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Abstract During volcanic crises, volcanologists estimate the impact of possible imminent eruptions
usually through deterministic modeling of the effects of one or a few preestablished scenarios. Despite
such an approach may bring an important information to the decision makers, the sole use of deterministic
scenarios does not allow scientists to properly take into consideration all uncertainties, and it cannot be
used to assess quantitatively the risk because the latter unavoidably requires a probabilistic approach. We
present a model based on the concept of Bayesian event tree (hereinafter named BET_VH_ST, standing
for Bayesian event tree for short-term volcanic hazard), for short-term near-real-time probabilistic volcanic
hazard analysis formulated for any potential hazardous phenomenon accompanying an eruption. The
specific goal of BET_VH_ST is to produce a quantitative assessment of the probability of exceedance of any
potential level of intensity for a given volcanic hazard due to eruptions within restricted time windows
(hours to days) in any area surrounding the volcano, accounting for all natural and epistemic uncertainties.
BET_VH_ST properly assesses the conditional probability at each level of the event tree accounting for any
relevant information derived from the monitoring system, theoretical models, and the past history of the
volcano, propagating any relevant epistemic uncertainty underlying these assessments. As an application
example of the model, we apply BET_VH_ST to assess short-term volcanic hazard related to tephra loading
during Major Emergency Simulation Exercise, a major exercise at Mount Vesuvius that took place from
19 to 23 October 2006, consisting in a blind simulation of Vesuvius reactivation, from the early warning
phase up to the final eruption, including the evacuation of a sample of about 2000 people from the area
at risk. The results show that BET_VH_ST is able to produce short-term forecasts of the impact of tephra fall
during a rapidly evolving crisis, accurately accounting for and propagating all uncertainties and enabling
rational decision making under uncertainty.

1. Introduction

A sound management of volcanic unrest in high-risk areas requires a quantitative assessment of volcanic
hazard in a short-time perspective, i.e., in time windows of few hours/few weeks [e.g., Marzocchi et al.,
2012a]. Yet short-term volcanic hazard models are still lacking, and during volcanic unrest, volcanologists
usually assist decision makers producing maps of the deterministic outcome, or at best the probabilistic
impact, of one or a few selected scenarios [Folch et al., 2008; Scollo et al., 2009]. These maps are undoubtedly
important for decision makers, but only a fully probabilistic volcanic hazard analysis (PVHA) can provide a
quantitative solid basis for a rationale decision making [Cornell and Krawinkle, 2000; Der Kiureghian, 2005;
Marzocchi and Woo, 2007, 2009; Sandri et al., 2012]. PVHA accounts properly for the intrinsic variability of the
system and all known uncertainties [Senior Seismic Hazard Analysis Committee (SSHAC), 1997; Marzocchi and
Jordan, 2014], and it offers a more complete view of the real volcanic hazard than any single scenario could
do [Selva et al., 2010].

In this paper, we introduce a first short-term PVHA model, rooted on the Bayesian event tree philosophy
[Marzocchi et al., 2004, 2008, 2010], that aims at (1) including within a formal procedure all the relevant
information that can constrain short-term forecasts, from past and monitoring data to external forecast
models (like weather forecast); (2) managing all the uncertainties, both natural (related to the intrinsic
nonpredictability of the phenomena) and epistemic (related to the limited knowledge about
the system); and (3) producing in output probabilistic assessments suitable for risk analysis and
decision making.
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Even the state-of-the-art operative procedures for dealing with short-term volcanic hazards are typically
based only on scenario approaches [e.g., Scollo et al., 2009], which have been demonstrated to be strongly
limited in their description of potential hazards and consequent impact [Selva et al., 2010] and inapplicable
for rational decision making [Cornell and Krawinkle, 2000; Marzocchi and Woo, 2009].

First, the probability of occurrence of an imminent eruption and of the impact of potential consequences is
not evaluated. Such probability is a necessary factor in quantitative studies for rational decision making, like
cost-benefit analysis [e.g., Marzocchi and Woo, 2007; Sandri et al., 2012]. In recent literature, several methods
have been developed to evaluate short-term eruption probability, based on quantitative analysis of
monitoring information [Aspinall et al., 2003; Aspinall, 2006; Marzocchi et al., 2008; Lindsay et al., 2010; Selva
et al., 2012a]. However, the link between short-term eruption forecast and consequent eruptive hazard has
been explored only for time-independent hazardous phenomena [e.g., Aspinall et al., 2003; Sparks, 2003;
Sandri et al., 2012]. Much more challenging is the investigation of the time-dependent hazardous events,
such as tephra fall or gas dispersion, whose hazard is strongly linked to the time-varying wind field.

Second, no assessment of completeness and likelihood of the selected scenario(s) is performed, although
not all the scenarios are equally probable, neither in size nor in vent position. In addition, no attention is
paid in covering the whole range of potential eruptions that may occur, strongly biasing the forecast. This
lack in modeling aleatory uncertainty does largely influence the results. In terms of vent positions, the most
likely ones can be constrained by structural information and location of past vents [e.g., Martin et al., 2004;
Selva et al., 2012b] and, in a short-term perspective, by the localization of several preeruptive phenomena
(e.g., seismic events and deformations) [Lindsay et al., 2010]. In terms of explosive eruptive sizes, large sizes
are usually less likely [e.g., Marzocchi et al., 2004; Neri et al., 2008; Orsi et al., 2009] than smaller ones, but still
they may occur and are connected to higher levels of damage.

Third, other known and relevant uncertainties are hidden, for example, the ones related to specific modeling
choices or to accessory forecasts setting either initial and/or boundary conditions for modeling procedures.
Indeed, given the potential regulatory concern of short-term PVHA, attention should be spent in quantifying
all the known unknowns, in order “to represent the center, the body, and the range of technical
interpretations that the larger technical community would have if they were to conduct the study”
[SSHAC, 1997].

The proposed model is then applied to estimate the tephra hazard during a realistic volcanic unrest at
Mount Vesuvius. Tephra dispersal during explosive volcanic eruptions and its consequent deposition can
produce multiple hazardous effects, such as damage to human settlements, agriculture, and transportation
systems [Blong, 1984; Casadevall, 1994; Sparks et al., 1997; Miller and Casadevall, 2000; Horwell and Baxter,
2006]. Although the modelistic aspects of the tephra dispersion are well explored, as well as some
application for the long-term assessment [e.g., Barberi et al., 1990; Cioni et al., 2003; Bonadonna et al., 2005;
Magill et al., 2006; Macedonio et al., 2008; Bonasia et al., 2011, 2012], the short-term tephra hazard analysis
is still in its infancy. Besides the paramount importance in assisting decision makers during volcanic unrest
in high-risk zone like in Neapolitan area, the recent disruption to civil aviation over Europe caused by the
Eyjafjallajökull eruption [e.g., Bonadonna et al., 2012; Folch et al., 2012] and the repeated closures of the
Catania airport caused by the Etna activity highlight the importance to build reliable and flexible models of
short-term hazard assessment.

