COMMENT REFEREE #1

Dear NHESS editor, We would like to thank the referee for her/his comments that have
been useful to improve some aspects of our manuscript.

In general, we consider that there is a lot of data already published and available to
apply the methodology presented in this work. Please, see the IGN web page,
http://www.ign.es/webl/ign/portal/vic-serie-hierro, and the publications cited in the
manuscript. Also, with respect to the method applied, its description has been
published in the previous paper Bartolini et al. (2016). Here, our purpose is to show an
example of its application with real data using a retrospective approach.

Here we reply point by point to the referee’s comments:

1. We consider repetitive to reproduce again all the mathematical concepts already
explained and developed in previous papers that we adequately refer to in this new
one. Our choice is also taken with the aim to facilitate the flow of the reading.

2. We have modified Figure 2 and the figure caption to facilitate the understanding of
the geological structure described in the paper. (Figure 2. Structural data of El Hierro
(vents and fissure onshore and offshore, as in Becerril et al. 2013, 2014) and the
evolution of the seismicity during the unrest period (average location of the seismic
swarm).)

3. Table 1 is not designed to plot the data. We only show all data used in the analysis.
Anyway, we have modified the Table 1 trying to make it more readable.

4. and 5. We have modified Figure 3 and jointly with changes in Table 1 we have im-
proved data visualization. Also, we suggest to see the Supplementary material where
the video presented also helps to understand the methodology applied.

6. See the reply in comment 1.
7. and 8. Added some explication in the manuscript:

[...] This tool was applied first to evaluate the smoothing parameters or bandwidths of
the dataset analysed, then to evaluate the probability density functions for each
dataset, and, finally, to calculate the final susceptibility map (Fig. 3) (see also Figure
S1). The bandwidth is a free smoothing parameter included in the kernel function that
we used to estimate the corresponding probability density functions and determines
how probabilities are distributed in terms of the distance from the volcanic structures or
vents (Marti and Felpeto, 2010; Bartolini et al., 2013). In the case of the rift volcan- ism
and the submarine layers, we applied the Least Square Cross Validation Method
(LSCV) (Cappello et al., 2012; Bartolini et al., 2013) to obtain the bandwidth parameter,
as it better represents the geometry of the vents distribution, NE-SW elongated (see
Becerril et al. (2013)). To determine the influence of seismicity in the spatial analysis,
we considered that the most representative result was that obtained using Silverman’s
Rule of Thumb for the optimal bandwidth (Silverman, 1986). In fact, the result obtained
using this method allows describing the spatial seismicity swarm distribution for the
entire period, avoiding to underestimate the influence area (located close to the epi-
central points) and to overestimate the density estimation (high values of the density
distribution caused by small bandwidth values). [...]

9. Modified the sentence in the manuscript:



[...] In the evaluation of the final susceptibility, weights were assigned based on expert
opinion and on previously published work (Becerril et al., 2013, 2014), and by taking
into account the average depth of the seismicity during the unrest episode. In detail,
the relevance and reliability values (Table 3) (Marti and Felpeto, 2010) have been
assigned as follow: relevance was given through an elicitation of expert judgment
procedure (Aspinall, 2006) among the members of the Group of Volcanology of
Barcelona (GVB- CSIC) and external collaborators; reliability was considered as
maximum in all the datasets (value of 1). Specifically, up to 7 October we observed no
significant variation in the shallow seismicity (Table 1). In this case, we assigned the
following weights: 0.5 for seismic events, 0.3 for onshore vents and fissures, and 0.2
for offshore vents and fissures. In the final period (8—10 October), we considered the
shallow earthquakes as a separate layer by assigning a different and more consistent
weight as follows: 0.6 for shallow seismic events, 0.2 for the remaining seismic events,
0.1 for onshore vents and fissures, and 0.1 for offshore vents and fissures. [...]

10. Changed.



COMMENT REFEREE #2

We would like to thank the Anonymus Referee #2 for her/his comments useful to im-
prove some aspects of our manuscript.

We here reply point by point at the comments:

1. Line 165: "GPS station began to rotate to the North". Perhaps the authors mean that
the GPS station translated towards North.

Changed

2. Line 215: "Data was grouped" -> "Data were grouped" Modified

3. Lines 254-256: The authors consider as a new parameter the "slope of the inverse of
the RSAM". This is not clear, since it could be interpreted either as the instantaneous
derivative respect to time of the parameter (1/RSAM) [ie: d(1/RSAM)/dt] or the slope of
(1/RSAM) taken in a larger time-window (eg: the slope of the line best-fitting 1/RSAM,
etc.). Moreover, this new parameter is not reported in the figures.

