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Volcanic eruptions can cause significant impacts on communities and
infrastructure. There is an increasing need for effective risk assessments to
inform decision-making and minimise the impact of volcanic hazards.
Vulnerability models play a crucial role in these assessments, connecting the
intensity of the hazard with the elements that are exposed to it, allowing for the
calculation of potential impact or risk. There has been a large increase in the
number of vulnerability models being developed for volcanic risk applications,
and there is now a need to identify knowledge gaps for the field to take a strategic
approach moving forward. This review aims to provide a high-level overview of
the current state of volcanic vulnerability modelling and identify areas for future
development. We evaluated 594 vulnerability models covering a range of
elements and sectors, including buildings, critical infrastructure, transportation
networks, agriculture, and human vulnerability. We reviewed the types of hazard
intensity metrics and impact/risk metrics used in the models, modelling
methodologies, underpinning data requirements, and uncertainty
characterisation. A global clearinghouse for volcanic vulnerability models
would be advantageous for the volcanic risk community to identify
appropriate vulnerability models quickly and efficiently for their needs. As a
first step towards such a clearinghouse, we have uploaded this volcano
vulnerability model compilation to a repository and encourage additions/
suggestions from the community on its future development. The results of
this study will contribute to the advancement of the field and provide valuable
insights for future research and development in volcanic risk assessment.
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1 Introduction

As society’s exposure to volcanic hazards increases (Chester et al., 2000; Auker et al.,
2013; Jenkins et al., 2022), it is necessary to build a comprehensive understanding of how
societal elements (e.g., people, buildings, farms) will perform during future volcanic events
(Jenkins et al., 2014; Wilson et al., 2014; Deligne et al., 2022). One common method of
acquiring this knowledge is through the development of vulnerability models, which
describe the relationship between the intensity of a hazard (e.g., tephra deposit
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thickness) and a corresponding impact to society (e.g., damage,
disruption) (Figure 1). However, the efficacy of vulnerability models
depends on the quality of data and may require bespoke approaches,
which requires considerable knowledge and resources.

Russell Blong’s seminal book “Volcanic Hazards: A Sourcebook
on the Effects of Eruptions,” presented the most extensive
compilation of the known societal impacts of volcanic eruptions
(Blong, 1984), and has long served as an important evidence base for
undertaking volcanic impact and risk analysis. In the decades since
its publication, increasing demand for risk information among
decision-makers has deepened and widened our understanding of
the effects of volcanic eruptions through a diverse range of studies
(see the review articles and references therein of: Wilson et al., 2012;
2014; Jenkins et al., 2014; Hayes et al., 2015; Deligne et al., 2022;
Meredith et al., 2023). International initiatives such as the Global
Volcano Model (GVM) and Global Assessment of Risk (GAR)
2015 have also put impetus on developing quantitative
vulnerability models (Loughlin et al., 2015; Bonadonna et al.,
2018). Together, these factors have enabled development of
vulnerability models that are used to assess the extent that
societal elements are impacted when exposed to volcanic hazards
(Deligne et al., 2022). The objective of this contribution is to compile
these models and summarise current trends and identify potential
future directions to improve vulnerability model development for
volcanic impact and risk assessment.

We used a global stock take of volcanic vulnerability models by
Fitzgerald et al. (2023) as the underpinning dataset in our review (see

their freely available report for their detailed methodology). We have
endeavoured to comprehensively review a diverse compilation of
vulnerability models, but it is inevitably non-exhaustive. This is
because: 1) some vulnerability models may be unpublished (e.g., due
to them being proprietary) and therefore unsearchable, 2) our own
language barriers, which limited our ability to find models published
in non-English documents, and 3) models may have been
subsequently published since the development of the Fitzgerald
et al. (2023) vulnerability model stock take report. Despite these
limitations, we are confident our compilation is generally
representative of the trends in volcanic vulnerability model
development.

