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Summary

This report summarizes the activity carried out in Task 12.1 of project EUROVOLC.

In section 1we report on the applications carried out at the origindintified test volcano of La Soufriére de
Guadeloupe. In particular, we have validated, againkt freeasurements, the skill tie DISGAS model in
reproducing the gas concentration data in a hazard perspective (section 1.1); further, we have calibrated and
applied the Great Balls of Fire model to quantify the hazard from ballistic impact of thd tgpitseon the island

(section 1.2). Finallywe report on application of the PDAC model to quantify the hazard of pyroclastic density
currents from collapse of explosive SBbnian to Plinian eruption columns.

In section 2we report on other hazard asseents carried out within EUROVOLC Task 12.1, at other target
volcanoes. In particular, we report on the applicatioineHASSET model to San Miguel volcano (El Salvador)
in section 2.1; in section 2.2 we report on the study to quantify volcanibé&@d throughthe CALPUFF model,

in the aftermath of the Bardarbunga eruption in 22045; in section 3.we show the development of a new
method based on Geographical Information System methodology to generateckdegand individual building
evacuatiorplans for the study case of Stromboli.

Finally, in section 3 we describe a new tool, developed within EUROVOLC Task 12.1, to quantify the
probabilistic hazard from volcanic gases through an automated procedure.

We remark that most of the applications discussed here have been published@vipead scientific jarnals
(sections 1.1, 2.2) or are in the review process (sections 1.2 and 3.1).

Introduction

This deliverable stems from the work carried out in the first yegah@EUROVOLC project, in which we
collected and catalogued the opgge models and codes that concur to the quantification of volcanic hazard and
that are available from the literature. The software catalogue (Deliverable D12.1) was created and it is currently
hostedat http://193.206.223.51:8088/index.php/softwarelidte other goal of Task 12.1 was to select the most
suitable hazard tools, among those listed, and apply them to the tesbvaitanSoufriére de Guadeloupe in the
French island of Guadeloupe (Lesser Antilldgygre 1).
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Figure 1: Location map of La Soufrieme Guadeloupe in the French island of Guadeloupe (Lesser
Antilles) and San Miguel (El Salvador) volcanoes.

In this perspective, we selected three of the most likely hazardous phenomena that might accompany the present
activity (i.e., gas hazard due teetburrent gas dispersal from the active fumaroles) and/or the most likely explosive
scenario at La Soufriere de Guadeloupe amongst those elaborated by the civil authorities in collaboration with the
Observatoire Volcanologique et Sismologique de Guade]dumeballistic impact as well as the modelling of
pyroclastic density currents from collapse of explosive-Blitiian to Plinian eruption columns.

To quantify the gas hazard, a fundamental step is the model validation. For this, it is necessaryotd carry
guantitative check on the skill of the chosen model to reproduce gas concentration in a hazard perspective, that is,
considering the epistemic uncertainty related to the gas fluxes at the sources and the wind field. In this view, the
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first work presented in this deliverable (Section 1.1) illustrates the application of the DISGAS model (Costa &
Macedonio, 2016), selected from the D12.1 catalogue, to quantitatively validate its performance in hazard
assessment.

To quantify ballistieimpact hazard ass@ted with the most likely explosive scenario at La Soufriere de
Guadeloupe (including phreatic, Vulcanian and Strombolian eruptions) we selected the Great Balls of Fire model
(Biass et al, 2016) from D12.1 catalogue. Then, we have applied it considerpagssible source the summit
dome of La Soufriére, including the uncertainty on the vent position in case of explosion, and the variability
related to uncertain eruption source parameters (Section 1.2). Also, the effect of wind was quantified, although it
turns out to be negligiblia the outcoming hazard assessment.

To quantify the hazard associated with the emplacement of pyroclastic density currents formed during eruptive
scenarios that involve the collapse of explosive-Blibian to Plinian eruptionaumns, such as the case study
eruption of 1530 C.E. (Boudon et al., 2008; Komorowski et al., 2008), we have used thdirttersional,
multiphase flow model PDAC (i.e. Pyroclastic Dispersal Analysis Code; Neri et al. 2003; Esposti Ongaro et al.
2007; Cacano et al. 2013) froniheD12.1 catalogue. Then, we have applied it considering as possible source the
summit area of La Soufriére using eruption source parameters (Section 1.2) as detailed by Komorowski et al.,
(2008), Boudon et al., (2008), and Spericel ¢ (2008).

In addition to these applications to the test volcano of La Soufriere de Guadeloupe, we also report on applications
to quantify hazard related to volcanic activity at other target volcanoes, i.e. San Miguel (El Sdigdo;,
Bardarbungdlceland,Fig. 2) and Stromboli (ItalyFig. 2).

Bardarbunga
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Figure 2: Location map of Stromboli (Italy) and Bardarbunga (Iceland) volcanoes.

