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The primary goal of operational volcano monitoring is the timely identification of volcanic unrest. This provides critical information to decision makers tasked with mitigating the societal impacts of volcanic eruptions. Volcano deformation is recognized as a key indicator of unrest at many active volcanoes and can be used to provide insight into the depth and geometry of the magma source. Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technique that has detected deformation at many volcanoes globally, but most often with hindsight. To date, the use of InSAR for operational volcano monitoring has been limited to a few cases and only in high income countries. Yet a vast number of active volcanoes are located in low- and middle-income countries (LMICs), where resources for operational monitoring are constrained. In these countries, InSAR could provide deformation monitoring at many active volcanoes, including those that have no existing ground monitoring infrastructure. Several barriers combine to make uptake of InSAR into operational volcano monitoring difficult in most countries, but particularly in resource-constrained environments. To overcome some of these limiting factors, we propose a simplified processing chain to better incorporate InSAR and Global Navigation Satellite Systems (GNSS) data into the decision-making process at volcano observatories. To combine the InSAR and GNSS data we use a joint modelling procedure that infers volume changes of a spherical source beneath the volcano. The benefits of our approach for operational use include that the algorithm is computationally lightweight and can be run quickly on a standard desktop or laptop PC. This enables a volcano observatory to interpret geodetic data in a timely fashion, and use the information as part of frequent reporting procedures. To demonstrate our approach we combine ALOS-PALSAR InSAR data and continuous GNSS data from the Rabaul Caldera, Papua New Guinea between 2007 and 2011. Joint inversion of the two datasets indicates volume loss of ~1 × 107 m3 (deflation) occurring between February 2008 and November 2009, followed by volume gain of ~2.5 × 106 m3 (inflation) until February 2011 in a magma body situated ~1.5 km beneath the caldera.
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INTRODUCTION

A disproportionately high number of volcanoes that were active in the Holocene are located in low- and middle-income countries (LMICs) (Chester, 2005). Compounding this volcanic risk, LMICs typically have the densest populations living in proximity of active volcanoes whilst also experiencing sustained population growth (Small and Naumann, 2001). Historical eruptions of volcanoes in LMICs have resulted in significant impacts for both humans and infrastructure. For example, there were: 36,000 deaths as a result of a tsunami triggered by the 1883 eruption of Krakatau in Indonesia (Brown et al., 2017); 25,000 deaths as a result of lahars triggered by the 1985 eruption of Nevado del Ruiz in Colombia (Naranjo et al., 1986); and $750 million USD losses following the 1991 eruption of Mount Pinatubo in the Philippines (Annen and Wagner, 2003). Furthermore, there is evidence to suggest a link between a region's level of economic development and the number of fatalities from volcanic events (Auker et al., 2013). Our increasing connectivity and globalization of transportation, communications and economies (e.g., Miller et al., 2016) means that we are more vulnerable to distant volcanic eruptions, for example via aviation routes passing close to active volcanoes (e.g., Alexander, 2013). These issues highlight the increasing importance of effective volcano monitoring programs at potentially active volcanoes. The ability to detect changes in behaviour at a volcano that may be precursory to an eruption, in a timely manner, can significantly improve the decision-making process (for example regarding local evacuations and aviation alerts).

Volcano observatories typically use ground-based networks consisting of seismic, deformation and gas monitoring instruments (e.g., Loughlin et al., 2015; Pallister and McNutt, 2015), and using all of these methods together improves the issuance of accurate advice (Winson et al., 2014). Under ideal circumstances, all potentially active volcanoes would be routinely monitored with a diverse suite of instruments and methods to develop a baseline understanding of volcanic behaviour and contextualize anomalies that may be indicative of unrest patterns. In reality though, only a small number of volcanoes are monitored with extensive instrument networks, with the majority (~65%) having little or no instrumental monitoring in place (Brown et al., 2015b; Loughlin et al., 2015). Improving ground-based instrumentation can be logistically and financially challenging, and where resources are limited, prioritization of monitoring targets and infrastructure is necessary. Consequently, undertaking a country-wide risk analysis and ranking exercise can help guide future monitoring strategies (e.g., Ewert et al., 2005).

Seismic monitoring remains the backbone of the early warning system at many volcano observatories in LMICs due to its ease of use in an operational and resource-constrained setting, its relatively low cost and its high sampling resolution that can afford early detection of signs of seismic unrest (Thompson, 2015). However, it is becoming increasingly common for deformation monitoring to be used as part of the early warning system (c.f. Dvorak and Dzurisin, 1997; Dzurisin, 2000; McNutt et al., 2000; Fernández et al., 2017). Most commonly, volcano deformation occurs due to the intrusion into or withdrawal of magma from the crust. Comparisons between data collected globally from ground-based sensors (Phillipson et al., 2013) and satellite remote sensing (Furtney et al., 2018) suggest that ground deformation (i.e., displacements of Earth's surface) is the indicator of pre-eruptive unrest that on average provides the longest lead-time prior to an eruption. However, this is not always the case. For example, in the lead up to the 2014 Bárðarbunga eruption in Iceland, increased seismicity was observed in the years preceding the eruption, but ground deformation was only observed about 1 month prior to the eruption. Furthermore, Biggs et al. (2014) found that of 198 volcanoes systematically monitored around the world, 9 (nearly 5%) of those erupted with no deformation detected. One well-documented example is Merapi volcano in Indonesia, which frequently erupts but with no deformation having been detected (e.g., Chaussard et al., 2013).

When it does occur, ground deformation at volcanoes can be measured with satellite Synthetic Aperture Radar (SAR) data processed using the Interferometric SAR (InSAR) technique, or via local networks of Global Navigation Satellite System (GNSS) instruments operated continuously or in measurement campaigns (e.g., Larson et al., 2010; Sigmundsson et al., 2018). Both the remotely-sensed InSAR technique and ground-based GNSS technique have advantages and disadvantages for monitoring volcano deformation (Table 1). However, both techniques provide observations that can be used to infer the location, volume change, and shape of the magma body causing the crustal deformation via analytical elastic modelling or more complex viscoelastic and finite element models (e.g., Lisowski, 2007; Segall, 2010). This modelling approach can be used to anticipate the occurrence of volcanic eruptions when the surface deformation is measured with sufficiently high spatial and temporal resolution (e.g., Kobayashi et al., 2018).


Table 1. Advantages and disadvantages of InSAR and GNSS for monitoring volcano deformation.

[image: image]



InSAR has been used successfully to measure surface deformation at a large number of volcanoes worldwide (e.g., Wicks et al., 1998; Amelung et al., 2000; Pritchard and Simons, 2002; Chaussard and Amelung, 2012; Lundgren et al., 2013; Biggs et al., 2014; Parks et al., 2015; Parker et al., 2016; Ebmeier et al., 2018; Pritchard et al., 2018). In many cases, InSAR facilitates monitoring at volcanoes that currently have limited or no ground-based monitoring networks. However, because of the latency between image acquisition and delivery, and general data availability from past SAR missions, many of the documented applications of InSAR to volcanoes have been carried out retrospectively (Ebmeier et al., 2018). Nevertheless there is a growing trend towards using InSAR data to provide early warnings in countries with large numbers of volcanoes and limited ground monitoring stations (Ebmeier et al., 2018; Pritchard et al., 2018).

For a monitoring technique to be considered “operational,” it must be in routine and independent use without the need for significant outside assistance to keep it running. Furthermore, the monitoring technique needs to be suitable for application in a systematic fashion (i.e., being repeatable and reliable) to meet institutional criteria for dependability and the need for credible, unambiguous signals. In an operational context there is a need to be able to use products (data and interpretations) for decision-making in critical situations under immense pressure. Therefore, the monitoring technique needs to be robust and defendable under public and political scrutiny.

In this context, InSAR is rarely used operationally at volcano observatories despite long-recognized promise (c.f. Stevens and Wadge, 2004; Ernst et al., 2008). The few cases where InSAR is used for routine volcano monitoring (i.e., systematically, but not necessarily operationally) are restricted to more economically developed countries. Some examples of these countries are: France (e.g., Peltier et al., 2017), Iceland (e.g., Sigmundsson et al., 2014; Parks et al., 2017), Japan (e.g., Morishita et al., 2016; Kobayashi et al., 2018), New Zealand (e.g., Hamling et al., 2015) and USA (e.g., Meyer et al., 2015; Dzurisin et al., 2018). More detail of how InSAR is applied to volcano monitoring in these countries is given in Supplementary Table 1.