In the following sections, we first describe BET_VH_ST; then we show the potential of its application through
a retrospective analysis. In particular, in section 2 we describe the main features of BET_VH_ST, showing (i)
how the monitoring observations are used to update the short-term volcanic hazard, (ii) the calibration of
each node of the event tree, and (iii) how the tephra modeling is incorporated into the final assessment
of the volcanic hazard. Then, in section 4, we retrospectively apply BET_VH_ST to the Major Emergency
Simulation Exercise (MESIMEX) exercise at Mount Vesuvius [Barberi and Zuccaro, 2004; Marzocchi et al., 2008]
for the tephra fallout. This exercise was promoted by the European Commission together with Italian Civil
Protection Department to focus on the preparatory phase of a possible reactivation of such volcano, located
in a densely inhabited area like Naples and thus posing a high volcanic risk. MESIMEX exercise took place
from 19 to 23 October 2006 and consisted in a blind simulation of Vesuvius reactivation, from the early
warning phase up to the final eruption, and it included evacuation of a sample of about 2000 people from
the area at risk, as established by the Emergency Plan.
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Figure 1. (a) The event tree at the base of the model BET_VH_ST. (b) The propagation of uncertainties within the event
tree into probabilistic hazard analysis.

2. Short-Term Volcanic Hazard Assessment: The Model BET_VH_ST

PVHA quantifies the exceedance probability of an intensity measure of a specific phenomenon (e.g., tephra
load) in a target area and within a time window (exposure time) [e.g., SSHAC, 1997]. These exceedance
probability curves are commonly referred to as hazard curves, and they represent the full information about
the probabilistic hazard assessment [Rougier et al., 2013]. Indeed, they can be used to produce hazard maps
and probability maps and for probabilistic risk assessments [e.g., Elefante et al., 2010].

The short-term PVHA method proposed here is a specific development of the Bayesian event tree (BET)
model [Marzocchi et al., 2008, 2010] for short-term hazard purposes. The BET model applies a Bayesian
inference procedure to assess the probability of occurrence of the relevant phenomena that may occur at
one target volcano. Based on a structured event tree, monitoring data, past eruptive history, and theoretical
models are dynamically used at different levels, in order to deal with both short- and long-term analyses
and explicitly evaluate aleatory and epistemic uncertainties. There is a rather extensive literature presenting
different methodological aspects of BET model [e.g., Marzocchi et al., 2008, 2010; Lindsay et al., 2010; Selva
et al., 2010]. The new model we propose combines different aspects of methods previously developed and
introduces some key improvements and changes.

SELVA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8807
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Figure 2. Short-term hazard maps produced by selecting different thresholds in probability provide a graphical representation of aleatory uncertainty. As
example, we reported here the results relative to the first day of the presented application. Red shaded area represents the epistemic uncertainty.

The main goal of BET_VH_ST is to quantify the hazard curve associated with one (or more) volcanic
phenomenon, in the target area x⃗ and in a time window T , that is

𝜃
(x⃗,T)
aH = Pr(x⃗,T)(L ≥ 𝓁) =

= Pr(T)(E) ⋅
∑

u

[
Pr(T)(ESu|E) ⋅ Pr(x⃗,T)(L ≥ 𝓁|ESu)

] (1)

where 𝓁 is a threshold of the intensity L in x⃗; E indicates an eruption in the time window T ; ESu the uth
eruptive settings, defined as an eruption in a given vent location of a given size and the sum runs over a
complete set of ESu

(∑
u Pr(T)

(
ESu|E) = 1

)
.

In our application the length of the time window is defined according to the needs of the decision makers.

In Figure 1a, we report the event tree used by BET_VH_ST. This event tree is composed of eight levels, or
nodes, which describe with increasing details the possible evolution of an eruption. In particular, (1) nodes
1 to 3 deal with the problem of eruption forecasting, starting from the detection of unrest (node 1), the
detection of movements of magma bodies (node 2), and the onset of the eruption (node 3); (2) nodes 4
and 5 deal with the problem of forecasting the eruptive scenario, treating the variability on the potential
vent positions (node 4) and the potential eruption magnitude and intensity (i.e., size class) (node 5); and
(3) nodes 6 to 8 deal with the problem of forecasting the impact of one specific eruptive phenomenon (like
tephra fall), analyzing the possibility of the occurrence of the phenomenon (node 6) and the involvement, at
various levels, of specific areas around the volcano (nodes 7 and 8).

These three macrolevels correspond to the three probabilistic factors in equation (1), and they deal with the
uncertainty on the occurrence of one eruption (eruption forecasting), the uncertainty related to the natural
variability of eruptive scenarios (eruptive scenario forecasting), and the uncertainty on the effects of each
eruptive scenario (impact forecasting), respectively. At all levels, BET_VH_ST estimates both aleatory (due to
natural variability) and epistemic (due to limitations on knowledge and/or modeling capability) uncertainty
so that each probabilistic term (hereinafter indicated with 𝜃) is assessed along with the uncertainty in its
evaluation, described through a probability distribution (hereinafter indicated with [𝜃]).

SELVA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8808
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Figure 3. Short-term hazard maps produced by selecting different percentiles, given a threshold in probability, provide a graphical representation of epistemic
uncertainty (red shaded area). As example, we reported here the maps relative to the first day of the presented application.

In Figure 1b, we show as the uncertainties considered in these macrolevels of the event tree propagate
into probabilistic hazard analyses, allowing the assessment of hazard curves either conditioned to the
occurrence of one eruption with whatever scenario (conditional PVHA) or unconditioned (absolute PVHA).
Hazard curves, and relative epistemic uncertainties, represent all the information required to characterize
the hazard at each target [e.g., SSHAC, 1997]. To provide an idea of the aleatory uncertainty on the
assessment, different maps, with different probability thresholds, may be produced, starting from the
best guess (mean) hazard curve. An example of this is reported in Figure 2, where three different hazard
maps are obtained from the mean hazard curve with three exceedance probability levels of 0.05, 0.10, and
0.15. On the other hand, to provide a visualization of the epistemic uncertainty on the assessment, different
maps, at different level of confidence, may be produced by cutting the hazard curves at different percentiles.
An example of this is reported in Figure 3, where three different hazard maps are obtained for the same
exceedance probability level of 0.05 but considering the mean hazard curve, as well as the hazard curve at
the 10th and 90th percentiles.

Even if probabilities at nodes 1–5 in BET_VH_ST are calculated similarly to BET_EF model [Marzocchi et al.,
2004, 2008], and at nodes 6–8 to BET_VH model [Marzocchi et al., 2010; Selva et al., 2010], BET_VH_ST

requires several key methodological developments with respect to those models. First, we introduce
refinements of the combination of short- and long-term assessments, in order to produce a consistent
treatment of the epistemic uncertainties throughout the hazard quantification. Second, we introduce
specific methods to deal with time-dependent forecasts for different temporal duration. Third, we
implement the hazard analysis to produce complete hazard curves [Selva and Sandri, 2013; Rougier et al.,
2013], which represent the exceedance probability of predefined threshold values for the parameter
describing the intensity of the hazard at a given site. Finally, we include a postprocessing analysis of
the hazard results, allowing a simple and direct access to the results, accounting for uncertainties. Such
developments are discussed in details in the next sections.

