Pillar 1: Disaster risk knowledge

Approaches and methodologies for individual- and multi-hazard
assessment
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Background on VHA

Aim: To provide an objective quantification of the expected

haza rd intenSities in space and time ,_:rsv.inngvanu Eruption Column
Eruption Cloud
VHA 9 A baSiC ingredient for DRR. Tephra (Ash) Fall ::)l::::lﬁ’v;hnche
Acid Rain Bombs
Lava Dome Pyroclastic

Lava Dome Collapse

Different approaches to cope with:
* The inherent complexity of hazardous volcanic processes
- probabilistic methods.
* the temporal horizon, from short-term (hours to weeks,

Lava Flow

supports crisis management) to long-term (years to Lahar (Mud o Debris Flow)
>centuries, supports long-term risk reduction plans) - A=
different types of data, from geology to monitoring data. Bt ks ksl s oot
. . . hazards, such as lahars and debris
* the large range in spatial scale, from near-vent to regional svlnchs can et ven whon B
volcano is not erupting. RSN

(even global).
e the multi-hazard nature of volcanoes.

USGS - Volcano Hazard Program

User needs



VHA: Prerequisite to DRR

The legacy of eruptions for understanding the coexistence of volcanism and society

Eruptive history, behaviour, physical impacts. Integration of volcanological sciences and risk management:

Geology, petrology, hemistry, vol logy, A . .
g S o A (i understanding the influence of eruptions on 3 coupled processes
geoheritage, etc. Hazards, monitoring, management.
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L collective memory, livelihoods. Anthropology, * Holistic understanding
% geography, sociology, history, arts, etc. * Interdisciplinarity

S g Perceptions, vulnerabilities, policies.
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)= _:‘é (1) Volcanic risk functions as a prism for a holistic understanding of the implications of volcanism.
25 (2) Reduce and manage disaster risk requires awareness and knowledge.

(3) People’s livelihoods and territorial development depends on DRR and vice versa.
(4) Disaster preparedness can create safer volcanic territories.

Romero et al. (2024, AG)




Assumptions and key elements

Assumption: Future activity will follow a similar pattern to what has happened in the past,
so it critically relies on the knowledge of the eruptive history of the volcano.

—> What is it required? Detailed information on eruption frequency, magnitude, and style.

Key points

* There is no continuous scale to measure the ‘size’ and ‘energy’ released in an eruption

—> This prevents the generalization of globally applicable laws linking magnitude,
intensity and frequency.

e Eruptions occur at a lower frequency compared to other natural hazards - Information

on past events comes from disparate records with biases (incompleteness, missing in
memory).



Ranges in space and time scales of

volcanic processes

Spatial extent Temporal extent

Ground Tephra
Airborne tephra
PDC
Volcanic ballistics

Lava Flows

Volcanic gas

Lahars

Remobilisation

Debris avalanche
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< < < & \{_6‘ c’@
o2 N N o 7 o
Q Q Q N
Q Q % 7 -7
.»0 7‘\/ 7
7
l |
Range of extreme Typical spatial Temporal range Occurrence over Occurrence during
events extent of sustained prolonged events non-eruptive

phenomenon periods




Duration (of what?)

Duration
Precursors Event
weeks weeks
Hazardous event decades | years | tomos. |days|hrs|hrs|days | to mos.| years | decades

Hurricane Sandy 2012
Hurricane Katrina 2005

Kilauea Volcano 1983-

Long Valley Volcano 1978-

Mt. St. Helens Volcano 2004-08
Indonesian Tsunami 2004
Tohoku Tsunami 2011

Haiti Earthquake 2010

Sichuan Earthquake 2008
Mississippi R. Flood 2011

Mississippi & Missouri R.
Flood 1993

FIGURE 1.3 Duration of precursors and events for selected natural hazards, including hurricanes, volcanic eruptions, earthquakes,

and floods.