The use of remote sensing data is often not constrained by geographic or political boundaries, so in many cases a volcano observatory will partner with external organisations (such as universities or national and international government science agencies) who undertake much of the InSAR processing (e.g., Pritchard et al., 2018). Despite this, the vast majority (~70%) of catalogued InSAR observations are from countries classed as “upper middle” income (Ebmeier et al., 2018), even though the majority of volcanoes active in the Holocene are located in LMICs (Chester, 2005). The social consequences that can arise from public dissemination of volcanic alert information necessitate that local authorities (i.e., the volcano observatory) lead the analysis and interpretation of pre-eruptive unrest signals. In this context, six potential barriers (Table 2) in combination prevent operational InSAR monitoring at volcano observatories in the majority of countries, but particularly in LMICs. Removing these barriers to facilitate the uptake of operational InSAR monitoring at volcano observatories is an important bridge to widespread and routine usage of this valuable tool in resource-constrained environments.


Table 2. Some potential barriers to operational InSAR monitoring at volcano observatories in an LMIC context.
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We propose a simplified data processing chain in Figure 1 to facilitate more rapid uptake of InSAR data into operational use at volcano observatories. Firstly, geodetic data (InSAR and/or GNSS) is acquired and downloaded, together with the necessary auxiliary products required for their processing (Stage 1). Secondly, the geodetic data is processed using standardized data processing procedures to obtain surface displacement observations (Stage 2). Thirdly, the derived surface displacements from InSAR and/or GNSS are combined using a joint modelling approach to determine the relative volume change and movement of a magmatic source (Stage 3). The time series output of this stage can be used in the final stage (Stage 4) by the observatory to make decisions on the eruptive state of the volcano. The procedure is then iterated by acquiring more geodetic data to add to the time series.
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FIGURE 1. Flow chart summarizing the four stage process to incorporate geodetic (InSAR and/or GNSS) data into the operational volcano monitoring work flow.



In this paper we present a methodology for operationalizing Stage 3 of the processing chain and demonstrate its use with a case study of the Rabaul Caldera, Papua New Guinea. Our primary aim is to address barriers (1), (2), and (3) in Table 2. First, we give an overview of the Rabaul Caldera, its eruptive history and the efforts of the Rabaul Volcano Observatory (RVO) to monitor the volcano. We then describe the methods we have used to process InSAR and GNSS data available for the Rabaul Caldera. This processing corresponds to stages 1 and 2 in the overall processing chain depicted in Figure 1. In the following section, we describe our two-step joint modeling procedure for incorporating processed InSAR data, and where it is available, GNSS data. Our approach makes use of a computationally lightweight inversion algorithm that could be run operationally at a volcano observatory on modest computing facilities. We demonstrate the application of this methodology for the Rabaul Caldera with independent inversions of the InSAR and GNSS datasets, and their joint inversion. By comparing the results, we demonstrate that InSAR data could be used in isolation (i.e., without GNSS data) using our procedure at those volcanoes that lack ground-based geodetic instrumentation. Finally, we discuss the limitations and opportunities to improve upon our methodology. We also discuss the challenges involved with implementing the full four-stage processing chain (with reference to the barriers outlined in Table 2) and highlight some potential solutions.

THE RABAUL CALDERA AND THE RABAUL VOLCANO OBSERVATORY

Papua New Guinea (PNG) has 56 Holocene volcanoes with at least 20 of these historically active (Brown et al., 2015c). Over 80% of PNG's population lives within 100 km of a volcano (Brown et al., 2015a). The highest risk volcano is the Rabaul Caldera complex located at the north-eastern point of New Britain island (Figure 2). The former capital of the East New Britain province is located within the caldera structure (McKee et al., 2017). Even though the capital has since moved from Rabaul (to nearby Kokopo, outside the caldera), the port is still the primary hub for the province and vital for national and international trade operations. In addition, a population of up to 7,000 remains living within the caldera and the rapidly developing city of Kokopo is located on pyroclastic-flows deposited during eruptions from the caldera. Correspondingly, the Rabaul Caldera presents the highest risk to surrounding populations of all volcanoes in the Melanesia region (Brown et al., 2015c).
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FIGURE 2. Map of the Rabaul Caldera labelled with points of interest mentioned in the text. Yellow line indicates the general topographic rim of the nested caldera complex. Cyan polygons outline the two zones of concentrated seismicity between 1971 and 1992 occurring above 2 km depth that Saunders (2001) used to infer the presence of a ring fault. Locations of GNSS monitoring stations are plotted as red diamonds. The GNSS monitoring station “RVO” is situated at the Rabaul Volcano Observatory (RVO) headquarters. Background image is an ALOS-PALSAR radar backscatter image captured on 5th December 2009. Topographic contours at 100m elevation intervals are shown as white lines. Inset map shows the location of Rabaul within New Britain island, Papua New Guinea.



The Rabaul Caldera contains several small Holocene eruptive vents within the footprint of a large Pleistocene nested caldera complex (Nairn et al., 1995; Jóhnson et al., 2010). Present day eruptions occur from two active vents, Tavurvur and Vulcan, located within the Rabaul Caldera complex (Figure 2). These two small vents have erupted on average every 24–59 years during the last ~250 years (McKee et al., 2017). Between eruptions, the Rabaul Caldera is known for its frequent periods of unrest, when seismic, thermal and deformation activity is heightened (e.g., McKee et al., 1984).

Seismic analysis indicates the presence of three magma bodies beneath the Rabaul Caldera (Finlayson et al., 2003; Itikarai, 2008; Jóhnson et al., 2010): a shallow body centred under the caldera with its top at ~3 km depth, a second shallow body located to the north-east outside of the caldera boundary with a similar depth, and a deeper body directly beneath the shallow body with its top at 12 km depth. The shallow caldera magma body is thought to be the main reservoir that feeds eruptions from both Tavuvur and Vulcan (Patia et al., 2017). Periodic magma injection into the shallow body is thought to come from the deeper magma reservoir, and possibly the second shallow body in the north-east. Mixing of these compositionally distinct magmas could trigger the periodic unrest and may lead to simultaneous eruption of Tavuvur and Vulcan if certain physical thresholds are exceeded (Jóhnson et al., 2010; Patia et al., 2017).

Following a devastating simultaneous eruption of Tavuvur and Vulcan in 1937, the RVO was established in 1940 to monitor the caldera and provide warnings of future eruptions (McKee et al., 2017). Today, RVO continues to monitor Rabaul and is also responsible for monitoring all PNG volcanoes. Since the Rabaul volcano presents the highest risk, it is also the best monitored volcano in the country. RVO operates a network of 15 seismic monitoring stations in and around the Rabaul caldera. Systematic geodetic monitoring of the caldera began in 1973, including gravity, tiltmeter and levelling measurements (Saunders, 2001). Furthermore, an electronic distance measuring (EDM) network was established in 1983 (Archbold et al., 1988). In addition to Rabaul, RVO also monitor eight other PNG volcanoes (Ulawun, Manam, Lamington, Garbuna, Pago, Langila, Bagana, Karkar) through the use of trained observers permanently located at the volcano. At five of these volcanoes (Ulawun, Manam, Lamington, Garbuna, and Pago) there is a single short-period seismometer that the observers are trained to view and identify earthquake types, whilst earthquake counts are telemetered directly to RVO. The other PNG volcanoes are monitored via freely available internet services for satellite-derived global sulphur dioxide measurements (https://so2.gsfc.nasa.gov/) and near-real-time volcanic hotspot detection measurements (http://www.mirovaweb.it/). RVO maintains a cache of seismic and GNSS monitoring instruments that is deployed when any of the volcanoes within PNG show signs of unrest.

A period of unrest occurred at the Rabaul Caldera between 1983 and 1985 when elevated levels of seismicity and surface uplift were detected. Geodetic data gathered during that period was used to infer a shallow inflationary point source (1–2 km depth) between Matupit and Tavuvur (McKee et al., 1984, 1989; Archbold et al., 1988). A single point source was not adequate to explain all features of the observed caldera deformation, and McKee et al. (1984) suggested a second point source immediately to the east of Vulcan. Saunders (2001) used finite element models to explain the seismicity pattern and deformation features observed in the levelling data collected during the 1983–1985 unrest period as a complex system incorporating broad inflation of the shallow magma body and intrusion of magma into, or along shallow ring fault structures above that magma body (Figure 2).

