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ABSTRACT
We introduce the Volcanology Infrastructure for Computational Tools and Resources (VICTOR), a cloud-based cyberinfrastructure
designed to modernize computational workflows and data access in volcanology. Built around a scalable JupyterHub environ-
ment, VICTOR provides users with an array of pre-installed modeling tools, remote sensing data access workflows, geochemical
calculators, and the pyVICTOR utility library for geospatial and visualization tasks. The platform drives educational efforts
through courses, modular teaching materials, and multilingual documentation. VICTOR promotes open science by making tools
findable, accessible, interoperable, and reproducible (FAIR) and enables innovative workflows including multi-model intercom-
parisons and inversion schemes. We describe its architecture, current tool suite, community engagement activities, and plans
for model coupling, machine learning integration, and expanded observatory support. VICTOR exemplifies a community-driven
approach to infrastructure that empowers researchers, educators, and stakeholders in volcanic hazard science.
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1 INTRODUCTION
The VICTOR project was launched in 2022 to address per-
sistent challenges in volcanology—such as limited access
to computational models, lack of standardization, and low
interoperability—by creating a modern cyberinfrastructure
aligned with community needs outlined in seminal National
Academies of Sciences report “Volcanic Eruptions and Their
Repose, Unrest, Precursors, and Timing” [ERUPT, NASEM
2017]. Since its launch, VICTOR has grown rapidly and now
serves hundreds of users and makes tens of tools accessible
in a user-friendly, open platform. This section reviews the
motivation and preparation steps that led to the creation of
VICTOR.

1.1 Motivation

New modeling and data analysis tools are required to answer
many of the questions that stand open in volcano science, as
depicted in the ERUPT report. Numerical models of volcanic
processes, fromwithin the crust through the magmatic plumb-
ing system to the eruptive products, are essential for decipher-
ing precursors and providing process-based forecasts [Sparks
2003; Segall 2013; Cassidy et al. 2018; Poland and Anderson
2020]. Importantly, forecasts of volcanic eruptions and their
impacts require a careful orchestration of modeling and anal-
ysis of available data to quantify the uncertainty [Selva et al.
2012; Papale 2017; Tierz 2020].
Computational approaches play a critical role in forecast-
ing and mitigating the impact of volcanic eruptions [Fink et al.
2023] and have been in use by communities for decades [e.g.
Peck et al. 1977; Wohletz et al. 1984; Valentine and Wohletz
1989; Vignaux and Weir 1990] including early attempts at cre-
ating a shared data and computing resource [Palma et al. 2014].
Nevertheless, most tools and models remain rigid and mono-
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lithic because they are designed for a narrow set of research
questions, are difficult to find and access, and are individu-
ally developed codes (i.e. “Hero codes”) that are hard to link
with other tools due to lack of standardization, documentation,
and testing [Charbonnier et al. 2018] and the lack of compu-
tational and methodological frameworks for such integration.
Recent years have shown the start of a shift towards better
software and access standards, which we aim to lead and ac-
celerate. Several modern packages for volcanology have been
built with openness, scalability, and interoperability in mind,
for example MAGEMin [Riel et al. 2022] and VESICal [Wieser et
al. 2022b], and recently, Orange-Volcanoes [Musu et al. 2025].
There have also been efforts to adapt generic open-source fluid
mechanics software packages to magma and volcano appli-
cations, for example, MagmaFOAM [Brogi et al. 2021] which is
based on OpenFOAM [Jasak 2009]. In parallel, the community
has seen efforts to make data more open and accessible. For
instance, the EU Geo-INQUIRE project† works across the geo-
sciences to supply and inform on data management, modeling,
and more, working across a consortium of more than 50 Euro-
pean universities. Also in the EU, FUTUREVOLC [Larsen and
Guðmundsson 2025] provides a data portal for Icelandic volca-
noes, which itself is linked to the broader European Plate Ob-
serving System (EPOS) data portal [Cocco et al. 2016]. Another
instance is the VOLCANBOX platform [Martínez-Sepúlveda
et al. 2024], which provides hazard assessment and risk miti-
gation tools. These initiatives both demonstrate an evolution
and modernization of the geoscience and volcanology. VICTOR
takes these ideas further, having the community serve as the
perpetual focus, allowing it to be a dynamic, “living” platform.
The ERUPT report discusses the present status of research
and novel additions to the study of volcanic eruptions. The re-
port states that “Communal cyberinfrastructure supports com-
prehensive databases, model development, benchmarking,

†https://www.geo-inquire.eu/
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and implementation [...] Community facilities, such as NSF-
funded CIG (Computational Infrastructure for Geodynamics∗),
help improve the accessibility and user-friendliness of com-
putational approaches by enhancing code efficiency and of-
fering resources not available to individuals” [NASEM 2017,
p. 80–81]. Access to high-performance computing resources,
either local or remote, remains limited for many researchers
and practitioners who rely on them. Today, the volcanology
community lags behind other fields (such as oceanography
and cryospheric sciences) in its utilization of emerging modern
computational platforms and tools such as cloud computing
and machine learning. Volcanology Infrastructure for Compu-
tational Tools and Resources, or VICTOR, is a novel, modern
cyberinfrastructure platform aiming to standardize and cen-
tralize tools for the volcano science community and enable
the community to rapidly assimilate new computational and
data science methods.

1.2 Predecessor Initiatives

The challenge of expanding access of volcanologists to com-
putational tools is not new. A previous notable effort towards
this goal was Vhub [Palma et al. 2014]. Vhub was a sci-
ence gateway for the volcanology community building on the
HubZero platform [McLennan 2008]. The project had many
successes and the platform attracted up to 2500 regular users
of the many modeling tools and data sets it supported. The
low barrier of entry to use complex computer models like
Tephra2 [Bonadonna et al. 2005] or TITAN2D [Patra et al. 2005]
attracted researchers to the platform. Many innovative tools
were developed and made available along with early work
on using workflows based on the Pegasus tool [Deelman et
al. 2015] for uncertainty quantification [Jones-Ivey et al. 2022].
However, over time, the limitations of the rigid design and
its high engagement and commitment required from the tool
developers undermined its success. Updates of the tools fell
behind. The rigid protocols for such updates, the necessity for
engagement of software engineers at HubZero, and the need
for significant licensing fees all created barriers to sustained
use. Nevertheless, its use over ten years made Vhub a pio-
neer in community cyberinfrastructure and set a motivating
precedent for the community of utilizing open science tools.
VICTOR is building on that legacy and the lessons learned, such
as the importance of continued community engagement and
platform flexibility and simplicity. Since Vhub’s inception,
the increase in processing speed, and ease of scalability using
products like Terraform and Kubernetes, made the initial im-
plementation and deployment of the hub much simpler. This
also allows the team to more rapidly respond to improvements
or changes to infrastructure.