We consider the slope of the line best-fitting (1/RSAM). Modified in Table 1 and in the
Supplementary material the RSAM with (1/RSAM)

4. Line 367: "eruptive phase". Do you mean "unrest phase"?

We refer to the eruptive phase, because after previous unrest phases the system is
getting ready to erupt

5. Line 439: It seems that the eruption began 11 October, in contrast with line 152 (10
October).

Modified
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Key points
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- A new methodology to be applied in short-term hazard assessment.

- Spatio-temporal analysis using information obtained from monitoring data.
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Abstract

The correct identification and interpretation of unrest indicators are useful for
forecasting volcanic eruptions, delivering early warnings, and understanding the
changes occurring in a volcanic system prior to an eruption. Such indicators play an
important role in upgrading previous long-term volcanic hazard assessments and help
grasp the complexities of the preceding period of eruptive activity. In this work, we
present a retrospective analysis of the 2011 unrest episode on the island of El Hierro
that preceded a submarine eruption. We use seismic and surface deformation
monitoring data to compute the susceptibility analysis (QVAST tool) and to study the
evolution over time of the unrest (ST-HASSET tool). Additionally, we show the
advantages to be gained by using continuous monitoring data and hazard assessment e-
tools to upgrade spatio-temporal analyses and thus visualize more simply the

development of the volcanic activity.

Keywords
Short-term volcanic hazard assessment, unrest, precursors, monitoring, spatio-temporal

analysis
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1. Introduction

The most challenging aspect of forecasting volcanic eruptions is the correct
identification and interpretation of precursors during the episodes of unrest that
normally precede eruptive activity. During this phase, the short-term volcanic hazard
assessment can be computed by combining a long-term hazard analysis with real-time
monitoring data, updating continuously the status of the volcanic hazard (Blong, 2000;
Sobradelo and Marti, 2015; Tonini et al., 2016). Short-term evaluations can help
forecast the likely outcomes — i.e. where and when the eruption will take place — by
drawing on the information derived from indicators and an understanding of the
volcanic system. The parameters associated with the volcanic process are the
geophysical and geochemical signals that provide information on magma movement
within the volcanic system and on how the magma is preparing to reach the surface
(Chouet, 1996; McNutt, 1996).

In particular, the signals recorded during unrest episodes — for example, an
increase in activity compared to the previous background level (Phillipson et al., 2013)
— can be used to deduce changes in magma accumulation and movement, the state of
stress of the host rock, and the physical and chemical properties of the magma itself
(Harrington and Brodsky, 2007; Jellinek and Bercovici, 2011; Lavallée et al., 2008;
McNutt, 2005; Neuberg et al., 2000; Papale, 1999; Tarraga et al., 2014). A
comprehensive well organized monitoring network on and around the volcano is
fundamental if scientists are to analyze how the eruption process is evolving. Changes
may be detected on the surface that reflect variations in the geophysical (e.g. seismicity,
surface deformation, and changes in potential fields) and/or geochemical (e.g. gas flow

rate and gas composition) parameters sensed by the network that is monitoring the
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activity of the volcano (Scarpa and Tilling, 1996; Sparks, 2003; Vallianatos et al., 2013,
Telesca et al., 2015).

It is essential that all the monitoring information obtained during an unrest phase
be processed and interpreted in real time. This is a crucial consideration since this
information is vital in eruption forecasting and provides support for decision-makers. In
many instances during an unrest phase, the institution in charge of the monitoring
network is expected to publish daily or even hourly bulletins with updates derived from
monitoring signals. These bulletins are then used by experts (e.g. a scientific committee
or crisis team) to keep public officials abreast of the state of the volcanic system. These
reports do not generally contain probabilistic model results and tend to consist merely
of processed monitoring data related to seismicity, deformation, and gas emissions.