On 19 September 1994, the unrest culminated in another simultaneous eruption of Tavurvur and Vulcan (McKee et al., 2017). The eruption lasted several months destroying the airport and causing extensive damage to property and infrastructure through heavy ash fall (Blong, 2003). Parts of the RVO geodetic monitoring network (levelling benchmarks, tiltmeter stations and the EDM network) were also destroyed during this eruption. A new network of four GNSS monitoring stations (“RVO,” “SDA,” “SPT,” and “VIS”; Figure 2) was established in 1996, and further upgraded to enable “real-time” monitoring in January 2000 (Endo, 2005). When this system was functioning, GNSS observations were telemetered back to RVO and processed at 10 second intervals, with the resulting positions visualised in real-time on a computer display. The GNSS network has now obtained nearly two decades of baseline observations of surface deformation within the Rabaul Caldera. At the present time, RVO process the GNSS data on a daily basis using the proprietary “Trimble Business Centre” software. The resulting three-component daily solutions for each station are added to a database and changes are visualized using graphs (e.g., Figure 3). The absolute height changes recorded at Matupit (Figure 3) correlate with the recent eruptive history at Rabaul since January 2000 (Table 3). Since January 2000, all eruptions have occurred from Tavuvur, with Vulcan remaining dormant since the 1994 eruption.
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FIGURE 3. Record of absolute height change (with respect to the WGS84 Ellipsoid) at Matupit derived from RVO's daily processing of GNSS observations at station “SDA” since January 2000. The red-dashed lines mark dates where significant events occurred (described in Table 3).




Table 3. Record of recent Tavuvur eruptive activity since January 2000 and trends in absolute height change measured by GNSS at station “SDA” located at Matupit (see Figure 3).
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InSAR was already applied to the measurement of surface deformation at the Rabaul Caldera: Ronchin et al. (2017) conducted Persistent Scatterer InSAR analysis of ascending-pass ALOS-PALSAR data acquired between 27 February 2007 and 10 December 2010. Their results showed non-linear line of sight (LOS) displacement signals, localized to the Matupit and Vulcan peninsula regions, that were interpreted as subsidence indicative of the deflation of the shallow caldera magma body. No inflation signal during the monitored time period was described by Ronchin et al. (2017). The mean displacement (i.e., the velocity) for each InSAR observation was used to constrain a finite element model consisting of an array of small finite pressure sources within a heterogeneous physical domain. Within this construct, the InSAR data constrained the shape of a large, broadly cuboidal magmatic source between 3 and 4.5 km depth. A total magma volume of ~1 × 108 m3 was drained from this body during Tavuvur eruptions during the observation period (Ronchin et al., 2017). Despite the ability of this method to define a complex geometry for the shallow caldera magma body within a heterogeneous domain consisting of realistic earth properties, it is unlikely to be a useful approach for operational volcano monitoring in PNG due to the complexity and computational expense of the modelling approach.

GEODETIC DATA

In this section we give an overview of the GNSS and InSAR data and the processing methodologies we used in our Rabaul Caldera case study. These steps constitute the procedures depicted as Stage 1 and Stage 2 in the overall processing workflow in Figure 1.

GNSS

Processing Method

We have used continuous GNSS data collected by RVO on the four-station Rabaul Caldera network (stations “RVO,” “SDA,” “SPT,” and “VIS” labelled in Figure 2). Note that here we only used observations of the Global Positioning System (GPS; the American GNSS system). Analysis of the GNSS observations was undertaken using the Bernese scientific software V5.2 (Dach et al., 2015). The processing strategy made use of parameters and model options that have been tested and approved for high precision GNSS data processing, as defined by the IERS Conventions (2010). International GNSS Service (IGS) final precise GNSS satellite orbits and Earth rotation parameters were used in the processing of the daily GNSS observations. A-priori dry tropospheric delays computed from a Standard Atmosphere were mapped with the Dry Global Mapping Function (Böhm et al., 2006). For the wet component, continuous piecewise linear troposphere parameters were estimated in 1 h intervals without any a-priori model using the wet Vienna Mapping Function and the ionosphere-free combination observations. To tie the solutions to the ITRF2008 reference frame (Altamimi et al., 2011), the GNSS data was processed along with the available data from 19 IGS sites located around the study region. As a result of this processing, a coordinate (X, Y, and Z) with respect to ITRF2008 was produced for every epoch (day) where >2 h of dual frequency (L1 and L2) GNSS observations were logged at the stations. Unfortunately, L2 observations are missing for the sites “SDA,” “SPT,” and “VIS” after 2015 and so no daily coordinate could be resolved for the post-2015 time period. Uncertainties for the coordinate output at each epoch were calculated as the standard deviation of observations of each component (see Dach et al., 2015; p.197). The uncertainty at each epoch was calculated independently (without temporal correlation) and deformation signals were not excluded from the calculation.

For this study we only used GNSS observations for the time period overlapping with the InSAR observations. Epochs where the Bernese-reported standard deviation of one of the three components was >0.1 m were removed from the dataset. This resulted in 2,792 daily solutions across the four GNSS stations and 8,376 total observations across the three displacement components. We de-trended the GNSS data to remove the constant-velocity plate tectonic signal by fitting a linear model to the three-components of data from “RVO” (Supplementary Figure 2) and subtracting these trends from data at all four stations.

Processing Results

The processed GNSS observations from the four Rabaul stations that we used in our modelling procedure are shown in Supplementary Figure 3. In Figure 4, the three-component GNSS observations have been converted into the InSAR LOS viewing geometry to enable a direct comparison with the InSAR data. Between 2009 and early 2011, GNSS data is generally available from all four stations, though prior to 2008 only GNSS data from “RVO” and “VIS” is available. Stations “SDA,” “SPT,” and “VIS” show variations in all three components of displacement at the level of 10 cm whereas, station “RVO” is stable during the observed time period. This implies that surface deformation imparted by the magma source or other shallow features is concentrated in the central region of the Rabaul Caldera close to the three GNSS stations and does not permeate as far north as station “RVO.” This observation enables constraints to be made on the maximum size of the magma source.
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FIGURE 4. Comparison of cumulative LOS displacements derived from GNSS and InSAR data at the locations of the four GNSS stations within the Rabaul Caldera (Figure 2). Three component GNSS data have been converted into the InSAR LOS viewing geometry using the unit vector [−0.61, −0.13, and 0.78]. The three components of the GNSS data are shown in Figure 9. The plotted InSAR data correspond to the down-sampled observations extracted from the sampling grid node closest to each GNSS station.



Table 4 summarizes the uncertainties, quantified as the mean standard deviation, for the GNSS observations processed by Bernese. The uncertainty of data from “VIS” is greater than sites “SDA” and “SPT.” As a result, “VIS” will have less influence on the modelling procedure due to the relative down-weighting of these observations. The standard deviation of the daily GNSS solutions depends on several factors, including the quality of the GNSS equipment used, temporal coverage of observations, and site environmental factors (such as those leading to multipath). Given that there are multiple contributing factors it is hard to identify what has caused the noisier GNSS solutions for the “VIS” station, although we suspect an aging antenna and growth of trees in the near-field of the station.


Table 4. Average uncertainties (computed as the mean standard deviations) of GNSS daily solutions used between 26/2/2007 and 10/3/2011 as reported by Bernese software.
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InSAR

Processing Method

We conducted an independent InSAR analysis for the Rabaul Caldera of the same ascending-pass ALOS-PALSAR Fine-beam L-band data used by Ronchin et al. (2017) for the slightly extended period of 27 February 2007 to 10 March 2011 (21 images in total). The temporal coverage of the ALOS-PALSAR data used is highlighted in Figure 3. We generated interferograms using a standard differential interferometric SAR processing workflow (e.g., Rosen et al., 2000) implemented using the Gamma software (Wegmüller and Werner, 1997). We processed the simplest possible network of interferograms that connect all the epochs (Supplementary Table 2). This “daisy-chain” of 20 interferograms connects the epochs using the shortest possible temporal connections. Interferograms were calculated by multi-looking the data (i.e., the process of averaging and decimating data) in windows of 8 pixels in the range direction and 16 pixels in the azimuth direction, which helps to improve interferometric phase coherence throughout the dataset and the performance of unwrapping. The topographic phase signal was estimated and removed from interferograms using a 1-arc-second SRTM digital elevation model. We filtered the interferograms with a non-linear filter exponent of 0.5 (Goldstein and Werner, 1998) before unwrapping using a minimum cost flow algorithm (Costantini, 1998). A large part of the Rabaul Caldera is submerged beneath water (Figure 2). We subsequently masked unwrapped interferogram pixels that are located over water (as defined by the digital elevation model) and any other pixel with a coherence below a threshold of 0.4, prior to geocoding. We estimated and removed planar ramps from the geocoded interferograms that approximate the phase pattern introduced by errors in the orbit state vectors (Biggs et al., 2007). Interferograms are affected by noise caused by spatial and temporal variability of the atmosphere which can hide the volcano deformation signal in some cases (Parker et al., 2015). It is common to apply spatio-temporal filters to interferogram datasets to mitigate these atmospheric artefacts (Berardino et al., 2002), though we have not applied these filters in order to simplify the InSAR processing workflow. Finally, a reference phase was subtracted from each interferogram. The reference phase was computed as the median value within a 500 m square sample window centred on the position of the “RVO” GNSS station. This position was chosen for the reference because GNSS data shows that the “RVO” station is relatively stable (Figure 4).