The Fitzgerald et al. (2023) review found there are many types of
vulnerability models that have been developed and used in
volcanology cover physical, socio-economic, systemic, and human
vulnerability (Wilson et al., 2014; Bonadonna et al., 2021; Fitzgerald
et al., 2023). Our focus in this mini review are those models that link
hazard intensity to some societal element to estimate an impact.
Some vulnerability models do not take this approach, and for some
types of vulnerability (social vulnerability in particular) it may be
more appropriate to take a hazard-agnostic approach that does not
incorporate hazard intensity. Similarly, crisis decision support
models (e.g., evacuation cost:benefit models or clean-up duration
models) are not included, as we consider these out of scope of the
present study. We have also not included threshold models for
airspace closure (Biass et al., 2014; Scaini et al., 2014) due to the set
standards and recommendations put forward by International Civil

FIGURE 1
Conceptual framework and common terminology used in volcanic impact/risk assessment. Event refers to event-based simulations of hazardous
processes. PDC = pyroclastic density current, VBP = volcanic ballistic projectiles.
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Aviation Organization (ICAO) and regulatory authorities. All of
these models, whilst a fundamental aspect of understanding and
identifying risk reduction strategies, are beyond the scope of analysis
considered in this contribution.

2 Discussion and overview of published
volcano vulnerability models

We have included 594 individual vulnerability models,
published in 51 unique publications (academic papers, theses,
technical reports) in our review (see Supplementary Material for
full list). Below we provide an overview of some key vulnerability
model characteristics we have identified from this compilation.

2.1 Hazard intensity and risk/impact metrics

The use of a hazard intensity metric (HIM) is an important
consideration when developing a vulnerability model as it is the
fundamental linkage between a hazardous process and a
consequence when a given societal element is exposed to it.
Numerous HIMs are used across different vulnerability models

(Figure 2B). For tephra fall, both loading and thickness of tephra
deposits are relatively easy to measure in the field and model via
existing hazard models (e.g., Ash3d, Tephra2). This makes them
convenient and widely used HIMs for vulnerability models. Many
flow hazards (e.g., pyroclastic density currents (PDC) and lahar)
have relied upon a relatively simple presence/absence relationship
(also referred to as a binary relationship) where exposure equals a
complete loss, destruction, total loss of service/function, or fatality.
When used in a risk model, these effectively define the impact as
resulting from a hazard intensity of≥0 or =/= 0 (Deligne et al., 2017).
However, it is acknowledged that this assumption, while
representative of the dominant impact level, is unlikely to be
capturing the diversity of impacts possible and reflects the lack of
data informing model development (Jenkins et al., 2013; Meredith
et al., 2022). One key challenge is that volcanic hazards can have
multiple impact modes (e.g., force, temperature, and chemical)
(Jenkins et al., 2014; Wilson et al., 2014; Ligot et al., 2023). There
are currently no vulnerability models that can handle these complex
multi-mode impact interactions, and few available hazard models
providing multiple hazard intensity metrics to apply within risk
assessment frameworks to capture this diversity. A further challenge
lies in the difficulty of distinguishing between these impact modes to
determine the primary mechanism that initiated the impact. For

FIGURE 2
Overview vulnerability models contained within the review. (A) Risk/impactmetric used in vulnerability models for different sectors, (B)Hazard types
and the corresponding HIMs that are used, (C)Model types compared to sectors, (D) Derivation method of volcano vulnerability models, (E) Cumulative
number of published vulnerability models classified by data type of the impact/risk metric.
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example, it may be difficult to identify the relative damage
contributions to a collapsed building that was exposed to
ground-shaking from earthquakes, heavy tephra loading, and a
lahar. This makes collecting empirical post-eruption field data,
with both a clear hazard intensity and impact mechanisms and
contextual factors a real challenge (Blong, 2003; Jenkins et al., 2017;
Meredith et al., 2022). Whilst this may seem like a trivial academic
issue, it can have considerable consequences for insurance payouts
where policy wording may cover one form of damage but not
another (Blong et al., 2017).

