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Probabilistic hazard assessments for studying overland pyroclastic flows or atmospheric ash
clouds under short timelines of an evolving crisis, require using the best science available
unhampered by complicated and slow manual workflows. Although deterministic
mathematical models are available, in most cases, parameters and initial conditions for the
equations are usually only knownwithin a prescribed range of uncertainty. For the construction
of probabilistic hazard assessments, accurate outputs and propagation of the inherent input
uncertainty to quantities of interest are needed to estimate necessary probabilities based on
numerous runs of the underlying deterministic model. Characterizing the uncertainty in system
states due to parametric and input uncertainty, simultaneously, requires using ensemble
based methods to explore the full parameter and input spaces. Complex tasks, such as
running thousands of instances of a deterministic model with parameter and input uncertainty
require a High Performance Computing infrastructure and skilled personnel that may not be
readily available to the policymakers responsible for making informed riskmitigation decisions.
For efficiency, programming tasks required for executing ensemble simulations need to run in
parallel, leading to twin computational challenges of managing large amounts of data and
performing CPU intensive processing. The resulting flow of work requires complex sequences
of tasks, interactions, and exchanges of data, hence the automatic management of these
workflows are essential. Here we discuss a computer infrastructure, methodology and tools
which enable scientists and other members of the volcanology research community to
develop workflows for construction of probabilistic hazard maps using remotely accessed
computing through a web portal.

Keywords: uncertainty quantification, volcanology, hazard mapping, volcanic hazard assessment, Pegasus
Workflow Management System, ash cloud, pyroclastic flow

1 INTRODUCTION

Characterizing potential volcanic eruption hazard scenarios involves many factors. In many cases,
potential scenarios have been encapsulated in hazard maps for particular volcanoes, some of which
have been constructed using modern computational simulations of volcanic flows (Calder et al., 2015).
Suchmaps can suffer from their static nature, being difficult to adapt to changing eruption situations, or
unforeseen eruption scenarios. Use of computer simulations to construct the maps presents one
pathway to readily updating them. Although deterministic simulation tools are available for modeling
evolving or unforeseen volcanic hazard scenarios, including those that involve dangerous pyroclastic
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flows and ash clouds (Stein et al., 2015; Takarada, 2017), in most
cases, parameters and initial conditions for the governing
equations will be poorly constrained and must be treated as
random variables to be sampled (Dalbey, 2009). For the
construction of hazard maps based on the resulting ensembles
of deterministic computer runs, accurate outputs, obtained
through careful consideration of input and parameter ranges,
and propagation of the resulting uncertainty to output
quantities of interest, are needed to properly estimate
probabilities (Spiller et al., 2014; Bayarri et al., 2015). While
there exist several current efforts at making simulation tools
available online for use by volcanologists (Takarada et al., 2014;
Woodhouse et al., 2021), none support the complexity required by
the uncertainty quantification processes, thereby restricting access
to such analysis to specialists reducing their routine use in effective
hazard management.

Characterizing the output uncertainty due to parametric and
input boundary value uncertainty simultaneously involves using
ensemble based methods to fully explore the parameter and input
spaces. Complex tasks, such as running thousands of instances of a
deterministic model with parameter and input uncertainty, need to
be well-defined and repetitive to make them good candidates for
automation (Rohit et al., 2014).We have programmed aworkflow of
tasks, executing ensemble simulations of pyroclastic flows and ash
clouds to run in parallel and analyze the simulations outputs, leading
to twin computational challenges of managing large amounts of data
and performing CPU intensive processing. The resulting flow of
work requires complex sequences of tasks, interactions, and
exchanges of data, hence automatic management of the workflow
is essential to producing orderly, usable and timely output.

Here we discuss the computer workflow, which is based on a
well-established scientific infrastructure (McLennan and Kennell,
2010), as well as a methodology that enables scientists and other
members of the volcanology research community to construct
conditional probabilistic hazard assessments given potential
eruption scenarios at any volcano in the world. In exploring
potential hazardous volcanic flows with models and computer
simulations, we have designed the workflow to seek answers to
questions such as “What is the probability of flow depth reaching
a critical value at a particular location during a volcanic
eruption?” or “What is the probability of having an ash cloud
at a particular location within a specified height range following a
volcanic eruption?” Such questions need to be explored by
geoscientists and policy makers, often under short timelines
during an evolving crisis, making it essential that the answers
are available using the best science, but not requiring complicated
and slow manual processes. With the workflows introduced
herein, we facilitate timely answers to critical hazard analysis
questions using tools to provide online access to automated
workflows for volcanic hazard assessment.