Each processed geocoded interferogram is an image containing 522,720 independent pixel observations (Figure 5). Due to the spatial correlation of deformation signals in the interferogram, it is common practice to down-sample interferograms to remove redundant information and reduce the number of observations that will constrain the inversion procedure (e.g. Jónsson et al., 2002; Simons et al., 2002). For this study we applied a simple down-sampling strategy to reduce the number of observations by three orders of magnitude. We defined a grid with nodes spaced every 500 m in X and Y dimensions within a circular zone of 7 km radius centred on the Rabaul Caldera at 152° 11.148′E, 4° 15.276′S. Outside the zone we defined a coarser grid with nodes spaced every 2,500 m in X and Y dimensions. We computed the down-sampled observations as the mean phase within sample windows centred on the grid node with dimensions equal to the grid spacing. If >50% of the phase values had been previously masked (either due to being in the sea or below the coherence threshold), then no value was assigned for that node. Using this down-sampling strategy, we reduced the total number of InSAR observations to 6,831 (between 250 and 352 per interferogram).
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FIGURE 5. Examples of unwrapped geocoded ALOS-PALSAR interferograms and the corresponding down-sampled InSAR observations used for modelling. Interferogram #9 corresponds to the time of caldera subsidence (negative signal), whilst interferogram #16 corresponds to the time of caldera uplift (positive signal). Both interferograms contain large spatially-correlated signals not directly related to the deformation of the shallow magma body. Red labelled diamonds indicate the location of the four GNSS stations. All 20 interferograms and down-sampled InSAR observations are shown in Supplementary Figure 1. Black dashed line indicates the general topographic rim of the nested caldera complex and the black polygons outline the two zones of concentrated seismicity (Figure 2). The red-outlined square encloses the areas where deformation signals attributed to the shallow caldera magma body are seen.



Processing Results

In Figure 4 we directly compare time series of down-sampled InSAR observations with co-located GNSS observations from the four stations in the Rabaul Caldera. Despite the noise in the InSAR time series (attributable to spatially correlated atmospheric artefacts), there is generally a good agreement in the trends of both independent geodetic datasets. In particular, a negative LOS displacement trend (i.e., movement away from the SAR satellite) changes to a positive trend in late 2009 at both the localities of “SDA” and “VIS.” Offsets in the LOS displacement time series of InSAR and GNSS between 2009 and 2011 at both these stations appears to be attributable to a particularly noisy InSAR observation in late 2008 (interferogram #7; see Supplementary Figure 1).

The ALOS-PALSAR interferograms reveal complex surface deformation signals at the Rabaul Caldera that include the cumulative effects of several different deformation sources resulting in signals of different magnitude and spatial scale (Figure 5). The interferograms are also over-printed with spatially correlated atmospheric noise that obscure the deformation signal in many cases. For example, in interferogram #9 (Figure 5) a dominant signal is seen at, and to the east of Tavuvur. It is not clear whether this signal is caused by volcano deformation, atmospheric artefact, or potentially even a volcanic gas plume emanating from Tavuvur at the time of one of the SAR image captures. The broadest deformation signature, assumed to be caused by inflation and deflation in the shallow caldera magma body, is observed on the land masses of Matupit and Vulcan. The subsidence signal at these locations is confirmed by the time-series analysis of the same SAR dataset performed by Ronchin et al. (2017). It is these broad-scale signals that pervade through time that we primarily seek to constrain through our model inversion. Localized deformation signatures are also present in individual interferograms around the active vent of Tavuvur (to the east of Matupit) and at the site of the former Rabaul airport (to the north of Matupit). For example, interferogram #16 (Figure 5) captures 92 days of pre-eruptive deformation immediately prior to the 24 July 2010 Tavuvur eruption (Table 3), and shows broad uplift at Vulcan and Matupit and a highly localized subsidence signal on the northern flank of Tavuvur. These broad uplift signatures are likely caused by the influx of magma into the shallow magma body and the localized subsidence is possibly related to increased fracturing during initiation of a conduit beneath Tavuvur. These signals may also be associated with reactivation of the ring fault structure hypothesized by Saunders (2001).

The daisy-chain approach we used to generate interferograms resulted in one interferogram having a very large temporal and spatial baseline (see interferogram #7; Supplementary Table 2). The knock-on effect is that this interferogram has relatively poor coherence, which has resulted in a potential unwrapping error in the location of the former Rabaul airport (see Supplementary Figure 1). An unwrapping error, where the summation of 2π radian phase cycles is incorrectly resolved spatially, will have implications for the absolute magnitude of modelled source volume change over that time. Long spatial and temporal baselines are generally required to connect ALOS-PALSAR epochs across 2008 because a satellite manoeuvre was conducted in June 2008 to correct the inclination of the satellite's orbit (Shimada et al., 2010). Most modern SAR systems (e.g., Sentinel-1, COSMO-SkyMed, ALOS-2) have much stricter orbital control which should remove the need to rely on interferograms with very long baselines in the future.

JOINT MODELLING PROCEDURE

In this section we describe the lightweight joint modelling approach that we propose as a simple methodology for a volcano observatory to process and interpret InSAR and/or GNSS displacement data in terms of the inflation or deflation of a magmatic source. This constitutes the procedure referred to as “Stage 3” in the overall processing workflow depicted in Figure 1.

Method

We have applied the lightweight method devised by Biggs et al. (2010) to jointly invert the InSAR and GNSS data from the Rabaul Caldera. This method has previously been applied to Okmok volcano in Alaska (Biggs et al., 2010) and Santorini caldera in Greece (Parks et al., 2015). The proposed method involves two steps:

• Step 1—Grid Search: fitting the observed geodetic data to a suite of forward model predictions, where the location of each forward model is varied within a defined three dimensional grid. The aim is to determine the source location that best fits the geodetic data.

• Step 2—Time Series Inversion: Solving for a time series of volume change for a source at the best-fit location derived from the previous step. The aim is to track changes in volume of the magmatic source.

The grid search is an important first step used to fix the source location based on a static geodetic dataset. The time series inversion step can then be applied in a continuous fashion over time as additional geodetic observations are collated. Occasional re-run of the (relatively time consuming) grid search can be used as a check that the source location remains stable based on the most up-to-date and complete geodetic datasets.

To compute forward model predictions of surface displacement we have used the simple “Mogi” model (Mogi, 1958), which describes the three dimensional surface displacements arising from a volume change ΔV at a singularity at depth within a homogeneous elastic half-space (e.g., Segall, 2010, p. 207):
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where [image: image] are displacement components at an observation point i on the free surface that is a distance of [image: image] from the location of the singularity in three-dimensional Cartesian space of dimensions x, y and z. The Mogi model is used to approximate a spherical magma source, but is perhaps best interpreted as a “centre-of-mass” of the magma body. The inversion procedure aims to solve the system of equations that take the form:
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where b is a vector containing the GNSS and/or InSAR observations, G is the design matrix containing the geometric components of the forward model equations (1) with rows equal to the number of observations and columns equal to the number of observation epochs, and m contains the volume change to be solved at each observation epoch. In the case of InSAR, the daisy-chain network gives incremental LOS displacement observations between the two image capture epochs. This is a special case of a “Small Baseline Subset” network (Berardino et al., 2002), where for four image epochs (2) would be:
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where vi is a displacement at point i along the 1-dimensional LOS viewing geometry described by the unit vector l = [lx, ly, lz]. In the case of GNSS, we use the cumulative displacement with respect to the first observed epoch; for four daily epochs (2) would be:
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The problem is overdetermined, since there are (in most situations) more observations than unknowns. A unique solution to this problem does not exist, but an approximate solution can be obtained via a weighted least squares solution of the system (Menke, 1984):
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and the solution error is given by:
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The solution error matrix Σx is obtained by computing the pseudo-inverse of the quantity [GTΣ− 1G] via Singular Value Decomposition, with singular values below a threshold being truncated. Following experimentation, we applied a threshold of 1e−11 for all inversions. The weight matrix Σ−1 is the inverse of the variance-covariance matrix (VCM). For a three-component GNSS observation at one epoch the VCM takes the form:
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The diagonal is populated with the variances of individual InSAR and/or GNSS observations and the off-diagonals are zero. Neglecting data covariance can lead to poorer resolution of the determined model parameters (Sudhaus and Jónsson, 2009). However, by neglecting covariance the computational cost of the inversion is reduced since a Cholesky decomposition of the VCM is not required.