In the framework of the HHA project (eTools for shorterm volcanic Hazard Assessment) submitted to the 1
EUROVOLC Transnational Access Call by Dr. Diana Jimenez from the University of El Salvador, the HASSET
short term €ool (Sobradelo et al. 2013, listed in D12.1) was used to estimate the probability of occurrence of a
particular eruptive scenario combigimonitoring data with information on past eruptions and unrest episodes.

For the case study of Bardarbunga, we focus on the quantification of volcanita3@d after the 20145
eruption, through the CALPUFF model (Barsotti e28l08 Barsotti and Ner2008) listed in D12.1.

For the case study of Stromboli, we developed a new method based on the Geographical Information System
(GIS) methalology to generate larggcale and individual building evacuation plans.

Finally, in the application of DISGAS model, we developed a new code, called VIGIL, consisting of a suite of
automatized python routines that a user can call to retm@teorological data, run DISGAS model, postprocess
the simulations and produce hazard and probability maps. This work was done within EUROVOLC Task 12.1
and contributed to enlarge the collection of hazard tools, codes and models listed in D12.1


https://link.springer.com/article/10.1007/s00445-020-01395-3#ref-CR5
https://link.springer.com/article/10.1007/s00445-020-01395-3#ref-CR5
https://link.springer.com/article/10.1007/s00445-020-01395-3#ref-CR4
https://link.springer.com/article/10.1007/s00445-020-01395-3#ref-CR4
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171 Application of previously existing hazard tools to La Soufriere de
Guadeloupe

1.1 Validation of DISGAS model at La Soufriere de Guadeloupe to simulate volcanic gas
dispersal

1.1.1 Introduction
In this study, we provided some prototypal tests aimed to validate the modelling of gas dispersal from a hazard

perspective at La Soufriere de Guadeloupe volckimp ( & 3a) which was chosen as test case for a variety of
reasons: first, it is a volcarghowing some signs of unrest, and it is very useful and interesting to contribute to
qguantify the hazard in this situation; secondly, La Soufriere has not received much attention in previous recent
EU projects, even if it is one of the most active gastensiin the Lesser Antilles.

We tested the capability DISGAE0 (Dispersion of GASes; Costa and Macedpi@l6), i.e., its ability in
reproducing the correct order of magnitude and variability (e.g., Tierz et al., 2016) of gas concentrations, focussing
on the distribution of C®and HS discharged from the three main fumarolic sources at the suifamitgan

TAS; Crat re Sud,CS;Gouffre 1956G56) in the period Marclpril 2017.

The strategy was to run the model on different wind models and/or Digital Elevation Models (DEMs) and varying
the resolution of the computational grid, and see how much the amatpcgntrations are affected. To do this, we
implemented a new version of the DISGAS code (within a Python environment) which is able to automatically:

- retrieve meteorological data from the ERAS reanalysis dataset (Copernicus Climate Change Seryice, 2017

and process them to obtain weather data usable by DISGAS;

- process meteorological data from weather stations in the computational domain;

- randomly locate source emissions from a vent probability map;

- randomly select the emission rate of the sesifrom a given dataset of possible emission rates;

- perform the simulations with DISGAS and its ppsbcessing.

The results of this study are included in a recently accepted paper: Massaro, S., Dioguardi, F., Sandri, L.,
Tamburello, G., Selva, J.,ddine, S., Jessop, D.E., Moretti, R., KomorowskZJ., Co st alestinggas 2021 |
dispersion modelling: A case study at La Soufriere volcano (Guadeloupe, Lesser )Aitilles Jour nal 0
Volcanology and Geothermal Research, 417, 1078t@2s://doi.org/10.1016/.jvolgeores.2021.1073%2e the

appendix for a picture of the front cové&idure A.1).

1.1.2 Methodology
The passive advection and diffusion of the gas species emitted by the fumaroles at La Soufriere was carried out

by using the Eulerian DISGAS3.0 (Costa and Macedonio, 2016). The input data in the coupled Diagnostic Wind
Model (DWM) include topgraphy, terrain roughness, meteorological data, atmospheric stability information, and
gas flow rates from the sources.

In our case, the model inputs at sources are tRefldxes, while the outputs are represented by 2D grid maps of
H20 concentrations diersed over the topography at different timesteps and levels in the atmosphereOThe H
concentration outputs are then converted in &@ BS concentration (ppm) by using the molar ratios/EQ0

and BS/HO (Allard et al., 2014; Tamburello et al., 2019)

The computational domain was extended over an area of @ikiie volcano and 500 m vertically above the
ground Fig. 3b) and discretized by a 200 x 200 cells grid with a horizontal resolution of 15 m and a vertical grid
spacing, finer near the surfadeom 1 m) and coarser towards the top (up to 250 m), chosen as a good compromise
between the accuracy of outputs and computational costs.

