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ARTICLE INFO ABSTRACT

Keywords: This review examines the current landscape of computational volcanic hazard models, focusing on their
Volcanic hazard models creation and application, for a diverse set of end-users’ short-term and long-term forecasting requirements.
Model testing We provide a comprehensive classification of volcanic hazard models, categorising them according to their

Model classification
Model complexity
Model selection

theoretical foundations. This is central to understanding the diversity of hazard characterisation and simulation
approaches, from empirical models to computationally demanding physics-based numerical models. The
classification framework helps contextualise the strengths and limitations of different models and their
suitability for specific forecasting demands. We discuss the fundamental principles behind model construction,
considering factors such as input parameters, conceptual frameworks, and the incorporation of uncertainties.
We also synthesise existing literature on model testing, covering aspects such as model verification, validation,
calibration, and benchmarking, and provide a systematic and transparent framework for model selection,
considering data availability, computational constraints, and specific forecasting needs. We explore the balance
between model complexity, computational efficiency, and accuracy, addressing the uncertainties inherent in
both input parameters and model processes. A key focus is the role of input parameters in forecasting and the
need to select models that are detailed enough to capture essential hazard dynamics, yet simple enough to
minimise error and computational costs.
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1. Introduction

Volcanoes are complex and unique systems governed by underly-
ing non-linear dynamics (Cashman and Biggs, 2014), with potentially
catastrophic eruptive hazards (Brown et al.,, 2017). Forecasting the
spatial extent and intensity of these hazards, whether in the long-term,
short-term, or near-real-time, currently relies on the use of compu-
tational models (Bayarri et al., 2009). Volcanic hazard models have
to deal with both the aleatoric uncertainty (natural inherent variabil-
ity), as well as the epistemic uncertainties that arise from data and
knowledge limitations specific to a given volcano (Bayarri et al., 2009;
Rougier and Beven, 2013). Together, these factors create substantial
and often poorly constrained uncertainties in hazard and eruption
forecasting (Sparks, 2003; Poland and Anderson, 2020).

Computational volcanic hazard models simulate the transport and
deposition of potentially hazardous eruption products such as tephra
(volcanic ash), debris flow/lahars, pyroclastic density currents (PDCs),
lava flows, and volcanic ballistic projectiles (VBPs) e.g., Folch (2012),
Kavanagh et al. (2018), Pardini et al. (2024). These models use empiri-
cal relationships and/or numerical physics-based equations to simplify
inherently complex natural processes (Renschler, 2005). Models vary
in complexity, balancing trade-offs between (e.g.) computational cost,
data requirements, the level of physical detail incorporated, the knowl-
edge available for a specific volcano, and time constraints. Additionally,
the degree of uncertainty that can be tolerated by the end-user, shaped
by the type of decision being made, such as short-term evacuation
versus long-term land-use planning, as well as the specific purpose and
context of use, can influence the choice of model (Loucks and van Beek,
2017; Crawford et al., 2018). While complex models are often assumed
to provide more accurate forecasts than simpler models, there is little
empirical evidence to support this assumption (Petropoulos et al.,
2022). Green and Armstrong (2015) found that for economic models,
model complexity may even harm forecast accuracy, particularly when
data are limited, as complexity increases uncertainty.

Despite the increasing number of volcanic hazard models available,
model selection is still highly subjective and often based purely on
model familiarity or institutional preference (e.g., Hurst and Davis,
2017) rather than situational suitability (Jackson et al., 2000; Jakeman
et al., 2006). This lack of clear guidance can result in the selection of
models that may not be the most accurate for a given application. We
evaluate how model characteristics influence forecasting performance
across different timescales, from near-real-time operational contexts to
long-term planning scenarios.

This review is intentionally focused on volcanic hazard simulation
models — that is, models that are used once a hazard is assumed
to occur. As such, the review inherently addresses conditional hazard
modelling. A detailed discussion of temporal occurrence rates and haz-
ard likelihood estimation methods is beyond the scope of the review,

but the reader is directed to (e.g.,) Bebbington (2009), Marzocchi et al.
(2010), Bebbington and Jenkins (2019).

This work delineates the volcanic hazard model space for end-
users over five key themes. In Section 2, we provide an overview
of model classifications and their theoretical/conceptual foundations.
Section 3 examines how factors such as conceptual models, model
structure, input parameters, and uncertainty influence model design.
Model complexity is examined in Section 4 in relation to its impacts on
output accuracy and forecasting capability within volcanic hazard mod-
els. As the reliability and accuracy of volcanic hazard models depend
on rigorous testing, Section 5 examines model verification, validation,
calibration, and benchmarking methodologies. In Section 6, we discuss
model selection, considering practical criteria such as data availability,
computational constraints, and end-user needs, intertwined with model
complexity.

1.1. Definitions

Terminology varies across disciplines, including within volcanology.
Thus, we define here key terms for clarity (Table 1).

The focus here is specifically on computational models. Any ref-
erence to the word ‘model’ is specifically referring to computational
models unless otherwise specified.

2. Model classification

Models for simulating volcanic eruption phenomena originated in
the 1950s, with theoretical works by Prandtl (1954) and Morton et al.
(1956) looking at turbulent gravitational flows. These papers became
the foundations of many flow models that were developed in the 1980s,
e.g., Malin and Sheridan (1982), Sheridan and Malin (1983), Armi-
enti and Pareschi (1987), Valentine and Wohletz (1989), which were
primarily used to understand and reconstruct the spatial extents and
dynamics of past eruptions. Around the same time, models for ashfall
and lava flow also began to emerge, e.g., ash — numerical analysis
by Suzuki (1983) and Sparks (1986); and lava flows — analytical and
empirical analysis by Dragoni et al. (1986) and Young and Wadge
(1990). In the 1990s and 2000s, advances in computational power
and improved understanding of volcanic processes enabled the de-
velopment of more complex and computationally intensive numerical
models (Pitman et al., 2003; Costa et al., 2016b; Papale, 2021).

All volcanic hazard models are ultimately grounded in the funda-
mental laws of physics, including the conservation of mass, momentum,
and energy (Kavanagh et al., 2018). These laws underpin the governing
equations that define volcanic flow dynamics, atmospheric dispersion,
particle settling, and other key processes, even when simplifications
are applied due to model structure, computational demand, or data
constraints.

Volcanic hazard models (Table 2) can broadly be defined into three
categories based on the governing force for the phenomena being
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Table 1

Key terms and their definitions.
Term Definition Reference
Accuracy A measure of closeness between a model’s output and the observed or actual value This publication

Aleatoric uncertainty
Benchmarking
Calibration

Computational model
Conceptual framework

Conceptual model
Deterministic model
Empirical model

Epistemic uncertainty

Input parameter
Long-term forecast

Model
Near-real time forecast

Numerical model
Ontology
Output

Probabilistic model
Short-term forecast

The uncertainty in eruption phenomena, observations, and data that comes from the
inherent variability of a natural system

An exercise to compare the performance of many models when simulating a specific
case with a known solution

The manipulation of model parameters to align with observations from a specific
event or dataset

The use of computers to simulate volcanic systems

The definition of scope, key concepts, and theoretical foundations of a system,
theory, or phenomenon

A schematic or qualitative description of a system, theory, or phenomenon and its
components or relationships

A model that produces an individual point measure for an event

A model developed from observational data (these may include statistical models)
The uncertainty in eruption phenomena, observations, and data that comes from
incomplete knowledge or conceptual limitations

Data provided to the model, used to drive model behaviour

An assessment of the eruption likelihood and related phenomena over the scale of
years to decades

A computational representation of volcanic eruption phenomena

An assessment of the eruption likelihood and related phenomena for the immediate
future (also known as syn-eruptive forecasts)

A model that solves governing equations using numerical methods (these may
include physical and analytical models)

A formal, unambiguous description of domain-specific knowledge, providing
standardised definitions for terminology within a given field

Refers to the results produced by the model

A model that produces a range of possible outcomes, often expressed as distributions
An assessment of the eruption likelihood and related phenomena over the scale of
hours to months

Marzocchi et al. (2004)
Dietterich et al. (2017)
Oreskes et al. (1994)

This publication
This publication

Thalheim (2011)
Manga et al. (2017)
This publication

Marzocchi et al. (2004)

This publication

Marzocchi and Bebbington (2012)

This publication
This publication

Larson (2005)

Hofmann et al. (2011), Masseroli (2019)

This publication
Manga et al. (2017)

Marzocchi and Bebbington (2012)

This publication

Esposti Ongaro et al. (2020)

Simulation The execution of a model within a computational environment

Validation The demonstration that a system of equations and their numerical approximation
reasonably represents the physical conceptual model for the real-world process it is
intended to simulate

Verification

description and solution of the model

The demonstration that a model implementation accurately represents the conceptual

Oberkampf and Trucano (2002)

modelled: (1) Atmospheric/weather driven models for volcanic ash
and gases, (2) Gravity-driven models for lava flows, pyroclastic density
currents (including surges and block-and-ash flows), lahars (including
debris flows), and debris avalanches, and (3) Momentum-driven models
for projectile motions such as volcanic ballistic projectiles (VBPs).

2.1. Atmospheric dispersion and deposition models

Atmospheric dispersion and deposition models simulate how vol-
canic ash and gases are transported through and settle from the at-
mosphere. Their primary outputs are atmospheric particle concentra-
tions and/or mass loading on the ground. Both tephra and volcanic
gas dispersal are governed by the advection—diffusion-sedimentation
(ADS) equation, which governs the movement of particles in the atmo-
sphere (Tsunematsu et al., 2011). Dimensionality plays a key role in in-
put parameter requirements, with higher-dimensional models typically
requiring more detailed input parameter data (Cao et al., 2021).

Two-dimensional (2D) Eulerian models, such as Tephra2 and
HAZMAP, apply a simplified Gaussian solution to the ADS equation.
These models assume a constant diffusion rate and wind fields that may
vary with height but are spatially uniform across the computational
domain, which limits their accuracy for weak plumes, long-range
dispersal, or changing meteorology (Pfeiffer et al., 2005; Folch, 2012;
Bonadonna et al., 2015).

Three-dimensional (3D) models offer enhanced spatial resolution
and the ability to simulate more complex atmospheric interactions
compared to 2D models. Lagrangian models (e.g., PUFF, NAME) track
particles individually via random-walk diffusion (Schwaiger et al.,
2012), while Eulerian models (e.g., Fall3D, Ash3D) solve the full ADS
equation on a fixed grid. These models can resolve detailed wind
and turbulence interactions but are computationally intensive (Folch,
2012).

Output accuracy across all models depends heavily on the quality
of eruption source parameters (ESPs) and meteorological input data
(primarily wind direction and speed) (Bursik, 2001; Bonadonna and
Costa, 2013). 2D models typically use static wind profiles, while 3D
models use full meteorological datasets (e.g., Numerical Weather Pre-
diction (Haupt et al.,, 2017) and observational reanalysis (Hersbach
et al.,, 2020)). Atmospheric dispersion models always require ESPs
such as plume height, total erupted mass, and grain size distribution,
often estimated from deposit mapping (e.g., Longchamp et al., 2011;
Bonadonna and Costa, 2012), remote sensing (both after the fact and
in real-time) (e.g., Prata and Grant, 2001), or inversion techniques
(e.g., Volentik et al., 2010; Mannen, 2014).

2.2. Flow models

Volcanic flows are gravity-driven and strongly influenced by to-
pography (e.g., obstacles, breaks, surface roughness) (Branney and
Kokelaar, 2002; Sulpizio and Dellino, 2008; Dietterich et al., 2015). 1D
flow models simulate channelised flows constrained to a single downs-
lope direction, typically to estimate runout distance. Simple 1D models
use digital elevation models (DEMs), and sometimes volume, as input
parameters (Schilling, 1998). These models range in complexity: some,
such as DOWNFLOW, incorporate probabilistic input distributions to
account for uncertainty, while others, such as FLOWGO, include de-
tailed rheological properties such as cooling, viscosity changes, and
crystallisation (Harris and Rowland, 2001).

2D models, particularly cellular automata models (e.g., MAGFLOW,
SCIARA, MOLASSES), are widely used for probabilistic hazard assess-
ments (Herault et al., 2009; Gallant, 2016). Cellular automata models
use a simple set of rules (often not derived directly from physical laws)
to distribute fluids from a central cell (i.e. a grid point) to a neighbour-
ing one, depending on the cell’s relative elevation and sometimes flow
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Examples list of different volcanic hazard models and their characteristics. Dimension: x = horizontal coordinate along east-west axis, y = horizontal coordinate
in north-south axis, z = vertical coordinate (elevation or height in 3D space), t = time. Model type: E = Empirical, N = Numerical. Frame of reference: E =
Eulerian, L = Lagrangian, H = Hybrid. Model Approach: D = Deterministic, P = Probabilistic.

Volcanic hazard model Dimension Model type Frame of reference Model approach Volcanic phenomena
Atmospheric Dispersion and Deposition Models
HYSPLIT (Draxler and Hess, 1997) 3D (%,y,2,t) N H D Tephra, Gas
PUFF (Searcy et al., 1998) 3D (x,y,zt) N L D Tephra
HAZMAP (Macedonio et al., 2005) 2D (x,y,z) N E D Tephra
NAME III (Jones et al., 2007) 3D (x,¥,2,t) N L D Tephra, Gas
Tephra2 (Connor et al., 2008) 2D (x,y,z) N E D Tephra
Fall3D (Folch et al., 2009) 3D (x,y,z,t) N E D Tephra, Gas
Ash3D (Schwaiger et al., 2012) 3D (x,¥,2,t) N E D Tephra
Volcanic Flow Models
Energy Cone (4H/L) (Malin and Sheridan, 1982) 1D (x,y) E E D Mass Flows
SCIARA (Crisci et al., 1986) 2D (x,y,z) N E D Lava
FLOW-3D (Kover, 1995) 3D (x,y,z,t) N E D Lava, Mass Flows
LaharZ (Schilling, 1998) 1D (x,y) E E D Mass Flows
FLOWGO (Harris and Rowland, 2001) 1D (%,y,2,t) N L D Lava
PDAC (Neri et al., 2003; Esposti Ongaro et al., 2007) 2D/3D (x,y,z,t) N E D Mass Flows
DOWNFLOW (Favalli et al., 2005) 1D (x,y) N E P Lava
Titan2D (Patra et al., 2005) 2D (x,y,z,1) N E D Mass Flows
MAGFLOW (Vicari et al., 2007) 2D (x,y,z) N E D Lava
VolcFlow (Kelfoun and Vargas, 2016) 2D (x,y,z,t) N E D Lava, Mass Flows
MOLASSES (Richardson, 2016) 2D (x,y,z) N E D Lava
MrLavaLoba (de’Michieli Vitturi and Tarquini, 2018) 2D (x,y,z) E L P Lava
IMEX_SfloW2D (de’ Michieli Vitturi et al., 2019) 2D (x,y,z,t) N E D Mass Flows
EC_MapProb & Box MapProb (Aravena et al., 2022) 1D (x,y) N E P Mass Flows
Volcanic Ballistic Projectile (VBP) Models
Eject! (Mastin, 2001) 2D (x,y,) N L D VBP
LPAC (de’Michieli Vitturi et al., 2010) 2D (x,y,t) N L D VBP
Alatorre-Ibargiiengoitia et al. (2012) 2D (x,y) N L D VBP
Ballista (Tsunematsu et al., 2014) 3D (x,y,2) N L D VBP
Great Balls of Fire (Biass et al., 2016) 2D (x,y,t) N L D VBP

viscosity and temperature, until all cells meet the criteria defined by
the model (e.g., when the total volume defined by the user has been
added to the flow) (Kavanagh et al., 2018; Hyman et al., 2022). They
perform well on gentle terrain or in depressions, but lack vertical detail
and mainly estimate deposit extent (Cordonnier et al., 2015).

Depth-averaged models approximate shallow water equations by av-
eraging flow properties (energy, mass, momentum) over depth (e.g., Ti-
tan2D, VolcFlow) (Cordonnier et al., 2015; Hyman et al., 2022). These
models are suited for simulating flow dynamics such as arrival times,
especially for concentrated PDCs where flow properties remain rela-
tively uniform, but are slower to run as they involve more detailed
computations (Dufek, 2016; Hyman et al., 2022).

3D models are thermodynamically coupled models that use compu-
tational fluid dynamics (CFD) principles to simulate heat transfer and
account for various viscous flow behaviours, incorporating the complex
interactions between temperature, velocity, and viscosity (Neri et al.,
2015b). These models have higher computational requirements but are
particularly suitable for long-lived, cooling-limited lava flows (when
the rate of cooling and solidification is the primary control of the flow’s
length) (Dietterich et al., 2017).

All volcanic flow models use DEMs, but for hindcasting, modern
DEMs must be adjusted to represent pre-eruption terrain (Procter et al.,
2010). This can be worked around, although impractically, by subtract-
ing thicknesses of past flow deposits based on detailed stratigraphy of
the deposit (e.g., Daag, 2003; Dietterich et al., 2021). For forecasting,
using a DEM of the current landscape is generally more applicable.
However, this approach becomes challenging during multi-flow events,
where DEMs must be dynamically updated to improve simulation
accuracy (e.g., De Beni et al., 2019). DEM resolution (both grid size
and vertical accuracy) also significantly affects model simulations, es-
pecially for small-scale features that influence flow paths (Huggel et al.,
2008; Joyce et al., 2009). For example, in simulations of mass flows at
Nevado del Ruiz, Colombia, a 10 m DEM successfully constrained flows
within steep valley walls (~70 m relief), whereas a coarser 30 m DEM

resulted in unrealistic lateral spread due to its inability to resolve sharp
topographic boundaries (Deng et al., 2019).

Typical model inputs include volume, effusion rate, viscosity, and
density. Lava flow viscosity is a key factor in determining the shape and
extent of the flow. Lava viscosity can be measured through laboratory
measurements (e.g., Sehlke et al., 2014; Kolzenburg et al., 2016),
estimated in the field (e.g., Chevrel et al., 2018, 2019), and/or inferred
from empirical relationships based on temperature (e.g., Pinkerton and
Norton, 1995; Ishihara et al., 1990; Giordano and Dingwell, 2003).
PDCs and lahars have more complex, variable rheologies, which are
harder to model. PDCs range from dense pyroclastic flows (which are
topographically controlled) to dilute surges (which are capable of over-
riding obstacles) (Sparks, 1976; Burgisser and Bergantz, 2002). Their
behaviour is poorly understood due to complexities in gas—particle
interactions, flow mechanics, and generation processes (Lube et al.,
2020; Jones et al., 2024). Lahars are water-saturated flows categorised
by high densities and velocities. Their properties, such as particle
concentration, temperature, and bulk rheology, vary significantly in
space and time due to processes such as flow bulking (erosion and
incorporation of debris) and debulking (Thouret et al., 2020). The rheo-
logical properties for both PDCs and lahar are derived from laboratory
experiments (e.g., Roche et al., 2004; Lube et al., 2015; Jones et al.,
2024), field-based depositional analyses (e.g., Sparks, 1976; Branney
and Kokelaar, 2002; Dumaisnil et al., 2010; Bernard et al., 2014), and
remote sensing techniques (e.g., Kumagai et al., 2009; Bosa et al., 2021;
Macorps, 2021; Bosa et al., 2024), while direct studies on the rheology
of propagating PDCs are sparse (Sulpizio et al., 2014; Delannay et al.,
2017).

2.3. Volcanic ballistic projectile models
Volcanic ballistic projectiles (VBPs) range from a few centimetres

to tens of metres in diameter and are large enough to follow ballistic
trajectories through the atmosphere. Most VBP models are 2D and
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use simplified gravity and drag equations (e.g., Eject!, Great Balls
of Fire, Alatorre-Ibargiiengoitia et al., 2012) (Table 2). The LPAC
VBP model differs by applying the Basset-Boussinesq—Ossen equation
to calculate Lagrangian particle acceleration under set assumptions
(e.g., constant drag coefficient, no lift forces) (Maxey and Riley, 1983;
Crowe et al., 1998).

The Ballista model (Tsunematsu et al., 2016) is one of the few 3D
VBP models, considering multiple particles and their collisions in 3D
space (Tsunematsu et al., 2014). Ejected particles follow a parabolic
trajectory until they reach the ground or collide with another airborne
particle (Tsunematsu et al., 2014).

All VBP models require inputs for block properties (e.g., density,
size) and ejection parameters (e.g., initial velocity, angle), which are
either measured (e.g., Alatorre-Ibargiiengoitia et al., 2012; Fitzgerald
et al.,, 2014; Tsunematsu et al., 2016) or assumed (e.g., Chouet et al.,
1974; Patrick et al., 2007; de’Michieli Vitturi et al., 2010; Kilgour et al.,
2010). Because the travel distance of projectiles is primarily influenced
by ejection parameters, these are often estimated using short-term
exposure time (e.g., Chouet et al., 1974; Blackburn et al., 1976; Ripepe
et al., 1993; Edwards et al., 2017) or thermal videos (e.g., Patrick et al.,
2007; Capponi et al., 2016).

3. Model construction

Model construction has been well defined across various fields,
including ecology (e.g., Jackson et al., 2000; Grimm et al., 2014) and
hydrology (e.g., Gupta et al., 2008; Clark and Kavetski, 2010; Gupta
et al., 2012; Anderson et al., 2015). In the context of volcanic haz-
ards, Renschler (2005) highlights the importance of structuring model
development to balance environmental processes, data limitations, and
uncertainty. Here we apply the following five defining principles to
volcanic hazard models: (1) identifying model purpose and scope,
(2) building a conceptual model, (3) formulating model structure, (4)
defining model input parameters, and (5) model documentation and
evaluation, as outlined in previous studies.

3.1. Model purpose and scope

Volcanic phenomena models generally fall into two overlapping cat-
egories: (1) process-based models, that aim to improve understanding
of the physical processes governing volcanic phenomena (e.g., plume
dynamics, flow rheology) (e.g., Mastin, 2007; Piombo and Dragoni,
2009; Hoffman et al., 2023), and (2) hazard models, that aim to simu-
late the spatial extent and intensity of volcanic phenomena (e.g., ashfall
distribution, lahar inundation, lava flow paths) (Table 2). While hazard
models often incorporate simplified process-based components, their
primary goal is to support forecasting and decision-making. For exam-
ple, users can integrate the 1D model FPLUME (Folch et al., 2016),
an eruption column model based on buoyant plume theory (BPT), to
calculate the vertical distribution of mass within an eruption column,
which can then be used to estimate the atmospheric or deposited mass
of ash.

When defining a model’s scope, developers must consider both the
intended outputs and the target end-users (Renschler, 2005; Jakeman
et al., 2006; Topcu and Mesmer, 2018). Process-based models typically
produce outputs that contribute to advancing scientific knowledge
(e.g., Mastin, 2007; Cerminara et al., 2016; Folch et al., 2016; Dio-
guardi and Mele, 2018), whereas hazard models generate outputs that
inform decision-making, such as hazard assessments, mitigation strate-
gies, and evacuations (Costa and Macedonio, 2005; Folch, 2012). In
particular, developers must carefully consider the model’s temporal and
spatial scope, scale, and resolution, particularly for models designed to
support decision-making (Jakeman et al., 2006).

Hazard model outputs can be communicated to decision-makers in
ways that require minimal understanding of volcanic processes or the
model itself, which can introduce significant risks (Barclay et al., 2008;

Computers and Geosciences 207 (2026) 106070

Procter et al., 2021). Engaging end-users in the development process
allows for valuable feedback on model assumptions and limitations,
ultimately improving model reliability and usability (Jakeman et al.,
2006; Robinson and Brooks, 2024).

