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Abstract
The study of volcano deformation has grown significantly through they year 2020 since the development of interferomet-
ric synthetic aperture radar (InSAR) in the 1990s. This relatively new data source, which provides evidence of changes in 
subsurface magma storage and pressure without the need for ground-based equipment, has matured during the past decade. 
It now provides a means to address previously inaccessible questions and offers input to increasingly complex models of 
magmatic processes. Here, we review how technological advances in InSAR during 2010-2020 have facilitated our ability to 
monitor and interpret volcanic processes, primarily through rapid and accurate observations of the changing surfaces at active 
volcanoes worldwide. Specifically, we examine how current systems achieve excellent resolution in time and space, provide 
global coverage, and generate products that are easy to use by non-specialists—factors that have often limited the practical 
study of volcanoes using radar measurements. We also look to the future, offering our perspective about how advancements 
in technology and data management in the decade to come will increase the value and accessibility of InSAR applied to the 
geodetic study of volcanoes and monitoring of hazardous volcanic processes. New developments will include the launch 
of additional satellites by both public space agencies and private companies, as well as implementation of algorithms for 
exploiting the growing volumes of data. To meet their full potential, these efforts will require coordination between data 
users and data providers so that the relevant imagery is acquired, made available to volcanologists in a timely fashion, and 
utilized to assess and mitigate volcanic hazards.
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Introduction

Within a year of the introduction of interferometric synthetic 
aperture radar (InSAR) as a tool for mapping earthquake 
displacements in 1994 (Massonnet et al. 1994), the first 
interferograms of volcanic deformation were published—
of apparent deflation at Mount Etna, Italy (Massonnet et al. 
1995). Although subsequent analysis found that a signifi-
cant component of the apparent deflation signal was due 

to atmospheric path delay (Delacourt et al. 1998; Masson-
net and Feigl 1998; Beauducel et al. 2000), the implica-
tions were clear: InSAR offered a means of assessing vol-
cano deformation on a previously unimagined scale. It was 
suddenly possible to map deformation at volcanoes glob-
ally, regardless of the status of ground-based monitoring. 
There were still complications, of course; results are poor 
in heavily vegetated areas unless a long radar wavelength 
(especially L-band, versus the shorter C- and X-bands) is 
used. In addition, snow and ice cover confound the method, 
sensitivity to along-track (~ north–south) displacements is 
low, and data are not collected consistently over all volca-
noes of interest. Nevertheless, InSAR was a game changer 
in volcanology, and application of the technique grew rap-
idly (Pinel et al. 2014). The discovery of many deforming 
volcanoes demonstrated how the measurements could be 
used to identify sources of potential future eruptions and 
has focused research and monitoring efforts on sites that 
otherwise may have been overlooked (e.g., Wicks et al. 
2002; Dzurisin 2003; Pritchard and Simons 2004; Pritchard 
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et al. 2018). An early and striking example was the recogni-
tion of widespread and rapid deformation of volcanoes in 
the Galápagos archipelago (Amelung et al. 2000), which 
prompted the installation of ground-based monitoring and 
fueled research into the dynamics of magma accumulation, 
dike emplacement, and eruption by generations of volcan-
ologists (e.g., Jónsson et al. 1999; Chadwick et al. 2006; 
Geist et al. 2006; Jónsson 2009; Bagnardi et al. 2013; Davis 
et al. 2021). Importantly, these discoveries were not lim-
ited to remote unmonitored volcanoes. The recognition of 
uplift near South Sister volcano, Oregon, demonstrated the 
presence of an active magma body in an area previously 
thought to be dormant, despite a record of past ground-based 
monitoring (Wicks et al. 2002; Dzurisin et al. 2006, 2009; 
Lisowski et al. 2021).

Further SAR sensor development and the availability of 
large volumes of SAR data led to new insights into volcanic 
processes, especially when InSAR was combined with other 
datasets, like seismology, gas geochemistry, and physical 
volcanology (Kilbride et al. 2016). Used in response to vol-
canic crises, SAR-derived products including deformation, 
amplitude, interferometric coherence, and topography have 
contributed to successful forecasts of volcanic eruptions and 
are credited with saving thousands of lives (Pallister et al. 
2013). We build on previous reviews (e.g., Massonnet and 
Sigmundsson 2000; Zebker et al. 2000; Pinel et al. 2014) and 
explore the evolution of satellite SAR and InSAR as applied 
to volcanology during the 2010s and explore the potential of 
the field in the 2020s. Future advances in SAR instruments 
and processing methods are inevitable, but exploiting these 
improvements will require commensurate investments in 
data handling and availability; otherwise, we risk underuti-
lizing a vital resource for assessing and mitigating volcanic 
hazards around the world.

2010–2020: the decade that was

During the 2010s, use of InSAR in volcanology experi-
enced an important transition, evolving from a tool used for 
research to one that could also be applied for timely moni-
toring of volcanic unrest and eruption. This evolution was 
fueled by developments in satellite capabilities as well as 
data availability and analysis methods. The most significant 
advance was the free availability of frequent and regular 
SAR data to the community—for the first time, monitoring 
agencies and research groups alike could rely on a steady 
flow of observations supporting both scientific research and 
hazards assessment and mitigation.