In order to provide a simple and automated way of assessing the evolution of the
volcanic system from looking at the monitoring signals, the ST-HASSET was
developed (Sobradelo and Marti, 2015; Bartolini et al., 2016). This e-tool offers an
alternative to the BET-EF (Marzocchi et al., 2008) and BET-UNREST (Tonini et al.,
2016) and also proposes a flexible probabilistic approach to incorporate monitoring
information for the quantification of short-term volcanic hazard that looks for
significant changes in the values of the measured unrest indicators, across consecutive
time intervals. In comparison to the BET-EF and BET-UNREST, ST-HASSET does not
focus on the absolute value of each variable with respect to a defined threshold, but
compares its degree of change with respect to the previous time interval. In each case, a
variation that is considered significant can be defined in advance given the specific
characteristics of the volcano being studied.

Assuming that the geophysical indicators such as seismicity and ground

deformation provide insights on the location of magma during the unrest phase (Endo
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and Murray, 1991; Chouet, 1996; McNutt, 1996; Marti et el., 2013), changes in the
location of such unrest parameters may indicate magma movement and, consequently,
that the location of potential new vents may also change. This is extremely important
when conducting hazard assessment analysis, as the location of the eruptive vent may
condition the resulting hazards and their potential impacts. In this sense, short-term
hazard assessment needs to inform in real time on how monitoring information changes
the probabilities of vent opening (volcanic susceptibility) and of the hazards that may
occur, as well as of the proximity of the eruptive event.

In order to show how ST-HASSET works, we apply it retrospectively to the
unrest episode that preceded the El Hierro eruption in 2011. When volcanic unrest
started here in July 2011, the Spanish National Geographical Institute (IGN), the
institution responsible for volcano monitoring in Spain, set up a dense seismic
monitoring network composed of a three-component (3CC) broadband station (CTIG)
and eight short- and medium-period (natural periods of 1 and 5 s) 3CC stations (Lopez
et al., 2012) (Fig. 1). In order to monitor the associated 3D deformation, the IGN also
deployed four extra GPS stations on El Hierro to reinforce the capacity of the single
pre-existing GPS station (FRON) (Fig. 1) belonging to the Canarian Regional
government (Lopez et al., 2012, 2014; Marti et al., 2013). The amount of information
registered provides a good example of a monitored unrest episode with a complete
dataset. However, during the pre-eruptive unrest phase the continuous changes in the
position of the seismicity and deformation sources made it all but impossible to forecast
the position of the new vent and, consequently, to define reliable eruption scenarios.

The objective of this retrospective analysis is to define guidelines on how we
can manage the information generated by a monitoring network during the unrest phase

of an ongoing crisis. We use the data recorded in the pre-eruptive unrest episode that
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took place on El Hierro in 2011 to update in real time the spatial probability of the new
vent opening and to interpret the unrest precursors as a means of determining the
probability of evolution of these indicators. So, we first evaluate the volcanic
susceptibility combining the real time monitoring information with the QVAST tool
(Bartolini et al., 2013), which provides a real time variation of the vent opening
probabilities. Then, we combine each updated result with the ST-HASSET tool to
determine the evolution over time of the unrest indicators. The results obtained allow us
to realise how the application of these tools helps interpret the unrest indicators and how
they can be used for improving the susceptibility assessment and the definition of
realistic eruptive scenarios, thus facilitating the decision making process and the

management of the volcanic crisis.

2. Methodology

The methodology used in this study basically consists in the systematic
application of two e-tools specifically designed for conducting probabilistic spatial and
temporal analysis in volcanic hazard assessment.

QVAST (Bartolini et al., 2013) is a tool that has been developed to evaluate the
spatial probability of a new vent opening (volcanic susceptibility) using volcano-
structural data and seismicity. In monogenetic volcanism, as it is the case of El Hierro,
each new eruption creates a different vent, which indicates that accurate spatial
forecasting is highly uncertain. This type of analysis has been often applied in long-term
hazard assessment as it represents a good starting point for developing hazard maps
based on certain assumptions: i) future eruptive vents will be close to the previous ones
and ii) the stress field plays the most significant role in determining where magma will

reach the surface (see Marti et al., 2016). The result is a (long-term) susceptibility map
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obtained by assigning different weights to each of the probability density functions in
each dataset (volcano-structural elements: location of past vents, eruptive fissures,
fractures, faults, dykes, etc.) considered in the analysis, which are combined via a
weighted sum and modelled in a non-homogeneous Poisson process. During an unrest
phase, the (short-term) susceptibility map varies as new information (e.g. the location of
the seismic events) is provided by monitoring data. Hence, the previously defined
probabilities of hosting a new vent will change in terms of where the new seismicity
and/or ground deformation is located — assuming that both parameters provide an
indication of magma movement and location.