2.1. Combination Scheme for Short- and Long-Term Assessments
Short-term PVHA relies on two different kinds of information: measurements from monitoring systems
(data set ) and all the other kinds of data/information (data set , which include past data, statistical and
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Figure 4. Two hypothetical assessments (red and blue lines) are
combined using a weighted average of samples (dotted black line)
and a weighted mixing procedure (dashed black line), with weights 0.7
and 0.3, respectively.

physical models, and theoretical
beliefs regarding the target volcano
and/or analogous ones). For example,
monitoring measures are pivotal for
providing short-term eruption forecast
during unrest periods [e.g., Aspinall et al.,
2003; Aspinall, 2006], while they do not
carry any relevant information during a
quiet period, apart from telling that the
volcano is at rest.

For this reason, in Marzocchi et al.
[2008] these two kinds of information
were used to produce two separate
assessments, at each level of the event
tree, and then combined as

[𝜃k] = 𝛾k[𝜃
{}
k ] + (1 − 𝛾k)[𝜃

{}
k ] (2)

where k represents the level of the event
tree (node); 𝛾k is a variable in the interval

[0, 1] that represents the relative weight of monitoring assessment with respect to the nonmonitoring one;
𝜃k represents the (conditional) probability at node k, and it is a scalar/vector for univariate/multivariate

problems, respectively; 𝜃{}
k and 𝜃

{}
k have the same meaning as 𝜃k , but they are defined by using only

monitoring information and all the other kinds of information (nonmonitoring, hereinafter), respectively;
the brackets [x] indicate a probability density function (pdf) describing the uncertainty on the assessment
of x so that for each 𝜃k , a probabilistic distribution is assessed, providing an explicit description of the
epistemic uncertainty on the assessment of the frequency 𝜃k [Marzocchi and Jordan, 2014].

The parameter 𝛾k sets the degree at which monitoring data (useful in a short-term perspective) control the
posterior probabilities with respect to the nonmonitoring part (useful in a long-term perspective). The value
of 𝛾k should depend not only on the node (monitoring is not informative at all levels, as, for example, its
relationship with the future eruptive size is not scientifically constrained before the eruption onset) but also
on the time of the assessment (e.g., when monitoring parameters are considered informative 𝛾k → 1).

The two distributions are combined by making the weighted average of the respective pdf, that is,
statistically mixing the two starting distributions [e.g., Ray and Lindsay, 2005]. In this way, the two
assessments are treated as two distinct alternative statistical models, and a sample of size N for the mixed
distribution can be obtained by mixing a sample of size 𝛾k ×N from the short-term assessment and a sample
of size (1− 𝛾k) ×N from the long-term assessment. So each sample of the distribution [𝜃k] comes either from

[𝜃{}
k ] or from [𝜃{}

k ] and single samples are never averaged. An explicative example is reported in Figure 4.

The obtained distribution [𝜃k] represents a Bayesian ensemble model [Marzocchi et al., 2012a; Marzocchi
and Jordan, 2014] that mixes short- and the long-term assessments but does not average their samples. In
this way, short- and long-term assessments are treated as logically alternative, being the values between
the two assessments not necessarily likely. For the treatment of epistemic uncertainties, this is not a minor
difference. Indeed, the distribution of this ensemble model is (potentially) bimodal, with two local maxima
coinciding with short- and long-term modes, being the relative strength of the two modes controlled by 𝛾k .

As we mentioned above, 𝛾k may vary with time. In practice, we can isolate two different issues in this
temporal variation. First, 𝛾k must depend on the time of the assessment (hereinafter indicated with t0).
Indeed, at very last, monitoring measures can be considered informative only during volcanic unrest.
Second, the capability of monitoring measures to provide information may degrade with time for t > t0.
Indeed, it is true that the monitoring measures may provide a better constrain to short-term assessment,
but it is also true that such constrain weakens as we move far in time from the measure. When this happens,
it might be preferable to maintain some information coming from the long-term assessment.

SELVA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8810
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To deal with these problems related to the temporal variations of 𝛾k , at all nodes, we model 𝛾k as function of
time with the following form:

𝛾k(t,Δt) = 𝛾0
k ⋅ g(t,Δt) Δt ∈ (0, 𝜏) (3)

where 𝛾0
k represents the value of 𝛾k at t = t0 and g(.) is a monotonically decreasing function of time t that

represents the degree of credibility of short-term assessments a time interval (t, t + Δt). When t >> t0, its

credibility becomes negligible (i.e., g(.) should become ≪ 1) so that [𝜃k] ≅ [𝜃{}
k ], that is, the posterior

assessment will converge to a pure long-term assessment. The value of 𝛾0
k and the functional form for g(.)

will be discussed for all nodes in the following sections.

This procedure will be here applied to all the nodes for which short-term assessments are considered
credible during a phase of unrest and before the occurrence of an eruption, that is, nodes 1 (unrest),
2 (magmatic unrest), 3 (eruption), 4 (vent location), and 7 and 8 (impact of the investigated volcanic
phenomenon).

2.2. Short-Term Eruption Forecast (Nodes 1–3)
In the BET model, the assessment of the probability of eruption 𝜃E in (t0, t0 + 𝜏) is obtained as

[𝜃E(t0, t0 + 𝜏)] = [𝜃1] ⋅ [𝜃2] ⋅ [𝜃3] (4)

where 𝜃1 represents the probability of occurrence of the unrest in (t0, t0 + 𝜏), 𝜃2 the probability of magmatic
unrest given the unrest, and 𝜃3 the probability of eruption in (t0, t0 + 𝜏), given a magmatic unrest.

The long-term assessment of 𝜃1, 𝜃2, and 𝜃3 requires a definition of operative unrest for the target volcano,
and it makes use of theoretical model as well as past data [e.g., Marzocchi et al., 2004]. The short-term
assessment of 𝜃1, 𝜃2, and 𝜃3 is based on the analysis of monitoring measures. The state of anomaly of each
parameter is defined from monitoring measures through the definition of fuzzy thresholds [Marzocchi et al.,
2008]: the central issue is the definition of the list, the thresholds, and the weights of the monitoring
measures that are considered informative at nodes 1–3, in order to quantitatively define anomalies and
their weight in forecasting potential imminent eruptions (see discussion in Selva et al. [2012a]). Long- and
short-term components are then combined through equation (2). In agreement with [Marzocchi et al., 2008,
electronic supplementary material (ESM)], we set 𝛾1 =𝛾2 =𝛾3 =𝜂, for all t and Δt within the forecasting time
window 𝜏 , where the state of unrest 𝜂 is defined, at each time, as the largest state of anomaly among all the
monitoring parameters at node 1.

