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Abstract. In order to assist the elaboration of proactive mea-ground deposition of tephra and for the European air traf-
sures for the management of future volcanic eruptions in Icefic to airborne ash which, combined with the outcomes of
land, we developed a new scenario-based approach to assebe present paper, constitute one of the first comprehensive
the hazard associated with tephra dispersal and sedimentaaulti-scale risk assessment associated with tephra dispersal
tion at various scales and for multiple sources. The targetand sedimentation.

volcanoes are Hekla, Katla, Eyjafjallajokull and Askja, se-
lected either for their high probabilities of eruption and/or
their high potential impact. By coupling tephrostratigraphic 1 |ntroduction

studies, probabilistic techniques and modelling, we devel-

oped comprehensive eruption scenarios for both short- anévaluation of the tephra hazard is necessary to carry out com-
long-lasting eruptions and compiled hazard maps for tephrgrehensive risk assessments of explosive volcanoes. The pro-
ground deposition at a national scale and air concentration atess is commonly divided into a succession of logical steps,
a European scale using the TEPHRAZ2 and FALL3D models,ncluding the identification and the characterization of erup-
respectively. New algorithms for the identification of realis- tive deposits in the field, the development of comprehensive
tic sets of eruptive source parameters are investigated, whicbruptive scenarios based on field observations and the use of
assist the generation of probability density functions of erup-models to quantify the hazard related to each eruptive sce-
tion source parameters for the selected scenarios. Aggregaario (e.g. Biass and Bonadonna, 2013; Biass et al., 2013;
tion processes were accounted for using various empiricaBonadonna, 2006; Bonasia et al., 2011; Cioni et al., 2003;
models. Outcomes, i.e. probabilities conditioned to the oc-Connor et al., 2001; Costa et al., 2009, 2012; Jenkins et al.,
currence of an eruption, help the assessment and compa2012a; Leadbetter and Hort, 2011; Macedonio et al., 2008;
ison of hazard levels at different scales. For example, at &caini et al., 2012; Volentik et al., 2009).

national scale Askja has a 5-10 % probability of blanketing Although the hazard related to tephra dispersal and fallout
the easternmost half of the country with a tephra accumulararely constitutes a direct threat to human lives, tephra can
tion of at least 1kgm?. At a continental scale, Katla has deposit on the ground up to hundreds of km away from the
a 5-10 % probability of producing ash clouds with concen-source and be dispersed thousands of km in the atmosphere.
trations of 2mgm?3 over the UK, Scandinavia and north- As a result, the impact from tephra varies with distance
ern Europe with a mean arrival time of 48—72 h and a mearfrom the vent, resulting in complex vulnerability patterns of
persistence time of 6-18 h. In a companion paper, Scaini eéxposed elements (Blong, 1984; Connor et al., 2001). On
al. (2014) present a vulnerability assessment for Iceland tahe ground, tephra fallout can affect aspects such as human

Published by Copernicus Publications on behalf of the European Geosciences Union.



2266 S. Biass et al.: Part 1: Hazard assessment

health, buildings, lifelines, economy or the environment. In
the atmosphere, the residence time of ash can be as long
as weeks, thus able to paralyse air traffic far away from the
source, as demonstrated by the 2010 Eyjafjallajokull and the
2011 Puyehue—Cordén Caulle eruptions (Budd et al., 2013;
Davies et al., 2010; Swindles et al., 2011; Wilkinson et al., =|
2012). Nonetheless, probabilistic studies of tephra dispersal ¢
tend to focus either on local ground deposition (e.g. Biass
and Bonadonna, 2013) or on far-ranging atmospheric con-
centrations (e.g. Sulpizio et al., 2012), and only a few recent
studies account for comprehensive multi-scale assessments
(e.g. Scaini et al., 2012).

One crucial parameter for the description of the disper-
sal of tephra is the total grain-size distribution (TGSD).
Centimetric to millimetric particles are controlled by grav-  _
itational settling and sediment in proximal to medial dis- &
tances from the eruptive vent, whereas micrometric to sub-
micrometric particles, when not aggregated, are controlled
by larger-scale atmospheric processes and transported at con
tinental scales (Folch, 2012). Depending on the assumptions
used to model these two end-members, several modelling
approaches have been developed to solve the advection—
diffusion equation with analytical, semi-analytical or numer- B afordur ‘
ical strategies (Bonadonna et al., 2012; Folch, 2012). &r Q

Eruption scenarios are usually developed for a single vol-
cano and are constrained by the availability of past data and
the completeness of the eruptive record (Marzocchi et al.,
2004). Through time, the definition of eruption scenarios has
evolved from a “worst-case scenario” approach towards an
evaluation of the entire possible range of activity at a given
volcano. For example, early hazard maps for Cotopaxi vol-
cano (Hall and Hillebrandt, 1988; Vink, 1984) are based
upon isopach maps of two major eruptions with opposite
wind directions in agreement with the regional wind patterns
and the most important exposed human settlements. More
recent studies considered a probabilistic approach and deveFigure 1. Overview of the computational domains(a) large and
oped a set of eruptive scenarios of various intensities base®) small scales(a) shows the locations of wind profiles (stars)
on accurate stratigraphic studies (Biass and Bonadonnéz',sed in Fig. 3 and the main airports (circles) of London Heathrow
2011, 2013). Probabilistic techniques such as Monte Carld=CLL). Paris Charles de Gaulle (LFPG), Amsterdam Schiphol

