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Monitoring volcanoes is of the most importance in volcano risk mitigation to safeguard lives and economies. Thanks to recent technological advances, both on-ground and in space, our understanding of volcanic processes has improved significantly. Though there is no one-system-fits-all, optimizing infrastructure for efficient monitoring stands as key objective. The impacts of volcanic hazards can span from local to global scales, affecting us both in the short and long term. This highlights the worldwide significance of improving volcano monitoring. Previously reliant on local ground-based instruments, today’s monitoring approach is enhanced by remote and space-based techniques such as satellite remote sensing, scanning-Differential Optical Absorption Spectroscopy (DOAS), and infrasound. Designing an effective monitoring infrastructure for volcano observatories involves careful consideration of various factors such as network coverage, type of sensors, data transmission, and power supply to ensure that the targeted parameters meet the specific needs of each volcano (e.g., type of activities, early warning systems). Additionally, fostering collaboration and information sharing within the global scientific community is essential for addressing the current challenges in volcanology. In line with this, we’ve established the Global Volcano Monitoring Infrastructure Database (GVMID) to compile data from volcano monitoring across the globe. Global Volcano Monitoring Infrastructure Database serves as an integral component of WOVOdat, the global volcano unrest database, aiming to enhance our understanding of eruptive processes and improve eruption forecasts. The database incorporates monitoring metadata comprising networks, stations, and instruments, all standardized and managed using a MySQL relational database management system. Accessed through a web-based interface (https://wovodat.org/gvmid/home.php), GVMID offers an informative snapshot and foundational overview of the techniques and instruments in place at diverse volcanoes. This interactive platform allows for queries, visualizations, and downloads, serving as a valuable resource for the volcano community. GVMID can assist observatories in various ways, by: (a) Facilitating the setup or enhancement of monitoring systems for specific volcanoes. (b) Providing insights into the latest monitoring technologies and instrumentation. (c) Identifying existing monitoring gaps that could be addressed through remote sensing infrastructure and future instrument deployments. We extend an invitation to the global volcano community to actively participate in the development and enrichment of GVMID. Our aim is for it to become a continually updated and indispensable resource that caters to diverse needs within the volcanology community.
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1 INTRODUCTION
Volcano monitoring encompasses a range of methods and measurement techniques tailored to specific volcanoes and monitoring objectives, and it is often a balance between institutional priorities and available resources (Ewert et al., 2005; Ewart et al., 2018; Carvelli et al., 2021). Rapid advances in monitoring instrumentations and techniques offers opportunities to improve detection, forecasting, and response to volcanic activities and hazards (National Academies of Sciences Engineering and Medicine, 2017; Pallister et al., 2019; Power et al., 2020; Lowenstern et al., 2022). Integration of multi-parameter datasets and the use of novel techniques (e.g., aerial imaging and gas sampling by drone, UV SO2 camera), along with enhanced spatio-temporal resolution and coverage through the combination of ground- and space-based monitoring capabilities, have improved unrest detection, evolution of eruptions, changes in eruption styles, mapping of eruption products and impacts, and enhanced eruption forecasts and hazard as3sessment (e.g., Scarpa, 2001; Sparks, 2003; Marzocchi et al., 2008; Tilling, 2008; Segall, 2013; Winson et al., 2014; Acocella et al., 2023). Significant eruptions such as Mount St. Helens in 1980 (Lipman and Mullineaux, 1981; Dzurisin, 2018), Mount Pinatubo in 1991 (Newhall and Punongbayan, 1996), Merapi in 2010 (Surono et al., 2012; Ratdomopurbo et al., 2013), Bardarbunga in 2014 (Sigmundsson et al., 2015), and Kilauea in 2018 (Neal et al., 2019; Neal and Anderson, 2020) have demonstrated the value of monitoring infrastructure and monitoring data in anticipating these events and their hazards. However, optimizing monitoring infrastructure is not straightforward as it involves rationalizing its efficiency, operational aspects, resource allocation, and capability (Ewart et al., 2018; Carvelli et al., 2021). These requires careful consideration of factors like network coverage, sensor types, data transmission, and power supply. This ensures that the parameters being monitored align with the specific requirements of each volcano, including the nature of activities and the implementation of early warning systems for risk mitigation. To optimize monitoring infrastructure capabilities for real-time data analysis, which is critical for timely and robust decision-making, observatories must prioritize fundamental research efforts aimed at finding the optimal design, upgrading instrumentation, and adopting innovative monitoring methods (Moran et al., 2008; Newhall and Pallister, 2015; National Academies of Sciences Engineering and Medicine, 2017). This also includes the use of state-of-the-art instrumental technology, extending network coverage, improving measurement sampling rates, and implementing automatic data processing (Lowenstern et al., 2022; Mandeville et al., 2022). Moreover, a well-defined data management strategy for volcano monitoring infrastructure is essential for its long-term usability and accessibility. This involves organizing, storing, and archiving data in standardized formats, along with appropriate key metadata elements, to ensure its integrity and enable future analysis and research (Newhall et al., 2017; Pallister et al., 2019; Ueda et al., 2019; Beauducel et al., 2020; Andrews et al., 2022). Different institutions may employ various techniques and methods based on their monitoring objectives, expertise, history of development, and available resources (Sparks et al., 2012; Lowenstern et al., 2022). The use of standardized metadata across different monitoring systems and institutions is crucial for easy data sharing, integration, and comparison. This standardization enhances data usability and accessibility (Newhall et al., 2017; Fujita et al., 2020; Andrews et al., 2022).