An important development required for BET_VH_ST is that we need forecasts on time windows of varying
length (Δt). BET_EF usually refers to a time window 𝜏 of 1 month. So we need to rescale the forecasts for
shorter time windows.

For the long-term assessment, we rescale linearly the forecasts assuming a uniform behavior inside the
time window 𝜏 :

[𝜃{}
3 (t, t + Δt)] = [𝜃{}

3 (t0, t0 + 𝜏)] ⋅ Δt
𝜏

(5)

with t0 ≤ t ≤ 𝜏 − Δt.

On the contrary, for short-term assessments we do not assume a uniform distribution of the probability of
eruption within (t0, t0 +𝜏), for two reasons: first, a forecast based on measures obtained at t0 is clearly more
reliable close to the time at which the information is collected, and it weakens afterward, and second, typical
lead times observed before eruptions (at least for those of explosive character) are of the order of hours to
few days [Marzocchi et al., 2004; Sandri et al., 2009]. For these reasons, we model the probability of eruption
[𝜃E] in a given time interval (t, t + Δt), contained in the time range (t0, t0 +𝜏), as

[𝜃{}
3 (t, t + Δt)] = [𝜃{}

3 (t0, t0 + 𝜏)] ⋅ (F(t + Δt) − F(t)) (6)

where F(t) is the cumulative density function that represents what proportion of [𝜃{}
3 (t0, t0 + 𝜏)] is

concentrated in (t0, t0 + t). The derivative of F(t) is f (t), describing the evolution in time of [𝜃{}
3 (t)]. As the

probability of eruption is expected to be high soon after t0 (e.g., less than 1 week) and then to drop, we
expect that f (t) may be well described with an exponential form so that

f (t) = ke−t∕Tc (7)

SELVA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 8811
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where Tc is the characteristic time and k is a normalization constant such that ∫
𝜏

f (t′)dt′ = 1, i.e., k =
1∕[Tc(1 − e−𝜏∕Tc )]. The characteristic time Tc is hereinafter set to 1 week. Worthy of note, the temporal
decay does not depend on the probability level, while it might be argued that this decay should be more
pronounced for higher probabilities [Lindsay et al., 2010]. However, the effect of imposing this temporal
decay also to smaller probabilities is practically negligible (in any case, small probabilities will remain small),
and thus, we argue that to model this potential effect represents a useless sophistication.

The final posterior probability of eruption is then assessed as in equation (8), considering unrest in (t0, t0 +𝜏)
and eruption in (t, t + Δt), that is

[𝜃E(t, t + Δt)] = [𝜃1(t0, t0 + 𝜏)] ⋅ [𝜃2] ⋅ [𝜃3(t, t + Δt)] (8)

where t0 < t < t0 + 𝜏 − Δt; t0 is the time of the assessment (last monitoring measure); 𝜏 is the time window
of the BET model, usually set to 1 month; (t, t + Δt) is the (variable) time interval of interest for the eruption.

2.3. Eruptive Setting Forecasting (Nodes 4 and 5)
Each single eruptive setting (ES, herein after defined as the occurrence of an eruption at a specific vent
position and within a specific size class) represents only one of the possible eruptions at one volcano.
Indeed, the history of past eruptions of many volcanic systems clearly shows that both vent position and
size of eruptions can largely vary from an eruption to another [e.g., Orsi et al., 2009; Cioni et al., 2003].

In the model BET_EF, at both nodes 4 and 5, the whole variability is discretized into a discrete number
of mutually exclusive and collectively exhaustive (MECE) cases, indexing a specific vent area with i and a
specific size class with j. Hence, the probability of each ES is expressed through

[
𝜃
(i,j)
ES

]
=
[
𝜃
(i)
4

]
⋅
[
𝜃
( j)
5

]
(9)

where, as above, 𝜃n represents the probability of occurrence of the event defined at the node n (vent
location and eruption size at nodes 4 and 5, respectively). Note that the MECE requirement means also
that the selected ES must cover the whole range of possible eruptions, not only a few typical scenarios (as
typically made in scenario-based analysis) [Scollo et al., 2009], in order to provide to decision makers the full
range of possible outcomes of an ongoing crisis, without hiding possible outcomes of it.

The long-term assessments at nodes 4 and 5 are based on the analysis of the structure of the volcano and
its volcanological record [e.g., Selva et al., 2012b; Orsi et al., 2009; Marzocchi et al., 2004]. In a short-term
perspective, the observation of monitoring anomalies during an unrest episode may provide important
clues about the possible position of the upcoming eruptive vent (𝛾4 ≠ 0), while no size precursor has been
so far recognized (𝛾5 = 0, ∀t,Δt) [see Sandri et al., 2005; Marzocchi et al., 2008, ESM]. The short-term model
at node 4 in BET_EF considers the proportion of the anomalies in each possible vent position for a number
of different monitoring parameters. Long- and short-term components are then combined here through
equation (2). In agreement with [Marzocchi et al., 2008, ESM], we set 𝛾4 = Min(𝜂, 0.5) for all t and Δt within
the forecasting time window 𝜏 (being 𝜂 the state of unrest).

2.4. Impact Forecasting (Nodes 6–8)
With BET_VH [Marzocchi et al., 2010], as updated adopting the methodology developed in [Selva and Sandri,
2013], the probability that different thresholds are exceeded in a specific target area k given the occurrence
of one eruption with a given ES can be computed as

[
𝜃
(i,j,k,l)
H

]
=
[
𝜃
(i,j)
6

]
⋅
[
𝜃
(i,j,k)
7

]
⋅

l∏
l∗=1

[
𝜃
(i,j,k,l∗)
8

]
(10)

where 𝜃
(i,j)
6 represents the probability that the ES(i, j) (with vent position i and size class j) produces the

target volcanic phenomenon (e.g., tephra fall); 𝜃(i,j,k)7 the probability that the k-th area is reached by the
phenomenon, given that the phenomenon is produced for ES(i, j); and 𝜃

(i,j,k,l)
8 the probability that a given

threshold 𝓁l for the intensity of the phenomenon is overcome, given that the k-th area is reached and that
the previous threshold (𝓁l−1) is overcome. This layered procedure assessing the probability of exceedance of
each threshold conditioned to the exceedance of the previous threshold is here adopted in order to guaran-
tee the coherence of the assessment for the different thresholds and to allow complete hazard curves to be
sampled [Selva and Sandri, 2013].
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At node 6, considering that we are focusing on the preeruptive phase, monitoring measures are not
considered informative so that 𝛾6 =0, ∀t,Δt, and [𝜃(i,j)6 ] is set only with a long-term perspective typically
based on volcanological beliefs and past records.

The assessment of [𝜃(i,j,k)7 ] and [𝜃(i,j,k,l)8 ] is based on both the results of a set of models and past data related
to the target phenomenon (e.g., tephra fall). Different alternative models should be considered to constrain
the epistemic uncertainty on modeling the propagation of the phenomenon from source to target.