3.2. Conceptual model

Once the scope and purpose of the model is defined, the system
being modelled must be conceptualised (Banks, 1999; Seppelt, 2003;
Thalheim, 2019). This includes the system’s physical boundaries, such
as computational domain limits (e.g., simulations will not run over
areas larger than 100 km?) and atmospheric boundaries (e.g., processes
above 70 km may not be simulated), as well as physical and be-
havioural laws that must be obeyed (e.g., momentum, conservation of
mass) (Seppelt, 2003; Gupta et al., 2008). The conceptual model allows
developers to determine which variables should be included, the level
of detail required, and the role of prior knowledge and assumptions
about different processes (Section 3.3) (Butts et al., 2004; Jakeman
et al., 2006; Robinson and Brooks, 2024). This process initially begins
with qualitative questions such as: what is known about the system? Are
there available data, instrumentation, or monitoring that can be used to
quantify aspects of the system?

In volcanic hazard modelling, many computational models are built
upon conceptual models developed in the late 20th century, such
as those for eruption plume dynamics (Suzuki, 1983; Woods, 1988;
Holasek et al., 1996), pyroclastic flow dynamics (Fisher, 1966; Sparks,
1976; Branney and Kokelaar, 1992), and lava flow dynamics (Walker,
1973; Dragoni et al., 1986). Conceptual models are continually updated
as new data and understanding become available (Butts et al., 2004;
Anderson et al., 2015), including during model calibration (Section 5.3)
and sensitivity analysis.

3.3. Model structure

Developers must translate the features identified in the conceptual
model into specific mathematical representations to build the model
structure. This begins with selecting governing equations that represent
the relevant process dynamics and their interactions (Gupta et al.,
2012) - such as the ADS equation used in atmospheric dispersion
and deposition models (Folch, 2012; Bonadonna et al., 2015), or the
Navier-Stokes equations for flow models (Cordonnier et al., 2015).
While these governing equations are typically dictated by the physical
processes involved, model developers must make critical decisions
about how to simplify, structure, or adapt these equations that balance
accuracy, computational efficiency, and available data.

These decisions give rise to different model structures (e.g., empir-
ical or numerical), each offering different levels of complexity (Sec-
tion 4.2). Even within the same model family, structures may vary in
detail, with more complex models incorporating additional mechanisms
(e.g., particle aggregation in ash models Folch et al., 2010; Hoffman
et al., 2023).

In practice, model structure is often influenced by factors beyond
scientific rationale, including institutional preference, model familiar-
ity, and established acceptance within the technical community (Jake-
man et al., 2006; Jackson et al., 2000). Advances in high-performance
computing and model optimisation are helping to reduce some of these
limitations, enabling more complex models to be used in ensemble or
probabilistic frameworks (e.g., Folch et al., 2022; Martinez Montesinos
et al., 2022; Massaro et al., 2023; Hyman et al., 2024). However, careful
structural choices remain essential, especially when short-term and
near-real-time forecasts are generated quickly and with limited input
parameter data.
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3.4. Model inputs

Determining how model input parameters will be estimated occurs
alongside the development of model structure (Jakeman et al., 2006).
As the model structure is developed, it must be translated into a
discretised form suitable for computer implementation. Discretisation
not only affects model fidelity and computational demand, but also
shapes which input parameters are required, how they are estimated,
and what can be held constant or inferred from others (Seppelt, 2003;
Jakeman et al., 2006).

In atmospheric dispersion and deposition models, for instance, ESPs
such as plume height, duration, and particle characteristics (i.e., size,
shape) define the initial conditions for simulations (Engwell et al.,
2024). Other input parameters, such as the vertical mass distribution
in the plume or diffusion coefficients, arise from how the govern-
ing equations (e.g., the ADS equation) are simplified and parame-
terised (Bonadonna et al., 2005; Macedonio et al., 2005; Pfeiffer et al.,
2005; Schwaiger et al., 2012). Similarly, in flow models, discretised
forms of the momentum equations require specification of parameters
such as basal friction angle, which controls when and how a flow will
begin to move downslope (Procter et al., 2010).

The process of estimating these parameters differs depending on
the forecasting stage. After an event, observed deposits can be used
to retrospectively calibrate or validate input parameters (Section 5.5).
Before an event, the model relies on past eruptive data at a volcano
(e.g., Barsotti et al., 2018; Spiller et al., 2020; Titos et al., 2022), anal-
ogous event/volcano data (e.g., Sheldrake, 2014; Clarke et al., 2020;
Tennant et al., 2021) and/or expert elicitation/opinion (e.g., Tadini
et al., 2021; Bernard et al., 2024). During an event, real-time data can
constrain key input parameters (e.g., Vicari et al., 2011; Scollo et al.,
2019; Hyman et al., 2022; Pardini et al., 2022;?).

3.5. Model uncertainty

Uncertainties in model development occur at every stage of model
construction and should be explicitly acknowledged. A commonly
adopted framework in volcanic hazard modelling is to classify these
uncertainties into two broad types: epistemic and aleatoric. Epistemic
uncertainty is often seen as reducible through better data or under-
standing, while aleatoric uncertainty is considered irreducible and
should be managed in a fully structured, probabilistic manner (Marzoc-
chi et al., 2004; Beven et al., 2018; Marzocchi et al., 2021). Some recent
probabilistic hazard modelling approaches explicitly address both types
of uncertainty using doubly stochastic frameworks (e.g., Neri et al.,
2015a; Bevilacqua, 2016), where epistemic and aleatoric uncertainties
are separately characterised and propagated.

However, this distinction has been criticised for oversimplifying the
nature of uncertainty in complex natural systems. In practice, what
is initially characterised as aleatoric may later be better understood
and reclassified as epistemic, highlighting the limitations of a rigid
dichotomy. As discussed by Marzocchi and Jordan (2014), Marzoc-
chi et al. (2021), such classifications are model-dependent, and the
reducibility of uncertainty often reflects the assumptions and scope
of the model itself rather than any intrinsic property of the volcanic
system. They further propose that a more robust framework includes
a third category, ontological error, that accounts for the unknown
unknowns: behaviours of the system that fall entirely outside of the
model’s representational assumptions.

A critical component of model development and evaluation, par-
ticularly in forecasting, is the quantification of uncertainty in both
model structure and input parameters. This is especially important
when forecasts are used to inform emergency management personnel
responsible for interpreting hazard information (Renschler, 2005; Ba-
yarri et al., 2009; Bonadonna et al., 2012; Folch, 2012). Model users,
whether they are scientists, policymakers, or emergency managers,
must be informed about the limitations and assumptions in both the
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model and its input parameters (Sparks et al., 2013). Failing to com-
municate these uncertainties can lead to inappropriate or ineffective
decision-making (Renschler, 2005). For operational users in particular,
understanding the order of magnitude of uncertainty is often more
useful than knowing the precise value of a model output (Gupta et al.,
2008; Crawford et al., 2018).

These uncertainties relate to both the model’s accuracy in repre-
senting physical processes and its ability to forecast. For example,
technical uncertainty (a subset of epistemic uncertainty) includes not
only potential coding errors (Walker et al., 2003), but also unavoidable
approximations and assumed relationships that may not always hold
(e.g., grain size — magma viscosity relationships Costa et al., 2016a).
These uncertainties can be further unpacked by identifying where they
arise within the modelling process. In volcanic hazard modelling, key
sources of uncertainty include:

» Governing equations: physical processes are often represented
using idealised or simplified equations (Section 2), but the ex-
tent to which these fully capture the real behaviour of volcanic
phenomena, especially under varying conditions, is uncertain.
Model resolution (spatial and temporal): models must be dis-
cretised in time and space for computational implementation,
yet coarse resolutions may fail to capture key dynamics, while
fine resolutions are computationally expensive and may still not
guarantee accuracy (Section 2).

Input data: key input parameters may be poorly constrained,
especially for long- and short-term forecasting (Section 3.4). Epis-
temic uncertainty dominates when such input parameters are
based on limited or past observations. Past data is often incom-
plete, as historic eruptions may be unobserved or misclassified
(e.g., Wilson et al., 1995), pre-historic eruptions may not exist in
the geologic record due to deposition and weathering processes
(e.g., Kueppers et al., 2019), and small sized eruptions may be
missed in the geologic record (Mead and Magill, 2014). The
certainty of direct observations can also be affected by many
factors, such as bad weather conditions, low frequency of satel-
lite passages, poor vertical resolution (radar measurements), or
hazardous conditions (e.g., Prejean and Brodsky, 2011; Oddsson
et al., 2012; Diirig et al., 2018; Lube et al., 2020).

Input parameter relationships: there are some key input pa-
rameter relationships, such as the linear relationship between
plume height and total erupted mass/mass eruption rate (Mastin
et al.,, 2009; Aubry et al.,, 2022), that are often incorporated
into volcanic hazard modelling. These types of relationships are
complicated by a variety of real-world factors, including but not
limited to total grain size distribution, wind velocity, the plume
water content, and aggregation (e.g., Degruyter and Bonadonna,
2012; Girault et al., 2014).

Volcano and eruption heterogeneity: volcanic systems are het-
erogeneous, and model assumptions calibrated on one volcano or
eruption may not apply to another volcano or eruption (Cashman
and Biggs, 2014). Site-specific behaviours (e.g., unique conduit
geometries, wind profiles, terrain) introduce both epistemic and
aleatoric uncertainty, challenging generalisation, and transfer-
ability.

Plausible input parameter values: while model developers often
assume that users will input physically realistic values, some lack
internal checks to prevent implausible values. For example, atmo-
spheric dispersion and deposition model Tephra2 allows users to
apply negative plume heights (intentionally or otherwise) without
producing an explicit error. This introduces technical uncertainty
as the model may proceed with invalid assumptions and generate
misleading outputs.
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3.6. Model documentation

A critical aspect of model construction is documentation, which
should be maintained throughout every stage of development. Compre-
hensive documentation provides a clear rationale for model selection,
including the chosen model family (e.g., empirical vs. numerical),
structural features (e.g., governing equations), and input parameter
data sources. This ensures that model assumptions and design choices
are transparent to both current users and future developers.

Volcanic hazard models are typically well-documented, detailing
their utility, assumptions, limitations, and areas for potential improve-
ment (e.g., de’Michieli Vitturi et al., 2010; Mastin et al., 2013; Kelfoun
and Vargas, 2016; Folch et al., 2020). In operational or decision-making
contexts, it helps that users understand model constraints and do not
misinterpret outputs.

The documentation process should continue during model testing
(Section 5). This includes during recording test cases, software version
upgrades, and any model refinements based on performance or expert
review. Thorough documentation also supports the identification of
the provenance of unexpected behaviours or errors, particularly when
models are developed in open-source platforms such as GitHub (https:
//github.com/).

4. Model complexity

Research into model complexity is vast, yet no strict or unified
definitions exist within or across different disciplines (Brooks and To-
bias, 1996; Guthke, 2017; Hoge et al., 2018; Baartman et al., 2020).
Various recurring themes emerge in definitions of complexity, such
as an increased number of mechanisms or processes (e.g., Bal and
Rein, 2013; Larsen et al., 2016; Baatz et al., 2018; Getz et al., 2018),
an increased number of input parameters (e.g., Rickles et al., 2007;
Bal and Rein, 2013), and greater computational or data requirements
(e.g., Zeigler et al., 2019).

In the context of forecasting, especially for volcanic hazards, under-
standing model complexity is crucial. While volcanic systems are in-
herently complex, this does not mean that models used to forecast haz-
ardous behaviour must be equally complex. While it is often assumed
that more complex models produce more accurate forecasts, evidence
from environmental modelling suggests that increased complexity can
reduce accuracy due to higher error and uncertainty (Oreskes et al.,
1994; Snowling and Kramer, 2001; Srikrishnan and Keller, 2021). This
can be partly explained by the bias-variance trade-off, a core issue
in model development. Overly simplistic models are prone to high
bias, defined as the difference between a model’s average prediction
and the true value, while overly complex models are prone to high
variance, which captures the spread of predictions around the true
value (Friedman, 1997).

A recurring challenge in forecasting is balancing model complexity
with the inherent uncertainties in both input parameters and model
processes. Ultimately, the primary outputs required for volcanic hazard
forecasting are spatial extent and hazard intensity (e.g., ash density
at a location, lahar inundation thickness). If both simple and complex
models yield comparable outputs, and unless input parameters are
well constrained (which is next to impossible), increasing complexity
by adding more parameters does not provide a meaningful advan-
tage for forecasting (Scollo et al., 2008a). However, complex models
remain essential in research and hindcasting (Sparks and Aspinall,
2004). Achieving the right balance between simplicity and complexity
is essential in volcanic hazard forecasting; however, this challenge
is not unique to volcanology, as similar issues arise in weather and
climate forecasting (Scher and Messori, 2019), hydrology (Doherty and
Christensen, 2011), and ecology (Evans et al., 2013; Ward et al., 2014).
Ultimately, selecting a model that is both reliable and appropriate for
its intended use requires careful evaluation of complexity in terms of
structure, data requirements, and usability (Hoge et al., 2018).
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The following sections explore how model complexity influences
volcanic hazard modelling, both conceptually and practically, and high-
light the trade-offs between realism, usability, and computational ca-
pacity.

4.1. Volcanic hazard model complexity

A recent study by Malmborg et al. (2024) presents a comprehensive
framework for defining model complexity in ecological models, which
serves as the basis for defining complexity in volcanic hazard mod-
els. Similarly to volcanic systems, ecological systems exhibit inherent
complexity (Levin, 1998; May, 2019; Riva et al., 2023), yet the term
"complex" remains inconsistently used across studies (Malmborg et al.,
2024).

Following Malmborg et al. (2024), model complexity can be defined
into four categories:

Model Class Complexity: The mathematical framework that de-
fines a model’s structure and governs the interaction between its
input parameters and outputs.

Input Parameter Complexity: Compromises of several compo-
nents of complexity, including the number of input parameters in
a model and input parameter—parameter relationships.

Input Data Complexity: Refers to the resolution, variability, and
uncertainty of the data used to populate model input parameters.
This includes how difficult the data are to obtain, process, or
interpret.

Computational Complexity: Includes concepts such as the com-
puting resources required to run a model and the time required
to complete a model simulation.

These categories together form a conceptual framework to facilitate
a systematic assessment of a given model’s outputs and complexities is
applied here to volcanic hazard models (see Fig. 1).

For comparison, various descriptions of complex models found in
volcanic hazard modelling studies are shown in Table 3.

4.2. Model class complexity

Different model classes involve inherent trade-offs between realism,
generality, and precision (Jehn et al., 2019). In volcanic hazard mod-
elling, primary model classes are defined as empirical and numerical
(Section 1.1, Fig. 2).

Empirical models provide a comparatively simpler alternative to
heavily parameterised numerical models. However, empirical models
are not inherently less complex, as they encompass a wide range of
phenomenological modelling techniques and inputs (e.g., volcanic flow
models MrLavaloba, LAHARZ). One of the most well-known empirical
models in volcanic hazard modelling, the Energy Cone, simulates a
flow using only the release height and run-out distance (the Heim
coefficient) (Malin and Sheridan, 1982; Sheridan and Macias, 1995).
In contrast, LAHARZ utilises an empirical relationship between volume
and planimetric area of inundation derived from a scaling analysis of
27 documented lahar paths from nine volcanoes (Schilling, 1998).

Additionally, some modelling approaches blend in elements of both
empirical and numerical models, forming ‘hybrid’ approaches. In vol-
canic hazard modelling, numerical models can be updated or calibrated
using new information derived from empirical models. An example of
this occurs in atmospheric dispersion and deposition model Fall3D,
where the input parameter mass eruption rate (MER) can be deter-
mined through embedded empirical models (e.g., Mastin et al., 2009;
Degruyter and Bonadonna, 2012; Woodhouse et al., 2013).

This demonstrates that complexity is not strictly tied to model
class, as both empirical and numerical models can range from simple
to complex, depending on their formulation, assumptions, and data
requirements.
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Fig. 1. Volcanic hazard model complexity can be decomposed into four primary categories: model class complexity, input parameter complexity, input data
complexity, and computation complexity. Model assumptions influence the four facets of model complexity. Process complexity refers to the complexity of the
volcanic hazard being modelled, which inherently defines and shapes the facets of model complexity.

Table 3

Different indicators of model complexity in volcanic hazard model literature.

What makes models complex? Directly referenced

Indirectly referenced

Number of parameters
Variability each input parameter
introduces

Dimensionality

Run time
Accounting for multiple physical

process
Computational Requirements

Volcanic ballistic projectile model®
Volcanic ballistic projectile model®

Hazard mapping®, General hazard modelling®:¢

Tephra dispersion and deposition models® ",
Lava flow model”, Mass flow model!

Lava flow model", Mass flow model, Hazard
assessment/, General hazard modelling?

Mass flow models’>*™

Hazard mapping”

2 Nunez Corrales and Brenes-André (2023).
b Felpeto et al. (2007).

¢ Sparks and Aspinall (2004).
Douglas (2007).

Scollo et al. (2008a).
Poulidis and Iguchi (2021).
Pardini et al. (2024).

Harris (2013).

Esposti Ongaro et al. (2020).
Marzocchi et al. (2010).
Neri and Macedonio (1996).
Hooper and Mattioli (2001).
m Qgburn and Calder (2017).
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4.3. Input parameter complexity

Model complexity increases as additional parameters are intro-
duced, whether by incorporating more covariates or accounting for
interactions between them (Malmborg et al., 2024). While adding
parameters can enhance model flexibility, it also introduces new chal-
lenges. A higher number of input parameters increases the dimension-
ality of the input space, which can make calibration more difficult
and lead to greater uncertainty if those parameters are poorly con-
strained (Parry, 1996; Sparks and Aspinall, 2004; Felpeto et al., 2007).
Additionally, complex models are generally more prone to overfitting,
especially when data are limited.

Beyond the total number of input parameters, the nature and distri-
bution of these input parameters also influence model complexity. For
example, linear relationships are often easier to generalise and inter-
pret, while non-linear forms (e.g., exponential or quadratic) increase

a model’s sensitivity to input variation, potentially amplifying forecast
error. Similarly, the choice of which input parameters to actively esti-
mate versus those held constant can alter the effective complexity. In
the atmospheric dispersion and deposition model Fall3D, for instance,
users may choose to enable particle aggregation. Doing so introduces
up to seven additional parameters (Folch et al., 2022), expanding the
model structure and increasing its sensitivity to those specific input
parameter values.

4.4. Input data complexity

While input parameter complexity concerns the number and interac-
tions of input parameters within a model, input data complexity relates
to the characteristics of the data used to quantify those parameters —
its resolution, availability, quality, and source. Due to the hazardous
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Fig. 2. Volcanic hazard model ontology. The table at the bottom of the figure shows the relative relevance of different aspects of volcanic hazard models to
three user types: geologists, forecasters, and emergency managers. Relevant = Directly impacts the user’s ability to use, trust, or interpret the model. Somewhat
Relevant = Useful context but not essential for decision-making. Less Relevant = Not typically a focus for this user type.

nature of volcanic eruptions and their products, collecting certain
data can be challenging due to physical limitations or the inherent
complexity of the natural process being measured.

This issue is particularly emphasised in literature on PDCs (Lube
et al., 2020), as PDCs are extremely hazardous, accounting for one-third
of volcanic fatalities and injuries worldwide (Auker et al., 2013). The
limited optical depths of PDCs prevent visual observations from captur-
ing their internal dynamics (Dufek, 2016). Moreover, the intense forces
within these flows can destroy structures and instruments deployed to
study them (Valentine, 1998).

Given these challenges, estimating input parameter data may ne-
cessitate the use of proxies rather than direct measurement. Such
proxies can include post-depositional field-based observation and sed-
imentation techniques (Bonadonna et al., 2015; Brown and Andrews,
2015) and analogue experiments (Holasek et al., 1996; Rowley et al.,
2014; Poppe et al., 2022), or through theoretical modelling (Alatorre-
Ibargiiengoitia et al., 2010; Doronzo et al., 2011; Folch et al., 2016)?.
However, due to the infrequent, complex, and hazardous nature of vol-
canic eruptions, it is challenging to gather high-resolution or repeatable
observations across a wide range of eruption conditions. As a result, the
statistical uncertainty associated with many key input parameters can
be substantial (Parry, 1996).

The spatial and temporal resolution of input parameters also adds
to model complexity by introducing greater heterogeneity in space and

time. Higher resolution data requires more memory, computational
power, and/or storage (see Section 4.5). As a result, processing and
analysing larger volumes of data can take significantly more time.
An example of this is the resolution of meteorological data used in
atmospheric dispersion and deposition modelling. For modelling par-
ticle dispersion and deposition, a larger modelling area and higher
resolution of both the meteorological data and the simulation grid will
increase simulation and processing times (Parra, 2019; Poulidis et al.,
2019; Poulidis and Iguchi, 2021). The same is true for digital elevation
models and their resolution, used in volcanic flow models (Capra et al.,
2011; Marquez et al., 2022).

Using these models for forecasting further increases the complexity
of input data. Whether short- or long-term forecasting, in the absence
of direct observations, the data needed to run these models is usually
based on prior data, including past eruptions (e.g., Mastin et al., 2009;
Aubry et al., 2021; Deligne, 2021) and expert judgement (Folch, 2012;
Engwell et al., 2024). However, historic data is often incomplete, as his-
toric eruptions may be unobserved or misclassified (e.g., Wilson et al.,
1995), pre-historic eruptions may not exist in the geologic record due
to deposition or weathering processes (e.g., Kueppers et al., 2019), and
small sized eruptions may be missed in the geologic record (e.g., Mead
and Magill, 2014; Damaschke et al., 2017). When models require many
input parameters, uncertainty inevitably increases due to the number
of assumptions that must be made about both eruptive behaviour and
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data quality. To account for this uncertainty, input parameters can be
represented as probability distributions rather than single values (prob-
abilistic models, Section 2), and (deterministic) models are run multiple
times using a range of sampled values. This strategy helps capture
the plausible range of outcomes, but also increases the computational
demand (Section 4.5).

4.5. Computational complexity

Computational cost (e.g., run time, memory usage, energy consump-
tion) is a critical factor when evaluating the complexities of different
models. Numerical models, particularly high-dimensional ones, tend
to have higher computational cost (Folch, 2012). Probabilistic hazard
assessments, which rely on volcanic hazard model outputs, typically
require hundreds to several thousands of simulations to capture the full
range of natural variability in input parameters (e.g., n = 1000; Jenkins
et al. (2012), Volentik and Houghton (2015), n = 10000; Clarke
et al. (2020), n = 19200; Jenkins et al. (2015)). While restricting
the input parameter space to representative scenarios can reduce this
burden, such shortcuts risk introducing bias or underestimating uncer-
tainty (Sandri et al., 2016; Selva et al., 2018). Ensemble modelling
approaches help manage this challenge by combining outputs from
multiple models or multiple runs of the same model under different
conditions to better capture uncertainty (e.g., Holland et al., 2020; Plu
et al., 2021; Folch et al., 2022; Hyman et al., 2022).