2 MATERIALS AND METHODS

2.1 Hazard Map Workflow Architecture
Volcanic probabilistic hazard map workflow development
requires expertise and collaboration between diverse

volcanology research scientists and cyberinfrastructure experts.
Scientific HUBs provide the perfect platform for fostering this
collaboration. The VHub science HUB, provides an online
resource for modeling and analysis in volcanology research
and risk mitigation. To make volcanic hazard analysis easier
for the end researcher to access, VHub portal based access to
computational workflows for pyroclastic flows and ash clouds
transports have been developed. These workflows are based on
the Pegasus Workflow Management System (WMS) architecture
which is integrated into the HUBzero framework. A high level
overview of the underlying workflow architecture is shown in
Figure 1A. In this section, details of the workflow architecture are
described. In Section 2.2, two implementations of this workflow
architecture are presented.

2.1.1 Computer Infrastructure Platform
VHub is hosted at the San Diego Supercomputer Center and is
built on the HUBzero platform for Scientific Collaboration. An
advantage of using the HUBzero platform is that users can launch
software tools with a web browser without having to download,
compile, or install code on local systems (McLennan and Kennell,
2010).

The VHub portals are accessible to the volcanological and
meteorological community from anywhere in the world. The
portals provide user-friendly access to the advanced scientific
resources using a web browser. Using the portals, researchers and
operational scientists can execute models of hazards from
volcanic debris avalanches to atmospheric ash transport
without direct participation of an array of computational
scientists and computing professionals.

VHub’s architecture consists of a database server andwebserver;
an execution host that runs software containers for computational
tools; and middleware—software that coordinates the container
sessions with user sessions (Sperhac et al., 2021). HUBzero System
Administrators handle user accounts and interaction, including
registering and subsequently authenticating users, controlling
access to tools and other hosted resources.

2.1.2 Workflow Tools
Users interface with VHub by running computational tools.
When a user runs a computational tool on VHub, a virtual
container is started on the execution host. Each tool container
has been configured to support specific computational needs,
such as memory or disk space. Additional execution host servers
may be deployed to scale up either the number of users supported,
the resource footprint for tool sessions, or both. Finally, tools
needing additional resources or parallel execution can submit
jobs to a remote host’s compute cluster. VHub enables members
of the volcanology research community to deploy hazard map
workflow tools that a user can interact with. VHub tools are
maintained via a development lifecycle which guides users
through a framework for publishing their tools on VHub;
subversion control, testing, verification and review by domain
scientists and HUBzero System Administrators prior to
publication on the VHub website (Sperhac et al., 2021).

An important consideration for the development of a
hazard map workflow tool is to abstract the complexity of
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the workflow from users. A user friendly graphical user
interface (GUI) (Figure 1B) gives the user control over
each analysis, and hides the complexities of the workflow
implementation from the user, such as controlling the
bounds of uncertainty for each simulation run. The GUI
also provides the user with easy access to output of
workflows. Ultimately, the results could provide a path
forward for the routine construction of probabilistic, spatio-
temporal pyroclastic flow and ash cloud hazard maps.

2.1.3 Workflow Management
The Pegasus Workflow Management System (WMS) (Deelman
et al., 2015) provides the structured platform required for
implementing the workflows. The Pegasus WMS automates
and manages the execution of the jobs required to run the
workflows, including staging the jobs, distributing the work,
submitting the jobs to run on a remote host, as well as handling
data flow dependencies and overcoming job failures.
The integration of the Pegasus WMS into the HUBzero
framework has brought the power of automated workflows to
many more users (McLennan et al., 2015). The Pegasus WMS
consists of Pegasus and its workflow engine, the directed acyclic
graph manager (DAGMan) within HTCondor (Couvares
et al., 2007; Deelman et al., 2015). HTCondor is a workload
scheduling system for computational jobs. HTCondor provides
a job queuing mechanism and resource monitoring
capabilities. DAGMan is a meta-scheduler for HTCondor,
which is a service for executing multiple jobs with
dependencies among them; it manages dependencies between
jobs at a higher level than does the HTCondor scheduler
(University of Wisconsin–Madison Center for High
Throughput Computing, 2021). Pegasus uses DAGMan and
the rest of the HTCondor stack to execute the workflows
(Figure 1A).

Pegasus workflows are described in an abstract format via
abstract workflow (DAX) files which are directed acyclic graphs
in XML format. The abstract format means that the description
does not include data and software locations; these are looked up
at planning time, enabling portability of the workflows. A DAX
generating Application Programming Interface (API) is used to
create the DAX file for a workflow. For the workflows described
herein, a python script is invoked. The DAX file provides the
primary input to Pegasus and defines the jobs required for
executing the workflow, the job dependencies, and the input
and output files for each job. With the HUBzero submit tool, a
simple submit command verifies that the jobs pass HUBzero
security checks and dispatches the workflow to the Pegasus WMS
for execution (McLennan et al., 2015).