In order tounderstand which input data are more appropriate to obtain a reliable wind field, we carried out two
tests by using local meteorological data only (Test 1) and ERAS reanalysis dataset (Copernicus Climate Change
Service, 2017; Test 2) in the DWM (Dougldsaé, 1990). Local meteorological data were taken from the Piton
Sanner station operated by OVSBGP and located on the summit dome, at ca. 144Fign 1b). Then, to test
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the impact of uncertainty on topography resolution, we checked if the fit betsimeration results and
observations is the same when using a lengsplution DEM (25 m; https://earthexplorer.usgs.gov/) for the
topography (Test 3). In this case, we calculated the wind field by using the data acquired by the local weather
station. Findly, to investigate the influence of the computational grid resolution on the model outputs, we
reproduced Test 1 by using a 5 rasolution computational grid (Test 4).

e S — —

H
]

n3293%k Saisoce

Fig. 31 a) Map of the summit La Soufrée de Guadeloupe volcano (1467 m asl) simgwthe main geological
features (1956 fractures, Crae Sud, Fente du Nord, Nof@vest, Faujas, and La Ty fault), the location of the
active fumaroles (red stars); b) Computational domain (ca. 3 km x 3 km) used for numerical simulations. The
grid used isset 200 x 200 (resolution = 15 m) indicating the three active fumaroles TAS, G56 and CS, from
Massaro et al. (2021)

From each simulation, we extracted the,@®d HS concentration at three tracking points on the summit dome,
corresponding to the location of the OVEBEP MultiGAS stationsKig. 3b). These points are fixed at 1 m from

the ground, so that the observed and simulated concentrations are referred tmeahaltisade. Since the
observations covered 13 days, we provided numerical simulations in two opposite conditions: i) running 11
simulations (each one simulating the entire 13 days of the validation period) varying the daily value of the water
vapour fluxregardless of each source, in order to catch the natural variability of the gas emission rate shown in
the last few years, and ii) running one simulation (simulating the entire 13 days of the validation period) fixing a
single water vapour flux for eachigae. In both cases, the hourly gas concentrations were stored at the tracking
points.

1.1.3 Results from testing the model performance
The results for Tests 1, 2, 3 and 4 provided, for each fumarolic source, the Empirical Cumulative Density

Functions (EEDFs) of the observed and simulated daily averages®faid CQ concentrations. In particular,

the ECDFs of the simulated concentrations are obtained either by randomly varying the gas fluxes (e.qg., Allard et
al., 2014; Tamburello et al., 2019). Being tihhvestigation period of 13 days, to simulate daily variations in gas

flux, we ran 11 simulations per day resulting in 143 total simulation runs, which implies a significant amount of
computational time as one simulated day required nearly 3 h on a R@ whtduaicore processor. We also
provided further numerical simulations by using a fixed flux at each fumarolic source as the most similar to the
observed water vapour flux (1.10 kK{*dor G56, 0.93 kg %' for TAS, and 1.63 kg’ for CS, consideng the
estimates in Tamburello et al., 2019 and Jessop et al., 2021) for the entire period of simulation (13 days).

Test 1 and 2, similarly to ash dispersal models (e.g. Macedonio et al., 2016; Selva et al., 2018), seem to be
indifferent to the selectionf the reference input (local or regional) meteorological data: infact, no remarkable
differences were observed between Tests 1 and 2. This implies that either meteorological dataset could be used as
input to the DWM. Also Test 3 showed that a low resoluDEM (25 m) does not affect the model outputs. On
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the contrary, notable differences between the daily averages of observed and simulated concentrations are
observed in Test 4+g. 4), when the model accounted for a finer computational grid resolion (
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Fig. 4 - Results of Test 4 carried out with a computational grid resolution of 5 m. For each fumarolic source, the
Empirical Cumulative Density Functions (ECDFs) of the observed and simulated daily averag8saofd-CQ
concentrations are shown for G56-f, TAS (ed), CS (ef). The red curve represents the observed data while

the blue and green curves refer to the simulated data obtained by randomly varying the water flux and by setting
a fixed flux at source, respeatily. The 50° percentile of the ECDFs is represented by the coloured vertical solid
lines, while the 5° and 95° percentiles are represented by the dotted vertical lines. The topography is represented
by a 5 m resolution DEM, fromdassaro et al. (2021)
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In the following, for each single model output, we discussed some significant differences related to the three
fumarolestation geometries at La Soufe dome. First, Gouffr&6 fumarole is located in a deep fracture right

below the eastern edge of thewmand is B4 m wide at the surfac&ig. 3). Its station has been forcibly located

(as best compromise between proximity to the gas plume and sheltering from the strong winds) a few meters from
the vent and windward with respect to the dominant wind. &maequence, the observed data showed numerous
cases of low volcanic gas concentrations, below the resolution of the sensor, that cannot be used for comparison
with our simulations (sekig. 4ab).