1.3 Planning for VICTOR

Noting the decline in usage and usability of Vhub and the sci-
entific needs expressed through community reports and ac-
tivities, our team of collaborators held a virtual workshop in
2019 aimed at envisioning a new community infrastructure
for volcanology to begin to solve these problems. The work-

∗geodynamics.org

shop included 65 participants from a range of institutions and
career stages, including volcano observatory staff from the
US, Colombia, Nicaragua, and Italy. Thematic presentations
were given by representatives from community organizations
such as the Modeling Collaboratory for Subduction (MCS) of
SZ4D, the United States Geological Survey (USGS) and Earth-
Cube. Presentations were given by representatives from re-
lated cyberinfrastructure efforts, including Vhub, the Compu-
tational Infrastructure for Geodynamics (CIG), the Commu-
nity Surface Dynamics Modeling System (CSDMS), and Pan-
geo, which are organizations dedicated to strengthening both
computational and communication infrastructure around geo-
dynamics, surface dynamics, and geoscience overall, respec-
tively. Formal presentations were followed by break-out ses-
sions to gather specific community insight about the necessary
components of a modern cyberinfrastructure for volcanology.
The discussions yielded more than one hundred specific rec-
ommendations that were used to inform the development of
the VICTOR pilot. Common priorities expressed in these sug-
gestions included: (1) development of tools to couple numer-
ical models, generation of example workflows (e.g. proba-
bilistic forecasts),ß and establishment of community projects
to tackle technical barriers, including high-performance com-
puting (HPC) and GPUs; (2) verification, validation, bench-
marking, standardization, and documentation of models; (3)
continued development of outreach, teaching/workshops at a
variety of levels, and inclusivity, including multilingual doc-
umentation and democratization of access via web interfaces
to models. These recommendations motivated and guided
the creation of VICTOR. Specifically, guidance on a community
governance structure for VICTOR led us to gather an advisory
committee for VICTOR. The conclusion drawn from the work-
shop was that the community was looking to VICTOR to be an
inexpensive, sustainable, and flexible platform, capable of ac-
celerating the pace of volcano science and hazard mitigation.

Motivated by these challenges, a small group gathered that
included both veteran infrastructure leaders with experience
from Vhub, and members new to the endeavor, and sought
funding from the National Science Foundation. Upon initial
funding, the group reached out to members of the commu-
nity to establish a five-member advisory committee, which
represents both academia and government, and has both US
and international members. The advisory committee guides
the leadership and technical teams in selection of tools, plat-
form design and features, and outreach efforts. As the project
matures, the advisory committee membership will rotate and
draw from the wider volcanology community. After two years
of service, the committee is currently (at the time of writing)
being replaced. The process includes a wide-reaching invita-
tion to the community to nominate or self-nominate represen-
tatives. We will emphasize the representation of different sec-
tions of the community, including early-career scientists, ob-
servatory and academic professionals, international/US-based,
and stakeholders such as emergency managers. Additionally,
during webinars, workshops, and conferences, we actively
poll for interest and advertise opportunities for membership.
The current advisory committee and the leadership team will
select the new committee using criteria that will be shared.
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Figure 1: An overview of the components of the VICTOR platform and their relations. The top banner shows the tabs on the
VICTORproject.org website, which leads to the various components, including platform registration, documentation, educa-
tional content, and the central JupyterHub. The website also includes information about events such as workshops and demo
sessions, and details of project partners and participants.

1.4 An Open Science philosophy

A key driving motivation behind VICTOR is to promote the
principles of open science within the volcanology commu-
nity. The community has been gradually becoming more used
to making samples and sensor data Findable, Accessible, In-
teroperable, and Reproducible (FAIR) [Wilkinson et al. 2016],
thanks to the availability of public data repositories such as
EarthChem [Lehnert et al. 2007], the IRIS Data Management
Center [Ahern 2003], and Zenodo∗, and requirements by fund-
ing agencies and journal publishers to share the data.
FAIR principles have been articulated for Research Software
by a dedicated working group in 2022 [Barker et al. 2022],
These FAIR4RS principles state that (1) Software, and its as-
sociated metadata, is easy for both humans and machines to
find; (2) Software, and its metadata, is retrievable via standard-
ized protocols; (3) Software interoperates with other software
by exchanging data and/or metadata, and/or through interac-
tion via application programming interfaces (APIs), described
through standards, and (4) Software is both usable (can be
executed) and reusable (can be understood, modified, built
upon, or incorporated into other software). In the design and
implementation of VICTOR, we followed these principles and
promote them for volcanological software. By creating a cen-
tralized facility, VICTORmakes many tools much easier to find,
and their installation and usage protocols are unified through
well-documented common protocols. The following sections

∗https://zenodo.org/

describe in more detail how the principles of FAIR4RS mani-
fest in VICTOR.
Adopting these principles offers significant benefits for the
entire research community, such as making the computational
methods used in research transparent and allowing other re-
searchers to replicate results. Additionally, it supports en-
hanced sustainability by encouraging better development and
documentation practices resulting in more robust and long-
lasting software. Equally important, it creates consolidation,
allowing researchers to find and reuse existing software in-
stead of developing redundant tools.
In particular, an open platform like VICTOR benefits an im-
portant sub-community of volcanology: volcano observato-
ries, many of which are underfunded and/or understaffed.
Observatories are tasked with the continuous monitoring of
volcanoes and responding to volcanic crises, often many times
at high frequency. These responsibilities often take priority
over the tedious tasks of keeping up with model versions,
new tools, and code dependencies. An open and accessible
platform that provides observatory scientists a way to quickly
learn and use new tools while keeping them informed and
avoiding “black boxes” has a direct benefit to their operations
and the stakeholders that rely on their insights.

2 SYSTEM COMPONENTS AND STRUCTURE
VICTOR has several components that make up its overall re-
sources, and their relationship is depicted in Figure 1. At
the core is the computational hub, built as a cloud-based
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JupyterHub∗, which provides a highly interactive and ver-
satile platform (Section 2.1). The hub includes a large num-
ber of built-in tools for a range of volcanological applications,
from simulations of eruptive processes (Section 2.3.1), to tools
for remote sensing data access and analysis (Section 2.3.2),
and tools for computational geochemistry and petrology (Sec-
tion 2.3.3). The VICTOR hub also contains a Python library,
named pyVICTOR, which was specifically developed to support
the VICTOR user community. pyVICTOR provides a simplified
interface to some common user activities on the platform (Sec-
tion 2.4) such as visualization of model outputs and obtaining
elevation data. The tools are embedded in and accessed by a
collection of workflows implemented as Jupyter Notebooks
[Kluyver et al. 2016]. These notebooks promote interoperabil-
ity, as a much wider community can now use tools hosted on
VICTOR regardless of the environment they have access to at
their own institution or their familiarity with the various pro-
gram languages. Through the lens of these notebooks, models,
libraries, and datasets can be accessed through the same sys-
tem calls and used freely. We hope that this exposure will
promote the sharing of tools developed by the community,
including workflows used in publications, to enhance repro-
ducibility.
Beyond the hub are a number of supporting resources. The

VICTOR website (Section 2.6) serves as the location for users to
learn about the project, its components, and upcoming events.
The VICTOR documentation (Section 2.7) is a key piece of the
platform, providing technical descriptions for the computa-
tional models and custom libraries. Finally, users can join
a forum (Section 3.2) to support open discussions about the
platform, the tools, and computational volcanology in general.

2.1 JupyterHub/VICTOR Hub
The VICTOR hub (located at hub.VICTORproject.org) is built
upon the JupyterHub framework, a product of the Jupyter
Project [Granger and Pérez 2021]. A JupyterHub is a multi-
user platform that provides centralized access to a variety of
interactive computing environments—including Jupyter note-
books, terminals, and other web-based interfaces—through a
web browser.

