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Short-term hazard assessment is an important part of the volcanic management cycle, above all at the
onset of an episode of volcanic agitation (unrest). For this reason, one of the main tasks of modern
volcanology is to use monitoring data to identify and analyse precursory signals and so determine where
and when an eruption might occur. This work follows from Sobradelo and Martí [Short-term volcanic
hazard assessment through Bayesian inference: retrospective application to the Pinatubo 1991 volcanic
crisis. Journal of Volcanology and Geothermal Research 290, 111, 2015] who defined the principle for a
new methodology for conducting short-term hazard assessment in unrest volcanoes. Using the same
case study, the eruption on Pinatubo (15 June 1991), this work introduces a new free Python tool, ST-
HASSET, for implementing Sobradelo and Martí (2015) methodology in the time evolution of unrest
indicators in the volcanic short-term hazard assessment. Moreover, this tool is designed for com-
plementing long-term hazard assessment with continuous monitoring data when the volcano goes into
unrest. It is based on Bayesian inference and transforms different pre-eruptive monitoring parameters
into a common probabilistic scale for comparison among unrest episodes from the same volcano or from
similar ones. This allows identifying common pre-eruptive behaviours and patterns. ST-HASSET is
especially designed to assist experts and decision makers as a crisis unfolds, and allows detecting sudden
changes in the activity of a volcano. Therefore, it makes an important contribution to the analysis and
interpretation of relevant data for understanding the evolution of volcanic unrest.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Active volcanoes are thermodynamic systems in which complex
sequences of non-linear processes occur. These processes en-
compass the generation of magma in the source region, its ascent to
and differentiation at shallower levels, and finally, the eruption on
the Earth's surface. How volcanoes actually prepare to erupt is still
not fully understood in detail, even if the general physics that
govern such process are already well formulated. For instance, it is
widely accepted that volcanic eruptions occur when an over-pres-
surised batch of magma is able to open a path through the host rock
and reach the surface. This movement of over-pressurised magma
through the host rock will cause physical and chemical changes in
the environment that may be detectable if ground base and/or re-
mote monitoring systems are operating on the volcano. These
changes will mainly consist of an increase in seismicity, surface
deformation and changes in potential fields (gravity, magnetism,
tolini).
etc.) and in the gas composition of fumaroles and/or groundwater
(e.g.: Kilburn, 2003; López et al., 2012; Phillipson et al., 2013;
Jousset et al., 2013). Phillipson et al. (2013) define volcanic unrest as
“the deviation from the background or baseline behaviour of a
volcano towards a behaviour which is cause for concern in the
short-term, because it might prelude an eruption”. Thus, indicators
or precursors are geophysical and geochemical signals that help
identify any deviation from the background activity, and provide
sufficiently long and robust time series that can be used with a
variety of different methodologies to interpret the evolution of a
system, and to determine whether or not an eruption is imminent
(McNutt, 2000). Efforts to establish monitoring networks are in-
creasingly being made in many areas to gather real-time informa-
tion about the reawakening of volcanic systems. Most of the his-
torically recorded volcanic eruptions are preceded by an unrest
episode of greater or lesser intensity, which thus represents an
important eruption precursor (Sandri et al., 2004). However, there
are also examples of unrest that wanes after months or even years
of restlessness without evolving into a volcanic eruption. Two of the
most relevant cases are the volcanic calderas in Long Valley
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(Battaglia et al., 2003) and the Campi Flegrei (Dvorak and Berrino,
1991). Therefore, to be able to forecast a volcanic eruption or to
anticipate whether or not a new episode of volcanic unrest will
culminate in an eruption, it is essential to understand the causes of
unrest indicators and how they may evolve. Moreover, the absolute
values and trigger threshold (that is, the values that unleash the
chain of events) of these indicators may differ significantly from one
volcano to another. Thus, when monitoring information is available,
we require a methodology for interpreting indicators if we are to
accurately evaluate the volcanic hazard in the short-term.

In general, natural hazard assessment commonly implies two
stages. The first one is the long-term analysis that looks at the past
behaviour of the system and uses past data to identify possible
future scenarios and, ideally, corresponding probabilities of oc-
currence. It is basically used for territorial planning and to define
emergency plans. The second stage is the short-term analysis, a
result of combining long-term hazard assessment with real-time
monitoring data to update the status of the imminent hazard. In
volcanology, we also use long- and short-term hazard analyses.
The long-term hazard assessments is conducted using quantitative
analysis of past volcanic activity (geological mapping, structural
and petrologic studies) and a determination of the physical vol-
canological parameters of past eruptions, while the short-term
incorporates current monitoring data in order to forecast where
and when the eruption may take place and to define the most
likely eruptive scenarios. It is also one of the stages in the volcanic
management cycle that contributes to minimising risk (Fig. 1). A
common procedure in both long- and short-term hazard assess-
ment is to use an event tree structure based on a Bayesian ap-
proach (Newhall and Hoblitt, 2002; Aspinall, 2006; Marzocchi
et al., 2004, 2010; Martí et al., 2008; Neri et al., 2008; Sobradelo
and Martí, 2010, 2015). Essentially, this method aims to highlight
all possible relevant outcomes of volcanic unrest at progressively
greater degrees of detail, and to assess the implied hazard of each
scenario by estimating its probability of occurrence within a future
time interval. Each node of the event tree represents a step and
contains a set of possible branches (the outcomes for that
Fig. 1. Volcanic crisis m
particular category). The nodes represent alternative steps from a
general prior event, state or condition that progress through in-
creasingly specific subsequent events to the final outcomes.

