eruptions

4.3.1. Fuego, Guatemala. 2018
The 3 June 2018 eruption at Volcan de Fuego was an atypical 

eruption for that volcano, producing rapid and far-reaching pyroclastic 
density currents (PDCs) that extended up to 12 km from the summit and 
destroyed the community of San Miguel Los Lotes. The eruption resulted 
in 332 officially reported missing people, with some reports suggesting 
up to 2900 fatalities (Naismith et al., 2020).

The dense vegetation and tropical environment of Fuego meant that 
InSAR measurements were not possible; however, Sentinel-1 and 
COSMO-SkyMed backscatter imagery were able to provide valuable 
insights into the extent and development of the deposits. Sentinel-1 
imagery captured the full distribution of the PDCs within the drain
ages and where it overspilled drainage banks (Dualeh et al., 2021; 
Poland, 2022). The difference in viewing geometry allowed for the 
identification of a pyroclastic surge not previously reported and only 
partially visible in the COSMO-SkyMed imagery. These observations 
provided information on the extent of the fresh PDC deposit, identifying 
exactly which drainages were affected, where flows were channelised, 
where they overtopped drainages and flowed in different directions 
from previous eruptions - information that can be critical for under
standing possible future flow paths. The high-resolution X-band 
COSMO-SkyMed imagery was able to observe complexity within the 
pyroclastic flows and small magnitude changes that were not visible in 
the Sentinel-1 imagery (Dualeh et al., 2021).

4.3.2. Anak Krakatau, Indonesia, 2018
On December 22, 2018, the southwestern flank of the Anak Krakatau 

collapsed into the sea after days of explosive eruptions, generating a 
tsunami that caused 437 fatalities and displaced almost 34,000 people. 
The island height was reduced by half and its coastline was transformed. 
Sentinel-1 imagery provided an early indication of the island's new 
morphology just 8 h after the eruption (Fig. 9d-f; Williams et al., 2019). 
The evolution of the new topography and ongoing processes (e.g., ocean 
waves and suspended sediments) are even clearer using SAR imagery 
from different sensors, with the higher spatial resolution of COSMO- 
SkyMed imagery being especially useful (Hunt et al., 2021). In 
conjunction with other available data, Sentinel-1 images were used to 
estimate the shape and volume range of the collapse and for tsunami 
simulations (Grilli et al., 2019). Retrospective analysis of Sentinel-1, 
ALOS-2 and COSMO-SkyMed imagery showed that the 2018 collapse 
was preceded by 15 m of slip on a detachment fault since 2012. Sentinel- 
1 data show a rate of about 1.1 m/yr between 2014 and 2018, with a 
notable acceleration prior to the 2018 collapse (Kim et al., 2024),

4.3.3. Whakaari/White Island, New Zealand, 2019
The 9 December 2019 eruption at Whakaari in New Zealand caused 

22 fatalities. The short-lived event occurred after a few weeks of 
heightened unrest had been observed with increased seismicity and vi
sual observations of geysering in the crater lake. Due to its small aerial 
footprint (~2 × 2 km), steep crater walls and frequent re-working of the 
vent area and crater lake, moderate resolution SAR data has had limited 
success in detecting precursory changes. Typically, the underlying pro
cesses driving the eruptive behaviour at Whakaari are shallow, limited 
to the area around the vent and have only been routinely detected with 
high resolution SAR datasets (e.g., TerraSAR-X, Hamling, 2017); how
ever, full-resolution Sentinel-1 persistent scatterer datasets are able to 
provide long-term observations of deformation over the wider island 
edifice and crater floor, complementing data from the higher-resolution 
sensors (Fig. 10). Furthermore, with a revisit time of only 6 days when 
two satellite are operating, reliable acquisition scheduling and a low 
latency between acquisition and availability, Sentinel-1 data provides 
useful support for monitoring.

4.3.4. Nyiragongo, Democratic Republic of the Congo, 2021
On 22 May 2021, Nyiragongo experienced a flank eruption that 

lasted 6 h and produced a lava flow that destroyed schools, health 
centres and churches, and that damaged critical infrastructure including 

Fig. 9. Sentinel-1 backscatter images showing change in island morphology associated with recent eruptions. a-c) 2022 Hunga Tonga–Hunga Ha'apai VEI5 
2021–2022, d-f) Anak Krakatau, Indonesia, 2018–2019. Solid and dashed lines indicate island shape in backscatter images and previous acquisitions respectively.
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the water supply for half a million people. Field surveys found that 220 
people died or were reported missing, over 750 people were reported 
injured and 4000–6000 homes were destroyed (Smittarello et al., 
2022b). Despite the dense and continuous deformation and seismic 
monitoring networks operating since 2015, this eruption was unex
pected, as none of the precursors seen before previous eruptions 
occurred (Smittarello et al., 2023). Sentinel-1 images spanning the event 
show a deformation pattern consistent with the propagation of a 25 km 
long dyke and in places forming a 450 m wide graben (Fig. 8d; Smit
tarello et al., 2022b). The dyke propagated southward for 10 days 
beneath the cities of Goma (Democratic Republic of the Congo) and 
Gisenyi (Rwanda) finally arresting beneath Lake Kivu, which contains 
large amount of dissolved methane and CO2. The intrusion fully drained 
the lava lake within the volcano's summit crater, which had been the 
largest lava lake in the world at that time.