VICTOR is run as a set of Linux machines on Amazon Web
Services (AWS) servers. AWS was chosen for two reasons.
Firstly, many scientific datasets relevant to volcanology, such
as NASA’s remote sensing data, are stored on AWS, and this
proximity makes data transfers more efficient. Secondly, there
are pathways in place for users to bring in computing credits
that allow for long-term support of the hub. In addition to
the AWS deployments, a fully configured installation file is
available on the VICTOR GitHub, with instructions for users
who wish to create a local instance of our machines on their
HPC or local servers.
Through custom configured software images, VICTOR in-
stances come pre-installed with over 100 libraries, packages,
and utilities that are commonly used in computational geo-
science. These range from broad mathematical libraries such
as Numpy [Harris et al. 2020] or Pandas [The pandas develop-
ment team 2020] to more specific tools such as EarthAccess
∗https://jupyterhub.readthedocs.io/en/stable/#

and asf_search [Alaska Satellite Facility 2023] for retrieving
InSAR data to calculate ground displacement. VICTOR also in-
cludes compilers for a variety of programming languages, like
C, C++, and Fortran, which are often used in numerical mod-
eling due to their high efficiency and scalability [Aruoba and
Fernández-Villaverde 2014]. The VICTOR image can be cus-
tomized to meet the needs of specific sub-communities, and
we have been testing a heavier (larger image file, slower load-
ing times) image that supports packages required for machine
learning and artificial intelligence. The VICTOR image can, in
principle, be deployed on any Linux machine, including lo-
cally at a user’s desktop or cluster machines, but we have not
tested this form of deployment yet.
Lastly, VICTOR provides a virtual graphical desktop environ-
ment, which supports and hosts a free and open-source map-
ping software (QGIS) and a general visualization tool (ParaView
[Ahrens et al. 2005]) for complex data visualization. Figure 2
shows a screenshot of the virtual desktop, with QGIS and
ParaView open and displaying visualization of model results.
Users take a few short steps to start interacting with

VICTOR. After signing up and navigating to the site, the user
is prompted to log in. After choosing their intended platform,
another option appears. The hub provides scalable machines,
ranging from lightweight options equivalent to a budget laptop
to server-scale meant for large spatiotemporal simulations. For
many of our educational activities provided through VICTOR,
we recommend the choice of machine to match the computa-
tional complexity of the model or related data. The computing
node will then spawn an environment for the user. Currently,
the maximum size of a machine in terms of computational and
memory requests are a 16-core, 128 gigabyte RAM machine.
Various smaller machines are available with 2-8 cores, and 4-
64 gigabytes of RAM. In terms of quantity of machines, this is
theoretically limitless, but has not been tested beyond a few
dozen users at once. They are first greeted by a launcher that
provides quick-start options for creating Jupyter Notebooks,
accessing a terminal, or editing a file in a text editor. Every
user has a unique home directory that persists between ses-
sions, which will be used to hold models and model outputs.

2.2 ‘Behind the scenes’ infrastructure support
VICTOR and platforms like it owe much of their existence to
the rise in cloud computing, and the overall accessibility of
powerful remote machines. Currently, VICTOR uses comput-
ing resources on the AWS cloud. It is possible for VICTOR
to work on any container-based cloud platform, but for rea-
sons mentioned in Section 2.1 we have set our focus there.
Much of the technical support of VICTOR is provided by the In-
ternational Interactive Computing Collaboration†. They have
organized the creation of many hubs for a variety of disci-
plines. The VICTOR team has developed a close relationship
with 2i2c, working to push academic/research computing fur-
ther. Another important part of our service is affordability.
Cloudbank‡ has made it possible for NSF-supported projects
to easily gain compute credits and apply them to one’s project.
This partnership has both allowed allocation of resources to
†2i2c.org
‡https://www.cloudbank.org
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Figure 2: A demonstration of the virtual desktop. On the left, a QGIS project showing a Google Earth background, a digital
elevation model (DEM) with hillshade, and a result of a lava flow emplacement simulation, for the Mauna Loa 2022 eruption
on the island of Hawai‘i. On the right, a three-dimensional ParaView rendering of the output of a TITAN2D model simulation
of a pyroclastic density current (PDC) at Merapi. The bottom and side panels show shortcuts to other utilities available in the
desktop environment, including a web browser, file navigator, MATLAB, and a terminal.

other vital events such as workshops, but also continued to
provide free access to all users of the platform. The VICTOR
team will continue to work with existing and new organiza-
tions to provide simple and equitable access to cloud resources
around volcanology.

2.3 An ever-growing collection of built-in tools

The centerpiece of the VICTOR hub is the model and tools li-
brary. Since the platform’s inception, the VICTOR team has
worked to collect new, promising simulation tools for vol-
canic phenomena. At this time, the platform includes more
than 20 models relating to all aspects of a volcanic eruption.
Additionally, nearly every model is completely open-source,
allowing users to change code as they see fit to adapt existing
structures to a novel approach. Due to their wide popularity,
VICTOR does include a few tools [e.g. dMODELS [Battaglia et
al. 2013] and Volcflow [Kelfoun and Vargas 2016]], that come
as compiled executables built using the commercial software
MATLAB. However, the code for these tools is still openly avail-
able on VICTOR. We also utilize the free MATLAB-substitute soft-
ware Octave [Eaton 1997] to run some codes written as MATLAB
source. VICTOR will always be committed to supporting open-
source software, as it supports collaboration and innovation,
and encourages community building.
The tools already included in VICTOR can be roughly di-
vided into three categories: (1) Volcanic process simulations;

(2) Petrological calculations; and (3) Remote sensing data ac-
cess and processing. We briefly describe the tools in each cat-
egory here, with complete descriptions available at the VICTOR
documentation pages (see Section 2.7) and the respective pub-
lications that accompany each tool as provided by the devel-
opers.
The VICTOR team strives to expand the tool offerings on
the platform to better reflect the needs of the community. To
facilitate this, a ‘tool suggestion/request’ form is available on
the VICTOR website. Responses can be submitted by either
tool developers or interested users. This process enables the
development team to evaluate and prioritize integration efforts
that genuinely support the community.

2.3.1 Eruption simulation tools
Simulating volcanic and eruption processes is central to vol-
cano science and to mitigating volcanic hazards. The vol-
canology community has shown in the past its readiness and
support for running such simulations on a central computa-
tional platform. For instance, much of the use of Vhub was
focused on eruption simulation tools, often by staff at volcano
observatories around the world (e.g. usage information in Fig-
ure A1). Indeed, the ability to easily access and successfully
run such tools with their appropriate documentations without
having to spend time and efforts on code compilation, depen-
dencies, updates and installation directly benefit users such as
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volcano observatories, especially those that are underfunded
and/or understaffed. VICTOR expands on this capability by
including a large set of simulation tools for a wide range of
volcanic processes: magma ascent in the conduit; dispersal of
ash clouds and gases; deposition of tephra; and inundation of
landscapes by pyroclastic density currents (PDCs), lava flows,
and lahars. Table 1 provides a list of the simulation tools
of volcanic phenomena currently available on VICTOR, noting
that the collection grows constantly. The variety of tools in
Table 1 is evident, and covers most volcanic processes.
Each of these tools, regardless of the programming language
it is built in, is accompanied by a Python Jupyter Notebook,
which provides a clear and flexible workflow for running the
tool. The overall structure of these tool-specific workflow
notebooks begins with importing the necessary libraries, re-
questing input information and parameters from the user, set-
ting up the input files for the tools, executing the tool, and
visualizing the results. The source code for the base tool, as
well as the notebook, are all available for the users to modify
as needed by their use case. Notebooks are currently being
developed mostly by the VICTOR software engineer, ideally
in consultation with the tool developers. As more developers
adopt the Python and Jupyter environments, it will be prefer-
able that they, as the experts on their tools, provide workflows.
When available, the notebooks are based on examples pro-
vided with the tool by the developers or the community.