In the case of the long-term hazard assessment, the attention is
focused on identifying all possible eruptive scenarios (and poten-
tial unrest episodes) that could occur in the future, and estimate
the probability of occurrence of each and all of these possibilities.
To achieve this, we use geological and historical records on past
activity, existing models and expert knowledge of the volcanic
system. One of available tools is HASSET (Hazard ASSessment
Event Tree, Sobradelo et al., 2014) that uses the event tree struc-
ture to make estimations based on Bayesian Inference. The ad-
vantage of HASSET, when compared with existing similar tools
(e.g. BET, Marzocchi et al., 2008), is that HASSET accounts for the
possibility of (i) flank eruptions (as opposed to only central
eruptions), (ii) geothermal or tectonic unrest (as opposed to only
magmatic unrest), (iii) felsic or mafic lava composition (or the
absence of composition data), as well as (iv) certain volcanic ha-
zards, as possible outputs of an eruption, as well as (v) the location
of the hazard. The main goal of HASSET is to focus discussion and
draw attention to possible scenarios that would otherwise remain
unnoticed or be underestimated. This tool has been successfully
applied in different volcanic areas for long-term hazard assess-
ment (see Becerril et al. (2014); Bartolini et al. (2014)). However,
HASSET did not incorporate monitoring data, and the evaluation of
the uncertainties surrounding unrest indicators (short-term ha-
zard assessment) needs to be incorporated into long-term hazard
assessment, especially during volcanic crises. To overcome the
limitation of the previously designed tool, Sobradelo and Martí
(2015) defined a new methodology, which merges and translates
real-time monitoring measurements on unrest indicators into a
common probabilistic scale, so that scientific experts from across
different monitoring fields can come together to analyse, to in-
terpret and to foreseen the future behaviour of the system by in-
corporating all the unrest indicators as a group.

When an active volcano enters in a phase of unrest, its evolu-
tion will depend on the causes of the unrest (magmatic, tectonic or
anagement cycle.
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geothermal), which may give different outcomes (magmatic
eruption, phreatic explosion, sector failure or others) in a range of
locations with different possible eruption magnitudes, products,
scope, etc. (Sobradelo and Martí, 2010, 2015). Hence, to analyse the
short-term, a systematic approach is required to complement
previously acquired long-term hazard assessment with up-to-date
monitoring data, and to estimate (or to recalculate in case of
presence of a long-term assessment) the probability of occurrence
of a particular volcanic event. The new methodology proposed by
Sobradelo and Martí (2015) consists of applying the Bayesian event
tree approach to the evaluation of different eruptive scenarios as
part of a short-term hazard assessment; in this way, past in-
formation can be complemented by current monitoring data as a
means of estimating the probability of occurrence of a volcanic
event as the unrest period evolves. This probabilistic method uses
Bayesian inference to estimate for each variable (the unrest in-
dicator) the probability of experiencing a significant variation
(increase or decrease) by the next monitoring report, given the
current information and what has been observed up to the last
report. This information can be interpreted on its own or com-
bined into a set of ‘precursory signals’, which can then be linked to
the evolution of a particular unrest episode and a corresponding
eruptive potential (if there is one).

In order to facilitate the efficiency of Sobradelo and Martí
(2015) methodology, we propose here a new tool (ST-HASSET,
Short-Term Hazard ASSEssment Tool) that quantifies the short-
term volcanic hazard in a simple and automatic way. In addition to
estimating the probability of occurrence of each individual unrest
indicator, ST-HASSET estimates the probability of occurrence of a
particular eruptive scenario (as a combination of various unrest
indicators) by going one step further and including information
from past data (long-term hazard assessment). In this way, we can
search across consecutive time intervals for significant changes in
the values of the measured unrest indicators, and update prob-
abilities whenever new data is available. This tool will be very
useful for estimating the corresponding potential risk and for as-
sessing the different mitigation actions needed for every possible
eruptive scenario.