Model parallelisation is commonly employed to improve computa-
tional efficiency (e.g., Esposti Ongaro et al., 2007; D’Ambrosio et al.,
2013; de la Cruz et al., 2016; Martinez-Septilveda et al., 2024), but
this approach often requires the use of additional libraries (e.g., MPI,
OpenMP), thereby increasing the overall complexity of the model.
Importantly, computational efficiency also informs model selection,
particularly in forecasting contexts. Simpler models, which require
fewer input parameters and lower computational cost, can generate
forecasts more efficiently, making them especially useful for time-
sensitive operational forecasting where decision-makers must rapidly
assess a wide range of hazardous outcomes (Bayarri et al., 2009; Folch,
2012; Dietterich et al., 2017; Ogburn and Calder, 2017).

Another important strategy for reducing computational cost is the
use of statistical emulators, also known as surrogates. These are statisti-
cal models trained to approximate the outputs of more computationally
expensive models (Bayarri et al., 2009, 2015). Once trained, emulators
can generate rapid outputs, dramatically reducing the number of full
model runs needed for probabilistic forecasting (e.g., Monte Carlo
simulations, Rutarindwa et al., 2019; Yang et al., 2020; Mead et al.,
2023).

Ultimately, appropriate model complexity should be determined by
the specific forecasting or decision-making context rather than the level
of detail alone. Overly complex models can become computationally
impractical, and the tendency to equate detail with realism can un-
dermine a model’s usefulness (Salt, 2008). Effective models strike a
balance between bias and variance, realism and interpretability, and
theoretical accuracy and operational practicality. Model complexity is
also inherently shaped by the quality and availability of input data,
limiting the feasibility of high-detail approaches in many real-world
scenarios. Crucially, probabilistic forecasting provides a framework to
incorporate uncertainty regardless of model complexity.

5. Model testing

Model testing assesses the viability of a model for the purpose for
which it was developed. Model testing is composed of model verifi-
cation, validation, calibration, and benchmarking. Model testing is an
integral part of making sure a model is scientifically robust - i.e., re-
producible, replicable, and generalised with clear definitions (Larson,
2005; Bollen et al., 2015). However, the concept of model testing is not
straightforward.
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It has been argued that models cannot truly be verified or validated
in an absolute sense. As Oreskes et al. (1994) states, "models can only
be evaluated in relative terms, and their predictive value is always open
to question". Even when model outputs match observations, this does
not necessarily mean the model structure is correct; it could simply
reflect compensating errors or coincidental agreement. Therefore, the
primary value of models is often considered to be heuristic: they
help improve understanding and support decision making, rather than
offering definitive predictions.

These issues are particularly relevant when evaluating forecasts
produced by probabilistic models or deterministic models applied prob-
abilistically. In theory, probabilistic forecasts could be tested by com-
paring predicted and observed hazard phenomena over many repeated
events. But in volcanology, where eruptions are infrequent and each
event is unique, this is rarely possible. A Bayesian perspective offers
an alternative, framing probabilities as expressions of belief that can
be updated with new data or knowledge. Under this approach, proba-
bilistic forecasts are not validated in the classical sense. Instead, they
are assessed based on how well they incorporate existing knowledge,
characterise uncertainty, and are compared to alternative models or
expert judgement (Rougier and Beven, 2013).

Given these challenges, testing volcanic hazard models should be
viewed as a multi-step, iterative process. Rather than seeking to "prove"
a model is right or wrong, the goal should be to evaluate whether it
is fit for purpose. This also requires transparency about assumptions,
simplifications, and known limitations, and careful attention to how
uncertainty is handled (Section 3.5).

The following subsections provide a practical overview of how
model testing has been applied in volcanic hazard modelling.

5.1. Verification

Model verification is not often explicitly mentioned in volcanic
hazard model literature, indicating that there is an assumption that if a
model is validated, then it is also verified (Esposti Ongaro et al., 2020).
A thorough literature search revealed only five examples of volcanic
hazard models being explicitly verified: atmospheric dispersion and
deposition models Tephra2 (Connor et al., 2011), Ash3D (Schwaiger
et al., 2012), Fall3D (Folch et al.,, 2020; Prata et al., 2021), VBP
model Eject! (Mastin, 2001), and mass flow model IMEX_SfloW2D (de’
Michieli Vitturi et al., 2019). This pattern is not unique to volcanology;
in many scientific modelling domains, verification is often conflated
with validation (Augusiak et al., 2014). While model verification in
volcanology rarely involves direct comparison to analytical solutions
or theoretical benchmarks, because such solutions often do not exist
for complex volcanic processes, verification is still possible by testing
whether the model implementation behaves as intended, given the con-
ceptual model (e.g., conserving mass, producing physically plausible
transport behaviour).

5.2. Validation

Validation exercises for volcanic hazard models are primarily con-
ducted using past eruptions (Table 4) (hindcasting, Section 5.5). Model
validation is a continuous process — as the greater the number and
diversity of validated eruptions, the more probable that the model’s
equations and conceptualisation are not flawed (Oreskes et al., 1994;
Trucano et al., 2006; Esposti Ongaro et al., 2020).

However, it is technically infeasible to validate a model against
future, unknown hazardous events. This is particularly challenging in
long-term forecasting, where the rarity and unpredictability of erup-
tions limit opportunities for model validation (Mason et al., 2004;
Sheldrake et al., 2017). Similar issues have been acknowledged in
other hazard domains, such as earthquake forecasting, where efforts
such as the Regional Earthquake Likelihood Models (RELM) project
— that aims to produce and evaluate models of earthquake potential
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Table 4

Examples of validation cases for different volcanic hazard models.
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Volcanic Hazard Model

Validated Eruption(s)

Reference

Atmospheric Dispersion and Deposition Models

HYSPLIT 2008 Kasatochi

PUFF 1992 Mount Spurr/Crater Peak, 1994 Klyuchevosky volcano, &
1994 Rabaul caldera

HAZMAP 79AD, 1631 & 1994 Vesuvius, 2002-03 Mount Etna

NAME III 2010 Eyjafjallajokull

Tephra2 1992 Cerro Negro

Fall3D 2008 Chaitén, 2010 Eyjafjallajokull, 2011 Puyehue-Cordon Caulle,
& 2019 Raikoke (SO, cloud),

Ash3D 1992 Mount Spurr/Crater Peak

Crawford et al. (2016)
Searcy et al. (1998)

Andronico et al. (2008), Macedonio

et al. (2008)

Grant et al. (2012)

Connor et al. (2011)

Folch et al. (2012), Osores et al. (2013),
Prata et al. (2021)

Schwaiger et al. (2012)

Volcanic Flow Models

Energy Cone (4H/L)
SCIARA

1980 Mount St. Helens
1991 & 2001 Mount Etna

Malin and Sheridan (1982)

Crisci et al. (2004)

Macias et al. (2008)

Dorta et al. (2007), Muiioz-Salinas et al.
(2009)

Harris and Rowland (2001)
Clarke et al. (2002)

Favalli et al. (2005)

Widiwijayanti et al. (2004)

Vicari et al. (2007)

Kelfoun et al. (2009), Kelfoun and
Vargas (2016)

Richardson (2016), Kubanek et al.

FLOW-3D 1982 El Chichon

LaharZ 1998 Sarno, 1997 & 2001 Popocatepetl

FLOWGO 1984 Mauna Loa, 1997 Pu’u 0’6 & 1998 Mount Etna
PDAC 1997 Soufriére Hills

DOWNFLOW 1991-93 & 2001 Mount Etna

Titan2D Soufriere Hills

MAGFLOW 2001 Mount Etna

VolcFlow 2006, 2010 Tungurahua

MOLASSES 2012-13 Kamchatka

MrLavaLoba 2021 Fagradalsfjall

IMEX _SfloW2D
EC_MapProb & Box_MapProb

Synthetic eruption Vesuvius
2008-09 Chaitén

(2015)

Pedersen et al. (2022)

de’ Michieli Vitturi et al. (2019)
Aravena et al. (2020)

Volcanic Ballistic Projectile Models

Eject! 2016-2017 Bogoslof & 2022 Mount Etna Waythomas and Mastin (2020), Costa
et al. (2023)

LPAC 1997 Soufriere Hills de’Michieli Vitturi et al. (2010)

Alatorre-Ibargiiengoitia et al. (2012) 1998 & 2003 Popocatepetl Alatorre-Ibargiiengoitia et al. (2012)

Ballista 2014 Mount Ontake
Great Balls of Fire

1888 - 90 La Fossa (Vulcano Island)

Tsunematsu et al. (2016)
Biass et al. (2016)

for California, USA — have highlighted the difficulty of evaluating
model performance on long timescales due to the scarcity of observed
events (Schorlemmer et al., 2007, 2010).

Furthermore, the various components of volcanic hazard models
(Section 7.1), along with model complexity (Section 4), can be explored
to assess their influence on a model’s ability to produce accurate
forecasts.

5.3. Calibration

Table 5 provides examples of calibration efforts across various
volcanic hazard models. In many volcanic hazard studies, the dis-
tinction between calibration and validation is blurred, and both are
often conducted simultaneously (e.g., Bonadonna et al., 2005; An-
dronico et al.,, 2008; Wantim et al., 2013; Biass et al., 2016). For
instance, input parameters may be adjusted iteratively until model
outputs align with observations - a process that may serve both to
calibrate uncertain model parameters and validate the model. This
process is typically not about making extreme changes, but rather
refining uncertain parameters based on observational constraints or
expert judgement.

In some cases, such as in studies using the atmospheric transport
and deposition model Ash3D, the term “calibration” is rarely used.
Instead, the literature refers to “input parameter adjustment” or sim-
ilar terminology (Mastin et al., 2016). For other models, such as the
atmospheric transport and dispersion model HYSPLIT and VBP model
Eject!, published studies often focus on calibrating observational tools
(e.g., radar, thermal imagery, or camera measurements) while using the
model outputs as a reference or validation target (e.g., Corradini et al.,
2016; Pardini et al., 2020; Costa et al., 2023).

11

5.4. Benchmarking

In tephra modelling, a benchmarking exercise was carried out dur-
ing the 2010 International Association of Volcanology and Chemistry of
the Earth’s Interior (IAVCEI) workshop on Ash Dispersal Forecast and
Civil Aviation (Bonadonna et al., 2011, 2012). 12 atmospheric disper-
sion and deposition models were benchmarked against the Hekla 2000
eruption in Iceland Hoskuldsson et al. (2007). This exercise highlighted
substantial variability in model outputs, primarily due to differences in
model structure and model input parameters and assumptions, but did
not identify a single best-performing model. These findings underscore
that model performance is potentially eruption- or volcano-specific, and
no single model can be universally applied across all scenarios.

For lava flows, Cordonnier et al. (2015) conducted five benchmark-
ing exercises with seven flow models simulating (1) a dam-break flow,
(2) inclined viscous isothermal spreading, (3) axisymmetric cooling and
spreading, (4) a split flow experiment, and (5) a natural case. Dietterich
et al. (2017) expanded this by incorporating additional experimental
data and assessing both accuracy and CPU efficiency. They found
that while most models performed similarly for short-duration, iso-
viscous flows, thermal processes became increasingly important for
longer-lived, cooling-limited lava flows. This suggests that models in-
corporating thermal dynamics may offer improved performance for
simulating longer-duration eruptions and cooling-limited lava flows.

For PDC, Esposti Ongaro et al. (2020) proposed — though did not
implement — a set of experimental configurations to test PDC mod-
els, including: (1) large-scale, dilute, turbulent, polydisperse gravity
current over an incline, (2) large-scale axisymmetric polydisperse grav-
ity current from jet collapse, (3) concentrated, fluidised/non-fluidised
granular current over an incline, (4) turbulent gas-particles flows
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Table 5
Examples of calibration cases for different volcanic hazard models.
Volcanic Hazard Model Eruption Reference
Atmospheric Dispersion and Deposition Models
HYSPLIT N/A N/A
PUFF 2018 & 2019 Sakurajima Tanaka and Iguchi (2019), Tanaka et al. (2020)
HAZMAP 2002-03 Mount Etna Andronico et al. (2008)
NAME III Post 2010 Eyjafjallajokull Beckett et al. (2017)
Tephra2 1315 Kaharoa (Mount Tarawera) & June 1996 Bonadonna et al. (2005)
Mount Ruapehu
Fall3D 2013 Mount Etna, 1980 Mount St. Helens, & 1992 Folch et al. (2010), Prata et al. (2021)
Crater Peak
Ash3D N/A N/A

Volcanic Flow Models

Energy Cone (4H/L)
SCIARA

Tungurahua, Soufriere Hills & Arenal Volcano
2001 & 2006 Mount Etna

Toyos et al. (2007), Aravena et al. (2024)
D’Ambrosio et al. (2005), Spataro et al. (2015)

FLOW-3D N/A N/A

LaharZ Original Calibration of Nine Volcanoes Iverson et al. (1998)

FLOWGO Mount Cameroon Wantim et al. (2013)

PDAC N/A N/A

DOWNFLOW 1977 & 2002 Nyiragonga, Mount Etna, 2014-15 Favalli et al. (2009), Tarquini and Favalli (2011),
Fogo Richter et al. (2016)

Titan2D 2006 Merapi Charbonnier and Gertisser (2012)

MAGFLOW N/A N/A

VolcFlow 2006 Merapi Charbonnier and Gertisser (2012)

MOLASSES N/A N/A

MrLavaLoba N/A N/A

IMEX_SfloW2D
EC_MapProb & Box_MapProb

2022 Mount Etna
2070 cal yr BP El Misti

Zuccarello et al. (2025)
Aravena et al. (2022)

Volcanic Ballistic Projectile Models

Eject! N/A

LPAC N/A
Alatorre-Ibargiiengoitia and 1994 Popocatepetl
Delgado-Granados (2006)

Ballista 2012 Te Maari
Great Balls of Fire (GBF) La Fossa

N/A

N/A

Alatorre-Ibargiiengoitia and Delgado-Granados
(2006)

Fitzgerald et al. (2014)

Biass et al. (2016)

with buoyancy reversal, and (5) interaction of stratified gas—particle
gravity currents with obstacles. In contrast, Gueugneau et al. (2021)
conducted a benchmarking exercise focused on four concentrated PDC
models, with five test scenarios that included flat slopes, bends, slope
breaks, obstacles, and constriction, which highlighted the complexity
of simulating PDC dynamics across varied terrain.

One study used laboratory experiments to evaluate the perfor-
mance of VBP models, comparing analytical and numerical imple-
mentations under simplified conditions (e.g., no topography, consis-
tent initial conditions across simulations) (Bertin, 2017). Although the
authors referred to this as benchmarking, the exercise more closely
resembled a sensitivity analysis, focused on internal comparisons of
model behaviour rather than performance against other VBP models
or real-world data.

Benchmarking is the least frequently conducted type of model test-
ing for volcanic hazard models. However, benchmarking exercises are
rare in volcanic hazard modelling.

5.5. Past event testing (Hindcasting)

Hindcasts, or retrospective forecasts, are constructed after an event
has occurred. The advantage of running a model retrospectively is that
input parameters are better constrained (to the best of the monitoring
data and sampling techniques). Hindcasting is an integral part of model
testing, as it can be used to see whether a model can correctly simulate
a historical event. At all four stages of model testing — verification,
validation, calibration, and benchmarking — hindcasts can, and are,
used to test model accuracy (e.g., Widiwijayanti et al., 2004; Scollo
et al., 2007; Procter et al., 2012; Dietterich et al., 2017). If a model
can accurately simulate a past event, then the model is considered to be
an accurate and credible representation of the phenomenon modelled.
However, this is only the case if the observations used to evaluate the
hindcast were not also used in calibrating the model, as this can lead
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to overfitting (e.g., Schorlemmer et al., 2018). Hindcasting can also be
applied to simulate past behaviours at any volcano for applications such
as reconstructing hazard records (e.g., Johnston et al., 2012; Jenkins
et al., 2020; Tennant et al., 2021) and hazard assessment (e.g., hazard
maps, Bonasia et al., 2011; Michaud-Dubuy et al., 2019).

However, even when using optimal or carefully calibrated input
parameters, different models can produce different results when sim-
ulating the same eruption. Scollo et al. (2008a) ran a comparative
parametric study of different atmospheric dispersion and deposition
models (Fall3D, HAZMAP, and TEPHRA) for two plausible eruption
scenarios from Mt. Etna, similar to the 2002-03 and 1990 eruptions,
and found that there were differences in model outputs between all
three models. The study found that each model responded differently to
changes in key input parameters, such as erupted mass, column height,
column model, bulk granulometry, particle shape, and settling velocity.
These differences highlight how structural and technical variations
between models can influence outcomes, even when input parameters
are held constant or tuned to observed events.

Hindcasting also provides insights into a model’s uncertainty — if a
model output were accurate, there would exist a set of input parameters
that could perfectly reproduce past observations. However, if a model
exhibits large errors in hindcasting, its ability to accurately simulate
future events becomes questionable.

5.6. Near-real-time forecast evaluation

Forecast testing evaluates a model’s performance against future
events and is an important component of model evaluation in domains
with continuous or frequent data streams, such as weather forecasts
(e.g., Thornes and Stephenson, 2001; Gilleland and Roux, 2015), eco-
nomic market forecasting (e.g., Pyo et al., 2017; Iregui et al., 2021),
and electricity price modelling (e.g., Yamin et al., 2004; Weron, 2014).
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In these fields, routine forecasts are continuously updated, tested, and
refined through near-immediate feedback from observations.

In contrast, forecast testing for volcanic hazard models remains
extremely limited due to the infrequent and highly variable nature of
eruptions. Moreover, not all eruptions produce the same hazard types,
as some generate ash clouds but not lava flows, so evaluating a specific
hazard model requires an eruption of the relevant style and magnitude.
This lack of continuous observational feedback impedes systematic
calibration and iterative correction of volcanic hazard models.

Despite these challenges, emerging efforts are attempting to eval-
uate model accuracy for near-real-time forecasts. For example, Folch
et al. (2022) assessed the accuracy of ensemble-based deterministic
and probabilistic simulations in the Fall3D model using post-event
observations of SO, clouds (from the July 2018 Ambae eruption) and
ash clouds and ashfall (from the April 2015 Calbuco eruption). While
conducted retrospectively, this study highlights a promising direction
towards more accurate near-real-time forecasts.

Forecast evaluation is also supported by a broad body of statistical
literature that offers tools for assessing both deterministic and prob-
abilistic forecasts. This includes the use of proper scoring rules, such
as the continuous ranked probability score (CRPS), which evaluate the
calibration and precision of probabilistic forecasts (e.g., Gneiting and
Raftery, 2007; Gneiting, 2011; Gneiting and Katzfuss, 2014). These
methods are widely used in fields such as weather and earthquake
forecasting (e.g., Brehmer et al., 2024), and provide a theoretical
framework for comparing volcanic hazard models against observed
outcomes. While their direct application to volcanic hazard forecasting
is still limited, these approaches offer useful guidance for future efforts
to evaluate model performance, particularly as more observational data
become available.

6. Model selection

In many scientific disciplines, including weather prediction and
earthquake forecasting, the use of multi-model ensembles is becoming
standard practice (e.g., Krishnamurti et al., 2000; Rhoades and Gersten-
berger, 2009; Krishnamurti et al., 2016; Marzocchi et al., 2012; Llenos
and Michael, 2019). These approaches combine outputs from multiple
models to provide a more robust representation of uncertainty, often
outperforming individual models (Herrmann and Marzocchi, 2023).
Ensemble approaches offer a clear advantage in volcanic hazard fore-
casting as well, particularly in capturing uncertainty from the models,
input parameters, and data. However, the strength of an ensemble
depends on the quality and suitability of the individual models it in-
cludes. Poorly chosen or incompatible models can introduce biases and
reduce forecast interpretability. Thus, whether adopting a single model
or ensemble-based approach, selecting appropriate models remains a
foundational step.

Selecting the most appropriate model or set of models for any given
purpose is critical, even though, in theory, running all available models
might yield the most accurate forecast. In practice, however, this is
rarely feasible due to constraints on time, computational resources,
and data availability. Traditional model selection techniques, such as
F-tests, Bayesian model averaging, or Akaike’s Information Criterion,
are valuable tools for evaluating goodness-of-fit in contexts where ob-
served outcomes are known (Ludden et al., 1994; Glatting et al., 2007;
Steel, 2011). However, in forecasting applications, these approaches
are often impractical because the true outcome is not yet available.
Instead, model selection must also consider factors such as opera-
tional constraints and the feasibility of implementation for real-time or
decision-making purposes. While formal validation techniques, such as
comparing model outputs to observed data (Section 5.2), are essential
for assessing model accuracy, they are use- and user-dependent and
may not always be feasible, particularly for forecasting. The next steps
in model selection should involve iterative testing to ensure the chosen
model aligns with the intended application. Ultimately, model selection
is shaped by its broader context — the who, why, when, and where —
each of which influences what model is most suitable:
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» Who is using the model? Scientists and modellers may priori-
tise detailed representations of volcanic phenomena; emergency
managers may require simpler yet accurate outputs for risk com-
munication and decision making; and policy makers may need
technically accurate results that are useable and clear for long-
term planning (Fig. 2) (Doyle et al., 2014; Thompson et al., 2015;
Das et al., 2025). Additionally, some models require specialised
datasets that may only be accessible through government agencies
or research institutions, which are unlikely to be used in practical
decision making (Renschler, 2005). These user needs influence
which models are considered suitable candidates — whether for
individual use or in a broader ensemble forecast.

Why is the model being used? Long-term hazard assessments
or hindcasting allow time for detailed modelling and data collec-
tion, whereas short-term and syn-eruptive forecasting necessitates
models that can run quickly with limited data.

When will the model be used? Similarly to above, short-term
and syn-eruptive forecasting impose constraints on data availabil-
ity, as well as computational efficiency. Conversely, long-term
forecasting and hindcasting allow for more time for data collec-
tion (e.g., historical data on past eruptions) and model testing
(hindcasting past events to refine model accuracy).

Where is the model being applied? The model should be ap-
propriate for both the volcano and the spatial scale of interest.
Model users must define the target volcano, which dictates the
level of knowledge available about its past activity and haz-
ards. The spatial extent over which a user wants to simulate
will also influence model selection. Some atmospheric dispersion
and deposition models are designed for local-scale simulations
(e.g., Tephra2), while others can simulate hazards at regional or
global scales (e.g., Fall3D, Ash3D, HYSPLIT).

These considerations can be synthesised into a broader framework
that links model selection to volcano type and modelling purpose. For
example, Mount Etna (Italy) is a frequently active basaltic system where
key volcanic phenomena include ashfall, lava flows, and VBP (Branca
and Carlo, 2005; Andronico et al., 2021). Mount Etna benefits from
a wealth of observational data for these phenomena (e.g., Barberi
et al., 1993; Behncke et al., 2005; Andronico et al., 2009; Costa et al.,
2023), enabling the use of more complex models with numerous input
parameters. However, because these frequently active systems often
require rapid, short-term forecasts, lower-CPU models that can deliver
more timely outputs are often more practical in operational contexts.

In contrast, Taupo volcano (Aotearoa New Zealand) is a large
rhyolitic caldera system with a history of widespread ashfall and
PDCs (Wilson, 1985; Wilson et al., 2006). Taupo volcano erupts in-
frequently but with high impact, and has no observational eruption
data and high epistemic uncertainty (Barker et al., 2020). In such cases,
models with fewer input parameters may be preferred to minimise user
assumptions, while higher-CPU models that simulate over larger spatial
domains or include more detailed processes are feasible due to the
longer timescales between unrest and eruption (Phillipson et al., 2013;
Sandri et al., 2017).