Tarissan fumarole is a bubbling pond located in a ~ 4@ide crater deep under the dome surface and its station

is located ~8 m from the source and downwind with respect to the dominant wind. In this case, the fumarole
station geometry is the most favourable to provide the best accordance between modahresebkervations in

each modelling setup (s€&g. 4c-d).

Crat r Sud is a system of three fumaroles located along a-sottth oriented fracture in the southern edge of the
dome. These fumaroles are ~10 m distant from each other and separated by sukrsFair the same logistic
problems faced in G56, the station was installed in the southernmost part of the CS fracture, not exactly downwind
of the degassing fumaroles. In this light, CS represents the most complex fustatiole geometry.

In Tests 12-3 we noted that the underestimations of the simulated data with respect to the observations are
balanced by using the 15 mesolution grid (Massaro et al., 2021). When the simulations are carried out with the

5 m resolution, the underestinians are more pronounced (deg. 4ef) since the model algorithm tends to be
numerically less diffusive by using a finer grid resolution.

On the whole, the model results showed an acceptable agreement with the observed data from a hazard point of
view. This indicates the potential usefulness of gas dispersion modelling as a promising tool for reproducing the
observed fumarolic degassing and for gas hazard assessment purposes.
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1.2 Application of Great Balls of Fire model at La Soufriere de Guadelougpeasiatify
hazard from volcanic ballistics

1.2.1 Introduction
In this study, we proposed a new probabilistic hazard quantification to provide the probability of Volcanic Ballistic

Projectiles (VBPSs) to exceed some critical kinetic energy thresholds, congidee variability of winds and

eruptive vents, focusing on the most likely explosive scenarios at La Soufriere de Guadeloupe (including phreatic,
Vulcanian and Strombolian eruptions) amongst those elaborated by the civil authorities in collaboratiba wit
Observatoire Volcanologique et Sismologique de Guadeloupe (P6&B) and listed in the emergency plan for
volcanic phenomena that was adopted by the Préfet de Guadeloupe (Dispositions Speécifigues ORSEC de La
Guadeloupe: phénomeénes volcaniques, 2018,
https://www.guadeloupe.gouv.fr/content/download/15808/10324Mfdpositions%20sp%C3%A9cifiques%?2
OORSEC%20de%20la%20Guadeloupe%20 %20Ph%C3%A9nom%C3%A8nes%20volcanijues.pdf

The definition of a probability distribution of the impact energy or impact size represents the base for the hazard
guantification adopted in this work: the hazard associated with the adopted eruptive scenario is quantified by the
probability of exceeding given energy (or clast size) threshold defined, which in turn is derived from the energy

(or size) distribution in each given cell as probability of exceeding the threshold. Therefore, at the end of the
process each celll i sedesgrippbedabnltieymsederaedieoca |

Here we quantified the probability of ballistic impact to exceed energy thresholds for roof perforation (E
minimum impact energies to penetrate some reference materials; Spence et al., 2008; Alilahm2017)
considering the most frequent roof types in Guadeloupe.

The results of this study are included into a paper (Massaro, S., Rossi, E., Sandri, L., Bonadonna, C., Selva, J.,
Moretti, R., Komorowski, JC . Assessing hazard and impact assoaatéth volcanic ballistic impacts: the
example of La Soufri re de )Gwhahisdurceotlp submited tec Jmurnal,of Le s s e
Volcanology and Geothermal Research.

1.2.2 Methodology
In this study, the simulated VBP locations were oiatd from a forward use of the Great Balls of Fire model

(Biass et al., 2016) and validated by means of observed data from La Soufriere (Komorowski, 2015).

The procedure implemented to assess quantitatively the probabilistic hazard is based on theeindepen
evaluation of the probability of exceeding a given energy threshold and the probability of having clast fallout of
a given size per cell. This results in an alternative version of theppmstssing routine which has been
specifically coded in MATLAB(available at

https://github.com/silfromitaly1/probabilistic_hazard _assessment for ballistics

We defined the exploration of the potential vents only comisigehe spatial probability of vent opening within

the dome area due to the limited computational resources provided by our calculators.

In Figure 5 (a-b) we show the spatial probability of vent opening map built following the approach by Selva et

al. (2012) and based on existing literature data on the main geological structures, historical eruptive vents, past
observed fumarolic activity and measumstts of the presefmtay gas emission rates. To reach a balance between
computational feasibility and accuracy, we focused on the dome area which is the most likely zone for phreatic
events in the future, due to past eruptive vent locations and tgeiog degassing activity. Thereafter, we
identified four macroareas covering the dome (A1, A2, A3,Ad; 50.


https://www.guadeloupe.gouv.fr/content/download/15808/103240/file/Dispositions%20sp%C3%A9cifiques%20ORSEC%20de%20la%20Guadeloupe%20_%20Ph%C3%A9nom%C3%A8nes%20volcaniques.pdf
https://www.guadeloupe.gouv.fr/content/download/15808/103240/file/Dispositions%20sp%C3%A9cifiques%20ORSEC%20de%20la%20Guadeloupe%20_%20Ph%C3%A9nom%C3%A8nes%20volcaniques.pdf
https://github.com/silfromitaly1/probabilistic_hazard_assessment_for_ballistics