5. Non-eruptive deformation

Sentinel-1's long-term, systematic archive is well suited to providing 
baseline measurements of slow steady deformation that occurs during 
non-eruptive periods. This is particularly important for volcanoes at 
which ground-based monitoring is limited or intermittent, such as those 
in remote locations or developing countries where resources are limited. 
In this section, we review three categories of non-eruptive deformation: 
stalled intrusions, restless caldera systems, and flank motion.

5.1. Stalled intrusions

Magma intrusion does not always result in eruption, but may still 
have significant societal impact especially if an evacuation is called 
(Barclay et al., 2019; Woo, 2008). Previous metadata studies have 
shown that about half of all deformation signals are associated with 
eruption (Biggs et al., 2014; Furtney et al., 2018). Here we discuss two 
examples of stalled magma ascent where Sentinel-1 data helped inform 
critical decisions about evacuations.

5.1.1. Agung, Indonesia 2017
In September 2017, a rapid increase in seismicity near Agung vol

cano on the island of Bali caused the volcano alert level to be raised to 
the maximum level. A VEI5 eruption in 1963 caused over 1000 fatalities, 
and the 2017 earthquakes could be felt by the local population and 
tourists causing intense social media interest and prompting a signifi
cant self-evacuation. The seismicity remained high for 4 weeks and at 
the peak over 140,000 people were officially evacuated (Syahbana et al., 
2019). Sentinel-1 interferograms from September 2017 showed several 
fringes of deformation correlated with topography, which weather 
models demonstrated to be an atmospheric artefact rather than volcanic 
deformation (Albino et al., 2020). Several images were shared on social 
media, however, and inaccurately attributed to ground deformation, 
with a negative impact on the management of the crisis (Syahbana et al., 
2019).

Retrospectively, Sentinel-1 images with atmospheric corrections 
applied showed a deformation signal on the NE flank of Agung volcano 
(Fig. 8a), interpreted as a dike intrusion between Agung and neigh
bouring Batur volcano (Albino et al., 2019). Although the seismicity 
dropped in late October and alert levels were reduced, an eruption at 
Agung began on 21 November 2017 lasting until June 13, 2019 (Andaru 
et al., 2022). Subsequent analysis of high resolution datasets (COSMO- 
SkyMed and TerraSAR-X) showed a very localised signal within the 
crater of Agung, which was poorly visible in Sentinel-1 imagery 
(Bemelmans et al., 2023).

5.1.2. São Jorge Island, Azores, Portugal, 2022
In March 2022, seismo-volcanic unrest started on São Jorge Island. 

The origin of the seismicity was uncertain due to the possibility of being 
tectonic or magmatic. The near real-time availability of Sentinel-1 
InSAR data proved essential to evaluate the situation, and analysis of 
interferograms was done by a national and international group of aca
demic scientists in close collaboration with the Portuguese Institute for 
Sea and Atmosphere (IPMA), Centro de Informação e Vigilância Sis
movulcânica dos Açores (CIVISA), and the Azores Islands government. 
Early interpretation of Sentinel-1 interferograms suggested that surface 
deformation was related to magma accumulation and ruled out major 
tectonic fault slip. This rapid assessment, enabled by Sentinel-1, pro
vided crucial information for decision-making during the crisis, 
contributing to the decision to relocate 85 vulnerable residents and 
influencing the voluntary departure of around 2500 people from the 
island. While no official evacuation order was issued, this significant 
population movement was facilitated by the government, which rein
forced transport services to allow people to leave.

Although the unrest ultimately ended without an eruption, the 
Sentinel-1 data were essential to retrospectively revealing the complex 
processes governing the interplay between magma ascent and fault zone 
dynamics. Sentinel-1 interferograms combined with seismic observa
tions and seismic autocorrelation imaging show evidence for a rapid 
magma ascent from the upper mantle along the pre-existing Pico do 
Carvão Fault Zone (PdC-FZ), followed by magma stalling beneath the 
island at a depth of around 2 km beneath the surface. The magma may 
have stalled due to lateral migration of devolatilized fluids within the 
fault zone, leading to increased magma viscosity (Hicks et al., 2024).