In order to demonstrate the application and advantages of the
tool, we use the same example of the Pinatubo unrest as presented in
Sobradelo and Martí (2015). The reason for this is to show the end-
user how the mathematical formulation presented in Sobradelo and
Martí (2015) via the Pinatubo example can be translated in a user-
friendly tool. By applying the same example it is easier to identify
which part of the probability model feeds each step of ST-HASSET,
proving its reliability and accuracy. Another advantage of using the
same example is to show how the display and presentation of the
results from the mathematical model are largely improved with the
user-friendly tool. We want the focus to remain on the usability and
applicability of a new method for merging real-time monitoring in-
formation into a probabilistic scale, and present a tool that would
allow the end-user to easily incorporate this new approach during an
emergency situation. The next step would be to apply this metho-
dology to a range of different case studies, retrospectively and in real-
time, and learn about the behaviour and interaction of the various
volcanic unrest indicators comparing the results.
2. ST-HASSET: short-term hazard assessment tool

ST-HASSET is based on a simple structure that uses a quantita-
tive approach via Bayesian inference to assess the hazard of a par-
ticular scenario. This structure enables us to map individual unrest
indicators onto a common probability scale. The approach estimates
(for each unrest indicator) the probability that a significant varia-
tion between two consecutive stages or time intervals will occur
during an unrest episode, which can be interpreted as the evolution
towards the onset of a particular eruptive scenario. The short-term
probability of occurrence for an eruptive scenario takes into account
monitoring data, as well as any relevant past history of the volcano
(long-term hazard assessment).

The innovation and the potential of this new tool are shown
below through a brief description of the core of ST-HASSET. The
section also explains the main features of this tool and a detailed
presentation of the Graphical User-friendly Interface (GUI), built
with QT Designer (http://www.qt.io), including a step-by-step
guide for its use.

2.1. The core of ST-HASSET

ST-HASSET is a new probabilistic tool to merge and quantify the
information from volcanic precursory signals, in order to detect
possible patterns across various unrest indicators. It has been
developed using Python programming language and implemented
in QGIS (Quantum Geographic Information System, http://www.
qgis.org/en/site/) software. However, it can also be installed in
other platforms considering the broad compatibility of the Python
language (such as VOLCANBOX, http://www.vetools.eu). This per-
mits to integrate and use ST-HASSET in combination with previous
tools developed to conduct volcanic hazard assessment (e.g.:
QVAST, Bartolini et al., 2013; HASSET, Sobradelo et al., 2014). This
tool will be available for free at http://www.gvb-csic.es.

ST-HASSET has been designed to be as simple as possible,
guiding the user step-by-step (see Section 2.3. Overview of ST-
HASSET) with the purpose of i) quantifying the uncertainty sur-
rounding the monitoring variables through a Bayesian inference
procedure and ii) estimating the probability that an unrest in-
dicator will experience a significant variation in the next time
interval compared to the previous one (for simplicity, we refer to
the time interval as each length of time period between two
consecutive reports or bulletins updating precursory data during a
volcanic unrest episode). The theory and mathematical formula-
tion of the Bayesian method applied here has been thoroughly
explained in Sobradelo and Martí (2015). It considers two possible
values (Yes, No) for the random variables (unrest indicators). The
choice of method was to overcome the lack of data at some stages
(specially in the initial stages) and to account for the aleatoric and
epistemic uncertainties surrounding the probability estimates. In
general, the Bayesian inference allows for every state of un-
certainty to be modelled with a probability distribution, and for it
to be updated as new evidence arrives. The flexibility of the tool
allows for the scientific experts to interact and input their own
hazard criteria based on their knowledge of the system.

The application of the tool can be divided into different stages:
i) the selection of unrest indicators to be analysed, which have to
be chosen by the experts; ii) the input data, which can be set in
real-time as the unrest evolves, or retrospectively by looking at the
monitoring data time series observed in a past unrest; iii) the
evaluation of the probability of a possible outcome and of a spe-
cific scenario in case of an eruption; and iv) the interactive vi-
sualisation and saving of the results. A list of unrest indicators is
already included in the tool but it can be extended by the expert
(Fig. 2). For each indicators the expert has to provide a range of
variation that she/he considers meaningful to confirm a change in
the volcanic system. The input data can be divided in two cate-
gories: the absolute value of the observed unrest indicator, or the
existence of a significant variation with respect to the previous
report or bulletin (Y/N/na), given a specific time window (hourly,
daily, monthly). If a measurement is not available in a certain time
interval, whereas because it was not taken or it does not apply, we
do not assume that a significant change has occurred, as we do not
have evidence to say so. Instead, we take the probability since the
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Fig. 2. ST-HASSET: Unrest indicators tab.
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last report and update it when new evidence becomes available.
The length of the interval without a measurement should be re-
flected in the epistemic uncertainties, as the less information we
have, the less we know about the evolution of the system. This
allows to be flexible in the case that the monitoring data is not
registered in the time window considered (such as data not pro-
cessed or not available, failure in the instrument, …). When the
input data has been introduced, the output in ST-HASSET will be a
".csv" (comma separated values) with the final probability values
and the input value reported in the bulletin analysed. Moreover,
ST-HASSET allows through its dynamic interface to view the
probability results in a chart that can be saved as image.

2.2. Main features of ST-HASSET

As the main aim of ST-HASSET is to identify possible patterns in
the evolution of a number of volcanic unrest indicators, its outputs
are the probability of occurrence of (i) each individual unrest in-
dicator, (ii) a particular eruptive scenario as a combination of a set
of unrest indicators and (iii) eruptive scenarios incorporating past
data. This capacity enables users to:

� merge and quantify information from precursory signals;
� quantify the uncertainty surrounding the monitoring variables

and estimate the probability that an unrest indicator will have
experienced a significant variation by the next time interval;

� observe the relative evolution of the precursory data;
� automatically update probabilities at each stage of a volcanic

unrest episode as new data arrives;
� determine the overall tendency in the activity to increase or to
decrease;

� assist in the analysis and interpretation of relevant data;
� compare the behaviour of similar parameters in different

eruptions of the same volcano and thereby identify common
patterns.