The Global Volcano Monitoring Infrastructure Database (GVMID; https://wovodat.org/gvmid/home.php) is aimed at documenting capabilities of volcano monitoring from the ground and space. It provides a snapshot and baseline view of the techniques and instrumentation that are in place at various volcanoes, which can be used by volcano observatories as reference to setup new monitoring systems or enhancing existing networks at a specific volcano. These data will allow the identification of monitoring gaps, which can be then targeted by remote sensing infrastructure and future instrument deployments (Biggs et al., 2014; Pritchard et al., 2018; Valade et al., 2019). GVMID is an integral component of the global volcano unrest database, WOVOdat, which stored the processed monitoring datasets is aimed to better understand the eruptive processes and improve eruption forecasts (Newhall et al., 2017; Costa et al., 2019). This resource is currently hosted at the Earth Observatory of Singapore and is intended for use by the global volcano community. It is important to note that the metadata stored and displayed in GVMID do not reflect real-time operational volcano monitoring infrastructure, and the ownership of the data remains with the data contributors. It does not aim to duplicate the databases of individual observatories or data centers but instead aims to bring together key information on volcano monitoring infrastructure as a community database.
In this paper we discuss various aspects related to GVMID, including the backend database structure and standard format, data contribution, web interface and tools for querying and visualizing data, discussion about potential use of the metadata. We emphasize that a comprehensive and well-designed monitoring infrastructure is crucial for improving volcano hazard forecasts. GVMID designed to provide an overview of the global volcano monitoring infrastructure, intended for use by scientific community. The database’s comprehensiveness depends on the active involvement of data contributors, encouraging them to consistently input and update their data. The more complete the records, the more useful the database becomes. Hence, we extend an invitation to volcano observatories and the scientific community to actively participate by contributing data, thereby enhancing the utility of the database.
2 METHODS
2.1 Data policy and ownership
The data in WOVOdat are contributed by member observatories, universities, research agencies, and others in the interest of free and open, non-commercial uses such as education, scientific research, and responses to volcanic crises. We welcome all interested data contributors and users. Data contributors must register so that proper credit can be given for their data contributions. As a data repository, GVMID is not the proprietary of the datasets hosted in its database; the contributors maintain full control of the data ownership for all datasets that they contributed to the database. The Data Policy (https://wovodat.org/populate/dataPolicy.php) plays a crucial role in defining the principles and guidelines for data contribution and usage that supports community benefit as an open access database. Open access to data encourages the contribution, integration, and reuse of datasets from various sources, foster collaboration and facilitate interdisciplinary studies, and provides opportunities for new insights.
2.2 Volcano monitoring metadata
Volcano monitoring encompasses a range of methods and measurement techniques tailored to specific volcanoes and monitoring objectives (Lowenstern et al., 2022). Ground-based methods, such as earthquake monitoring using seismometers, ground deformation measurements using Global Positioning System (GPS), tiltmeters, and/or gas sampling, provide detailed insights into the internal processes of volcanoes. The optimization of volcano monitoring infrastructure involves improving its efficiency, operational capabilities, resource utilization, and the ability to detect changes in monitoring signals that reflect volcanic processes. In the past decades, volcano monitoring has transitioned to digital recording, real-time data transmission, higher sampling rates, and increased accuracy in various parameters. These advancements in monitoring techniques and instrumentation have significantly contributed to mitigating volcanic hazards. Moreover, techniques such as infrasound monitoring, and optical and thermal web cameras have been developed and are now integrated into volcano monitoring operations in some cases (Dietterich and Neal, 2022). On the other hand, remote sensing techniques, including satellite-based observations and aerial surveys, offer broader spatial coverage and enable the detection of changes in volcanic activity over larger areas (Reath et al., 2019; Poland et al., 2020; Poland and Zebker, 2022). The rapid growth in remote sensing technology and the adoption of unmanned aircraft systems (UAS) have significantly enhanced volcano monitoring capabilities (Darmawan et al., 2018; Román et al., 2022). Satellites equipped with optical, thermal, and synthetic aperture radar (SAR) sensors have improved our ability to detect ground deformation, rapidly measure topographic changes, map eruptive products, and detect and characterize thermal signals and ash clouds at high temporal and spatial resolutions (Biggs et al., 2016; Ebmeier et al., 2018; Giudicepietro, et al., 2019; Coppola et al., 2020; Schneider et al., 2020; Bemelmans et al., 2023). These remote-based and space-based technological advancements have helped bridge regional monitoring gaps, widening spatial coverage, especially for under-monitored and remote volcanoes.
