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The arrival of space-based imaging radar as a revolutionary land-surface mapping and monitoring tool little more than a quarter century ago enabled a spate of innovative volcano research worldwide. Soon after launch of European Space Agency’s ERS-1 spacecraft in 1991, the U.S. Geological Survey began SAR and InSAR studies of volcanoes in the Aleutian and Cascades arcs, in Hawai’i, and elsewhere in the western U.S. including the Yellowstone and Long Valley calderas. This paper summarizes results of that effort and presents new findings concerning: (1) prevalence of volcano deformation in the Aleutian and Cascade arcs; (2) surface-change detection and hazard assessment during eruptions at Aleutian and Hawaiian volcanoes; (3) geodetic imaging of magma storage and transport systems in Hawai’i; and (4) deformation sources and processes at the Yellowstone and Long Valley calderas. Surface deformation caused by a variety of processes is common in arc settings and could easily escape detection without systematic InSAR surveillance. Space-based SAR imaging of active lava flows and domes in remote or heavily vegetated settings, including during periods of bad weather and darkness, extends land-based monitoring capabilities and improves hazards assessments. At Kīlauea Volcano, comprehensive SAR and InSAR observations identify multiple magma storage zones beneath the summit area and along the East Rift Zone, and illuminate magma transport pathways. The same approach at Yellowstone tracks the ascent of magmatic volatiles from a mid-crustal intrusion to shallow depth and relates that process to increased hydrothermal activity at the surface. Together with recent and planned launches of highly capable imaging-radar satellites, these findings support an optimistic outlook for near-real time surveillance of volcanoes at global scale in the coming decade.
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INTRODUCTION

The 1991 launch of European Space Agency’s (ESA’s) first European Remote Sensing satellite, ERS-1, afforded Earth scientists a powerful new tool for monitoring activity at the world’s volcanoes. When traveling in the mission’s primary mapping orbit, the C-band (wavelength λ = 5.66 cm) synthetic aperture radars (SARs) aboard ERS-1 and its companion, ERS-2 (launched in 1995) provided images of the entire globe at ∼30 m spatial resolution across a swath width of 100 km with an orbital repeat interval of 35 days. SAR’s ability to image Earth’s surface through meteorological clouds and in darkness immediately enabled surface-change detection and production of digital elevation models (DEMs) at many volcanoes that otherwise would not have been possible owing to remoteness or persistently poor weather.

Another quantum leap forward came with the realization that repeat-pass SAR images could be combined with a DEM to produce deformation interferograms, i.e., images depicting changes in slant range between the SAR and ground surface (essentially a snapshot of the surface deformation field) with centimeter-scale precision (Massonnet and Feigl, 1998). This revolutionary capability gained widespread attention when it was successfully applied to image deformation caused by the 1992 M 7.3 Landers earthquake (Massonnet et al., 1993). Almost overnight, a new field was born, satellite interferometric synthetic aperture radar (InSAR). Shortly thereafter, InSAR was used to map ground subsidence during and following the 1993 eruption of Mount Etna (Massonnet et al., 1995). Today, volcano scientists have access to centimeter-scale precision and high spatial resolution images of surface deformation over a wide area from InSAR, and to millimeter-scale precision and high temporal resolution data at selected locations from the Global Navigation Satellite System [GNSS, which includes the Global Positioning System (GPS)]. Combined with information from ground-based sensors, those capabilities enable detailed models of deformation sources (e.g., Segall, 2010) and three-dimensional mapping of magma storage and transport systems (e.g., Poland et al., 2014).

Space-based imaging radar systems provide two important capabilities with direct applications to volcano studies. The first is all-weather, 24/7 surface-change detection and imaging, which can be used to monitor volcanic processes such as lava flow inundation, lava dome growth, ash deposition, vent formation or enlargement, and surface faulting. Thus, SAR imagery can play an important role in assessing the potential for dome collapse and attendant pyroclastic density currents (e.g., Meyer et al., 2015; Wang et al., 2015).

A second capability of vital importance to volcano studies is geodetic imaging with InSAR. Numerous studies have used InSAR to map volcano deformation as a basis for inferring sources and processes, and to assess related hazards (e.g., Lu and Dzurisin, 2014, 2018; Pritchard and Yun, 2018; and references therein). In the United States, the first successful applications of InSAR to volcanoes were at the Katmai, Long Valley, and Yellowstone calderas (Lu, 1996; Lu et al., 1997; Thatcher and Massonnet, 1997; Wicks et al., 1998).

An outgrowth of those successes was a research project supported by the U.S. Geological Survey’s (USGS) Volcano Hazards Program and its Volcano Science Center to apply SAR and InSAR capabilities to volcanoes in the U.S. and elsewhere. This paper reports project findings on: (1) prevalence of volcano deformation in the Aleutian and Cascade arcs; (2) surface-change detection and hazards assessment during eruptions at Aleutian and Hawaiian volcanoes; (3) geodetic imaging of magma storage and transport systems in Hawai’i; and (4) deformation sources and processes at the Yellowstone and Long Valley calderas. It serves as a snapshot of past and present USGS SAR/InSAR studies of volcanoes, with a look ahead to an expanded role for such studies in the next decade.