Sensor developments

The beginning of the 2010s saw a changing of the guard in 
terms of satellite SAR. The 2000s were dominated by the 
C-band ASAR instrument on the ENVISAT satellite and 
the L-band PALSAR instrument on the ALOS-1 satellite. 
Both satellites failed in 2011, leaving the C-band RADAR-
SAT-2, which was launched in 2007, as the remaining 
source of long-term satellite SAR data. In the late 2000s, 
two X-band systems, TerraSAR-X and COSMO-SkyMed, 
were launched, and throughout the 2010s, they provided 
SAR imagery with spatial resolutions of a few meters (and 
in some cases less than a meter!). These data were used to 
highlight very localized deformation that would not other-
wise have been detected by ground instruments or moderate-
resolution SAR (Richter et al. 2013; Salzer et al. 2014), but 
they are only available at a limited number of volcanoes. By 
the middle of the decade, the L-band ALOS-2 satellite and 
C-band Sentinel-1 satellites had been launched. The major 
volcanological innovations offered by Sentinel-1 were fre-
quent and consistent repeat observations of nearly all vol-
canoes on Earth, albeit at moderate (~ 15 m) spatial resolu-
tion. ALOS-2 provided a new source of L-band imagery, 
which had been absent since the failure of ALOS-1, at a 
range of spatial scales but with inconsistent and infrequent 
repeat intervals. Nevertheless, the combination of targeted 
high-resolution X-band data, broad systematic C-band cov-
erage, and sporadic L-band acquisitions provided a suite of 
information that facilitated new applications in volcanology. 
It was during this decade that InSAR transitioned from a 
research application to a tool that could be applied to timely 
monitoring of volcanic hazards. For example, InSAR data 
acquired during dike emplacement events in Iceland (2014) 
and Hawaiʻi (2018) provided deformation data that revealed 
the staggering scope of magmatic intrusions before they 
erupted, triggering the months-long Holuhraun (Sigmunds-
son et al. 2015) and Kīlauea lower East Rift Zone (Neal et al. 
2019; Fig. 1) eruptions, respectively.

Data availability and analysis

Two community efforts opened access to satellite SAR for 
volcanology in the 2010s. First, the Geohazard Supersites 
and Natural Laboratory (GSNL) initiative established a 
network of volcano “supersites” (listed at https:// geo- gsnl. 
org/), where SAR images were freely available and could be 
used in combination with other volcanological data (Dumont 
et al. 2018; Dzurisin et al. 2019). Second, the Committee 
on Earth Observing Satellites (CEOS) Volcano Pilot and 
Demonstrator projects made available satellite SAR data 
first from Latin America, and then also from southwest Asia 
and Africa, allowing for detailed examination of volcanoes 
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throughout that region and laying the groundwork for a bet-
ter understanding of how satellite data in general might be 
used to monitor volcanoes (Pritchard et al. 2018; Reath et al. 
2019). Although these initiatives cover only a small pro-
portion of active volcanoes worldwide, they illustrate the 
potential of SAR data in volcano monitoring and research 
when utilized more fully than is possible via projects driven 
by single investigators or in response to isolated episodes 
of unrest or eruptive activity. The growing availability of 
InSAR results from volcanoes also led to an explosion (pun 
intended) in knowledge of the widespread nature of volcano 
deformation. In the 20 years between 1997 and 2017, the 
number of volcanoes known to have experienced some sort 
of surface deformation expanded from 44 to over 220 (Biggs 
and Pritchard 2017). Analyses of this growing database pro-
vided evidence of the strong connection between deforma-
tion and eruption (Biggs et al. 2014), the varied styles of 
magmatic and non-magmatic volcano deformation (Ebmeier 
et al. 2018), and the recognition that deformation served as 
a pre-eruptive phenomenon far more often and for a longer 
period than any other satellite dataset (Furtney et al. 2018).

The sheer volume of satellite SAR data created a new 
challenge: how could these data best be utilized? Several 
parallel developments emerged to aid data management. 
Multi-temporal analyses capitalized on growing compu-
tational power to generate spatially and temporally dense 
time series of ground deformation using persistent scat-
tering (Hooper et al. 2012; Spaans and Hooper 2016) and 
small baseline subset analysis (Berardino et  al. 2002). 
Implementation of automated processing engines (Lazecký 
et al. 2020) and artificial intelligence approaches enabled 
users to automatically scan many thousands interferograms 

for indications of anomalous surface displacements (e.g., 
Anantrasirichai et al. 2018, 2019; Gaddes et al. 2018, 2019), 
increasing the likelihood that deformation of a volcano is 
detected. Corrections for atmospheric conditions also 
became widely available, aiding interpretation of InSAR 
results that might otherwise be ambiguous, especially on tall 
and steep volcanic edifices (Yu et al. 2018; Yip et al. 2019). 
In addition, the advent of user-friendly InSAR products 
yielded measurements in common coordinates rather than 
the radar-specific slant range and Doppler system, allowing 
non-specialists to take advantage of the powerful observing 
capabilities without requiring deep training in the details of 
radar technology (Zebker 2017).

2020–2030: the decade to be

The 2020s will see new satellite missions that provide addi-
tional capacity for InSAR monitoring of active volcanism, 
and missions developed by fully private enterprises will 
materially contribute to SAR data and capabilities. Exploit-
ing the growing trove of SAR data for volcano monitor-
ing and research will require coordination and cooperation 
among data providers and users, as well as continued devel-
opment of resources that take advantage of all aspects of 
SAR and InSAR.