National Academies of Sciences, Engineering and Medicine (2017)



Mu|t|p|e hazards vs multi- Cascading and concomitant events - hazardous

events interacting

hazard

1. at hazard level (cascading events): one hazardous
event triggering another one (e.g., hot ballistics
igniting wildfires)

Example 1:
Stromboli,
3rd July 2019

Photos from
www.volcanodiscovery.com
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Selva et al, 2021, Rivista del Nuovo Cimento



http://www.volcanodiscovery.com

Mu|t|p|e hazards VS mu|ti- Cascading and concomitant events - hazardous
events interacting
hazard

1. at vulnerability level (concomitant hazardous events
on the same exposed value or asset)

Example 2:
La Palma, 2021

Photo: courtesy of
Sebastien Biass




A brief history of VHA

Pre-1980:

e Field observations. Maps drawn from the study of volcanic deposits.

e Strictly based on known previous occurrences. Dependent upon the completeness
of the geological record.
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A brief history of VHA Deposits-based maps

e Broad category that includes interpretation of deposits and/or documentation from the
historic record.

e Limitation: Preserved geologic record represents an incomplete and biased catalogue of
the eruptive history.

e Solution: Methodologies and techniques available to correct biases, supplemented with
additional, indirect sources of data from analogue volcanoes, expert judgement and/or
empirical relationships to fill gaps.
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Hazards from Caldera (very large) eruptions: Zone of like!
| Flying rock and gas Zone
[ Large tahar Zone Rivers
0 25 5 km
Dangerous flow Zone —— Rivers - Rain Triggered Lahar Danger

L | Trade Winds Thick Ash Fall Zone [ Caldera edge Trade Wind Thick Ash Fall Zone : Anywhere on Ambae can receive Scale
*  Villages ash fall, but this Zone gets ash more often and it is usually thicker.
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Moreno and Clavero (2006)

Vanuatu Meteorology & Geo-Hazards Department (2019)



A brief history of VHA

Post-1980:

e Predictive models -> Use of computational resources to simulate hazardous
processes under specific Eruption Source Parameters (ESPs).

Eruption

ESPs
Realisations
Uncertainties

Output
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(5) i’
) . ©
E —_ °
g L g
£ ol =
| o "/::
= =
X X
z‘ “.A. A— é
5 :
o ) c3 C4 o ) a3 C4 Eruption “size” (E,) =
1 1 P (T2t)

Single set per eruption class
Single per eruption class
None

Hazard intensity

Sampled range per eruption class
Multiple per eruption class

ESPs

P[HI(x, y) = threshold | C]

/

Eruption

Weighted across eruption “size”

Continuous across eruption “size’

ESPs, P + vent location

? * Eruption’ —

P[HI(x, y, t) > threshold]

N—

These consider one amongst multiple possible eruptive behaviours. Do not express hazard as an
aggregation of the full spectrum of likely eruptions.
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A brief history of VHA a) Deterministic

e Based on the simulation of a hazardous phenomenon under specific initial conditions
described by a single, unique set of fixed ESPs.

e Results usually provided as single outcomes or map representations. Typically describe
the spatial distribution (left figure) and the temporal evolution (right figure) of the
intensity metric of the phenomenon simulated for a specific single event.

A=

2000
AT, 72

Cumbal

PENT

BEFREPOMRTE (E8)
FeEEn E%IR(POD
| | saske |
SHR (WML CIORELR
ERELBE TR W2 EREER
U/h& =0 O T EE

B erons
Yha sREOETER

.

900000

Figura 15. Amenaza por caida de piroclastos por proyeccion balistica.

Méndez et al. (2014) Japan Meteorological Agency, website



Scenario-based maps

b) Scenario-based

It accounts for eruption scenarios that are either not preserved in the eruptive record

Described by a continuous distribution of ESPs, either from the volcano or from

analogue datasets. Accounting for a large array of possible eruptive scenarios.
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Scenarios from literature
and this project
Landslide
volume
Kolumbo crater . Kalumbo crater

na >0.002 km®
this study

 col4km  >12km
b

this study
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The frequency exceedance among the set of simulations is computed as a proxy for

Example for a scenario-based
assessment for tsunami from Kolumbo

Tadini et al. (2025, BullVol)
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A brief history of VHA

Post-1980:

e Predictive models -> Use of computational resources to simulate hazardous
processes under specific Eruption Source Parameters (ESPs).

a) Deterministic

b) Scenario-based
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A brief history of VHA

PVHA: Probabilistic Volcanic Hazard Assessment

* Objective: To estimate the probability of a given
hazardous event impacting a given point in a
defined time window, with a hazard intensity
metric exceeding a given threshold.

 Aggregates all possible eruption scenarios and
assigns weight to the contributions from various g TP
scenarios, accounting for a range of different event
scales, ranging from high-probability/low-impact
to low-probability/high-impact events.

* |t quantifies and propagates uncertainties inherent
to the source datasets.