2.3.2 Streamlined access to remote sensing data
Satellite remote sensing is a critical tool in monitoring volca-
noes, especially those located far from infrastructure or pop-
ulation centers. Satellite monitoring of volcanoes utilizes a
full band of wavelengths, including radar (used in SAR and
InSAR), UV (in emission monitoring), visible (e.g. for ter-
rain/vegetation change detection), and thermal infrared (in de-
tecting thermal anomalies). The abundance of remote sensing
data, the diversity of data types and collecting agencies and
platforms, and the specialized jargon associated with it, make
it challenging for new users to find, access, and analyze remote
sensing data. VICTOR is aiming to help with this by providing
simple, open-source workflow exemplars.
With the VICTOR platform operating in the cloud comes
an added benefit: proximity to cloud-hosted and other online
data repositories. For example, NASA stores many remote
sensing datasets, both raw and high-level products, on AWS.
Satellite remote sensing provides aerial coverage and repeating
visits that are often not available with ground-based methods.
However, not many in the community get practice in accessing
and analyzing remote sensing data as part of their volcanology
education [Donoho et al. 2009], perhaps due to lack of specific
training.

VICTOR has begun to address this challenge by provid-
ing workflows that demonstrate access to volcano-relevant
remote sensing products. Examples include notebooks that
show queries to a NASA project which provides Observa-
tional Products for End-Users from Remote Sensing Analysis
(OPERA). One such notebook demonstrates how a user can
interactively select a region of interest and a time range, ob-
tain a list of products available for the region and time, select

the type of product (for example, a ground disturbance prod-
uct, or DIST), and then perform on it preliminary analysis,
such as segmentation of an area of disturbance, which may
reflect a recent lava flow or PDC deposit. Figure 3 shows
screen captures of the DIST workflow example. As additional
higher-level product suites (e.g. surface displacement, vertical
land motion, water extent), are released by the OPERA project,
VICTOR will integrate them into workflows.

2.3.3 Petrology and geochemistry calculators
Volcanology extends far beyond eruption processes, to the en-
tire magmatic system. Its study through petrology and geo-
chemistry requires computational tools. The communities of
petrology and geochemistry are transitioning from relying on
Excel and similar platforms towards more open-source, inter-
operable, and reproducible tools [Barker et al. 2022]. For ex-
ample, the ENKI portal∗ is a closely related effort to provide
scientists with web-based access to thermodynamic computa-
tions based on the MELTS [Ghiorso et al. 2002] family of codes.
VICTOR provides an ideal infrastructure for supporting this
transition by making tools accessible and findable to users of
all digital abilities. VICTOR already includes several tools for
igneous geochemistry and petrology, listed in Table 2.

2.3.4 Volcano statistics tools
An emerging category of tools that is being added to VICTOR
includes statistical tools related to volcanic hazard assess-
ment. Currently on the platform are pyBET [Tonini et al. 2016]
which provides a toolbox for building Bayesian event trees for
eruption likelihood, and pyVOLCANS [Tierz et al. 2019], which
matches volcanoes with analogues based on characteristics
such as eruption style and frequency, tectonic settings, and
geochemistry using an objective, structured and reproducible
method.

2.4 The pyVICTOR library

Many of the workflows on VICTOR share common steps, such
as visualization of flow model outputs and access to geospatial
databases. Thus, VICTOR includes a Python library, pyVICTOR,
whose functionality can primarily be split into two sections:
Visualization and Connectivity/API Access. Additional helper
functions are available, such as stitching outputs together for
time series, or conversion between coordinate systems. We
briefly describe these capabilities here. A typical user work-
flow will begin with the library’s data access functions (e.g.
obtaining a digital elevation model, or DEM), use the library’s
tool for geographic coordinate manipulation (e.g. from lati-
tude/longitude to the Universal Transverse Mercator, or UTM,
coordinate system, as needed by many simulation tools), and
after running their tools of choice, end with the library’s vi-
sualization functions (e.g. to plot a simulated flow’s thickness
on top of hillshaded DEM). Full documentation of the library
is available on the VICTOR Documentation site.

2.4.1 Visualization
Visualizing the results of simulation and data analysis tools
is an essential step in many workflows, and helps to convey

∗http://enki-portal.org/
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Table 1: Tools for the numerical modeling of magmatic and eruptive processes currently available on VICTOR. The available
tools span a wide range of volcanic processes, from magma ascent in the conduit, through lava flows and lahars, to ash and gas
dispersal. The table is sorted alphabetically by category.

Category Model name Description References

Tephra dispersion
and deposition Ash3D

A 3-D Eulerian model to predict airborne volcanic
ash concentration and tephra deposition during
volcanic eruptions.

Schwaiger et al. [2012]

Tephra dispersion
and deposition Hazmap

Used for simulating sedimentation of volcanic par-
ticles from discrete point sources and to obtain the
corresponding ground deposit or probability.

Macedonio et al. [2005]

Tephra dispersion
and deposition Hysplit

Used to compute air parcel trajectories to deter-
mine how far and in what direction a parcel of air
and air pollutants, will travel

Stein et al. [2015].

Tephra dispersion
and deposition Plumeria_wd

A one-dimensional model for wind-driven volcanic
plumes Mastin [2014]

Tephra dispersion
and deposition Fall3D

A three-dimensional model for atmospheric pas-
sive transport and deposition of particles, aerosols,
and radionuclides based on the advection-
diffusion-sedimentation (ADS) equation.

Folch et al. [2009b]

Conduit Ascent ConFort
A numerical model for flow in eruptive conduits
during steady-state pyroclastic eruptions Campagnola et al. [2016]

Degassing Sulfur_X A model of sulfur degassing during magma ascent Ding et al. [2023]

Gas Dispersion DISGAS
Eulerian model for passive dispersion of diluted gas
and fine dust particles Costa et al. [2005]

Gas dispersion TWODEE A shallow layer model for heavy gas dispersion Folch et al. [2009a]

Lahars LaharZ
An open-source modeling tool for various flow haz-
ards, primarily lahars, based on the ‘energy cone‘
concept. A Python tool with a GUI

Iverson et al. [1998], Schilling
[2014], and Blair [2023]

Lava flow IMEX_LAVA
Shallow water model for lava flow with ver-
tical profiles of velocity and temperature and
temperature-dependent viscosity.