The GVMID serves as a platform to showcase the current state-of-the-art capabilities, in spatio-temporal coverage, and various methods of volcano monitoring. Proper management of volcano monitoring data is crucial for its long-term usability and accessibility. This involves organizing, storing, and archiving data in standardized formats, along with appropriate metadata, to ensure its integrity and enable future analysis and research. However, different institutions may employ different techniques and methods based on their expertise and available resources. Hence, collaboration through data sharing and exchange expertise and experiences in managing and designing volcano monitoring network among institutions are necessary.
The metadata for volcano monitoring data needs to include information about the following key elements:
- Time range: This refers to the operational period of the monitoring infrastructure, indicating the period during which instrument had been installed and operational to collect and record data.
- Data source: It includes the data contributor(s) or owner(s) of the monitoring system, specifying the institutions or observatories responsible for installation, operation, and maintenance of the monitoring system and/or collecting, managing, and processed the data. It should also mention the catalog owner if the data are part of a larger data repository or catalog.
- Type of measurement: This indicates whether the metadata represents permanent (continuous instrumental measurement or records) or non-permanent (periodic survey or observation) monitoring efforts. Permanent measurements are typically collected through ground-based instruments or sensors that continuously monitor various parameters, while non-permanent measurements are often conducted during specific survey campaigns or observation periods and may revisit the same location (benchmark).
- Type of installation: This describes the type of monitoring infrastructure used for data collection. It can include in situ ground-based installations, remote ground-based installations, or airborne/space-based platforms. In situ ground-based installations involve instruments or sensors placed directly on or near the volcano, while remote ground-based installations may use remote sensing techniques or equipment located at a distance from the volcano. Airborne/space-based installations refer to measurements conducted using aircraft or satellite platforms.
- Monitoring methods: This section specifies the specific techniques or methods such as seismic monitoring (recording and analyzing seismic waves), deformation monitoring (measuring ground deformation using GPS or other techniques), gas monitoring (sampling and measuring volcanic gases), hydrology monitoring (monitoring water-related parameters), potential fields monitoring (measuring gravity, electrical or magnetic field variations), thermal monitoring (detecting and characterizing thermal signals), and meteorology monitoring (monitoring atmospheric conditions). It may also include other relevant methods employed in the monitoring efforts e.g., visual observation using closed circuit television (CCTV) or digital single-lens reflex (DSLR) camera.
The instrumental and data acquisition information, along with the above key elements of metadata, play a vital role in understanding the data and maximizing its usefulness. Standardizing metadata across different monitoring systems and institutions ensures that the data can be easily shared, integrated, and compared, facilitating collaboration, and enabling comprehensive volcano monitoring for risk mitigation purposes.
2.3 Database schema and structure
The GVMID database serves as a repository for volcano monitoring infrastructure information, encompassing networks, stations, and instruments. The database is designed to interlink observation systems and adhere to common standards for architecture and data sharing. The structure of the database allows for capturing detailed information about the monitoring infrastructure, from the hierarchical details of the monitoring network to the station site information and instrumentation specifics.
GVMID database schema and structure has evolved to follow and adjust the ever-growing development of volcano monitoring technique both in ground and space, adopting and adapting the new techniques and methods. It dynamically adopts new techniques and methods, such as the utilization of remote sensing approaches. This includes the deployment of instruments on mobile vehicles, enabling spatial observation coverage of volcanoes through drones and satellites (e.g., Valade et al., 2019; Ganci et al., 2020; Calvari et al., 2022; Aoki, 2023). Adaptations may involve structural modifications to the database to facilitate the integration of data from multiple stations within a shared network. As an example, data from permanent Global Navigation Satellite System (GNSS) stations in a deformation network at an active volcano can be integrated. This integration is demonstrated in monitoring magmatic intrusions, as illustrated by pressure source models (e.g., Beauducel et al., 2020; Bruno et al., 2022).