By adopting this approach, monitoring information can be
transformed quickly and rigorously into a common probabilistic
scale for comparative purposes, which will be useful for assisting
decision makers and experts during an on-going volcanic crisis. By
simply looking at the relative changes in the system that occur as
the monitoring signals evolve, we can compare unrest episodes
from different volcanoes or even from the same volcano, with
different starting points and different patterns of behaviour.

All these features make ST-HASSET a powerful tool for inter-
preting and analysing relevant data, and a good complement for
existing approaches to volcanic crises management.

2.3. Overview of ST-HASSET

This tool was built to enable users to move in a step-by-step
fashion through a user-friendly graphical interface, and to visualise
results in graphical form. The first window of ST-HASSET (Fig. 2,
Unrest indicators tab) allows defining all the indicators to be taken
into account by the expert in the unrest episode. The list of
monitoring variables used in ST-HASSET is taken from the most
representative monitoring indicators and interpretations used to
forecast potential eruptive activity (Sparks, 2003; Sandri et al.,



Fig. 3. ST-HASSET: Previous unrest data tab.

Fig. 4. ST-HASSET: Unrest data tab.

S. Bartolini et al. / Computers & Geosciences 93 (2016) 77–87 81



Fig. 5. ST-HASSET: P unrest indicators tab.

Fig. 6. ST-HASSET: P eruptive scenario tab.
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Fig. 7. ST-HASSET: Long-termþShort-term tab.
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Table 1
Unrest evolution preceding the 1991 eruption in Pinatubo (Philippines) taken from Sobradelo and Martí (2015). Other than the first column, which refers to July–August
1990, all columns correspond to 1991.

Unrest Indicators 7–8 90 15/3–2/4 2/4–26/5 26–27/5 2/6 3/6 5/6 7/6 8/6 9/6 10/6 12/6 13/6 14/6 15/6

Overall seismicity increase Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Seismicity increase na na N N Y Y Y Y Y Y Y Y Y Y Y
RSAM acceleration na na N N Y Y Y Y Y Y Y Y Y Y Y
Accum. energy released rate increase na na N N Y Y Y Y Y Y Y Y Y Y Y
Lateral migration of seismicity na na N N Y N N N N N N N N N N
Vertical migration of seismicity na Y Y Y Y N N N N N N N N N N
Deep seismicity na na N Y Y Y Y Y Y na na na na na na
Shallow seismicity na na Y Y Y Y Y Y Y Y Y Y Y Y Y
VT events na Y Y Y Y Y Y Y Y Y Y Y Y Y Y
LP events na na Y Y Y Y Y Y Y Y Y Y Y Y Y
Tremor events na na Y Y Y Y N N N Y Y Y Y Y Y
Hybrid events na na na na na na na na na na na na na na na
Overall gas increase Y Y Y Y na na na Y Y Y Y na na na na
Gas flux increase na na Y Y N N N Y Y Y Y na na na na
H20 increase na na na na na na na na na na na na na na na
CO2 increase na na na na na na na na na na na na na na na
SO2 increase na na Y Y N N N Y Y Y Y na na na na
Others na na na na na na na na na na na na na na na
Fluids temperature increase na na na na na na na na na na na na na na na
Overall ground deformation increase na na N N N Y Y Y N N N N na na na
Strain increase na na N N N Y Y Y N N N N na na na
Inflation rate increase na na N N N Y Y Y N N N N na na na
Lateral migration na na N N N N N N N N N N na na na
Vertical migration na na N N N N N N N N N N na na na
Δg/Δh anomaly na na na na na na na na na na na na na na na
Other changes Y na N N Y Y Y Y Y Y Y Y Y Y Y
Fractures Y na Y na na na na na na na na na na na na
Phreatic explosions N N Y N Y Y Y N N N N N N N N
Fresh magma N N N N N N N Y Y Y Y Y Y Y Y
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2004; Chouet and Matoza, 2013; Phillipson et al., 2013; Segall,
2013); nevertheless, new variables can be incorporated into the
tool. Furthermore, for each indicator the expert has to provide a
range of variation in the measurements that she/he would con-
sider significant or a cause of concern when viewing that parti-
cular indicator. This could be derived from looking at the threshold
of measurements during the pre-unrest period, or in a more
conservative manner, the sole existence of a variation larger than
zero. The second window (Fig. 3, Previous unrest data tab) enables
users to add previous analyses of unrest evolution if available. ST-
HASSET analyses different stages of the unrest with respect to the
previous, by taking into account subsequent monitoring data or
bulletins, which must be introduced into the programme. As ST-
HASSET is run, users can save results as a ".csv" (comma separated
values) file. If a previous analysis already exists, it should be up-
loaded into this first window, so that ST-HASSET considers it when
computing the probability estimates. Once the file is selected, the
table with the unrest indicators is updated with the probability
values associated to each precursor, as shown in Fig. 3.