5.2. Restless calderas

Unrest at calderas can last from weeks to decades, with dramatic 
changes in the rate and pattern of surface deformation (e.g., Acocella 
et al., 2015; Biggs et al., 2014; Gottsmann and Battaglia, 2008; Newhall 
and Dzurisin, 1988) but without resulting in eruption. In Fig. 11, we 
compile InSAR observations from 8 different caldera systems that 
demonstrate the variability of temporal and spatial deformation patterns 
(Biggs et al., 2011; Foumelis et al., 2013; Garthwaite et al., 2019; Polcari 
et al., 2022; Riddick and Schmidt, 2011; Tizzani et al., 2009). The 
temporal pattern of these time series can be categorised as follows. (1) 

Fig. 10. Vertical deformation rates from before and after the 2019 eruption of 
White Island/Whakaari derived from ascending and descending Sentinel-1 data. 
Inset in the top left shows an aerial photo from 2022 with the location of the 
2019 vent highlighted by the yellow circle. Long term uplift, which is unin
terrupted by the eruption, is observed within the crater floor along with 
increased subsidence around most of the crater walls. Data provided by Sat
Sense Ltd. (https://satsense.com/). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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steady long-term uplift (e.g., Laguna del Maule (Chile), and Corbetti 
caldera (Ethiopia)); (2) continuous subsidence (e.g., Tambora 
(Indonesia)); (3) transient deformation - either uplift or subsidence 
occurring over timescales of 1–2 years (e.g., Tulle Moje (Ethiopia), 
Suswa (Kenya), and Long Valley, (USA)); and (4) a mixture of uplift and 
subsidence (e.g., Domuyo (Argentina), and Aluto, (Ethiopia)). With 
InSAR observations spanning three decades at some calderas, we can 
observe systems entering new periods of unrest (e.g., Campi Flegrei) or 
changes in ongoing unrest patterns (e.g., Aluto).

This compilation illustrates the improvement in the temporal density 
of observations provided by the Sentinel-1 satellite system. Acquisition 
for satellites prior to Sentinel-1 were infrequent and non-systematic, 
with on average an image every ~167 days. This varied greatly be
tween volcanoes and sensors, however, ranging from 36 to 426 days for 
the subset shown in Fig. 11 Bii, with year-long gaps in some timeseries 
(e.g., Aluto). In comparison, Sentinel-1 usually provides 6—12 days 
between images globally, allowing for more detailed timeseries that can 
be used to examine rapid changes (e.g., fluctuating rates at Campi Fle
grei; Fig. 11 Bi), as well as long-term deformation trends that may have 
been missed with longer intervals between images (e.g., seasonal signal 
at Aluto; Fig. 11 Bi).

Despite the improvements in data quality, understanding the dy
namics of the processes at depth remains challenging. The diversity of 
signals likely reflects the complex, poro-viscoelastic rheology of the 
subsurface systems within which magma, hydrothermal fluids and gases 
are all stored (e.g., Alshembari et al., 2023; Weber et al., 2025). The 
dense sampling of the Sentinel-1 time series shows some promise for 
disentangling processes with different spatial and temporal patterns 
(Dualeh and Biggs, 2025), but in most cases, it is necessary to include 
external datasets and apply sophisticated models. For example, finite 
element method models of Sentinel-1 data and dynamic gravity surveys 
at the inflating Corbetti caldera showed that the uplift was dominated by 
magmatic rather than hydrothermal processes (Gottsmann et al., 2020). 
At Campi Flegrei, in contrast, isotopic analysis of the fumarole gases is 
consistent with decompression-driven degassing of mafic magma at 
≥6km depth, suggesting a slightly different magmatic process driving 
uplift at that caldera (Caliro et al., 2025). Interpreting the source of the 
deformation signal in real time thus remains challenging, even at well- 
monitored systems.

Fig. 11. Line-of-Sight (LOS) displacement (A) Sentinel-1 mean displacement maps for 8 large silicic caldera systems from 2014 to 2023. (B) Corresponding 
displacement timeseries. The upper panel shows Sentinel-1 data from 2014 to 2023 and the lower panel show InSAR observations from earlier missions: Long Valley 
(USA) (ERS, 1992–2008, Riddick and Schmidt, 2011), Yellowstone (USA) (ERS-ENVISAT, 1992–2010, (ERS-ENVISAT, 1992–2010, Tizzani et al., 2015), Santorini 
(Greece) (ENVISAT, 2011–2012, Foumelis et al., 2013), Campi Flegrei (Italy) (ENVISAT, 2003–2011, Polcari et al., 2022), Alutu (Ethiopia) (ENVISAT, 2004–2010, 
Biggs et al., 2011), and Rabual (Papua New Guinea) (ALOS, 2007–2011, Garthwaite et al., 2019).
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5.3. Flank motion

Geophysical, geological, and bathymetric data show ubiquitous ev
idence of flank motion at volcanoes worldwide. These flank motions are 
steady most of the time, but they sometimes accelerate in association 
with eruptions and fault ruptures (e.g., Neal et al., 2019; Walter et al., 
2019) and they may culminate in catastrophic flank collapses, causing 
tsunamis or cascades of other hazardous events. The consistency of 
Sentinel-1 acquisitions enable measurements of both steady flank mo
tions and large amplitude transients associated with flank failure.