The Pegasus WMS is flexible and supports a wide variety of
execution environments (Deelman et al., 2015). For the Titan2D
Hazard Emulator and Bent-Hysplit Workflow tools, Pegasus jobs
are submitted to the University at Buffalo Center for
Computational Research’s (CCR’s) generally accessible
academic compute cluster, UB-HPC, via a UB-HPC regional
grid (Neeman et al., 2010). Pegasus takes the abstract description
and determines where to execute the jobs and where to access the
data. Pegasus augments the DAX with data movement directives
and compiles a directed acyclic graph (DAG). The resulting DAG
is then given to HTCondor’s DAGMan. DAGMan, as directed by
the DAG, orders the jobs according to their dependencies, and
submits the jobs ready for execution to the remote host, UB-HPC.
At the remote host, the SLURM (Simple Linux Utility for
Resource Management) Workload Manager provides the
framework for queuing jobs, allocating compute nodes, and
starting the execution of jobs. A challenge for executing the
Pegasus jobs on VHub is the limited home disk space each
user has. To overcome this challenge, Pegasus scratch
directories are located in CCR’s high performance global

FIGURE 1 | (A)Workflow using multiple hardware and system software units, and (B) graphical user interface of workflow for a hazard map based on Titan2D tool.
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scratch space which is accessible from all UB-HPC
compute nodes.

System level implementation details for Pegasus, including
setting up the mapping via the site and transformation catalogs
that Pegasus requires, are abstracted from workflow developers;
Steven Clark, HUBzero, and Steven Gallo, CCR, set up the
Pegasus WMS lower level interfaces for the workflows.

When a SLURM job execution completes, the final status of
the finished job is returned to Pegasus. If the final status indicates
a job failure, Pegasus will retry re-executing the job. For the
current VHub Pegasus implementation, Pegasus will retry to
execute a failed job no more than two times.

A working directory for either the Titan2D Hazard Map
Emulator or Bent-Hysplit Workflow tool is created in the
user’s VHub home folder’s data/sessions directory when the
tool is launched. Workflow input files generated by the GUI
are stored in this work directory. When a workflow execution is
started, input files required by the workflow and specified in the
DAX, are uploaded by Pegasus to the Pegasus scratch directory.
When a workflow’s execution is complete, output files generated
by the workflow and specified in the DAX, are downloaded by
Pegasus from the Pegasus scratch directory to the tool’s work

directory. In addition, Pegasus status and analysis information is
returned in a file called pegasus.analysis. If workflow errors
occurs, the pegasus.analysis file will contain details for the
errors. For the Bent-Hysplit Workflow tool, output files are
moved from the work directory to a dated run created when
the workflow’s execution is started.

2.2 Hazard Map Workflow Tools
Two tools were developed using the computer infrastructure and
methodology outlined in the previous section. Both tools are
currently published on the VHub website, these are the Titan2D
Hazard Map Emulator Workflow Tool for Volcanic Pyroclastic
Flow Transport Hazards and the Bent-Hysplit Workflow Tool for
Volcanic Ash Cloud Transport Hazards. In this section, details of
these workflow tools are described.

2.2.1 Volcanic Mass Flow Hazard Map
Titan2D (Patra et al., 2005) is a computer program for simulating
granular avalanches over digital elevation models of natural
terrain. The program is designed for simulating geological
mass flows such as pyroclastic flows, debris flows, debris
avalanches and landslides. Titan2D combines numerical

FIGURE 2 | Example mini-emulators. (A) Tessellation of the input parameter space showing micro-emulator support of mini-emulators. (B) Assembly of the
hierarchy of emulators to produce the macro-emulator (Dalbey, 2009).

TABLE 1 | Titan2D hazard map workflow parallelization strategy.

Step 1 Create required parameters for evaluating sample uncertainty using Latin Hypercube Sampling.
Step 2 Modify the Titan2D Input File for each sample. Run Titan2D in parallel for each sample.
Step 3 Down sample the flow depth (pile height) records output by Titan2D in parallel. Requires all output from the previous step for

each sample.
Step 4 Construct the macro-emulator and mini-emulators in parallel. Requires all output from the previous step.
Step 5 Setup for re-sampling the macro-emulator and create the initial probabilistic hazard map. Requires all output from the

previous step.
Step 6 Aggregate mini-emulators into a macro-emulator in parallel and re-sample the macro-emulator to create the conditional

probabilistic hazard map. Requires all output from the previous step.
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simulations of a flow with digital elevation data of natural terrain
supported through a Geographical Information System (GIS)
interface.

The Titan2D program is based upon a depth-averaged model
of an incompressible continuum, a “shallow-water” granular
flow. The conservation equations for mass and momentum are
solved with different rheological properties modeling the
interactions between the grains of the medium and one
another, an interstitial fluid or the basal surface. The resulting
hyperbolic system of equations is solved using a parallel, adaptive
mesh, Godunov scheme.