EUROVOLC D12.2

Fig.5-a)Bestguess probability map of vent opening; b) Gaus

spatial uncertainty of the data and to avoid a scattered spatial distribution due to the limited sampling; c)
Magnification of the spatial map displimg the probability of vent opening within four regular macroareas (A1,
A2, A3, A4). The corresponding vents are located in the centre of each macroarea (red dotgladsamo et

al., submitted

After having carried out a sensitivity analysis on thenbar of simulated VBPs, we run GBF launching 210
VBPs from the centres of the four macroareas on the déige §¢), assuming that these simulations can be
representative of the whole macroarea.

Under these assumptions and considering the total prdigatidiorem, we computed the overall probability,
conditional on the selected scenario, for roof perforation in a given area when a VBP is ejected. This probability
is quantified as the product of the conditional probability to exceed a given threghatd360 J, timber
weatherboardgt = 650 J, sheet material, arel = 2750 J, reinforced concrete) when a VBP falls in the cell (i.e.,

) and the probability that a clast reaches that cell, In formulas:

VBPA; i, k]

8r, =yk=ty [ef .,]= k=3 1/ ["
4y = Zk=1 @'k |84y | = Zk=1 0k [

)

k=4
— r
0%aym = Z @k [gecAif»Etmr"]
k=1 (2)
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e — r e — U ec f
6 Aii,m - z w k 6 AU‘Etm'k - Z w k [9 AI'.jJEtm'k * 9 Aij,k]
k k ?3)

where®'k repregnts the vent opening probability associated to each macroarea which is the sum of the
probabilities of vent opening of the cells of the finer vgnd belonging to that macroare@éid. 5¢).

1.2.3 Sensitivity analyses

In order toassess the effect of the wind on simulation results, we calculated the relative difference in the
conditional exceedance probability to overcome the selected energy thresholds obtained by comparing results
with minimum wind condSanmelrrsd (meatkeeonr oblyo gti20de®) bAdFsittactn o n
absence of windHig. 68). The differences are less than 5% for and and reach values up to 15% for in few cells,
showing unstable relative differences (incoherent pattern for adjacent cells) tat glistances. Very similar

results are obtained considering the maximum and absent wind condiimrét)). Considering this, we conclude

that wind does not significantly affect the probability results within a few km from the vent.
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Fig. 1 Sensitivity analysis on wind conditions showing the relative difference between the exceedance
probabilities referred to Et =360 J (panel i), Et =650 J (panel ii), and Et = 2750 J (panel iii), in case of a)
minimum (Ws= 2 m-§ Wd= 279°) and abs# wind conditions. The same test was carried out in considering b)
maximum (Ws = 25 s Wd = 343°) and absent wind conditions. For all tests, the vent is located at the centre
of the dome area (star), froMassaro et al., submitted

We also provided the sensitivity analysis to the position of the vent on the computational dofrigjardry we

show the comparison between the conditional exceedance probabilities=2#50 J) derived from i) assuming

one hypothetical scenario of imgle vent (for which we assume to be certain about position on the dome), and ii)
considering the uncertainty on vent position, combining more vents. Remarkable differences are observed when
simulations account for a single vent as a hypothetical scr@gio’a-b) and for the uncertainty on vent opening

from the dome ared{g. 70 . I'n the | atter case, we show that the
resulting hazard or probability maps (e.g., Sandri et al., 2016); however, itrepreseregsmd honest |l yo our
of knowledge on future eruptions (for which we actually do not know the effective vent position), leading to
spatially unbiased probability maps.
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St. Claude
e

. Et, =2750)J

635 6.4 645 6.5 655

T Skm " Et,=27504

6.35 6.4 6.45 65 655
<10

Fig. 7 - Probability maps to exceed (2750 J) considering the hypothetical $oeriar single vent located at a)
643820 E; 1774748 N, and b) 643451 E; 1774316 N; c) Probability map to exceed (2750 J) considering the
uncertainty on vent opening through the combination of more vents on the dome are®lafssaro et al.,
submitted

s

The sensitivity analysis to the position of the vent highlighted how the spatial variability of vents opening is
pivotal in this hazard assessment study since the resulting impact could affect the surrounding community at
multiple scales in case of the adegh scenario.

1.2.4 Hazard results and analysis of the potential impacts

The probability maps derived from equations2¢3) provided an opportunity to identify the main urban areas
likely to be impacted at La Soufriére in case of an eruption of thetedigpenario from the dome area. In this
study, we combined the exposed elements (i.e., schools, hospitals and clinics, towns, villages, and the airport)
with the probability results obtained with equation{3), in absence of wind.