7. Discussion

This review of computational volcanic hazard models situates vol-
canic hazard modelling within the broader context of environmental
modelling, where challenges such as model complexity, input parame-
ter uncertainty, and model selection are well recognised — particularly
in fields such as hydrology (e.g., Butts et al., 2004; Li et al., 2015;
Guthke, 2017; Paul et al., 2021) and ecology (e.g., Tredennick et al.,
2021; Riva et al., 2023; Malmborg et al., 2024;?). Like these disciplines,
volcanic hazard modelling often requires balancing physical realism
with computational resources and limited data. To help address these
challenges, this review introduces a volcanic hazard model ontology
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that captures key components of model structure, function, and ap-
plication. This ontology is described in detail below (Section 7.1).
This review also supports the application and future development of
volcanic hazard models for a diverse set of end-users, across forecasting
timescales — long-term, short-term and near-real-time.

7.1. Volcanic hazard model ontology

In the context of volcanic hazard modelling, ontologies enable
consistency in model descriptors, which is essential for transparent
comparison and evaluation of different models, as well as improv-
ing interpretability, comprehension, and ultimately, trust in modelling
outcomes (Broniatowski, 2021). In other environmental disciplines,
this is accomplished through model ontologies. These often consist
of terminologies (nodes) connected through a semantic network (via
relationship links). Top-level nodes represent fundamental processes
and assumptions in the domain, while sub-level nodes capture more
specialised entities and terms (Myer, 2018). Example model ontologies
exist for systems biology (Lambrix, 2004), medicine (Haendel et al.,
2018; Ong et al., 2020), tsunami research (Ramar and Mirnalinee,
2012; Babic et al., 2022), and landslide susceptibility (Jackson et al.,
2008; Jung and Chung, 2015).

In volcanology, ontologies have been used to describe geologic fea-
tures and processes (e.g., Mcguinness et al., 2006; Pulido et al., 2009;
Fauziati and Watannabe, 2010; Myer, 2018), but existing frameworks
do not yet incorporate components related to volcanic hazard models.

We present here a volcanic hazard model ontology (Fig. 2) that
connects volcanic processes with modelling components, to facilitate
effective model comparison and meaningful knowledge sharing.

This ontology was produced by systematically identifying and doc-
umenting key features across multiple volcanic hazard models and
incorporates the key features from Sections Section 2,3,5. An example
of how different model users may engage with this ontology is illus-
trated in the table within Fig. 2, which outlines the relative relevance
of key model components, such as conceptual models, model type
(i.e., empirical or numerical), model approach (i.e., deterministic or
probabilistic), input parameter data, and model outputs, for geologists,
forecasters/modellers, and emergency managers.

An example of model representation with this ontology is an atmo-
spheric dispersal and deposition model, Tephra2, and a flow model,
LAHARZ (Fig. 3). Tephra2 is a deterministic, Eulerian, two-dimensional
model that employs numerical methods. The model requires tuning
parameters, such as the number of column integration steps (i.e., the
number of levels in the eruption plume) (Connor et al., 2008) - and
physical data, such as ESPs (e.g., plume height, total grain size dis-
tribution, and particle density). These input parameters can inform
the conceptual model, while the conceptual model, in turn, guides
parameter selection. As discussed in Section 5, the Tephra2 conceptual
and computational models have undergone verification and valida-
tion, while their input parameters and outputs have been calibrated
(e.g., Table 4, 1992 Cerro Negro, Nicaragua; Connor et al., 2011) and
benchmarked (e.g., 2000 Hekla, Iceland; Hoskuldsson et al., 2007).

In comparison, LAHARZ is a probabilistic, Eulerian,
dimensional model that employs an empirical relationship. The model
primarily requires physical data, including a digital elevation model,
flow volume, and channel geometry (i.e., height and length). The
LAHARZ conceptual and computational models have also undergone
verification and validation, and their input parameters have been
calibrated (Iverson et al., 1998; Oramas-Dorta et al., 2012). How-
ever, unlike Tephra2, LAHARZ has not been subject to benchmarking
exercises.

one-
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7.2. Limitations

One key gap is the lack of benchmarking studies for volcanic hazard
models. Among the different types of model evaluation identified in this
review, benchmarking was the least frequently documented. Despite
an exhaustive literature review, few studies directly compare model
outputs under standardised conditions. Notably, there have been no
benchmarking exercises for volcanic ballistic projectile models. Another
limitation found in the literature is that some models have not been
explicitly calibrated against observational data, making their reliability
in forecasting contexts uncertain. For forecasting applications, partic-
ularly those involving atmospheric dispersion and tephra deposition,
more benchmarking efforts are essential. This is because both eruptive
and atmospheric conditions exhibit far greater variability than the
relatively static terrain parameters involved in volcanic flow modelling.

In addressing model uncertainty, a proposed approach in fore-
casting is to constrain input parameter values using databases of
ESPs from past eruptions (e.g., Mastin et al., 2009; Aubry et al.,
2021; Deligne, 2021; Ogburn, 2025; Paine and Wadsworth, 2025).
This method has been primarily applied in tephra dispersal and de-
position modelling (e.g., Bonadonna et al., 2011, 2013). However,
there are currently no open-source databases specifically designed for
VBP, although initiatives such as the LaMEVE database have aimed
to provide global eruption records that could support their future
development (e.g., Crosweller et al., 2012). In theory, such databases
could enhance forecast accuracy by offering historically informed input
parameter estimates. However, it remains unclear whether this strategy
meaningfully improves predictive capability, as volcanic eruptions are
highly variable and may deviate significantly from a volcano’s past
behaviour (Whitehead and Bebbington, 2021). Testing is needed to
evaluate whether database-informed input parameters actually improve
forecasting accuracy.

Given these limitations and uncertainties, sensitivity analysis plays
a crucial role in model selection and refinement. Sensitivity studies help
identify which input parameters most influence model output variance,
enabling users to focus efforts on characterising the most impactful
sources of uncertainty (e.g., Stevens et al., 2003; Scollo et al., 2008b;
Bilotta et al., 2012; Devenish et al., 2012; Osman et al., 2020; Scott
et al., 2025). This information is particularly valuable in operational
settings, where reducing the dimensionality of input parameter space
without sacrificing accuracy can make probabilistic forecasting more
computationally feasible and actionable.

8. Conclusion

By evaluating model construction principles and synthesising in-
sights from existing model approaches, this research contributes to a
more systematic and transparent approach to volcanic hazard mod-
elling. This research explores the classification, development, testing,
and complexity of volcanic hazard models, with a particular focus
on their application in forecasting. It highlights the need to balance
model complexity, computational efficiency, and accuracy while ac-
knowledging the uncertainties inherent in both input parameters and
model processes. Model construction and selection must consider not
only data availability but also the intended application, whether for
syn-eruptive forecasting or long-term hazard assessments.

This manuscript adopts a qualitative lens to discuss model com-
plexity, reflecting the diverse ways complexity manifests in volcanic
hazard models. While many quantitative metrics exist, such as spatio-
temporal resolution, model dimensionality, and the number of input
parameters, none fully capture the multifaceted nature of complexity.
Future research should explore integrating these quantitative measures
with qualitative insights to develop more comprehensive complexity
assessments.

A key finding is the importance of models that are detailed enough
to provide meaningful simulations yet simple enough to minimise error.



E. Scott et al.

Verification
1D Tested by
“ Validation
3D
4D

Ope.rates Empirical Data
" Bifbaal
Numerical on
Methods

Probabilistic Can be

Directional Relationshi
- 5 irectional Relationship LAHARZ

I
[ ]

Key +——» Mutual Relationship

Directional Relationship
(Model Testing Specific)

Tephra2

Computers and Geosciences 207 (2026) 106070

Expert Opinion

Volcanic

Phenomena

Characterised By

Geologic/Historic

Such as

Physical Data

Observed as

Conceptual
Model

Informs
Informs

Such as

Volcanic Hazard Requires

Input Parameter Data

Model

Informs

Such as
Simulate to Obtain

v Depends on Model Tuning
Model Output Parameters
Eruption
]
‘s —
Used for During Unrest
I
«—
Quiescence
Tested by
Benchmarking Calibration

Fig. 3. Volcanic hazard model ontology with two volcanic hazard model examples — Tephra2 (highlighted yellow) and LAHARZ (red).

The structured framework for model selection proposed in this research
enables an objective selection method, based on the suitability of
volcanic hazard models for different objectives.

This review is limited to forward modelling. Other approaches,
including inverse modelling and model falsification, fall outside the
scope of this work. However, they offer valuable methods for improving
model development and testing, and should be explored in future
studies (e.g., Bevilacqua et al., 2019).

CRediT authorship contribution statement

Emmy Scott: Writing — original draft, Investigation, Conceptualiza-
tion. Melody Whitehead: Writing — review & editing, Conceptualiza-
tion. Jonathan Procter: Writing — review & editing, Conceptualization.
Computer code availability

No software/code was developed or used in this paper.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Acknowledgements

This work was supported by the Resilience to Nature’s Challenges
(RNC) Volcano Program, grant GNS-RNC047, and the Dr Eileen Fair
Doctoral Scholarship in Earth Science. The authors would also like
to thank the two anonymous reviewers for their insightful comments,
which helped strengthen the manuscript substantially.

Data availability

No data was used for the research described in the article.

15

References

Alatorre-Ibargiiengoitia, M.A., Delgado-Granados, H., 2006. Experimental determination
of drag coefficient for volcanic materials: Calibration and application of a model
to Popocatépetl volcano (Mexico) ballistic projectiles. Geophys. Res. Lett. 33 (11).

Alatorre-Ibargiiengoitia, M.A., Delgado-Granados, H., Dingwell, D.B., 2012. Hazard map
for volcanic ballistic impacts at Popocatépetl volcano (Mexico). Bull. Volcanol. 74
(9), 2155-2169.

Alatorre-Ibargiiengoitia, M.A., Scheu, B., Dingwell, D.B., Delgado-Granados, H., Tad-
deucci, J., 2010. Energy consumption by magmatic fragmentation and pyroclast
ejection during Vulcanian eruptions. Earth Planet. Sci. Lett. 291 (1-4), 60-69.

Anderson, M.P., Woessner, W.W., Hunt, R.J., 2015. Applied Groundwater Modeling:
Simulation of Flow and Advective Transport. Academic Press.

Andronico, D., Cannata, A., Di Grazia, G., Ferrari, F., 2021. The 1986-2021 paroxysmal
episodes at the summit craters of Mt. Etna: Insights into volcano dynamics and
hazard. Earth-Sci. Rev. 220, 103686.

Andronico, D., Scollo, S., Caruso, S., Cristaldi, A., 2008. The 2002-03 Etna explosive
activity: Tephra dispersal and features of the deposits. J. Geophys. Res.: Solid Earth
113 (B4).

Andronico, D., Scollo, S., Cristaldi, A., Ferrari, F., 2009. Monitoring ash emission
episodes at Mt. Etna: The 16 November 2006 case study. J. Volcanol. Geotherm.
Res. 180 (2), 123-134.

Aravena, A., Bevilacqua, A., de’ Michieli Vitturi, M., Esposti Ongaro, T., Neri, A.,
Cioni, R., 2022. Calibration strategies of PDC kinetic energy models and their
application to the construction of hazard maps. Bull. Volcanol. 84 (3), 29.

Aravena, A., Cioni, R., Bevilacqua, A., de’ Michieli Vitturi, M., Esposti Ongaro, T.,
Neri, A., 2020. Tree-branching-based enhancement of kinetic energy models for
reproducing channelization processes of pyroclastic density currents. J. Geophys.
Res.: Solid Earth 125 (7), e2019JB019271.

Aravena, A., Tadini, A., Bevilacqua, A., Samaniego, P., Bernard, B., Hidalgo, S.,
Le Pennec, J.-L., Martinez-Yanez, P., Garcia, J., Roche, O., 2024. Probabilistic,
scenario-based hazard assessment for pyroclastic density currents at Tungurahua
volcano, Ecuador. Bull. Volcanol. 86 (10), 84.

Armienti, P., Pareschi, M.T., 1987. Automatic reconstruction of surge deposit thick-
nesses. Applications to some Italian volcanoes. J. Volcanol. Geotherm. Res. 31 (3),
313-320.

Aubry, T., Engwell, S., Bonadonna, C., Carazzo, G., Scollo, S., Van Eaton, A.R.,
Taylor, L.A., Jessop, D., Eychenne, J., Gouhier, M., Mastin, L.G., Wallace, K.L.,
Biass, S., Bursik, M., Grainger, R.G., Jellinek, A.M., Schmidt, A., 2021. The
Independent Volcanic Eruption Source Parameter Archive (IVESPA, version 1.0): A
new observational database to support explosive eruptive column model validation
and development. J. Volcanol. Geotherm. Res. 417, 107295.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb1
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb1
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb1
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb1
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb1
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb2
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb2
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb2
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb2
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb2
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb3
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb3
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb3
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb3
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb3
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb4
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb4
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb4
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb5
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb5
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb5
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb5
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb5
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb6
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb6
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb6
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb6
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb6
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb7
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb7
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb7
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb7
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb7
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb8
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb8
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb8
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb8
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb8
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb9
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb10
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb11
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb11
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb11
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb11
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb11
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb12

E. Scott et al.

Aubry, T., Engwell, S., Bonadonna, C., Mastin, L., Carazzo, G., Van Eaton, A., Jessop, D.,
Grainger, R., Scollo, S., Taylor, I, Jellinek, M., Schmidt, A., Biass, S., Gouhier, M.,
2022. New insights into the relationship between mass eruption rate and volcanic
column height based on the IVESPA dataset. Geophys. Res. Lett.

Augusiak, J., Van den Brink, P.J., Grimm, V., 2014. Merging validation and evaluation
of ecological models to ‘evaludation” A review of terminology and a practical
approach. Ecol. Model. 280, 117-128.

Auker, M.R., Sparks, R.S.J., Siebert, L., Crosweller, H.S., Ewert, J., 2013. A statistical
analysis of the global historical volcanic fatalities record. J. Appl. Volcanol. 2 (1),
2.

Baartman, J.E.M., Melsen, L.A., Moore, D., van der Ploeg, M.J., 2020. On the complexity
of model complexity: Viewpoints across the geosciences. CATENA 186, 104261.

Baatz, R., Sullivan, P.L., Li, L., Weintraub, S.R., Loescher, H.W., Mirtl, M., Groff-
man, P.M., Wall, D.H., Young, M., White, T., 2018. Steering operational synergies in
terrestrial observation networks: Opportunity for advancing Earth system dynamics
modelling. Earth Syst. Dyn. 9 (2), 593-609.

Babi¢, F., Bure§, V., Cech, P., Husikovd, M., Mikulecky, P., Mls, K., Nachazel, T.,
Ponce, D., Stekerova, K., Triantafyllou, I., Tu¢nik, P., Zanker, M., 2022. Review of
tools for semantics extraction: Application in Tsunami research domain. Information
13 (D).

Bal, N., Rein, G., 2013. Relevant model complexity for non-charring polymer pyrolysis.
Fire Saf. J. 61, 36-44.

Banks, J., 1999. Introduction to simulation. In: Proceedings of the 31st Conference on
Winter Simulation: Simulation—A Bridge to the Future-Volume 1. pp. 7-13.

Barberi, F., Carapezza, M.L., Valenza, M., Villari, L., 1993. The control of lava flow
during the 1991-1992 eruption of Mt. Etna. J. Volcanol. Geotherm. Res. 56 (1),
1-34.

Barclay, J., Haynes, K., Mitchell, T., Solana, M., Teeuw, R., Harwood, A., Cross-
weller, H., Cole, P., Pyle, D., Lowe, C., Fearnley, C., Kelman, I., 2008. Framing
volcanic risk communication within disaster risk reduction: Finding ways for the
social and physical sciences to work together. In: Geological Society, London,
Special Publications, vol. 305, pp. 165-177.

Barker, S.J., Wilson, C.J.N., Illsley-Kemp, F., Leonard, G.S., Mestel, E.R.H., Maurio-
hooho, K., Charlier, B.L.A., 2020. Taupd: an overview of New Zealand’s youngest
supervolcano. N. Z. J. Geol. Geophys. 1-27.

Barsotti, S., Di Rienzo, D.I., Thordarson, T., Bjornsson, B.B., Karlsdéttir, S., 2018.
Assessing impact to infrastructures due to tephra fallout from Orefajokull Volcano
(Iceland) by using a scenario-based approach and a numerical model. Front. Earth
Sci. 6.

Bayarri, M.J., Berger, J.O., Calder, E.S., Dalbey, K., Lunagomez, S., Patra, AK.,
Pitman, E.B., Spiller, E.T., Wolpert, R.L., 2009. Using statistical and computer
models to quantify volcanic hazards. Technometrics 51 (4), 402-413.

Bayarri, M.J., Berger, J.O., Calder, E.S., Patra, A., Pitman, B.E., Spiller, E.T.,
Wolpert, R.L., 2015. Probabilistic quantification of hazards: a methodology using
small ensembles of physics-based simulations and statistical surrogates. Int. J.
Uncertain. Quantif. 5 (4), 297-325.

Bebbington, M.S., 2009. Volcanic eruptions: Stochastic models of occurrence patterns.
In: Meyers, R.A. (Ed.), Encyclopedia of Complexity and Systems Science. Springer
New York, New York, NY, pp. 1-58.

Bebbington, M.S., Jenkins, S.F., 2019. Intra-eruption forecasting. Bull. Volcanol. 81 (6),
34.

Beckett, F., Kylling, A., Sigurdardéttir, G., von Lowis, S., Witham, C., 2017. Quantifying
the mass loading of particles in an ash cloud remobilized from tephra deposits on
Iceland. Atmospheric Chem. Phys. 17 (7), 4401-4418.

Behncke, B., Neri, M., Nagay, A., 2005. Lava flow hazard at Mount Etna (Italy): New
data from a GIS-based study. In: Manga, M., Ventura, G. (Eds.), Kinematics and
Dynamics of Lava Flows. Geological Society of America.

Bernard, J., Kelfoun, K., Le Pennec, J.-L., Vallejo Vargas, S., 2014. Pyroclastic flow
erosion and bulking processes: comparing field-based vs. modeling results at
Tungurahua volcano, Ecuador. Bull. Volcanol. 76 (9), 858.

Bernard, B., Tadini, A., Samaniego, P., Bevilacqua, A., Vasconez, F.J., Aravena, A.,
de’ Michieli Vitturi, M., Hidalgo, S., 2024. Developing hazard scenarios from
monitoring data, historical chronicles, and expert elicitation: a case study of Sangay
volcano, Ecuador. Bull. Volcanol. 86 (8), 68.

Bertin, D., 2017. 3-D ballistic transport of ellipsoidal volcanic projectiles considering
horizontal wind field and variable shape-dependent drag coefficients. J. Geophys.
Res.: Solid Earth 122 (2), 1126-1151.

Beven, K.J., Almeida, S., Aspinall, W.P., Bates, P.D., Blazkova, S., Borgomeo, E.,
Freer, J., Goda, K., Hall, J.W., Phillips, J.C., 2018. Epistemic uncertainties and
natural hazard risk assessment—Part 1: A review of different natural hazard areas.
Nat. Hazards Earth Syst. Sci. 18 (10), 2741-2768.

Bevilacqua, A., 2016. Pyroclastic density current invasion maps. In: Bevilacqua, A. (Ed.),
Doubly Stochastic Models for Volcanic Hazard Assessment at Campi Flegrei Caldera.
Scuola Normale Superiore, Pisa, pp. 61-94.

Bevilacqua, A., Patra, A.K., Bursik, M.I, Pitman, E.B., Macias, J.L., Saucedo, R.,
Hyman, D., 2019. Probabilistic forecasting of plausible debris flows from Nevado de
Colima (Mexico) using data from the Atenquique debris flow, 1955. Nat. Hazards
Earth Syst. Sci. 19 (4), 791-820.

16

Computers and Geosciences 207 (2026) 106070

Biass, S., Falcone, J.-L., Bonadonna, C., Di Traglia, F., Pistolesi, M., Rosi, M.,
Lestuzzi, P., 2016. Great Balls of Fire: A probabilistic approach to quantify the
hazard related to ballistics — A case study at La Fossa volcano, Vulcano Island,
Italy. J. Volcanol. Geotherm. Res. 325, 1-14.

Bilotta, G., Cappello, A., Hérault, A., Vicari, A., Russo, G., Del Negro, C., 2012.
Sensitivity analysis of the MAGFLOW Cellular Automaton model for lava flow
simulation. Environ. Model. Softw. 35, 122-131.

Blackburn, E.A., Wilson, L., Sparks, R.S.J., 1976. Mechanisms and dynamics of
strombolian activity. J. Geol. Soc. 132 (4), 429-440.

Bollen, K., Cacioppo, J.T., Kaplan, R.M., Krosnick, J.A., Olds, J.L., 2015. Social,
Behavioral, and Economic Sciences Perspectives on Robust and Reliable Science.
Technical Report.

Bonadonna, C., Connor, C.B., Houghton, B.F., Connor, L., Byrne, M., Laing, A.,
Hincks, T.K., 2005. Probabilistic modeling of tephra dispersal: Hazard assessment
of a multiphase rhyolitic eruption at Tarawera, New Zealand. J. Geophys. Res. 110
(B3).

Bonadonna, C., Costa, A., 2012. Estimating the volume of tephra deposits: a new simple
strategy. Geology 40 (5), 415-418.

Bonadonna, C., Costa, A., 2013. Modeling tephra sedimentation from volcanic plumes.
Model. Volcan. Process. 173-202.

Bonadonna, C., Costa, A., Folch, A., Koyaguchi, T., 2015. Tephra dispersal and
sedimentation. In: The Encyclopedia of Volcanoes, second ed. Elsevier Inc, pp.
587-597.

Bonadonna, C., Folch, A., Loughlin, S., Puempel, H., 2011. Ash dispersal forecast and
civil aviation workshop - Model benchmark document.

Bonadonna, C., Folch, A., Loughlin, S., Puempel, H., 2012. Future developments in
modelling and monitoring of volcanic ash clouds: outcomes from the first IAVCEI-
WMO workshop on Ash Dispersal Forecast and Civil Aviation . Bull. Volcanol. 74
(1), 1-10.

Bonadonna, C., Webley, P., Hort, M., Folch, A., Loughlin, S., Puempel, H., 2013. 2nd
IUGG-WMO workshop on Ash Dispersal Forecast and Civil Aviation - Consensual
Document. Technical Report.

Bonasia, R., Capra, L., Costa, A., Macedonio, G., Saucedo, R., 2011. Tephra fallout
hazard assessment for a Plinian eruption scenario at Volcdn de Colima (Mexico).
J. Volcanol. Geotherm. Res. 203 (1), 12-22.

Bosa, A.R., Bejar, G., Waite, G.P.,, Mock, J.C., Pineda, A., Anderson, J.F., 2024.
Dynamics of rain-triggered lahars and destructive power inferred from seismo-
acoustic arrays and time-lapse camera correlation at Volcan de Fuego, Guatemala.
Nat. Hazards.

Bosa, A., Johnson, J.B., De Angelis, S., Lyons, J., Roca, A., Anderson, J., Pineda, A.,
2021. Tracking secondary lahar flow paths and characterizing pulses and surges
using infrasound array networks at Volcan de Fuego, Guatemala. Volcanica 4 (2),
239-256.

