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Volcanic tremor is a sustained seismic signal associated with volcanic unrest and is often linked to movement of magmatic fluids in the subsurface. However, signals with similar spectral content can be generated by other surface processes. Hence, one of the best ways of distinguishing between different possible mechanisms is by tracking the location of its source, which is also important for mitigating volcanic risk. Due to its emergent nature, tremor cannot be located using travel-time based methods, therefore alternatives such as amplitude-based techniques or array analysis must be used. Dense, small-aperture arrays are particularly suited for analyzing volcanic tremor, yet costs associated with installation and maintenance have meant few long-term or permanent seismic arrays in use for routine monitoring. Given the potential for wider usage of arrays, this work presents a python-based software tool that uses array data and array processing techniques to analyze and locate volcanic tremor signals. RETREAT utilizes existing routines from the open-source ObsPy framework to carry out analysis of seismic array data in real-time and performs f-k (frequency-wavenumber) analysis, or Least-Squares beamforming, to calculate the backazimuth and slowness in overlapping time windows, which can help track the location of volcanic tremor sources. A graphical, or web-based, interface is used to configure a set of input parameters, before fetching chunks of waveform data and performing the array analysis. On each update the tool returns several plots, including timeseries of the backazimuth and slowness, a polar representation of the power and a map of the array with dominant backazimuth overlaid. The tool has been tested using real-time seismic data from the small-aperture SPITS array in Spitsbergen, as well as on data from an array deployed during the 2014 eruption of Bárðarbunga volcano, Iceland. Configuration files and waveform data for these examples are supplied with the distribution. RETREAT can also be used for infrasound and has been tested on infrasonic array data recorded at Mt. Etna, Italy. RETREAT is intended for use in real-time monitoring settings and it is hoped that it will facilitate greater use of arrays in tracking volcanic tremor sources in real-time, thereby enhancing monitoring capabilities.
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INTRODUCTION
Volcanoes exhibit a very broad range of seismic source types (see e.g., Wassermann (2012)). Monitoring seismicity remains at the core of most volcano observatories (Sparks et al., 2012), and in a crisis, one of the key challenges for monitoring agencies is identifying the source type and tracking its location. This can be difficult to achieve with a sparse seismic network or when seismic signals have an emergent onset or lack of clear phase arrivals and in particular for continuous signals such as volcanic tremor.
Widely observed at many volcanoes (McNutt, 2011), volcanic tremor is a sustained seismic signal associated with eruptions and is often linked to movement of magmatic fluids in the subsurface (Julian, 1994; Hellweg, 2000; Jellinek and Bercovici, 2011). However, it can occur pre-, syn- and post-eruption and signals with similar spectral content can be generated by several other processes such as subglacial flooding (Eibl et al., 2020), lahars (Kumagai et al., 2009) other surficial mass flows (Allstadt et al., 2018) or even tectonic sources such as deeper slow slip earthquakes in subduction zones (Beroza and Ide, 2011). Hence one of the best ways of distinguishing between the processes underlying tremor generation is by determining and tracking its spatial location. As tremor cannot be located using classical travel-time methods, because of its emergent and sustained nature and lack of clear body-wave phases, its source must be determined using alternatives such as amplitude-based techniques (Battaglia et al., 2005; Taisne et al., 2011; Morioka et al., 2017) or, as in this tool, seismic array analysis.
A seismic array is a cluster of stations lying outside the seismic source area which can be used to point to the source location by measuring the back azimuth of the arriving signal (Rost and Thomas, 2002). An array can therefore be used to estimate lateral and vertical migration of tremor sources (Almendros et al., 1997; Di Lieto et al., 2007; Eibl et al., 2017a; Eibl et al., 2017b). Seismic arrays are frequently used for research, but not often as an operational tool for volcano monitoring in real-time, although arrays of infrasound sensors have been used for real-time alarms, e.g., at the Alaska Volcano Observatory (Coombs et al., 2018). Hence, this software aims to provide a convenient tool to facilitate processing and interpretation of both seismic, and potentially infrasonic, array data in real-time, to allow such data to be used more routinely for volcano monitoring.