Hazard and exposeraspects have been combined to produce an expossed risk map shown [igure 8.
Considering the conditional probability (eqg. 2), results showed that a large portion of thd Bassewn would

be affected by the VBP impacts that exceed the ertbrggholds for roof perforation with a probability in the

range of 2860%, with the exception of a limited sector showing a higher probability (>806¢h)& panels -

c¢). On the contrary, when the overall probability is accounted for, the probabditglissively restricted to a few
kilometres from the dome area and shows lower values to overcome the selected energy thresholds (from ca. 2%
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up to 40%) Fig. 8, panels e-f). This means that in areas where urban agglomerates are within a few km from
thevent such is the case at La Soufriere, the choice of a probabilistic approach is key to estimate the likelihood of
occurrence of VBPs impacts as a first step towards the development and implementatidractiveraisk
reduction strategies.

¥ el AT, Bl l

‘ I i
Fig. 8 - Exposurebased risk analysis considering the conditional probabilith{@) and the overall probability

(d-e-f) of VBPs exceeding selected energy thresholds. All probabilities are conditional to the ejection of a clast
during an eruption within the agided scenario and from the dome, in absence of wind. Symbols in legend: yellow
star: La Soufriére volcano; red cross: hospitals and clinics;-heoises: towns (i.e., St. Claude, Ba$sere) and
villages (i.e., Matouba and Papaye); running children: schpdirplane: airport), fromMassaro et al.,

submitted
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1.3 Application of the PDAC model at La SoufrideeGuadeloupe to quantify hazards from
pyroclastic currents resulting from the collapse of explosiveBuian and Plinian
eruption columns, case study of the 1530 C.E. eruption at La Soufriere de Guadeloupe

(published in Esposti Ongast al., 2020; see cover page in Figure A2)

1.3.1 Introduction

La Soufriere de Guadeloupe is an andesitic composite volcano whose activity over the last 10,000 years has been
characterized by a diversity of eruptive styles, including effusive and-dommeing eruptions, explosive phreatic

or hydrothermal and magmatic (Vulcanian to plinian) eruptions, and numerous flank collapse events
(Komorowski et al. 2005; Boudon et al. 2007; Legendre 2012; Peruzzetto et al., 2019). The most recent magmatic
subplinianeruption dates from 1530 CE (Boudon et al. 2008; Komorowski et al. 2008), and a smaller magmatic
(Vulcanian to subplinian) eruption took place in 1657 CE (Legendre 2012; -Rashajal et al. 2016). The
historical activity since the 1657 eruption has bekaracterized by minor (1690, 1812, and 1956) and major
(1797 1798, 18361837, and 19761977) nommagmatic (phreatic) eruptions. These eruptions have taken place
fromfract ures and vents on La Soufri re de&on@moastietlaloupeds
2005; RosafCarbajal et al. 2016). The last and most violent phreatic eruption occurred ill2976nd forced

the evacuation of about 73,600 people for up to 4 months. Although it did not evolve into a magmatic eruption,
geophysical ath geochemical evidence supported its interpretation as a shallow intrusion that did not feed an
eruption (Feuillard et al. 1983; Villemant et al. 2014). This failed magmatic eruption (Moran et al. 2011) involved

a smallvolume magma intrusion that ascendiexn the 6 8.5-km-deep magma reservoir (Pichavant et al. 2018)

and stagnated at shallower depth, pressurizing the hydrothermal system at a depth of about 500 m below the
summit (Feuillard et al. 1983; Komorowski et al. 2005; Villemant et al. 2014; Hetckis 2014).

Although interpretation of the eruptive history of La Soufriere de Guadeloupe has been particularly difficult on
account of erosion and alteration processes that are particularly intense under the tropical climate, geological
studies suggeshere have been several magmatic explosive eruptions in the last 10,000 years including at least
two subplinian VEI 23 and six Plinian VEI 4 (Komorowski et al. 2005; Legendre 2012). The 1530 CE eruption

is representative of a typical subplinian (VEI 3dgmatic explosive eruption at La Soufriére de Guadeloupe and

is interpreted to be the most credible eruptive scenario for a future event (Boudon et al. 2008; Komorowski et al.
2008; Spence et al., 2008).

Seismic, fumarolic, and thermal unrest at La Seéuéride Guadeloupe has been slowly increasing since 1992
(Komorowski et al. 2005; OVS@&GP 19992020). In April 2018, the unrest reached its highest level since the
end of the 19761977 failed magmatic eruption (Moretti et al. 2020; OVIBRGP 1999 2020).Although the

alert level has remained at yellow (vigilance), the increasing unrest has prompted reinforced monitoring by the
Volcanological and Seismological Observatory of Guadeloupe (ONP&P) and the decision by authorities to
implement an exclusion ne for the general public to the most active areas of the summit (Préfet de la Région
Guadeloupe, 2019).