In February 2021, we co-organised a 4-day online workshop focusing on volcano monitoring infrastructure on the ground and in space in collaboration with the remote sensing community. This workshop, which brought together representatives from volcano observatories worldwide, aimed to enhance the understanding of the current volcano monitoring capabilities and constraints. During this workshop, the GVMID was introduced as a new initiative, a platform that serves to improve knowledge within the volcano community regarding the diverse aspects of volcano monitoring from both ground-based and space-based perspectives. Detailed materials of the workshop can be accessed at https://wovodat.org/about/cov_timeline.php. Subsequent to this event, we gathered valuable feedback on the optimal method for incorporating satellite remote sensing infrastructure into GVMID alongside ground-based infrastructure. Given that satellites are mobile and not fixed to specific points like ground stations, orbiting the globe and monitoring all volcanoes, practical considerations preclude marking every volcano with a satellite icon. Instead, we designate a volcano as having satellite monitoring coverage when data from satellite remote sensing, including InSAR, thermal imaging, and SO2 emissions, is stored in WOVOdat (the database of monitoring data from volcano unrest, wovodat.org). This designation also serves as metadata for the associated time series data. Additionally, GVMID is capable of storing campaign data. For instance, monitoring metadata for airborne UV DOAS gas measurements at Popocatépetl collected by airplane surveys is included. Popocatépetl volcano features SO2 gas emission data from an airplane survey, represented by an icon at the volcanic vent (https://wovodat.org/gvmid/index.php?type=single&vd_num=341090). This icon becomes visible when “Selected methods (Airplane/Satellite)” is chosen, and “Gas” is selected. Similarly, a satellite icon will appear when “Selected methods (Airplane/Satellite)” is chosen, and “Thermal” is selected.
While the metadata are stored in GVMID tables, the time series data or processed data recorded by a monitoring infrastructure of a volcano, using sensors located at a station belonging to the network of this volcano, will be archived in WOVOdat. It's important to note that WOVOdat does not archive raw waveform data or seismograms; it only stores time series processed data, such as RSAM (Real-time Seismic Amplitude Measurement), seismic event hypocenters, and earthquake counts. GVMID will visualize only the data stored in the database server. The data owner/source will be acknowledged on the webpage, including a URL link to the respective observatory/institution.
To ensure successful operation, the database follows a standardized structure and format. Each key component of the metadata is included in the GVMID registry and configured to establish communication with other tables in the database system. This standardized approach facilitates effective data management and interoperability.
Given the diverse nature of infrastructure monitoring data, including different data types, spatial variability, and time variability, the database is designed to handle and archive such data appropriately.
The structure allows for the monitoring of a volcano by multiple networks (seismic, deformation, gas, hydrology, thermal, potential field, and meteorology), and a network can monitor multiple volcanoes (Figure 1). Within a network, there are multiple stations, each hosting different instruments located at specific geographic positions. Metadata about instrument specifications, installation setups, data acquisition operations, and data owners can also be archived. Instrumentation metadata is crucial for understanding the process variables being measured, tracking original source of the data, and information on how the data is acquired or measured.
[image: Figure 1]FIGURE 1 | The GVMID database utilizes a hierarchical relational database management system, specifically MySQL. The database structure links all available instruments in a specific volcano through stations and networks, with the “volcano” serving as the parent table. Detail explanation of the schema can be found in the text.
The GVMID contains the following main tables:
- Volcano table: serves as the parent table and contains information about the volcanoes being monitored. It includes attributes such as volcano ID, volcano name, location coordinates, and other relevant descriptive details.
- Network table: contains the different monitoring networks involved in volcano monitoring. It includes attributes such as network ID, network name, and additional network-specific details.
- Station table: stores information about the individual monitoring stations within each network. It includes attributes such as station ID, station name, geographic location coordinates, and any other relevant station details.
- Instrument table: contains information about the instruments used for monitoring volcanic activity. It includes attributes such as instrument ID, instrument type, instrument specifications, installation setup details, data acquisition and other operational information.
- Satellite/airborne table: stores information about satellites and airplanes that are used for collecting data from above the surface of the earth. It includes attributes such as satellite/airplane ID, code, and name, satellite orbital type, spatial resolution, return time, angle of view, owners ID.
The GVMID metadata tables are linked hierarchically to the monitoring data collected from the instruments that stored in WOVOdat tables. Monitoring data include attributes such as data timestamp, data values, associated volcano, network, station, and instrument IDs for easy linkage and retrieval. The metadata associated with the monitoring data, including information about the data source, data owner(s), and other relevant details are also hosted in this table.
The relationships between these tables can be established using “primary key”- “foreign key” relations. For example, the volcano ID can serve as the primary key in the Volcano table and as a foreign key in the Network, Station, and Data tables. Similarly, the network ID and station ID can serve as foreign keys in the Station and Data tables, linking them to their respective networks. Indexing and constraints are defined to optimize query performance and ensure data integrity within the database.
The database structure is designed in MySQL, a hierarchical relational database management system, with interlinked tables capturing information about monitoring infrastructure components with Volcano as parent table. The metadata and standardization of the structure and format are important for the successful operation of the GVMID, ensuring effective communication between tables and proper archiving of diverse data types, spatial information, and time variability. Each table in the database should include the necessary metadata fields, such as creation date, last update date, and any other relevant information to track the history and changes in the metadata. The metadata in the GVMID are timestamp and georeferenced to enable the study of volcanic activity in both space and time. The timestamp field can be added to relevant tables to indicate when the data was recorded.