This software has been developed within the framework of the EUROVOLC project, which aims to promote an integrated and harmonized European volcanological community (Vogfjörd et al., 2019). One of the major themes of the project focuses on understanding sub-surface processes, since early identification of magma moving toward the surface is very important for the mitigation of risk from volcanic hazards. Joint research activities within the project aim to develop volcano pre-eruptive detection schemes, in particular through the use of tremor as a real-time unrest indicator.
Given this context, we present RETREAT–a REal-time TREmor Analysis Tool–that uses seismic array data and array processing techniques to help detect, quantify and locate volcanic tremor signals.
DESCRIPTION OF THE REAL-TIME TREMOR ANALYSIS TOOL SOFTWARE
Philosophy of Approach
In developing this software several choices had to be made–such as the programming language and type of user-interface–keeping in mind that its intended use is in real-time monitoring settings. The overall aim was to produce a tool that was as open and flexible as practicable, hence the choice to use the popular open source and platform independent python programming language, so as to keep the software as generic and as widely compatible as possible. Using python allowed us to build upon the popular ObsPy framework (The ObsPy Development Team, 2020b), which is widely used within the seismological community. This approach has the advantage of drawing on a large library of existing processing routines, with no reinvention of the wheel required (Megies et al., 2011). The disadvantage is that some flexibility is perhaps sacrificed by making it more difficult to design and implement custom processing routines, but the goal was to produce a tool that was easy to use and could be quickly and easily installed with as little additional packages required as possible. This and other limitations of the current implementation are further explored in Limitations of the Current Implementation. Since it is intended as a real-time tool, rapid processing of the array data becomes important, and computationally intensive tasks have been minimized where possible, with process-based parallelism exploited through python’s multiprocessing capabilities.
The choice of python as the development language also makes the tool theoretically platform independent, again offering flexibility, and the software has been successfully tested in both Linux and Microsoft Windows environments.
Requirements
RETREAT requires python3 to be installed, and a list of required python modules is contained in the requirements.txt file supplied with the distribution. These are also summarized in Table 1.
TABLE 1 | List of external python modules and packages required by RETREAT software and their purposes.
[image: Table 1]The key modules utilized by the tool are those that create the GUI or web interface and those that perform the data handling and array analysis.
PySimpleGUI
The user interface for the RETREAT code was built using the PySimpleGUI python package, (PySimpleGUI.org, 2020), that allows creation of simple but powerful GUIs as well as web interfaces that can run within a web browser window. More information on PySimpleGUI is available from https://pysimplegui.readthedocs.io/en/latest/.
ObsPy
Pre-processing and analysis of the seismic array data in RETREAT is performed by ObsPy (The ObsPy Development Team, 2020) an open-source framework for processing seismological data using python. The framework provides parsers for reading common seismic data and metadata formats, clients to access data centers and servers (for the real-time analysis) and seismological signal processing routines which allow processing and array analysis of the seismic data (Beyreuther et al., 2010).
Plotting of the output figures is handled by the matplotlib (Hunter, 2007) python plotting library, with array maps produced using Cartopy (Elson et al., 2020).
Schematic Overview
A schematic overview of the software workflow is shown Figure 1. A GUI or web-based interface, built using the PySimpleGUI python module, provides the first strand of input: a set of highly configurable input parameters. These include options for choosing and configuring the data source, pre-processing, timing and update options as well as the parameters for the seismic array analysis, which must be carefully selected and tuned for the specific array. The GUI also starts and controls the analysis. The other strand of input into the software is the seismic waveform data, which can be retrieved from either a real-time source or an existing data archive. These two input strands feed into the main data processing section, which utilizes ObsPy to perform the pre-processing and array analysis. The output from the software is a set of figures, produced using the matplotlib plotting libraries, that display the updated results of the array analysis.
[image: Figure 1]FIGURE 1 | Schematic overview of the RETREAT software package. Input parameters and configuration are collected from the GUI or web interface that was built using the PySimpleGUI module. Next, these settings allow seismic array data (real-time data from external sources, e.g. IRIS or any other server, or existing archive data) to be processed and analyzed using the standard array processing routines in ObsPy. Output figures displaying the results of the array analysis are then produced using the matplotlib python module and are continuously updated as new data is processed.