Biagioli [2023]

Lava flow Lava2D

A new two-dimensional depth-averaged finite vol-
ume model of lava flow propagation over nat-
ural terrain which accounts for bulk rheological
changes due to thermorheological stratification

Hyman et al. [2022]

Lava flow MOLASSES
A cellular automata fluid flow simulator to estimate
the area inundated by lava flows. Connor and Connor [2006]

Lava flow MrLavaLoba A stochastic gridless model for lava flow de’ Michieli Vitturi and Tar-
quini [2018]

Lava flow pyFLOWGO
A 1-dimensional thermo-rheological model of lava
flow in a channel Chevrel et al. [2018]

PDC TITAN2D
Simulating deposition of geophysical mass flows
over DEM of natural terrain Patra et al. [2005]

PDC VolcFlow
A depth-average fluid flow model. Versions are
available for lava flows (including temperature),
debris flows, and pyroclastic density currents

Kelfoun [2017]

Tephra dispersion
and deposition TEPHRA2

A tephra dispersion simulation to estimate the
mass of tephra that will accumulate at a site or
over a region, given explosive eruption conditions.

Bonadonna et al. [2005]
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A B

Figure 3: Steps fros m a workflow demonstrating access and analysis of remote sensing data. [A] Sentinel-1 granules (blue
outlines) overlapping the user’s chosen region (yellow square). [B] A timeseries showing surface disturbance (red-yellow) caused
by lava flow eruption on the Reykjanes Peninsula in Iceland, with automatically-detected outlines (green) from which the extent
of the flow over time can be calculated.

Table 2: Tools for petrology and geochemistry currently available through VICTOR.

Tool name Aim References

alphaMELTS
An interface for interacting with various models of
thermodynamic equilibrium in silicate systems. [Antoshechkina and Asimow 2016]

Perple_X

a collection of Fortran77 programs for calculat-
ing phase diagrams, manipulating thermodynamic
data, and modeling equilibrium phase fractionation
and reactive transport.

[Connolly 2005]

Thermobar
An Open-Source Python3 Tool for Thermobarom-
etry and Hygrometry Wieser et al. [2022a]

Sulfur_X A model of sulfur degassing during magma ascent Ding et al. [2023]

PyIRoglass

A Bayesian Monte Carlo-based Python algorithm
for determining H2O and CO2 species concentra-
tions in the transmission FTIR spectra of basaltic
to andesitic glasses.

[Shi et al. 2024]

the results to users and to stakeholders more broadly. The
tools available on VICTOR return outputs in a variety of formats
and file types. Previously, users would have to struggle to
write scripts, apply mapping tools, and reformat data. The
pyVICTOR library aims to smooth this process by providing
generic post-processing functions. For example, a user can call
plot_flow with the file names of the topography and model
output files, to plot the results of a variety of flow simulation
codes. Building on the back of existing packages that elevate
the use of rasters, it becomes much more practical to create
complex figures, such as the one in Figure 6.

2.4.2 Connectivity/API access

Many datasets relevant to volcanology, such as those holding
topographic and meteorologic data, are available on the in-
ternet, and are used by the tools available on VICTOR. Thus,
efficient access to them is an important component of the plat-
form. The pyVICTOR library provides concise and generic rou-
tines for accessing key data services, such as OpenTopogra-

phy∗ and Copernicus† projects, taking advantage of the appli-
cation programming interface (API) they provide. For exam-
ple, using the function get_dem, a user can provide just the
coordinate of a bounding box and the name of a topography
dataset in a single line of code, and easily obtain a digital el-
evation model of their region of interest, ready to employ in
a simulation. Additional options are given for file type and
data provider for user flexibility. A separate function accesses
ArcticDEM, which provides high resolution DEMs for high
latitudes, including volcanically active regions in Iceland and
Alaska. Another important dataset the library provides access
functions to is that of the Smithsonian Global Volcanism Pro-
gram [Global Volcanism Program 2025], which holds names,
locations, and other information on a large set of the world’s
volcanoes. Other databases relevant for volcanology, such as
the petrological databases in EarthChem [Lehnert et al. 2007]
or PetDB [Lehnert et al. 2000], provide APIs, and the team is

∗https://opentopography.org/
†https://dataspace.copernicus.eu/
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planning to work with curators and users of these databases to
develop example notebooks and workflows that access their
data sets. We are also working with developers of databases
that do not have APIs, such as the USGS FlowDat [Ogburn
2025], to develop demonstration workflows that will rely on
downloading the database into VICTOR, and are anticipating
developing workflows to access the API that will be provided
by PDCD-DAT, a future iteration of this database [Brown et al.
2025]. Lastly, VICTOR does not offer any outward-facing APIs,
prioritizing the ability to access data within the platform.
Functions often link together in useful ways. For example,
a user can search for a volcano using the Smithsonian’s Global
Volcanism ProgramGVP database [Global Volcanism Program
2025], use the coordinates to set boundaries to download a
DEM, and then visualize it, all within a few seconds. This
flexibility is key to having pyVICTOR act as the adhesive for
the platform. Most importantly, much of this content comes
from community discussions and requests.

2.5 User management

The VICTOR onboarding process is designed to be minimal
and straightforward. An interested user may navigate to any
of the sites in the ecosystem, and will be directed to a simple
Google form. Users are asked for their name, email, organiza-
tion, and job/role, as well as their chosen method of signing
up. VICTOR currently supports Github, Google (Gmail), and
Microsoft (Outlook) accounts through CILogon. After the ad-
min team verifies the user, the latter will be notified about their
full access to the hub and VICTOR resources. Future advance-
ments of the platform are planned to include user groups and
variable user usage limits.

2.6 The VICTOR website

The VICTOR website∗ is a central access point to the many
resources associated with the VICTOR platform. It provides
easy-to-find links to the VICTOR hub, the platform documenta-
tion site and user communication channels, and the library of
training and education content. In addition, the site provides
information about the project, upcoming event such as work-
shops, conferences, and seminars/webinars, as well as infor-
mation and recordings from past events. Lastly, the website
includes a list of personnel, including both the primary lead-
ership and development team and the advisory committee.

2.7 Documentation and usage guides

2.7.1 Textual documentation
VICTOR’s documentation† provides long-form, written descrip-
tions of the hub, its functionality, the models within it, and the
pyVICTOR library. The Usage page instructs prospective users
on how to register for the platform, common first steps, and
how to run models or access the virtual desktop. It also in-
cludes contact information and quick links to citations for all
models available on VICTOR. The Models page provides a list
of all available tools and models, and for each tool, a brief
description of it, its associated workflow, and the relevant ref-

∗www.VICTORproject.org
†docs.VICTORproject.org

erence(s). Finally, the pyVICTOR page provides complete de-
scriptions of each function in the VICTOR library.

2.7.2 Tool-specific tutorials and procedural guides
To help onboard new users and support existing users as they
learn how to utilize the tools available on VICTOR, we provide a
collection of video tutorials. These include a general introduc-
tion to the platform, as well as tutorials for many individual
tools. These tutorials show an on-screen walk-through of the
relevant workflows and notebooks, accompanied by narration
in either English or Spanish. Figure 4 shows a screenshot of
the tutorial library page on VICTOR’s YouTube channel‡ where
videos are organized in playlists by theme.

2.8 Issue reporting and feature integration

For any user-facing platform, it is important to have methods
for users to raise issues they may face when using the platform
and guide its evolution. Issue reporting for VICTOR is done
through GitHub, where the majority of our content, from the
hub image itself, to our documentation and supported models,
is held. Users can simply create an “issue”, which describes
problems they encounter or changes they want to implement.