MATERIALS AND METHODS

For our research we used SAR data from various satellites operated by ESA (ERS-1/2, ENVISAT, Sentinel-1A/1B; C-band), Japan Aerospace Exploration Agency (JAXA) (JERS-1, ALOS-1/2; L-band), Canadian Space Agency (CSA) (RADARSAT-1; C-band), German Aerospace Center (DLR) (TerraSAR-X, TanDEM-X; X-band), and Italian Space Agency (ASI) (COSMO-SkyMed) (X-band). Additional information about each satellite system, including mission profiles and dates of operation, is tabulated in Figure 2 by Elliott et al. (2016)1. To process the SAR data into interferograms, we used GAMMA software in conjunction with the highest resolution DEM available in each instance: ASTER Global Digital Elevation Map, Shuttle Radar Topography Mission (SRTM) DEM, USGS GMTED2010, or a custom DEM produced from SAR scenes.

GNSS data were processed by the USGS Earthquake Hazards Program using the GIPSY software package. Murray and Svarc (2017) provide a detailed description of the processing methodology.

To model the Yellowstone north-rim deformation sources (see below), we used available InSAR data from the ERS-2, ENVISAT, ALOS-2, Sentinel-1, TerraSAR-X, and RADARSAT-2 satellites. Acquisition dates for each scene are included in the caption for Figure 6. We also included GNSS data from stations in the USGS YellowstoneContin and Yellowstone_SPGPS networks2. Semipermanent GPS (SPGPS) is an alternative to continuous GPS and survey-mode GPS (also known as campaign-mode GPS) (Dzurisin et al., 2017). An SPGPS network consists of an array of threaded metal rods affixed to the ground that serve as benchmarks. Each rod is threaded so a GPS antenna can be mounted directly atop it, eliminating the need for a temporary tripod or a more permanent installation. The Yellowstone SPGPS network was established in 2008 and since has expanded to 12 stations; stations are deployed each year from about May through October when the surface is mostly snow-free. A non-linear inversion scheme with Monte Carlo starting models was used for all modeling. Additional details of the modeling strategy are provided as Supplementary Material.

RESULTS

Prevalence of Volcano Deformation in the Aleutian and Cascade Arcs

InSAR enables systematic surveillance of entire volcanic arcs, including the Aleutian and Cascade arcs; in both cases, our studies show that deformation is more prevalent than previously thought. Lu and Dzurisin (2014) examined each of 52 historically active volcanoes in the Aleutian arc (Figure 1). Among the findings were: (1) volcano deformation is common and deformation styles are diverse, (2) many volcanoes deform without erupting, (3) deformation sources and associated eruptive vents are not always coincident; offsets can be up to several kilometers, (4) caldera systems are especially dynamic, and (5) space-based radar is a valuable tool for operational monitoring of surface change due to volcanic activity. Only 12 of the 52 volcanoes (23%) showed no evidence of surface deformation during the period of observation (1992–2010). Among those 12, Shishaldin (Figure 1B; #25) and Pavlof (Figure 1B, adjacent to Emmons Lake volcanic center, #27) erupted repeatedly without deforming, and deformation could have escaped detection at 8 others as a result of poor InSAR coherence or coverage. Therefore, deformation is the rule rather than exception at Aleutian volcanoes. Studies of other arcs and volcano-tectonic settings have produced similar results worldwide (e.g., Amelung et al., 2000; Pritchard and Simons, 2004a,b; Ebmeier et al., 2013), highlighting the importance of space-based radar as a tool for globally integrated volcano monitoring and research.
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FIGURE 1. Snapshots of InSAR-derived surface deformation at volcanoes in the western (A) and eastern (B) parts of the Aleutian arc. InSAR images span different intervals from the 1990s to 2010. All 52 historically active volcanoes were examined; only those with observed deformation are labeled. SAR images used come from ERS-1, JERS-1, ERS-2, Radarsat-1, Envisat, ALOS PALSAR-1, and TerraSAR-X. Number labels for volcanoes mentioned in the text are circled in red. For additional information, see Lu and Dzurisin (2014, 2018).



Volcano deformation in the Aleutian arc can have several causes, including magma intrusion or withdrawal, crystallization and volatile loss from magma, pressure changes in a hydrothermal system, and contraction of lava flows or pyroclastic deposits. Lu and Dzurisin (2014) concluded at least one episode of magma intrusion occurred beneath 21 of the 44 volcanoes (48%) for which useful InSAR observations were available. They observed shallow-seated subsidence at 11 of the 44 (25%), which they attributed to hydrothermal processes or contraction of surficial deposits. Three historically active caldera systems (Fisher, Emmons Lake, and Aniakchak) (Figure 1B; #24, #27, #30) exhibited deeper-seated subsidence attributed to cooling and volatile loss from crustal magma reservoirs. During the 18-year observation period, at least one eruption occurred at 17 of the 52 volcanoes examined (33%).

By comparison to other volcanic arcs that have been studied with InSAR or are well monitored by other means, these statistics demonstrate that the Aleutian arc is one of the most active on Earth. For example, Biggs et al. (2014) selected 198 volcanoes worldwide for which systematic InSAR observations are available throughout 1992–2010, the same period examined by Lu and Dzurisin (2014). They reported that 54 had deformed (27%) and 25 had erupted (13%) during the observation period. The corresponding percentages in the Aleutians were 77% (including all modes of deformation) and 33% (Lu and Dzurisin, 2014).