As mentioned previously, InSAR data contain spatially correlated noise arising from the different atmospheric conditions present at the two image acquisition times. It is desirable to down-weight noisier InSAR observations in the inversion procedure. The variance of the phase values within the down-sampling windows is used as the weight for each down-sampled InSAR observation. Low phase variance results in a higher weight. Daily three-component GNSS observations are assigned a weight based on the uncertainties reported by the Bernese software (summarized in Table 4). The relative weighting of the InSAR and GNSS datasets has a significant impact on the overall outcome of a joint inversion. The dataset that has more weight (less uncertainty) has greater influence on the final solution. Uncertainties produced by the Bernese GNSS processing are known to be optimistic (Kouba, 2015). To counteract this, we up-scaled the standard deviations for all GNSS observations by a factor of 5 (i.e., variance by a factor of 25). This resulted in more equal weights for the InSAR and GNSS observations (Supplementary Figure 4).

During the grid search (Step 1), the inversion procedure is iterated over a finite grid of points in X, Y, and Z dimensions to determine the forward model that minimizes the L2-norm of the residuals. We used the weighted Root Mean Square (wRMS) as the L2-norm, calculated as:
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where q is a vector of weighted residuals
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Step 1 of the modelling procedure is concluded by visualizing the grid of wRMS values at each depth and the depth profile of the minimum of each grid (Figure 6). The source location in X, Y, and Z is chosen where the wRMS is minimised. This is the location where the single Mogi model best fits the input geodetic datasets. In Step 2, we fix the Mogi source to this best fitting location and run a single inversion of the geodetic data to solve for the time series of volume change of the source.
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FIGURE 6. Plots of wRMS resulting from grid searches (Step 1) for the best source location for: (A) GNSS-only, (B) InSAR-only, (C) Joint inversion. White outlined square highlights the overall best fitting source for each inversion. (D) Plot of the depth variation of the minimum wRMS for each inversion. Circles highlight the overall best fit source for each inversion. Animations cycling through depth slices for each grid search are given in the Supplementary Material. Black dashed line indicates the general topographic rim of the nested caldera complex and the black polygons outline the two zones of concentrated seismicity (described in Figure 2). Red outlined diamonds indicate the location of the four GNSS stations.



Modelling Results

Step 1—Grid Search

We undertook a grid search across a rectangular region with dimensions of 10 x 9 km within the Rabaul Caldera (Figure 6). Iterations were performed at 500 m intervals in X and Y, and 500 m intervals in depth from 500 to 8,000 m. This resulted in a total of 5,985 iterations. The time taken to perform each iteration is dominated by the assembly of the design matrix. Run time therefore scales with the number of observations to be inverted. Correspondingly, a joint inversion iteration takes the longest (roughly 4.1 s), followed by the GNSS-only and InSAR-only inversions (roughly 2.1 s and 0.7 s, respectively). Thus, the total time for the grid search procedure was 24,538 s (~6.8 h) for the joint inversion on a fairly modest desktop PC (equipped with Intel Core i5-3470 CPU @ 3.2 GHz and 8 Gb of RAM). The grid sampling intervals can be varied to either prioritise sampling density or decrease run time. Here we performed the grid search over quite an expansive region, but this would not always be the case if there is confidence in the location of the magmatic source. Correspondingly, the grid search run time is customizable and could be much less for other volcanoes or during operational runs.

The results of the grid search are shown in Figure 6. The most likely source positions (indicated by the minimum wRMS) are quite different for independent InSAR and GNSS inversions. The GNSS inversion (Figure 6A) favours a source situated between Matupit and Tavuvur, southeast of station “SDA” and west of station “SPT,” at a depth of about 2 km. This broadly agrees with the source position inferred from geodetic data collected during the 1983–1985 unrest period (McKee et al., 1984, 1989; Archbold et al., 1988). The wRMS depth variation for the InSAR inversion (Figure 6D) reveals two source depths where the data are almost equally well fit. The actual minimum wRMS occurs for a source at a depth of 6.5 km (Figure 6B) situated southwest of station “SDA” and northeast of station “VIS.” The second source location, with only a marginally larger wRMS, is at a depth of 1.5 km with a position further south of “SPT” (see Supplementary Figure 5). This bimodal distribution of wRMS with depth suggests that the InSAR data cannot uniquely constrain a Mogi source in one single location, and a model with additional complexity, possibly two or more sources, is required to better fit the signals in the InSAR data. The joint inversion (Figure 6C) favours a source closest to the shallow InSAR solution at 1.5 km depth. We select this source location with the minimum wRMS from the joint inversion for use in the time series inversion (Step 2). Although this source location does not provide the best fit to GNSS and InSAR data taken in isolation, it is the best compromise when both datasets are used to constrain the inversion. This source is located at 152° 11.958′E, 4° 15.816′S, and a depth of 1.5 km. Animations of the wRMS for the full 3D grid searches are available in the Supplementary Material.

Step 2—Time Series Inversion

Figure 7 shows the time series of volume change derived from InSAR and GNSS independently and the joint inversion of these datasets for the source location identified in Step 1. Generally the three time series show the same trends of deflation followed by inflation. The joint inversion indicates a total volume loss (deflation) of ~1 × 107 m3 occurring between February 2008 and November 2009, and a subsequent total volume gain (inflation) of ~2.5 × 106 m3 until February 2011 when our observations cease. There is discrepancy in the total volume change resolved by InSAR and GNSS data for this source location, which is to be expected given that this source location is a compromise between the two datasets. Nevertheless, all three time series resolve the timing of changes in trend in February 2008 and November 2009.
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FIGURE 7. Time series inversion of the best source location determined from the joint inversion grid search. Cumulative volume change is plotted based on three inversions constrained by GNSS data only, InSAR data only and the joint inversion of GNSS and InSAR data. Uncertainties (1-sigma) are plotted as shaded error envelopes for the GNSS and joint inversions, and as error bars for the InSAR inversion.



The question is, what could be resolved if only the InSAR data was available to monitor the Rabaul Caldera? With only InSAR data to constrain the grid search we would determine that the best source location is at 152° 10.879′E, 4° 15.007′S, and a depth of 6.5 km (Figure 6B). In Figure 8 we show the volume change time series derived from an InSAR-only inversion with the Mogi source at the best position from the joint grid search, and the best position from the InSAR-only grid search. There is a difference in the absolute volume of deflation until November 2009, with the joint inversion resolving ~40% of the absolute deflation resolved by the InSAR-only inversion (~3.5 × 107 m3). However, the exact timing of changes in trends can be seen in the time series of both inversions (i.e., the start of deflation after February 2008, and the change from deflation to inflation at November 2009). Therefore, the InSAR-only time series inversion is able to resolve the changes in trend that are required to make decisions at the volcano observatory despite not being able to unambiguously resolve absolute volume changes.
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FIGURE 8. Time series inversion constrained by InSAR data for two source locations: the best location determined via joint inversion (red) and the best location determined by InSAR-only inversion (blue). 1-sigma uncertainties are plotted as error bars.



Residuals

Figure 9 shows the GNSS data at the four Rabaul stations and predicted surface displacement time series for a Mogi source at the best location indicated by the joint inversion grid search. All three components of model displacement fit within the uncertainty of the GNSS data at “RVO” and “VIS.” At “SDA,” the two horizontal components are similarly well fit, but the model under-predicts the gradients of subsidence and uplift. Conversely, at “SPT” the vertical displacement is fit within the data uncertainty, but the horizontal components are less well fit. The fact that the prediction for the best fitting source location cannot satisfy all the GNSS observations indicates that a single Mogi model is too simplistic to fully explain the deformation occurring at the Rabaul Caldera.
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FIGURE 9. GNSS data and model predictions determined by the joint inversion time series (Step 2). Blue points with error bars show the GNSS observations and red line shows the model prediction of a single Mogi source at the location with minimum wRMS identified by the joint grid search (Step 1).