A risk or impact metric describes how the consequences of a
hazard are being expressed or calculated within a risk or impact
assessment (e.g., monetary value, type of damage). A diverse range of
risk/impact metrics have been used across different sectors, but the
vast majority relate to a description of damage (e.g., failure, damage
state, damage ratio) (Figure 2A).

2.2 Types of vulnerability models

Fragility functions (see Figure 1) for buildings are the most
prevalent model in the review dataset (Figure 2C). This is because of
traditional focus on building damage assessment for life safety
reasons and a wide variety of building typologies across the
world (Valentine, 1998; Pomonis et al., 1999; Spence et al., 2005;
Zuccaro et al., 2008; Jenkins et al., 2014; Williams et al., 2017). For
infrastructure vulnerability, the typical approach to date has been to
identify a trigger point HIM threshold for different levels of physical
impact or disruption. These thresholds are usually identified based
on the minimum hazard intensity; these impacts have been observed
resulting from eruptions (Wilson et al., 2012; Wilson et al., 2014).
Vulnerability functions have been most dominantly developed for
agriculture and buildings (Figure 2C). These two sectors often have a
focus on assessing financial loss for insurance purposes (Magill et al.,
2006; Wilson and Kaye, 2007; Zuccaro et al., 2013; Deligne et al.,
2017; Leder et al., 2017; Craig et al., 2021), which may explain the
dominance of vulnerability functions. While financial loss is also
crucial for infrastructure damage (e.g., insurance and reinsurance
for municipal authorities), it has been more common to identify an
impact state, and then apply this within functionality, or economic
disruption models at a regional scale (Blake et al., 2017; Mossoux
et al., 2019; Santos et al., 2023). Life safety risk assessment requires
models that link hazard intensity to human consequence (e.g., injury
or fatality). Most vulnerability models used for this purpose apply
threshold-based models, possibly due to these assessments being
conservative (Newhall, 1982; Deligne et al., 2018; Fitzgerald, 2019)
and limited available empirical information for robust statistical
models, such as fragility functions.

2.3 Derivation methods

Vulnerability models have generally been derived in one of five
ways through: 1) empirical observations of hazard-asset interactions
during opportunistic field-based studies following volcanic
eruptions (e.g., Blong, 2003), 2) physical experimental studies
(e.g., Craig, 2015; Ligot, 2022), 3) expert judgement or elicitation
methods (e.g., Maqsood 2014), 4) analytical frameworks (e.g.,

computational limit state analysis: Petrazzuoli and Zuccaro et al.,
2004), or 5) by hybrid approaches that combine data from each or
some of the preceding methods (e.g., Jenkins et al., 2014; Wilson
et al., 2017). Each of these approaches have their advantages and
shortcomings. For example, empirical observations may not include
impacts at low hazard intensities due to a common focus on themost
effected societal elements, and analytical approaches may lack real
world validation. Most vulnerability models developed for volcanic
hazards have been derived by hybrid methods (Figure 2D) (Jenkins
et al., 2014; Wilson et al., 2014), and most commonly by combining
field-based empirical data with expert judgement. These hybrid
methods have been useful to supplement limited observational
data or to reapply observational data in a different context (e.g.,
applying a model to a similar asset typology in another country). For
example, fragility functions developed by Wilson et al. (2017) for a
variety of infrastructure systems utilized relatively few observational
datapoints of varying degrees of data quality in combination with
expert judgement. Since there are relatively few empirical datasets
for volcanic impacts compared to other perils (e.g., earthquakes or
flooding) hybrid methods have been an important approach to
developing useful vulnerability models across multiple sectors for
different volcanic hazards.