At ocean island volcanoes, Sentinel-1 has proven especially useful at 
detecting and characterizing flank motion. For example, at Piton de la 
Fournaise, seaward flank displacements were found to be induced by 
sheared intrusions (September 2020 and October 2021) and slip on a 
detachment fault (in October 2019) located beneath the eastern flank of 
the volcano (Dumont et al., 2022). At La Palma during its 2021 Tajogaite 
eruption, analysis of Sentinel-1 amplitude images tracked the opening of 
eccentric fractures and lava flows far from the main effusion vents, 
pointing to a potential relation with flank instability processes acting 
during the late phases of an eruption (González, 2022; Walter et al., 
2023). Sentinel-1 interferograms also captured the previously elusive 
kinematics of the Hilina and Koa'e normal fault systems at 
K̄ılauea—especially the relation between secular strain accumulation 
and major magmatic and decollement slip events along the mobile south 
flank of the volcano (Wang et al., 2019).

Sentinel-1 has similarly facilitated progress in understanding flank 
instability in arc settings. At Sangay (Ecuador), Sentinel-1 captured the 
movement of ~5 km2 of young volcanic deposits moving downslope at 
~5 cm/yr between 2019 and 2022, and persistent flank uplift related to 
the inflation of a dike beneath the western flank (Bedón et al., 2024). At 
Mount Etna, inverse modelling of Sentinel-1 data (Iozzia et al., 2024) 
demonstrated that the December 2018 summit eruption was associated 
with a sheared intrusion that accelerated slip of the mobile flank to
wards the sea and triggered a M.5 earthquake on a fault (Fig. 8b). On the 
other hand, at Pacaya (Guatemala) Sentinel-1 documented the slowing 
of flank slip following transient motion initiated by major eruptions in 
2010 and 2014 (Gonzalez-Santana et al., 2022). The largest flank failure 
event documented by Sentinel-1 took place at Anak Krakatau 
(Indonesia), where the flank collapse triggered a deadly tsunami in 
2018. Sentinel-1 amplitude images provided the first estimate of the 
collapse area (Ye et al., 2020) and retrospectively showed that the 2018 
collapse was preceded by 15 m of slip on a detachment fault, with a 
notable acceleration prior to the collapse (Kim et al., 2024).

6. Discussion

6.1. Lessons learned from a decade of Sentinel-1 observations

6.1.1. Advantages of Sentinel-1
Sentinel-1's data policy has transformed the utility of SAR data in 

volcanology (e.g., Biggs and Wright, 2020; Poland and Zebker, 2022). 
The systematic, long-term archive combined with an open-access policy 
means that volcano observatories and research organisations have 
invested in integrating Sentinel-1 SAR datasets into their monitoring 
systems. This has enabled SAR data to be used for baseline monitoring 
and in real-time crisis response, driven an increase in the number of 
volcanoes where SAR data are used and identified deformation at many 
volcanoes considered to be quiescent. In turn, this has increased the 
variety of deformation signals that have been observed at volcanoes at 
different stages of the eruptive cycle, providing new insights into the 
architecture and dynamics of magmatic systems and volcanic eruptions. 
In addition, Sentinel-1 SAR backscatter is increasingly being used to map 
eruptive products, including tracking lava flows and mapping damage 
areas associated with lahars and pyroclastic flows (e.g., Poland, 2022). 
The large, systematic Sentinel-1 datasets are ideally suited to machine 
learning approaches, with promising applications in detection, 

denoising, modelling and forecasting (e.g., Petrelli et al., 2025).
In this review, we have demonstrated how Sentinel-1 InSAR has 

become an effective monitoring tool at volcanoes worldwide. In com
bination with other monitoring techniques, Sentinel-1 has already pro
duced new understanding of major eruptions that occurred during the 
mission's first decade. The reduction in repeat interval from 6 days to 12 
days caused by the loss of Sentinel 1B significantly degraded the utility 
of Sentinel-1 data during crises, and the loss of both satellites would 
have a serious impact on operations. For example, it is fortunate that 
Sentinel-1 A could continue operating until Sentinel-1C and Sentinel-1D 
were launched.

A significant proportion of historically active volcanoes do not have 
any ground-based monitoring (Loughlin et al., 2015), and for many of 
these, satellite data are increasing being used as the primary tool for 
volcano surveillance. Open-access data portals, such as the one operated 
by COMET, allow users in developing countries the opportunity to 
analyse Sentinel-1 data from a web browser, and to download processed 
images for integration with their own monitoring data (Watson et al., 
2022). This has democratized the use of SAR data, fostering a wider user 
community. Although GACOS corrections are integrated into the auto
mated system, atmospheric noise remains a major challenge, especially 
at tropical island volcanoes where corrections based on weather models 
are only partially effective (e.g., Albino et al., 2020).