Data Processing and Array Analysis
The array processing performed by this software uses the standard array analysis routines that are supplied with ObsPy to retrieve estimates of the back azimuth and slowness values from a series of overlapping sub-windows.
Array processing methods utilize beamforming techniques, which enhance the signal-to-noize ratio (SNR) by stacking coherent parts of the input signals in order to suppress noise in the data (Rost and Thomas, 2002). A widely used array method to estimate the slowness of seismic waves arriving at an array is frequency wavenumber (f-k) analysis (Capon and Bolt, 1973; Harjes and Henger, 1973) which uses multi-dimensional Fourier Transforms to transform the wave-field to the frequency-wavenumber domain. The slowness vector is then estimated by using the absolute power as a measure of coherency, with the analysis performed in the frequency domain for a number of different slowness values in a pre-defined grid (Schweitzer et al., 2012). This particular beamforming method was chosen for this initial version of the software for convenience, as it is a commonly used, well-tested and readily available method built into ObsPy. This was a deliberate design choice as the primary aim was to produce a working tool that can easily be applied to real-time data.
The analysis procedure performed by RETREAT largely follows the ObsPy tutorial on “Beamforming - FK Analysis” (The ObsPy Development Team, 2020a), and the software carries out the f-k analysis based on the parameters supplied from the GUI interface. These parameters, which must be carefully selected for a particular array, include: the array geometry (calculated from station location metadata), the frequency range of interest in the signal and the grid of slowness values on which to evaluate the beam power.
Additionally, there is also an option to use Least-Squares beamforming, using cross-correlation to calculate delay times, as an alternative to f-k analysis (e.g., for infrasound data). Low velocity (and therefore high slowness) values for infrasonic data mean a large slowness grid is required which can affect the computation time. The implementation in this code follows exactly the method described by De Angelis et al. (2020) and allows for significantly faster computation as well as explicit uncertainty estimates for the back azimuth and velocity (slowness). More details and an example comparing this method to f-k analysis for an infrasound dataset are discussed in Application to Infrasound Data.
Prior to the array analysis the waveform data may be pre-processed to facilitate the computation. This includes options to remove the instrument response, demean or detrend the data and to filter to the input signals to the frequency range of interest. Since minimizing the processing time becomes important for real-time analysis, there is also an option to decimate the data to a lower sampling rate while still retaining relevant frequencies.
Input Parameters
The GUI interface allows input parameters to be defined which configure and control the software. These parameters include options for choosing and configuring the data source, pre-processing, timing and update options and the parameters for the array analysis. The parameters are divided into several sections, as shown in the screenshot of the GUI interface in Figure 2.
[image: Figure 2]FIGURE 2 | Example screenshot of the GUI interface for the RETREAT tool, showing the program controls, configurable input parameters and program output window.
All parameters that can be set using the GUI or web interface can also be defined in advance of runtime. This is controlled by a text file containing a simple python dictionary comprised of pairs of parameters and their default values, which can be edited to change the values as desired. The repository contains two example files containing default values that can be used to run the two examples described in Example Configuration and Datasets Included With the Distribution.
More detailed information for each input parameter is provided in the documentation supplied with the software distribution.
Input Data
These parameters define the source and properties of the input seismic data. The software operates in two modes, depending on whether the data source is real-time or archive data.
In real-time mode, the user can choose their data source from either an FDSN client or a SeedLink server. Other sources supported by ObsPy are possible, but have not yet been implemented. Data are fetched at regular intervals controlled by parameters in the timing section. The other mode is a “replay” mode for archive data, that must be supplied in a (customizable) Seiscomp Directory Structure (SDS). All seismic data formats supported by ObsPy can be used, and in both modes station metadata containing the station coordinates must be supplied in order to perform the array analysis.
Pre-Processing
This set of parameters define any pre-processing applied to the data before the array analysis is carried out. This includes options to demean, detrend, taper and filter the input data, as well as to decimate the signals to a lower sampling rate to reduce the computation time.