Sensor developments

The most anticipated technological advance in satellite 
SAR in the 2020s will undoubtedly be offered by NISAR 
(NASA-ISRO Synthetic Aperture Radar), an L- and 
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Fig. 1  Cumulative deformation over 2018 at Hawaiʻi’s Kīlauea Vol-
cano, at its summit and along its East Rift Zone, as observed by 
Sentinel-1 InSAR  (left). Labeled white dots give locations of GPS 
stations used for reference to time series. Comparison of GPS (red 
dashed lines) and InSAR time series (green and blue dots based on 

maximum 30-day temporal separation) show centimeter-level accu-
racy of InSAR time series when a tropospheric propagation correc-
tion (green dots) is applied (right). Figure and method adapted from 
Zebker (2021)
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S-band satellite mission currently hoped for launch in 
2023 but more likely to fly in 2024. NISAR will acquire 
repeat L-band (24-cm wavelength) data every 12 days 
over nearly all subaerial volcanoes on Earth, offering 
a swath width of 240 km, resolution of 3–10 m, single/
dual/quad polarimetry, and open data access (Rosen et al. 
2017). Additional S-band (12-cm wavelength) data will 
be available on a select group of potentially active volca-
noes. Both of these longer wavelengths are less sensitive to 
surface decorrelation and will reveal deformation unseen 
by shorter-wavelength radars. Although the acquisition of 
L-band satellite SAR is not new—SeaSat, JERS, ALOS-1, 
ALOS-2, and SAOCOM all did or do carry L-band SAR 
sensors—the reliable worldwide coverage and free avail-
ability set NISAR apart. In fact, the massive quantity of 
data itself will pose a challenge, since the mission will 
generate more data than any other NASA mission by far 
(Jasper and Xaypraseuth 2017).

Sentinel-1 continuity through follow-on missions from 
the European Space Agency (ESA) will extend the current 
capability of consistent, global, freely accessible C-band 
SAR for 30 years, far outpacing NISAR’s planned 3 years. 
It is highly likely that NISAR will last much longer than 
3 years, however, and NASA is already planning NISAR’s 
successor through a Surface Deformation and Change study. 
ESA will undoubtedly improve the capabilities of each new 
generation of Sentinel satellites, providing an ever-increas-
ing ability to observe volcanoes through all stages of the 
eruption cycle. For example, ESA’s proposed Earth Explorer 
10 Harmony mission would combine with Sentinel-1 to pro-
vide repeat topography and better resolution of along-track 
displacements—both critical datasets for volcano surveil-
lance (Kubanek et al. 2021; López-Dekker et al. 2021).

We also expect private development of SAR capabilities 
to flourish during 2020–2030, following the precedent of 
entrepreneurial space launches. As of 2021, two commercial 
companies, ICEYE and Capella, are acquiring X-band SAR 
data of selected targets through constellations of smallsats 
that will eventually number in the tens of spacecraft. Both 
companies have offered data in support of volcanic crises, 
specifically for the 2021 eruptions of Soufrière, St. Vincent, 
and Nyiragongo, Democratic Republic of Congo. These and 
similar private companies will eventually achieve daily or 
better SAR coverage of any location on Earth. Such dense 
spatiotemporal coverage will represent a new era in satel-
lite SAR monitoring of volcanic activity, provided that data 
are acquired and available to the volcanology community 
in advance of a crisis and on a consistent, instead of ad 
hoc, basis. The rapid response by international space agen-
cies to unrest and eruption at Merapi volcano, Indonesia, 
in 2020–2021, provides an example of the value of such a 
response. High-resolution SAR data that would not other-
wise have been available were freely provided and used to 

identify localized but high-rate displacements on the flanks 
of the volcano (Fig. 2). This information was communicated 
to local volcanologists monitoring the eruption and aided 
their response to the crisis, offering important constraints 
on potential hazards, especially given the lack of monitoring 
instruments located on the upper flanks of the volcano and 
the danger in accessing those areas during the crisis.

With these developments in satellites and sensors, vol-
canologists must not become overly reliant on any single 
dataset but rather continue to take advantage of all satellite 
SAR data. The mix of available wavelengths, repeat inter-
vals, and spatial resolutions that is currently and will become 
available through the 2020s offers the best opportunity for 
detecting the variety of potential surface changes that might 
precede, accompany, and follow volcanic eruptions.

Data availability and analysis

Three capabilities are needed from satellite SAR systems 
to aid with responses to volcanic unrest and eruptions: (1) 
flexible and responsive acquisition planning, including regu-
lar background observations that are appropriate for each 
volcano, (2) low-latency data delivery, and (3) free access. 
Current methods for tasking and accessing SAR data are 
heterogeneous, and no system is completely optimized for 
providing the “right” data at the “right” time of the “right” 
place and for the “right” price. Near-global and consistent 
dense temporal repeatability from Sentinel-like systems 
greatly reduces the need to specifically target volcanoes in 
advance of an eruption, but these broad views are not appro-
priate in all situations. Small island volcanoes, for exam-
ple, require higher-resolution views than are available from 
current satellite missions with global background coverage. 
Targeting flexibility is therefore critical for fine-resolution, 
limited-coverage satellite systems that can best image small 
volcanic systems with localized activity.

Especially during a volcanic crisis, rapid delivery of sat-
ellite data is vital. Real- and near-real-time satellite moni-
toring of thermal and ash emissions are a cornerstone of 
detecting eruptions, especially at remote volcanoes (Poland 
et al. 2020), but all SAR data have a latency. As of the early 
2020s, only Sentinel-1 and COSMO-SkyMed offer delivery 
of the full complex dataset within a few hours of acquisi-
tion, at least in ideal situations. Many other satellite SAR 
systems can provide at least amplitude data within hours 
in cases where the International Charter: Space and Major 
Disasters is invoked. In addition, only Sentinel-1 data are 
100% openly accessible. Other satellite SAR datasets must 
be accessed via special initiatives, like the GSNL or CEOS 
projects (Pritchard et al. 2018), or via research agreements, 
although such proposals do not typically allow for open-
ended response-style data usage. For satellite SAR to be 
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fully integrated into volcano monitoring, they must be freely 
available to monitoring agencies.