Figure 10 shows two examples of the down-sampled InSAR observations, the corresponding surface displacement predictions for the Mogi source, and differences between the two (i.e., the residuals) for the joint inversion (equivalent data for all interferograms are shown in Supplementary Figure 1). Generally across all 20 interferograms, the residuals are within 1–2 cm on the Vulcan peninsula and at Matupit (e.g., interferogram #16; Figure 10), though there are exceptions to this. For instance, in interferogram #9 (Figure 10), subsidence at Matupit is over-predicted but subsidence at Vulcan is under-predicted. As discussed in the InSAR Processing Results section, the InSAR data reveal the complex superposition of various localized and more broad-scale deformation features within the Rabaul Caldera. The superimposed localized signals act as a source of noise to the inversion modelled with a single Mogi source. In the case of complex volcanic systems, such as the Rabaul Caldera, decomposition of the InSAR deformation patterns (for instance, using independent component analysis; Ebmeier, 2016) prior to modelling could improve the constraint of InSAR signals on the single Mogi source that we implement to model the behaviour of the shallow caldera magma body. Ultimately though, a single Mogi source does not explain all the complexities revealed in the InSAR observations of the Rabaul Caldera.
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FIGURE 10. Examples of InSAR down-sampled observations, model predictions, and residuals from the joint time series inversion (Step 2). Interferogram #9 corresponds to the time of caldera subsidence (negative signal), whilst interferogram #16 corresponds to the time of caldera uplift (positive signal). Both interferograms contain large spatially-correlated signals not directly related to the deformation of the shallow magma body. Red star shows the location of the best fitting Mogi source determined from the joint inversion grid search. Red labelled diamonds indicate the location of the four GNSS stations. Corresponding data for all 20 interferograms are shown in Supplementary Figure 1. Black dashed line indicates the general topographic rim of the nested caldera complex and the black polygons outline the two zones of concentrated seismicity (described in Figure 2).



DISCUSSION

Deformation Analysis of the Rabaul Caldera

Ronchin et al. (2017) present evidence that the ALOS-PALSAR data is imaging the “broad and long-term subsidence of Rabaul Caldera” that manifests as signals visible at Vulcan and Matupit. A key point of difference is that we resolve a period of subsidence followed by a change to uplift in November 2009, whereas Ronchin et al. (2017) interpret the InSAR data only in terms of subsidence. Our InSAR observations are corroborated by the GNSS observations (Figure 4), but in comparison are much noisier than the analysis of Ronchin et al. (2017). The primary reason for this is that Ronchin et al. (2017) used the more sophisticated Persistent Scatterer analysis method to process the same ALOS-PALSAR data set. This approach implements filters that are used to mitigate spatially correlated atmospheric artefacts but leave temporally correlated deformation signals. The end result of the Persistent Scatterer analysis is a comparatively smoother time series with suppressed noise. However, Persistent Scatterer analysis requires significant user knowledge and experience, and is time consuming to perform. It is therefore not a practical solution to InSAR uptake at a volcano observatory during an eruptive crisis. In contrast, our proposed modelling procedure requires less domain expertise and experience, yet can yield timely information on volcano deformation that can be interpreted directly at the volcano observatory. The future addition of spatio-temporal filtering to our modelling procedure could improve the overall results for inversions involving InSAR data.

Ronchin et al. (2017) were able to resolve a complicated magma body geometry using a finite element model constrained by average subsidence rates (i.e., velocities) derived from their Persistent Scatterer analysis. They estimated a total volume withdrawal of 1.2 × 108 m3 over the February 2007 to December 2010 time period from depths between 2.5 and 4.5 km beneath the Rabaul Caldera. Although the accuracy of their volume estimate is unknown, it is an order of magnitude greater than the >1 × 107 m3 we estimate from our joint inversion (Figure 7). Furthermore, the accuracy of our absolute volume change cannot be validated because it is highly dependent on the shape of the source. Nevertheless, the appeal of our simplified modelling technique in the context of operational volcano monitoring is its ability to record changes in trends (either changes in rate, the initiation or cessation of displacement, or the change from inflation to deflation).

Our grid searches constrained independently by the InSAR and GNSS observations have resulted in different best fit source locations (Figure 6). This discrepancy could be related to a number of factors: the location and density of geodetic observations; the wavelength of the deformation signal; the geometry of the source; the directional sensitivity of the InSAR and GNSS measurements; and the presence of several deformation sources. For example, if GNSS stations are sparsely distributed with poor azimuthal coverage with respect to the deformation source then they will not be able to successfully determine the location of the source. Furthermore, if GNSS observations from different stations in a sparse network have different data quality then the ability to accurately determine the source location could be compromised. In our case, data from the “VIS” station has a larger uncertainty than the other three stations (Table 4), and therefore has less influence on the modelling procedure.

InSAR observations have improved spatial resolution and coverage compared to most GNSS networks and are therefore usually more successful in determining the source location. However, an additional complicating factor at Rabaul is that the vast majority of the caldera floor is submerged beneath water, making it impossible to resolve the full surface deformation field with InSAR. This has possibly led to a more poorly constrained InSAR inversion in this case compared to when the same method has been applied to other volcanoes (e.g., Okmok; Biggs et al., 2010) where a complete spatial view of the surface deformation field is possible. InSAR is sensitive to vertical and east-west oriented displacements but not north-south displacements because of the 1-dimensional looking geometry. GNSS on the other hand typically provides equally accurate North-South and East-West displacements. For these reasons it is beneficial to use a combination of both InSAR and GNSS for volcano deformation monitoring wherever feasible.

Limitations of the Modelling Procedure

We have applied our modelling procedure using the simple Mogi analytical model, which is still widely used 60 years after it was first used in volcano modelling (e.g., Hamlyn et al., 2018; Kobayashi et al., 2018; Temtime et al., 2018). The Mogi model's success can be attributed to its relative simplicity (with only four parameters: X, Y, Z position and volume change) and its ability to reproduce the first-order surface displacement features caused by a variety of subsurface deformation phenomena. The limitations of the Mogi model include the simplified spherical geometry and the fact that the real crustal structure is not homogeneous, especially at a complex caldera structure. A caldera forms as a result of the collapse of the magma body roof, and the resulting complex plumbing system (typically combining dykes, inclined sheets and sills in addition to the shallow magma body; Tibaldi, 2015) is considerably more complex than the spherical geometry of the Mogi model. However, for the purpose of tracking changes in volcanic behaviour during a crisis, the use of a simple source geometry and crustal structure is advantageous considering the limited time available for interpretation. During the 2014–2015 Bárðarbunga eruption in Iceland our technique was used to rapidly produce a time-series of volume change that was interpreted in terms of the pressure change acting on the walls of the magma body as a result of magma outflow (Dumont et al., 2018). Assuming a spherical source will only provide an estimate of the “true” volume change, however this is inconsequential since we are primarily concerned with the overall trend and changes in trend for tracking magma movements.

It is straightforward to implement other analytical source models within the presented modelling framework that can explain different source types [e.g., horizontal sills or vertical dykes modelled as elastic dislocations (Okada, 1985), prolate ellipsoids (Yang et al., 1988), or horizontally-aligned circular cracks (Fialko et al., 2001)]. Furthermore, compound dislocation models (Nikkhoo et al., 2017) could be implemented to represent any of these different source types. Generally these alternative analytical models have a greater number of parameters than the Mogi model, which could impact on the computational cost of our modelling procedure. Adding complexity to models invariably involves adding more parameters, but can result in better overall fits to input datasets and more realistic source geometries (e.g., Ronchin et al., 2017). However, this complexity is not necessarily desirable in an operational context because it complicates the process for the volcano observatory staff and may result in slower computational run times. Using simple analytical models (such as the Mogi model) has the advantage that they can be run quickly (e.g., in a matter of seconds for the Mogi model once the source location has been constrained) in near-real-time on a modest desktop or laptop computer. This is beneficial for volcano observatory staff who have little time to refine the model to better fit the data during volcanic crises. When new geodetic data is received at the observatory, our modelling procedure can be quickly used by the staff to determine whether the magma withdrawal rate is increasing (potential for additional eruptive hazards), is fairly steady, or even declining. This trend information can then be used directly in the decision-making process (Stage 4).

Our modelling procedure inherently assumes that the deformation source does not move throughout the observed time period, which simplifies the implementation of the two-step process. However, this assumption is unlikely to be valid in most cases as magma moves through the volcano plumbing system at different depth levels and between different plumbing elements. Therefore, there is scope to improve the presented method by inverting for both source location and volume change at each epoch. This would enable the volcano observatory to infer when magma is migrating to shallower levels.

InSAR vs. GNSS for Operational Monitoring

Wherever feasible, a combination of GNSS and InSAR data will give the best temporal and spatial constraints on volcano deformation. InSAR observations are useful for supplementing the GNSS data stream, especially if SAR data from ascending-pass and descending-pass viewing geometries is available. In this situation, it is possible to derive vertical and East-West oriented volcano deformation signals from InSAR data alone and further improve constraints on the geometry and location of the magma source (e.g., Morishita et al., 2016; Peltier et al., 2017; Pepe et al., 2018). For our Rabaul Caldera case study, we have used InSAR data with a single ascending-pass LOS geometry. With only one InSAR viewing geometry it is not possible to unambiguously decompose vertical and horizontal displacements (e.g., Fuhrmann and Garthwaite, submitted; Parks et al., 2018). However, for those volcanoes where no geodetic monitoring is being done, even InSAR analysis with a single viewing geometry is advantageous because it can provide deformation observations with high spatial resolution, reducing the need for observatory staff to visit the volcano to deploy ground instrumentation. These InSAR constraints can even be used to select suitable sites for new GNSS station installations.