The probability of occurrence of a possible eruptive scenario will change
according to the variations in the short-term susceptibility map, which will be redefined
each time that new monitoring information will be computed; thus, we also have to
calculate the temporal evolution of monitoring data.

The ST-HASSET tool (Sobradelo and Marti, 2015; Bartolini et al., 2016) is a
simple tool that develops an event tree structure that uses a quantitative approach via
Bayesian inference to assess the hazard of a particular volcanic scenario by taking into
account monitoring data and all relevant data pertaining to the past history of the
volcano. Indicators are shown on a common probability scale to visualize their progress
during the unrest phase and to estimate the probability of occurrence of a particular

eruptive scenario.

3. Unrest on El Hierro in 2011
El Hierro, situated in the southwestern corner of the Canary archipelago (Fig. 1), is
geologically the youngest of these islands and its oldest subaerial rocks have been dated

at 1.12 Ma (Guillou et al., 1996). It corresponds to a shield structure formed by different
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volcanic edifices with three rift zones along which recent volcanism has been
concentrated (Guillou et al., 1996). The studied unrest period started on 19 July 2011
and gave rise to a submarine eruption that started on 10 October 2011 (Fig. 1). The
whole episode was well monitored by the IGN and during the period leading up to the
eruption approximately 10,000 earthquakes with local magnitudes of up to 4.3 were
recorded, and over 5 cm of vertical and horizontal surface deformations were registered
(Lopez et al., 2014).

This pre-eruptive unrest started with a marked increase in seismicity, followed a
few days later by surface deformation and gas emissions (Lopez et al., 2012). The
evolution of the seismicity during this episode was characterized by changes in the
hypocentral location that were interpreted as movements in the position of the magma
(Fig. 2 and Table 1) (Lopez et al., 2012, 2014). During the first weeks of unrest, all the
seismic events were located in the north of the island at a depth of about 10—15 km b.s.1.
and were of low magnitude. As of 4-26 September 2011, the seismicity migrated
southwards along the crust/mantle boundary and th~ ~mount of released seismic energy
increased. GPS stations translated towards North, suggesting a simultaneous surface
deformation pattern that reflected a correlated migration of the pressure source towards
the south. From 27 September to 7 October 2011, both the seismic rate and the seismic
energy grew and events were now located mostly off the SW coast of El Hierro. At the
same time, a sudden deflation—reinflation was observed on the N—S component at all
GPS stations (1-5 October 2011). On 8 October at 20:34 h (GMT), a 4.3 ML
earthquake (the greatest magnitude recorded during the unrest period) occurred 1.5 km
off the SW coast of the island at a depth of 12 km. However, from this moment
onwards, very few further earthquakes were registered and the pre-eruptive episode

culminated with a submarine eruption on the southern flank of the island’s volcanic
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edifice (Lopez et al., 2012) (Fig. 1). On 10 October at 04:10 UTC, a clear emergent
tremor signal was registered by all the seismic stations indicating the onset of the
eruptive activity that lasted for more than four months (until the end of February 2012)

(Lopez et al., 2014).

4. Datasets

4.1 Spatial analysis

A susceptibility analysis enables us to determine the probability of occurrence of future
eruptive vents. This probability depends on the volcano-structural elements that define
the structural setting of a volcano and the past pathways taken by the magma as it
ascended to the Earth's surface. Eruptive vents and fissures, dykes, faults, fumaroles,
and the stress field are the most important elements (Martin et al., 2004; Jaquet et al.,
2008; Cappello et al., 2012; Bartolini et al., 2013; and references therein) that determine
the probabilities of an eruptive vent opening in an area that was affected by similar
types of eruptions in the past.

In order to compute the probability of opening a new eruptive vent at El Hierro,
we took into account the most relevant volcano-structural data as given by Becerril et al.
(2013, 2014) (Fig. 2): (i) the subaerial vents and eruptive fissures that are part of the
Rift Volcanism (including sub-recent and recent eruptions) and (ii) the submarine vents
and eruptive fissures deduced from bathymetric inference. Furthermore, we chose only
those eruptive fissures oriented between NOO°E and N45°E in relation to the orientation
of the regional stress field (see Geyer et al., 2016). We assumed that the stress field
plays the most important role in determining where the magma will reach the surface
and the fractures orientated in this direction were those that offered the least resistance

to magma transport.
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To conduct the short-term analysis, we complemented the previous dataset with
the addition of data on the evolution of the seismicity for the unrest period (19 July
2011-10 October 2011).