Generally speaking, the input of such models is of two types: the strictly volcanological input (e.g., for
tephra: total erupted mass, eruption duration, column height, and bulk granulometry) and external input
(e.g., for tephra: meteorological input as wind field and rain intensity). Both these inputs may vary with
long- and short-term perspective. Therefore, both short- and long-term assessments are possible at nodes
7 and 8. In order to guarantee the coherence of hazard curves, first, the assessment of the whole hazard
curve is produced independently for short- and long-term assessments; then a single model is produced by
applying equation (2). In practice, this means that nodes 7 and 8 are treated jointly, and short- and
long-term assessments are mixed with a single 𝛾=𝛾78. The actual functional form of 𝛾78 depends on the
selected target volcanic phenomenon. In next section, we specifically discuss the implementation for tephra
fall forecasting.
2.4.1. Implementation for Tephra Fall Hazard
In this section, we discuss the implementation of impact forecasting in the case of the analysis of tephra
fallout. Generally speaking, the process of fallout can be satisfactory reproduced by computational models,
provided that initial and boundary conditions are reasonably well constrained [e.g., Folch et al., 2012].

The volcanological input for dispersion models may be either based on single reference scenarios [Selva
et al., 2010] or on the analysis of the intra-ES variability, considering both the variability within each vent
location class (node 4) and size class (node 5) [Selva et al., 2014]. While the analysis of intra-ES variability
is certainly more complete, allowing also an important reduction of epistemic uncertainty, the approach
based on representative scenarios is computationally less expensive and thus possibly more feasible for
near-real-time applications. Considering that epistemic uncertainty is treated in BET_VH_ST, two different
choices for short- and long-term assessments are eventually possible. In both cases, the critical point is
the exploration of the full range of potential eruptive scenarios imposed by the MECE requirement for ESs,
enabling the complete exploration of the source space required in PVHA.

The external input for tephra fall consists of the wind field. In a long-term perspective, a statistical record of
past wind fields, either considering specific periods/seasons or not, represents the most robust input [e.g.,
Macedonio et al., 2008; Costa et al., 2009]. On the opposite, in short-term assessments, relevant information
comes from (i) modeling potential eruptions considering different onset times and (ii) time-dependent
weather forecasts [Folch et al., 2008; Scollo et al., 2009].

The operative procedure for tephra fall assessment consists on modeling potential eruptions regularly in
time, once weather forecasts are available, e.g., every 24 h. Hereinafter, the time at which new simulations
are run is indicated as ts. At each ts, for each scenario to be modeled, several onset time should be
considered, and the deposition after a given time window is computed. During volcanic crises, the number
and the frequency of simulations may be increased. For example, in Figure 5a, we report the scheme
for simulations that has been used in the application in section 4. If an imminent eruption is not likely,
two potential onset times my be considered: S1 with onset time at t= ts +12 h and S2 with onset time at
t = ts + 36 h. If the volcano is in a critical phase of unrest, the number of onset times is typically increased
and two further cases (S3 and S4) may be considered, with onset times at t= ts +24 h and t= ts + 48 h. In all
these cases, the deposition after 24 h is computed.

Once new monitoring data are available, e.g., at time t= t0, both probability of eruption and ES forecasting
of BET_VH_ST can be updated. Different potential time windows for the assessment may be considered,
depending on decision maker’s needs. For example, selecting a Δt=24 h, two time windows can be
considered: W1 as t ∈ (t0, t0 + Δt) and W2 as t ∈ (t0 + 24 h, t0 + 24 h + Δt). In order to update also the
impact forecasting, the last available simulations are considered. We indicate the time at which the these
simulations are run with ts (being ts < t0), as above. Among the different scenarios simulated at t= ts,
only a subset of simulations apply to either W1 or W2, since the onset times must fall into their time span.
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Figure 5. (a) The simulation scheme for tephra fall models: when
eruptions are not considered imminent, several simulations, with
different onset times, are performed (e.g., S1 and S2). When imminent
eruptions are likely, the number of simulations is increased (e.g., S1,
S2, S3, and S4). The tephra deposition, for all simulations, is computed
after a given time window (here 24 h). (b) The selection of pertinent
simulations, when BET_VH_ST is run at t = t0: different forecast
windows are possible (W1 and W2), and for each of them all the tephra
fall simulations representing eruptions initiating within the time window
are selected.

This situation is graphically described
in Figure 5b. The number of available
simulations for each time window (ns)
does depend on the length of Δt and
on the number of available cases from
simulations. Of course, the largest the
ns, the largest the reliability of the
short-term hazard assessment is, since
it means a better sampling of potential
onset times.

In short-term tephra fall hazard
assessments, these short-term analyses
represent the best available
information, while (seasonal) long-term
analyses may represent a backup
information to be considered when the
reliability of short-term assessments
is considered too low. Indeed, as the
quality of weather forecasts
downgrades with time, the credibility
of the short-term assessment must
decrease significantly as t grows
larger than t0. On the other hand, the
reliability of the short-term
assessments depends also on the
density of onset times modeled, that
is, on the ratio between Δt and ns.
Therefore, the weight of the short-term
assessment 𝛾78 can be set as

𝛾78(t,Δt; ns) = qs(Δt∕ns) ⋅ qw(t,Δt) (11)

where qs is a quality factor that
depends only on how densely potential
onset times for the eruption are
sampled within Δt, and qw is a quality
factor for weather forecast.

Considering the reliability of weather forecasts being very high in the first 24 h and very low after a week or
less, qw can be set to

qw(t,Δt) = q0
w ⋅ e

−
(

t+Δt−ts
Tw

)2

(12)

where q0
w represents the reliability of weather forecast for t = t0 and can be set to 1, since very short term

weather forecast is highly informative, ts is the time of the forecasts, and Tw is a characteristic time that
controls the degradation of weather forecast with time (here is set to 4 days). The resulting curve is reported
in Figure 6a. The functional form assumed in equation (12) is set as an exponential-like function for the sake
of simplicity, but in principle data exist to better constrain qw , although this is out of the scope if this paper
and can be the object of future analyses.

As regards the quality factor for onset times, considering that results based on a frequent sampling of
potential onset times of an eruption (e.g., each a few hours) can be assumed very reliable, while it drops
quickly for poorer sampling (e.g., a few days), we set

qs(Δt∕ns) = q0
w ⋅ e

−
(
Δt∕ns

Ts

)2

(13)

where q0
s represents the reliability of forecasts for very frequent sampling of onset times for eruptions

and can be set to 1 and Ts controls the temporal degradation of forecasts for undersampled onset times.
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Figure 6. Decrease in credibility of short-term modeling, depending (a) on degradation of wind forecast and (b) on
undersampling of onset times (here represented as the ratio between the forecasting window ΔT and the number of
sampled onset times ns).