3 COMMUNITY ENGAGEMENT
To fulfill VICTOR’s mission as a community-serving facility, it
is critical to actively promote its use by the community. We
achieve this through community engagement activities of mul-
tiple types, described in this section.

3.1 Workshops and Seminars

One key activity for promoting community engagement has
been workshops, which have ranged from short (1–3 hours)
sessions at large and small geoscience conferences, to dedi-
cated multi-day gatherings. Held by members of the VICTOR
team, these sessions allow for more direct interaction, allowing
us to demonstrate functionality that prospective users may not
have known existed. To gauge the impact of these events on
community awareness of the platform, we tracked the number
of participants in all the events as well as noted any changes
in the usage levels of the hub.

3.1.1 Conference sessions
A critical channel for introducing VICTOR to the community
has been through short (1–3 hours) hands-on sessions held
in conjunction with volcanology conferences. Thus far, ses-
sions have been led by members of the VICTOR team at 2023
and 2025 scientific assemblies of the International Associa-
tion for Volcanology and Chemistry of Earth Interior (IAVCEI),
Cities on Volcanoes 2024, Cascades24, and Fall meetings and
Chapman conferences of the American Geophysical Union
(AGU). These sessions consist of a brief introduction to the
platform and its goals, followed by guided tutorials on the ba-
sic functionality of VICTOR and its models. Short participatory
activities (formatted as in-room problem sets) act as knowl-
edge checks and increase engagement. Session sizes generally
range from one to two dozen people, with a variety of early

‡https://www.youtube.com/@volcanocyber
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Figure 4: A screenshot of the VICTOR library of tutorial videos available on YouTube. The library includes recordings of sessions
of the Computational Volcanology with VICTOR virtual course, tool-specific tutorials, and general introductory videos.

and late career scientists, including both academics and obser-
vatory staff. Participants at larger conferences tended to skew
younger (e.g. graduate students), and geological location often
factors into observatory staff attendance. We find that these
meetings and workshops are associated with jumps in the
number of registered users and of compute hours used, show-
ing their impact in increasing excitement around the project
and its impact.

3.1.2 Inaugural Workshop
In August 2023, just over half a year after the VICTOR hub’s cre-
ation, the first workshop to train researchers and encourage
computational volcanology was held at Tufts University. Two
dozen attendees from diverse geographic backgrounds, career
stages, and technological literacy, participated in a three-day
workshop where they were introduced to VICTOR and its capa-
bilities, given practice problems to familiarize themselves, and
subsequently broken into groups by discipline to experiment
with new and unused models. By the end of the workshop,
many participants had plans to use VICTOR resources in their
current or future research. The team maintained a strong con-
nection with many participants, integrating new models and
tools into VICTOR to assist with research.

Through surveys both before and after the workshop, as
well as discussions throughout, a clear picture emerged. Par-
ticipants appreciated the platform and its potential, but were
overwhelmed by the number of options and wanted more
guidance. This confirmed two thoughts the team had. First,
there was a necessity for training content, particularly for early
career scientists and the less technologically literate. Thanks
to a grant from NASA, we hired a professional education coor-
dinator, and are actively in development of digital written and
video content. Jupyter Notebooks remain universally popu-
lar, and will continue to function as technical walkthroughs.
Second was that the inaugural workshop was targeted at more
of a general audience. There was a need to support the “power
users”, the developers and highly technical contingent that
would make VICTOR shine. These users would exemplify
VICTOR as a community-driven platform, and deserved spe-
cialized support.

3.1.3 Developers summit
In August 2024, 15 developers of volcanological software tools
from 8 countries and 12 institutions gathered at the Lamont-
Doherty Earth Observatory for three days of programming
and technical talks. Attendees ranged from developers of new
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tools to researchers using models already on VICTOR to de-
velop higher-level tools, such as machine learning workflows.
The summit was structured to resemble a hackathon, prioritiz-
ing individual and group work over lectures. The two planned
talks highlighted the importance of open source software and
how to access and utilize high performance computing clus-
ters. In addition, best practices in software engineering, such
as proper version control, was taught to participants. The
workshop concluded with three new models already adapted
to and deployed on VICTOR and follow-up steps set for the
tools yet to be finished. The developers summit provided tech-
nical leaders in computational volcanology an opportunity to
share ideas and code, and develop professionally.

3.2 Forum and newsletter
As part of a commitment to transparency across the commu-
nity, VICTOR encourages and facilitates open communications
both among users and between users and developers through
the Discourse forum platform. Various sections are provided,
such as one specifically for the VICTOR hub’s structure, and
another focused on model implementation.
Another communication channel is an email newsletter,
sent to all registered users every other month. The newsletter
provides news, updates and highlights to the users commu-
nity. Updates are also distributed through social media and
sent to the widely-used volcano email listserv.

4 VICTOR FOR EDUCATION
Thus far, VICTOR has been discussed primarily in the con-
text of research and observatory operations. Another major
strength of this cloud-based platform is that it serves as an
ideal education resource. Since its launch, VICTOR has been
used in a variety of fashions to educate and train students
and learners of all levels. We demonstrate this through our
experience in using VICTOR in virtual multi-week courses and
the development and use of VICTOR-based individual teaching
modules.

4.1 Online courses
For the past three years, the VICTOR team at the University
of South Florida have conducted an annual spring semester
virtual class in Computational Volcanology which relied on
VICTOR as a computation platform for demonstrations and
hands-on activities for students. Participants were primar-
ily graduate students and observatory staff from around the
world. Topics included fundamentals, such as an introduc-
tion to Python and Jupyter Notebooks, differential equa-
tions, satellite remote sensing, and inversion, and more fo-
cused volcanological topics such as lava flows, PDCs, lahars,
magma evolution, and volatile diffusion. To promote engage-
ment and participation, the students were given in-class ex-
ercises that utilized built-in workflows on VICTOR, and shared
their results through online sites such as Padlet or Google
Slides. Classes also included presentations by guest speak-
ers who covered topics and software tools they developed. At
the end of each semester, interested students presented their
own research, gaining an opportunity for brainstorming and
exposure for early career scientists.

During the semester, participants engaged with each other
and with the instruction team through the VICTOR Discourse
forum, so questions and answers were available to every-
one. After the conclusion of each course, students provided
feedback through a Google form regarding the content, the
user experience and the performance of the platform, lead-
ing to iterations and improvements to both the platform and
the course structure itself. Lastly, since the classes were con-
ducted virtually, lessons were easy to record, and the full cat-
alog of lessons is available on the VICTOR YouTube channel.
This allows other interested individuals to review the material
at their own pace in the future.