We assumed that in this short-term spatial analysis the location of the seismicity
reflected the position of the magma, as it provides a good indicator for tracking magma
migration and for determining where it may potentially reach the surface. However, the
location of gas emission was not considered in this short-term analysis as they were too
disperse in the whole area (Lopez et al., 2012) and thus not sufficiently informative on
the position that magma could have below the island. Concerning the surface
deformation, we considered this parameter only in the temporal analysis, due to the lack
of a well-distributed ground deformation monitoring network operating during the El
Hierro unrest episode. So, as described in Lopez et al. (2012), the highest values of
uplift were found in the area where the seismicity moved from north to south and where
no GPS was available.

Seismic data was obtained from the seismic catalogue published by the Spanish
National Geographical Institute (IGN) (www.ign.es) (Fig. 2). Data were grouped in time
windows of four days to optimize the forecast given that certain volcanic systems have
indicated that magmatic processes have a memory with a time-scale of just a few days.
(Connor et al., 2003; Jaquet and Carniel, 2003; Jaquet et al., 2006; Tarraga et al., 2006;
Carniel et al., 2006). Such a selection allows assuring the persistent behaviors of the
system. Within the time window, the seismic activity will follow the same trend of
previous days, allowing the short-term forecast. We selected from the IGN catalogue
only those earthquakes of magnitudes greater than zero and precise locations, with
epicenter maximum semi-ellipse axes of less than 15 km, minimum semi-ellipse axes of

less than 6 km, and a depth error of less than 8 km. In this way, we aimed to avoid —
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inasmuch as was possible — errors in the hypocenter localization of earthquakes due to

the small number of the seismic stations in place during the first unrest phase.

4.2 Temporal analysis

The data for the temporal analysis consisted of observables which relative variation
with time may indicate changes in the processes occurring inside the volcano when
preparing for a new eruption (Sobradelo and Marti, 2015; Bartolini et al., 2016). In our
methodology, we do not use the absolute values of each parameter, but considering their
relative variation with time, we only indicate if there is an increase or a decrease in the
value of such parameter in each time interval. We used the monitoring data gathered by
the IGN and other published information (Lopez et al., 2012, 2014; Marti et al., 2013;
Telesca et al., 2014). This information is given in Table 1 and includes:

the number of seismic events

- RSAM (Real-time Seismic Amplitude Measurement)

- the seismic energy released during the fracturing process
- the lateral and vertical migration of the seismicity

- the number of shallow seismic events

- the strain variation.

Therefore, consistent with the choices adopted for the spatial analysis, the
variation in the unrest indicators (increase/decrease) was evaluated in relation to the
mean values for the previous four days. The seismic rate variation was considered by
taking into account only those events with a magnitude over 2.5 (greater than the
completeness magnitude during almost all the period), assuring this way the study of the
seismic evolution (Lopez et al., 2017), while a significant change was considered only

when the rate of variation was 25% higher in relation to the previous four days as a
g p y

11
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consequence of stress reorganization (Stein, 1999). RSAM data was obtained by
analyzing the signal registered by the vertical component of the seismic broadband
CTIG station (Fig. 1). Although the signal may have a high background of seismic
noise, a RSAM increase is a good indicator of the transport of the magma to the surface
(Endo and Murray, 1991). In order to highlight a significant increase in RSAM values,
we considered the variation in the slope of the inverse of the RSAM, which is clear
evidence of a consistent increase in the signal. The accumulated increase in energy
release was considered to be significant when the energy value (i.e. the accumulated
value in relation to the mean value over the last four days) was greater than 10%. In this
case, the accumulated energy curve showed a notable slope variation. For the lateral
migration of the seismicity, we considered a significant variation to exist when the
displacement increment was over 1 km. This is compatible with the effects on hazard
scenarios when the vent location changes. The vertical migration of the seismicity
ranges from a depth of approximately 19 km to the surface and, taking into account the
mean of the variation, a variation greater than 0.6 km was assumed to be notable. The
number of shallow events reflects the presence of the magma close to the surface and so
we assumed that the number of events of magnitude greater than 3 in the same day at a
depth of 0—5 km was significant. Finally, the strain variation has been determined with
the horizontal components data of the GPS FRON station. We have assumed a
significant variation when the increase/decrease was greater than 1.5 mm of the vector
representing the horizontal deformation (composing the north and east GPS

components).