6.1.2. Limitations
A major limitation of Sentinel-1 imagery for volcano monitoring is 

the rapid decorrelation of C-band imagery over dense vegetation, 
especially in the tropics. This in practice limits measurements at many 
volcanoes to unvegetated summit areas or to recent flow deposits, 
making deeper magmatic processes unobservable. This is apparent in 
our assessment of the completeness of Sentinel-1 observations at 
recently active (A1 or A2) volcanoes (Fig. 2, Section 3.1). Sentinel-1 
measurements have been made that capture 80% of Africa's category 
‘A' volcanoes and 70% of South America's. However, in Indonesia and 
Japan, where most volcanoes are vegetated, only 22% and 24% 
respectively have been observed with Sentinel-1. The category A vol
canoes in these two regions together make up 25% of all category A 
volcanoes globally. L-band imagery performs significantly better than C- 
band in tropical forests and ecosystems, and with a systematic acquisi
tions strategy and open data would transform the utility of InSAR for 
monitoring volcanoes in tropical regions.

Despite the bold ambition of the Sentinel-1 acquisition plan, the 
global volcano dataset is still incomplete. Although the Sentinel High 
Level Operation Plan aims for a repeat interval of less than 12 days in all 
volcanically active areas (Potin et al., 2021), this has not been possible 
in practice, especially when only one satellite was operational. Even 
where long time-series of 12-day acquisitions are available, systematic 
InSAR processing of such a large dataset remains challenging. For 
example, Albino et al. (2022) found that ~8% of the interferograms 
processed by the LICSAR system for volcanoes in the East African Rift 
system did not pass quality tests based on average coherence and frac
tion of unwrapped pixels, and the proportion is likely much higher in 
other regions. The low resolution of Sentinel-1 IW mode compared to 
other SAR sensors means monitoring small-island volcanoes is especially 
challenging. This includes Manam, which has had several large explo
sive eruptions in the 20th century. Small-footprint signals associated 
with shallow processes may also be missed (e.g., Bemelmans et al., 2023; 
Hamling, 2017). The higher resolution of the stripmap mode (SM) ac
quisitions at isolated volcanic islands has been particularly useful in this 
respect (e.g., Dumont et al., 2022).

6.1.3. Application to volcano monitoring
At frequently erupting basaltic systems, the long, systematic 

Sentinel-1 time series has captured the full deformation-eruption cycle, 
allowing the monitoring of stress within the crust and the forecasting of 
magma pathways and future vent locations (e.g., Davis et al., 2021; 
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Dumont et al., 2024; Gregg et al., 2022; Rivalta et al., 2019). The large 
spatial extent of the IW mode acquisitions has facilitated exploration of 
the connections between different magmatic reservoirs and their re
lations to flank instability (e.g., González, 2022; Reddin et al., 2023). 
The global, systematic acquisition policy of Sentinel-1 has allowed the 
identification and measurement of deformation from a much larger 
number of volcanic systems at high temporal resolution than previously 
possible. Understanding the drivers of unrest within the complex 
magmatic plumbing systems, however, remains challenging and typi
cally relies on integration with external datasets (e.g., Caliro et al., 2025; 
Gottsmann et al., 2020).

Sentinel-1 SAR backscatter is increasingly being used to map damage 
associated with pyroclastic flows and lahars and the changing shape of 
volcanic islands for large explosive eruptions (Dualeh et al., 2021; 
Orynbaikyzy et al., 2023; Poland, 2022; Williams et al., 2019). Of the 10 
volcanoes with VEI4+ explosive eruptions occurring in the first decade 
that Sentinel-1 was operational, backscatter data were used at 7 and 
InSAR at just 4 because interferometric coherence was poor at several of 
these volcanoes. The only VEI4+ eruptions for which Sentinel-1 data 
were not used at all were the submarine eruption of Fukutoku-Oka-no- 
Ba and those on the small island of Manam.

A major challenge in volcano monitoring is to determine in real time 
whether a particular deformation signal is precursory. In several ex
amples, Sentinel-1 has been used to monitor magma accumulating and 
moving underground for several weeks prior to eruption, providing 
critical information for civil defence (e.g. Hawai'i, Iceland). For many 
other eruptions, however, precursory deformation was present but only 
detected after the eruption (e.g., Taal, Anak Krakatau), or no precursory 
signals could be identified even by detailed retrospective analysis (e.g., 
Calbuco, Nyiragongo). In other cases, challenging environmental con
ditions (e.g., vegetation and snow/ice cover, steep topography) pre
vented detection of surface displacements, and it is unknown if any 
precursory deformation occurred (e.g., Manam, Sinabung, White Island/ 
Whakaari).

