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1) Purpose of the visit
The hazard related to tephra dispersal is unique amongst volcanic threats. Although it does not constitute a direct threat to human lives, tephra can deposit on the ground up to 100’s of km away from the source be dispersed 1000’s of km in the atmosphere, where its residence time can be as long as weeks. As a result, impacts from tephra vary with distance from the vent, resulting in complex vulnerability patterns of exposed elements (Blong, 1984; Connor et al., 2001). On the ground, tephra fallout can affect a wide range of aspects such as human health, buildings, lifelines, the economy or the environment. In the atmosphere, the presence of particles is able to paralyse the traffic far away from the source, stranding hundreds of thousands of passengers and revealing multiple vulnerable aspects of modern societies (e.g. functional, territorial, systemic, economic) (Budd et al., 2013; Davies et al., 2010; Swindles et al., 2011; Wilkinson et al., 2012), as demonstrated by the 2010 Eyjafjallajökull and the 2011 Puyehue-Cordón Caulle eruptions. As a result, an impact assessment requires i) the evaluation of the hazard at a given volcano, ii) the identification of exposed elements to an eruption at this given volcano and iii) the assessment of the degree of impact of the exposed elements to a given type of eruption.

The first step of the hazard assessment for a given volcano usually consists in developing eruption scenario, which is typically constrained by the availability of past data and the completeness of the eruptive record (Marzocchi et al., 2004). For probabilistic modelling of tephra fallout, the identification of eruption scenarios typically requires the definition of a probability density function (PDF) for each eruption source parameter (ESP) needed by a given model in order to account for the variability of eruptive processes (i.e. aleatoric uncertainty). Several approaches have been used to define eruption scenarios, based either on individual eruptions (Bonasia et al., 2011; Capra et al., 2008), eruptive styles (Macedonio et al., 2008), intensities/magnitudes (Scaini et al., 2012; Yu et al., 2013) or VEI classes (Biass and Bonadonna, 2013), mostly applied to a single source. Iceland owes its existence to the combined influences of a spreading plate boundary and a mantle plume as well as the relative motion of these two structures (Allen et al., 1999; Vink, 1984; White et al., 1995; Wolfe et al., 1997), resulting in numerous volcanic systems displaying almost all types of volcanism known on Earth (Gudmundsson, 2000; Thordarson and Höskuldsson, 2008; Thordarson and Larsen, 2007). In such a context, the hazard must be assessed from various sources presenting both discrepancies in the completeness of the geological record and different styles of eruptions. Eruption scenarios must therefore be defined from different sources with the ultimate goal of comparing and cumulating their resulting levels of hazard.

The hazard related to the dispersal and the sedimentation of tephra is strongly dependant on the distance from the eruptive vent. Proximal areas are under the threat of structural damages on infrastructures, medial areas under the threat of destruction of crops, contamination of soil and water and disruption of road and electricity networks and distal areas are subject to large scale disruptions of the air traffic. These aspects can generally be classified as physical, socio-economic and territorial aspects of the vulnerability of exposed elements, and are likely to be impacted by different quantities of tephra either on the ground or in the atmosphere. An impact assessment for tephra fallout therefore requires i) identifying the most relevant exposed elements at different scales and ii) assessing their susceptibility to be affected by different thresholds of ground tephra deposition or airborne concentration.

Here, we aim at developing a medium- to long-term multi-scale hazard assessment for ground tephra accumulation and far-range atmospheric dispersal from four Icelandic volcanoes - Hekla, Katla, Askja and Eyjafjallajökull - selected either for their high probabilities of eruption in a near future or their high potential impact (Fig. 1). Due to the different eruptive styles and the varying degree of knowledge of the eruptive history at these volcanoes, we developed consistent probabilistic eruption scenarios based on field data, literature studies and historical reports. The tephra-related hazard was assessed for each eruption scenario at a local scale (i.e. ground tephra accumulation) with the analytical model TEPHRA2 (Bonadonna et al., 2005) and at a regional scale (i.e. atmospheric concentration) with the numerical model FALL3D (Costa et al., 2006; Folch et al., 2009). In parallel, we are assessing the vulnerability of both Iceland and the European air traffic system based on the identification of relevant indicators at different scales. In turn, both studies are combined in order to perform a multi-scale impact analysis associated with future eruptions from Icelandic volcanoes. This comprehensive assessment aims at serving as a starting point for the elaboration of pro-active measures for the management of explosive volcanic crisis.

The purpose of visiting Dr. Höskuldsson in Reykjavìk was therefore to: 

-
present the most recent advances of the project to one of the main supervisor;

-
discuss and refine the eruption scenarios;

-
discuss and refine the choice of vulnerability indicators;

-
present the preliminary results to the key stakeholders for both Iceland (i.e. civil protection, national insurance, Icelandic MET office) and Europe (i.e. British geological survey and MET office, responsible for the monitoring of ash dispersal at a European scale).



2) Description of the work carried out during the visit
The definition of eruption scenarios is based on the compilation of the eruptive catalogue for a given system, typically achieved through fieldwork, literature studies or using global eruption databases. When a sufficient knowledge is available, it is possible to construct PDF’s for each ESP combining prior assumptions on the range and the distribution of ESP and stochastic processes (i.e. Monte-Carlo simulations). Such probabilistic eruption scenarios, referred as Eruption Range Scenarios (ERS) allow for the variability of both ESP and wind conditions. When not enough points are available to define a typical range of ESP for a given system with sufficient confidence, it is possible to define probabilistic eruptions scenarios based on one set of ESP deterministically defined, commonly known as One Eruption Scenarios (OES). This approach is typically adopted when only one eruption has been thoroughly studied and described and is usually used to assess the consequences of a past known eruption in a statistically representative population of wind profiles.