* Hazard probabilities usually expressed per unit of [«

Probability of ground
tephra load23 kPa in 50

time (e.g., annual probability to exceed a ground S
tephra accumulation of 1 mm).
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Sandri et al. (in review, EoV)



A brief history of VHA

Identify
stakeholder
and map
user needs

Review, Conduct
evaluate, hazard
update assessment

Socialise the Create the
map map

Example of a ‘development cycle’ for hazard maps
that integrates user needs

Lindsay et al. (in review, EoV)

Acknowledging users’ needs

VHA has seldom been performed with sufficient
consideration for user needs.

Examples:

e What s the purpose of the assessment?

e Who is the intended audience?

e What resources are available?

e What representation style is appropriate?

e Short-term or long-term?

* Volcano-centric vs site-centric approaches?
Global analysis of the hazard from multiple
sources of volcanic hazard?

The assessment methodology should ideally
match the stakeholders’ needs - content, design,
and format are increasingly identified through co-
development with stakeholders.




Long-term vs short-term VHA

The temporal horizon depends on the purpose of the assessment
— driven by the needs and goals of the stakeholders

Time scale of hours to years to centuries (and more)

the VHA weeks

Purpose To inform and support - To inform long-term risk
crisis management reduction strategies (e.g.

land use, building codes)
- To feed risk ranking

Data All as in long-term but, Geology, past frequencies
above all, monitoring and occurrences, analog
observations volcanoes, model

simulations



Long-term vs short-term

The temporal horizon depends on the purpose of the assessment
— driven by the needs and goals of the stakeholders

Time scale of hours to 2 S
the VHA weeks

Volcanic eruptions cannot be predicted
Purpose To infor\ deterministically, but monitoring techniques / sk
CrisIs mana, make forecasting an eruption over timescales of

hours to weeks feasible.
No monitoring observation has proven to be

useful in forecasting the intensity and erupted
Data All as in long~mass of an eruption, and thus the expected

above all, m¢ hazards.
N\ A i

observatio




Summarizing the state of the art

Clearly define the purpose of the VHA and associated user needs - inform which
approach to use

Different methods:
0) AT MINIMUM: VHA based on the interpretation of the eruptive history
based on stratigraphy and age determinations.
This is also critical to inform the scenarios and their frequencies. Scenarios are
associated to ESP ranges.

1) Deterministic VHA based on the simulation of specific scenario(s) with fixed ESP.

1) Scenario-based: exploring variability around a fixed scenario.

1) Full PVHA: combining the whole spectrum of possible scenarios = full
quantification of the uncertainty.



Limitations to VHA

Aleatoric uncertainties - Irreducible by nature
—> can be quantified through probabilistic approach

Data gaps - Epistemic uncertainties
- Use of analogue volcanoes (pyVOLCANS) and
global databases on volcanic activity (e.g. WOVODat,

|VESPA’ LaMEVE’ CONVERSE’ VlCTOR) Next eruption within the next 30 years - Occurrence probability

| Evl\x i-?‘r:‘;‘ Ta8) 80% :x

. 0% CDF

In data-poor and time-sensitive crises, rapid but ] I D
informed decisions are critical ] j——— e ™
— Use of expert elicitation to distill expert opinion ] A —a A
for decision-makers f —— e g

1 ——x 0.010 }

. — {a) ':'f .

0001 001 01 % 10 100" oo o5 1

Bevilacqua et al, 2025, Bull Volcanol



Target-based multi-hazard analysis (probability of exceeding pre-stablished
critical thresholds for tephra, lava, and seismic hazards)

-- Plot of the median of the epistemic uncertainty --
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Future challenges
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intrinsic multi-hazard nature of volcanism
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Future challenges

Long-term vs short-term - Pressing need
to integrate these two into a cohesive
temporal continuum that spans dormancy,
unrest, pre-crisis, crisis, and post-crisis
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Future challenges

Simulation of a lahar from Vesuvius (Italy)
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Courtesy of Mattia de’ Michieli-Vitturi
Collaboration with end-users and

multidisciplinarity in addressing volcanic
hazard: hydro-meteorology  (lahars),
engineering (concomitant hazards), health
and air quality (gas hazard), aviation
(airborne tephra)...



The pathway to VHA

Geology
defines past eruption scenarios,
characteristic eruptive parameters
and frequencies

Computer models
explore scenario variability beyond
events that occurred in the past and
are preserved in the geologic record

Clarke et al. (2020) Frontiers in Earth Science
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Probabilistic approaches
combine the results from
geology- and model-driven
information to weight scenarios
and to assess uncertainties
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