The shallow-water model conservation equations solved by
Titan2D are given by:

Ut + F U( )x + G U( )y � S U( ) (1)

where,U is a vector of conserved state variables, F is a vector of
mass and momentum fluxes in the x-direction, G is a vector of
mass and momentum fluxes in the y-direction, and, S is a vector
of driving and dissipative force terms.

The Titan2D tools solve Eq. 1 numerically for flow depth and a
depth-averaged velocity at every grid point in the mesh. To run
Titan2D, a digital elevationmap (DEM) of the region of interest is
read into the computer, together with flow-specific parameters
such as the material friction angles, initial volume, initial
direction and initial velocity.

For the construction of the Titan2D hazard map, the flow-
specific parameters and the DEM may be poorly characterized,
and should be viewed as uncertain (Stefanescu et al., 2012).

One way to quantify the uncertainty is to useMonte Carlo type
sampling, which requires multiple runs of the Titan2D simulator.
Each run of Titan2D takes 20 min or more on a single processor,
so Monte Carlo type sampling is considered too expensive.

To make the hazard map construction more accessible
(Dalbey, 2009), created estimates of expectation and associated
uncertainty, for given locations and sparse guiding data, using a
statistical surrogate model called the Bayes Linear Method
developed by Goldstein (Goldstein, 1995). Sets of flow-specific
and DEM parameters are generated using Latin Hypercube
Sampling and Titan2D simulations at these inputs are
performed. Latin Hypercube Sampling requires fewer design
points to fill a design space as compared to Monte Carlo. The
data is used to create a statistical surrogate Bayes linear emulator,
which attempts to fit a piecewise polynomial and an error model
through the available numerical data from the simulator. The
emulator s(x) may be written as:

s x( ) � βTx + ϵ , (2)

where sx is a quantity of interest (e.g., maximum flow depth
attained at a location, β are least square coefficients, x is the vector
of input variables and the error ϵ is modeled as Gaussian with 0
mean normal distribution with variance σ. (Dalbey, 2009)
carefully lays out a process for adapting the work of Goldstein
(Goldstein, 1995) to adjust the expectation and variance implicit
in the model above with data from the numerical simulator. The
emulator acts as a fast surrogate of the simulator. To surmount
the cost of emulator construction for full field simulations where
the correlation structures lead to the need for inverting very large
matrices, a localized approximation is used [in a process quite
similar to the well studied Gaussian Markov random fields (Rue
and Held, 2005)]. This is key to constructing a multi-level
Bayesian hierarchical emulator from an ensemble of training
simulations. The hierarchical nature allows the emulator
components to be constructed and evaluated concurrently
(Figure 2A). However, this leads to much greater complexity
in the workflow, and challenges in automation.

As implemented, the hierarchical emulator is an ensemble of
smaller emulators, each covering a portion of the uncertain input
space. Using Delaunay triangulation, tessellation of sample points
is performed to generate a set of triangles whose nodes are sample
sites in the input space. A mini-emulator centered about each
sample is constructed using only those samples in the
neighborhood of the central sample. The adjusted mean and
variance of the mini-emulators are calculated for arbitrary re-
sample points. The adjusted means and variances of the mini-

FIGURE 3 | Titan2D hazard map workflow tasks for pyroclastic flows
and other surficial mass flows. Pegasus monitors the completion of task
executions by determining when required output files are created by the tasks.
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emulators are combined in a weighted sum. The mini-emulators
are then aggregated into a macro-emulator (Figure 2B). The
macro-emulator is re-sampled to produce the conditional
probabilistic hazard map.

The steps required to implement the workflow and the
parallelization strategy are highlighted in Table 1.

The speed-up provided by the parallel workflow is n-fold over
the corresponding sequential processing. The actual speed-up is
dependent on machine considerations. For example, sharing
compute nodes with other programs may reduce the speed-up.
Usage and performance of UB-HPC cluster nodes resources are
monitored via UB CCR’s Open XDMoD tool (Sperhac et al.,
2020). When a workflow’s execution is complete, the XDMoD
user interface enables workflow developers to view important
information about a workflow’s task execution on a CCR
compute node such as the executable information and
summary statistics.

The VHub Titan2D Hazard Map Emulator Workflow Tool
extends capability provided by the VHub Titan2D Mass-Flow
Simulation Workflow Tool and produces ASCII formatted and
Portable Network Graphics files containing information on the
conditional probability of a Titan2D flow depth reaching a critical
height over a period of time following a volcanic eruption, given a
user defined eruption scenario. Titan2D and Matlab/Octave
scripts developed by Dalbey (2009), provide the base software
required to implement this tool. A GUI is displayed when the tool
is launched. The GUI provides the user interface for defining the
eruption scenario and for controlling and running a Titan2D
Hazard Map Emulator workflow. This tool was developed based
on the HUBzero Pegasus tutorial (pegtut) and presents a
HUBzero Rappture (Rapid application Infrastructure)
interface. Rappture is a toolkit within the HUBzero platform
that makes it easy to develop a graphical user interface for
scientific modeling tools (McLennan, 2009).