For example, in the area of Naples (Italy), the persistence of wind in a sector of about 20◦ for 24 h is ≈ 50%
(it may actually vary depending on eruption intensity), and it drops quickly for longer times [CNPE, 2010].
Considering that one simulation every 24 h (ns = 1, Δt = 24h) requires a persistence of approximately 12 h
to be representative, we can set Ts = 36 h. The resulting curve is reported in Figure 6b. As above, this curve is
kept simple with the aim to capture the characteristic times of this decrease in accuracy due to the adopted
sampling scheme for onset times of eruptions. In principle, it is possible to better constrain the functional
form of qs through numerical testing, but again, this is out of the scope of this paper and can be the object
of future research.

3. Application: MESIMEX Exercise at Mount Vesuvius
3.1. The Exercise
MESIMEX (Major Emergency Simulation Exercise) is a simulation carried out between 17 and 23 October
2006 by the Regione Campania (administrative institution of the region that includes the Neapolitan area)
and the Dipartimento Nazionale della Protezione Civile (Italian Civil Protection), with the goal of improving
coordination among national institutions, the organization of civil protection operative actions, and the
preparedness of the civil society in case of eruption at Vesuvius [Barberi and Zuccaro, 2004].

The core of the scientific part of the exercise was the definition of a realistic preeruptive scenario for
Vesuvius, simulated by a pool of experts. The activity included several typical phenomena accompanying
volcanic crises such as seismic activity, deformations, and gravity changes. The second part of MESIMEX was
devoted to exercise the evacuation. The simulated activity of the volcano was distributed to the scientific
community through both a series of bulletins (one to two per day) via an e-mail list and a dedicated blog
on the internet.
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Figure 7. For Mount Vesuvius, five vent location areas are selected
(different colors). For each of them, a larger number of potential vent
positions are selected (black squares), and each of them is assumed
equally probable within its area.

For applying BET_VH_ST, we consider
the first five bulletins describing the
activity of Mount Vesuvius, from 17 to
20 October.

3.2. Model Settings
BET_VH_ST is here set for Mount
Vesuvius and focused to the assessment
of the hazard related to tephra dispersal
and deposition. The intensity of the
tephra deposition is the loading,
measured in kPa, and the assessment
is made for dry conditions; in principle,
the effect of rain on tephra loading
could be accounted for as proposed
by Macedonio and Costa [2012] on the
basis of rain forecast. To assess the
hazard curves, we consider 22
thresholds ranging between 0.1 and
16.0 kPa (𝓁l = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
6.0, 8.0, 10.0, 12.0, 14.0, and 16.0).

The eruption forecasting (nodes 1 to 3) and the eruptive setting forecasting (nodes 4–5) procedures are set
in agreement with Marzocchi et al. [2004, 2008] and Sandri et al. [2009], for both long-term and short-term
assessments. Eruptive scenarios consider five possible areas for the vent position (a central area plus
four circular sectors, as in Figure 7) and three eruptive size classes (small, medium, and large). As a first
approximation, the probability of each size class (node 5) is equal for all possible vent locations. The relevant
parameters needed by the models are reported in Table 1.

The impact forecasting (nodes 6–8) is made by assuming that all the eruptive size classes have a probability
identically equal to 1 to produce tephra. As regards nodes 7 and 8, both long-term and short-term
assessments are accounted for, considering two alternative tephra deposition models: HAZMAP, [Macedonio
et al., 2005] and FALL3D [Costa et al., 2006; Folch et al., 2009].

The long-term assessment is made in agreement with [Selva et al., 2014]. In a few words, a statistical sample
of 1000 winds in the last decade is accounted for, as well as the variability within each eruptive size (in terms
of values of the relevant parameters related to the eruptive size, such as mass eruption rate, column height,
eruption duration, and total erupted mass). In this perspective, 1000 simulations are considered for each
eruptive size. To account for the variability in the vent position, given the relatively large column height
considered, the topographic altitude above sea level of the vent around the volcanic edifice can be
neglected. This allows for reducing the computational effort [Selva et al., 2010], and the results of each
simulation are spatially translated to consider all the potential vent positions.

For the short-term assessment, two competing requirements exist: the possibility of deeply exploring the
parameter space of the volcanological input and the capability of following temporal varying wind fields.
The former requirement leads to select analytical models (since computationally light). However, they
cannot properly follow the temporal variability of wind conditions. On the other hand, numerical models
can describe such temporal variations, but they are computationally heavy and difficult to be extensively
applied in almost real time. Here we argue that it is more appropriate to enable a correct consideration of
temporal variable wind field, and thus, the approach based on representative scenarios is adopted, being
computationally lighter. Therefore, three representative eruptions (one for each eruptive size class) are
considered, and as in the long-term, the effect of topographic altitude above sea level of the vent is
neglected. Both these assumptions allow for drastically reducing the computational effort so that at each
time t0, only three simulations of tephra deposition are required, one for each size class and model [Selva
et al., 2010]; then the results of each simulation are spatially translated to consider all the potential vent
locations. In particular, in order to account for the variability due to different vent positions, we consider 109
possible vent locations, as reported in Figure 7. These positions are obtained by constructing a regular grid
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Table 1. Input Parameters for FALL3D and HAZMAP, Used to Compute Ground Load Probability Maps for
the Three Different Eruptive Sizes: Plinian (Size 3), Sub-Plinian (Size 2), and Violent Strombolian (Size 1)

Size 3 Size 2 Size 1

Computational domain (km) 70 × 70 70 × 70 70 × 70

Initial vent coordinate (UTM) (451737; 4519302) (451737; 4519302) (451737; 4519302)

Total Grain Size Distribution (TGSD)a 𝜇1 = 2 𝜇2 = 6 𝜇1 = 2 𝜇2 = 6 𝜇1 = −1 𝜇2 = 3

𝜎1 = 1.5 𝜎2 = 1.5 𝜎1 = 1.5 𝜎2 = 1.5 𝜎1 = 1.5 𝜎2 = 1.5

Percentage of aggregates (%) 80 60 40

HAZMAP, diffusion coefficientb (m2/s) 5000 5000 5000

Column height (km) 30 16 6

Column shape parameters A = 4, 𝜆 = 1 A = 4, 𝜆 = 1 A = 4, 𝜆 = 1

Mass flow rate (kg/s) 1.7 × 108 1.3 × 107 2.5 × 105

Duration (hours) 8 11 62

Total mass (kg) 5 × 1012 5 × 1011 5 × 1011

Meteorological data setc NCEP/NCAR NCEP/NCAR NCEP/NCAR

aTGSD assumed a Bi-Gaussian distribution in Φ (where diameter d = 2−Φ in mm).
bEffective diffusion coefficient for HAZMAP, accounting also for gravitational spreading and subdaily

wind direction variations. For FALL3D diffusion coefficient is computed by using large Eddy (LE) approach
for horizontal component and Similarity Theory (ST) for vertical component [Costa et al., 2006], whereas
gravitational spreading at neutral buoyancy level is calculated as in Costa et al. [2013].

cWind profiles from NCEP/NCAR reanalysis Kalnay et al. [1996].

spaced at 1 km then grouping the points into the five different vent location areas defined at node 4. All
vent locations lying outside the five areas are assumed not possible (probability of occurrence equal to 0),
while all the locations within the same vent location area are assumed equally probable (for the j area, the
probability of occurrence of each point is equal to 𝜃

( j)
4 ∕Nj , where Nj is the number of points within the area).