The third step (Fig. 4, Unrest data tab) is to input the new
monitoring data related to the significant variation (Y/N/na) of each
unrest indicator. These parameters are grouped into four categories
– seismicity, gases, ground deformation and others – that classify
the changes perceived by people living close to the volcano, even
before any local monitoring network is set up. If the unrest indicator
has varied significantly with respect to previous reports, the user
enters the corresponding variable as ‘YES’, ‘NO’ or ‘na’ (not avail-
able). It is also possible to enter the measure of the variable ob-
served (the absolute value) if available. Here, users have to enter the
volcano's name, the year, month and day, and the time of the ob-
served data, all of which is very useful for ensuring the correct
storage of the probabilities (Save the .csv probabilities result).

Once all the data from the updated bulletin has been entered
and the computation performed with the “Evaluate probabilities”
button, users can visualise results, compare indicators and sce-
narios. In fact, the tab “P unrest indicators” (Fig. 5), which uses the
input information from the observations of the unrest indicators,
allows users to visualise the probabilities estimated at each stage
and the corresponding variance. Users can select the indicator
(s) to observe how the probability evolves over time for each un-
rest indicator. Moreover, the “P eruptive scenario” tab (Fig. 6) en-
ables users to combine different volcanic unrest indicators to as-
sess the short-term probability of a possible eruptive scenario. For
example, suppose that the specific characteristics of a volcanic
system imply that the occurrence of a volcanic eruption is closely
related to the following unrest indicators happening simulta-
neously: an increase in seismicity and in the accumulated energy
release rate, a Real-time Seismic Amplitude Measurement (RSAM)
acceleration, increase of shallow seismicity, Volcano-Tectonic (VT)
and Long-Period (LP) events and tremors. Then, users can evaluate
the probability of this scenario by selecting these indicators. The
“Evaluate scenario” button computes the probability and shows
graphically how, by using different combinations of unrest in-
dicators, the total probability of an eruption varies. The challenge
is to determine which combination of unrest indicators best de-
scribes the particular volcanic system.

When the short-term results are obtained, users can combine
them with the long-term results by simply importing these last
from HASSET tool (Sobradelo et al., 2014) to ST-HASSET using the
specific button (Import scenarios .csv), or by entering the scenarios
manually. The way in which these data are combined is the ex-
pected value of a particular scenario as a function of the expected
value and variances of the variables that measure the uncertainty
associated with monitoring data, weighted by the uncertainty as-
sociated with past events. Finally, the results obtained can be
combined with past data (Fig. 7, Long-termþShort-term tab). In
fact, the previous analysis estimates the probability of the occur-
rence of a particular scenario in the short-term based only on



Fig. 8. The results of the Pinatubo (Philippines) case study: (a) evolution of individual probabilities for unrest indicators as the unrest episode unfolds; (b) evolution of the
probability of a magmatic eruption based on different combinations of unrest indicators; (c) evolution of the probability of a magmatic eruption that originates pyroclastic
flows and/or fallout, generated by merging past information on size, location and extent with monitoring data on overall seismicity and gas increase, deformation and fresh
magma.
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monitoring data. In addition to the monitoring data, it is also im-
portant to study the past behaviour of the volcano since this may be
crucial in defining the potential outcome of the unrest period. By
incorporating past behaviour into the monitoring data, we are
computing the probability of the occurrence of a particular scenario
in the short-term, but this time based on monitoring and past data.



Fig. 9. ST-HASSET tool: flow chart.
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So that the evolution of the short-term probability of a particular
eruptive scenario may shift slightly now that we have incorporated
additional information on the past behaviour of the volcano.
3. Applying ST-HASSET

We illustrate here the use of ST-HASSET by applying it to the
same case study (unrest period prior to the Pinatubo eruption in
1991) that was used by Sobradelo and Martí (2015) to illustrate
how the theory and the mathematical model for short-term ha-
zard assessment can be easily applied.

The evolution of the unrest that preceded the 1991 eruption
(Punongbayan and Newhall, 1996; Punongbayan et al., 1996) is
shown in Table 1. Unrest was marked mainly by a significant in-
crease in seismicity, ground deformation and gas emissions. Seis-
micity was characterised by the presence of VT, LP, tremor and
hybrid events, located in two distinct source regions, one near the
summit of the volcano at depths of 0–3 km and another approxi-
mately 5 km to the northwest at depths of 26 km (Cornelius and
Voight, 1996; Harlow et al., 1996). Ground deformation including a
significant inflation of the upper part of the volcano occurred on
4 and 7 June (Ewert et al., 1996), coinciding with an increase in
shallow seismicity and a decrease in SO2 emissions (Daag et al.,
1996). Together, these data were interpreted as indications that
magma was ascending from the chamber to the surface.