The examples described in Sections 4 and 5 highlight the diversity of 
volcanic behaviour and environments, and the different ways in which 
Sentinel-1 SAR and InSAR data are being used. Given the complexity of 
volcanic systems, the lack of a unified approach is not surprising and 
reflects an emerging challenge in modern volcanology: the apparent 
contradiction between the perception that every volcano is unique, and 
classification systems based on commonalities among volcano 
morphology and eruptive style (Cashman and Biggs, 2014). The exam
ples described in Sections 4 and 5 demonstrate that volcanological in
sights typically arise from tailored, expert analysis that integrates data 
from multiple sensors. This represents a significant challenge for the 
design of automated analysis systems and highlights the need for in
ternational collaborations and intercomparison exercises to ensure that 
data from future missions and analysis systems achieve their full po
tential (e.g., Crozier et al., 2023; Pritchard et al., 2018; Pritchard et al., 
2022; Sadeghi et al., 2021).

6.2. Looking ahead

Over the next decade, several planned ESA missions offer the po
tential for another step-change improvement in volcano monitoring 
capabilities, including both Copernicus missions, which are committed 
to providing long-term, consistent datasets for operational purposes, and 
Earth Explorer missions, which are designed for scientific research. The 
next generation of Sentinel-1 satellites (Sentinel-1 NG) are currently in 
development and will have a repeat interval of 12 days, but a wider 
swath and a higher spatial resolution (25 m2). The wider swath will 
mean that each volcano will appear in more tracks, thus providing more 
frequent images and the higher resolution will improve the ability to 
measure more localised signals. This is particularly important for 
detecting eruption precursors caused by shallow processes (e.g., 
Bemelmans et al., 2023; Hamling, 2017) and identification of smaller 

features in backscatter images such as the opening and development of 
fractures and cracks and variations across flow deposits. The Copernicus 
expansion mission Rose-L will operate an L-band SAR satellite in the 
same orbit and spatial resolution as Sentinel-1 NG, expanding coherent 
InSAR coverage to volcanoes in densely vegetated areas such as 
Indonesia and Central America. The longer wavelength will also have 
advantages for measuring rapid or high magnitude signals that may be 
aliased in C-band data. These Copernicus missions, along with those 
planned by other space agencies, including NASA and ISROs' NISAR and 
JAXA's ALOS-4, mean the use of SAR data for volcano monitoring is set 
to grow over the decade ahead.

ESA's Earth Explorer programme also provides several opportunities 
for volcanology. The 10th Earth Explorer Mission, Harmony, will consist 
of two receive-only SAR systems operating in constellation with 
Sentinel-1D to provide multi-static SAR measurements (Prats et al., 
2023). The along-track component of deformation can be combined 
with Sentinel-1 data to enable the retrieval of a full 3-dimensional 
deformation field, and, in the across-track interferometry configura
tion, Harmony will produce time series of topographic change, 
improving estimates of effusion rates and providing up-to-date DEMs for 
InSAR processing (Pappas et al., 2025). Hydroterra+ is currently a 
candidate for ESA's 12th Earth Explorer mission, which if selected, 
would be the first SAR mission in a geostationary orbit (Jonas et al., 
2021). Harmony and potentially Hydroterra+ could also serve as a proof 
of concept for future Copernicus missions.

The operational nature of Sentinel-1 has provided a backbone of 
observations that have been used to motivate more detailed data 
collection, and during a crisis Sentinel-1 is often used with a variety of 
other remote sensing resources (Pritchard et al., 2022). ESA's third party 
mission programme (TPM) currently comprises over 50 missions owned 
by commercial providers and public organisations worldwide, while the 
Committee on Earth Observation Satellites (CEOS) Volcano Projects 
have provided access to SAR data from a variety of missions including 
COSMO-SkyMed, TerraSAR-X, and RADARSAT-1&2 (Galetto et al., 
2024; Pritchard et al., 2018). Several commercial SAR satellites (e.g., 
ICEYE, Umbra, and Capella) now acquire high-resolution SAR back
scatter images, and in some cases can produce interferograms. At pre
sent, these typically do not make systematic acquisitions over all 
volcanoes or have mechanisms designed to routinely respond during 
crises, however, these sensors have enormous potential in volcanology 
and developing partnerships with commercial providers will be key to 
their uptake by the volcanology community.

7. Conclusions

Sentinel-1 is the first satellite of the Copernicus programme, which is 
aimed to provide accurate, timely and easily accessible information to 
improve monitoring of the environment. This service-driven data policy 
has facilitated widespread use of Sentinel-1 SAR data and the resource 
has become integral to volcano monitoring efforts globally. In 2019, the 
USGS Powell Center working group categorised global volcanoes ac
cording to their need for satellite-based deformation measurement 
(Pritchard et al., 2022). This list is used to drive automated processing 
systems such as COMET LICSAR, but it is already outdated. In this study, 
we updated the original Powell Center list to include recent behaviour, 
categorising 233 volcanoes as highest priority subaerial volcanoes (A1/ 
A2) requiring weekly observations. Based on the published literature, 
we estimate that Sentinel-1 has been used at 90 of 233 A1/A2 volcanoes 
globally (57%). We applied machine learning algorithms to retrospec
tively identify signals in the automatically processed LICSAR archive of 
Sentinel-1 interferograms which contains 3.34 million images from the 
first decade of the Sentinel-1 mission. Although these algorithms can 
identify deformation signals retrospectively, they have yet to be 
routinely applied in real-time.