Branca, S., Carlo, P.D., 2005. Types of eruptions of Etna volcano AD 1670-2003:
implications for short-term eruptive behaviour. Bull. Volcanol. 67 (8), 732-742.

Branney, M.J., Kokelaar, B.P., 1992. A reappraisal of ignimbrite emplacement: pro-
gressive aggradation and changes from particulate to non-particulate flow during
emplacement of high-grade ignimbrite. Bull. Volcanol. 54, 504-520.

Branney, M.J., Kokelaar, B.P., 2002. Pyroclastic Density Currents and the Sedimentation
of Ignimbrites. Geological Society of London.

Brehmer, J.R., Kraus, K., Gneiting, T., Herrmann, M., Marzocchi, W., 2024. Enhancing
the statistical evaluation of earthquake forecasts—An application to Italy. Seismol.
Res. Lett. 96 (3), 1966-1988.

Broniatowski, D.A., 2021. Psychological Foundations of Explainability and Interpretabil-
ity in Artificial Intelligence. Technical Report, National Institute of Standards and
Technology, Gaithersburg, MD.

Brooks, R.J., Tobias, A.M., 1996. Choosing the best model: Level of detail, complexity,
and model performance. Math. Comput. Modelling 24 (4), 1-14.

Brown, R.J., Andrews, G.D.M., 2015. Deposits of pyroclastic density currents. In:
Sigurdsson, H. (Ed.), The Encyclopedia of Volcanoes, second ed. Elsevier, pp.
631-648.

Brown, S.K., Jenkins, S.F., Sparks, R.S.J., Odbert, H., Auker, M.R., 2017. Volcanic fa-
talities database: analysis of volcanic threat with distance and victim classification.
J. Appl. Volcanol. 6 (1), 15.

Burgisser, A., Bergantz, G.W., 2002. Reconciling pyroclastic flow and surge: the
multiphase physics of pyroclastic density currents. Earth Planet. Sci. Lett. 202 (2),
405-418.

Bursik, M., 2001. Effect of wind on the rise height of volcanic plumes. Geophys. Res.
Lett. 28 (18), 3621-3624.

Butts, M.B., Payne, J.T., Kristensen, M., Madsen, H., 2004. An evaluation of the
impact of model structure on hydrological modelling uncertainty for streamflow
simulation. J. Hydrol. 298 (1), 242-266.

Cao, Z., Bursik, M., Yang, Q., Patra, A., 2021. Simulating the transport and dispersal
of volcanic ash clouds with initial conditions created by a 3D plume model. Front.
Earth Sci. 9.

Capponi, A., Taddeucci, J., Scarlato, P., Palladino, D.M., 2016. Recycled ejecta
modulating Strombolian explosions. Bull. Volcanol. 78, 1-13.

Capra, L., Manea, V.C., Manea, M., Norini, G., 2011. The importance of digital elevation
model resolution on granular flow simulations: a test case for Colima volcano using
TITAN2D computational routine. Nat. Hazards 59 (2), 665-680.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb13
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb14
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb14
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb14
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb14
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb14
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb15
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb15
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb15
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb15
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb15
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb16
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb16
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb16
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb17
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb18
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb19
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb19
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb19
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb20
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb20
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb20
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb21
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb21
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb21
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb21
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb21
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb22
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb23
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb23
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb23
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb23
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb23
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb24
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb25
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb25
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb25
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb25
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb25
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb26
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb27
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb27
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb27
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb27
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb27
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb28
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb28
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb28
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb29
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb29
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb29
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb29
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb29
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb30
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb30
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb30
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb30
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb30
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb31
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb31
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb31
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb31
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb31
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb32
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb33
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb33
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb33
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb33
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb33
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb34
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb35
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb35
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb35
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb35
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb35
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb36
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb37
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb38
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb38
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb38
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb38
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb38
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb39
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb39
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb39
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb40
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb40
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb40
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb40
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb40
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb41
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb42
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb42
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb42
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb43
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb43
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb43
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb44
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb44
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb44
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb44
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb44
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb45
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb45
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb45
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb46
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb47
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb47
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb47
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb47
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb47
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb48
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb48
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb48
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb48
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb48
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb49
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb50
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb51
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb51
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb51
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb52
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb52
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb52
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb52
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb52
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb53
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb53
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb53
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb54
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb54
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb54
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb54
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb54
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb55
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb55
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb55
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb55
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb55
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb56
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb56
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb56
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb57
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb57
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb57
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb57
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb57
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb58
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb58
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb58
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb58
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb58
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb59
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb59
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb59
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb59
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb59
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb60
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb60
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb60
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb61
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb61
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb61
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb61
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb61
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb62
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb62
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb62
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb62
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb62
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb63
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb63
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb63
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb64
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb64
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb64
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb64
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb64

E. Scott et al.

Cashman, K., Biggs, J., 2014. Common processes at unique volcanoes—A volcanological
conundrum. Front. Earth Sci. 2.

Cerminara, M., Esposti Ongaro, T., Berselli, L.C., 2016. ASHEE-1.0: a compressible,
equilibrium-Eulerian model for volcanic ash plumes. In: Geoscientific Model
Development, vol. 9, (no. 2), Copernicus GmbH, Katlenburg-Lindau, pp. 697-730.

Charbonnier, S.J., Gertisser, R., 2012. Evaluation of geophysical mass flow models
using the 2006 block-and-ash flows of Merapi Volcano, Java, Indonesia: Towards a
short-term hazard assessment tool. J. Volcanol. Geotherm. Res. 231-232, 87-108.

Chevrel, M.O., Harris, A.J.L., James, M.R., Calabro, L., Gurioli, L., Pinkerton, H., 2018.
The viscosity of pahoehoe lava: In situ syn-eruptive measurements from Kilauea,
Hawaii. Earth Planet. Sci. Lett. 493, 161-171.

Chevrel, M.O., Pinkerton, H., Harris, A.J.L., 2019. Measuring the viscosity of lava in
the field: A review. Earth-Sci. Rev. 196, 102852.

Chouet, B., Hamisevicz, N., McGetchin, T.R., 1974. Photoballistics of volcanic jet
activity at Stromboli, Italy. J. Geophys. Res. 79 (32), 4961-4976.

Clark, M.P., Kavetski, D., 2010. Ancient numerical daemons of conceptual hydrological
modeling: 1. Fidelity and efficiency of time stepping schemes. Water Resour. Res.
46 (10).

Clarke, B.A., Tierz, P., Calder, E.S., Yirgu, G., 2020. Probabilistic volcanic hazard
assessment for pyroclastic density currents from pumice cone eruptions at Aluto
Volcano, Ethiopia. Front. Earth Sci. 8.

Clarke, A.B., Voight, B., Neri, A., Macedonio, G., 2002. Transient dynamics of vulcanian
explosions and column collapse. Nature 415 (6874), 897-901.

Connor, L.J., Connor, C.B., Bonadonna, C., 2008. Forecasting tephra dispersion using
TEPHRA2.

Connor, L.J., Connor, C.B., Saballos, A., 2011. Tephra2 Users Manual, vol. 24,
University of South Florida, Tampa, FL, p. 2017, Accessed Sept.

Cordonnier, B., Lev, E., Garel, F., 2015. Bechmarking lava-flow models. Geol. Soc. Lond.
Spec. Publ. 426.

Corradini, S., Montopoli, M., Guerrieri, L., Ricci, M., Scollo, S., Merucci, L.,
Marzano, F.S., Pugnaghi, S., Prestifilippo, M., Ventress, L.J., 2016. A multi-sensor
approach for volcanic ash cloud retrieval and eruption characterization: The 23
November 2013 Etna lava fountain. Remote. Sens. 8 (1), 58.

Nuiiez Corrales, S., Brenes-André, J., 2023. BALISTICA: A software suite for ballistic
motion with applications to geophysics research and education. Softw. Impacts 16,
100488.

Costa, A., Macedonio, G., 2005. Computational modeling of lava flows: A review. Spec.
Papers-Geological Soc. Am. 396, 209.

Costa, G., Mereu, L., Prestifilippo, M., Scollo, S., Viccaro, M., 2023. Modeling the
trajectories of ballistics in the summit area of Mt. Etna (Italy) during the 2020-2022
sequence of lava fountains. Geosciences 13 (5), 145.

Costa, A., Pioli, L., Bonadonna, C., 2016a. Assessing tephra total grain-size distribution:
Insights from field data analysis. Earth Planet. Sci. Lett. 443, 90-107.

Costa, A., Suzuki, Y.J., Cerminara, M., Devenish, B.J., Ongaro, T.E., Herzog, M.,
Van Eaton, A.R., Denby, L.C., Bursik, M., de’ Michieli Vitturi, M., Engwell, S.,
Neri, A., Barsotti, S., Folch, A., Macedonio, G., Girault, F., Carazzo, G., Tait, S.,
Kaminski, E., Mastin, L.G., Woodhouse, M.J., Phillips, J.C., Hogg, A.J., De-
gruyter, W., Bonadonna, C., 2016b. Results of the eruptive column model
inter-comparison study. J. Volcanol. Geotherm. Res. 326, 2-25.

Crawford, M.H., Crowley, K., Potter, S.H., Saunders, W.S.A., Johnston, D.M., 2018. Risk
modelling as a tool to support natural hazard risk management in New Zealand
local government. Int. J. Disaster Risk Reduct. 28, 610-619.

Crawford, A.M., Stunder, B.J.B., Ngan, F., Pavolonis, M.J., 2016. Initializing HYSPLIT
with satellite observations of volcanic ash: A case study of the 2008 Kasatochi
eruption. J. Geophys. Res.: Atmospheres 121 (18), 710-786.

Crisci, G.M., Gregorio, D., Pindaro, O., Ranieri, G.A., 1986. Lava flow simulation Bv
a discrete cellular model: First implementation. Int. J. Modelling Simul. 6 (4),
137-140.

Crisci, G.M., Rongo, R., Di Gregorio, S., Spataro, W., 2004. The simulation model
SCIARA: the 1991 and 2001 lava flows at Mount Etna. J. Volcanol. Geotherm.
Res. 132 (2), 253-267.

Crosweller, H.S., Arora, B., Brown, S.K., Cottrell, E., Deligne, N.I,, Guerrero, N.O.,
Hobbs, L., Kiyosugi, K., Loughlin, S.C., Lowndes, J., Nayembil, M., Siebert, L.,
Sparks, R.S.J., Takarada, S., Venzke, E., 2012. Global database on large magnitude
explosive volcanic eruptions (LaMEVE). J. Appl. Volcanol. 1 (1), 4.

Crowe, C., Schwarzkopf, J.D., Sommerfeld, M., Tsuji, Y., 1998. second ed. Multiphase
Flows with Droplets and Particles, vol. 906, CRC Press.

Daag, A.S., 2003. Modelling the Erosion of the Pyroclastic Flow Deposits and the
Occurrences of Lahars at Mt. Pinatubo, Philippines (Ph.D. thesis). International
Institute for Geo-Information Science and Earth Observation, Enschede.

Damaschke, M., Cronin, S.J., Holt, K.A., Bebbington, M.S., Hogg, A.G., 2017. A 30,000
yr high-precision eruption history for the andesitic Mt. Taranaki, North Island, New
Zealand. Quat. Res. 87 (1), 1-23.

D’Ambrosio, D., Filippone, G., Marocco, D., Rongo, R., Spataro, W., 2013. Efficient
application of GPGPU for lava flow hazard mapping. J. Supercomput. 65 (2),
630-644.

D’Ambrosio, D., Spataro, W., Di Gregorio, S., Crisci, G.M., Rongo, R., 2005. Parallel
genetic algorithms for calibrating cellular automata models: Application to lava
flows. Nuovo Cim.-Soc. Ital. Di Fis. Sez. C 28 (2), 115.

17

Computers and Geosciences 207 (2026) 106070

Das, M., Becker, J., H Doyle, E., Charlton, D., Clive, M.A., Krippner, J., Vinnell, L.,
Miller, C., Stewart, C., Gabrielsen, H., Potter, S., Leonard, G., Johnston, D.,
Tapuke, K., Fournier, N., McBride, S., 2025. The communication of volcano
information in New Zealand — a narrative review. N. Z. J. Geol. Geophys. 1-18.

De Beni, E., Cantarero, M., Messina, A., 2019. UAVs for volcano monitoring: A new

approach applied on an active lava flow on Mt. Etna (Italy), during the 27

February-02 March 2017 eruption. J. Volcanol. Geotherm. Res. 369, 250-262.

la Cruz, R., Folch, A., Farré, P., Cabezas, J., Navarro, N., Cela, J.M., 2016.

Optimization of atmospheric transport models on HPC platforms. Comput. Geosci.

97, 30-39.

de’ Michieli Vitturi, M., Esposti Ongaro, T., Lari, G., Aravena, A., 2019. IMEX_SfloW2D
1.0: a depth-averaged numerical flow model for pyroclastic avalanches. Geosci.
Model. Dev. 12 (1), 581-595.

Degruyter, W., Bonadonna, C., 2012. Improving on mass flow rate estimates of volcanic
eruptions. Geophys. Res. Lett. 39 (16).

Delannay, R., Valance, A., Mangeney, A., Roche, O., Richard, P., 2017. Granular and
particle-laden flows: from laboratory experiments to field observations. J. Phys. D:
Appl. Phys. 50 (5), 053001.

Deligne, N.I, 2021. In: GNS Science (N.Z.), issuing body and Limited, Institute of
Geological & Nuclear Sciences (Ed.), Mass Eruption Rate, Column Height, and
Duration Dataset for Volcanic Eruptions. Technical Report, GNS Science Report.

Deng, F., Rodgers, M., Xie, S.,, Dixon, T.H., Charbonnier, S., Gallant, E.A.,
Lopez Vélez, C.M., Ordoiiez, M., Malservisi, R., Voss, N.K., Richardson, J.A., 2019.
High-resolution DEM generation from spaceborne and terrestrial remote sensing
data for improved volcano hazard assessment — A case study at Nevado del Ruiz,
Colombia. Remote Sens. Environ. 233, 111348.

Devenish, B.J., Francis, P.N., Johnson, B.T., Sparks, R.S.J., Thomson, D.J., 2012.
Sensitivity analysis of dispersion modeling of volcanic ash from Eyjafjallajokull
in May 2010. J. Geophys. Res.: Atmospheres 117 (D20).

Dietterich, H.R., Cashman, K.V., Rust, A.C., Lev, E., 2015. Diverting lava flows in the
lab. Nat. Geosci. 8 (7), 494-496.

Dietterich, H.R., Diefenbach, A.K., Soule, S.A., Zoeller, M.H., Patrick, M.P., Major, J.J.,
Lundgren, P.R., 2021. Lava effusion rate evolution and erupted volume during the
2018 Kilauea lower East Rift Zone eruption. Bull. Volcanol. 83 (4), 25.

Dietterich, H.R., Lev, E., Chen, J., Richardson, J.A., Cashman, K.V., 2017. Benchmarking
computational fluid dynamics models of lava flow simulation for hazard assessment,
forecasting, and risk management. J. Appl. Volcanol. 6 (1), 9.

Dioguardi, F., Mele, D., 2018. PYFLOW_2.0: a computer program for calculating flow
properties and impact parameters of past dilute pyroclastic density currents based
on field data. Bull. Volcanol. 80 (3), 28.

Doherty, J., Christensen, S., 2011. Use of paired simple and complex models to reduce
predictive bias and quantify uncertainty. Water Resour. Res. 47 (12).

Doronzo, D.M., de Tullio, M.D., Dellino, P., Pascazio, G., 2011. Numerical simulation of
pyroclastic density currents using locally refined Cartesian grids. Comput. & Fluids
44 (1), 56-67.

Dorta, D.O., Toyos, G., Oppenheimer, C., Pareschi, M.T., Sulpizio, R., Zanchetta, G.,
2007. Empirical modelling of the May 1998 small debris flows in Sarno (Italy)
using LAHARZ. Nat. Hazards 40 (2), 381-396.

Douglas, J., 2007. Physical vulnerability modelling in natural hazard risk assessment.
Nat. Hazards Earth Syst. Sci. 7 (2), 283-288.

Doyle, E.E.H., McClure, J., Paton, D., Johnston, D.M., 2014. Uncertainty and decision
making: Volcanic crisis scenarios. Int. J. Disaster Risk Reduct. 10, 75-101.

Dragoni, M., Bonafede, M., Boschi, E., 1986. Downslope flow models of a Bingham
liquid: Implications for lava flows. J. Volcanol. Geotherm. Res. 30 (3), 305-325.

Draxler, R., Hess, G., 1997. Description of the HYSPLIT 4 modelling system. In: NOAA
Tech. Mem. ERL ARL-224.

Dufek, J., 2016. The fluid mechanics of pyroclastic density currents. Annu. Rev. Fluid
Mech. 48 (1), 459-485.

Dumaisnil, C., Thouret, J.-C., Chambon, G., Doyle, E.E., Cronin, S.J., Surono, 2010.
Hydraulic, physical and rheological characteristics of rain-triggered lahars at
Semeru volcano, Indonesia. Earth Surf. Process. Landf. 35 (13), 1573-1590.

Diirig, T., Gudmundsson, M.T., Dioguardi, F., Woodhouse, M., Bjornsson, H., Barsotti, S.,
Witt, T., Walter, T.R., 2018. REFIR- A multi-parameter system for near real-time
estimates of plume-height and mass eruption rate during explosive eruptions. J.
Volcanol. Geotherm. Res. 360, 61-83.

Edwards, M.J., Kennedy, B.M., Jolly, A.D., Scheu, B., Jousset, P., 2017. Evolution of
a small hydrothermal eruption episode through a mud pool of varying depth and
rheology, White Island, NZ. Bull. Volcanol. 79, 1-16.

Engwell, S., Mastin, L.G., Bonadonna, C., Barsotti, S., Deligne, N.I., Oladottir, B.A.,
2024. Characterising, quantifying, and accessing eruption source parameters of
explosive volcanic eruptions for operational simulation of tephra dispersion: a
current view and future perspectives. Bull. Volcanol. 86 (7), 67.

Esposti Ongaro, T., Cavazzoni, C., Erbacci, G., Neri, A., Salvetti, M.V., 2007. A parallel
multiphase flow code for the 3D simulation of explosive volcanic eruptions. Parallel
Comput. 33 (7), 541-560.

Esposti Ongaro, T., Cerminara, M., Charbonnier, S.J., Lube, G., Valentine, G.A., 2020.
A framework for validation and benchmarking of pyroclastic current models. Bull.
Volcanol. 82 (6), 51.

Evans, M.R., Grimm, V., Johst, K., Knuuttila, T., De Langhe, R., Lessells, C.M., Merz, M.,
O’Malley, M.A., Orzack, S.H., Weisberg, M., 2013. Do simple models lead to
generality in ecology? Trends Ecol. Evolut. 28 (10), 578-583.

de


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb65
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb65
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb65
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb66
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb66
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb66
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb66
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb66
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb67
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb67
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb67
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb67
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb67
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb68
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb68
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb68
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb68
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb68
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb69
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb69
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb69
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb70
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb70
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb70
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb71
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb71
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb71
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb71
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb71
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb72
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb72
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb72
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb72
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb72
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb73
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb73
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb73
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb74
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb74
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb74
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb75
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb75
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb75
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb76
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb76
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb76
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb77
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb78
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb78
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb78
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb78
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb78
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb79
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb79
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb79
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb80
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb80
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb80
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb80
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb80
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb81
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb81
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb81
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb82
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb83
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb83
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb83
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb83
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb83
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb84
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb84
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb84
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb84
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb84
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb85
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb85
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb85
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb85
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb85
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb86
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb86
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb86
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb86
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb86
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb87
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb88
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb88
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb88
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb89
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb89
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb89
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb89
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb89
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb90
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb90
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb90
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb90
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb90
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb91
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb91
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb91
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb91
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb91
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb92
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb92
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb92
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb92
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb92
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb93
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb94
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb94
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb94
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb94
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb94
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb95
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb95
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb95
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb95
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb95
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb96
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb96
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb96
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb96
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb96
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb97
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb97
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb97
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb98
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb98
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb98
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb98
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb98
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb99
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb99
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb99
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb99
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb99
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb100
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb101
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb101
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb101
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb101
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb101
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb102
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb102
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb102
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb103
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb103
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb103
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb103
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb103
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb104
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb104
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb104
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb104
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb104
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb105
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb105
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb105
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb105
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb105
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb106
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb106
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb106
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb107
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb107
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb107
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb107
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb107
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb108
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb108
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb108
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb108
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb108
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb109
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb109
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb109
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb110
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb110
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb110
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb111
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb111
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb111
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb112
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb112
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb112
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb113
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb113
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb113
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb114
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb114
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb114
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb114
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb114
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb115
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb116
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb116
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb116
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb116
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb116
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb117
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb118
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb118
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb118
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb118
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb118
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb119
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb119
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb119
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb119
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb119
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb120
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb120
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb120
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb120
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb120

E. Scott et al.

Fauziati, S., Watannabe, K., 2010. Ontology of volcano system and volcanic hazards
assessment. Int. J. Geoinformatics 6 (4), 49-62.

Favalli, M., Chirico, G.D., Papale, P., Pareschi, M.T., Boschi, E., 2009. Lava flow hazard
at Nyiragongo volcano, D.R.C. Bull. Volcanol. 71 (4), 363-374.

Favalli, M., Pareschi, M.T., Neri, A., Isola, I., 2005. Forecasting lava flow paths by a
stochastic approach. Geophys. Res. Lett. 32 (3).

Felpeto, A., Marti, J., Ortiz, R., 2007. Automatic GIS-based system for volcanic hazard
assessment. J. Volcanol. Geotherm. Res. 166 (2), 106-116.

Fisher, R.V., 1966. Mechanism of deposition from pyroclastic flows. Am. J. Sci. 264
(5), 350-363.

Fitzgerald, R.H., Tsunematsu, K., Kennedy, B.M., Breard, E.C.P., Lube, G., Wilson, T.M.,
Jolly, A.D., Pawson, J., Rosenberg, M.D., Cronin, S.J., 2014. The application of a
calibrated 3D ballistic trajectory model to ballistic hazard assessments at Upper Te
Maari, Tongariro. J. Volcanol. Geotherm. Res. 286, 248-262.

Folch, A., 2012. A review of tephra transport and dispersal models: Evolution, current
status, and future perspectives. J. Volcanol. Geotherm. Res. 235-236, 96-115.
Folch, A., Costa, A., Basart, S., 2012. Validation of the FALL3D ash dispersion model
using observations of the 2010 Eyjafjallajokull volcanic ash clouds. Atmos. Environ.

48, 165-183.

Folch, A., Costa, A., Durant, A., Macedonio, G., 2010. A model for wet aggregation
of ash particles in volcanic plumes and clouds: 2. Model application. J. Geophys.
Res.: Solid Earth 115 (B9).

Folch, A., Costa, A., Macedonio, G., 2009. FALL3D: A computational model for transport
and deposition of volcanic ash. Comput. Geosci. 35 (6), 1334-1342.

Folch, A., Costa, A., Macedonio, G., 2016. FPLUME-1.0: An integral volcanic plume
model accounting for ash aggregation. Geosci. Model. Dev. 9 (1), 431-450.

Folch, A., Mingari, L., Gutierrez, N., Hanzich, M., Macedonio, G., Costa, A., 2020.
FALL3D-8.0: a computational model for atmospheric transport and deposition of
particles, aerosols and radionuclides — Part 1: Model physics and numerics. Geosci.
Model. Dev. 13 (3), 1431-1458.