Lu and Dzurisin (2014) reported two somewhat contrariwise observations: (1) some Aleutian volcanoes erupt without deforming, and (2) others deform without erupting. Pritchard and Simons (2004a,b) reported similar behavior from their InSAR study of ∼900 volcanoes in the central Andes spanning 1992–2003. In the first category are mafic stratovolcanoes that erupt frequently. These are classified as open-conduit volcanoes, meaning that eruptions are frequent enough to maintain a hot and ductile conduit from a crustal magma reservoir to the near-surface. In the Aleutians, Cleveland, Shishaldin, and Pavlof (Figures 1A,B; #15, #25, #27) are prime examples. InSAR observations reveal no evidence of surface deformation at these volcanoes, even though they span at least two eruptions in each case. Greater magma flux through the lower crust along the central part of the arc, relative to the eastern and western segments, might be a factor in maintaining open conduits and producing frequent eruptions at these volcanoes.

Another observation from the InSAR survey of the Aleutian arc is that large caldera systems are especially dynamic. All 10 volcanic centers in the eastern Aleutian arc where one or more caldera-forming eruptions have occurred during Late Pleistocene or Holocene time (Miller and Smith, 1987), and with calderas larger than 3 km, deformed during 1992–2010. Four (Okmok, Makushin, Akutan, and Veniaminof) (Figures 1A,B; #18, #20, #21, #29) erupted at least once during that time and evidence of magma intrusion was identified at all four (Lu and Dzurisin, 2014). Three of the four (excluding Veniaminof) also experienced subsidence attributed to cooling and degassing of magma or hydrothermal systems, or to magma withdrawal.

Surface subsidence at various scales and rates is occurring at many Aleutian volcanoes and can be attributed to one of three causes. Where subsidence occurs on recent lava flows or pyroclastic flow deposits, the most likely cause is thermoelastic contraction as a result of cooling; surface loading by younger flows can also play a role (Lu et al., 2000a). In other cases, subsidence occurs in association with surface hydrothermal activity, with typical source depths 0–4 km below sea level. Such occurrences are attributed to depressurization by fluid loss (Lu and Dzurisin, 2014). A third type of subsidence, typically sourced 5–12 km below sea level, occurs in some areas that also experience uplift. This type is attributed to cooling and fluid loss from crustal magma reservoirs, because uplift and subsidence sources are essentially the same and some of the uplift episodes have culminated in eruptions (Lu and Dzurisin, 2014).

The study by Lu and Dzurisin (2014) also identified surface uplift attributed to magma intrusions at several volcanoes that have not erupted in more than a century. Examples are Mount Recheshnoi (no reports of historical eruptions), Mount Kupreanof (no eruptions during Holocene time), and Mount Peulik (most recent eruption ∼160 years ago) (Figure 1B; #32). Such discoveries in the Aleutians and elsewhere (e.g., Three Sisters volcanic center in the Cascade arc; see below) demonstrate InSAR’s utility for observing remote or sparsely monitored volcanoes, where unrest might otherwise go undetected.

The story is somewhat different in the Cascade arc (Figure 2), although InSAR has changed our thinking about the level of activity there as well. Prior to Mount St. Helen’s reawakening in 1980, none of the Cascade volcanoes were known to be deforming. Since then, however, deformation has been detected at 5 of 13 (38%) major volcanic centers in the U.S. portion of the arc (Poland et al., 2017). InSAR was instrumental in the discovery of mostly aseismic, ongoing uplift at the Three Sisters volcanic center, discovery of subsidence at the Lassen volcanic center, and analysis of long-term subsidence at Medicine Lake Volcano; deformation at Mount St. Helens and Mount Baker is known from other techniques.
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FIGURE 2. Map of the major volcanic centers in the U.S. portion of the Cascade volcanic arc. Red colors indicate volcanoes where deformation has been detected. Modified from Poland et al. (2017).



At Three Sisters, uplift of a broad area centered ∼5 km west of the summit of South Sister volcano was recognized in 2001 in ERS-1/2 interferograms that collectively span 1992–2000 (Wicks et al., 2002). Subsequent modeling of InSAR, leveling, and GPS observations indicates that uplift began in late 1997 or 1998, and the uplift rate declined steadily from a maximum of 3–5 cm/year during 1998–2001 to less than 0.5 cm/year when this was written in November 2018. Deformation was mostly aseismic, accompanied only by one swarm of ∼300 small earthquakes (Mmax = 1.9) during March 23–26, 2004. The uplift episode is attributed to magma intrusion 5–7 km below the surface (Wicks et al., 2002; Dzurisin et al., 2005, 2009; Riddick and Schmidt, 2011). The most recent eruptions at South Sister produced rhyolitic tephra, pyroclastic flows, lava flows, and lava domes between 2.2 and 2.0 ka. Immediately north of Three Sisters, dominantly effusive eruptions of basaltic and andesitic lavas built large shield volcanoes and isolated cinder cones and lava flows as recently as 1.6 to 1.2 ka (Scott et al., 2001; Sherrod et al., 2004). It is not known how common intrusive events like the current one might have been in the interim.

Subsidence during 1996–2000 of a large area centered ∼5 km southeast of Lassen Peak in the Lassen volcanic center was discovered with InSAR and confirmed by comparing line lengths measured with EDM (1981, 1982, and 1984) and GPS (2004) (Poland et al., 2004). Parker et al. (2016) analyzed interferograms from ERS-1/2 (55 interferograms collectively spanning 1992–2000), ENVISAT (186, 2004–2010), and ALOS (16, 2007–2010) that revealed subsidence at an average rate of 10 mm/year from 1992 to 2010. They inferred a source depth of ∼8 km without expressing a preference among possible tectonic, magmatic, and hydrothermal mechanisms.