5. Results
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5.1 Spatial probability of new vent opening

Given its great flexibility and ability to identify the most likely zones to host new
eruptions in monogenetic volcanic fields, we used the QVAST tool (Bartolini et al.,
2013) to determine the susceptibility from the evolution of the seismicity during the
unrest. This tool was applied first to evaluate the smoothing factors or bandwidths of
the dataset analysed, then to evaluate the probability density functions for each dataset,
and, finally, to calculate the final susceptibility map (Fig. 3) (see also Figure S1). The
bandwidth is a free smoothing parameter included in the kernel function that we used to
estimate the corresponding probability density functions and determines how
probabilities are distributed in terms of the distance from the volcanic structures or
vents (Marti and Felpeto, 2010; Bartolini et al., 2013).

In the case of the rift volcanism and the submarine layers, we applied the Least
Square Cross Validation Method (LSCV) (Cappello et al., 2012; Bartolini et al., 2013)
to obtain the bandwidth parameter, as it better represents the geometry of the vents
distribution, NE-SW elongated (see Becerril et al. (2013)). To determine the influence
of seismicity in the spatial analysis, we considered that the most representative result
was that obtained using Silverman's Rule of Thumb for the optimal bandwidth
(Silverman, 1986). In fact, the result obtained using this method allows describing the
spatial seismicity swarm distribution for the entire period, avoiding to underestimate the
influence area (located close to the epicentral points) and to overestimate the density
estimation (high values of the density distribution caused by small bandwidth values).
Thus, we obtained a bandwidth value of 1100 m for the rift volcanism and of 3900 m
for the submarine layer, while in the case of the seismic data the range in the degree of

randomness was from 500 m to 1500 m.
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In the evaluation of the final susceptibility, weights were assigned based on

expert opinion and on previously published work (Becerril et al., 2013, 2014), and by
taking into account the average depth of the seismicity during the unrest episode. In
detail, the relevance and reliability values (Table 3) (Marti and Felpeto, 2010) have
been assigned as follow: relevance was given through an elicitation of expert judgment
procedure (Aspinall, 2006) among the members of the Group of Volcanology of
Barcelona (GVB-CSIC) and external collaborators; reliability was considered as
maximum in all the datasets (value of 1).
Specifically, up to 7 October we observed no significant variation in the shallow
seismicity (Table 1). In this case, we assigned the following weights: 0.5 for seismic
events, 0.3 for onshore vents and fissures, and 0.2 for offshore vents and fissures. In the
final period (8—10 October), we considered the shallow earthquakes as a separate layer
by assigning a different and more consistent weight as follows: 0.6 for shallow seismic
events, 0.2 for the remaining seismic events, 0.1 for onshore vents and fissures, and 0.1
for offshore vents and fissures.

The results shown in Figure 3 (see also Figure S1) highlight the importance of
combining monitoring data with a previous long-term hazard assessment as a means of
updating the probability of a new eruptive vent appearing in a particular area. The
presence of previous volcanic structures does not provide sufficient information for
forecasting the possible opening of a fresh vent during the unrest phase; however, if this
information is combined with ongoing seismicity the predicted result can be improved.
As shown in Figure 3, before the eruption the area with the highest probability of a

fresh vent opening is the area that is closest to the eruptive vent.

5.2 Evolution of unrest indicators and short-term hazard assessment
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The temporal analysis of the unrest indicators was conducted by applying the ST-
HASSET tool (Bartolini et al., 2016) to analyze possible patterns in the evolution of
events preceding the submarine eruption on El Hierro. The advantages of this tool lie in
its ability to consider different signals on the same probabilistic scale, based on any
significant or abnormal change in the unrest signal, with respect to a previous stage
and/or a base-line measurement considered normal. The tool computes at each stage the
probability of experiencing an anomalous change (increase/decrease) by the next time
bulletin, based on what has been observed up until now. With this, it helps the scientist
sum up the evolution of the unrest indicators and gets some insight into the possible
unfolding of the volcanic crisis in the immediate future, helping with decision-making
and the interpretation of the unrest. In Table 1, we show the data for the entire unrest
period and, as explained in section 3.2.2, we considered the variation (“Y”) of the
indicator analysed based on different criteria. The choice of the aleatoric and epistemic
uncertainties (prior and data weigths) surrounding the probability estimates were
assumed considering that El Hierro unrest was the first unrest registered in Canaries.
The prior weights were assumed to be the probability results of the previous bulletin
(only in the first simulation we have assumed the same probability for each indicator).
In the case of the data weights, we have first assigned a total epistemic uncertainty and
sequentially incremented the weight with the evolution of the unrest.