Using the information of the evolution of the unrest (Table 1)
and applying ST-HASSET, we can obtain graphical and numerical
results (Fig. 8) for the eruption on Mount Pinatubo. In particular, it
is clear that the individual analysis of the unrest indicators and of
the various combinations of these indicators could potentially
define a volcanic scenario. In the first case (Fig. 8a), the evolution
of unrest indicators such as seismicity, gas flux, strain and fresh
magma, and their increase/decrease during the unrest period, are
patent. This allows us to identify trends and/or patterns in the
indicators that evolve simultaneously over consecutive data bul-
letins. Subsequently, the probabilistic results of ST-HASSET for
each indicator can be combined to obtain (Fig. 8b) the probability
of occurrence of a particular eruptive scenario in the short-term
(assuming that for any particular outcome, variation in specific
indicators such as the overall increase in seismicity, gas and
ground deformation will occur). Fig. 8c depicts a combination of a
preliminary long-term hazard assessment conducted using past
data on products, and the location of past volcanic events, which
enables us to assess the possible outcome and products of a future
eruption on Mount Pinatubo (Punongbayan et al., 1996; Newhall
and Hoblitt, 2002). The probabilistic results of ST-HASSET take into
account the overall changes in seismicity, gas and deformation, as
well as the presence of fresh magma.
4. Final remarks

We have presented a new tool that implements in a systematic
and easy way the methodology for conducting short-term volcanic
hazard assessment defined by Sobradelo and Martí (2015). This
new tool facilitates the task of calculating probabilities of possible
eruptive scenarios and the potential time scale during the course
of a volcanic crisis (Fig. 9). In this sense, it complements already
existing tools and methods, such as HASSET (Sobradelo et al.,
2014), developed to perform volcanic hazard assessment. In vol-
canology, the importance of conducting short-term hazard as-
sessment is due to the need of interpreting real-time monitoring
data and of subsequently updating the status of the volcanic ha-
zard. Therefore, short-term analysis should ideally be based or
built on a previous long-term hazard assessment. Leaving out of
the analysis information on past episodes could make the short-
term assessment inaccurate, and underestimate potential eruptive
scenarios that could be relevant, such as the location (flank/cen-
tral), size, extent of the eruption and even the type of unrest
(geothermal, magmatic, seismic, other). For that reason, it is im-
portant to consider the short-term analysis in the context of the
crisis management cycle (see Fig. 1) in which the long-term re-
presents a previous step. This should be considered for pre-
paredness plans, to improve resilience and mitigate vulnerability
and exposure.

Therefore, ST-HASSET complements and expands on previously
designed hazard assessment tools. In combination, they represent
a systematic way to conduct long- and short-term hazard assess-
ment. In particular, we refer to the following probabilistic
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methodologies and tools for interpreting volcanic data and as-
sessing long-term volcanic hazard: QVAST tool (Bartolini et al.,
2013) to estimate the spatial probability of vent opening; HASSET
(Sobradelo et al., 2014) to define all possible unrest and eruptive
scenarios and estimate their probability of occurrence within a
time interval; VORIS 2.0.1 (Felpeto et al., 2007) to evaluate the
potential extent of the main volcanic hazards expected to occur in
a volcanic area. Hence, ST-HASSET represents the following step in
an unrest phase, which is to estimate the probability of an im-
minent eruption given the real-time monitoring information and
all the previous hazard (spatial and temporal) assessment.

This new tool allows an interactive visualisation for comparing
the behaviour of similar parameters from different eruptions of
the same volcano, or for contrasting volcanoes of similar char-
acteristics, that can identify common patterns quickly and easily. A
graphical user-friendly interface aids data input and the visuali-
sation of results. Hence, ST-HASSET provides a rapid and stan-
dardized way of transferring precursory information onto a com-
mon probabilistic scale for comparing and/or detecting sudden
changes or shifts in a volcano's activity that may require im-
mediate action.
Acknowledgements

This research was funded by the European Commission (FP7
Theme: ENV.2011.1.3.3-1; Grant 282759: VUELCO and EC ECHO
Grant SI2.695524: VeTOOLS). The authors are grateful to two
anonymous reviewers for their insightful comments and review of
the manuscript, which have helped us to greatly improve this
work. We also thank the Editor Candan Gökçeoğlu for handling
this paper. The English text was edited by Michael Lockwood.
References

Aspinall, W.P., 2006. Structured elicitation of expert judgment for probabilistic
hazard and risk assessment in volcanic eruptions. In: H.M. Mader, et al.
(Ed.), Statistics in Volcanology. Special Publication of IAVCEI, Geological Society
of London.

Bartolini, S., Cappello, A., Martí, J., Del Negro, C., 2013. QVAST: a new Quantum GIS
plugin for estimating volcanic susceptibility. Nat. Hazards Earth Syst. Sci. 13,
3031–3042.

Bartolini, S., Geyer, A., Martí, J., Pedrazzi, D., Aguirre-Díaz, G., 2014. Volcanic hazard
on deception Island (South Shetland Islands, Antarctica). J. Volcanol. Geotherm.
Res. 285, 150–168. http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009.