4.2 Modular VICTOR-based teaching materials

The accessibility and modularity of VICTOR lends itself to its
adoption by educators who wish to use it for a part of a course,
to demonstrate a concept or a technique. The built-in re-
sources save the major burden of installing software and han-
dling dependencies on individual students’ computers, while
still allowing students to experience the computational process
and become familiar with modeling and coding.
Over the past year, the VICTOR team has worked with sev-
eral professors at a range of institutions to develop and im-
plement VICTOR-centered learning materials for their students.
The initial discussions involved identifying learning objectives
and establishing learners prior knowledge and motivations.
Following this planning effort, the team developed a library
of teaching modules, each focused on a single topic (e.g. lava
flows, tephra dispersal). Modules are comprised by video tuto-
rials, lecture slides, and lab assignments that apply the learned
content to real-world examples and enabled learners to work
hands-on with VICTOR workflows. Students shared their re-
sults through the Padlet online platform, which allowed stu-
dents to see results from different institutions, creating a larger
sense of community. An example of a successful lab assign-
ment developed for Fort Lewis College students during the
Fall 2024 semester applied hazard modeling using Tephra2 on
VICTOR in the context of infrastructure resilience, as the ma-
jority of students were engineering majors. The assignment
asked students to use Tephra2 on VICTOR to determine if the
roofs of buildings in Bend, OR would collapse in the hypo-
thetical event of an eruption at South Sister volcano. Students
chose the area of interest themselves using Google Maps, and
were asked to modify input parameters, examine the visual
model outputs, and make both quantitiative and qualitative
assessments. A module for an introductory level class at the
University of Hawai’i simulated lava flows for an eruption at
Mauna Loa, similar to the one in winter 2022 which many of
them had experienced. Students were asked to vary the erup-
tion volume and assess the volume and timing it would take
for the lava to reach a key road. These examples demonstrate
how VICTOR facilitates learning about volcanic processes but
also provides an appreciation of modeling, model uncertainty,
and computation.
To evaluate the impact of the educational content, students
and instructors were asked to fill out surveys (Google form)
after the modules were used. Survey questions referred to the
overall clarity and interest in the activity, to technical aspects,
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Figure 5: Photos from VICTOR workshops and events. [A] Participants in a VICTOR workshop during the Cascades24 conference
in Bend, OR, summer 2024. Participants ranged from undergraduate students and local residents to senior experts. They used
example workflows that simulated tephra dispersal, lahars, and volatile exsolution. [B] Participants at the 2024 VICTOR Devel-
opers Summit, who brought new tools and capabilities to the platform.

and whether the activity impacted the participant’s view of
modeling or their understanding of the volcanic process being
addressed. The repeated use of questionnaires with VICTOR
educational content is proof of our commitment to listening to
the scientific community. Additionally, feedback from a wide
range of learners allows the VICTOR team to shape a platform
that is welcoming to everyone.

4.2.1 Digital Content
Through videos and documentation, VICTOR provides a vari-
ety of learning materials for prospective users. Much of this
is available in English and Spanish to improve accessibility
to volcanology communities across the world. Through the
VICTOR YouTube channel, users can access tutorials of tools
and models available on the platform, as well as highlights
from the aforementioned short courses. The documentation
provides a more technical description of the tools, as well
as the relevant references and links to manuals and articles.
Through this combination of materials, users at any level will
be able to take their first steps in utilizing VICTOR resources. In
order to understand the context in which all these tools may
be used, researchers may require additional hands-on content.

5 CATALYZING INNOVATION THROUGH A UNIFIED PLAT-
FORM

The VICTOR platform exemplifies the idea that the whole is
greater than the sum of its parts. It is not just a channel to run
individual tools, but a comprehensive environment that brings
significant added value by unifying the access and execution
of tools.

5.1 Value added example: multi-model assessment
A key strength of VICTOR is that it goes beyond making indi-
vidual models or tools more accessible. By placing many tools
on the same platform and wrapping them in common inter-
faces (i.e. the Jupyter Notebooks), VICTOR makes it easy to
combine individual tools into joint workflows. This is a sig-
nificant advance over the VHub platform, which only allowed
rigid predefined workflows set by the developers.

One such example is a series of workflows we developed
to streamline the comparison and assessment of models with
similar goals, for example lava flow emplacement. Lava flow
emplacement models, which simulate the movement and em-
placement of lava at a given topography and eruption condi-
tions, are important tools in short and long term volcanic haz-
ard assessment. It is paramount that flow models are assessed
through benchmarking and model inter-comparison [Cordon-
nier et al. 2016; Dietterich et al. 2017]. Such comparisons
allow scientists to validate and improve models, leading to
better hazard assessment and mitigation strategies. VICTOR
contains a set of notebooks that compare the performance of
four lava flow models—MOLASSES, MrLavaLoba, IMEX_LAVA,
and Lava2D—on idealized benchmarks and for a natural test
case. Adding other lava flow models as they become avail-
able on the platform to this comparison is straightforward.
A similar workflow suite for assessing and comparing mod-
els of pyroclastic density currents is available too. Figure 6
shows the output from a model comparison workflow that
used the topography and vent information for the 2022 erup-
tion of Mauna Loa volcano. The models shared the topog-
raphy, vent location, and overall eruption volume/flux. The
results highlight the different flow footprints predicted by the
four models, stemming from the differences in their mathe-
matical and physical approaches. We note that we did not
optimize the input parameters for each model to yield a best
fit to the observations or to the other models, as this is only for
demonstration. Other information about each model, such as
the computational cost of the calculation or the complexity of
the inputs, is readily clear to the users who execute the work-
flow. We are actively adding features to this workflow, for
example a quantitative assessment of the fit of model outputs
to observations.

To run a model comparison, users provide inputs that are
common to all the models, such as eruption flux, vent loca-
tion, and topography (a DEM). They then provide inputs that
are specific to each model (e.g. lava physical properties for
physics-based models or calibration parameters for stochas-
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tic models). The models are run in sequence, and a simple
visualization is displayed after each model is finished.
Once models have finished, the user can assess their perfor-
mance qualitatively by visually comparing the models to each
other or to an expected result (observed flow footprint, or an
analytical solution). A quantitative assessment of the level of
agreement between the models predictions with each other or
with an expected results (a natural flow’s footprint or an an-
alytical solution) is currently calculated using the the Jaccard
index. A more comprehensive quantitative assessment, us-
ing the Best-fit Assessment for Numerical Models (BAM)
tool [Garin et al. 2024], is currently in development. In the fu-
ture, the model comparison workflow will be integrated with,
for instance, the tool mentioned above for flow detection from
remote sensing observations, to offer a complete sequence,
from observations to model assessment and uncertainty quan-
tification.

5.2 Enhancing awareness of appropriate use of software

The VICTOR ecosystem is structured to provide new users
a gentle introduction to programming and the hub overall.
Much of the educational content pairs with an associated
model or concept to guide individuals towards a more com-
plete understanding of said tool. The team has begun creating
resources for larger/more complex software tools, such as the
benchmarking code mentioned above. We aim to continue
making this content as VICTOR evolves in new ways. How-
ever, due to the size of the team and overall time commitment,
we will turn to the community to supplement our work. Al-
ready, colleagues across the world have combined their exist-
ing teaching resources with our content. VICTOR thrives most
when structured as a collaboration between its creators and
the wider community.
This is closely related to the importance of multidisciplinar-
ity across the platform. Computational/quantitative volcanol-
ogy is far from a monolith, encompassing from deep in the
mantle to the atmosphere, and from microscopic particulate
to flows in the cubic kilometers. Through this breadth of
knowledge, new conversations can be started between sci-
entists, propelling research in a unique and collaborative way.
Oversimplification is not expected to be a concern in the
long term. Though VICTOR and its workflows can serve as
a high-level introduction to many of these models, but our
commitment to open-source code and collaborative science
encourages users to inspect the program more closely, while
also providing references and related research/papers to ex-
pand the understanding of such processes.