Long-term, steady subsidence of Medicine Lake Volcano at a maximum rate of 8.6 ± 0.9 mm/year was revealed by leveling surveys in 1954, 1989, and 1999 (Dzurisin et al., 1991, 2002). Poland et al. (2006) analyzed the leveling data together with GNSS and InSAR results and proposed a combination of gravitational loading by the volcanic edifice, tectonic extension, and cooling of magmatic intrusions as a likely cause of subsidence. Parker et al. (2014) showed that leveling, GNSS, and InSAR data were best fit with a deflating sill-like body at 9–10 km depth beneath the summit caldera, which they interpreted as consistent with the subsidence mechanisms proposed by Poland et al. (2006).

At Mount St. Helens, InSAR has identified a number of deformation sources that vary in time, space, and mechanism. Several isolated areas of the 1980 debris avalanche deposit are experiencing subsidence of ∼1–3 cm/year, possibly due to thermoelastic contraction of cooling deposits or compaction of poorly consolidated deposits (Poland and Lu, 2008). Co-eruptive deflation of the volcano was also detected during the first few months of the 2004–2008 eruption and attributed to pressure loss in a source more than 10 km beneath the edifice (Poland and Lu, 2008). Post-eruptive reinflation of the volcano (Dzurisin et al., 2015) was too small to be detected by InSAR, given the severe atmospheric artifacts that are common in interferograms of the volcano and that are difficult to mitigate (Foster et al., 2013), although subsidence of both the 1980–1986 and 2004–2008 lava domes (Poland et al., 2017) is apparent in high-resolution X-band interferograms of the volcano’s crater.

Of 13 major volcanic centers in the Cascade Range (Figure 2), 10 are classified as Very High Threat, 2 as High Threat (Mount Adams, Medicine Lake Volcano), and 1 as Low Threat (Mount Jefferson) in the 2018 update to the USGS National Volcanic Threat Assessment (Ewert et al., 2018). The ranking is based on objective measures of volcano hazards and exposure of people and infrastructure to those hazards (Ewert et al., 2005; Ewert, 2007). Among the 12 Very High or High Threat volcanoes, 6 are located in wilderness areas where land management policies severely limit the number of monitoring stations (Mount Baker, Glacier Peak, Mount Adams, Three Sisters, Crater Lake, Mount Shasta). Especially at those volcanoes, InSAR is an essential monitoring tool to supplement sparse ground-based networks. Extensive snow cover precludes interferometric coherence during most of the year, but summer-to-summer interferograms are generally coherent except near the highest summits, where snow-cover persists year-round, and in heavily forested areas on some of the volcanoes’ western flanks.

Prior to the advent of InSAR, conventional wisdom held that activity at most arc volcanoes could be characterized as long periods of dormancy punctuated by relatively brief eruptive episodes, with little or no detectable unrest in the interim. That view has changed with improvements in volcano monitoring techniques, including satellite imaging radar. Fully three-quarters of Aleutian volcanoes and one-third of Cascade volcanoes show evidence of ground deformation. In many cases deformation is not associated with eruptions, and in a few cases little or no other evidence of unrest is apparent.

Surface Change Detection and Hazard Assessment During Eruptions

Especially at remote or heavily vegetated volcanoes, surface change detection with SAR imagery complements other monitoring techniques and supports assessments of eruption impacts and hazards. For example, Meyer et al. (2015) described a system that integrates near real-time SAR data with a multidisciplinary volcano monitoring system developed at the Alaska Volcano Observatory and demonstrated its use to map both ground deformation and surface change by ash deposition during the 2008 eruption at Okmok volcano (Figure 1A; #18). Wang et al. (2015) used time-sequential TerraSAR-X SAR images to track eruptive activity at Mount Cleveland volcano (Figure 1A; #15), where visual observations were hampered by persistent bad weather and the volcano’s remote location in the central Aleutian arc. They were able to document growth of a lava dome and confirm that any eruption-related deformation did not extend beyond the ∼200-m diameter summit crater where the dome grew. Surface scattering characteristics changed rapidly during extrusion, preventing retrieval of reliable phase change or pixel offset information from SAR images. Instead, Wang et al. (2015) used feature tracking of bright scatterers together with knowledge of the SAR imaging geometry and a dome growth simulation to calculate the height and area of the dome as a function of time, and thus to estimate the extrusion rate. Results indicate the dome grew at rates as high as 0.6 m3/s to a maximum height of nearly 70 m with a basal area of 0.025 km2. No coeruptive surface deformation was detected beyond the crater rim, consistent with the inference of Lu and Dzurisin (2014) that most eruptions at Cleveland are fed from a persistently open conduit without disturbing the surrounding edifice.

Akutan volcano (Figure 1A; #21) is similar to Cleveland in that both are in the central part of the arc and both erupt frequently—Akutan 16 times from 1962 to 1992—but they differ markedly in one respect. In March 1996, more than 200 earthquakes larger than magnitude 3.5 occurred at Akutan, accompanied by a complex deformation pattern with ∼60 cm of uplift and a zone of ground cracks up to 500 meters wide and more than 3 km long. Modeling of InSAR observations suggests these were manifestations of dike intrusion to within a few hundred meters of the surface, although no eruption ensued (Lu et al., 2000b, 2005a,b). Recent InSAR and GNSS observations confirm that steady inflation at Akutan was punctuated by intrusions accompanied by seismic swarms in 2008 and 2014, although activity was less intense in those cases than during the 1996 episode (Degrandpre et al., 2017; Wang et al., 2018). Differences in behavior at Cleveland and Akutan (the first typically erupts without deforming, the second sometimes deforms without erupting) presumably reflect differences in local tectonic setting or crustal structure that facilitate an open/ductile magma conduit at Cleveland (also Shishaldin and Pavlof, with similar behavior), but not at Akutan.