During this trip, eruption scenarios were refined with the help of A. Höskuldsson. Katla and Eyjafjallajökull are known to produce long lasting eruptions, which drastically changes the nature of the resulting hazard. As a result, we modified the ERS and OES algorithms to produce Long-Lasting Eruption Range scenarios (LLERS) and Long-Lasting One Eruption Scenarios. 
   
3) Description of the main results obtained

The tephra-related hazards for all scenarios were assessed at a national scale (i.e. tephra ground accumulation over Iceland) and a continental scale (i.e. atmospheric concentration over Europe) with the models TEPHRA2 and FALL3D, respectively. Figure 2  shows the hazard map at a national scale for Hekla, displaying the probability of exceeding a ground tephra accumulation of 1 kg/m2, an important value for the onset of impacts on the road network and the vegetation. Similarly, Figure 3 shows the expected probability of exceeding an atmospheric concentration of 2 mg/m3 at FL150 for the same eruption scenario at Hekla, which represents the updated threshold for limited flying time.

In addition to probabilistic approaches, discussions with the different stakeholders resulted in a strong interest from the emergency planners and decision makers for the deterministic “worst case scenario” approach. As a result, we identified the most-likely worst-case eruptions based on the recent geological record of each volcano (i.e. since the settlement in Iceland), which are summarized in Table 1. In order to scale the potential impact of such eruptions, we consider the northerly winds that occurred during the main explosive phase of the Eyjafjallajökull eruption (i.e. 14th of April – 20th of May 2010) as the worst atmospheric scenario for the European airspace in which all scenarios defined in Table 1 will be run.

Discussions with key stakeholders also revealed their concerns with long lasting fissure eruptions such as the 934 Eldgjà or the 1783 Laki fires. Although we do agree on the potentially very high level of hazard resulting from such eruptive styles, we on purpose discarded these eruptions scenarios from our analysis for several reasons. Firstly, these long-lasting eruptions are computationally expensive and no resource exists to run such scenarios probabilistically. Secondly, these eruptions occur along 10s to 100s km-long fissures, by opposition to a central vent. Deposits from both Eldgjà and Laki show a migration of the eruptive vent along these fissures, which introduce a new variable difficult to constrain. Lastly, these eruptions are characterized by various phases of explosivity associated with very different plume heights. Since no precise account exist during these months- to long-lasting eruptions, attempting to model heights variation of these plumes over the entire duration of the eruptive phase would result in an entirely stochastic process uncorrelated to any geological evidence.

The two main components of any risk analysis are hazard and vulnerability, where the latter assesses the susceptibility of an exposed element to be affected by a given stress. Due to the variable impacts related to tephra at variable distances from the eruptive vent, relevant vulnerability indicators must be defined to describe the different aspects of vulnerability that can result from such a hazard. The extent and the complexity of a vulnerability assessment are strongly dependent on the availability of data. As a result, and in agreement with discussions with A. Höskuldsson and the key stakeholders, we defined indicators to describe two aspects of vulnerability at both national and local scales, namely socio-economic and territorial. Table 2 shows the resulting indicators that will be used in the impact assessment.

At a national level, results were averaged at a municipality level in order to allow a fast comparison of the potential degrees of impacts amongst different administrative units. As an example, Figure 4 shows levels of vulnerability based on the amount of agricultural lands comprised within municipalities. Combining such maps with Figure 2 will permit a fast estimate of the potential impacts on agricultural activities should an eruption of Hekla occur. At a continental scale, Figure 5 shows the ranking of the main European airports in terms of passengers. Coupling such data with Figure 3 will allow quantifying the potential number of passengers stranded by a given eruption.

Due to the variable effects of tephra with distance from the vent, coupling such vulnerability maps with probabilistic hazard maps is not straightforward. Exploring new ways of quantifying potential impacts related to volcanic eruptions will be the next main step of this project.



4) Future collaboration with host institution (if applicable)

Dr. Höskuldsson is part of the project from the beginning. His expertise of the eruptive history of Icelandic volcanoes will be required throughout the completion of the project and his knowledge required for achieving a sensible impact assessment.
5) Projected publications / articles resulting or to result from the grant (ESF must be acknowledged in publications resulting from the grantee’s work in relation with the grant)
This project, currently done in collaboration with C. Scaini and A. Folch of the Barcelona Supercomputing Center, K. Smith of the University of Exter and A. Galderisi of the Università Federico II di Napoli will result in two publications to be submitted to Natural Hazards and Earth Science Systems:

-
S.  Biass, C. Scaini, C. Bonadonna, K.  Smith, A. Folch, A. Höskuldsson, A GIS-based multi-scale impact assessment of tephra dispersal and fallout from 4 Icelandic volcanoes - Part I: hazard assessment

-
C. Scaini, S. Biass, A. Galderisi, C. Bonadonna, K. Smith, A. Folch, A. Höskuldsson (5), A GIS-based multi-scale impact assessment of tephra dispersal and fallout from 4 Icelandic volcanoes – Part II: vulnerability and impact assessment



6) Other comments (if any)
This report was initially written independently of the form provided by the ESF and therefore contained figures, tables and references, which could not be inserted in the present document. If the initial report is required, I would gladly send it to you.