A python input file contains the parameters for running
Titan2D. An ensemble of Titan2D executions provide
sample data for this tool. Users enter the name of a python

input file for running Titan2D into the GUI’s Titan2D Input File
text box.

The Titan2D Hazard Map Emulator Workflow tool handles
uncertainty in input parameters given ranges for these parameters
specified via GUI text boxes. These are minimum volume
(minvol), maximum volume (maxvol), minimum bed friction
(BEDMIN), maximum bed friction (BEDMAX), starting center
coordinate in easting and northing (STARTUTMECEN,
STARTUTMNCEN), and starting mass radius
(STARTRADIUSMAX). Sets of flow-specific and DEM
parameters are generated using Latin Hypercube Sampling in
conjunction with the specified ranges these parameters. The
generated parameter sets are used to modify the user specified
python input file for each Titan2D ensemble execution.

The GUI processes the user input and determines the
executable jobs, job dependencies, and the input and output
files for each job required to implement the workflow tasks
displayed in Figure 3, calls Pegasus WMS API functions to
create a DAX file, and, submits the workflow to Pegasus for
execution (Figure 1A and Section 2.1.3).

2.2.2 Volcanic Ash Cloud Transport Hazard Map
Bent is a theoretical model of a volcanic eruption plume
developed by (Bursik, 2001; Pouget et al., 2016), based on
applying the equations of motion for a non-Boussinesq,
particle-laden source in a plume-centered coordinate system.
Bent outputs plume trajectories and rise heights, as well as
pyroclast loadings as a function of height, and provides input
for the Air Resources Laboratory volcanic ash transport and
dispersion model (VATD), HYSPLIT. The Bent and HYSPLIT
models require input data on volcanic source conditions as well as
the wind field; the NCEP/NCAR Reanalysis model is currently
the default in use for wind speed, although this can easily be
changed to a higher resolution model. As this is a non-federal
implementation of HYSPLIT, forecast wind fields cannot be
used1. HYSPLIT is used to propagate ash particles in the
windfield. The Bent-Hysplit workflow comprises a coupling of
the Bent, HYSPLIT and Reanalysis models.

Some of the source parameters for the Bent and HYSPLIT
models, specifically vent radius, vent source velocity, both of
which affect plume height, and mean and standard deviation of
ejecta grain size, which affect the distance carried, may be poorly
characterized, and should be viewed as uncertain (Madankan
et al., 2014).

The Bent-HYSPLIT workflow automates previous work for
uncertainty in predictions from a model of volcanic ash transport
in the atmosphere arising from uncertainty in both eruption
source parameters and the model wind field (Stefanescu et al.,
2014). Previous work used PUFF as the VATD model, and
Weather Research and Forecasting (WRF) as the wind
field model.

FIGURE 4 | Points needed to find 8th order moment in 2–4 dimensions
using different sampling techniques.

1Alternate versions of the tools with the unrestricted tool PUFF from Univ of
Alaska-Fairbanks may also be used with forecast versions of numerical weather
prediction models
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To implement the Bent-HYSPLIT-Reanalysis coupling, a
quantity of interest is considered, for example, ash
concentration at a specific location through time. Let the
quantity of interest be represented as a random variable, xk,
whose time evolution is given by HYSPLIT:

_x � f t, x,Θ,W( ) (3)

In Eq. 3, Θ � {θ1, θ2, . . .} represents uncertain initial
conditions or system parameters such as the vent radius,
eruption velocity, mean grain size and grain size variance, and
W is a given wind field from a numerical weather prediction

(NWP) model, such as reanalysis. Weighted samples from the
random variables in the eruption source parameter space are
drawn using the Conjugate Unscented Transform (CUT)
(Madankan et al., 2014) and can be used to effectively
estimate integral moments (means, variances) or even
construct a surrogate using the underlying basis functions that
define the polynomial approximation of the probability
distribution for the quantities of interest. The main idea of the
CUT approach is to select specific structures for symmetric
points, rather than taking a tensor product of 1-D points as in
the Gauss quadrature scheme. As a result, the quadrature points
still exactly integrate polynomials of total degree 2N − 1 in n-
dimensional uncertainty space, while the number of points is
much less than Nn where N represents the number of quadrature
points needed to solve a one-dimensional integral (according to
the Gaussian quadrature scheme).

Figure 4, adapted from (Madankan et al., 2014), displays a
comparison for the number of points needed to find the 8th order
moment in four dimensions using Clenshaw-Curtis points [94

(6561)], Gauss-Legendre points [54 (625)], and CUT points (161
CUT points). The CUT points are very efficient relative to other
quadrature driven sampling schemes and are used in our workflow
here. Using the CUTpoints, the outputmoments are approximated
as a weighted sum of the output of simulation runs at these
carefully selected values of uncertain parameters.