3 Discussion and future research
opportunities

In recent years there has been an increase in the availability of
volcano vulnerability models (Figure 2E). We believe there is an
opportunity to now build a community of practice to discuss issues
around data standards, model testing/validation, and to importantly
explore relationships between model developers and model users.
Given the volume and diversity of vulnerability models, a
sustainable and updated clearinghouse of vulnerability models
would be advantageous for the volcanic risk research and
practice community. This will require more community input
than we have undertaken in this review, but we hope the initial
compilation here can serve as a starting point. As a first step, we have
uploaded this volcano vulnerability model compilation to Github
(https://github.com/NZVHRM/Global_vulnerability_models), and
welcome and encourage suggestions and contributions from the
wider community to turn this into a useful community-maintained
virtual clearinghouse for present and future workers.

In the below subsections we highlight a few areas we believe
warrant continued attention from the volcano vulnerability model
development community to consider as the field progresses
and evolves.

3.1 Ensuring vulnerability models are robust
and trusted

Uncertainty is ubiquitous in volcanic risk and impact
assessments. Addressing uncertainty within vulnerability models
has been inconsistent, but there is a growing emphasis that it is
effectively incorporated and communicated. Fragility functions have
uncertainty inherently built into them, and recent efforts to quantify
the uncertainty around fragility function curves using statistical
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techniques such as bootstrapping bring this field into line with other
comparable risk assessment fields (Williams et al., 2019). Thresholds
are often used with an implicit assumption of a uniform probability
between each threshold bin. This approach is suitable when there is
limited knowledge regarding the relationship between hazard
intensity and its subsequent impact. Moving forward, enhanced
treatment of model uncertainty through additional data and
statistical techniques (e.g., Bayesian inference), and
communication of confidence in the model should be
encouraged. This will ensure continued improvement in model
performance, and critically decision-makers are able to make
informed decisions based on their risk/impact assessment outputs.

It is important that vulnerability models are reliable and trusted
to ensure that robust and salient risk information is provided to
decision-makers. We note the performance accuracy of many
vulnerability models remains untested and there are currently a
limited number of examples of vulnerability model validation and
benchmarking. This is partially due to limited empirical data to
inform validation and benchmarking studies. Evaluating the
performance accuracy of vulnerability models can be a
challenging endeavour to undertake as it requires high quality
impact datasets to compare with modelled results, but they are
currently limited in number (Deligne et al., 2022). Further, impact
datasets can present their own data quality challenges (Hayes et al.,
2019; Meredith et al., 2022) that may make it difficult to directly
compare model outputs with a realized event. None-the-less,
increased use of model benchmarking and cross-validation
processes will give users more confidence in the model accuracy,
as well as identify new research gaps and opportunities for
improvement.

3.2 Improving access and reuse of existing
vulnerability models

Reuse of vulnerabilitymodels is beneficial to reduce duplication of
effort and speed of analysis when conducting applied or operational
risk/impact assessments. One barrier to reuse of vulnerability models
is the format they are often made available, which is mostly in
academic journal articles. For example, it is difficult to identify
relevant curve parameters from figures in journal articles alone.
Consistently applied principles when reporting the methods and
results of vulnerability models would help reduce this barrier (e.g.,
fitting method and number of data points). Adopting open data
principles has also been suggested as one way that can help overcome
barriers for re-use of hazard models and data in volcanology (Tierz,
2020). Likewise, “FAIR” (findability, accessibility, interoperability, and
reusability) (Wilkinson et al., 2016; Stall et al., 2019) data principles
will possibly be crucial to further development and innovation in this
field. With the widespread use of code sharing, collaboration, and
version control services many of the practical barriers for model and
code sharing are rapidly decreasing. Although, we acknowledge that
several important issues remain related to robustness of open data,
documentation and metadata standards, legal considerations (e.g.,
intellectual property and privacy policies) and data security that need
to be considered.

The selection of appropriate vulnerability models for use in
different contexts (e.g., geographical or climatological) is an

important consideration for robust risk assessments.
Documentation of rationale behind the selection of any given
vulnerability model is an important best practice. Comprehensive
guidance on selecting vulnerability models has been developed for
the Global EarthquakeModel (Rossetto et al., 2014). As vulnerability
model development for volcanic eruptions continues it may become
useful to consider a similar approach.