The database schema and structure for the GVMID (Figure 1) consist of main tables, with the following hierarchical relationship from Volcano as parent table, to Network, Station, Instrument and Component (only for seismic):
- Volcano-Network: Defines a many-to-many relationship between volcanoes and monitoring networks, as a volcano can be monitored by multiple networks, and a network can monitor multiple volcanoes.
- Network-Station: Establishes a one-to-many relationship between monitoring networks and stations, as a network can consist of multiple stations, but a station belongs to only one network.
- Station-Instrument: Is a one-to-many relationship between stations and instruments, as a station can host multiple instruments, but an instrument is associated with only one station.
- Satellite-Instrument: A satellite can host various instruments; therefore, it is also a one-to-many relationship between satellite and instruments, but an instrument only associated with one satellite.
The GVMID schema for the ground-based monitoring are shown by the continuous lines (Figure 1), which illustrate the hierarchical relations between Network-to-Station and Station-to-Instrument. This explains that each ground-based instrument table will need to be attached to a station table, in which is defined the geographic location where the instrument was installed. The instrument located at a specific station can be removed or replaced by another instrument. While for airborne/space-based monitoring, which in Figure 1 is shown by the dashed lines, the satellite/airplane table directly linked to instrument table. This explains that satellite or airplane are a mobile device, therefore no attachment to a specific station needed and that satellite or airplane can monitor many observation point locations simultaneously. Note that seismic network is separated to the ground-based common network (deformation, gas, hydrology, thermal, potential fields, and meteorology) to allow an earthquake data located by a seismic network that consist of more than one station, while other type of data belong to an instrument located at a specific station.
It is important to note that this is a simplified representation of the database schema. Technical insights and a more detailed description of the database can be found on the Documentation (https://wovodat.org/doc/database/1.1/index_gvmid.php) menu, providing a reference for those interested in understanding the database structure. It also provides descriptions of each table, including fields, indexes, links, and constraints.
2.4 Interactive web interface
2.4.1 Data contribution
To initiate the metadata submission, the user must create a login account by completing the registration form, which requires an email and institutional affiliation. This step ensures proper acknowledgment and record-keeping of the data uploaders, and their institutional affiliation will be recorded as the data owner of the uploaded datasets. The following link (https://wovodat.org/doc/system/CreateNewWOVOdatAccount.pdf) offers comprehensive guidance on creating a new user account. Once users have successfully registered and logged in, they can access the interactive tools within the GVMID system to submit their metadata (as shown in Figure 2). To accommodate the diverse metadata formats from different observatories, GVMID provides an Excel spreadsheet template format that conforms to the standard metadata format and structure of WOVOdat. This template facilitates the organization and structuring of metadata before uploading it to GVMID. The template includes several spreadsheets that cover various aspects of monitoring infrastructure metadata, such as contact information, monitoring network details, station information, instrument specifications, satellite/airplane information, satellite/airplane instrument details, and data format constraints. Users can download the spreadsheet template using the following link: https://wovodat.org/populate/submitDataDoc/GVMID_Monitoring%20metadata_template.xlsx.
[image: Figure 2]FIGURE 2 | Screenshot of the GVMID online interface for contributing metadata. The user needs to provide contact details to ensure proper acknowledgment and record-keeping of the metadata uploaders. The user’s institutional affiliation becomes the owner of the datasets they upload.
Each spreadsheet within the template provides a structured format for users to input their metadata, ensuring consistency and coherence with the WOVOdat data format requirements (Venezky and Newhall, 2007; Newhall, et al., 2017). Users can fill in the relevant information based on their specific monitoring setup and observations. After completing the metadata template in Excel, users can submit their metadata through the online interface provided by GVMID. The system will convert the submitted metadata into WOVOdat-XML common formats (WOVOml) to ensure standardization. The converted metadata will then be uploaded and stored within the GVMID database system, making it easily accessible and ready for analysis. For a more detailed description of the GVMID database structure, including information on tables, fields, indexes, links, and constraints, which can refer to the provided link (https://wovodat.org/doc/database/1.1/index_gvmid.php). This documentation provides in-depth insights into the underlying structure and organization of the GVMID database. The data submission process, metadata template, and database structure of GVMID are designed to streamline the submission and storage of volcano monitoring infrastructure metadata, ensuring standardization, and facilitating data access and usage.
2.4.2 Metadata visualization
The GVMID visualization tools allow users to query and view monitoring infrastructure datasets for volcanoes worldwide. It is important to note that for accessing, visualizing, and downloading metadata through the GVMID visualization tools, login is not required. Login is only necessary to upload datasets. We provide a user manual and video tutorial on using the GVMID that can be found in the user manual page of the website, link: https://wovodat.org/about/manual_gvmid.php.