The conditional probability of having ash at a specific height is
then given by:

P h( ) � ∫
Ω

P h|W( )p W( )dW ≈
1

NW
∑
NW

i�1
P h|Wi( ) (4)

where, wi are the weights associated with the wind field ensemble,
while wq are those obtained from using the CUT or generalized
polynomial chaos (gPC) expansion (Marcus et al., 2012).

The expected value of ash at a given height is then:

E h[ ] � ∫ hP h( )dh
� ∫ h θ,W( ) ∫P h|W( )p W( )dW( )dh
� ∫∫ h θ,W( )P h|W( )p W( )dWdh

� ∑
NW

i�1
wi ∑

NCUT

q�1
wqh θq,Wi( )

(5)

Sets of uncertain input values generated using polynomial chaos
quadrature (PCQ), CUT sampling and Bent simulations of the
inputs are performed. Control files are created using the

TABLE 2 | Bent hysplit workflow parallelization strategy.

Step 1 Create the PCQ/CUT sample points.
Step 2 Modify the puffin input file for each sample. Run puffin in parallel for each sample.
Step 3 Run Hysplit in parallel for each sample. Requires all output from the previous step for each sample.
Step 4 Convert SRM file output by Hysplit to NetCDF in parallel. Requires all output from the previous step.
Step 5 Run UQ analysis for each time in parallel. Requires all output from the previous step.
Step 6 Create the conditional probabilistic hazard map. Requires all output from the previous step.

FIGURE 5 | Bent-Hysplit workflow tasks for ash clouds. Pegasus
monitors the completion of task executions by determining when required
output files are created by the tasks.
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Bent output, which are used as input to HYSPLIT; and HYSPLIT
simulations are performed. The resulting HYSPLIT ensemble
is used to construct a surrogate model, which in turn is
sampled to create a conditional probabilistic hazard map.
Ensemble methods that explore full parameter space are crucial

to obtaining good probabilistic estimates and insights into
the potential for hazardous flow. The steps required to
implement the workflow are shown in Table 2. The ability
to parallelize these steps are exploited in the workflow construction.

The VHub Bent-Hysplit Workflow Tool extends capabilities of
the VHub puffin tool and produces a netCDF formatted file
containing information on the conditional probability of ash
concentrations at specific heights, times and locations following a
volcanic eruption, given a user defined eruption scenario. A GUI is
displayed when the tool is launched. The GUI provides the user
interface for defining the eruption scenario, for controlling and
running a Bent-Hysplit workflow, and, for streamlining access to
other websites for obtaining information required by the workflow.

Bent requires column formatted radiosonde files containing
atmospheric parameters for the currently selected volcano

FIGURE 6 | Map showing mapped pyroclastic flow deposits for Azufral Volcano (Williams, 2015). Outline is known extent of each named deposit.

FIGURE 7 | Titan2D simulation of a flow at Azufral Volcano showing
spread of flow widely in unchannelized areas, and confinement to valleys in
channelized areas. Volume used similar to that of Espino and Cortadera flows
in Figure 6, producing similar runout distance or extent.

TABLE 3 | Titan2D eruption source parameters for Azufral volcano, Colombia.

Titan2D parameter Value

Pile UTM Zone 18 North
Pile X Coordinate UTM E 196,672.7
Pile Y Coordinate UTM N 120,213.0
Pile Height (m) 1,389.5
Pile Major Radius (m) 1,389.5
Pile Minor Radius (m) 1,389.5
Pile Rotation Angle 0.0
Pile Flow Speed 0.0
Pile Flow Direction 0.0
Bed Friction Angle 15
Internal Friction Angle 20

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 9 | Article 7446558

Jones-Ivey et al. Spatio-Temporal Probabilistic Hazard Map Workflows

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


eruption date and time. TheGUI provides the ability to automatically
download weather balloon radiosonde files obtained in HTML
format from the University of Wyoming Weather Web webpage.
The software searches a master location identifier database to

determine World Meteorological Organization (WMO) stations
closest to the volcano, and then an attempt is made to retrieve a
radiosonde file from the closest WMO station for the selected

TABLE 4 | Eruption PHM Scenarios for Azufral volcano, Colombia.

PHM scenario Min bed friction Max bed friction Min vol m3 Max vol m3

1 12 35 104 106

2 8 4 106 108

3 7 10 108 1010

FIGURE 8 | Titan2D emulator based probability of exceeding 0.2 m
flows in Scenario 1.

FIGURE 9 | Titan2D emulator based probability of exceeding 0.2 m
flows in Scenario 2. Note similarity of probability of noticeable flow extent to
mapped extent of Carrizo and Calera flows.