Folch, A., Mingari, L., Prata, A.T., 2022. Ensemble-based forecast of volcanic clouds
using FALL3D-8.1. Front. Earth Sci. 9.

Friedman, J.H., 1997. On bias, variance, 0/1—Loss, and the curse-of-dimensionality.
Data Min. Knowl. Discov. 1 (1), 55-77.

Gallant, E., 2016. Lava Flow Hazard Assessment for the Idaho National Laboratory,
Idaho Falls, and Pocatello, Idaho, U.S.A. (Ph.D. thesis). University of South Florida.

Getz, W.M., Marshall, C.R., Carlson, C.J., Giuggioli, L., Ryan, S.J., Romanach, S.S.,
Boettiger, C., Chamberlain, S.D., Larsen, L., D’Odorico, P., O’Sullivan, D., 2018.
Making ecological models adequate. Ecol. Lett. 21 (2), 153-166.

Gilleland, E., Roux, G., 2015. A new approach to testing forecast predictive accuracy.
Meteorol. Appl. 22 (3), 534-543.

Giordano, D., Dingwell, D., 2003. Viscosity of hydrous Etna basalt: implications for
Plinian-style basaltic eruptions. Bull. Volcanol. 65, 8-14.

Girault, F., Carazzo, G., Tait, S., Ferrucci, F., Kaminski, E., 2014. The effect of total
grain-size distribution on the dynamics of turbulent volcanic plumes. Earth Planet.
Sci. Lett. 394, 124-134.

Glatting, G., Kletting, P., Reske, S.N., Hohl, K., Ring, C., 2007. Choosing the optimal
fit function: comparison of the Akaike information criterion and the F-test. Med.
Phys. 34 (11), 4285-4292.

Gneiting, T., 2011. Making and evaluating point forecasts. J. Amer. Statist. Assoc. 106
(494), 746-762.

Gneiting, T., Katzfuss, M., 2014. Probabilistic forecasting. Annu. Rev. Stat. Appl. 1 (1),
125-151.

Gneiting, T., Raftery, A.E., 2007. Strictly proper scoring rules, prediction, and
estimation. J. Amer. Statist. Assoc. 102 (477), 359-378.

Grant, A.L.M., Dacre, H.F., Thomson, D.J., Marenco, F., 2012. Horizontal and ver-
tical structure of the Eyjafjallajokull ash cloud over the UK: a comparison of
airborne lidar observations and simulations. Atmospheric Chem. Phys. 12 (21),
10145-10159.

Green, K.C., Armstrong, J.S., 2015. Simple versus complex forecasting: The evidence.
J. Bus. Res. 68 (8), 1678-1685.

Grimm, V., Augusiak, J., Focks, A., Frank, B.M., Gabsi, F., Johnston, A.S.A., Liu, C.,
Martin, B.T., Meli, M., Radchuk, V., Thorbek, P., Railsback, S.F., 2014. Towards
better modelling and decision support: Documenting model development, testing,
and analysis using TRACE. Ecol. Model. 280, 129-139.

Gueugneau, V., Charbonnier, S., Esposti Ongaro, T., de’ Michieli Vitturi, M., Pe-
ruzzetto, M., Mangeney, A., Bouchut, F., Patra, A., Kelfoun, K., 2021. Synthetic
benchmarking of concentrated pyroclastic current models. Bull. Volcanol. 83 (11),
75.

Gupta, H.V., Clark, M.P., Vrugt, J.A., Abramowitz, G., Ye, M., 2012. Towards a
comprehensive assessment of model structural adequacy. Water Resour. Res. 48
(8).

Gupta, H.V,, Liu, Y., Wagener, T., 2008. Reconciling theory with observations: Elements
of a diagnostic approach to model evaluation. Hydrol. Process. 22 (18), 3802-3813.

Guthke, A., 2017. Defensible model complexity: A call for data-based and goal-oriented
model choice. Groundwater 55 (5), 646-650.

Haendel, M.A., Chute, C.G., Robinson, P.N., 2018. Classification, ontology, and precision
medicine. New Engl. J. Med. 379 (15), 1452-1462.

Harris, A.J.L., 2013. Lava flows. In: Fagents, S.A., Gregg, T.K.P., Lopes, R.M.C.
(Eds.), Modeling Volcanic Processes: The Physics and Mathematics of Volcanism.
Cambridge University Press, Cambridge, pp. 85-106.

18

Computers and Geosciences 207 (2026) 106070

Harris, A.J., Rowland, S., 2001. FLOWGO: a kinematic thermo-rheological model for
lava flowing in a channel. Bull. Volcanol. 63 (1), 20-44.

Haupt, S.E., Jiménez, P.A., Lee, J.A., Kosovi¢, B., 2017. 1 - Principles of meteorology
and numerical weather prediction. In: Kariniotakis, G. (Ed.), Renewable Energy
Forecasting. Woodhead Publishing, pp. 3-28.

Herault, A., Vicari, A., Ciraudo, A., Del Negro, C., 2009. Forecasting lava flow hazards
during the 2006 FEtna eruption: using the MAGFLOW cellular automata model.
Comput. Geosci. 35 (5), 1050-1060.

Herrmann, M., Marzocchi, W., 2023. Maximizing the forecasting skill of an ensemble
model. Geophys. J. Int.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufoz-Sabater, J.,
Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons, A., Soci, C., Abdalla, S.,
Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M.,
De Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J.,
Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R.J., H6lm, E.,
Janiskova, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de
Rosnay, P., Rozum, I., Vamborg, F., Villaume, S., Thépaut, J.-N., 2020. The ERA5
global reanalysis. Q. J. R. Meteorol. Soc. 146 (730), 1999-2049.

Hoffman, D.W., Mastin, L.G., Van Eaton, A.R., Solovitz, S.A., Cal, R.B., Eaton, J.K.,
2023. A one-dimensional volcanic plume model for predicting ash aggregation. J.
Geophys. Res.: Solid Earth.

Hofmann, M., Palii, J., Mihelcic, G., 2011. Epistemic and normative aspects of
ontologies in modelling and simulation. J. Simul. 5 (3), 135-146.

Hoge, M., Wohling, T., Nowak, W., 2018. A primer for model selection: The decisive
role of model complexity. Water Resour. Res. 54 (3), 1688-1715.

Holasek, R.E., Woods, A.W., Self, S., 1996. Experiments on gas-ash separation processes
in volcanic umbrella plumes. J. Volcanol. Geotherm. Res. 70 (3), 169-181.

Holland, L., Businger, S., Elias, T., Cherubini, T., 2020. Two ensemble approaches for
forecasting sulfur dioxide concentrations from Kilauea Volcano. Weather. Forecast.
35 (5), 1923-1937.

Hooper, D.M., Mattioli, G.S., 2001. Kinematic modeling of pyroclastic flows produced
by gravitational dome collapse at Soufriere Hills Volcano, Montserrat. Nat. Hazards
23 (1), 65-86.

Hoskuldsson, A., Oskarsson, N., Pedersen, R., Gronvold, K., Vogfjoro, K., Olafsdottir, R.,
2007. The millennium eruption of Hekla in February 2000. Bull. Volcanol. 70,
169-182.

Huggel, C., Schneider, D., Miranda, P.J., Delgado Granados, H., Kaib, A., 2008.
Evaluation of ASTER and SRTM DEM data for lahar modeling: A case study on
lahars from Popocatépet]l Volcano, Mexico. J. Volcanol. Geotherm. Res. 170 (1),
99-110.

Hurst, T., Davis, C., 2017. Forecasting volcanic ash deposition using HYSPLIT. J. Appl.
Volcanol. 6 (1), 5.

Hyman, D.M.R., Dietterich, H.R., Gallant, E., Lynn, K.J., Zoeller, M.H., Patrick, M.R.,
Kauahikaua, J., Trusdell, F., Hon, K., Denlinger, R.P., Foks, N.L., Lee, R.L.,
Falgout, J., Gordon, J., 2024. Real-time lava flow forecasting during the 2022
Mauna Loa eruption response. Bull. Volcanol. 87 (1), 3.

Hyman, D.M.R., Dietterich, H.R., Patrick, M.R., 2022. Toward next-generation lava
flow forecasting: Development of a fast, physics-based lava propagation model.
J. Geophys. Res.: Solid Earth 127 (10).

Iregui, A.M., Nufez, H.M., Otero, J., 2021. Testing the efficiency of inflation and
exchange rate forecast revisions in a changing economic environment. J. Econ.
Behav. Organ. 187, 290-314.

Ishihara, K., Iguchi, M., Kamo, K., 1990. Numerical simulation of lava flows on
some volcanoes in Japan. In: Fink, J.H. (Ed.), Lava Flows and Domes: Emplace-
ment Mechanisms and Hazard Implications. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 174-207.

Iverson, R.M., Schilling, S.P., Vallance, J.W., 1998. Objective delineation of
lahar-inundation hazard zones. GSA Bull. 110 (8), 972-984.

Jackson, L., Smyth, C., Poole, D., 2008. Hazardmatch: an application of artificial in-
telligence to landslide susceptibility mapping, Howe Sound area, British Columbia.
In: 4th Canadian Conference on Geohazards. Quebec City.

Jackson, L.J., Trebitz, A.S., Cottingham, K.L., 2000. An introduction to the practice of
ecological modeling. BioScience 50 (8), 694-706.

Jakeman, A.J., Letcher, R.A., Norton, J.P., 2006. Ten iterative steps in development
and evaluation of environmental models. Environ. Model. Softw. 21 (5), 602-614.

Jehn, F.U., Chamorro, A., Houska, T., Breuer, L., 2019. Trade-offs between parameter
constraints and model realism: a case study. Sci. Rep. 9 (1), 10729.

Jenkins, S., Magill, C., McAneney, J., Blong, R., 2012. Regional ash fall hazard I: a
probabilistic assessment methodology. Bull. Volcanol. 74 (7), 1699-1712.

Jenkins, S.F., Phua, M., Warren, J.F., Biass, S., Bouvet de Maisonneuve, C., 2020.
Reconstructing eruptions from historical accounts: Makaturing c. 1765, Philippines.
J. Volcanol. Geotherm. Res. 404, 107022.

Jenkins, S.F., Wilson, T.M., Magill, C., Miller, V., Stewart, C., Blong, R., Marzocchi, W.,
Boulton, M., Bonadonna, C., Costa, A., 2015. Volcanic ash fall hazard and risk.
In: Global Volcanic Hazards and Risk. Cambridge University Press Cambridge, pp.
173-222.

Johnston, E.N., Phillips, J.C., Bonadonna, C., Watson, .M., 2012. Reconstructing the
tephra dispersal pattern from the Bronze Age eruption of Santorini using an
advection-diffusion model. Bull. Volcanol. 74 (6), 1485-1507.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb121
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb121
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb121
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb122
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb122
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb122
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb123
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb123
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb123
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb124
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb124
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb124
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb125
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb125
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb125
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb126
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb127
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb127
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb127
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb128
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb128
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb128
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb128
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb128
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb129
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb129
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb129
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb129
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb129
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb130
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb130
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb130
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb131
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb131
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb131
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb132
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb133
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb133
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb133
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb134
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb134
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb134
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb135
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb135
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb135
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb136
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb136
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb136
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb136
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb136
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb137
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb137
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb137
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb138
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb138
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb138
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb139
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb139
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb139
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb139
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb139
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb140
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb140
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb140
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb140
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb140
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb141
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb141
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb141
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb142
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb142
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb142
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb143
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb143
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb143
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb144
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb145
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb145
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb145
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb146
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb147
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb148
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb148
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb148
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb148
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb148
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb149
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb149
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb149
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb150
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb150
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb150
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb151
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb151
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb151
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb152
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb152
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb152
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb152
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb152
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb153
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb153
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb153
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb154
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb154
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb154
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb154
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb154
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb155
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb155
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb155
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb155
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb155
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb156
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb156
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb156
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb157
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb158
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb158
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb158
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb158
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb158
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb159
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb159
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb159
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb160
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb160
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb160
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb161
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb161
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb161
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb162
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb162
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb162
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb162
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb162
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb163
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb163
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb163
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb163
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb163
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb164
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb164
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb164
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb164
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb164
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb165
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb166
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb166
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb166
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb167
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb168
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb168
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb168
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb168
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb168
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb169
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb169
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb169
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb169
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb169
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb170
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb171
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb171
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb171
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb172
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb172
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb172
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb172
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb172
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb173
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb173
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb173
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb174
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb174
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb174
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb175
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb175
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb175
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb176
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb176
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb176
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb177
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb177
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb177
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb177
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb177
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb178
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb179
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb179
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb179
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb179
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb179

E. Scott et al.

Jones, T.J., Shetty, A., Chalk, C., Dufek, J., Gonnermann, H.M., 2024. Identifying
rheological regimes within pyroclastic density currents. Nat. Commun. 15 (1),
4401.

Jones, A., Thomson, D., Hort, M., Devenish, B., 2007. In: Borrego, C., Norman, A.-L.
(Eds.), The U.K. Met Office’s Next-Generation Atmospheric Dispersion Model, NAME
III BT - Air Pollution Modeling and Its Application XVII. Springer US, Boston, MA,
pp. 580-589.

Joyce, K.E., Samsonov, S., Manville, V., Jongens, R., Graettinger, A., Cronin, S.J., 2009.
Remote sensing data types and techniques for lahar path detection: A case study
at Mt Ruapehu, New Zealand. Remote Sens. Environ. 113 (8), 1778-1786.

Jung, H., Chung, K., 2015. Ontology-driven slope modeling for disaster management
service. Clust. Comput. 18 (2), 677-692.

Kavanagh, J.L., Engwell, S.L., Martin, S.A., 2018. A review of laboratory and numerical
modelling in volcanology. Solid Earth 9 (2), 531-571.

Kelfoun, K., Samaniego, P., Palacios, P., Barba, D., 2009. Testing the suitability of
frictional behaviour for pyroclastic flow simulation by comparison with a well-
constrained eruption at Tungurahua volcano (Ecuador). Bull. Volcanol. 71 (9),
1057-1075.

Kelfoun, K., Vargas, S.V., 2016. VolcFlow capabilities and potential development for
the simulation of lava flows. In: Harris, A.J.L., Groeve, T.D., Garel, F., Carn, S.A.
(Eds.), In: Detecting, Modelling and Responding to Effusive Eruptions, vol. 426,
Geological Society of London, pp. 337-343.

Kilgour, G., Manville, V., Pasqua, F.D., Graettinger, A., Hodgson, K.A., Jolly, G.E.,
2010. The 25 September 2007 eruption of Mount Ruapehu, New Zealand: Directed
ballistics, surtseyan jets, and ice-slurry lahars. J. Volcanol. Geotherm. Res. 191 (1),
1-14.

Kolzenburg, S., Giordano, D., Cimarelli, C., Dingwell, D.B., 2016. In situ thermal
characterization of cooling/crystallizing lavas during rheology measurements and
implications for lava flow emplacement. Geochim. Cosmochim. Acta 195, 244-258.

Kover, T.P., 1995. Application of a Digital Terrain Model for the Modeling of Volcanic
Flows: A Tool for Volcanic Hazard Determination (Ph.D. thesis). SUNY at Buffalo,
p. 62.

Krishnamurti, T.N., Kishtawal, C.M., Zhang, Z., LaRow, T., Bachiochi, D., Williford, E.,
Gadgil, S., Surendran, S., 2000. Multimodel ensemble forecasts for weather and
seasonal climate. J. Clim. 13 (23), 4196-4216.

Krishnamurti, T.N., Kumar, V., Simon, A., Bhardwaj, A., Ghosh, T., Ross, R., 2016. A
review of multimodel superensemble forecasting for weather, seasonal climate, and
hurricanes. Rev. Geophys. 54 (2), 336-377.

Kubanek, J., Richardson, J.A., Charbonnier, S.J., Connor, L.J., 2015. Lava flow mapping
and volume calculations for the 2012-2013 Tolbachik, Kamchatka, fissure eruption
using bistatic TanDEM-X InSAR. Bull. Volcanol. 77 (12), 106.

Kueppers, U., Pimentel, A., Ellis, B., Forni, F., Neukampf, J., Pacheco, J., Perugini, D.,
Queiroz, G., 2019. Biased volcanic hazard assessment due to incomplete eruption
records on ocean islands: an example of Sete Cidades Volcano, Azores. Front. Earth
Sci. 7, 122.

Kumagai, H., Palacios, P., Maeda, T., Castillo, D.B., Nakano, M., 2009. Seismic tracking
of lahars using tremor signals. J. Volcanol. Geotherm. Res. 183 (1-2), 112-121.

Lambrix, P., 2004. Ontologies in bioinformatics and systems biology. In: Dubitzky, W.,
Azuaje, F. (Eds.), Artificial Intelligence Methods and Tools for Systems Biology.
Springer Netherlands, Dordrecht, pp. 129-145.

Larsen, L.G., Eppinga, M.B., Passalacqua, P., Getz, W.M., Rose, K.A., Liang, M., 2016.
Appropriate complexity landscape modeling. Earth-Sci. Rev. 160, 111-130.

Larson, M., 2005. Numerical modeling. In: Schwartz, M.L. (Ed.), Encyclopedia of Coastal
Science. Springer Netherlands, Dordrecht, pp. 730-733.

Levin, S.A., 1998. Ecosystems and the biosphere as complex adaptive systems.
Ecosystems 1, 431-436.

Li, H., Xu, C.Y., Beldring, S., 2015. How much can we gain with increasing model
complexity with the same model concepts? J. Hydrol. 527, 858-871.

Llenos, A.L., Michael, A.J., 2019. Ensembles of ETAS models provide optimal opera-
tional earthquake forecasting during swarms: Insights from the 2015 San Ramon,
California swarm. Bull. Seismol. Soc. Am. 109 (6), 2145-2158.

Longchamp, C., Bonadonna, C., Bachmann, O., Skopelitis, A., 2011. Characterization
of tephra deposits with limited exposure: the example of the two largest explosive
eruptions at Nisyros volcano (Greece). Bull. Volcanol. 73 (9), 1337-1352.

Loucks, D.P., van Beek, E., 2017. System sensitivity and uncertainty analysis. In:
Loucks, D.P., van Beek, E. (Eds.), Water Resource Systems Planning and Manage-
ment: An Introduction to Methods, Models, and Applications. Springer International
Publishing, Cham, pp. 331-374.

Lube, G., Breard, E.C.P., Cronin, S.J., Jones, J., 2015. Synthesizing large-scale pyro-
clastic flows: Experimental design, scaling, and first results from PELE. J. Geophys.
Res.: Solid Earth 120 (3), 1487-1502.

Lube, G., Breard, E.C.P., Esposti-Ongaro, T., Dufek, J., Brand, B., 2020. Multiphase flow
behaviour and hazard prediction of pyroclastic density currents. Nat. Rev. Earth &
Environ. 1 (7), 348-365.

Ludden, T.M., Beal, S.L., Sheiner, L.B., 1994. Comparison of the Akaike Information
Criterion, the Schwarz criterion and the F test as guides to model selection. J.
Pharmacokinet. Biopharm. 22 (5), 431-445.

Macedonio, G., Costa, A., Folch, A., 2008. Ash fallout scenarios at Vesuvius: Numerical
simulations and implications for hazard assessment. J. Volcanol. Geotherm. Res.
178 (3), 366-377.

19

Computers and Geosciences 207 (2026) 106070

Macedonio, G., Costa, A., Longo, A., 2005. A computer model for volcanic ash fallout
and assessment of subsequent hazard. Comput. Geosci. 31 (7), 837-845.

Macias, J.L., Capra, L., Arce, J.L., Espindola, J.M., Garcia-Palomo, A., Sheridan, M.F.,
2008. Hazard map of El Chichén volcano, Chiapas, México: Constraints posed by
eruptive history and computer simulations. J. Volcanol. Geotherm. Res. 175 (4),
444-458.

Macorps, E., 2021. Field and Remote Sensing Analysis of the 2015 Pyroclastic Density
Currents at Colima (Mexico) and Calbuco (Chile) Volcanoes: Implications for
Hazard Assessment and Crisis Management (Ph.D. thesis). University of South
Florida, p. 340.

Malin, M.C., Sheridan, M.F., 1982. Computer-assisted mapping of pyroclastic surges.
Science 217 (4560), 637-640.

Malmborg, C.A., Willson, A.M., Bradley, L.M., Beatty, M.A., Klinges, D.H., Koren, G.,
Lewis, A.S.L., Oshinubi, K., Woelmer, W.M., 2024. Defining model complexity: An
ecological perspective. Meteorol. Appl. 31 (3).

Manga, M., Carn, S.A., Cashman, K.V., Clarke, A.B., Connor, C.B., Cooper, K.M.,
Fisher, T., Houghton, B., Johnson, J.B., Plank, T.A., Roman, D.C., Nasm, P.S.,
McNutt, S., Linn, A.M., Rodgers, N., Gibbs, C.R., 2017. Volcanic Eruptions and
Their Repose, Unrest, Precursors, and Timing. National Academies Press.

Mannen, K., 2014. Particle segregation of an eruption plume as revealed by a
comprehensive analysis of tephra dispersal: Theory and application. J. Volcanol.
Geotherm. Res. 284, 61-78.

Marquez, M., Paredes, C., Llorente, M., 2022. Attempt to model lava flow faster than
real time: An example of La Palma using VolcFlow. GeoHazards 3 (4), 529-562.

Martinez Montesinos, B., Titos-Luzon, M., Sandri, L., Rudyy, O., Cheptsov, A., Mace-
donio, G., Folch, A., Barsotti, S., Selva, J., Costa, A., 2022. On the feasibility
and usefulness of high-performance computing in probabilistic volcanic hazard
assessment: An application to tephra hazard from Campi Flegrei. Front. Earth Sci.

Martinez-Septlveda, M., Marti, J., Lopez-Saavedra, M., 2024. VOLCANBOX: A software
platform for volcanic hazard assessment. Int. J. Disaster Risk Reduct. 113, 104817.

Marzocchi, W., Bebbington, M.S., 2012. Probabilistic eruption forecasting at short and
long time scales. Bull. Volcanol. 74 (8), 1777-1805.

Marzocchi, W., Jordan, T.H., 2014. Testing for ontological errors in probabilis-
tic forecasting models of natural systems. Proc. Natl. Acad. Sci. 111 (33),
11973-11978.

Marzocchi, W., Sandri, L., Gasparini, P., Newhall, C., Boschi, E., 2004. Quantifying
probabilities of volcanic events: The example of volcanic hazard at Mount Vesuvius.
J. Geophys. Res.: Solid Earth 109 (B11).

Marzocchi, W., Sandri, L., Selva, J., 2010. BET_VH: a probabilistic tool for long-term
volcanic hazard assessment. Bull. Volcanol. 72 (6), 705-716.

Marzocchi, W., Selva, J., Jordan, T.H., 2021. A unified probabilistic framework for
volcanic hazard and eruption forecasting. Nat. Hazards Earth Syst. Sci. 21 (11),
3509-3517.

Marzocchi, W., Zechar, J., Jordan, T., 2012. Bayesian forecast evaluation and ensemble
earthquake forecasting. Bull. Seism. Soc. Am. 102, 2574-2584.

Mason, B.G., Pyle, D.M., Oppenheimer, C., 2004. The size and frequency of the largest
explosive eruptions on Earth. Bull. Volcanol. 66 (8), 735-748.