3.3 Making better use of existing data to
create future vulnerability models

There are a relatively limited number of empirical datasets used
to develop vulnerability models. Volcanic impacts databases would
allow the community to make better use of pre-existing data as well
as help streamline workflows for future vulnerability model
development. Databases allow for impacts to be classified by a
standardized taxonomy that would facilitate greater sharing of data
across case studies, which may help enhance vulnerability model
development and drive new thinking in this space. Standardized
taxonomies have been developed for a number of perils. For
example, the Global Assessment of Risk (GAR) 2015 had a
focus on standardized taxonomies (Maqsood et al., 2014).
Similarly, the Global Earthquake Model (GEM) has developed
guidelines for the development of empirical vulnerability
models, which includes consideration of the data quality of the
underpinning databases (Rossetto et al., 2014). The concept of a
volcanic impacts database has been suggested in previous studies
(Wilson et al., 2014), and there are many existing databases focused
on differing issues in volcanology (see the review by Andrews et al.,
2022). There is already the Volcanic Fatalities Database (Brown
et al., 2017), and other global databases which include impact
information in an ad hocmanner, but comprehensive compilations
of volcanic impacts are often restricted to tables within academic
papers or reports. This approach suffers from limited updates and
case studies are often focused on only the most impactful events.
However, sustainable long-term database management remains a
key barrier in this space and a solution to this remains elusive
(Andrews et al., 2022).

3.4 Taking advantage of new data sources
for future vulnerability models

Remote sensing data have been widely used in humanitarian
mapping following a variety of disasters, and recently specifically for
volcanic eruptions via the Copernicus Emergency Management
Service (CEMS) (e.g., Taal 2020: European CommissionJoint
Research Centre, (2020); La Palma 2021; European
CommissionJoint Research Centre, (2021)). Ground-based images
have been used effectively to assess exposure, impact, and hazard
intensity previously (e.g., Spence et al., 1997; Hayes et al., 2019;
Meredith et al., 2022). Work has also been undertaken to explore
how big Earth observation data can be used for assessing volcanic
impacts and development of quantitative frameworks for key impact
metrics (Biass et al., 2021; Biass et al., 2022). The use of crowd-
sourced data for impact assessment is currently receiving increased
attention in the hydrometeorological field (Harrison and Johnson,
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2016; Sadler et al., 2018; Harrison et al., 2021), and may be a useful
approach to consider for gathering volcanic impacts data. Each of
these approaches can also assist with obtaining exposure datasets
characteristics, which is also important for understanding
characterizing the diversity of impacts that can occur at a given
hazard intensity (Pittore et al., 2018; Scaini et al., 2022). While these
emerging methodologies may not yet provide the same level of detail
or robustness as typical ground surveys (Williams et al., 2020), they
hold promise in substantially influencing data collection approaches
by enabling broader spatial coverage and addressing data gaps more
effectively. Therefore, it is reasonable to anticipate that remote-
based studies will be an important source of data for vulnerability
models in the coming years. However, working with local experts
and/or communities will remain an important component for the
successful interpretation of these datasets and their implementation
within vulnerability models. As such, it will likely be important to
consider how remotely obtained data can be integrated with
traditional impact data collection approaches to produce next-
generation vulnerability models.

4 Conclusion

Understanding risk is the foundation of sustainable
development and is listed as priority one of the Sendai
Framework for Disaster Risk Reduction (UNISDR, 2015). One
component of this is the development of robust risk models that
can help facilitate risk-informed decision-making for disaster risk
reduction. There have been large strides made in the volcano
vulnerability model development space over the last few decades,
which has transformed our ability to assess volcanic impact/risk.
Fundamental to this has been a clear view of end-use and
interdisciplinary collaborations to ensure outputs are useful,
usable, and used. It is important that the momentum built in
this field continues, particularly in collection of empirical (and
modelled) data to inform vulnerability model development.
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