Perhaps the most significant limitation of InSAR for near-real-time operational monitoring is the relatively poor sampling frequency of images. All current SAR systems use polar orbits with a single satellite orbital revisit of at least 11 days (i.e., TerraSAR-X). However, the imaging frequency can be increased when multiple identical satellites with phased orbits form a constellation (e.g., COSMO-SkyMed and Sentinel-1). Each COSMO-SkyMed satellite has a 16 day orbital revisit, but with four satellites making up the constellation there are opportunities for images to be acquired after 1, 4, and 8 days have elapsed after the first satellite overpass. In the case of the European Sentinel-1 constellation, the two identical satellites have a 12 day revisit with an orbital phasing difference of 180 degrees, meaning that regular image capture opportunities exist every 6 days.

In isolation, the existing baseline of GNSS measurements could be used to reference physical thresholds of the Rabaul volcanic system to absolute heights of GNSS monitoring stations. For instance, if the “SDA” station at Matupit reaches a height of ~97 m above the WGS84 Ellipsoid, then an eruption of Tavuvur might be considered more likely based on what occurred prior to the 2006 eruption of Tavuvur (see Figure 3). Baseline observations over many eruptive cycles will assist in finessing these expectations and assigning greater confidence in the decision-making process. Therefore, using continuous GNSS data acquired and processed in near-real-time is possibly more advantageous than InSAR for operational geodetic monitoring at a volcano observatory where decisions may need to be made on a daily basis. This highlights the importance of properly maintaining existing GNSS infrastructure at volcanoes to ensure all stations are recording suitable data concurrently and the processing system can be run operationally.

Online services that process user-uploaded GNSS data files could be a useful operational tool for volcano observatories, providing that reliable internet connections are in place. Existing online services include CSRS-PPP and AUSPOS. The CSRS-PPP service https://webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php, provided by Natural Resources Canada, uses the Precise Point Positioning (PPP) methodology (Héroux and Kouba, 2001), which makes use of the most precise and globally consistent satellite orbits and clocks, and considers various model components and corrections to achieve centimetre accuracy. Processed results from the CSRS-PPP service can be received within a few minutes of submission. The AUSPOS service http://www.ga.gov.au/scientific-topics/positioning-navigation/geodesy/auspos, provided by Geoscience Australia, processes submitted GNSS data in a network solution with data from IGS sites in the vicinity of the supplied data, and IGS orbit products. This methodology is equivalent to the method we described in the GNSS Processing Method section.

Removing Barriers to InSAR Uptake

In the fullness of time, the barriers to operational InSAR volcano monitoring in LMICs can be overcome. In the following we address each of the barriers outlined in Table 2, including how our described methodology can contribute to overcoming these issues.

Overstretched Observatory Staff

The immediate problem (lack of staff time) is not something that the expert user community can directly solve. Volcano observatory staff will always be overstretched, but by simplifying (or automating) the routine InSAR processing that is required to be done at the observatory we empower the observatory staff to incrementally incorporate InSAR analysis into operational processes. The majority of data downloading and processing could be automated, and even if there is failure of the processing for some interferometric pairs, a significant portion should process successfully with minimal to no intervention required.

In this paper we have suggested a simplified workflow that integrates InSAR and/or GNSS observations as they become available and uses a simple two-step inversion procedure to generate time series outputs in a common framework (i.e., magma source volume change). The first stage of the inversion (the grid search) takes longer to compute but only needs to be done on an intermittent (e.g., monthly) basis, providing that the source is not migrating rapidly. The second stage (the time series inversion), can be run in a short time on a daily basis to integrate new InSAR and/or GNSS observations as they become available. The data download and reformatting could be done automatically using scripts so the inversion itself would take a matter of seconds to complete.

To best address how we move towards incorporating InSAR monitoring into the volcano observatory decision-making process, we must also explore complementary methods of incorporating easily accessible InSAR products into observatory procedures. We do not directly address this issue in this paper, but it is conceivable that satellite data providers could move towards generating and distributing standardized interferometric products. The Committee on Earth Observation Satellites (CEOS) has a current initiative “CARD4L” (http://ceos.org/ard/) to define a series of “Analysis Ready Data” products for optical and SAR sensors and a standard InSAR product is currently being considered for adoption under the initiative. The upcoming NASA-ISRO SAR mission (“NISAR”) plans to disseminate a “geocoded unwrapped interferogram” as a standard product (NASA, 2018). Other organizations (universities or governmental agencies) are already making available standard InSAR products derived from Sentinel-1 data. Some examples of this are the SARVIEWS Hazard portal (http://sarviews-hazards.alaska.edu/) (Meyer et al., 2015), and the LiCSAR portal https://comet.nerc.ac.uk/COMET-LiCS-portal/ (González et al., 2016).

Distribution of standard analysis-ready InSAR products would remove a large component of the full InSAR processing workflow (i.e., stages one and two in Figure 1) from the volcano observatories list of regular work tasks. It could also remove the need for specialist interferometry software and high-end computational resources at the observatory (thus saving financial resources; barrier 2), and to some extent, InSAR expertise (barrier 3). All of these factors could greatly improve the uptake of InSAR data into operational usage. Therefore, developments in this space should be encouraged and championed by those working in a LMIC context.

Lack of Financial Resources

Proprietary software will remain an ongoing issue that is not currently addressed by the procedure we have presented (which was applied using the proprietary Matlab software and programming language). To enable further uptake in the future, the inversion workflow presented here could be translated to the Python programming language, which is open source (free to use) and offers broadly equivalent functionality to Matlab. Furthermore, the software package should be made available via an open software repository that volcano observatories can access.

The modelling procedure we have demonstrated reduces the need for large computer systems. Given that only a single inversion is required to undertake Step 2 of the procedure and obtain the time series of volume change, an answer can be obtained in a matter of seconds on a modest desktop PC. Therefore, it is entirely feasible that Step 2 of the modelling procedure could be run on a daily basis (including new InSAR data and/or daily GNSS observations as they become available) on a local computer at a volcano observatory to support operational monitoring. The more time consuming Step 1 process should be run periodically (i.e., fortnightly or monthly) to test whether the source position has migrated based on the most up to date geodetic datasets.

The Sentinel-1 constellation of SAR satellites, first launched in 2014, now acquires data over all of the world's subaerial Holocene volcanoes with at least a 12 day revisit. The data is accessible free of charge to anyone, and can be downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu/) within a few hours of image acquisition. This ensures there is a source of SAR data available to all volcano observatories for use in operational InSAR processing, even without dedicated financial resources for data purchase. Sentinel-1 uses C-band radar (wavelength of 5.5 cm), which does not maintain adequate interferometric coherence in densely vegetated tropical environments. This is a common situation for many LMICs that are situated in equatorial regions. The forthcoming NISAR mission will incorporate longer wavelength L- and S-band radars (wavelengths of 24 and 9 cm, respectively; NASA, 2018) that should improve InSAR performance in these tropical environments. NASA and ISRO have agreed to a free and open data policy for the acquired NISAR data (NASA, 2018). Furthermore, the Japanese Aerospace Exploration Agency (JAXA) is working towards making its remote sensing data of 10 m or coarser resolution open in the future, including from its L-band SAR missions and starting with the ALOS-PALSAR data archive (pers. comm. Shin-ichi Sobue, JAXA, 30 August 2018). Open access to these longer wavelength SAR datasets is crucial for widespread application of InSAR to operational volcano monitoring in the tropics.

Complexity of InSAR Processing

InSAR processing methodologies remain highly complex. As a result, the training requirements for observatory staff to process and make use of InSAR data are expansive. Based on experiences in Latin America, Pritchard et al. (2018) reported that observatories found benefit in the InSAR training provided. However, often the participants of the training are temporary staff members (which can mean that knowledge is lost when they leave), or permanent staff that are tasked with several other operational duties. Also, due to the complexity of InSAR signals, observatories often want access to second opinions on data interpretations (Pritchard et al., 2018). This shows that experience obtained over many years or via close mentorship is needed for confident interpretation of InSAR signals.

By standardizing the InSAR processing chain and delivering standard products to observatories (i.e., removing stages one and two from the volcano observatories list of tasks), the need for training on the InSAR processing is reduced. Training efforts can then be focused on modelling and interpretation of signals. This increased focus on interpretation should enable observatory staff to build the confidence needed to independently incorporate InSAR into their operational procedures.