There are two types of visualization available:
a. Worldwide Volcano Map: Users can access the worldwide volcano map using the following link: https://wovodat.org/gvmid/index.php?type=world). The map displays circles of different colors, representing the number of monitoring stations installed within a 30 km radius of each volcanic vent. These circles are overlaid on a Google map. Users can interact with the map by selecting different monitoring metadata types and applying specific criteria in the filter panel, such as the time range, metadata source, and selected area Figure 3. When users click on a volcano icon on the map, they will be directed to the single volcano visualization.
b. Single Volcano Map: Users can access the single volcano map using the following link: (https://wovodat.org/gvmid/index.php?type=single&vd_num=282080 (example link for Sakura-jima volcano, japan). The map provides detailed information about the monitoring stations and available instruments installed within a 30 km radius of the volcanic vent. The station and instrument locations are displayed with different icon shapes and colors overlaid on a Google map. Figure 4 Users can refine their search and apply various criteria in the filter panel, such as the time range, selected area of interest, type of installation, metadata source, and type of instrument.
When users click on a station’s or instrument’s icon on the map, a popup box will appear. Detailed information about the selected station or instrument will be displayed below the Google map. Users can also search and select volcano monitoring metadata by applying criteria in the filter panel or by clicking on specific station/instrument icons on the single volcano visualization menu. The detailed information about the stations and instruments can be individually downloaded in CSV format s (Figure 5).
[image: Figure 3]FIGURE 3 | Screenshot of the Worldwide volcano map visualization displaying number of monitoring stations installed within 30 km from each volcano vent (colored circlesThe user can interactively select different monitoring metadata types a filter panel allows to select time range, metadata source, and specify rectangle bound or type in latitude/longitude coordinates in the filter box to create area of selection.
[image: Figure 4]FIGURE 4 | Screenshot of single volcano visualization tool for Sakura-Jima displaying map location of monitoring stations installed within 30 km from the vent (colour icons). Users can select criteria with options in the filter panel, e.g., time range, selected area of interest, type of installation, metadata source, type of instrument, etc.
[image: Figure 5]FIGURE 5 | Screenshot of single volcano visualization tool for Mount St. Helens displaying popup box of deformation station P691, where cGPS/cGNSS and tiltmeter instruments were installed. Users can download the detail information on the selected station and instrument with the button “Export to CSV”, or download the entire monitoring infrastructure metadata of the volcano with the corresponding button in grey.
2.4.3 Download data
The GVMID platform offers a comprehensive and customizable experience for users to explore and download volcano monitoring metadata based on their specific requirements. The user-friendly interface provides various filtering options and the ability to download metadata packages at various levels of detail, providing flexibility and granularity in the metadata packages according to the specific needs. Users can utilize the filtering panel in the GVMID platform to search and select volcano monitoring metadata based on specific criteria. These criteria include the time range, metadata source, selected area, type of installation, installation status, monitoring method, and instrument type. The platform also includes a single volcano visualization menu where users can visualize the specific station/instrument detailed information.
To download metadata, users have options:
- They can individually download the detailed station/instrument information in CSV format file.
- Users can also download a monitoring package for a specific volcano or the worldwide volcano map. The downloaded package contains all the metadata for the selected volcano, including sets of spreadsheets with the different monitoring techniques such as Deformation, Potential field, Gas, Hydrologic, Meteorology, Seismic, and Thermal.
- Users can also download a monitoring package by clicking on the worldwide volcano map (Figure 4). In this case, the downloaded package will include sets of spreadsheets with detailed information about stations within the selected area and time range. However, please note that when selecting the worldwide package, only station information is stored in the downloaded package. To obtain instrument information, users will need to navigate to a specific volcano.
The downloaded monitoring packages are stored in zip files named “Monitoring Worldwide System package from wovodat.zip” for the worldwide package or “wovodat.zip” for a single volcano. These zip files contain Excel spreadsheet files representing different monitoring techniques, providing users with comprehensive and organized metadata for their analysis and research purposes.
2.5 Metadata in GVMID
The GVMID database can be a resource for the volcano community by incorporating metadata obtained from various sources, with major contributors from World Organisation of Volcano Observatory (WOVO), Japan Meteorological Agency (JMA), GNS Science, United State geological Survey (USGS), Instituto Geográfico Nacional (IGN), Philippine Institute of Volcanology and Seimology (PHIVOLCS), Centre for Volcanology and Geological Hazard Mitigation (CVGHM), open data centers University NAVSTAR Consortium (UNAVCO), Nevada geodetic Laboratory (NGL), Incorporated Research Institutions for Seismology (IRIS), universities as well as metadata compiled from published references.