Massaro, S., Stocchi, M., Martinez Montesinos, B., Sandri, L., Selva, J., Sulpizio, R.,
Giaccio, B., Moscatelli, M., Peronace, E., Nocentini, M., Isaia, R., Titos Luzén, M.,
Dellino, P., Naso, G., Costa, A., 2023. Assessing long-term tephra fallout hazard in
Southern Italy from Neapolitan volcanoes. Nat. Hazards Earth Syst. Sci. Discuss.
2023, 1-35.

Masseroli, M., 2019. Biological and medical ontologies: Introduction. In: Ran-
ganathan, S., Gribskov, M., Nakai, K., Schonbach, C. (Eds.), Encyclopedia of
Bioinformatics and Computational Biology. Academic Press, Oxford, pp. 813-822.

Mastin, L.G., 2001. A Simple Calculator of Ballistic Trajectories for Blocks Ejected
During Volcanic Eruptions. Technical Report, U.S. Geological Survey, Reston, VA,
p. 13.

Mastin, L.G., 2007. A user-friendly one-dimensional model for wet volcanic plumes.
Geochem. Geophys. Geosystems 8 (3).

Mastin, L.G., Guffanti, M., Servranckx, R., Webley, P., Barsotti, S., Dean, K., Durant, A.,
Ewert, J.W., Neri, A., Rose, W.L,, Schneider, D., Siebert, L., Stunder, B., Swanson, G.,
Tupper, A., Volentik, A., Waythomas, C.F., 2009. A multidisciplinary effort to assign
realistic source parameters to models of volcanic ash-cloud transport and dispersion
during eruptions. J. Volcanol. Geotherm. Res. 186 (1), 10-21.

Mastin, L.G., Randall, M.J., Schwaiger, H.F., Denlinger, R.P., 2013. User’s Guide and
Reference to Ash3d—A Three-Dimensional Model for Eulerian Atmospheric Tephra
Transport and Deposition. Open-File Report, Technical Report, Reston, VA, p. 25,
Version 1.

Mastin, L.G., Van Eaton, A.R., Durant, A.J., 2016. Adjusting particle-size distributions
to account for aggregation in tephra-deposit model forecasts. Atmospheric Chem.
Phys. 16 (14), 9399-9420.

Maxey, M.R., Riley, J.J., 1983. Equation of motion for a small rigid sphere in a
nonuniform flow. Phys. Fluids 26 (4), 883-889.

May, R.M., 2019. Stability and Complexity in Model Ecosystems. Princeton University
Press.

Mcguinness, D., Sinha, A., Fox, P., Raskin, R., Heiken, G., Barnes, C., Wohletz, K.,
Venezky, D., Lin, K., 2006. Towards a reference volcano ontology for semantic
scientific data integration. In: AGU Spring Meeting Abstracts.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb180
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb180
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb180
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb180
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb180
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb181
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb182
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb182
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb182
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb182
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb182
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb183
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb183
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb183
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb184
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb184
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb184
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb185
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb186
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb187
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb188
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb188
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb188
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb188
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb188
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb189
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb189
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb189
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb189
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb189
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb190
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb190
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb190
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb190
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb190
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb191
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb191
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb191
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb191
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb191
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb192
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb192
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb192
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb192
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb192
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb193
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb194
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb194
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb194
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb195
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb195
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb195
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb195
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb195
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb196
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb196
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb196
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb197
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb197
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb197
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb198
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb198
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb198
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb199
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb199
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb199
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb200
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb200
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb200
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb200
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb200
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb201
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb201
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb201
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb201
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb201
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb202
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb203
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb203
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb203
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb203
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb203
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb204
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb204
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb204
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb204
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb204
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb205
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb205
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb205
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb205
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb205
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb206
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb206
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb206
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb206
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb206
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb207
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb207
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb207
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb208
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb209
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb210
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb210
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb210
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb211
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb211
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb211
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb211
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb211
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb212
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb213
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb213
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb213
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb213
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb213
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb214
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb214
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb214
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb215
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb216
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb216
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb216
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb217
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb217
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb217
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb218
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb218
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb218
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb218
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb218
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb219
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb219
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb219
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb219
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb219
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb220
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb220
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb220
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb221
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb221
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb221
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb221
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb221
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb222
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb222
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb222
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb223
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb223
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb223
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb224
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb225
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb225
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb225
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb225
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb225
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb226
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb226
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb226
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb226
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb226
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb227
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb227
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb227
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb228
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb229
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb230
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb230
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb230
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb230
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb230
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb231
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb231
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb231
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb232
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb232
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb232
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb233
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb233
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb233
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb233
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb233

E. Scott et al.

Mead, S., Magill, C., 2014. Determining change points in data completeness for the
Holocene eruption record. Bull. Volcanol. 76 (11), 874.

Mead, S.R., Procter, J., Bebbington, M., 2023. Probabilistic volcanic mass flow hazard
assessment using statistical surrogates of deterministic simulations. Comput. Geosci.
178, 105417.

Michaud-Dubuy, A., Carazzo, G., Tait, S., Le Hir, G., Fluteau, F., Kaminski, E., 2019.
Impact of wind direction variability on hazard assessment in Martinique (Lesser
Antilles): The example of the 13.5ka cal BP Bellefontaine Plinian eruption of Mount
Pelée volcano. J. Volcanol. Geotherm. Res. 381, 193-208.

Morton, B.R., Taylor, G., Turner, J.S., 1956. Turbulent gravitational convection from
maintained and instantaneous sources. Proc. R. Soc. Lond. Ser. A, Math. Phys. Sci.
234 (1196), 1-23.

Muioz-Salinas, E., Castillo-Rodriguez, M., Manea, V., Manea, M., Palacios, D., 2009.
Lahar flow simulations using LAHARZ program: Application for the Popocatépetl
volcano, Mexico. J. Volcanol. Geotherm. Res. 182 (1), 13-22.

Myer, J., 2018. The Volcanism Ontology (VO): Semantic Modeling of Volcanic Eruptions
and Volcanoes (Ph.D. thesis). Georgia State University.

Neri, A., Bevilacqua, A., Esposti Ongaro, T., Isaia, R., Aspinall, W.P., Bisson, M.,
Flandoli, F., Baxter, P.J., Bertagnini, A., Iannuzzi, E., Orsucci, S., Pistolesi, M.,
Rosi, M., Vitale, S., 2015a. Quantifying volcanic hazard at Campi Flegrei caldera
(Italy) with uncertainty assessment: 2. Pyroclastic density current invasion maps.
J. Geophys. Res.: Solid Earth 120 (4), 2330-2349.

Neri, A., Esposti Ongaro, T., Macedonio, G., Gidaspow, D., 2003. Multiparticle simula-
tion of collapsing volcanic columns and pyroclastic flow. J. Geophys. Res. - Solid
Earth 108 (B4), 2202.

Neri, A., Esposti Ongaro, T., Voight, B., Widiwijayanti, C., 2015b. Pyroclastic density
current hazards and risk. In: Volcanic Hazards, Risks and Disasters. pp. 109-140.

Neri, A., Macedonio, G., 1996. Physical modeling of collapsing volcanic columns and
pyroclastic flows. In: Scarpa, R., Tilling, R.I. (Eds.), Monitoring and Mitigation of
Volcano Hazards. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 389-427.

Oberkampf, W.L., Trucano, T.G., 2002. Verification and validation in computational
fluid dynamics. Prog. Aerosp. Sci. 38 (3), 209-272.

Oddsson, B., Gudmundsson, M.T., Larsen, G., Karlsdéttir, S., 2012. Monitoring of the
plume from the basaltic phreatomagmatic 2004 Grimsvotn eruption—application
of weather radar and comparison with plume models. Bull. Volcanol. 74 (6),
1395-1407.

Ogburn, S.E., 2025. FlowDat: Volcanic mass flow database. In: U.S. Geological Survey
Data Release.

Ogburn, S.E., Calder, E.S., 2017. The relative effectiveness of empirical and physical
models for simulating the dense undercurrent of pyroclastic flows under different
emplacement conditions. Front. Earth Sci. 5.

Ong, E., Wang, L.L., Schaub, J., O’Toole, J.F., Steck, B., Rosenberg, A.Z., Dowd, F.,
Hansen, J., Barisoni, L., Jain, S., de Boer, LH., Valerius, M.T., Waikar, S.S.,
Park, C., Crawford, D.C., Alexandrov, T., Anderton, C.R., Stoeckert, C., Weng, C.,
Diehl, A.D., Mungall, C.J., Haendel, M., Robinson, P.N., Himmelfarb, J., Iyengar, R.,
Kretzler, M., Mooney, S., He, Y., 2020. Modelling kidney disease using ontology:
insights from the Kidney Precision Medicine Project. Nat. Rev. Nephrol. 16 (11),
686-696.

Oramas-Dorta, D., Cole, P.D., Wadge, G., Alvarado, G.E., Soto, G.J., 2012. Pyroclastic
flow hazard at Arenal volcano, Costa Rica: scenarios and assessment. J. Volcanol.
Geotherm. Res. 247-248, 74-92.

Oreskes, N., Shrader-Frechette, K., Belitz, K., 1994. Verification, validation, and
confirmation of numerical models in the earth sciences. Science 263 (5147),
641-646.

Osman, S., Beckett, F., Rust, A., Snee, E., 2020. Sensitivity of volcanic ash dispersion
modelling to input grain size distribution based on hydromagmatic and magmatic
deposits. Atmosphere 11 (6).

Osores, M.S., Folch, A., Collini, E., Villarosa, G., Durant, A.J., Pujol, G., Viramonte, J.G.,
2013. Validation of the FALL3D model for the 2008 Chaitén eruption using field
and satellite data. Andean Geol. 40 (2), 262.

Paine, A.R., Wadsworth, F.B., 2025. Large explosive eruptions may be dominated
by pyroclastic flows instead of buoyant plumes: insights from a global data
compilation. J. Appl. Volcanol. 14 (1), 3.

Papale, P., 2021. Some relevant issues in volcanic hazard forecasts and management
of volcanic crisis. In: Forecasting and Planning for Volcanic Hazards, Risks, and
Disasters, vol. 2, Elsevier, pp. 1-24.

Pardini, F., Barsotti, S., Bonadonna, C., de’Michieli Vitturi, M., Folch, A., Mastin, L.,
Osores, S., Prata, A.T., 2024. Dynamics, monitoring, and forecasting of tephra in
the atmosphere. Rev. Geophys. 62 (4).

Pardini, F., Corradini, S., Costa, A., Esposti Ongaro, T., Merucci, L., Neri, A.,
Stelitano, D., de’ Michieli Vitturi, M., 2020. Ensemble-based data assimilation of
volcanic ash clouds from satellite observations: Application to the 24 December
2018 Mt. Etna explosive eruption. Atmosphere 11 (4).

Pardini, F., de’ Michieli Vitturi, M., Andronico, D., Esposti Ongaro, T., Cristaldi, A.,
Neri, A., 2022. Real-time probabilistic assessment of volcanic hazard for tephra
dispersal and fallout at Mt. Etna: the 2021 lava fountain episodes. Bull. Volcanol.
85 (1), 6.

Parra, R., 2019. Influence of spatial resolution in modeling the dispersion of volcanic
ash in Ecuador. In: Passerini, G., Borrego, C., Longhurst, J., Lopes, M., Barnes, J.
(Eds.), In: WIT Transactions on Ecology and the Environment, vol. 236, WIT Press,
Southhampton, pp. 67-78.

20

Computers and Geosciences 207 (2026) 106070

Parry, G.W., 1996. The characterization of uncertainty in Probabilistic Risk Assessments
of complex systems. Reliab. Eng. Syst. Saf. 54 (2), 119-126.

Patra, A.K., Bauer, A.C., Nichita, C.C., Pitman, E.B., Sheridan, M.F., Bursik, M., Rupp, B.,
Webber, A., Stinton, A.J., Namikawa, L.M., Renschler, C.S., 2005. Parallel adaptive
numerical simulation of dry avalanches over natural terrain. J. Volcanol. Geotherm.
Res. 139 (1), 1-21.

Patrick, M.R., Harris, A.J.L., Ripepe, M., Dehn, J., Rothery, D.A., Calvari, S., 2007.
Strombolian explosive styles and source conditions: insights from thermal (FLIR)
video. Bull. Volcanol. 69, 769-784.

Paul, P.K., Zhang, Y., Ma, N., Mishra, A., Panigrahy, N., Singh, R., 2021. Selecting
hydrological models for developing countries: Perspective of global, continental,
and country scale models over catchment scale models. J. Hydrol. 600, 126561.

Pedersen, G.B.M., Pfeffer, M.A., Barsotti, S., Tarquini, S., de’Michieli Vitturi, M.,
Oladottir, B., Prasstarson, R.H., 2022. Lava flow hazard modelling during the 2021
Fagradalsfjall eruption, Iceland: Applications of MrLavaLoba. Nat. Hazards Earth
Syst. Sci. Discuss. 2022, 1-38.

Petropoulos, F., Apiletti, D., Assimakopoulos, V., Babai, M.Z., Barrow, D.K.,
Ben Taieb, S., Bergmeir, C., Bessa, R.J., Bijak, J., Boylan, J.E.,, Brow-
ell, J., Carnevale, C., Castle, J.L, Cirillo, P., Clements, M.P., Cordeiro, C.,
Cyrino Oliveira, F.L., De Baets, S., Dokumentov, A., Ellison, J., Fiszeder, P.,
Franses, P.H., Frazier, D.T., Gilliland, M., Goniil, M.S., Goodwin, P., Grossi, L.,
Grushka-Cockayne, Y., Guidolin, M., Guidolin, M., Gunter, U., Guo, X., Guseo, R.,
Harvey, N., Hendry, D.F., Hollyman, R., Januschowski, T., Jeon, J., Jose, V.R.R.,
Kang, Y., Koehler, A.B., Kolassa, S., Kourentzes, N., Leva, S., Li, F., Litsiou, K.,
Makridakis, S., Martin, G.M., Martinez, A.B., Meeran, S., Modis, T., Nikolopou-
los, K., Onkal, D., Paccagnini, A., Panagiotelis, A., Panapakidis, I., Pavia, J.M.,
Pedio, M., Pedregal, D.J., Pinson, P., Ramos, P., Rapach, D.E., Reade, J.J., Rostami-
Tabar, B., Rubaszek, M., Sermpinis, G., Shang, H.L., Spiliotis, E., Syntetos, A.A.,
Talagala, P.D., Talagala, T.S., Tashman, L., Thomakos, D., Thorarinsdottir, T.,
Todini, E., Trapero Arenas, J.R., Wang, X., Winkler, R.L., Yusupova, A., Ziel, F.,
2022. Forecasting: theory and practice. Int. J. Forecast. 38 (3), 705-871.

Pfeiffer, T., Costa, A., Macedonio, G., 2005. A model for the numerical simulation of
tephra fall deposits. J. Volcanol. Geotherm. Res. 140 (4), 273-294.

Phillipson, G., Sobradelo, R., Gottsmann, J., 2013. Global volcanic unrest in the 21st
century: An analysis of the first decade. J. Volcanol. Geotherm. Res. 264, 183-196.

Pinkerton, H., Norton, G., 1995. Rheological properties of basaltic lavas at sub-liquidus
temperatures: laboratory and field measurements on lavas from Mount Etna. J.
Volcanol. Geotherm. Res. 68 (4), 307-323.

Piombo, A., Dragoni, M., 2009. Evaluation of flow rate for a one-dimensional lava flow
with power-law rheology. Geophys. Res. Lett. 36 (22).

Pitman, E.B., Nichita, C.C., Patra, A., Bauer, A., Sheridan, M., Bursik, M., 2003.
Computing granular avalanches and landslides. Phys. Fluids 15 (12), 3638-3646.

Plu, M., Scherllin-Pirscher, B., Arnold Arias, D., Baro, R., Bigeard, G., Bugliaro, L.,
Carvalho, A., El Amraoui, L., Eschbacher, K., Hirtl, M., Maurer, C., Mulder, M.D.,
Piontek, D., Robertson, L., Rokitansky, C.-H., Zobl, F., Zopp, R., 2021. An ensemble
of state-of-the-art ash dispersion models: towards probabilistic forecasts to increase
the resilience of air traffic against volcanic eruptions. Nat. Hazards Earth Syst. Sci.
21 (10), 2973-2992.

Poland, M.P., Anderson, K.R., 2020. Partly cloudy with a chance of lava flows:
Forecasting volcanic eruptions in the twenty-first century. J. Geophys. Res.: Solid
Earth 125 (1).

Poppe, S., Gilchrist, J.T., Breard, E.C.P., Graettinger, A., Pansino, S., 2022. Analog
experiments in volcanology: towards multimethod, upscaled, and integrated models.
Bull. Volcanol. 84 (5), 52.

Poulidis, A.P., Iguchi, M., 2021. Model sensitivities in the case of high-resolution
Eulerian simulations of local tephra transport and deposition. Atmos. Res. 247,
105136.

Poulidis, A.P., Takemi, T., Iguchi, M., 2019. Experimental high-resolution forecasting
of volcanic ash hazard at Sakurajima, Japan. J. Disaster Res. 14 (5), 786-797.

Prandtl, L., 1954. The Essentials of Fluid Mechanics. Blackie & Son Limited, London.

Prata, A.J., Grant, LF., 2001. Retrieval of microphysical and morphological properties of
volcanic ash plumes from satellite data: Application to Mt Ruapehu, New Zealand.
Q. J. R. Meteorol. Soc. 127 (576), 2153-2179.

Prata, A.T., Mingari, L., Folch, A., Macedonio, G., Costa, A., 2021. FALL3D-8.0: a
computational model for atmospheric transport and deposition of particles, aerosols
and radionuclides - Part 2: Model validation. Geosci. Model. Dev. 14 (1), 409-436.

Prejean, S.G., Brodsky, E.E., 2011. Volcanic plume height measured by seismic waves
based on a mechanical model. J. Geophys. Res.: Solid Earth 116 (B1).

Procter, J.N., Cronin, S.J., Platz, T., Patra, A., Dalbey, K., Sheridan, M., Neall, V., 2010.
Mapping block-and-ash flow hazards based on Titan 2D simulations: a case study
from Mt. Taranaki, NZ. Nat. Hazards 53 (3), 483-501.

Procter, J.N., Cronin, S.J., Sheridan, M.F., 2012. Evaluation of Titan2D modelling
forecasts for the 2007 Crater Lake break-out lahar, Mt. Ruapehu, New Zealand.
Geomorphology 136 (1), 95-105.

Procter, J., Zernack, A., Mead, S., Morgan, M., Cronin, S., 2021. A review of lahars;
past deposits, historic events and present-day simulations from Mt. Ruapehu and
Mt. Taranaki, New Zealand. N. Z. J. Geol. Geophys. 64 (2-3), 479-503.

Pulido, J.R.G., Aréchiga, M.A., Michel, E.M.R., Reyes, G., Zobin, V., 2009. On the
finding process of volcano-domain ontology components using self-organizing maps.
In: Principe, J.C., Miikkulainen, R. (Eds.), Advances in Self-Organizing Maps.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 255-263.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb234
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb234
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb234
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb235
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb235
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb235
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb235
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb235
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb236
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb237
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb237
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb237
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb237
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb237
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb238
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb238
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb238
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb238
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb238
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb239
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb239
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb239
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb240
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb241
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb241
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb241
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb241
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb241
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb242
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb242
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb242
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb243
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb243
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb243
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb243
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb243
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb244
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb244
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb244
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb245
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb246
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb246
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb246
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb247
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb247
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb247
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb247
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb247
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb248
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb249
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb249
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb249
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb249
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb249
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb250
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb250
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb250
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb250
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb250
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb251
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb251
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb251
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb251
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb251
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb252
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb252
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb252
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb252
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb252
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb253
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb253
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb253
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb253
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb253
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb254
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb254
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb254
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb254
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb254
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb255
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb255
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb255
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb255
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb255
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb256
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb257
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb258
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb259
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb259
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb259
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb260
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb261
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb261
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb261
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb261
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb261
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb262
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb262
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb262
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb262
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb262
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb263
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb264
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb265
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb265
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb265
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb266
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb266
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb266
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb267
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb267
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb267
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb267
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb267
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb268
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb268
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb268
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb269
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb269
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb269
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb270
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb271
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb271
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb271
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb271
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb271
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb272
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb272
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb272
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb272
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb272
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb273
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb273
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb273
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb273
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb273
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb274
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb274
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb274
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb275
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb276
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb276
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb276
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb276
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb276
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb277
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb277
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb277
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb277
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb277
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb278
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb278
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb278
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb279
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb279
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb279
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb279
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb279
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb280
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb280
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb280
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb280
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb280
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb281
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb281
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb281
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb281
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb281
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb282

E. Scott et al.

Pyo, S., Lee, J., Cha, M., Jang, H., 2017. Predictability of machine learning techniques
to forecast the trends of market index prices: Hypothesis testing for the Korean
stock markets. PLoS One 12 (11).

Ramar, K., Mirnalinee, T.T., 2012. An ontological representation for Tsunami early
warning system. In: IEEE-International Conference on Advances in Engineering,
Science and Management. ICAESM -2012, pp. 93-98.

Renschler, C.S., 2005. Scales and uncertainties in using models and GIS for volcano
hazard prediction. J. Volcanol. Geotherm. Res. 139 (1), 73-87.

Rhoades, D.A., Gerstenberger, M.C., 2009. Mixture models for improved short-term
earthquake forecasting. Bull. Seismol. Soc. Am. 99 (2A), 636-646.

Richardson, J.A., 2016. Modeling the Construction and Evolution of Distributed
Volcanic Fields on Earth and Mars (Ph.D. thesis). University of South Florida.
Richter, N., Favalli, M., de Zeeuw-van Dalfsen, E., Fornaciai, A., da Silva Fernan-
des, R.M., Pérez, N.M., Levy, J., Victéria, S.S., Walter, T.R., 2016. Lava flow
hazard at Fogo Volcano, Cabo Verde, before and after the 2014-2015 eruption.

Nat. Hazards Earth Syst. Sci. 16 (8), 1925-1951.

Rickles, D., Hawe, P., Shiell, A., 2007. A simple guide to chaos and complexity. J.
Epidemiology Community Heal. 61 (11), 933-937.

Ripepe, M., Rossi, M., Saccorotti, G., 1993. Image processing of explosive activity at
Stromboli. J. Volcanol. Geotherm. Res. 54 (3-4), 335-351.

Riva, F., Graco-Roza, C., Daskalova, G.N., Hudgins, E.J., Lewthwaite, J.M.M., New-
man, E.A., Ryo, M., Mammola, S., 2023. Toward a cohesive understanding of
ecological complexity. Sci. Adv. 9 (25).

Robinson, S., Brooks, R., 2024. Assumptions and simplifications in discrete-event
simulation modelling. J. Simul. 1-18.

Roche, O., Gilbertson, M.A., Phillips, J.C., Sparks, R.S.J., 2004. Experimental study of
gas-fluidized granular flows with implications for pyroclastic flow emplacement. J.
Geophys. Res.: Solid Earth 109 (B10).

Rougier, J., Beven, K.J., 2013. Model and data limitations: the sources and implications
of epistemic uncertainty. In: Risk and Uncertainty Assessment for Natural Hazards,
vol. 40, Cambridge University Press, New York, pp. 40-63.