In Figure 4 and Movie S1, the evolution of the indicators over the entire unrest
period with a daily time window are clearly visible. In the right side of the chart, it is
shown also day-by-day the total number of parameters that increase or descrease during
the unrest evolution. We assumed a value of +1 if the indicator increases, -1 if the
indicator decreases, and 0 if the change is not significant. This allows visualizing the

overall tendency of variation of the unrest indicators. We also considered three phases
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of 28 days, all three during the evolution of the unrest period, as shown in Figure 5 and
so were able to observe how these indicators varied in different ways as the unrest
evolved:

—  Phase I: from July 19" to August 15™;

— Phase II: from the August 16™ to September 12";

—  Phase III: from September 13" to October 10™.
By having all the precursory activity mapped and plotted into the same graph, it is
easier to interpret their evolution as a whole. According to what was been defined as a
significant change, in a first phase the accumulated energy released increase (AERI) and
the lateral migration of seismicity (LMS) experienced a significant change, and
continued overall the increasing tendency across this initial phase with periods of no
significant variation followed by periods of heavy changes. By the time, they enter the
second phase both indicators show no changes seem stable until well into the third
phase where AERI starts experiencing significant increases and LMS follows a few
days later. As per the other indicators, in a first phase they all experience a significant
change at some point in the initial stages of Phase I and seem to enter a quiet phase after
that, except for the RSAM, which on average experiences a continuous increase across
the three phases, perhaps more consistent though Phases II and III. The unrest indicators
that seem to experience larger significant changes in Phase I are AERI, LMS and
RSAM.

Phase II was characterized by an overall stabilization of the indicators, except
for RSAM that continues to consistently increase. In addition, by the middle of this
second phase the seismicity experiences a significant increase with a small period of
significant lateral migration of seismicity, followed by a small jump in the RSAM a few

days later. By the time the systems enters into the phase III on September 12 we
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continue to observe a probability increase in RSAM with a new significant jump around
the September 18. This change happens simultaneously with a significant LMS increase
for the first time since phase I, and a jump in the seismicity increase followed by an
AERI jump and strain variation. There seems to be a clear inflection point around the
20th of September. This point is the first time since the beginning of the unrest three
months ago where all unrest indicators show consistently significant changes at once.
This suggests that the system has changed and is getting ready to enter into a new
eruptive phase. Note that a few days before the submarine eruption there is a jump in all
the indicators including for the first time the shallow seismicity and the vertical
migration of seismicity, the probabilities for these two continue to increase from this

moment onwards, together with RSAM, while LMS and AERI remain constant.

6. Discussion and Conclusions
Short-term hazard assessment should be always conducted based on a previous long-
term hazard assessment, as a systematic study of past eruptive activity conducted well
before a new volcanic crisis starts can help forecast the most probable scenarios and
thus avoid confusion regarding the potential outcome of the forthcoming eruption.
In the case of El Hierro, unfortunately, no previous hazard assessment existed, so the
most probable scenario — a submarine eruption — was not anticipated, as has been shown
by a subsequent study (Becerril et al., 2014). Consequently, scientific advisors and
decision-makers considered possible eruptive scenarios that had much lower
probabilities of occurrence, which implied the taking of decisions with a higher cost
than necessary (Sobradelo et al., 2014).

Via a retrospective analysis of the particular case of El Hierro, the results

obtained in this work provide an easy and useful approach to the understanding and
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visualization of the information recorded by the monitoring system, and show how this
information can be used to forecast an eruption and its potential hazards in real time.
The translation of this information into a coherent picture that will be helpful for
anticipating the future evolution of a volcanic system is not straightforward, which is
why we propose that this simple methodology be used to facilitate communication
among scientists and between scientists and decision-makers. Moreover, the
interpretation of unrest indicators and the observation of significant variations in
volcanic systems are complex tasks subject to great uncertainties and the approach
proposed in this work aims to act as a guide for experts and decision-makers to be
employed as a crisis unfolds.