FIGURE 10 | Titan2D emulator based probability of exceeding 0.2 m
flows in Scenario 3. Note similarity of probability of noticeable flow extent to
mapped extent of Cortadera and Espino flows.

FIGURE 11 | Titan2D estimate of non-confidence in emulator based
probability assessment for Scenario 2, using the ratio of standard deviation
and probability. Lower SD/P is better, showing that near vent, confidence in
model output is higher.
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eruption date and time. HYSPLIT requires NOAA Air Resources
Laboratory (ARL) NCEP/NCARReanalysis meteorological data files.
The GUI provides the ability to automatically download ARL
files from the NCEP/NCAR Reanalysis website “NCEP/NCAR
Reanalysis” for the selected eruption date. The GUI also provides
the ability to view volcano conditions from the Volcanic Cloud
Monitoring—NOAA/CIMSS webpage for the selected volcano.

The Bent-Hysplit Workflow tool handles uncertainty in column
(eruption plume) rise height through the Vent Radius and Vent
Velocity configuration parameters, which together control mass
eruption rate (MER), and uncertainty in the grain size, fine-grain
fraction and potential ash accretion through the Grain Mean and
Grain Standard Deviation configuration parameters. Polynomial
Chaos Quadrature (PCQ) sample points, generated using the
Conjugate Unscented Transform method, are used in conjunction
with ranges for these parameters specified on the GUI’s Run Control
tab to create sets of Bent input values for the parameters. Running
Bent with a particular set of input values for these parameters is
considered a sample run of Bent. Bent output from each member of
the sample run is used in conjunction with other configuration
parameters specified on the Run Control tab to create CONTROL
and SETUP.CFG files for HYSPLIT; running HYSPLIT with these
CONTROL and SETUP. CFG files is considered a sample run of
HYSPLIT. HYSPLIT output from all HYSPLIT sample runmembers

is used as input to the tool’s uncertainty quantification analysis
software. The output of the tool’s uncertainty quantification
analysis software is a NetCDF formatted file, probmap.nc,
containing probabilities of ash concentrations greater than specific
levels at specific times and locations. In all, 161 sample runs of Bent
and HYSPLIT are performed at CUT points, requiring an ensemble
of Bent, HYSPLIT and uncertainty quantification analysis tasks,
which are encapsulated and executed as a workflow.

The GUI processes the user input and determines the executable
jobs, job dependencies, and the input and output files for each job
required to implement the workflow tasks displayed in Figure 5, calls
Pegasus WMS API functions to create a DAX file, and, submits the
workflow to Pegasus for execution (Figure 1A and Section 2.1.3).

From previous work, the Bent model has been improved to use
either radiosonde or different types of NWP data directly to get
atmospheric parameters. An inverse model was added to update
source parameter estimates; simulation of collapse behavior and
low fountain development was formalized; modules for water
were added; double-precision and adaptive step size were added;
and umbrella cloud flow and pyroclast fallout completed.

3 RESULTS

3.1 Volcanic Pyroclastic Flow Transport
Hazard Map
Azufral, Colombia, is a stratovolcano (1.09°N, 77.72°W/UTM Zone
18N, 197272 UTM°E, 120615 UTM°N) with a summit elevation of
4,050m. Mapped pyroclastic flow deposits for the Azufral volcano
are shown in Figure 6. These polygons were determined by thorough
mapping by the Servicio Geologico Colombiano. If we assume the
eruption units were erupted as single events, and the pyroclastic
surges and flows are separated into different density currents,
the eruption units can be modeled using Titan2D (Williams, 2015).

Results for running one simulation of a likely flow using
Titan2D are displayed in Figure 7. A circular sampling area

FIGURE 12 | CALIOP cross-section through Kelut volcanic cloud from data acquired on 14 February 2014. Top of plume imaged near center; note top of umbrella
spreading region at height above 18 km, and compactness of cloud. Lower bright areas near edges are nonvolcanic water-vapor clouds. (Global Volcanism Program,
2014).

TABLE 5 | Eruption source parameters for a hypothetical eruption of Kelut
volcano.

Parameter Value range

Vent radius (m) 65.0–150.0
Vent velocity (m/s) 45.0–124.0
Grain mean (φ � −log2 mm) 3.5–7.0
Grain standard deviation (φ � −log2 mm) 0.5–3.0
Eruption temperature (K) 1,200
Erupted water mass fraction (%) 0.017
Eruption duration (hours) 1.0
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from which the X and Y coordinate points for source vent centers
was chosen. This area encompasses that inside the crater of
Azufral. The simulation parameters for running Titan2D are
displayed in Table 3. As indicated in Table 3, we assume that the
origin of flow is near the crater.