Rowley, P.J., Roche, O., Druitt, T.H., Cas, R., 2014. Experimental study of dense
pyroclastic density currents using sustained, gas-fluidized granular flows. Bull.
Volcanol. 76, 1-13.

Rutarindwa, R., Spiller, E.T., Bevilacqua, A., Bursik, M.I., Patra, A.K., 2019. Dynamic
probabilistic hazard mapping in the long Valley Volcanic Region CA: Integrating
vent opening maps and statistical surrogates of physical models of pyroclastic
density currents. J. Geophys. Res.: Solid Earth 124 (9), 9600-9621.

Salt, J.D., 2008. The seven habits of highly defective simulation projects. J. Simul. 2
(3), 155-161.

Sandri, L., Acocella, V., Newhall, C., 2017. Searching for patterns in caldera unrest.
Geochem. Geophys. Geosyst. 18 (7), 2748-2768.

Sandri, L., Costa, A., Selva, J., Tonini, R., Macedonio, G., Folch, A., Sulpizio, R.,
2016. Beyond eruptive scenarios: Assessing tephra fallout hazard from Neapolitan
volcanoes. Sci. Rep. 6.

Scher, S., Messori, G., 2019. Weather and climate forecasting with neural networks:
using general circulation models (GCMs) with different complexity as a study
ground. Geosci. Model. Dev. 12 (7), 2797-2809.

Schilling, S.P., 1998. LAHARZ; GIS programs for automated mapping of lahar-
inundation hazard zones. Open-File Rep.

Schorlemmer, D., Gerstenberger, M.C., Wiemer, S., Jackson, D.D., Rhoades, D.A., 2007.
Earthquake likelihood model testing. Seismol. Res. Lett. 78 (1), 17-29.

Schorlemmer, D., Werner, M.J., Marzocchi, W., Jordan, T.H., Ogata, Y., Jackson, D.D.,
Mak, S., Rhoades, D.A., Gerstenberger, M.C., Hirata, N., Liukis, M., Maechling, P.J.,
Strader, A., Taroni, M., Wiemer, S., Zechar, J.D., Zhuang, J., 2018. The collab-
oratory for the study of earthquake predictability: Achievements and priorities.
Seismol. Res. Lett. 89 (4), 1305-1313.

Schorlemmer, D., Zechar, J.D., Werner, M.J., Field, E.H., Jackson, D.D., Jordan, T.H.,
2010. First results of the regional earthquake likelihood models experiment. Pure
Appl. Geophys. 5-22.

Schwaiger, H.F., Denlinger, R.P., Mastin, L.G., 2012. Ash3d; A Finite-Volume, Conserva-
tive Numerical Model for Ash Transport and Tephra Deposition. Technical Report
B4, American Geophysical Union, Washington, DC.

Scollo, S., Del Carlo, P., Coltelli, M., 2007. Tephra fallout of 2001 Etna flank eruption:
Analysis of the deposit and plume dispersion. J. Volcanol. Geotherm. Res. 160 (1),
147-164.

Scollo, S., Folch, A., Costa, A., 2008a. A parametric and comparative study of different
tephra fallout models. J. Volcanol. Geotherm. Res. 176 (2), 199-211.

Scollo, S., Prestifilippo, M., Bonadonna, C., Cioni, R., Corradini, S., Degruyter, W.,
Rossi, E., Silvestri, M., Biale, E., Carparelli, G., Cassisi, C., Merucci, L., Musac-
chio, M., Pecora, E., 2019. Near-real-time tephra fallout assessment at Mt. Etna,
Italy. Remote. Sens. 11 (24).

Scollo, S., Tarantola, S., Bonadonna, C., Coltelli, M., Saltelli, A., 2008b. Sensitivity
analysis and uncertainty estimation for tephra dispersal models. J. Geophys. Res.:
Solid Earth 113 (B6).

Scott, E., Whitehead, M., Mead, S., Bebbington, M., Procter, J., 2025. Global sensitivity
analysis of models for volcanic ash forecasting. J. Volcanol. Geotherm. Res. 466.

Searcy, C., Dean, K., Stringer, W., 1998. PUFF: A high-resolution volcanic ash tracking
model. J. Volcanol. Geotherm. Res. 80 (1), 1-16.

21

Computers and Geosciences 207 (2026) 106070

Sehlke, A., Whittington, A., Robert, B., Harris, A., Gurioli, L., Médard, E., 2014.
Pahoehoe to ’a’a transition of Hawaiian lavas: an experimental study. Bull.
Volcanol. 76, 1-20.

Selva, J., Costa, A., De Natale, G., Di Vito, M.A., Isaia, R., Macedonio, G., 2018.
Sensitivity test and ensemble hazard assessment for tephra fallout at Campi Flegrei,
Italy. J. Volcanol. Geotherm. Res. 351, 1-28.

Seppelt, R., 2003. Computer-Based Environmental Management. John Wiley & Sons.

Sheldrake, T., 2014. Long-term forecasting of eruption hazards: A hierarchical approach
to merge analogous eruptive histories. J. Volcanol. Geotherm. Res. 286, 15-23.

Sheldrake, T.E., Aspinall, W.P., Odbert, H.M., Wadge, G., Sparks, R.S.J., 2017. Un-
derstanding causality and uncertainty in volcanic observations: An example of
forecasting eruptive activity on Soufriére Hills Volcano, Montserrat. J. Volcanol.
Geotherm. Res. 341, 287-300.

Sheridan, M.F., Macias, J.L., 1995. Estimation of risk probability for gravity-driven
pyroclastic flows at Volcan Colima, Mexico. J. Volcanol. Geotherm. Res. 66 (1),
251-256.

Sheridan, M.F., Malin, M.C., 1983. Application of computer-assisted mapping to
volcanic hazard evaluation of surge eruptions: Vulcano, lipari, and vesuvius. J.
Volcanol. Geotherm. Res. 17 (1), 187-202.

Snowling, S.D., Kramer, J.R.,, 2001. Evaluating modelling uncertainty for model
selection. Ecol. Model. 138 (1), 17-30.

Sparks, R.S.J., 1976. Grain size variations in ignimbrites and implications for the
transport of pyroclastic flows. Sedimentology 23 (2), 147-188.

Sparks, R.S.J., 1986. The dimensions and dynamics of volcanic eruption columns. Bull.
Volcanol. 48 (1), 3-15.

Sparks, R.S.J., 2003. Forecasting volcanic eruptions. Earth Planet. Sci. Lett. 210 (1-2),
1-15.

Sparks, R.S.J., Aspinall, W.P., 2004. Volcanic activity: frontiers and challenges in
forecasting, prediction and risk assessment. In: The State of the Planet: Frontiers
and Challenges in Geophysics, vol. 150, American Geophysical Union Washington,
DC, pp. 359-371.

Sparks, R.S.J., Aspinall, W.P., Crosweller, H.S., Hincks, T.K., 2013. In: Rougier, J.,
Sparks, S., Hill, L.J. (Eds.), Risk and Uncertainty Assessment for Natural Hazards.
Cambridge University Press, Cambridge, pp. 364-397.

Spataro, D., D’Ambrosio, D., Filippone, G., Rongo, R., Spataro, W., Marocco, D., 2015.
The new SCIARA-fv3 numerical model and acceleration by GPGPU strategies. Int.
J. High Perform. Comput. Appl. 31 (2), 163-176.

Spiller, E.T., Wolpert, R.L., Ogburn, S.E., Calder, E.S., Berger, J.O., Patra, AK.,
Pitman, E.B., 2020. Volcanic hazard assessment for an eruption hiatus, or post-
eruption unrest context: Modeling continued dome collapse hazards for Soufriere
Hills Volcano. Front. Earth Sci. 8 - 2020.

Srikrishnan, V., Keller, K., 2021. Small increases in agent-based model complexity can
result in large increases in required calibration data. Environ. Model. Softw. 138,
104978.

Steel, M.F., 2011. Bayesian model averaging and forecasting. Bull. EU US Inflat.
Macroecon. Anal. 200, 30-41.

Stevens, N.F., Manville, V., Heron, D.W., 2003. The sensitivity of a volcanic flow model
to digital elevation model accuracy: experiments with digitised map contours and
interferometric SAR at Ruapehu and Taranaki volcanoes, New Zealand. J. Volcanol.
Geotherm. Res. 119 (1), 89-105.

Sulpizio, R., Dellino, P., 2008. Sedimentology, depositional mechanisms and pulsating
behaviour of pyroclastic density currents. Dev. Volcanol. 10, 57-96.

Sulpizio, R., Dellino, P., Doronzo, D.M., Sarocchi, D., 2014. Pyroclastic density currents:
state of the art and perspectives. J. Volcanol. Geotherm. Res. 283, 36-65.

Suzuki, T., 1983. A theoretical model for dispersion of tephra. Arc Volcanism: Phys.
Tectonics 95-113.

Tadini, A., Roche, O., Samaniego, P., Azzaoui, N., Bevilacqua, A., Guillin, A.,
Gouhier, M., Bernard, B., Aspinall, W., Hidalgo, S., Eychenne, J., de’ Michieli
Vitturi, M., Neri, A., Cioni, R., Pistolesi, M., Gaunt, E., Vallejo, S., Encalada, M.,
Yepes, H., Proafo, A., Pique, M., 2021. Eruption type probability and eruption
source parameters at Cotopaxi and Guagua Pichincha volcanoes (Ecuador) with
uncertainty quantification. Bull. Volcanol. 83 (5), 35.

Tanaka, H.L., Iguchi, M., 2019. Numerical simulations of volcanic ash plume dispersal
for Sakura-Jima using real-time emission rate estimation . J. Disaster Res. 14 (1),
160-172.

Tanaka, H.L., Nakamichi, H., Iguchi, M., 2020. PUFF model prediction of volcanic ash
plume dispersal for Sakurajima using MP radar observation. Atmosphere 11 (11).

Tarquini, S., Favalli, M., 2011. Mapping and DOWNFLOW simulation of recent lava
flow fields at Mount Etna. J. Volcanol. Geotherm. Res. 204 (1-4), 27-39.

Tennant, E., Jenkins, S.F., Winson, A., Widiwijayanti, C., Gunawan, H., Haerani, N.,
Kartadinata, N., Banggur, W., Triastuti, H., 2021. Reconstructing eruptions at a
data limited volcano: A case study at Gede (West Java). J. Volcanol. Geotherm.
Res. 418, 107325.

Thalheim, B., 2011. The science of conceptual modelling. In: Hameurlain, A., Lid-
dle, S.W., Schewe, K.-D., Zhou, X. (Eds.), Database and Expert Systems Applications.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 12-26.

Thalheim, B., 2019. Conceptual models and their foundations. In: Schewe, K.-D.,
Singh, N.K. (Eds.), Model and Data Engineering. Springer International Publishing,
pp. 123-139.


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb283
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb283
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb283
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb283
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb283
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb284
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb284
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb284
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb284
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb284
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb285
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb285
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb285
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb286
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb286
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb286
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb287
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb287
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb287
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb288
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb289
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb289
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb289
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb290
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb290
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb290
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb291
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb291
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb291
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb291
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb291
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb292
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb292
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb292
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb293
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb293
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb293
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb293
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb293
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb294
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb294
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb294
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb294
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb294
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb295
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb295
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb295
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb295
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb295
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb296
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb297
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb297
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb297
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb298
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb298
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb298
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb299
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb299
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb299
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb299
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb299
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb300
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb300
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb300
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb300
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb300
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb301
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb301
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb301
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb302
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb302
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb302
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb303
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb304
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb304
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb304
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb304
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb304
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb305
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb305
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb305
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb305
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb305
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb306
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb306
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb306
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb306
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb306
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb307
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb307
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb307
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb308
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb309
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb309
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb309
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb309
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb309
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb310
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb310
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb310
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb311
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb311
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb311
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb312
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb312
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb312
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb312
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb312
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb313
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb313
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb313
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb313
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb313
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb314
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb315
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb315
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb315
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb316
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb317
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb317
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb317
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb317
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb317
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb318
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb318
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb318
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb318
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb318
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb319
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb319
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb319
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb320
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb320
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb320
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb321
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb321
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb321
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb322
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb322
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb322
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb323
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb324
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb324
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb324
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb324
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb324
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb325
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb325
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb325
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb325
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb325
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb326
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb327
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb327
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb327
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb327
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb327
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb328
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb328
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb328
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb329
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb330
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb330
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb330
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb331
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb331
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb331
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb332
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb332
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb332
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb333
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb334
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb334
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb334
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb334
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb334
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb335
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb335
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb335
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb336
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb336
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb336
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb337
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb338
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb338
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb338
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb338
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb338
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb339
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb339
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb339
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb339
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb339

E. Scott et al.

Thompson, M.A., Lindsay, J.M., Gaillard, J.C., 2015. The influence of probabilistic
volcanic hazard map properties on hazard communication. J. Appl. Volcanol. 4
(1), 6.

Thornes, J.E., Stephenson, D.B., 2001. How to judge the quality and value of weather
forecast products. Meteorol. Appl. 8 (3), 307-314.

Thouret, J.-C., Antoine, S., Magill, C., Ollier, C., 2020. Lahars and debris flows:
Characteristics and impacts. Earth-Sci. Rev. 201, 103003.

Titos, M., Martinez Montesinos, B., Barsotti, S., Sandri, L., Folch, A., Mingari, L.,
Macedonio, G., Costa, A., 2022. Long-term hazard assessment of explosive eruptions
at Jan Mayen (Norway) and implications for air traffic in the North Atlantic. Nat.
Hazards Earth Syst. Sci. 22 (1), 139-163.

Topcu, T.G., Mesmer, B.L., 2018. Incorporating end-user models and associated uncer-
tainties to investigate multiple stakeholder preferences in system design. Res. Eng.
Des. 29 (3), 411-431.

Toyos, G.P., Cole, P.D., Felpeto, A., Marti, J., 2007. A GIS-based methodology for hazard
mapping of small volume pyroclastic density currents. Nat. Hazards 41, 99-112.

Tredennick, A.T., Hooker, G., Ellner, S.P., Adler, P.B., 2021. A practical guide to
selecting models for exploration, inference, and prediction in ecology. Ecology 102
(6), €03336.

Trucano, T.G., Swiler, L.P., Igusa, T., Oberkampf, W.L., Pilch, M., 2006. Calibration,
validation, and sensitivity analysis: What’s what. Reliab. Eng. Syst. Saf. 91 (10),
1331-1357.

Tsunematsu, K., Chopard, B., Falcone, J.-L., Bonadonna, C., 2011. Comparison of two
advection-diffusion methods for tephra transport in volcanic eruptions. Commun.
Comput. Phys. 9.

Tsunematsu, K., Chopard, B., Falcone, J.-L., Bonadonna, C., 2014. A numerical model of
ballistic transport with collisions in a volcanic setting. Comput. Geosci. 63, 62-69.

Tsunematsu, K., Ishimine, Y., Kaneko, T., Yoshimoto, M., Fujii, T., Yamaoka, K., 2016.
Estimation of ballistic block landing energy during 2014 Mount Ontake eruption.
Earth, Planets Space 68, 1-11.

Valentine, G.A., 1998. Damage to structures by pyroclastic flows and surges, inferred
from nuclear weapons effects. J. Volcanol. Geotherm. Res. 87 (1-4), 117-140.
Valentine, G.A., Wohletz, K.H., 1989. Numerical models of Plinian eruption columns

and pyroclastic flows. J. Geophys. Res.: Solid Earth 94 (B2), 1867-1887.

Vicari, A., Alexis, H., Del Negro, C., Coltelli, M., Marsella, M., Proietti, C., 2007.
Modeling of the 2001 lava flow at Etna volcano by a cellular automata approach.
Environ. Model. Softw. 22 (10), 1465-1471.

Vicari, A., Ganci, G., Behncke, B., Cappello, A., Neri, M., Del Negro, C., 2011. Near-
real-time forecasting of lava flow hazards during the 12-13 January 2011 Etna
eruption. Geophys. Res. Lett. 38 (13).

de’Michieli Vitturi, M., Neri, A., Esposti Ongaro, T., Lo Savio, S., Boschi, E., 2010. La-
grangian modeling of large volcanic particles: Application to Vulcanian explosions.
J. Geophys. Res.: Solid Earth 115 (B8).

de’Michieli Vitturi, M., Tarquini, S., 2018. MrLavaLoba: A new probabilistic model for
the simulation of lava flows as a settling process. J. Volcanol. Geotherm. Res. 349,
323-334.

Volentik, A.C.M., Bonadonna, C., Connor, C.B., Connor, L.J., Rosi, M., 2010. Modeling
tephra dispersal in absence of wind: Insights from the climactic phase of the 2450BP
Plinian eruption of Pululagua volcano (Ecuador). J. Volcanol. Geotherm. Res. 193
(1), 117-136.

22

Computers and Geosciences 207 (2026) 106070

Volentik, A.C.M., Houghton, B.F., 2015. Tephra fallout hazards at Quito International
Airport (Ecuador). Bull. Volcanol. 77 (6), 50.

Walker, G.P.L., 1973. Mount Etna and the 1971 eruption-lengths of lava flows. Philos.
Trans. R. Soc. Lond. Ser. A, Math. Phys. Sci. 274 (1238), 107-118.

Walker, W.E., Harremoés, P., Rotmans, J., van der Sluijs, J.P., van Asselt, M.B.A.,
Janssen, P., Krayer von Krauss, M.P., 2003. Defining uncertainty: A conceptual
basis for uncertainty management in model-based decision support. Integr. Assess.
4 (1), 5-17.

Wantim, M.N., Kervyn, M., Ernst, G.G.J., del Marmol, M.A., Suh, C.E., Jacobs, P.,
2013. Numerical experiments on the dynamics of channelised lava flows at Mount
Cameroon volcano with the FLOWGO thermo-rheological model. J. Volcanol.
Geotherm. Res. 253, 35-53.

Ward, E.J., Holmes, E.E., Thorson, J.T., Collen, B., 2014. Complexity is costly: a
meta-analysis of parametric and non-parametric methods for short-term population
forecasting. Oikos 123 (6), 652-661.

Waythomas, C.F., Mastin, L.G., 2020. Mechanisms for ballistic block ejection during the
2016-2017 shallow submarine eruption of Bogoslof volcano, Alaska. Bull. Volcanol.
82 (2), 13.

Weron, R., 2014. Electricity price forecasting: A review of the state-of-the-art with a
look into the future. Int. J. Forecast. 30 (4), 1030-1081.

Whitehead, M.G., Bebbington, M.S., 2021. Method selection in short-term eruption
forecasting. J. Volcanol. Geotherm. Res. 419, 107386.

Widiwijayanti, C., Voight, B., Hidayat, D., Patra, A., Pitman, E.B., 2004. Validation of
TITAN2D flow model code for pyroclastic flows and debris avalanches at Soufriére
Hills Volcano, Montserrat, BWI. In: AGU Fall Meeting Abstracts, vol. -1, p. 1428.

Wilson, C.J., 1985. The Taupo Eruption, New Zealand II. The Taupo Ignimbrite. Philos.
Trans. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 314 (1529), 229-310.

Wilson, C.J., Blake, S., Charlier, B.L., Sutton, A.N., 2006. The 26.5 ka Oruanui eruption,
Taupo Volcano, New Zealand: Development, characteristics and evacuation of a
large rhyolitic magma body. J. Petrol. 47 (1), 35-69.

Wilson, C.J., Houghton, B.F., McWilliams, M.O., Lanphere, M.A., Weaver, S.D.,
Briggs, R.M., 1995. Volcanic and structural evolution of Taupo Volcanic Zone, New
Zealand: a review. J. Volcanol. Geotherm. Res. 68 (1), 1-28.

Woodhouse, M.J., Hogg, A.J., Phillips, J.C., Sparks, R.S.J., 2013. Interaction between
volcanic plumes and wind during the 2010 Eyjafjallajokull eruption, Iceland. J.
Geophys. Res.: Solid Earth 118 (1), 92-109.

Woods, A.W., 1988. The fluid dynamics and thermodynamics of eruption columns. Bull.
Volcanol. 50 (3), 169-193.

Yamin, H.Y., Shahidehpour, S.M., Li, Z., 2004. Adaptive short-term electricity price
forecasting using artificial neural networks in the restructured power markets. Int.
J. Electr. Power Energy Syst. 26 (8), 571-581.

Yang, Q., Pitman, E.B., Spiller, E., Bursik, M., Bevilacqua, A., 2020. Novel statistical
emulator construction for volcanic ash transport model Ash3d with physically
motivated measures. Proc. R. Soc. A: Math. Phys. Eng. Sci. 476 (2242), 20200161.

Young, P., Wadge, G., 1990. FLOWFRONT: Simulation of a lava flow. Comput. Geosci.
16 (8), 1171-1191.

Zeigler, B., Muzy, A., Kofman, E., 2019. Theory of Modeling and Simulation, third ed.
Elsevier.

Zuccarello, F., de’ Michieli Vitturi, M., Esposti Ongaro, T., Ganci, G., Andronico, D.,
Branca, S., Cappello, A., 2025. Dynamics and hazards of pyroclastic avalanches at
Etna volcano (Italy). Ann. Geophys. 68 (1).


http://refhub.elsevier.com/S0098-3004(25)00220-1/sb340
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb340
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb340
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb340
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb340
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb341
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb341
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb341
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb342
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb342
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb342
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb343
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb344
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb344
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb344
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb344
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb344
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb345
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb345
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb345
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb346
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb346
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb346
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb346
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb346
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb347
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb347
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb347
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb347
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb347
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb348
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb348
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb348
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb348
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb348
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb349
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb349
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb349
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb350
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb350
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb350
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb350
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb350
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb351
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb351
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb351
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb352
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb352
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb352
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb353
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb353
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb353
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb353
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb353
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb354
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb354
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb354
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb354
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb354
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb355
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb355
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb355
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb355
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb355
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb356
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb356
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb356
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb356
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb356
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb357
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb358
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb358
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb358
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb359
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb359
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb359
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb360
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb361
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb362
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb362
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb362
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb362
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb362
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb363
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb363
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb363
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb363
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb363
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb364
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb364
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb364
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb365
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb365
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb365
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb366
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb366
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb366
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb366
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb366
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb367
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb367
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb367
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb368
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb368
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb368
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb368
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb368
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb369
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb369
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb369
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb369
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb369
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb370
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb370
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb370
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb370
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb370
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb371
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb371
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb371
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb372
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb372
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb372
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb372
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb372
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb373
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb373
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb373
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb373
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb373
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb374
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb374
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb374
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb375
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb375
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb375
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb376
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb376
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb376
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb376
http://refhub.elsevier.com/S0098-3004(25)00220-1/sb376

	Exploring the role of model classification, complexity, and selection in volcanic hazard forecasting
	Introduction
	Definitions

	Model Classification
	Atmospheric Dispersion and Deposition Models
	Flow Models
	Volcanic Ballistic Projectile Models

	Model Construction
	Model Purpose and Scope
	Conceptual Model
	Model Structure
	Model Inputs
	Model Uncertainty
	Model Documentation

	Model Complexity
	Volcanic Hazard Model Complexity
	Model Class Complexity
	Input Parameter Complexity
	Input Data Complexity
	Computational Complexity

	Model Testing
	Verification
	Validation
	Calibration
	Benchmarking
	Past Event Testing (Hindcasting)
	Near-Real-Time Forecast Evaluation

	Model Selection
	Discussion
	Volcanic Hazard Model Ontology
	Limitations

	Conclusion
	CRediT authorship contribution statement
	Computer Code Availability
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