Another important aspect is how to interpret monitoring signals in monogenetic
volcanism. In this specific case, where the location of a future eruption is not easy to
determine, the spatial probability is controlled by local and regional stress fields that are
usually poorly understood. During the pre-eruptive episode on El Hierro, it was clear
that the lateral migration of the magma was controlled by the presence of stress barriers
defined by major structural and rheological discontinuities (Marti et al. 2013, 2017).
This gave rise to nearly continuous changes in the probable location of the eruptive
vent, which hindered the definition of a precise eruptive scenario and the application of
appropriate mitigation measures. This highlights the importance of understanding
monitoring signals and their interactions, as well as the need for knowledge of the past
activity of the volcanic system in the form of susceptibility and hazard analyses, if a
volcanic eruption is to be correctly forecast. In case of El Hierro, the susceptibility map
that combines volcano-structural information and seismic data (Fig. 3) shows how the
possible location of a eruptive vent varied during the evolution of the pre-eruptive

unrest: initially, the magma was thought to be accumulating on the northern side of the
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island (Fig. 3b) but in the end it was concentrated on the southern side (Fig. 3d), where
it eventually provoked a submarine eruption. This confirms the idea that seismic activity
and ground deformation are good indicators of magma location in monogenetic
volcanism.

The analysis of the precursors shows how special attention should be paid to
each one during the evolution of the unrest period (Fig. 4). Indeed, in the initial phase,
we observed obvious fluctuations in most indicators and, above all, an increase in the
accumulated energy released compared to the background level. In the second phase,
the behavior of these indicators remained constant and there was no significant spread, a
reflection of how the magma followed the local stress field and migrated from the north
to the southeast. During the final month before the eruption, we noted that the indicators
started to increase sequentially but at the same hypocentral depth. However, in the final
hours before the eruption the presence of very shallow seismicity indicated that,
immediately after the final major earthquake, a relatively rapid vertical migration of
magma was taking place. This vertical ascent to the surface was associated with a
drastic decrease in both the number of seismic events (almost no seismicity of any kind
in the 30 hours before the onset of the eruption) in the accumulated energy release, and
in the deformation, but also with an increase in the RSAM, thereby suggesting that the
final major tectonic earthquake facilitated a path for the magma to reach the surface
(Marti et al., 2013).

From an emergency management perspective, it is worth stressing two further
important results of the application of our method. Firstly, it identified unmistakably the
anomalous behavior of the activity, characterized by an increasing probability in almost
all indicators during the first days of the unrest period as they varied in relation to the

background values. Secondly, many indications suggested that the probability of an
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eruption increased in almost all parameters from 25 September until the onset of the
eruption. On 23-27 September, the Canarian Civil Protection Authorities in charge of
the management of the volcanic crisis changed the alert level for the population from
Green to Yellow in two areas due to the strong seisnt~ "'y being felt by the population
and the risk of rock falls near populated areas. In 10 October, the appearance of an
increasingly strong seismic tremor signal in the monitoring network warned of the
imminent onset of the eruption and Civil Protection raised the alert level to Red.
Despite the correct management of the eruption crisis on El Hierro by the Canarian
Civil Protection, we still believe that our results can improve significantly the island’s
early warning capability during an unrest period characterized by a high level of
uncertainty. Thus, the tools presented here could have been very useful for the Canarian

Civil Protection during the October 2011 eruption crisis.
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Table

Table 1. Unrest indicators during the unrest period.

Figures

Figure 1. IGN monitoring network during the unrest period at El Hierro Island. The top
left inset displays the location of El Hierro within the Canary Archipelago.

Figure 2. Structural data of El Hierro (vents and fissure onshore and offshore, as in
Becerril et al. 2013, 2014) and the evolution of the seismicity during the unrest period
(average location of the seismic swarm).

Figure 3. Susceptibility maps obtained from: a) the volcano-structural data; b) the first
days of unrest; c) in the middle of the unrest; d) the days before the submarine eruption.
Figure 4. ST-HASSET: the evolution of the unrest indicators in three phases of 28 days.
The right side of the chart shows day-by-day the tendency of variation of the unrest
indicators.

Figure 5. ST HASSET: the evolution of all indicators every 28 days (3 phases of

unrest).

Supplementary Material
Figure S1 - Susceptibility maps and seismicity location during the evolution of the
unrest period.

Movie S1 - Evolution of the wunrest indicators and its registered values.
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Figure 2

180000 190000 200000 210000

Legend

e  Seismic swarm (average location)
Vents and eruptive fissures onshore

Vents and eruptive fissures offshore
A 2011-2012 Eruption

31

220000




Figure 3
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Figure 4
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Figure 5
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