The capabilities outlined above require coordination 
among the volcanology community and collaboration with 
space agencies and private companies. Thus far, interna-
tional work on volcano monitoring with satellite SAR has 
been done by individual investigators, or on a “best effort” 
basis without specific funding through the GSNL and CEOS 
Volcano Pilot/Demonstrator projects—efforts that are nei-
ther sustainable nor robust and that do not meet the needs 
of the global volcanology community and of populations at 

risk from volcanic eruptions. A formal coordination office, 
akin to that organized by the polar science community, for 
managing satellite SAR datasets could serve as a liaison 
between space agencies (private and public) and the sci-
entists/institutions tasked with volcano monitoring and cri-
sis response. This point-of-contact approach, ideally with 
some redundancy spread around the world to ensure rapid 
responses across time zones, would facilitate communi-
cation, ensure that conflicting acquisitions are not sched-
uled, provide a mechanism for managing datasets and user 
licenses that respects investments of the contributing space 
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Fig. 2  TerraSAR-X staring-spotlight interferogram of Merapi vol-
cano, Indonesia, spanning November 16–27, 2020. Upper image 
shows phase change overlain on amplitude. Zoomed frames show 

only phase change and highlight multiple areas of localized high-
rate deformation on the volcano’s west flank that could not be easily 
detected by limited ground-based datasets
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agencies and private companies, and ensure feedback and 
accountability between data providers and users. A coor-
dination office could also encourage capacity building at 
volcano observatories and monitoring agencies that might 
not be able to independently process, analyze, or interpret 
satellite SAR data.

Of course, commensurate developments will continue in 
analysis methods. Automated processing and anomaly detec-
tion are already a reality, thanks to advances in computing 
power and artificial intelligence approaches, but these meth-
ods are not yet implemented at the scale of global volcano 
monitoring. We expect that within the decade of the 2020s, 
operational use of such techniques will be implemented.

Satellite SAR volcano monitoring must also extend 
beyond interferometry. It has long been known that SAR 
data from volcanoes offer more information than merely 
phase changes caused by surface deformation—for exam-
ple, providing insights into surface characteristics and vol-
canic activity from coherence (Zebker et al. 1996; Dietter-
ich et al. 2012), backscatter (Pallister et al. 2013; Arnold 
et al. 2018), and topographic change (Kubanek et al. 2021; 
López-Dekker et al. 2021). Capitalizing on all aspects of the 
richness of SAR data is the only way to fully exploit their 
utility for monitoring volcanic unrest and eruptions and to 
best serve societal needs for volcanic hazards assessment 
and mitigation.

Conclusions

The 2010-2020 decade has seen great strides in our ability 
to measure, monitor, and understand volcanoes. Space-based 
InSAR permits worldwide observation of entire volcanic 
systems at fine resolution and offers direct measurements 
of how a surface deforms under stresses due to migration of 
magma or subsurface pressure changes. InSAR has matured 
from a limited research tool to a capability that is applied to 
monitoring and mitigating volcanic hazards.

The availability of free and comprehensive crustal defor-
mation observations, most notably from Sentinel-1, has led 
to an explosion in new analysis methods that characterize 
change at the centimeter level, promising a chance at timely 
forecasts and the development of hazard warning tools. New 
SAR systems on the drawing board for the next decade and 
in today’s production facilities will provide long-term con-
tinuous coverage at several wavelengths, with commercial 
and specialized SAR systems providing a range of imaging 
options that will facilitate flexible responses to threatening 
volcanic activity. For these data to be useful in volcanol-
ogy, however, they must be accessible to scientists in a 
timely fashion—a task that will require robust communica-
tion, coordination, and collaboration between monitoring 

agencies, research institutes, space agencies, and private 
companies.

Acknowledgements We are grateful for the comments from, and dis-
cussions with, Matt Pritchard, Susi Ebmeier, Larry Mastin, and Andy 
Hooper, which substantially improved the quality of this manuscript. 
Our thanks to numerous colleagues who have contributed to the Super-
sites, CEOS Volcano Pilot/Demonstrator, NISAR, and other projects 
throughout the years, and whose research, discoveries, and insights 
helped to shape our perspective. Copernicus Sentinel data from 2018 
shown in Figure 1 were processed and made available by the European 
Space Agency. TerraSAR-X data shown in Figure 2 were made avail-
able via the CEOS Volcano Demonstrator, © DLR 2020. Any use of 
trade, firm, or product names is for descriptive purposes only and does 
not imply endorsement by the U.S. Government.

Author contribution The authors contributed equally to this work.

Funding Work was supported by the US Geological Survey and Stan-
ford University.

Data availability Not applicable.

Code availability Not applicable.

Declarations 

Competing interests The authors declare no competing interests.

References

Amelung F, Jónsson S, Zebker H, Segall P (2000) Widespread uplift 
and ‘trapdoor’ faulting on Galápagos volcanoes observed with 
radar interferometry. Nature 407:993–996. https:// doi. org/ 10. 
1038/ 35039 604

Anantrasirichai N, Biggs J, Albino F, Hill P, Bull D (2018) Application 
of machine learning to classification of volcanic deformation in 
routinely generated InSAR data. J Geophys Res 123:6592–6606. 
https:// doi. org/ 10. 1029/ 2018J B0159 11

Anantrasirichai N, Biggs J, Albino F, Bull D (2019) The application of 
convolutional neural networks to detect slow, sustained deforma-
tion in InSAR time series. Geophys Res Lett 46:11,850-11,858. 
https:// doi. org/ 10. 1029/ 2019G L0849 93

Arnold DW, Biggs J, Wadge G, Mothes P (2018) Using satellite radar 
amplitude imaging for monitoring syn-eruptive changes in surface 
morphology at an ice-capped stratovolcano. Rem Sens Environ 
209:480–488. https:// doi. org/ 10. 1016/j. rse. 2018. 02. 040

Bagnardi M, Amelung F, Poland MP (2013) A new model for the 
growth of basaltic shields based on deformation of Fernandina 
volcano, Galápagos Islands. Earth Planet Sci Lett 377–378:358–
366. https:// doi. org/ 10. 1016/j. epsl. 2013. 07. 016