In Hawai’i, SAR has contributed to monitoring surface inundation by lava flows and to forecasting flow paths in support of hazards assessments. SAR surveillance at Kīlauea began in 1984 with Shuttle Imaging Radar (SIR-B) data, which Gaddis et al. (1989) demonstrated could be useful for distinguishing surface characteristics (e.g., lava flow versus pyroclastic deposit). Zebker et al. (1996) demonstrated SAR’s potential for mapping lava flows based on changes in interferometric coherence in SIR-C images over time. Building on Zebker et al.’s (1996) approach, Dietterich et al. (2012) showed that coherence imagery from multiple look angles could be combined to produce a map of lava flow emplacement with temporal resolution on the order of days. This is far more frequent than ground- or air-based data are collected by the USGS Hawaiian Volcano Observatory (HVO) (except during a crisis) and has the benefit of seeing through weather clouds that might block other remote means of lava flow mapping (e.g., satellite thermal imaging).

In another application, InSAR can be used to update topographic maps in areas of active lava flows. Poland (2014) exploited bistatic TanDEM-X data to create sequential DEMs of an active flow field and calculate lava discharge rate from Kīlauea’s East Rift Zone during 2012. This information, which would not otherwise be known, helped constrain temporal variability in magma supply to Kīlauea (Anderson and Poland, 2016). The new topography also was used to update models used by the Hawaiian Volcano Observatory to forecast lava flow pathways. These models, which are based on topographic steepest-descent calculations (Kauahikaua et al., 2003; Kauahikaua, 2007), are only accurate until new flows are emplaced, which alters the topography. InSAR provides a means of updating the topographic information, allowing for the generation of updated flow-path models—a critical capability during any ongoing eruption. For example, in 2013, lava flows from the East Rift Zone eruptive vent at Kīlauea Volcano, Hawai’i, stopped flowing southeast toward the sea, and instead accumulated around the vent and eventually flowed to the northeast (Patrick et al., 2015), precipitating a lava flow crisis in the village of Pāhoa (Poland et al., 2016). When lava flow activity returned to the coastal area in 2016, the Hawaiian Volcano Observatory used topographic information that was updated from TanDEM-X SAR data collected in 2013 to recalculate the steepest descent pathways, which had been based on topographic data from 2005 (Figure 3). The updated topography informed forecasts of lava flow paths that were communicated by the Hawaiian Volcano Observatory to local emergency managers.
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FIGURE 3. Steepest descent lines indicating likely lava flow paths during the 1983–2018 Pu’u ’O’o-Kupaianaha eruption along Kīlauea’s middle East Rift Zone. Blue lines show paths based on topographic data from 2005, whereas red lines are flow paths that were updated in 2013 using topographic information derived from bistatic TanDEM-X SAR imagery.



Geodetic Imaging of Magma Storage and Transport Systems at Kīlauea and Mauna Loa

Hawaiian volcanoes are among the best monitored in the world, especially in terms of ground deformation. A variety of volcano-monitoring techniques have been developed and tested there, including both classical methods, like single-setup leveling and electronic distance measurement (EDM, Decker et al., 2008), and modern tools like SAR and InSAR. Some of the first InSAR deformation maps of an active volcano were SIR-C interferograms spanning days to months in 1994 (Rosen et al., 1996). However, lack of a ground-based receiving station for much of the 1990s limited SAR data acquisition for Hawai’i, since the ERS-1/2 satellites did not have on-board recorders. Therefore, application of SAR/InSAR to Hawaiian volcanoes was sparse prior to the availability of data from RADARSAT-1 in 1997 and ENVISAT in 2003. These datasets were the first in an explosion of SAR imagery that was enhanced in 2008 by the establishment of Hawaiian Volcanoes as the first Geohazards Supersite of the Geohazards Supersites and Natural Laboratories (GSNL) initiative of the Group on Earth Observations.

Geohazards Supersites were developed to encourage scientific exploration of earthquake and volcano hazards for the purpose of improving disaster risk management (Salvi et al., 2017). Hawaiian Volcanoes is one of ten permanent Supersites distributed around the globe. The Supersite charter and a list of permanent Supersites are at https://geo-gsnl.org/supersites/permanent-supersites/. Among other functions, Supersites provide open access to satellite and ground-based geophysical datasets from different sources and different disciplines (e.g., seismic, GNSS, volcanic gas, gravity, LIDAR).

With Hawai’i as a Geohazards Supersite, imagery from numerous SAR satellites, as well as ground-based data (like seismic and geodetic measurements collected by HVO), are freely available to the scientific community. Studies based on these datasets have benefited not only research into Hawaiian volcanism, but also the development of new methods for integrating SAR and ground-based data and extracting the maximum possible signal from interferograms, especially in the along-track direction of SAR satellites (e.g., Chen et al., 2014; Jo et al., 2015). Some SAR datasets are provided to the Supersite with a latency of only hours, which facilitates the timely use of interferometric data in monitoring and hazards assessment.