We review the ways in which Sentinel-1 data are being used at 
different volcanoes. At frequently erupting basaltic volcanoes in Iceland, 
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Hawaiʻi, and Galápagos, Sentinel-1 InSAR is integrated into routine 
monitoring and used to identify magma pathways and forecast the 
outcomes of unrest. In contrast, InSAR measurements could not be 
made, or were not useful, at several of the large explosive eruptions that 
occurred during the first decade, but Sentinel-1 SAR backscatter is 
increasingly being used to map damage associated with eruptive de
posits and flank collapses.

The long-term, systematic archive of Sentinel-1 data is particularly 
critical for detecting and understanding deformation when a volcano 
first enters a phase of unrest, especially given that roughly half of unrest 
episodes do not culminate in an eruption. Long-term baseline moni
toring has proven especially useful for mapping deformation at restless 
calderas and associated with flank instability, providing new insights 
into the complex dynamic interactions within magmatic plumbing sys
tems and between magmatic and tectonic systems. Understanding the 
drivers of deformation within complex magmatic plumbing systems, 
however, remains challenging and typically relies on integration with 
external datasets.
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coexistence of circumferential and radial dike intrusion during the January 2020 
eruption. Bull. Volcanol. 85, 71. https://doi.org/10.1007/s00445-023-01688-3.

Galetto, F., Acocella, V., Hooper, A., Bagnardi, M., 2022. Eruption at basaltic calderas 
forecast by magma flow rate. Nat. Geosci. 15, 580–584. https://doi.org/10.1038/ 
s41561-022-00960-z.

Galetto, F., Reale, D., Sansosti, E., Acocella, V., 2023. Implications for shallow magma 
transfer during the 2017 and 2018 eruptions at Fernandina (Galápagos) inferred 
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Galápagos. J. Geophys. Res. Solid Earth 112. https://doi.org/10.1029/ 
2006JB004763.

Hooper, A., Bekaert, D., Spaans, K., Arıkan, M., 2012. Recent advances in SAR 
interferometry time series analysis for measuring crustal deformation. 
Tectonophysics 514, 1–13. https://doi.org/10.1016/j.tecto.2011.10.013.

Hotta, K., Iguchi, M., Ohkura, T., Hendrasto, M., Gunawan, H., Rosadi, U., Kriswati, E., 
2019. Magma intrusion and effusion at Sinabung volcano, Indonesia, from 2013 to 
2016, as revealed by continuous GPS observation. J. Volcanol. Geotherm. Res. 382, 
173–183. https://doi.org/10.1016/j.jvolgeores.2017.12.015.

Hunt, J., Tappin, D., Watt, S., Susilohadi, S., Novellino, A., Ebmeier, S., Cassidy, M., 
Engwell, S., Grilli, S., Hanif, M., 2021. Submarine landslide megablocks show half of 
Anak Krakatau island failed on December 22nd, 2018. Nat. Commun. 12, 2827. 
https://doi.org/10.1038/s41467-021-22610-5.

Iozzia, A., Currenti, G., Cayol, V., Bonforte, A., Cannata, A., Froger, J., 2024. 
Mechanically consistent model of the 2018 Christmas volcano-tectonic event at Etna. 
Geophys. Res. Lett. 51, e2023GL108017. https://doi.org/10.1029/2023GL108017.

Jonas, C., Velarde, C., Gabrielli, S., Imre, E., Schulz, A.-T., 2021. Geo-Sar orbit 
characteristics derived from the hydroterra mission performance model. In: EUSAR 
2021; 13th European Conference on Synthetic Aperture Radar. VDE, pp. 1–6.

J. Biggs et al.                                                                                                                                                                                                                                    Remote Sensing of Environment 339 (2026) 115377 