Battaglia, M., Segall, P., Murray, J., Cervelli, P., Langbein, J., 2003. The mechanics of
unrest at Long Valley caldera, California; 1. Modeling the geometry of the
source using GPS, leveling and two-color EDM data. In: Sorey, M.L., McConnell,
V.S., Roeloffs, E., (Eds.), Crustal Unrest in Long Valley Caldera, California; new
interpretations from geophysical and hydrologic monitoring and deep drilling,
vol. 12. Journal of Volcanology and Geothermal Research, pp. 195–217.

Becerril, L., Bartolini, S., Sobradelo, R., Martí, J., Morales, J.M., Galindo, I., 2014. Long-
term volcanic hazard assessment on El Hierro (Canary Islands). Nat. Hazards
Earth Syst. Sci. 14, 1853–1870.

Chouet, B., Matoza, R., 2013. A multi-decadal view of seismic methods for detecting
precursors of magma movement and eruption. J. Volcanol. Geotherm. Res. 252,
108–175.

Cornelius, R., Voight, B., 1996. Real-time seismic amplitude meaurement (RSAM)
and seismic espectral amplitude measurement (SSAM) analysis with the Ma-
terials Failure Forecast Method (FFM), June 1991 explosive eruption at Mount
Pinatubo. In: Punongbayan, R., Newhall, C. (Eds.), Fire and Mud: Eruptions and
Lahars of Mount Pinatubo, Philippines. PHIVOLCS, University of Washington
Press, Quezon City, Seattle, pp. 249–268.

Daag, A., Tubionosa, B., Newhall, C., Tuñgol, N.T., Javier, D., Dolan, M., De-Los-Reyes,
P., Arboleda, R., Martinez, M., Regalado, M., 1996. Monitoring sulfur dioxide
emissions at Mount Pinatubo. In: Punongbayan, R., Newhall, C. (Eds.), Fire and
Mud: Eruptions and Lahars of Mount Pinatubo, Philippines. PHIVOLCS. Uni-
versity of Washington Press, Que- zon City, Seattle, pp. 409–414.

Dvorak, J.J., Berrino, G., 1991. Recent ground movement and seismic activity in
Campi Flegrei, southern Italy: episodic growth of a resurgent dome. J. Geophys.
Res. 96 (B2), 2309–2323.

Ewert, J., Lockhart, A., Marcial, S., Ambubuyog, G., 1996. Ground deformation prior
to the 1991 eruption s of Mount Pinatubo. In: Punongbayan, R., Newhall, C.
(Eds.), Fire and Mud: Eruptions and Lahars of Mount Pinatubo, Philippines.
PHIVOLCS. University of Washington Press, Que- zon City, Seattle, pp. 329–338.

Felpeto, A., Martí, J., Ortiz, R., 2007. Automatic GIS-based system for volcanic hazard
assessment. J. Volcanol. Geotherm. Res. 166, 106116.

Harlow, D., Power, J., Laguerta, E., Ambubuyog, G., White, R., Hoblitt, R., 1996.
Precursory seismicity and forecasting of the June 1991, eruption of Mount Pi-
natubo. In: Punongbayan, R., Newhall, C. (Eds.), Fire and Mud: Eruptions and
Lahars of Mount Pinatubo, Philippines. PHIVOLCS. University of Washington
Press, Quezon City, Seattle, pp. 285–306.

Jousset, P., Budi-Santoso, A., Jolly, A.D., Boichu, M., Dwiyono, S.S., Sumarti, S., Hi-
dayati, S., Thierry, P., 2013. Signs of magma ascent in LP and VLP seismic events
and link to degassing: an example from the 2010 explosive eruption at Merapi
volcano, Indonesia. J. Volcanol. Geotherm. Res. 261, 171–192.

Kilburn, C., 2003. Multiscale fracturing as a key to forecasting volcanic eruptions. J.
Volcanol. Geotherm. Res. 125 (3–4), 271–289.

López, C., Blanco, M.J., Abella, R., Brenes, B., Cabrera-Rodríguez, V.M., Casas, B.,
Domínguez-Cerdeña, I., Felpeto, A., Fernández de Villalta, M., del Fresno, C.,
García-Arias, M.J., García-Cañada, L., Gomis-Moreno, A., González-Alonso, E.,
Guzmán-Pérez, J., Iribarren, I., López-Díaz, R., Luengo-Oro, N., Meletlidis, S.,
Moreno, M., Moure, D., Pereda de Pablo, J., Rodero, C., Romero, E., Sainz-Maza,
S., Sentre-Domingo, M.A., Torres, P.A., Trigo, P., Villasante-Marcos, V., 2012.
Monitoring the volcanic unrest of El Hierro (Canary Islands) before the onset of
the 2011–2012 submarine eruption. Geophys. Res. Lett. 39, LI3303.

Martí, J., Aspinall, W., Sobradelo, R., Felpeto, A., Geyer, A., Folch, A., Teixidó, F., Ortiz,
R., Baxter, P., Cole, P., Pacheco, J., Blanco, M.J., López, C., 2008. A long-term
volcanic hazard event tree for Teide-Pico Viejo stratovolcanoes (Tenerife, Can-
ary Islands). J. Volcanol. Geotherm. Res. 178, 543–552.