For Azufral volcano, the initial volume, bed (also known as basal)
friction angle and DEM are poorly characterized and Titan2D
Hazard Map Workflow software was used to produce
conditional probabilistic hazard maps (PHMs). Three separate
PHM eruption scenarios were created based on binned volume
and apparent basal friction angles for the PDCs derived in Bursik
et al. (2005), and Williams (2015). The ranges for the volume and
bed friction angle are shown in Table 4. A uniform distribution is
used tomodel the variability of the volume and bed friction angle, as
each value in the range of values for these are equally likely to occur.

Results for the three scenarios are shown in Figures 8–10. The
spatially varying hazard criterion that we chose was whether or
not the flow depth exceeds 0.2 m during a particular event. The
workflow was run with 32 simulated samples of Titan2D.

Results for Scenario 1 show that due to high bed friction angle
values and low volumes, hazards are limited to the area near the
crater. Results for Scenario 2 show that flow becomes more probable
towards the southern half of the volcanic complex, and potential for
flow remains confined to valleys to the west and north. Results for
Scenario 3 show that the highest probabilities occur close to the
summit of Azufral volcano, on the southern flanks of the volcano and
in the bottom of valleys to the west and north.

For the Espino and Cortadera units shown in Figure 6 following
(Williams et al., 2017), the magnitude of the eruptions are
reasonably within the volume sampling boundary conditions of

FIGURE 13 | (A–F) Conditional probability of ash at height c. 17 km for 6 h following the Kelut volcano eruption February 13, 2014. Plots were created with a low
resolution grid. Higher resolution grids may be used via the tool’s Select Meteo Data File input option.
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Scenario 3 (Figure 10). The PDC conditions are highly probable as
the Scenario 3 PHM encompasses likely scenarios given a positive
correlation with the deposits of Espino and Cortadera.

The standard deviation divided by the probability of hazard, is a
measure of the non-confidence in the statistics due to insufficient
re-sampling. This measure is displayed for Scenario 2 (Figure 11).
The measure cannot be used to directly evaluate the quality of the
emulator, although it is possible to obtain a measure of this with
some minor modifications and re-evaluations of the re-sample
inputs (Dalbey, 2009).

3.2 Volcanic Ash Cloud Transport
Hazard Map
Kelut (or Kelud), Indonesia, is a stratovolcano (7.93°S, 112.308°E/
UTM Zone 49S, 644 177 UTM E, 9123 214 UTMN) with a
summit of 1,731 (m) located in the province of East Java. On
February 13, 2014, the Indonesian National Board for Disaster
Management (Badan Nasional Penanggulangan Bencana-BNPB)
reported that a major eruption occurred at Kelut (Global
Volcanism Program, 2014). The plume reached a maximum
height of 26 km and an umbrella cloud spreading height of
around 16–17 km (Figure 12) (Bear-Crozier et al., 2020).

We have conducted tests with the Kelut eruption to create a
conditional probabilistic hazard map for this event. The
potential vent radius, velocity of ejection from the vent, grain
mean size and standard deviation are poorly characterized.
The ranges for these parameters as well as other eruption source
parameters are listed in Table 5. A uniform distribution is used to
model the variability of the vent radius, initial velocity, grain mean
and standard deviation, as each value in the range of values for these
are as equally likely to occur. Figure 13 displays results of analyzing
the netCDF formatted probability of ash at height greater and
17,000m for the 6 h following the eruption on 13 February 2014.
The plots were created using the (external) McIDAS software
package, from the netCDF file returned by the workflow. The

natural color RGB image of the eruption cloud, Figure 14, shows
that ash driftedWSWafter 2 h. Figure 13 shows that an ash cloud at
height near 17 km would have the same WSW drift in movement.

For this exercise, the workflow downloaded the windfield data
from the NOAA Air Resources Laboratory (ARL) Gridded
Meteorological Archives. The tool also provides the capability
for the user to use a windfield data file stored in the user’s home
directory on VHub.

4 CONCLUSION

Workflow hazard map development is generally complex and very
inefficient and prone to errors when performed manually. The
software modules that are required to run in parallel on multiple
processors makes hazard map development inaccessible to many
people. The process of downloading and verifying required field
data is handled using a simple GUI interface.

This paper presents a computing infrastructure and
methodology which enables scientists and other members of
the volcanology research community to automate and use
complex workflows for construction of probabilistic hazard
maps. The work addresses a major scientific challenge; making
sophisticated, probabilistic computational hazard map
development accessible to a range of potential users. The steps
towards usability through use of a web-interface to parameterize
and initialize computations is a valuable contribution to the
volcanology research community.

Two geologic flow-transport modelling systems applicable to
volcanic eruptions, the computational models, the ways of using
these models, and the use of Pegasus as aWMS for controlling the
execution of these models are presented. The results of two
realistic case studies as a means of preliminary evaluation are
denoted in the Section 3 and support the viability of this
computer infrastructure and methodology for the construction
of probabilistic hazard maps.
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