For this study, weather forecasts for the simulated period were obtained using the Weather Research and
Forecasting model [Michalakes et al., 2005] configured using initial and 6-hourly boundary conditions from
the global reanalysis model of the National Centers for Environmental Prediction (NCEP) and running it for
each day and producing forecasts for the next 48 h. For FALL3D a time resolution of 3 h was considered. For
HAZMAP, simulation 24 h averaged wind profiles of the weather forecasts were used.

We consider two different operational simulation schemes: the first one is used when the probability of
eruptions within few days is rather low (e.g., the best guess probability of eruption in 1 week is ≤ 0.05) and
the second one when such a probability is high (e.g., > 0.05). In particular,

Scheme 1. The two tephra deposition models are run once a day, as soon as the weather forecast is available
(ts is at 00:00, every day), considering the wind forecast for the following 2 (or 3) days. Two onset times are
assumed, at 12:00 of the day of the simulation and 24 h later (i.e., at 12:00 of the day after). The total number
of simulations is 3 × 2 = 6 for each tephra dispersal model. In this phase, we only consider one forecast
time window for BET_VH_ST, W1 = (t0, t0 + Δt) with Δt = 24 h). For this scheme, we have ns = 1; that is,
only one simulation is available for the selected time window. In this scheme, the database of potential
scenarios considered is formed by four onset times for 109 vent locations and three size classes, for a total of
2 × 109 × 3 = 654.

Scheme 2. The two tephra deposition models are run more than once a day, as soon as the weather forecast
is available (ts is again at 00:00, every day), considering the wind forecast for the following 2 days. Four onset
times are assumed: at 12:00 of the day of the simulation and 12, 24, and 36 h later (i.e., 00:00 and 12:00 of
day 2 and 00:00 of day 3). The total number of simulations is, in this case, 3×4 = 12 for each tephra dispersal
model. In this phase, we consider two forecast time windows for BET_VH_ST, W1 = (t0, t0 + Δt) and
W2 = (t0 + 24 h, t0 + 2d h+Δt), with Δt = 24 h). For this scheme, we have ns = 2; that is, two simulations are
available for both forecasting time windows. In this scheme, the database of potential scenarios considered
is formed by four onset times for 109 vent locations and three size classes, for a total of 4 × 109 × 3 = 1308.
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Figure 8. (a) Time series of probability in 𝜏 = 1 month of unrest (top), magmatic unrest (middle), and eruption (bottom) during MESIMEX. Each probability is
updated whenever a new bulletin has been delivered during the exercise. (b) At each bulletin, the probability of the five different vent location areas are updated
considering the epicenters of VT and LP events (each map is connected to the time of the bulletin through an arrow).

Based on the set of simulations for the different sizes and vent locations, the parameters of the Beta
distributions at nodes 7 and 8 for the short-term assessment are computed, assuming as equally probable
all the selected ns onset times for the eruptions. The procedure to set the parameters is equal to the one
proposed in Selva et al. [2010], as modified for producing complete hazard curves [Selva and Sandri, 2013].
As hyperprior model, we assume the mean long-term assessment, with the minimum equivalent number
of data (Λ0 = 1). The hyperprior model is then updated with the results of HAZMAP and FALL3D models,
with equivalent numbers of data set to 50 for both models. With this input, the parameters of the short-term
assessments are then assessed as in Selva et al. [2014].

Long- and short-term assessments are then combined, with the parameter 𝛾k estimated at each node k, for
each bulletin. Note that the parameter 𝛾78 is different in simulation schemes 1 and 2, since ns is different in
the two cases. The results are discussed in the next section.

3.3. Results
The model BET_VH_ST was run whenever a new bulletin reporting the volcanic activity during the exercise
was made available. Given a bulletin delivered at time t0, we consider the “observed” data of the monitoring
as input to constrain the eruption forecasting (nodes 1 to 3) and the eruptive scenario forecasting (nodes 4
and 5). For the latter, a short-term assessment is provided only for node 4, by considering the localization of
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VT and LP events, in agreement with Marzocchi et al. [2008]. The obtained results are equivalent, and they
are reported, for convenience, in Figure 8. In a few words, the volcano quickly enters in unrest (first 2 days),
with an increasing number of signals from the monitoring that lead to an increasing probability of eruption.
In particular, a sequence of LP (long-period earthquakes) and VT (volcano tectonic earthquakes) in the
southwest sectors induces a not negligible probability of occurrence of the eruption there.

In Figure 9, we compare the results of BET_VH_ST with the results that would be obtained adopting a
“deterministic” single scenario-based approach. In particular, the reference scenario can be selected similar
to the one adopted for Mount Vesuvius for Civil Protection purposes [e.g., Barberi et al., 1995] that
corresponds to eruptive size class 2 at node 5. In Figure 9 (top), we report the output of both tephra
dispersal models (FALL3D and HAZMAP) for this reference scenario (size class 2) for the first day of the
simulation (17 October). These results can be compared with the mean conditional hazard maps obtained,
for the same day of the simulation, with probability thresholds 0.01, 0.05, 0.10, and 0.15 (Figure 9, bottom).
The comparison shows that HAZMAP and FALL3D provide rather similar results for size class 2, which
roughly correspond to conditional hazard maps with probability thresholds ≥ 0.10. This is in agreement
with the value of the conditional probability of the corresponding eruptive scenario (central vent and
size class 2) [𝜃(i=1,j=2)

ES ] that for the same day has a mean value equal to 0.24 and the confidence interval
10th–90th percentiles equal to (0.09, 0.42). This comparison demonstrates that the increased complication
of selecting thresholds to produce hazard maps is only apparent. Indeed, the choice of one (or a few)
subjective scenarios implicitly roughly correspond (more or less consciously) to set a probability threshold
to the maps conditioned to the occurrence of one eruption [Allen, 1995; Marzocchi et al., 2012b; Marzocchi,
2013]. Conversely, BET_VH_ST (as any short-term PVHA) allows the choice of such critical probability level to
be made by decision makers, not by volcanologists.

In Figure 10, we report the application of BET_VH_ST during the exercise adopting the simulation scheme
1. In different rows, we report the different simulations, adopting as forecast time window W1, that is,
(t0, t0 + 24 h). In the four columns, we report the mean conditional hazard maps at 5%, the mean absolute
hazard maps at 1%, and the conditional and the absolute hazard curves (mean, 10th, 50th, and 90th
percentiles) at Pompei, located southeast of Mount Vesuvius (red dots in the maps). To facilitate the
comparison, all maps and curves are reported with the same scale for the different simulations. Note that
all the results refer to the probability that the hazard occurs at the target site due to an eruption starting
in (t, t + Δt) and not the occurrence of the phenomenon itself in (t, t + Δt). This distinction is important
whenever either the propagation of the phenomenon from source to target area may be rather slow (like for
tephra dispersal) or in case of long-lasting eruptions.