Beauducel F, Briole P, Froger J-L (2000) Volcano-wide fringes in ERS 
syntheric aperture radar interferograms of Etna (1992–1998): 
deformation or tropospheric effect? J Geophys Res 105:16,391-
16,402. https:// doi. org/ 10. 1029/ 2000J B9000 95

Berardino P, Fornaro G, Lanari R, Sansosti E (2002) A new algo-
rithm for surface deformation monitoring based on small baseline 
differential SAR interferograms. IEEE Trans Geosci Rem Sens 
40:2375–2383. https:// doi. org/ 10. 1109/ TGRS. 2002. 803792

27   Page 6 of 8 Bulletin of Volcanology (2022) 84: 27

https://doi.org/10.1038/35039604
https://doi.org/10.1038/35039604
https://doi.org/10.1029/2018JB015911
https://doi.org/10.1029/2019GL084993
https://doi.org/10.1016/j.rse.2018.02.040
https://doi.org/10.1016/j.epsl.2013.07.016
https://doi.org/10.1029/2000JB900095
https://doi.org/10.1109/TGRS.2002.803792


1 3

Biggs J, Pritchard ME (2017) Global volcano monitoring: what does 
it mean when volcanoes deform? Elements 13:17–22. https:// doi. 
org/ 10. 2113/ gsele ments. 13.1. 17

Biggs J, Ebmeier SK, Aspinall WP, Lu Z, Pritchard ME, Sparks RSJ, 
Mather TA (2014) Global link between deformation and volcanic 
eruption quantified by satellite imagery. Nat Comm 5:3471. 
https:// doi. org/ 10. 1038/ ncomm s4471

Chadwick WW, Geist DJ, Jónsson S, Poland M, Johnson DJ, Meertens 
CM (2006) A volcano bursting at the seams; inflation, faulting, 
and eruption at Sierra Negra Volcano, Galápagos. Geology 
34:1025–1028. https:// doi. org/ 10. 1130/ G2282 6A.1

Davis T, Bagnardi M, Lundgren P, Rivalta E (2021) Extreme curvature 
of shallow magma pathways controlled by competing stresses: 
insights from the 2018 Sierra Negra eruption. Geophys Res Lett 
48:e2021GL093038. https:// doi. org/ 10. 1029/ 2021G L0930 38

Delacourt C, Briole P, Achache J (1998) Tropospheric corrections of 
SAR interferograms with strong topography. Appl Etna Geophys 
Res Lett 25:2849–2852. https:// doi. org/ 10. 1029/ 98GL0 2112

Dietterich HR, Poland MP, Schmidt DA, Cashman KV, Sherrod DR, 
Espinosa AT (2012) Tracking lava flow emplacement on the 
east rift zone of Kīlauea, Hawai‘i, with synthetic aperture radar 
coherence. Geochem Geophys Geosys 13. https:// doi. org/ 10. 1029/ 
2011G C0040 16

Dumont S, Sigmundsson F, Parks MM, Drouin VJP, Pedersen GBM, 
Jónsdóttir I, Höskuldsson Á, Hooper A, Spaans K, Bagnardi 
M, Gudmundsson MT, Barsotti S, Jónsdóttir K, Högnadóttir T, 
Magnússon E, Hjartardóttir ÁR, Dürig T, Rossi C, Oddsson B 
(2018) Integration of SAR data into monitoring of the 2014–2015 
Holuhraun eruption, Iceland: Contribution of the Icelandic Volca-
noes Supersite and the FutureVolc projects. Front Earth Sci 6:231. 
https:// doi. org/ 10. 3389/ feart. 2018. 00231

Dzurisin D (2003) A comprehensive approach to monitoring volcano 
deformation as a window on the eruption cycle. Rev Geophs 
41:10. https:// doi. org/ 10. 1029/ 2001R G0001 07

Dzurisin D, Lisowski M, Wicks CW Jr, Poland MP, Endo ET (2006) 
Geodetic observations and modeling of magmatic inflation at the 
Three Sisters volcanic center, central Oregon Cascade Range, 
USA. J Volcanol Geotherm Res 150:35–54. https:// doi. org/ 10. 
1016/j. jvolg eores. 2005. 07. 011

Dzurisin D, Lisowski M, Wicks CW (2009) Continuing inflation at 
Three Sisters volcanic center, central Oregon Cascade Range, 
USA, from GPS, leveling, and InSAR observations. Bull Vol-
canol 71:1091–1110. https:// doi. org/ 10. 1007/ s00445- 009- 0296-4

Dzurisin D, Lu Z, Poland MP, Wicks CW (2019) Space-Based Imaging 
Radar Studies of U.S. Volcanoes. Front Earth Sci 6:249. https:// 
doi. org/ 10. 3389/ feart. 2018. 00249

Ebmeier SK, Andrews BJ, Araya MC, Arnold DWD, Biggs J, Cooper 
C, Cottrell E, Furtney M, Hickey J, Jay J, Lloyd R, Parker AL, 
Pritchard ME, Robertson E, Venzke E, Williamson JL (2018) Syn-
thesis of global satellite observations of magmatic and volcanic 
deformation: implications for volcano monitoring & the lateral 
extent of magmatic domains. J Appl Volcanol 7:2. https:// doi. org/ 
10. 1186/ s13617- 018- 0071-3

Furtney MA, Pritchard ME, Biggs J, Carn SA, Ebmeier SK, Jay JA, 
McCormick Kilbride BT, Reath KA (2018) Synthesizing multi-
sensor, multi-satellite, multi-decadal datasets for global volcano 
monitoring. J Volcanol Geotherm Res 365:38–56. https:// doi. org/ 
10. 1016/j. jvolg eores. 2018. 10. 002