Currently, the GVMID database archives metadata from more than 13,000 monitoring stations, comprising over 16,000 instruments. These stations and instruments cover a wide range of monitoring parameters and are associated with more than 550 volcanoes worldwide (Table 1; Table 2; Figure 6). Most of the metadata in the database pertain to deformation monitoring (63%), followed by seismic monitoring (19%) and gas monitoring (6%). Additionally, metadata related to thermal monitoring, hydrology, potential fields, and meteorology are also available. The total number of instruments is much larger than the number of stations (Table 1); this reflects frequent update on the instrumentations throughout the operation of a specific station. For now, there is still a low percentage of the actual monitoring infrastructure data represented in GVMID, as we expect there are many more instruments and stations that have not been shared by volcano observatories and monitoring agencies worldwide. The current data available in GVMID shows that most volcanoes are still not monitored or under-monitored, only ∼600 out of 1,302 Holocene volcanoes (VOTW; GVP, 2023; Sparks et al., 2012) have monitoring station(s) with ∼300 volcanoes at least equipped with 2 monitoring methods such as seismic, deformation or gas. The capability of monitoring infrastructure to detect unrest or an impending eruption also relies on factors, for example, instrument sensitivity, station location, spatial coverage of the network (e.g., Pallister and McNutt, 2015; Authors Anonymous, 2021; Rosi et al., 2022), but also includes considerations of data transmission, power supply, and accessibility for maintenance. Although these latter three aspects are not discussed in the current paper, they are key factors to consider in ensuring the sustainability of monitoring operations to meet the specific goals of monitoring, such as monitoring hazards like lahars or detecting precursory signals of eruptions for early warning.
TABLE 1 | Statistical representation of ground-based volcano monitoring infrastructure metadata currently archived in GVMID, as of August 2023.
[image: Table 1]TABLE 2 | Statistical representation of volcanoes (in percentage) covered by seismic, deformation and gas monitoring stations based on metadata currently archived in GVMID. Refer to Table 1 for the total number of monitored volcanoes.
[image: Table 2][image: Figure 6]FIGURE 6 | Pie chart of volcano monitoring infrastructure metadata currently archived in GVMID, color shown different monitoring method.
The global overview of monitoring infrastructure can be interactively explored through the worldwide map visualization tool of GVMID (https://wovodat.org/gvmid/index.php?type=world), and for more detail infrastructure at single volcano through https://wovodat.org/gvmid/index.php?type=single. We plan to continuously grow the GVMID, adding metadata mostly from the open access global database such as Earthscope consortium (https://www.earthscope.org/), International GNSS Service (IGS, https://igs.org/), and International Federation of Digital Seismograph Network (FDSN, https://www.fdsn.org/) for those stations operated around volcanoes. We also invite volcano observatories and the scientific community worldwide to actively participating in data contribution and updates, to help build a comprehensive and up-to-date volcano monitoring infrastructure database. The participation of volcano community reflects the importance of their expertise and data in shaping a comprehensive and valuable resource for building the global volcano monitoring database. This GVMID will be able to capture the continuity of evolving capabilities in volcano monitoring infrastructure, providing a valuable resource for observatories, scientists, and decision-makers worldwide.
3 DISCUSSION
3.1 GVMID potential use
GVMID is an open access library of resources provided by volcano monitoring agencies within the volcano community and it aims at enhancing the understanding of current capabilities and limitations of volcano monitoring infrastructure. The provided datasets could serve as a valuable resource of reference for volcano community in multiple ways:
(a) Setting up new monitoring systems or improving network’s operational capability: Observatories can use the database to gather information about existing monitoring systems deployed at specific volcanoes. By studying the instrumentation and infrastructure used at other analogue volcanoes (Tierz et al., 2019), observatories can gain insights that help in designing, justifying, and make informed decisions when setting up new monitoring systems or improving their existing networks. This helps ensure that the monitoring infrastructure is optimized for the specific needs and characteristics of the volcano in question. In the case example presented by James et al. (2023), the assessment of the potential to detect vertical magma migration is conducted by analyzing the seismic network design. The study investigates how the arrangement and characteristics of seismic stations contribute to the ability to identify and track vertical movements of magma beneath the Earth’s surface. Such analysis could include considerations of station distribution, sensor sensitivity, and network coverage, providing valuable insights into the seismic network’s effectiveness in monitoring subsurface volcanic activity. The exchange of information among observatories through the database allows for knowledge sharing and learning from best practices. Even though the dataset does not reflect the active monitoring infrastructure currently operated at the volcanoes, it provides a snapshot view of the existing capabilities, to assess progress and identify areas for improvement. This information helps in strategic planning and decision-making regarding the allocation of resources for volcano monitoring infrastructure. Hence, to optimize the use of GVMID, the datasets in database should be populated through time and updated periodically.