1.3.2 Methods

Following Komorowski et al. (2008) and Boudon et al. (2008), the last magmatic eruption of La Soufriere de
Guadeloupe in 1530 CE iskien as a reference scenario for assessing hazards associated with PDC emplacement.
For the 1530 CE eruption, the column height has been estimated at between 9 and 12 km from tephra fall deposits
by Komorowski et al.Z008) This corresponds to an estimapeshk mass eruption rate of between 5.5 & difd

1.3 x 10 kg/s, i.e. in the range of subplinian eruptions. With new field data (Legendre 2012), the column height
has been determined to have reached 16 to 18 km, for a mass eruption rate on tfe7ordefi 2x 10 kg/s, a
volumetric flux of 4 7x 1 m3/s, and an estimated minimal eruption duration of 0.7 h (Komorowski et al. 2013)
with a realistic eruption conditions (volatile content between 2 and 5 wt.% and temperatures between 950 and
1100 °Clthat characterize a threshold between a convective and collapsing plume regime, which can be termed a
transitional or oscillating regime. To reconstruct the mass eruption rate at the time of collapse during transitional
regimes, we have assumed, based disoiV et al. (1980), that this is equalthe maximum intensity achieved

during the convective phase. Numerical investigations of Trolese et al. (2019) demonstrate that plume height is
strongly reduced during partial collapse episodes, so that the maggfor rate might be underestimated.
Moreover, full collapse of a subplinian column can be triggered by the downward collapse of the edifice into an
emptying chamber to form a summit caldera. Although there is no clear evidence for a summit caldematollap

La Soufriere de Guadeloupe during the 1530 CE eruption, a sudden enlargement of the vent might have resulted
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as a consequence of an initial phase of partial lateral flank collapse. Moreover, geophysical imaging (i.e. electric
conductivity, Rosa€arhajal et al. 2016) indicate the presence of an arcuate vertical structure to thé\®stith
and South of the current dome that may mark the relict margins of the explosion crater associated with the eruption

D12.2

within which the dome grew at the end of the ¢ip (Boudon et al. 2008). Overall, the structural features

surrounding the current dome show a combination of an explosion crater and edifice collapse structure that is
roughly circular and about 900 m in diameter. Therefore, we also considered a seéhasio enlarged vent

diameter.

Here, we use the thremensional, multiphase flow model PDAC (i.e. Pyroclastic Dispersal Analysis Code; Neri

et al. 2003; Esposti Ongaro et al. 2007; Carcano et al. 2013) to numerically simulate the developmently,instabili
and collapse of a subplinian eruption column and the generation and propagation of PDCs over the topography
around La Soufriere de Guadeloupe. All model equations and the main underlying assumptions are summarized
in Appendix 1 of Esposti Ongaro, et §2020). The advantage of using peguilibrium multiphase flow models

is that they offer a comprehensive description of stratified PDCs (see Esposti Ongaro et al. 2020 and references

therein). In particular, 3D models can describe PDC proximal stedidit, formation of the basal layer by
particle settling, and generation of an overlying ash cloud due to shear flow mechanisms. The reliability of the
PDAC model in describing the main largeale behaviour of volcanic plumes, for the range of mass enupti
rates apparent here, has been demonstrated by a 3D plume modebmmparrison study (Costa et al. 2016;
Suzuki et al. 2016; Esposti Ongaro and Cerminara 20%é}ase our discussion of modelated uncertainty on

the relatively large number of 3D merical simulations performed in this study (Esposti Ongaro et al., 2020),

with input conditions derived from field work carried out at La Soufriere de Guadeloupe and published in Boudon
et al. (2008), Komorowski et al. (2008, 2012, 2013), and Legen@62)2In evaluating the reliability of our
results and the potential effect of the adopted numerical approximations on the model output, we also rely on
published 2D/3D numerical simulations by Esposti Ongaro and collaborators made at Vesuvius, $bllgriere
Montserrat, Campi Flegrei, Mount St. Helens, as well as similar modelling studies by other authors (see Esposti

Ongaro et al., 2020 for references).

Our modelling assumes a sustained event, i.e. stationary conditions at the vent producingiagcotihpan.

Steadystate boundary conditions are imposed at the vent, coinciding with the exit section of the crater. We

initially assume an average mass flow rate of 7 &ki0s'! ejected from a circular vent located on the present

summit of the La Soufriére de Guadeloupe dome, as based on Komorowski et al. (2008). Initial temperature was

set to 1050 K (777 °C) and water content to 2 wt.%, resulting in a mixture density of d@wadn?. The

granulometry of juvenile particles was derived from data given in Komorowski et al. (2008) by adopting three
particle cl asses

wi t h

di ameters

of

1000

€m

(50

w t

1200, 2000, and 2,60@/m?, respectively. Although this granulometry is finer than the actual subaerial deposit
of the 1530 CE eruption of La Soufriere de Guadeloupe, it represents a compromise between the need to account
for a relatively coarse component of the pyroclastiagghand the capability of our numerical model to treat

coarsegrained phases. The three particulate phases are initially-inhaical and thermal equilibrium with the

gas, but they are characterized by different degrees of coupling with the cardiéioflyiso that norequilibrium

phenomena (between gas and particles and between different particles) developimg tther eruption can be

analysed with the model. Details of the input parameters are found in Esposti Ongaro et al. (2020).