Gaddes ME, Hooper A, Bagnardi M, Inman H, Albino F (2018) Blind 
signal separation methods for InSAR: the potential to automati-
cally detect and monitor signals of volcanic deformation. J Geo-
phys Res 123:10,226-10,251. https:// doi. org/ 10. 1029/ 2018J B0162 
10

Gaddes ME, Hooper A, Bagnardi M (2019) Using machine learn-
ing to automatically detect volcanic unrest in a time series of 

interferograms. J Geophys Res 124:12,304-12,322. https:// doi. 
org/ 10. 1029/ 2019J B0175 19

Geist D, Chadwick W, Johnson D (2006) Results from new GPS and 
gravity monitoring networks at Fernandina and Sierra Negra 
Volcanoes, Galápagos, 2000–2002. J Volcanol Geotherm Res 
150:79–97. https:// doi. org/ 10. 1016/j. jvolg eores. 2005. 07. 003

Hooper A, Bekaert D, Spaans K, Arıkan M (2012) Recent advances 
in SAR interferometry time series analysis for measuring crus-
tal deformation. Tectonophys 514–517:1–13. https:// doi. org/ 10. 
1016/j. tecto. 2011. 10. 013

Jasper LEZ, Xaypraseuth P (2017) Data production on past and future 
NASA missions. 2017 IEEE Aerospace Conference. https:// doi. 
org/ 10. 1109/ AERO. 2017. 79439 18

Jónsson S (2009) Stress interaction between magma accumulation and 
trapdoor faulting on Sierra Negra volcano, Galápagos. Tectono-
phys 471:36–44. https:// doi. org/ 10. 1016/j. tecto. 2008. 08. 005

Jónsson S, Zebker H, Cervelli P, Segall P, Garbeil H, Mouginis-Mark 
P, Rowland S (1999) A shallow-dipping dike fed the 1995 flank 
eruption at Fernandina volcano, Galápagos, observed by satellite 
radar interferometry. Geophys Res Lett 26:1077–1080. https:// doi. 
org/ 10. 1029/ 1999G L9001 08

Kilbride BM, Edmonds M, Biggs J (2016) Observing eruptions of 
gas-rich compressible magmas from space. Nat Comm 7:13744. 
https:// doi. org/ 10. 1038/ ncomm s13744

Kubanek J, Poland MP, Biggs J (2021) Applications of bistatic radar to 
volcano topography—a review of ten years of TanDEM-X. IEEE 
J Sel Top Appl Earth Obs Rem Sens 14:3282–3302. https:// doi. 
org/ 10. 1109/ JSTARS. 2021. 30556 53

Lazecký M, Spaans K, González PJ, Maghsoudi Y, Morishita Y, Albino 
F, Elliott J, Greenall N, Hatton E, Hooper A, Juncu D, McDougall 
A, Walters RJ, Watson CS, Weiss JR, Wright TJ (2020) LiCSAR: 
An automatic InSAR tool for measuring and monitoring tectonic 
and volcanic activity. Rem Sens 12:2430. https:// doi. org/ 10. 3390/ 
rs121 52430

Lisowski M, McCaffrey R, Wicks, CW, Dzurisin D (2021) Geodetic 
constraints on a 25-year magmatic inflation episode near Three 
Sisters, central Oregon. J Geophys Res

López-Dekker P, Biggs J, Chapron B, Hooper A, Kääb A, Masina S, 
Mouginot J, Nardelli BB, Pasquero C, Prats-Iraola P, Rampal P, 
Stroeve J, Rommenet B (2021) The Harmony mission: End of 
phase-0 science overview. 2021 IEEE International Geoscience 
and Remote Sensing Symposium IGARSS, pp 7752–7755. https:// 
doi. org/ 10. 1109/ IGARS S47720. 2021. 95548 96

Massonnet D, Feigl KL (1998) Radar interferomerty and its applica-
tions to changes in the earth’s surface. Rev Geophs 36:441–500. 
https:// doi. org/ 10. 1029/ 97RG0 3139

Massonnet D, Feigl K, Rossi M, Adragna F (1994) Radar interferomet-
ric mapping of deformation in the year after the Landers earth-
quake. Nature 369:227–230. https:// doi. org/ 10. 1038/ 36922 7a0

Massonnet D, Briole P, Arnaud A (1995) Deflation of Mount Etna 
monitored by spaceborne radar interferometry. Nature 375:567–
570. https:// doi. org/ 10. 1038/ 37556 7a0

Massonnet D, Sigmundsson F (2000) Remote sensing of volcano 
deformation by radar interferometry from various satellites. In: 
Mouginis-Mark PJ, Crisp JA, Fink JH (eds) Remote Sensing of 
Active Volcanism. Geophys Mon. 116:207–221. https:// doi. org/ 
10. 1029/ GM116 p0207

Neal CA, Brantley SR, Antolik L, Babb JL, Burgess M, Calles K, 
Cappos M, Chang JC, Conway S, Desmither L, Dotray P, Elias T, 
Fukunaga P, Fuke S, Johanson IA, Kamibayashi K, Kauahikaua J, 
Lee RL, Pekalib S, Miklius A, Million W, Moniz CJ, Nadeau PA, 
Okubo P, Parcheta C, Patrick MR, Shiro B, Swanson DA, Tollett 
W, Trusdell F, Younger EF, Zoeller MH, Montgomery-Brown 
EK, Anderson KR, Poland MP, Ball JL, Bard J, Coombs M, Diet-
terich HR, Kern C, Thelen WA, Cervelli PF, Orr T, Houghton 
BF, Gansecki C, Hazlett R, Lundgren P, Diefenbach AK, Lerner 