InSAR results in Hawai’i have provided a wealth of information about the magmatic systems of Kīlauea and Mauna Loa volcanoes. The spatial detail provided by interferograms has been especially important for mapping the spatial and temporal complexity of summit magma storage at Mauna Loa (e.g., Amelung et al., 2007) and Kīlauea (e.g., Baker and Amelung, 2012; Poland et al., 2014). In addition, InSAR has been invaluable for supplying important observations of known processes, especially magmatic intrusions. For example, Kīlauea’s 1993 East Rift Zone intrusion was known from tilt and seismicity, but JERS interferograms provided otherwise unavailable constraints on the volume of the intrusion (Conway et al., 2018). Even in the presence of robust continuous tilt and GPS networks that were installed in the late 1990s, interferograms still offered much needed constraints on models of dike emplacement, like that of the 1999 Kīlauea East Rift Zone intrusion (Cervelli et al., 2002). A leap forward was achieved in 2007, when SAR data were acquired in the middle of a dike emplacement event (Figure 4). The serendipitous timing allowed for detailed modeling of the temporal evolution of the intrusion, especially when combined with tilt and GNSS data (Montgomery-Brown et al., 2010, 2011). A 2011 East Rift Zone fissure eruption was imaged in even greater temporal detail, with multiple SAR satellites acquiring data before, during, and after the 4.5-day-long event. These data were especially valuable because the eruption occurred in an area of sparse geodetic stations, and they enabled modeling of the intrusion’s volume over time (Lundgren et al., 2013).
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FIGURE 4. ENVISAT interferograms from beam mode 2, track 93, and spanning the onset (top) and conclusion (bottom) of Kīlauea’s July 17–19, 2007, East Rift Zone intrusion and eruption. This was one of the first times that a SAR image was acquired of a dike intrusion as it was happening, and the sequence of images provided excellent spatial resolution of how the intrusion evolved over time.



Less appreciated is the role of InSAR in discovering small-scale features that would not otherwise be known, given the poor spatial resolution of ground-based sensors. For example, interferograms of Kīlauea reveal relatively small, persistent subsidence features at the summit and along the volcano’s East Rift Zone (Figure 5). The summit feature is located within the northern part of the summit caldera in an area of a former lava lake from the 1800s and might represent cooling of a thick lava pile, even though those flows are well over 100 years old. The East Rift Zone subsidence features coincide with the locations of former pit craters—‘Alae Crater and a deep part of Makaopuhi Crater—that were filled by lava during the 1969–1974 Mauna Ulu eruption. Cooling and contraction of these thick accumulations of lava is clearly driving subsidence at these locations. Interferograms have also been instrumental in identifying areas prone to collapse, for example, along the rim of the summit eruptive vent that opened in 2008 (Richter et al., 2013) and on supposedly stable land near the lava-ocean entry (Poland and Orr, 2014). InSAR has even been important for detecting subtle features associated with earthquakes, from small (∼M 3) shallow seismic events in the Koa’e Fault System between Kīlauea’s summit caldera and the coast (Swanson et al., 2018) (Figure 5), to isolated areas of subsidence on the western side of the island (mostly in Mauna Loa lava flows) that were associated with a magnitude M 6.7 earthquake in 2006 and are thought to be a result of surface settling due to strong shaking (Poland, 2010).
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FIGURE 5. Cosmo-SkyMed interferogram spanning April 2, 2012 – March 19, 2014 and showing deformation of Kīlauea’s summit area and upper/middle East Rift Zone. Isolated areas of subsidence in the East Rift Zone at ‘Alae and Makaopuhi Craters are due to cooling of lava that filled those craters during the 1969–1974 Mauna Ulu eruption. A similar origin is expected for subsidence in the north part of Kīlauea caldera, where a lava lake existed in the 1800s. Localized fringes in the Koa’e fault system are due to a pair of ∼M 3.5 earthquakes on June 4–5, 2012.



A large effusive eruption along Kīlauea’s lower East Rift Zone and major collapse of the summit area was initiated by the onset of a dike intrusion on 30 April 2018 and was accompanied by a magnitude 6.9 earthquake beneath the volcano’s south flank on 4 May. The first of many small explosions from the summit occurred on 16 May; resulting ash plumes reached as high as ∼3 km above sea level. Lava effusion and summit collapse stopped in early August 2018. SAR and InSAR observations played a vital role in tracking both summit collapse and lava inundation paths during the 2018 activity. Interferograms provided timely (every 1–3 days) and spatially broad coverage of volcano-wide deformation, including both rift zone spreading and summit subsidence. Amplitude images were also valuable in constraining the changing geometry of lava flows on the lower East Rift Zone, as well as tracking the development of faults and collapse structures at the summit over time (despite weather that occasionally obscured visual observations). SAR data, provided within hours of acquisition by some agencies thanks in part to Hawai’i’s status as a GSNL Supersite, provided an operational awareness of deformation and surface change during the crisis that was critical to informing assessments of activity and forecasts of potential future changes. For example, the lack of continued spreading of the lower East Rift Zone after the first few weeks of the eruption suggested a low probability of farther downrift dike propagation, and spatial patterns of summit subsidence indicated that volume loss was mostly occurring from the shallower and smaller of two primary subsurface magma storage areas in the summit area.