Timing
This set of parameters define the amount of data to be processed, by defining the length of the window and how often it is updated (in real-time mode). Updates of new data are managed by the python code, with the update interval specified by the user as an input parameter. If the processing for each update step takes longer than this update interval to complete, the software will warn the user that real-time processing may lag. For non-real-time archive data in “replay” mode, this parameter is ignored and the next chunk of data is processed immediately.
Latency and buffering options can also be set, as well as the start time for analysis if running in replay mode.
Array Processing Parameters
This section sets parameters for the array processing, using either the standard array analysis routines in ObsPy or a Least-squares beamforming method. These include the frequency range of interest and the slowness grid over which to perform the f-k analysis, with the choice of these values depending on the specific array. To provide a timeseries output, the beamforming for both methods is performed by using shorter time windows, with a defined amount of overlap, and sliding these windows across the entire input signal.
Results and Plots
The parameters in this section allow the output figures to be selected from the choices outlined in Array Processing Parameters, as well as various settings for these plots such as the axis limits and plot dimensions. The results can also be displayed in a web browser instead of a GUI window, and images can be stored with unique filenames based on their timestamp.
Output
These settings control where the output produced by the software is stored on the system, including the figures, log file and array processing results. The GUI interface also includes an output pane to the right of the input parameters (Figure 2) that displays diagnostic and (any) error messages in the log file in real-time.
Output and Array Processing Results
Once configured and launched, the tool fetches chunks of waveform data (in real time or from files) and updates its output accordingly. On each update the tool returns a choice of plots, as shown in the schematic in Figure 3. The results of the array processing are presented as timeseries of the back azimuth and slowness values determined in each sub-window of the input data, with the temporal resolution dependent on the window length of each sub-window and desired amount of overlap. A timeseries of the relative power (f-k) or mean correlation (Least-Squares beamforming) can also be plotted, which may be a useful threshold parameter for event detection or alarm triggering. Alongside these array analysis results, the seismic waveform, its envelope (root-median-square is used to remove transients) and a spectrogram can optionally be plotted on a common timebase. Additionally, a separate plot displays the relative power (or correlation for Least-Squares) returned by the array processing in polar form, as a histogram of the back azimuth and slowness values, which can also be normalized. A third optional panel can display either the array response function, or, a map of the array locale overlain by a line representing the back azimuth derived from the maximum relative power in the histogram. Maps are produced by the Cartopy package using topographic data from the OpenTopoMap project, with tiles automatically downloaded for the geographic area of the array at the chosen zoom level. Output figures for the example datasets supplied with the distribution are shown in Example Configuration and Datasets Included With the Distribution.
[image: Figure 3]FIGURE 3 | Schematic diagram showing the possible output figures that can be produced by RETREAT. The left-hand pane features timeseries of several parameters (slowness, back azimuth, power/correlation, waveform, envelope, spectrogram) plotted on a common timebase. The right-hand plots show a polar representation of the back azimuth and slowness values as well an optional plot of either the Array Response Function or a map of the array.
EXAMPLE CONFIGURATION AND DATASETS INCLUDED WITH THE DISTRIBUTION
Configuration files and data to run processing of two examples, of both real-time and archive data, are included with the software distribution. Due to financial and technical constraints seismic arrays are not often used routinely for volcano monitoring, and therefore real-time data from such arrays are not available from many volcanoes. Hence, we opted to use freely available real-time data from the small aperture SPITS array as a development and demonstrator dataset for our real time application. Archived data from a deployment in Iceland, carried out during the 2014–2015 Bárðarbunga eruption as part of the FUTUREVOLC project, were used to develop and test the application of this tool on archived data (Bean and Vogfjörd, 2020).
Real-Time Mode Using Data From SPITS Array
As we currently do not have any real time seismic array data from a volcano available within the EUROVOLC project or its partners, the tool has been tested using both the FDSN and SeedLink clients of ObsPy to fetch data from the IRIS datacenter, using example real-time data from the small-aperture SPITS seismic array (Gibbons et al., 2011) in Spitsbergen, Svalbard, as shown in Figure 4. This small-aperture array comprising nine stations is part of the larger NORSAR array, but with an aperture of around 1 km is more typical of the size and characteristics of seismic arrays deployed in volcanic environments.