21 

https://doi.org/10.1029/2024JB030974
https://doi.org/10.1029/2021JB022250
https://doi.org/10.1016/j.epsl.2022.117980
https://doi.org/10.1016/j.epsl.2022.117980
https://doi.org/10.1038/s41467-022-30109-w
https://doi.org/10.1016/j.epsl.2023.118494
https://doi.org/10.1029/97RG00070
https://doi.org/10.1029/97RG00070
https://doi.org/10.1002/2016JB013765
https://doi.org/10.1144/SP380.2
https://doi.org/10.1186/s13617-018-0071-3
https://doi.org/10.1186/s13617-018-0071-3
https://doi.org/10.1016/j.rse.2023.113668
https://doi.org/10.1016/j.rse.2023.113668
https://doi.org/10.1088/1755-1315/1227/1/012026
https://doi.org/10.1088/1755-1315/1227/1/012026
https://doi.org/10.1016/j.epsl.2023.118076
https://doi.org/10.1109/36.898661
https://doi.org/10.1093/gji/ggs135
https://doi.org/10.1109/IGARSS47720.2021.9553893
https://doi.org/10.1109/IGARSS47720.2021.9553893
https://doi.org/10.1016/j.jvolgeores.2018.10.002
https://doi.org/10.1029/2019JB017519
https://doi.org/10.1029/2024EA003679
http://refhub.elsevier.com/S0034-4257(26)00147-1/optb0HXzRqLOD
http://refhub.elsevier.com/S0034-4257(26)00147-1/optb0HXzRqLOD
http://refhub.elsevier.com/S0034-4257(26)00147-1/optb0HXzRqLOD
https://doi.org/10.1007/s00445-023-01688-3
https://doi.org/10.1038/s41561-022-00960-z
https://doi.org/10.1038/s41561-022-00960-z
https://doi.org/10.1029/2022JB026174
https://doi.org/10.1029/2022JB026174
https://doi.org/10.30909/vol.07.01.273301
https://doi.org/10.1029/2025JB031428
https://doi.org/10.3389/feart.2018.00240
https://doi.org/10.1007/s00445-015-0966-3
https://doi.org/10.1007/s00445-015-0966-3
https://doi.org/10.1038/ngeo1612
https://doi.org/10.1126/science.abn5148
https://doi.org/10.1002/jgrb.50289
https://doi.org/10.1002/2015GL066003
https://doi.org/10.1002/2015GL066003
https://doi.org/10.1007/s00445-022-01592-2
https://doi.org/10.1007/s00445-022-01592-2
https://doi.org/10.21203/rs.3.rs-5003481/v1
https://doi.org/10.1016/S1871-644X(07)00012-5
https://doi.org/10.1016/S1871-644X(07)00012-5
https://doi.org/10.1029/2020GC008952
https://doi.org/10.1126/sciadv.abm426
https://doi.org/10.1126/sciadv.abm426
https://doi.org/10.1038/s41598-019-48327-6
http://refhub.elsevier.com/S0034-4257(26)00147-1/opta8Wd00jw4H
http://refhub.elsevier.com/S0034-4257(26)00147-1/opta8Wd00jw4H
http://refhub.elsevier.com/S0034-4257(26)00147-1/opta8Wd00jw4H
https://doi.org/10.1016/j.jvolgeores.2017.08.005
https://doi.org/10.1002/2017GL075572
https://doi.org/10.1029/2019GL082606
https://doi.org/10.1029/2019GL082606
https://doi.org/10.31223/X5HT4V
http://refhub.elsevier.com/S0034-4257(26)00147-1/opt2GWC6XvLPt
http://refhub.elsevier.com/S0034-4257(26)00147-1/opt2GWC6XvLPt
https://doi.org/10.1029/2006JB004763
https://doi.org/10.1029/2006JB004763
https://doi.org/10.1016/j.tecto.2011.10.013
https://doi.org/10.1016/j.jvolgeores.2017.12.015
https://doi.org/10.1038/s41467-021-22610-5
https://doi.org/10.1029/2023GL108017
http://refhub.elsevier.com/S0034-4257(26)00147-1/rf0505
http://refhub.elsevier.com/S0034-4257(26)00147-1/rf0505
http://refhub.elsevier.com/S0034-4257(26)00147-1/rf0505


Kellndorfer, J., Cartus, O., Lavalle, M., Magnard, C., Milillo, P., Oveisgharan, S., 
Osmanoglu, B., Rosen, P.A., Wegmüller, U., 2022. Global seasonal Sentinel-1 
interferometric coherence and backscatter data set. Sci. Data 9, 73. https://doi.org/ 
10.1038/s41597-022-01189-6.

Kim, Y.C., Wauthier, C., Walter, T.R., 2024. Satellite geodesy uncovers 15 m of slip on a 
detachment fault prior to the 2018 collapse at Anak Krakatau, Indonesia. Geophys. 
Res. Lett. 51, e2024GL112296. https://doi.org/10.1029/2024GL112296.

Kundu, B., Yadav, R.K., Bürgmann, R., Wang, K., Panda, D., Gahalaut, V.K., 2020. 
Triggering relationships between magmatic and faulting processes in the May 2018 
eruptive sequence at Kı̄lauea volcano, Hawaii. Geophys. J. Int. 222, 461–473. 
https://doi.org/10.1093/gji/ggaa178.

Kurnianto, F.A., Naim, M., Susiati, A., Susanti, D.A.J., 2024. Insight into the 2021 
Semeru volcano eruption from rapid monitoring of its pyroclastic deposits using 
Google Earth engine and multi-sensor data. Remote Sens. Appl.: Soc. Environ. 36, 
101380. https://doi.org/10.1016/j.rsase.2024.101380.
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