Page 7 of 8    27Bulletin of Volcanology (2022) 84: 27

https://doi.org/10.2113/gselements.13.1.17
https://doi.org/10.2113/gselements.13.1.17
https://doi.org/10.1038/ncomms4471
https://doi.org/10.1130/G22826A.1
https://doi.org/10.1029/2021GL093038
https://doi.org/10.1029/98GL02112
https://doi.org/10.1029/2011GC004016
https://doi.org/10.1029/2011GC004016
https://doi.org/10.3389/feart.2018.00231
https://doi.org/10.1029/2001RG000107
https://doi.org/10.1016/j.jvolgeores.2005.07.011
https://doi.org/10.1016/j.jvolgeores.2005.07.011
https://doi.org/10.1007/s00445-009-0296-4
https://doi.org/10.3389/feart.2018.00249
https://doi.org/10.3389/feart.2018.00249
https://doi.org/10.1186/s13617-018-0071-3
https://doi.org/10.1186/s13617-018-0071-3
https://doi.org/10.1016/j.jvolgeores.2018.10.002
https://doi.org/10.1016/j.jvolgeores.2018.10.002
https://doi.org/10.1029/2018JB016210
https://doi.org/10.1029/2018JB016210
https://doi.org/10.1029/2019JB017519
https://doi.org/10.1029/2019JB017519
https://doi.org/10.1016/j.jvolgeores.2005.07.003
https://doi.org/10.1016/j.tecto.2011.10.013
https://doi.org/10.1016/j.tecto.2011.10.013
https://doi.org/10.1109/AERO.2017.7943918
https://doi.org/10.1109/AERO.2017.7943918
https://doi.org/10.1016/j.tecto.2008.08.005
https://doi.org/10.1029/1999GL900108
https://doi.org/10.1029/1999GL900108
https://doi.org/10.1038/ncomms13744
https://doi.org/10.1109/JSTARS.2021.3055653
https://doi.org/10.1109/JSTARS.2021.3055653
https://doi.org/10.3390/rs12152430
https://doi.org/10.3390/rs12152430
https://doi.org/10.1109/IGARSS47720.2021.9554896
https://doi.org/10.1109/IGARSS47720.2021.9554896
https://doi.org/10.1029/97RG03139
https://doi.org/10.1038/369227a0
https://doi.org/10.1038/375567a0
https://doi.org/10.1029/GM116p0207
https://doi.org/10.1029/GM116p0207


1 3

AH, Waite G, Kelly P, Clor L, Werner C, Mulliken K, Fisher G, 
Damby D (2019) The 2018 rift eruption and summit collapse of 
Kīlauea Volcano. Science 363:367–374. https:// doi. org/ 10. 1126/ 
scien ce. aav70 46

Pallister JS, Schneider DJ, Griswold JP, Keeler RH, Burton WC, 
Noyles C, Newhall CG, Ratdomopurbo A (2013) Merapi 2010 
eruption—Chronology and extrusion rates monitored with satel-
lite radar and used in eruption forecasting. J Volcanol Geotherm 
Res 261:144–152. https:// doi. org/ 10. 1016/j. jvolg eores. 2012. 07. 
012

Pinel V, Poland MP, Hooper A (2014) Volcanology: lessons learned 
from Synthetic Aperture Radar imagery. J Volcanol Geotherm 
Res 289:81–113. https:// doi. org/ 10. 1016/j. jvolg eores. 2014. 10. 010

Poland MP, Lopez T, Wright R, Pavolonis MJ (2020) Forecast-
ing, detecting, and tracking volcanic eruptions from space. 
Remote Sens Earth Sys Sci 3:55–94. https:// doi. org/ 10. 1007/ 
s41976- 020- 00034-x

Pritchard ME, Simons M (2004) Surveying volcanic arcs with satellite 
radar interferometry: the Central Andes, Kamchatka and beyond. 
GSA Today 14:4–11. https:// doi. org/ 10. 1130/ 1052- 5173(2004) 
014% 3c4: SVAWSR% 3e2.0. CO;2

Pritchard ME, Biggs J, Wauthier C, Sansosti E, Arnold DWD, Delgado 
F, Ebmeier SK, Henderson ST, Stephens K, Cooper C, Wnuk K, 
Amelung F, Aguilar V, Mothes P, Macedo O, Lara LE, Poland 
MP, Zoffoli S (2018) Towards coordinated regional multi-satel-
lite InSAR volcano observations: results from the Latin Amer-
ica pilot project. J App Volcanol 7:5. https:// doi. org/ 10. 1186/ 
s13617- 018- 0074-0

Reath K, Pritchard M, Poland M, Delgado F, Carn S, Coppola D, 
Andrews B, Ebmeier SK, Rumpf E, Henderson S, Baker S, Lun-
dgren P, Wright R, Biggs J, Lopez T, Wauthier C, Moruzzi S, 
Alcott A, Wessels R, Griswold J, Ogburn S, Loughlin S, Meyer 
F, Vaughan G, Bagnardi M (2019) Thermal, deformation, and 
degassing remote sensing time-series (A.D. 2000–2017) at the 
47 most active volcanoes in Latin America: implications for vol-
canic systems. J Geophys Res 124:195–218. https:// doi. org/ 10. 
1029/ 2018J B0161 99

Richter N, Poland MP, Lundgren PR (2013) TerraSAR-X interferom-
etry reveals small-scale deformation associated with the summit 
eruption of Kīlauea Volcano, Hawai‘i. Geophys Res Lett 40:1279–
1283. https:// doi. org/ 10. 1002/ grl. 50286

Rosen PA, Kim Y, Kumar R, Misra T, Bhan R, Sagi VR (2017) Global 
persistent SAR sampling with the NASA-ISRO SAR (NISAR) 
mission. 2017 IEEE Radar Conference (RadarConf), 8–12 May, 
Seattle. https:// doi. org/ 10. 1109/ RADAR. 2017. 79442 37