[image: Figure 4]FIGURE 4 | (A) Map showing the location of the small-aperture SPITS array (black triangle) on Spitsbergen; (B) station locations showing the nine-station array design with approximate 1 km aperture, with three-component stations shown by triangles and single component stations by circles; and (C) the associated array response as a function of the horizontal slowness evaluated at 4 Hz. Map and figures taken from Gibbons (2006) and Gibbons et al. (2011).
To run the real-time example, the end-user can choose the appropriate default values file (NO array) before starting the software. This should begin analysis of real-time data, with results similar to those shown in the screenshot of an example output window in Figure 5.
[image: Figure 5]FIGURE 5 | Example of the output figures produced by the RETREAT software tool, showing (A) timeseries of the slowness and backazimuth calculated from the f-k analysis, alongside the seismic waveform, envelope and spectrogram and (B) a polar representation of the array processing results. Also shown is (C) a map of the area surrounding the SPITS array, with the resulting back azimuth overlaid. The azimuth error is illustrative only, determined from the resolution of the histogram. Implementation of uncertainty estimation for the back azimuth values is discussed further in Discussion.
As mentioned previously, for real-time or near real-time use, the processing and computation time for any data analysis becomes critically important, as data must be able to be processed rapidly enough to match the acquisition. While care has been taken to minimize computationally intensive tasks, including making use of python’s multiprocessing capabilities, the code has not been formally optimized. The approach taken with this tool is to acquire data in chunks (of a size and at a frequency defined by the user) and then update the array results with each new acquisition of data. The processing time for each update will vary depending on many factors, including: the window length or amount of data analyzed, the download speed of the data over the network or internet, the number of stations and channels in the array, the sampling rate, whether the data are decimated, other pre-processing steps and finally the hardware capabilities of the machine on which the software is run. Therefore, some experimentation will be required to determine the limitations for any particular dataset and configuration. For this example, using data from the SPITS array, five stations with a sampling rate of 80 Hz are used, with the data decimated to 20 Hz before the array analysis. The tool is configured to analyze 1 h of data, updating every minute. The processing time for each update for this configuration is approximately 18 s on a modern desktop machine (12x Intel Xeon W-2135, 64 GB RAM) and around 30 s on a laptop with similar specifications (4x Intel Core i7-6600U, 32 GB RAM). This is therefore adequate for an update interval of 60 s in this example.
Archive Mode Using Data from the 2014–2015 Eruption of Bárðarbunga.
An example dataset and configuration that uses archive seismic array data has also been included with the distribution, to demonstrate analysis of non-real-time datasets. This second example uses array data from the 2014–2015 eruption of Bárðarbunga volcano in Iceland (Sigmundsson et al., 2015), collected as part of the FUTUREVOLC project. Several hours of data from the UR array between 00:00 and 08:00 UTC on September 03, 2014 are included with the distribution, corresponding to part of the time period analyzed in Eibl et al. (2017b). The map in Figure 6 shows the geometry and location of the seven station UR array in Iceland, relative to the erupted lava flow field in Holuhraun and Bárðarbunga volcano. Example results of the analysis of these data using RETREAT are shown in Figure 7.
[image: Figure 6]FIGURE 6 | Map showing location and geometry of the seven station UR seismic array deployed as part of FUTUREVOLC to collect data during the 2014–2015 eruption at Bárðarbunga volcano in Iceland. The location of the erupted lava flow field in Holuhraun is indicated in red, Bárðarbunga volcano by the black letter B and the approximate propagation path of the dyke intrusion below the glacier by the gray line.
[image: Figure 7]FIGURE 7 | Output figures produced by the RETREAT software for the archive data example. (A) Time series of slowness and backazimuth calculated from f-k analysis, alongside the seismic waveform, envelope and spectrogram and (B) a polar representation of the array processing results. Also shown is (C) a map of the area surrounding the UR array, with the resulting back azimuth overlaid, closely matching the results found by Eibl et al. (2017b).