Two main aspects deserve attention. First, note that the wind forecast strongly influence the pattern of the
mean conditional hazard maps, as expected (column 1). Pompei results downwind with respect to Mount
Vesuvius only for the forecast of 18 October, 07:00. On this day, the confidence interval of the conditional
hazard curve is rather small and concentrated to fairly high values (e.g., the probability to have a loading
> 5 kPa, if an eruption occurs, is approximately 0.05). On the other days, we observed large epistemic
uncertainties (e.g., the confidence interval for the probability to have a loading > 5 kPa, if an eruption
occurs, ranges from 10−10 to 0.05, with mean of about 10−2). Such large uncertainties are substantially
expected. Indeed, short-term assessments will provide rather low probabilities, being the site not downwind
to the volcano in these days. On the opposite, long-term assessments will provide rather high values, since
the site is in an area that is typically downwind to the volcano. Considering that we have Δt = 24 h and
only ns = 1, 𝛾78 is ≈ 0.57, meaning that long-term assessments will have a high contribution on the high
percentiles of the distribution. This is indeed in agreement with the fact that the possibility that wind will
turn within 24 h is not to be completely ruled out.

Second, only absolute probabilities provide an information about what is actually expected in each Δt.
Indeed, in the first days, the probability of eruption is very low. Accordingly, absolute probabilities are
< 0.01, and thus, there are no points with exceedance probability over this threshold. As the probability of
eruption increases, both absolute hazard maps and curves approach the conditional ones, showing that the
effective expected hazard is high only starting from 19 October at 18:00, while before it is almost negligible.

Figures 11 and 12 show the impact of increasing the quality of short-term forecasts by considering (i)
closer-in-time wind forecasts, resulting in larger qw , and (ii) a better sampling of onset times for eruptions,
resulting in larger qs. In particular, in Figure 11 we report the comparison between the forecast of 18
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Figure 9. Comparison between a (top) single scenario (for the two tephra models HAZMAP and FALL3D) and (bottom) hazard maps produced with different
probability thresholds.
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Figure 10. Results for all the five bulletins of MESIMEX considered, from 17 to 20 October, considering simulation scheme 1. In each row, we report the results for
the different bulletins. (columns 1–4) The results for Δt = 1 day reporting, respectively, conditional hazard maps at 0.05 probability, absolute hazard map at 0.01
probability, and conditional and absolute hazard curves for Pompei, located south of Mount Vesuvius (red dots in maps).

October at 07:00 with time window W2 (bottom) and the one of 19 October at 09:00 with time window
W1 (top). Indeed, these two forecasts refer approximately to the same period, but the first is based on
earlier wind forecasts than the second, and thus, it has a smaller qw . As expected, we find comparable
results regarding mean conditional maps. Note, however, that the results of the 19 October (based on
a higher-quality wind forecast) are more precise (with relatively smaller confidence intervals) and well
included within the confidence interval of the results for the 18 October. This shows that qw is able to
correctly model the increase of precision of forecasts as time approaches the forecasting time window,
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Figure 11. Comparison of results of conditional hazard map at 0.05 probability level, referred to approximately the same
time period, as produced on (bottom) 18 October (time window W2) and (top) 19 October (time window W1).
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Figure 12. Results for all the two bulletins of MESIMEX of 19 October, considering simulation scheme 2. In this simulation scheme, more eruption onset times are
considered, in order to produce more reliable short-term assessments.

due to a decrease in the epistemic uncertainty related to wind forecasts and, consequently, a smaller
dependency of results on long-term assessments.

In Figure 12, we report the results for the day 19 (two bulletins) considering scheme 2 for simulations, with
a doubled number of onset times for simulation. By comparing these results with the equivalent ones
obtained adopting scheme 1 for simulations (Figure 10), it can be seen that the effect of scheme 2 is again
to produce more precise evaluations, reducing the influence of long-term assessments by increasing qs, that
is, the quality of sampling potential onset times for eruptions.

4. Discussion and Final Remarks

We developed a novel model named BET_VH_ST to evaluate short-term volcanic hazard. This model has
several features worth being remarked. In particular, BET_VH_ST allows the following: (1) merging short-term
analyses to long-term assessments, based on theoretical beliefs, models, and past data, whenever real-time
information is judged not sufficiently informative about the short-term evolution of the volcanic activity;
(2) managing explicitly, at all steps of the analysis, natural variability (aleatory uncertainty) and different
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levels of confidence on modeling procedures (epistemic uncertainty); and (3) developing short-term
forecast of volcanic hazards, considering in near-real-time volcanic monitoring as well as external forecasts
(e.g., weather forecast).

This procedure can be applied to any kind of volcanic phenomena. Here we show the application to the
short-term tephra hazard.

As for any other hazard model, the procedure described here can be updated as long as new data,
knowledge, or models become available. Worthy of note, this procedure has still an important contribution
given by expert judgments. We argue that the inclusion of expert judgments in hazard models is not critical,
and, more important, it is certainly much better than neglecting sources of uncertainties [Marzocchi and
Jordan, 2014].

One of the most remarkable feature of BET_VH_ST is that it represents the first attempt of producing
probabilistic short-term hazard assessments, providing results in different formats that are fully compatible
with risk analysis and decision making. This allows for overcoming all the theoretical and practical problems
related to scenario-based approaches, like the limited (or not existent) treatment of known uncertainties,
and the impossibility of producing quantitative risk assessments aimed to rational decision making [e.g.,
Cornell and Krawinkle, 2000]. For example, in the proposed application to tephra fall, we have demonstrated
that BET_VH_ST enables to quantitatively manage a large set of usually neglected uncertainties, including
the ones on initial conditions (on the occurrence of an eruption and of a specific type of eruption), on
boundary conditions (on the onset times of eruptions and on wind forecasts models), and on modeling
approach (on the assumptions made in any tephra dispersion model); then, it elaborates such uncertainties
providing results in terms of hazard curves that include both aleatory and epistemic uncertainty, enabling
quantitative decision making [SSHAC, 1997; Cornell and Krawinkle, 2000; Rougier et al., 2013].

Finally, this procedure can be easily extended to syneruptive phases. Indeed, the monitoring system
may provide important clues about an ongoing eruption [Scollo et al., 2009], providing the possibility to
better constrain its potential near-future evolution. An example of such application is the forecast of ash
concentration soon after a sustained eruption column formed. In this case, the short-term assessments
can be still based on the presented event tree, where the eruption occurrence (nodes 1 to 3) becomes
certain, while the eruptive setting (nodes 4 and 5) and impact assessment (nodes 6 to 8) may become more
constrained, being the forecasting focused only on the future evolution of the ongoing eruption. In other
words, the applicability of BET_VH_ST can be extended to syneruptive phases, enabling the assessment
of inherent uncertainties, both aleatory (which potentially decreases through time) and epistemic (which
remains steady).
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