Internet Access

Internet access is a fundamental challenge in the use of remote-sensing data, and improved, reliable access to the internet would significantly increase the capacity of many observatories to access and use remote sensing data (Loughlin et al., 2015). As a remote sensing technique, InSAR inherently involves the use of very large image files and this is not likely to change. To some extent the problem can be mitigated by subsampling the images delivered to the observatory but this only really becomes possible when parts of the processing chain are standardized and run operationally by other organisations (as discussed above).

Zebker (2017) suggests distributing “geocoded flattened Single Look Complex” images instead of interferograms. The Single Look Complex (SLC) is a raw SAR image product containing both amplitude and phase information for each imaged pixel. Two SLCs acquired at different times by the same SAR sensor and in the same imaging geometry are required to form an interferogram. The SAR image product proposed by Zebker (2017) removes the complexities of radar geometry from the processing procedure (data are already transformed to the geographic coordinate system) and the phase information has already been corrected for geometry and topographic signal components. It is then a relatively straight forward procedure to generate interferograms by cross-multiplication of image pair combinations. Consequently, using these products would reduce the number of large image files that would need to be downloaded, compared to if the interferograms themselves were distributed. This approach could be most beneficial for a SAR system where orbits are poorly controlled (such as ALOS-PALSAR) and interferometric baselines are generally large. In these situations, large numbers of interferograms are needed to ensure a properly connected network for time series inversion and the “daisy-chain” approach is less applicable.

Latency of SAR Data

The delivery of SAR images to the volcano observatory will never be instant, and so real-time InSAR processing is not a realistic prospect for volcano monitoring. However, it is possible to obtain some SAR data quickly enough to enable “near-real-time” or “same day” InSAR processing, subject to the availability of a reliable internet connection with decent bandwidth. For instance, COSMO-SkyMed data can be delivered with a latency of about 6 h following image acquisition. Furthermore, Sentinel-1 data can be downloaded from the Copernicus Open Access Hub within a similar timeframe after acquisition. Progress is being made in the development of near-real-time InSAR processing algorithms (e.g., Spaans and Hooper, 2016), but these are still relatively complex and require expert knowledge.

GNSS monitoring is essential for those volcano observatories that require real time updates on volcano surface movement. Continuous GNSS data can be telemetered back to the observatory, processed in real time, and displayed on a screen with continuous updates (e.g., Endo, 2005). However, InSAR is very useful for supplementing this and gaining an improved understanding of what is happening due to the higher spatial resolution of the data, which enables more detailed modelling. Ultimately, a combination of both InSAR and GNSS represents the best possible volcano monitoring scenario for real-time applications.

Lack of Baseline Data

As discussed in the Introduction, not all volcanoes that erupt exhibit precursory deformation signals (Biggs et al., 2014). It is therefore critical to build a baseline of InSAR and/or ground-based geodetic observations at potentially active volcanoes to determine which ones could be routinely monitored for precursory ground deformation. These baseline surveys conducted systematically over whole volcanic regions (Pritchard and Simons, 2002; Chaussard and Amelung, 2012; Pritchard et al., 2018) should ideally be done before geodetic signals can be reliably used to make judgements on the state of a volcanic system and decisions that will affect at-risk populations. The longer the baseline of observations, the easier it will be to understand the physical thresholds in the volcanic system that can lead to an eruption, resulting in greater confidence during the decision-making process. It has been recognized that large eruptions could alter plumbing systems, meaning that background or pre-eruptive reference levels can change through time (e.g., Hekla volcano, Iceland Ofeigsson et al., 2011). We should leverage old archives of SAR data, as well as SAR data currently being acquired, to conduct these systematic baseline surveys. For instance, the ALOS-PALSAR mission acquired typically 20 ± 5 images in Fine Beam Mode between the 2006–2011 time period over the whole global land mass.

CONCLUSIONS

The broad and meaningful impact of using remote sensing data for volcano monitoring in LMICs has long been recognised (e.g., Ernst et al., 2008), and the applicability of the InSAR technique to volcano deformation monitoring has been demonstrated over decades. Despite this, there are very few examples globally (some are given in Supplementary Table 1) where InSAR-derived data is being operationally used in the decision-making process at volcano observatories. This is compounded further in a resource-constrained context and in LMICs by several barriers that limit the uptake of InSAR data (see Table 2).

In this paper we have presented a simplified processing chain (Figure 1) that could be used by volcano observatory staff to incorporate InSAR data into their operational procedures. In Stage 3 of this processing chain we have presented a lightweight two-step modelling procedure that uses geodetic data to constrain a physical model of magma body inflation/deflation. This physical model acts as a common framework that can be used to validate InSAR and GNSS observations where both are available. The modelling procedure can be run quickly on a modest laptop or desktop PC on a daily basis (or as frequently as new geodetic data is received) to track trends in volcano surface movement induced by volume changes in a subsurface magma body. The analysis of these trends and comparison against the observatory's baseline of observations then informs the decision-making process about whether volcano alert levels should change and/or whether notifications need to be issued. The two steps of the joint modelling procedure are:

• Step 1—a grid search to determine the best source position that could be undertaken periodically (e.g., on a monthly basis); and

• Step 2—daily operational processing involving the time series inversion for a specific source location. This can be run in a matter of seconds after the appropriate formatting of new InSAR and/or GNSS observations.

We have demonstrated the proposed lightweight modelling procedure at the Rabaul Caldera in PNG, where both GNSS and InSAR data are available. Joint inversion of the two datasets finds a best fitting Mogi source situated ~1.5 km beneath Rabaul Caldera at 152° 11.958′E, 4° 15.816′S. From Figure 7, it is clear that both the independent inversions of InSAR and GNSS were able to determine that the minimum volume of the magma source occurred at November 2009. That is when the observed subsidence trend at Rabaul (caused by source deflation) changed to an uplift trend (caused by source inflation). Therefore, our case study at Rabaul Caldera shows that it is feasible to use InSAR data in isolation at any deforming volcano to track surface movement trends using our modelling procedure. Furthermore, as a remote sensing technique, InSAR can be applied to generate a baseline of observations at remote volcanoes where ground-based monitoring is impractical. Application of standardized and simplified routine InSAR monitoring for currently un-monitored volcanoes could potentially provide volcano observatories with critical early warning signals prior to an eruption.
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. Volcano observatory staff are often overstretched and therefore there is a
lack of staff-time available to perform routine processing;

. Lack of financial resources to purchase suitable processing software,
computer systems and SAR images;

. Complexity of INSAR processing methodologies requires significant
training;

. Difficulty in downloading large SAR image datasets over slow and/or
unreliable internet connections;

. Latency of SAR data availability following image acquisition is a barrier to
“real-time” processing and utiity during an eruptive crisis;

. Alack of baseline information for volcanoes from which to establish
potential hazards and precursory signals.
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Advantages

Spatially dense map of
geodetic

observations —generally
hundreds to thousands of
points per km?,

Remote sensing
technique, so no implicit
need to visit ground
locations (except for
validation of signals).

No maintenance of field
sites is required and no
on-going power supply or
communication costs.
SAR amplitude
measurements also
provide insight into
surface changes (not
described in this paper).

Three components of
displacement are directly
measured: East, North,
Up.

The outcome of
continuously operating
sites is typically a daily
observation (deduced
from 24h of GNSS data),
although more frequent
8h solutions or
near-real-time processing
is possible.

Provides absolute
positions in a defined
reference frame.

Disadvantages

« 1D observations in the satelite’s line-
of-sight f only one geometry of SAR
data is available.

« Relatively  infrequent ~ observations
governed by the revisit period of the
SAR satelite’s low polar orbit.

« Decorrelation (loss of phase signal)
due to temporal changes in ground
backscattering properties (.g., dense
vegetation or snow cover).

« Can be diffcult to isolate the volcano
deformation signal from other noise
sources in the INSAR signal (e.g.,
atmospheric artefacts, orbital errors,
other tectonic or glacial isostatic
adjustment signals).

* Additional disadvantages come in to
play when utiizing INSAR in a
resource-constrained context; refer
to Table 2.

 Measurements only made at discrete
sampling points so localised signals
can be missed.

* Network of sites is requited with
good azimuthal coverage around the
Volcano to be able to interpret signals
with confidence.

o Instruments  require  suitable
installation sites with reliable. power
supply, good  sky-view, stable
foundation (e.g., to bedrock) and
easy access for ongoing regular
maintenance.

* Ground-based  equipment i
wulnerable to theft or vandalism.

 Measurements may be strongly
affected by climatic conditions (e.g.,
storms, icing etc.).
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