L %),

Four scenariohave been selected, named SP1 through SP4, whose main input parameters are given in

Tables 1 and 2.

Table 1- Properties and mass/volume fractions of solid particle phases (hamed P1, P2, and P3) used to represent
the input grain sizelistribution for numerical simulations SP&P4 in Table. Grain size data are taken from

Komorowski et al(2008). Taken fronksposti Ongaro et al., 2020

Phase Gas Pl P2 P3
Diameter [um] na. 1000 200 50
Density [kg/m’] 021 1200 2000 2600
Bulk density [kg/m’] 021 6.0 30 3.12
Mass fraction [wt. %] 1.7 48.7 243 253
Relative solid mass fraction na. 49.5 248 25.7
Volume fraction 0.9923 0.0050 00015 0.0012
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Table 2- Input parameters for the four simulated scenarios of Subplinian eruption collapse at La Soufriere of
GuadeloupeTaken fronEsposti Ongaro et al., 2020.

SP1 SP2 SP3 SP4
Input
Inlet radius [m] 38 45 52 104
Inlet velocity [m/s] 127 % 70 70
Gas pressure [Pa] 10° 10° 10° 10°
Mixture density [kg/m’] 12 12 12 12
Mixture temperature [K] 1050 1050 1050 1050
Water content [wt. 9] 2 2 2 2
Mass flow rate [kg/s) 7 x 10° 7% 10° 7% 10° 2.8 x 107
Output
Estimated percentage of collapse (+ 10%) 50% 70% 9%0% 90%
1.3.3 Results

Numerical simulations describe in 3D the formation of the volcanic jet, its insgailil partial collapse, resulting

in the simultaneous formation of a sustained plume and PDCs. Scenarios SP1 and SP2 are partial collapse
scenarios while scénarios SP3 and SP4 are full collapse scefigioc®shows the results for the full collapse
scenario SP4 at different times during the simulation. Further details on the results are in a published paper by
Esposti Ongaro et al. (2020) (See the appendix for a picture of the frontrégues A.2).

& ash concentration
le08 1007 le06 le05 leld lel3 le08 1007 1ol 1e05 leld lodd
[ - e [ R - s

A ash concentration .3 ah concentration

le08 1007 lel6 l1e05 lel4 leld le08 1007 lelé le05 leld leld
[ R - 'eEm - .
Fig. 8. 3D sequence of full (> 90%) collapse, with increased mass eruption rate of about 3 x 107 kg/s (run SP4)
atat=200s,bt=400s,ct=600s, and dt =800 s after the beginning of the collapse phas#oiihscale
represents the volume concerima of the fine ash (diameter @n) on a logarithmic scale (Taken frdbsposti
Ongaro et al., 202D
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Maps of PDC invasion were plotted by interpolating the 3D numerical results on isosurfaces at constant height
above the topography. We take the firstl @bove the topography as representative of grdawel PDC
conditions. Groundevel values are thus average values for the first 20 m above the topography (10 m for fine
mesh simulations; Appendix 1, Esposti Ongaro et al., 2020). Such averaging @timpihe adopted finite

volume computational technique and numerical grid. We use temperature and dynamic pressure (i.e. the kinetic
energy per unit of volume) as the two most significant variables for hazard assessment (Esposti Ongaro et al.
2002; Guridi et al. 2005) (see Esposti Ongaro et al, 2020 for details). Maps of tempeFature) are shown at

the final simulation step (i.e. after 300 s for SP1, 380 s for SP2, 550 s for SP3, and 800 s for SP4). This is the time
at which the most concentratdshéal) part of the current stops to advance. Following past simulation experiments
and comparisons with real PDC events (e.g. Esposti Ongaro et al. 2008b, 2012) suggests that this is the best
estimate of the actual PDC runout, even though the dilute dastdl capable of slow advance, especially in the
absence of wind and atmospheric turbulence in the model description. For dynamic prgsui@, (we plot

the maximum value reached at each grid point during the simulation. As a reference, a dyessuie pf 1 kPa

is sufficient to break windows, whereas at 10 kPa failure of reinforced masonry can be expected (Jenkins et al.
2010, 2013a).

Fig. 9. Final maps of mixture temperature superposed to the IGN cartography, showing the inhabited regions
around the volcano. Maps are given for simulations a SP1, b SP2, ¢ SP3, and d SP4 (TakspdsinOngaro
et al., 2020)

Fig. 10. Maps of maximum dynamic pressure estimated for each point in the domain for scenarios a SP3 and b
SP4 (Taken fror&sposti Ongaro et al., 2020)
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