6 ON-GOING AND FUTURE DIRECTIONS
As VICTOR transitions from infancy to a more robust and pop-
ular platform, our eyes are focused on novel research and
development directions that can be added. An active direc-
tion we are pursuing is to provide tools and workflows for in-
version of observational data for eruption conditions or other
important parameters. For example, VICTOR hosts an exam-
ple workflow that inverts tephra deposit measurements (layer
thickness and extent) to assess eruption parameters, including
plume height, flux, and grain size distribution. It follows the

work presented by Yang et al. [2021] that used the Metropolis-
Hastings algorithm, and we are adding to it new inversion al-
gorithms, such as simulated annealing and ensemble Kalman
filter. This workflow will provide users a streamlined way
to find best fitting parameters and the uncertainty associated
with the process.
With such a wide range of volcanic processes represented
by models already available on VICTOR, a next logical step
would be to couple models of different subsystems to each
other. For example, it is now much easier to create a work-
flow where the output from a conduit ascent model such as
CONFORT is the input to a plume model such as Plumeria_wd,
which then feeds into gas or ash dispersal models such as
DISGAS or Ash3D. This kind of model coupling has been dif-
ficult to achieve, with each individual tool requiring users to
find, install, and become familiar with its interface: all steps
that VICTOR and its pre-installed workflows either eliminate or
greatly simplify. Figure 8 shows this vision of coupled models,
which can open the door for more quantitative forecasts and
assessments of uncertainty.
Another direction where VICTOR can play a key role is to
facilitate the transition of volcanology into the age of machine
learning and artificial intelligence (ML/AI). The VICTOR image
can include packages required for ML/AI, such as FlowTorch.
A natural area of potential development would bring the
power of machine learning to reduce data of a variety of types
into the study of volcanoes, which are routinely monitored by
a variety of techniques and sensor types [Carniel and Guzman
2021]. ML technique are already being applied to monitor-
ing data of various types, from seismic [Thelen et al. 2022] to
cameras [Witsil and Johnson 2020]. In addition, applications
of ML in volcanology are already extending beyond monitor-
ing, to “static” datasets such as petrology and geochemistry
[e.g. Petrelli et al. 2020] and volcanic stratigraphy [Jutzeler et
al. 2024]. As the community develops tool in these directions,
VICTOR will be ready to host them and provide an open, ac-
cessible, and FAIR environment for applying these methods
and training a new generation on their usage.

6.1 Evaluating the impact of VICTOR

During the first phase of VICTOR, we have been evaluating its
impact in multiple ways. The most direct and quantitative
measure of reach has been tracking the level of usage of the
platform and the number of registered users. These have in-
creased steadily, with jumps often associated with community
events and classroom usage (Figure 9).
More qualitative assessments we performed was through
surveys and conversations that asked participants about their
experience with VICTOR and about its influence on their sense
of comfort proficiency with modeling, coding, and accessing
data. Going forward, we plan to deploy more assessment in-
struments, inspired, for example, by those used to assess the
Seismology Skill Building Workshop (SSBW) [Hubenthal and
Brudzinski 2025].

6.2 Sustainability of VICTOR

Building and sustaining VICTOR requires ongoing investment.
Core expenses include personnel (research software engineers,
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Figure 6: An example output from the lava flow model inter-comparison tool available on VICTOR. Within a single Jupyter Note-
book, users can set common parameters (e.g. DEM, vent location, volume and effusion rate), run multiple lava flow models, and
examine the differences in model predictions both visually and quantitatively. Being compared here are MOLASSES, MrLavaLoba,
IMEX_Lava and Lava2d. All were provided with the DEM for Mauna Loa, the location of fissure 3, the main source of the winter
2022 eruption, and approximately the same eruption volume and/or eruption flux.

an education coordinator, a quality assurance team, and PIs),
cloud-computing costs, hub management services provided
by 2i2c, and participant support for workshops and training
events. As the project matures, ensuring financial stability and
long-term sustainability becomes increasingly important. To
date, VICTOR has been supported by NSF and NASA, but fu-
ture growth will likely require additional and more diverse
sources of funding. In addition to federal agencies, philan-
thropic foundations and international organizations with in-
terests in science, education, or disaster mitigation represent
a promising avenue for support.
One potential pathway sometimes taken by public data
repositories is introducing service tiers. Free accounts will
always be available, though over time they may be allocated
to less powerful (and less costly) machines. Users who require
more resources could purchase “Pro” accounts, which would
provide greater computational capacity, enhanced technical
support, and additional features. Universities might subscribe
at the course or department level, enabling broad educational
access, while observatories could opt for Pro accounts with

resources and support tailored to their volcanoes and regions.
Private entities could also be offered fee-based access. An-
other option is a “bring your own” model, where teams with
existing cloud allocations (e.g. through grants) apply them di-
rectly within VICTOR. We have built sustainability into VICTOR
from the start. The platform relies heavily on open-source and
decentralized tools—such as GitHub—that minimize ongoing
maintenance costs while ensuring transparency and commu-
nity ownership. Just as importantly, the VICTOR community
is already contributing to its growth and upkeep. In the spirit
of open-source projects, users are giving back by improving
tools, sharing knowledge, and supporting one another, helping
ensure that VICTOR remains a durable resource for research
and education.

7 CONCLUSIONS
VICTOR represents a transformative step toward moderniz-
ing the computational landscape of volcanology. By integrat-
ing a diverse suite of modeling tools, data access pipelines,
and educational resources into a unified, cloud-based plat-
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uses the Tephra2 forwardmodel (sample output on bottom left) through theMetropolis-Hastings inversion algorithm to estimate
and give a posterior probability distribution of eruption parameters such as plume height (top right) and eruption mass (bottom
right). Observations pictures are by Andy Lockhart (left) and Lis Gallant (right), Smithsonian Global Volcanism Program images
01683 and 12795.
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Figure 8: A vision for future workflows where models of individual processes in the magmatic and volcanic system could be
coupled to each other thanks to all being available through VICTOR and their shared interfaces through Jupyter Notebooks.

form, VICTOR lowers technical barriers and fosters open, re-
producible science. Its design emphasizes accessibility, in-
teroperability, and user-driven development, enabling a wide
range of users—from students to observatory scientists—to en-
gage with state-of-the-art computational workflows.

The platform’s active collaboration with the volcanology
community, combined with its flexible infrastructure, ensures
that it evolves in response to emerging research needs and
technologies. Through workshops, courses, and modular
teaching materials, VICTOR also cultivates computational lit-
eracy and supports the next generation of volcanologists.
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Figure 9: Plots showing the changes over time in the numbers of daily, weekly, and monthly active users on VICTOR year-to-date
in 2025. The rightmost panel shows the number of registered users.

Looking ahead, VICTOR is poised to enable increasingly so-
phisticated workflows, including model coupling, inversion,
and integration with machine learning methods. As adoption
grows, VICTOR aims to continue evolving to meet the future
needs of volcano science, to serve not simply as a repository
of tools, but as a catalyst for scientific innovation and a model
for cyberinfrastructure development in other Earth science do-
mains.
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APPENDIX A

Figure A1: Screen captures from the VHub dashboard showing the usage statistics for two of the most popular tools on VHub,
Tephra2 (left) and Bent (right). Both plots show rise and then decline in use levels over time. User affiliation information show
that most users were at universities, and government agencies (most likely volcano observatories) accounted for at least 6–10 %
of users, or more, given the high percentage of users with an “unknown” affiliation.
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