The configuration for this example closely follows the parameters used by Eibl et al. (2017b), with the data from the seven station array filtered between 0.8 and 2.6 Hz after being downsampled to 20 Hz. The time period analyzed represents pre-eruptive tremor prior to a suspected sub-glacial eruption, based on observed cauldron formation approximately, 12 km from the UR array. The tremor signal is centered around 1.3 Hz, with harmonic overtones at 0.25 Hz spacing, and the upper end of measured slowness values of 0.6–0.75 skm−1 from the array analysis support a strong surface wave component. Array analysis and location of the tremor signal, along with mapping of the slowness changes to depth changes by modeling the tremor as a comb function, is interpreted by Eibl et al. (2017b) as the tremor representing microseismicity resulting from brittle failure in the weak uppermost crust, marking the onset of shallow dyke formation.
DISCUSSION
The particular suitability of seismic arrays for the analysis of volcanic tremor has been long noted (Chouet, 1996), yet seismic arrays and array processing are not routinely or widely used operationally in volcano monitoring, with local monitoring networks often being distributed and wide aperture to maximize spatial coverage (Allstadt et al., 2018). As Wassermann (2012) notes, most of the barriers to greater operational use of denser, smaller aperture arrays are technical in nature, and include the comparatively higher costs of installation and maintenance, as well the need for expertize, requiring significant economic and human resources. This has meant array installations on volcanoes have often been short-term campaign deployments, with few long-term or permanent seismic arrays in use for routine monitoring purposes. However, with increasing instrumentation and monitoring of volcanic systems there is potential and scope for more routine use. The software developed and presented in this manuscript is intended to ease and facilitate greater use of seismic arrays for such operational purposes, but we reiterate here that arrays should be seen as complementary to, and not a replacement for, existing seismic networks.
Limitations of the Current Implementation
The current implementation of the software is intended specifically for: 1) seismic array data, for 2) arrays away from the target tremor source, i.e., the source is outside of the array or network and 3) real-time applications. RETREAT is not intended as a comprehensive solution for tremor analysis, and its limitations are to some extent controlled by the availability and quality of the input data. Specific constraints, such as the optimum frequency range and slowness resolution, will depend on the geometry and number of stations in the end-user’s specific array and how these compare to the characteristics of the recorded signals.
Dealing with error estimates of the slowness and azimuth values retrieved from f-k analysis is not straightforward (La Rocca et al., 2008) as the uncertainties depend on multiple factors; including aspects of the array characteristics (geometry, number of stations) and data quality (coherence, noise, site effects). One method of estimation is to use the size or width of the peak around the maximum power in the f-k plot (Schweitzer et al., 2012), but this method cannot easily be extended across a timeseries of shorter windows into a single uncertainty value. How errors should be calculated and displayed within RETREAT is an unresolved problem, and a fuller treatment of uncertainties may increase the computation time and compromise the ability to process data fast enough to achieve real-time results. However, improved error estimation is an important feature that is in development and it is intended to implement this feature in future versions of the software. One alternative could be to use a Least-Squares beamforming method, such as that described in the next section.
Application to Infrasound Data
The use of infrasound to monitor volcanic activity has become increasingly common, and infrasound sensors are often deployed alongside existing seismic and deformation networks as part of a multi-disciplinary monitoring approach (e.g., Fee and Matoza, 2013; McNutt et al., 2015). In a similar manner to seismology, as well as more widely distributed networks, tight clusters of stations or small aperture arrays of infrasound sensors have been used extensively (e.g., Ripepe and Marchetti, 2002; Yamakawa et al., 2018; De Angelis et al., 2020) to monitor and track the location of sub-aerial volcanic phenomena, such as explosions, gas and ash emission, dome or sector collapses, pyroclastic density currents and lahars. Analysis of data from infrasonic arrays has also been used to implement automated early warning systems for explosive eruptions (Ripepe et al., 2018).
Although designed specifically for seismic array data (with a particular focus on volcanic tremor), RETREAT can also be applied to data from an array of infrasound sensors, using f-k analysis in the same way as for seismic data to retrieve the azimuth and slowness of infrasonic acoustic waves arriving at the array (Figure 8). However, due to the lower velocity of acoustic waves compared to seismic waves (and therefore higher slowness–up to 3 skm−1 and beyond), a larger slowness grid is required for the analysis. Therefore, a larger grid, while keeping a small enough slowness step to maintain adequate resolution, is far less computationally efficient and results in significantly longer processing times.