Deformation Sources and Processes at the Yellowstone and Long Valley Calderas

High spatial resolution InSAR observations, especially when combined with high temporal resolution GNSS observations, can be inverted to produce source models of sufficient detail to effectively image entire magma storage and transport systems. At Yellowstone, repeated leveling surveys had revealed years-to-decades long episodes of surface uplift and subsidence of the caldera floor (Dzurisin et al., 2012) when an adjacent deformation center along the north caldera rim near Norris Geyser Basin (one of the hottest thermal areas within the Yellowstone magmatic system) was identified with campaign-mode GNSS and InSAR observations (Wicks et al., 1998; Meertens et al., 2000) (Figures 6A,B). In the succeeding two decades, the Norris area has been especially dynamic, with rapid uplift episodes interspersed with periods of subsidence. Inside the caldera, InSAR has been used to map surface deformation in greater spatial detail than is possible with leveling or GNSS, thereby strengthening observational constraints on source models (Wicks et al., 1998, 2006; Chang et al., 2007, 2010).
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FIGURE 6. Four interferograms representing evolution of north-rim deformation sources since 1996. Period in years spanned by each interferogram is labeled near top of each panel. Color bar showing range change mapping in each interferogram is in lower left corner of each panel and radar geometry is shown in lower right corner of each panel. Caldera boundary, Yellowstone National Park Boundary, and mapped faults are from Christiansen (2001). Earthquake circle size is scaled to magnitude. (A) ERS-2 interferogram from 19960919 to 20000928. (B) ENVISAT interferogram from 20050802 to 20090811. (C) TerraSARX interferogram from 20140609 to 20141008. The 20 km length scale in upper right of panel C applies to all panels. (D) Sentinel 1 interferogram from 20150727 to 20171020.



InSAR was essential in following a north-rim deformation episode that began as uplift in 1995, progressed through 2001 when it essentially ceased, then switched to subsidence in 2004 (Figures 6A,B). Uplift at a rate of 20–30 cm/yr resumed in late 2013, but abruptly reversed to subsidence following a Mw 4.9 earthquake on March 30, 2014 (Figure 6C). Subsidence stopped in early 2015 but was followed by another uplift episode that began in early 2016 (Figure 6D) and was continuing when this was written in November 2018. By that date, uplift measured at continuous GNSS station NRWY, about 5 km SSE of the center of uplift identified with InSAR, had reached nearly 10 cm, while central parts of the caldera floor had subsided 1–4 cm.

Figure 7 shows best-fit sources for the 1995–2001 north-rim uplift episode and for deformation from early 2016 to present for both the north rim (uplift) and caldera floor (subsidence). The source for the 1995–2001 north-rim episode is a distribution of Okada (1985) dislocation sources that follow a 2-D Weibull distribution (Myrhaug and Rue, 1998), centered about 14 km below the surface. The early 2016 to present source beneath the caldera consists of two separate 2-D Weibull distributions confined to the same plane at a depth of 5–8 km. The same source also fits the caldera-floor deformation from late 2013 to early 2014. The source for the early 2016 to present north-rim uplift episode comprises two parts: (1) a shallow domed source of triangular dislocations (Nikkhoo and Walter, 2015) in which the depth variation of the reservoir follows one 2-D Weibull distribution and the amount of opening follows another, and (2) a deeper compound dislocation source (Nikkhoo et al., 2017). The source for the late 2013 to early 2014 north-rim uplift episode (not shown in Figure 6) is similar to the shallow domed source for the early 2016 to present episode, except the latter is somewhat shallower: about 3 km below the surface to the shallowest part of the 2013–2014 source, and about 2 km below the surface for the 2016–present source.
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FIGURE 7. Source models for deformation events discussed in the text. Flat-lying source under north caldera rim is for 1995–2001 uplift episode there. All other sources are for deformation that occurred during 2016, including domed and tabular expansion sources under the north caldera rim and a sill-like contraction source under the caldera floor. Black sphere shows location of March 30, 2014, M 4.9 earthquake (see Figure 6C). Color bar at bottom shows millimeters of opening. (A) Plan view of sources. (B) Perspective view of sources from WSW.



We suggest that north-rim uplift during 1995–2001 was caused by a magmatic intrusion at about 14 km depth beneath Norris Geyser Basin. The two more recent uplift episodes there might indicate upward migration and accumulation of volatiles exsolved from the earlier intrusion, perhaps along a pathway represented by the dipping tabular body shown in Figure 7. The process was rapid in late 2013 and early 2014, leading to the March 30, 2014, Mw 4.9 earthquake. Fracture permeability created by the earthquake might account for the temporary reversal to north-rim subsidence, and self-sealing by mineral deposition or quasi-plastic flow (Fournier, 1999, 2007) might explain the resumption of uplift in early 2016. Shallowing of the north-rim deformation source from ∼3 km depth in 2014 to ∼2 km depth in 2016 suggests that upward migration of volatiles is continuing. Any connection between north-rim uplift sources and caldera-floor subsidence sources during the study period was not revealed by our modeling. Steamboat Geyser, the highest geyser in the world, is situated in Norris Geyser Basin and often goes many years between eruptions. When this was written in November 2018, Steamboat had erupted 25 times since March 15, 2018. The frequent eruptions might be the result of surface dilatation from the ongoing uplift episode or an influx of magmatic heat and volatiles from the 1995–2001 intrusion.

InSAR measurements also have played an important role at Long Valley Caldera, which has experienced several episodes of surface uplift since 1980 (Savage and Clark, 1982; Castle et al., 1984; Hill, 1984; Savage, 1988; Langbein, 1989; Thatcher and Massonnet, 1997; Langbein, 2003). Two deformation sources have been identified, one beneath the resurgent dome at 6–7 km depth and another beneath the caldera’s south moat at 10–20 km depth. Langbein (2003) attributed both sources to magmatic inflation, in the south moat accompanied by right-lateral fault motion.