Salzer JT, Nikkhoo M, Walter TR, Sudhaus H, Reyes-Dávila G, Bretón 
M, Arambula R (2014) Satellite radar data reveal short-term 

pre-explosive displacements and a complex conduit system at 
Volcán de Colima, Mexico. Front Earth Sci 2:12. https:// doi. org/ 
10. 3389/ feart. 2014. 00012

Sigmundsson F, Hooper A, Hreinsdóttir S, Vogfjörd KS, Ófeigsson 
BG, Heimisson ER, Dumont S, Parks M, Spaans K, Gudmunds-
son GB, Drouin V, Árnadóttir T, Jónsdóttir K, Gudmundsson 
MT, Högnadóttir T, Fridriksdóttir HM, Hensch M, Einarsson P, 
Magnússon E, Samsonov S, Brandsdóttir B, White RS, Ágústs-
dóttir T, Greenfield T, Green RG, Hjartardóttir ÁR, Pedersen R, 
Bennett RA, Geirsson H, La Femina PC, Björnsson H, Pálsson F, 
Sturkell E, Bean CJ, Möllhoff M, Braiden AK, Eibl EPS (2015) 
Segmented lateral dyke growth in a rifting event at Bárðarbunga 
volcanic system, Iceland. Nature 517:191–195. https:// doi. org/ 10. 
1038/ natur e14111

Spaans K, Hooper A (2016) InSAR processing for volcano monitoring 
and other near-real time applications. J Geophys Res 121:2947–
2960. https:// doi. org/ 10. 1002/ 2015J B0127 52

Wicks CW Jr, Dzurisin D, Ingebritsen S, Thatcher W, Lu Z, Iverson 
J (2002) Magmatic activity beneath the quiescent Three Sisters 
volcanic center, central Oregon Cascade Range, USA. Geophys 
Res Lett 29:26-1-26–4. https:// doi. org/ 10. 1029/ 2001G L0142 05

Yip STH, Biggs J, Albino F (2019) Re-evaluating volcanic deformation 
using atmospheric corrections: Implications for the magmatic sys-
tem of Agung volcano, Indonesia. Geophys Res Lett 46:13,704-
13,711. https:// doi. org/ 10. 1029/ 2019G L0852 33

Yu C, Li Z, Penna NT, Crippa P (2018) Generic atmospheric correc-
tion model for Interferometric Synthetic Aperture Radar obser-
vations. J Geophys Res 123:9202–9222. https:// doi. org/ 10. 1029/ 
2017J B0153 05

Zebker HA (2017) User-friendly InSAR data products: Fast and sim-
ple timeseries processing. IEEE Geosci Rem Sens Lett 14:2122–
2126. https:// doi. org/ 10. 1109/ LGRS. 2017. 27535 80

Zebker H (2021) Accuracy of a model-free algorithm for temporal 
InSAR tropospheric correction. Rem Sens 13:409. https:// doi. org/ 
10. 3390/ rs130 30409

Zebker HA, Rosen P, Hensley S, Mouginis-Mark PJ (1996) Analysis of 
active lava flows on Kilauea Volcano, Hawaii, using SIR-C radar 
correlation measurements. Geology 24:495–498. https:// doi. org/ 
10. 1130/ 0091- 7613(1996) 024% 3c0495: AOALFO% 3e2.3. CO;2

Zebker HA, Amelung F, Jonsson S (2000) Remote sensing of vol-
cano surface and internal processes using radar interferometry. 
In: Mouginis-Mark PJ, Crisp JA, Fink JH (eds) Remote Sensing 
of Active Volcanism. Geophys Mon. 116:205. https:// doi. org/ 10. 
1029/ GM116 p0179

27   Page 8 of 8 Bulletin of Volcanology (2022) 84: 27

https://doi.org/10.1126/science.aav7046
https://doi.org/10.1126/science.aav7046
https://doi.org/10.1016/j.jvolgeores.2012.07.012
https://doi.org/10.1016/j.jvolgeores.2012.07.012
https://doi.org/10.1016/j.jvolgeores.2014.10.010
https://doi.org/10.1007/s41976-020-00034-x
https://doi.org/10.1007/s41976-020-00034-x
https://doi.org/10.1130/1052-5173(2004)014%3c4:SVAWSR%3e2.0.CO;2
https://doi.org/10.1130/1052-5173(2004)014%3c4:SVAWSR%3e2.0.CO;2
https://doi.org/10.1186/s13617-018-0074-0
https://doi.org/10.1186/s13617-018-0074-0
https://doi.org/10.1029/2018JB016199
https://doi.org/10.1029/2018JB016199
https://doi.org/10.1002/grl.50286
https://doi.org/10.1109/RADAR.2017.7944237
https://doi.org/10.3389/feart.2014.00012
https://doi.org/10.3389/feart.2014.00012
https://doi.org/10.1038/nature14111
https://doi.org/10.1038/nature14111
https://doi.org/10.1002/2015JB012752
https://doi.org/10.1029/2001GL014205
https://doi.org/10.1029/2019GL085233
https://doi.org/10.1029/2017JB015305
https://doi.org/10.1029/2017JB015305
https://doi.org/10.1109/LGRS.2017.2753580
https://doi.org/10.3390/rs13030409
https://doi.org/10.3390/rs13030409
https://doi.org/10.1130/0091-7613(1996)024%3c0495:AOALFO%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024%3c0495:AOALFO%3e2.3.CO;2
https://doi.org/10.1029/GM116p0179
https://doi.org/10.1029/GM116p0179

	Volcano geodesy using InSAR in 2020: the past and next decades
	Abstract
	Introduction
	2010–2020: the decade that was
	Sensor developments
	Data availability and analysis

	2020–2030: the decade to be
	Sensor developments
	Data availability and analysis

	Conclusions
	Acknowledgements 
	References