[image: Figure 8]FIGURE 8 | Comparison of RETREAT applied to infrasonic array data using two different beamforming methods. (A) Timeseries of backazimuth and slowness values derived using Least-Squares inversion and (B) corresponding histogram of slowness and backazimuth values in polar form. Note that this is weighted by the MCCM (mean cross-correlation maxima) rather than the relative power as in the f-k case. (C) Timeseries of backazimuth and slowness values derived using f-k analysis and (D) the corresponding histogram of slowness and backazimuth values in polar form, weighted by the relative power.
With this in mind, RETREAT also contains a python implementation of a time-domain Least-Squares inversion method that uses cross-correlation to compute time delays between station pairs to carry out the beamforming and derive an estimate of the apparent horizontal velocity. This method (Olson and Szuberla, 2005; Haney et al., 2018) is also applied on a series of overlapping sub-windows to produce timeseries of the back azimuth and slowness, and has the advantage of being faster to compute, while developments by De Angelis et al. (2020) also allow for direct estimates of the uncertainties of these measurements. It also returns a timeseries of the mean cross-correlation maxima (MCCM), which by choosing a certain threshold can be a useful parameter for event detection, or even alarm triggering.
In order to illustrate the capability of RETREAT to analyze infrasonic array data in addition to seismic data, Figure 8 shows a comparison between the two beamforming methods. The data analyzed are from a 2019 deployment of two 6-sensor infrasound arrays at Mt. Etna in Italy, and are exactly the same as those analyzed and presented in Figure 4 of De Angelis et al. (2020), containing 35 min of data from July 2, 2019 at the ENEA array, approximately 1 km to the NW of the summit. The dominant activity is from deep intra-crater explosions at the more southerly Bocca Nuova crater (∼145°), occurring consistently across the timeseries, with a brief interruption from a larger ash-rich explosion at the North East Crater (∼110°) at around 10:06 UTC. Data are pre-processed by filtering between 0.7 and 15 Hz, and a 10 s window with 50% overlap is used. The results of the analysis in Figure 8 show that both methods are capable of reproducing the results of De Angelis et al. (2020) and resolving the change in location of activity at around 10:06 UTC; however the Least-Squares method is much faster, which is a key advantage for real-time applications. This method also produces more tightly clustered values, particularly in slowness, and with a step of 0.05 skm−1 in the slowness grid limiting the resolution, the f-k analysis takes around two orders of magnitude longer to complete than the Least-Squares inversion.
Tremor Location Methods and Features for Future Versions
As discussed earlier, the choice to use f-k analysis as the basis for determining the tremor source in this software was a deliberate one, as it is a widely used and well tested technique, and as a standard component of ObsPy it is easily and readily available.
Another advantage of using f-k analysis is that multiple simultaneous sources can theoretically be resolved, appearing as multiple peaks at different points in the slowness grid. An example of analysis using RETREAT where there are multiple simultaneous sources is shown in Figure 9, where 2.5 h of data from September 03, 2014 during the Bárðarbunga eruption, using the same UR array as previously, are shown. In this example, the tremor source attributed to the shallow sub-glacial dyke to the south-east of the array is still visible, but a second source to the north-east, corresponding to lava flows and fountaining at the surface, also appears from around 20:45 UTC and becomes the dominant source from 21:30 onwards (see Eibl et al. (2017a) for more details of multiple simultaneous tremor sources during this eruption).
[image: Figure 9]FIGURE 9 | Output figures produced by the RETREAT software that illustrate its capacity to analyze time periods containing multiple tremor sources. (A) Time series of slowness and backazimuth calculated from f-k analysis, alongside the seismic waveform, envelope and spectrogram showing a switch from one dominant source to another during this time period. (B) A polar representation of the array processing results, with the histogram highlighting the two tremor sources to the north-east and south-east of the array. Also shown is (C) a map of the area surrounding the UR array, with the azimuth of the more dominant source, associated with lava flows at the surface, overlaid.