Marzocchi, W., Sandri, L., Gasparini, P., Newhall, C., Boschi, E., 2004. Quantifying
probabilities of volcanic events: the example of volcanic haz- ard at Mount
Vesuvius. J. Geophys. Res., 109.

Marzocchi, W., Sandri, L., Selva, J., 2008. BET EF: a probabilistic tool for long- and
short-term eruption forecasting. Bull. Volcanol. 70 (5), 623–632.

Marzocchi, W., Sandri, L., Selva, J., 2010. BET VH: a probabilistic tool for long-term
volcanic hazard assessment. Bull. Volcanol. 72, 705–716.

McNutt, S.R., 2000. Seismic Monitoring. In: Sigurdsson, H., Houghton, B., McNutt, S.
R., Rymer, H., Stix, J. (Eds.), Encyclopedia of Volcanoes. Academic Press, San
Diego, CA, pp. 1095–1119.

Neri, A., Aspinall, W.P., Cioni, R., Bertagnini, A., Baxter, P.J., Zuccaro, G., Andronico,
D., Barsotti, S., Cole, P., Esposti-Ongaro, T., Hincks, T.K., Macedonio, G., Papale, P.,
Rosi, M., Santacroce, R., Woo, G., 2008. Developing an event tree for probabil-
istic hazard and risk assessment at Vesuvius. J. Volcanol. Geotherm. Res. 178
(3), 397–415.

Newhall, C.G., Hoblitt, R.P., 2002. Constructing event trees for volcanic crisis. Bull.
Volcanol. 64, 320.

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

Punongbayan, R., Newhall, C., 1996. Fire and Mud: Eruptions and Lahars of Mount
Pinatubo, Philippines. PHIVOLCS. University of Washington Press, Quezon City,
Seattle.

Punongbayan, R., Newhall, C., Butista, M., García, D., Harlow, D., Hoblitt, R., Sabit, J.,
Solidum, R., 1996. Eruption hazard assessment and warnings. In: Punongbayan,
R., Newhall, C. (Eds.), Fire and Mud: Eruptions and Lahars of Mount Pinatubo,
Philippines. PHIVOLCS. University of Wash- ington Press, Quezon City, Seattle,
pp. 67–86.

Sandri, L., Marzocchi, W., Zaccarelli, L., 2004. A new perspective in identifying the
precursory patterns of eruptions. Bull. Volcanol. 66, 263–275.

Segall, P., 2013. Volcano deformation and eruption forecasting. In: Pyle, D., Mather,
T., Biggs, J. (Eds.), Remote Sensing of Volcanoes and Volcanic Processes: In-
tegrating Observation and Modelling. Geological Society, London, Special Pub-
lications, London.

Sobradelo, R., Martí, J., 2010. Bayesian event tree for long-term volcanic hazard
assessment: application to Teide-Pico Viejo stratovolcanoes, Tenerife, Canary
Islands. J. Geophys. Res. Solid Earth 115 (B5).

Sobradelo, R., Bartolini, S., Martí, J., 2014. HASSET: a probability event tree tool to
evaluate future volcanic scenarios using Bayesian inference. Bull. Volcanol. 76,
770.

Sobradelo, R., Martí, J., 2015. Short-term volcanic hazard assessment through
Bayesian inference: retrospective application to the Pinatubo 1991 volcanic
crisis. J. Volcanol. Geotherm. Res. 290, 111.

Sparks, R., 2003. Forecasting volcanic eruptions. Earth Planet. Sci. Lett. 210, 115.

http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref1
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref1
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref1
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref1
http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
http://dx.doi.org/10.1016/j.jvolgeores.2014.08.009
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref3
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref3
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref3
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref3
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref4
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref4
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref4
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref4
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref5
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref6
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref6
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref6
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref6
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref7
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref7
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref7
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref7
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref7
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref8
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref8
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref9
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref10
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref10
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref10
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref10
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref10
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref11
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref11
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref11
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref12
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref13
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref13
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref13
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref13
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref13
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref14
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref14
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref14
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref15
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref15
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref15
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref16
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref16
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref16
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref17
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref17
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref17
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref17
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref18
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref19
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref19
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref20
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref20
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref20
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref20
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref21
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref21
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref21
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref22
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref23
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref23
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref23
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref24
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref24
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref24
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref24
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref25
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref25
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref25
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref26
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref26
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref26
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref27
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref27
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref27
http://refhub.elsevier.com/S0098-3004(16)30124-8/sbref28

	ST-HASSET for volcanic hazard assessment: A Python tool for evaluating the evolution of unrest indicators
	Introduction
	ST-HASSET: short-term hazard assessment tool
	The core of ST-HASSET
	Main features of ST-HASSET
	Overview of ST-HASSET

	Applying ST-HASSET
	Final remarks
	Acknowledgements
	References