(b) Exploring current instrumentation systems and trends: Accessing the database allows observatories to stay well-informed about the current instrumentation systems and trends, capturing the evolving capabilities in volcano monitoring infrastructure worldwide. Information on diverse monitoring techniques used at other volcanoes helps observatories assess the relevance of these systems to their specific monitoring networks, tailored to their needs and monitoring goals, whether in risk mitigation or research. Implementing suitable instrumentation systems enables observatories to enhance their capabilities in detecting unrest, monitoring volcanic activity, and assessing hazards.
(c) Identifying monitoring gaps: The database provides a comprehensive overview of volcano monitoring infrastructure worldwide. Observatories can use this information to identify gaps in monitoring coverage, particularly at volcanoes where the monitoring systems may be limited or insufficient. By recognizing these gaps, observatories can prioritize the deployment of remote sensing infrastructure and plan future instrument deployments to fill these monitoring gaps effectively. This ensures a more comprehensive and balanced spatial and temporal coverage of volcano monitoring. This also promotes collaboration and facilitates connections among users and providers of satellite data, fostering the integration of space-based observations into volcano monitoring practices.
3.2 Priorities in volcano monitoring infrastructure
The reliability and comprehensiveness of a monitoring infrastructure is essential for accurate eruption forecasting and hazard assessment such as ability in earliest unrest detection, efficiently monitor the evolving volcanic activity, and capable in quantifying the potential hazards (Marzocchi et al., 2008; Moran et al., 2008; Phillipson et al., 2013; Gottsmann et al., 2019). We highlighted some key factors and metrics to consider as diagnostic evaluation for establishing best practices in volcano monitoring:
a. Monitoring methods: Assessment of the range and diversity of monitoring methods in the infrastructure. A comprehensive monitoring system should cover key parameters such as seismicity, ground deformation, gas emissions, thermal anomalies, hydrological changes, and other relevant indicators specific to the volcano. The inclusion of multiple parameters provides a more holistic understanding of volcanic processes and enhances the ability to detect and monitor volcanic activity.
b. Instrument performance: Evaluating the quality and reliability of the monitoring instruments deployed within the infrastructure. Consideration of factors such as instrument sensitivity, accuracy, precision, and durability. Robust and well-maintained instruments are crucial for capturing accurate and reliable data, especially during critical periods of volcanic activity. Regular calibration and maintenance procedures should be in place to ensure instrument performance.
c. Network coverage and density: Consideration of the spatial coverage and density of monitoring instruments within the infrastructure. A well-designed network should provide sufficient coverage of the volcano and its surroundings to capture signals from various areas of interest. The density of instruments should be optimized to ensure the detection of subtle changes in volcanic activity and provide reliable data for hazard assessment.
d. Data quality and metadata: Assessment of the quality of the monitoring data and the availability of metadata. Robust quality control procedures should be in place to ensure data accuracy, consistency, and reliability. Metadata, including instrument specifications, calibration details, and processing procedures, are crucial for interpreting and validating the data. Well-documented metadata enhance the comprehensiveness and reliability of the monitoring infrastructure.
By evaluating these factors and metrics, it is possible to measure the reliability and comprehensiveness of a monitoring infrastructure. This process helps to identify strengths, weaknesses, and areas for improvement, leading to the optimization of capabilities in detecting volcanic unrest and monitoring its potential hazards.
4 CONCLUSION
The GVMID is aimed at documenting and improving capabilities of volcano monitoring from the ground and space, as it provides a snapshot and baseline of the techniques and instrumentation that are in place at various volcanoes. This can be use as source reference by volcano observatories and the volcano community in general. These metadata could be used for (a) designing the setup of new monitoring system or improving networks at a specific volcano, help design and justify their current system (b) exploring the up-to-date and state-of-the-art monitoring technology and instrumentation, (c) identifying monitoring gaps, which can be then targeted by remote sensing infrastructure and future instrument deployments.
It is important to maintain a comprehensive and up-to-date database that allow capturing the continuity of the evolving capability in volcano monitoring infrastructure, which is readily accessible to observatories, scientists, and decision-makers worldwide. For this, the GVMID focuses on promoting open data sharing, including establishing a consistent data format and standards, ensuring data quality for future usage of volcano monitoring infrastructure metadata.
The optimal monitoring infrastructure will cater to the need in each volcano, which varies according to volcanic activity and hazards related to the specific volcano; hence, the advancement of the monitoring infrastructure capability requires a good strategy and plan for optimal capability in monitoring, with key priorities such as diversity of monitoring methods, instrument performance, network design (coverage and density), and the availability of metadata.
Through the active participation of volcano observatories and the scientific community, the comprehensive volcano monitoring infrastructure database can grow and evolve. It facilitates data-driven analyses, fosters collaboration, and supports efforts to improve eruption forecasts, hazard evaluation, and mitigation actions.
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