However, this analysis is not strictly utilizing a unique capacity of the f-k technique, as identification of the two sources arises from visualization of the data in the timeseries and histogram, where single values for the slowness and azimuth returned for each sub-window, derived from choosing a single peak (corresponding to the maximum power) in the slowness grid, are not averaged out, but appear as distinct separate sources. A modified version of the f-k analysis routine could therefore be developed to search for and choose multiple peaks in power from the slowness grid, and while this moves away from using the standard version supplied with ObsPy, it could prove a useful addition in complex areas with multiple potential sources of tremor. But whether this offers a sufficient advantage over the current capabilities, as shown in Figure 9, would need to be tested. One obvious disadvantage of using the f-k method is that by searching over a grid it is not optimally efficient, particularly for infrasonic data, and may struggle to produce results in real-time for large datasets.
In addition to the f-k analysis, the software could be extended with further or alternative methods for beamforming and tremor location. As described above, a Least-Squares inversion beamforming method has already been implemented, with particular applications for infrasound array data in mind. The advantages of this method are that it gives faster results (important for real-time analysis) and also direct error and uncertainty estimates, but at the cost of assuming a single plane-wave (and hence single source) in the time window analyzed. It is intended mainly for infrasonic data as further testing and benchmarking would be required to fully compare the performance of the two methods for a variety of seismic datasets.
Besides the two beamforming methods already implemented in this software, other approaches for locating and analyzing tremor signals that could be developed and integrated into RETREAT are:
- Three-component beamforming (e.g., Löer et al., 2018), which can help to identify the types of waves arriving at the array by providing information on the polarization of the wavefield. This, alongside the location from more traditional beamforming approaches, could help place further constraints on the characteristics of the tremor source.
- Improvements on the least-squares inversion method by using more robust estimators (e.g., Bishop et al. (2020)) that can handle outliers, such as timing or polarity errors.
- Amplitude Source Location (ASL) or other amplitude based methods (e.g., Battaglia et al., 2005; Taisne et al., 2011; Morioka et al., 2017) that use amplitudes at different stations or radiated seismic intensity ratios to determine the source location.
- Back-projection methods (e.g., Haney, 2014; Li et al., 2017) which use time-reversal to refocus energy at the location of the source.
The latter two techniques in particular could well be useful complements and would provide powerful additional constraints on the tremor location and dynamics when used in conjunction with array-based beamforming methods. However, such methods generally require a more distributed seismic network, with the source inside the network, and are hence moving beyond the scope of this initial version of the RETREAT tool that is specifically focused on arrays and real-time array data.
CONCLUSION
Due to the inherent nature of the signals and often sparse monitoring networks, accurate tracking of volcanic tremor sources is a challenging task. Seismic arrays, however, are a powerful additional tool that can provide unique insights into the source dynamics of volcanic tremor at active volcanoes.
In this manuscript we have introduced RETREAT, a python-based software tool that utilizes existing routines from the open-source ObsPy framework to carry out analysis of seismic array data in real-time by performing either f-k analysis, or optionally Least-Squares beamforming, to determine the back azimuth that points toward the source. Although RETREAT has been designed for deployment as part of volcano monitoring systems and provides the ability to track tremor sources in real-time, it also has the capability to analyze existing datasets for testing, comparison and research purposes.
These abilities have been demonstrated using real-time data from the small aperture SPITS seismic array in Spitsbergen, Svalbard, as well as on archive data from an array deployed during the 2014–2015 eruption of Bárðarbunga volcano in Iceland.
While primarily intended as a tool for utilizing seismic array data to locate and track volcanic tremor, RETREAT also has the capability to analyze infrasonic array data to track acoustic sources, and has been successfully tested on and applied to data from two infrasound arrays deployed close to the summit of Mt. Etna, Italy, in 2019.
We suggest that the implementation of real-time software applications such as RETREAT is crucial to fully exploit the power of seismic arrays as a volcano monitoring tool and to improve our ability to detect, monitor and understand unrest at active volcanoes.
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