The most recent uplift episode began in 2011, coincident with renewed swarm seismicity. Montgomery-Brown et al. (2015) analyzed the deformation using a combination of GPS and TerraSAR-X InSAR data, the latter processed using a persistent scatterer technique. They showed that the data are well fit by an inflation source ∼7 km beneath the resurgent dome, consistent with results for previous inflation episodes. A second source beneath the south most is permissible but not well resolved by the data.

Similar to Yellowstone in size and age, Long Valley differs in that only minimal subsidence has occurred between uplift episodes there (Tizzani et al., 2009; Liu et al., 2011; Montgomery-Brown et al., 2015), whereas at Yellowstone subsidence has been nearly as prevalent and pronounced as uplift (Dzurisin et al., 2012). Montgomery-Brown et al. (2015) suggested the difference might indicate that episodic discharge of hydrothermal fluids, which Waite and Smith (2002) proposed as a mechanism for caldera subsidence at Yellowstone, might be less important at Long Valley.

Although our interpretation of source models for 1995-to-present deformation along the north rim of Yellowstone Caldera is speculative, it supports a plausible narrative based on decades of multidisciplinary research there. Intrusions of basaltic magma in the mid- to lower crust are required to sustain the very high surface fluxes of heat and CO2 (Werner and Brantley, 2003; Lowenstern and Hurwitz, 2008), large 3He/4He ratios indicate a dominantly magmatic source for fumarolic gases (Craig et al., 1978), and volatile accumulation/release in the upper crust has been proposed as a mechanism for uplift/subsidence cycles (Fournier, 1999, 2007). For the first time, modeling of high-spatial-resolution InSAR observations of the north rim area resolves multiple deformation sources in the mid- to upper crust that can be interpreted as evidence of magma intrusion followed by volatile exsolution, migration, accumulation, and escape. By extension, similar processes might be occurring at Long Valley, although the relative absence of subsidence there points to a lesser role for escape of magmatic volatiles to the surface.

DISCUSSION

Based on the wealth of new information about volcanic systems and processes garnered in recent decades, we can expect space-based imaging radar to remain an effective volcano monitoring and research tool for the foreseeable future. Recent and planned launches of SAR satellites will enable hourly-to-daily monitoring of many volcanoes worldwide at different wavelengths and from multiple viewing geometries (Elliott et al., 2016), providing more timely monitoring of surface change and tighter constraints on deformation models. For example, Finland’s ICEYE project plans a constellation of more than 18 SAR microsatellites to provide high-resolution imaging of the entire globe every few hours—a capability with obvious applications to change detection at volcanoes. ICEYE-X1 was launched successfully in January 2018. Spain’s first SAR satellite, PAZ, was launched in February 2018 and forms a constellation with Germany’s TerraSAR-X and TanDEM-X satellites. The first TerraSAR-X NG (Next Generation) satellite is scheduled for launch in 2018–2019, and Italy’s second-generation COSMO-SkyMed satellites (CSG 1, 2) in 2018–2020. At C-band, the three-satellite RADARSAT Constellation Mission (RCM) is scheduled to start in 2018–2019. NISAR, a joint United States-India SAR mission focused on natural processes and hazards, is expected to launch in 2020 with both L-band and S-band polarimetric SARs abroad. A torrent of volcano SAR data will arrive soon and continue years into the future.

As new satellites become operational, multi-temporal InSAR observations will continue to be combined with deformation data from GNSS networks, in situ sensors including tiltmeters and strainmeters, and from other disciplines including seismology and geochemistry to develop and refine volcano models. Advances in computing capability and data processing techniques will enable routine, timely production of SAR and InSAR images for most of Earth’s land surface area, to the extent that space-based radar observations will become a readily accessible data stream for volcanologists worldwide, and a staple of global volcano monitoring efforts. In the U.S., space-based radar will continue to play an essential role in monitoring activity along the Aleutian and Cascade volcanic arcs, in studying all aspects of basaltic volcanism in Hawai’i, and in tracking deformation episodes at Yellowstone and Long Valley calderas. Physics-based models eventually may lead to more accurate forecasts of activity at Mount St. Helens, Kīlauea, and Mauna Loa, and help to identify mechanisms of unrest at large silicic magma systems including Yellowstone and Long Valley.

InSAR is likely to contribute to improved eruption and hazards forecasts in two ways. First, its high spatial resolution and shorter repeat times made possible by planned launches of additional SAR satellites will enable tighter constraints on the locations, shapes, and physical interpretations of deformation sources, which in turn serve as starting points for physics-based models that forecast eruptive activity in a probabilistic framework (e.g., Anderson and Segall, 2013). Second, more frequent SAR observations will enable more detailed tracking of dome growth and lava-flow inundation at remote volcanoes – information that supports improved hazards forecasts. Regarding mechanisms of caldera unrest, the work reported here concerning activity at Yellowstone since 1995 is a first step toward integrating deformation source models that evolve over time with magmatic processes that do the same, e.g., magma intrusion, volatile exsolution and ascent, and surficial hydrothermal activity. InSAR’s high spatial resolution was essential for recognizing subtle differences in the 2013–2014 and 2016–present deformation fields, which informed our interpretation of upward migration of trapped volatiles and a possible link to increased activity at Steamboat Geyser.
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