(EHAM), Frankfurt (EDDF), Oslo Gardermoen (ENGM), Copen-

simulations (e.g. Hurst and Smith, 2004) are nowadays an iy gen Kastrup (EKCH) and Keflavik (BIKFJb) shows the target

tegral part of any hazard assessment for tephra dispersal an Icanoes (red triangles) and the relevant volcanic zones for this

are used o investigate both the missing or inaccessible pal’tﬁudy (WVZ: Western Volcanic Zone; EVZ: Eastern Volcanic Zone;
of the geological record and the impact of eruptions in a rep-Nyz: Northern Volcanic Zone).

resentative set of atmospheric conditions (Bonadonna, 2006).

For probabilistic modelling, the identification of eruption
scenarios typically requires the definition of a probability
density function (PDF) for each input parameter needed byunder the threat of more than one volcano, sometimes pre-
a given model in order to account for the variability of erup- senting a wide range of known eruptive styles and charac-
tive processes (i.e. aleatoric uncertainty). For tephra falloutferistics, and the development of comparable eruption sce-
several approaches have been used to define eruption scearios for a set of volcanoes becomes an obvious necessity
narios, based on individual eruptions (Bonasia et al., 2011{e.g. Ewert, 2007; Jenkins et al., 2012a, b; Lirer et al., 2010;
Capra et al., 2008), eruptive styles (Macedonio et al., 2008)Simkin and Siebert, 1994).
intensities/magnitudes (Scaini et al., 2012; Yu et al., 2013) Here, we present a medium- to long-term multi-scale
or VEI classes (Biass and Bonadonna, 2013), mostly appliedcenario-based hazard assessment for ground tephra accu-
to a single source. However, some regions in the world arenulation and far-range atmospheric ash dispersal from four
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S. Biass et al.: Part 1: Hazard assessment 2267

Icelandic volcanoes — Hekla, Katla, Askja and Eyjafjalla- Table 1. Historical eruptions at the central volcano of Hekla (see
jokull — selected either for their high probabilities of erup- Thordarson and Larsen, 2007, and references therein). Tephra vol-
tion in the near future or their high potential impact (Fig. 1). umes are recorded as “freshly fallen” (i.e. 40 % larger than volumes
Due to the different eruptive styles and the varying degreeOf old t_aruptions ir_lferred from field_mapping;_Thorarinsson, 1967).
of knowledge of the eruptive history at these volcanoes, we©!lowing the typical pattern of mixed eruptions at Hekla, plume
developed consistent probabilistic eruption scenarios basefS'9Nts correspond to the maximum alitude reached a few minutes
. . . ) . after the onset of the eruption. NA: not available.
on field data, literature studies and historical reports. The
tephra-related hazard was assessed for each eruption sce-
nario 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 2000 0.01 12 9
et al., 2009). A population of 10years of wind obtained 1991 0.02 11.5 10

Max plume  Preceding
Eruption Tephra height interval
year (km?)  (kma.s.l) (years)

from reanalysis data sets was used to assess statistical atmo- 1980-1981 0.06 15 10
spheric conditions. Outputs include (i) probabilistic maps of 13471(;—1948 0(50178 1362 12021
ground tephra accumulation and atmospheric concentration 1845 0"23 NA 77
for relevant thresholds, (ii) mean atmospheric arrival time 1766-1768 0.4 NA 73
and persistence time, (i) probability maps of atmospheric 1693 0.3 NA 56
arrival time and persistence time for relevant thresholds, and 1636 0.18 NA 39
(iv) ground hazard curves for critical facilities in Iceland. In 1597 0.29 NA 86
a companion paper, Scaini et al. (2014) present a vulnerabil- 1510 0.32 NA 120
ity assessment for both Iceland and the European air traffic 1389 0.15 NA 47
system and use the outcomes of this study to perform a multi- 1341 0.18 NA 40
scale impact analysis. This comprehensive assessment is in- 1300 0.5 NA 78
tended to act as a first step towards the elaboration of pro- 1222 0.04 NA 15
active measures for the management of explosive volcanic ﬁgg 0033. ’:I': gg
CrsIS. 1104 2 36 >230

2 Geological setting
ranked first and third in terms of volcanic activity in Ice-

Iceland is the result of the combined effects of a spread{and throughout the Holocene (Thordarson and Hoskuldsson,
ing plate boundary and a mantle plume (Allen et al., 1999;2008). No volcanic system was considered within the sec-
Vink, 1984; White et al., 1995; Wolfe et al., 1997). Cur- ond most active volcanic zone, the Western Volcanic Zone
rent active volcanic zones (i.e. the neovolcanic zones) aréWVZ), because the EVZ is an active axial rift propagat-
the superficial expression of the mid-oceanic ridge. Arrangedng southwards, thus taking over the activity of the WVZ
as discrete 15-50 km wide belts of active faulting and vol- (Mattsson and Hoskuldsson, 2003; Thordarson and Larsen,
canism, they collectively cover a total area of 30006Gkm 2007). The EVZ is divided into two sectors. In the north,
(Gudmundsson, 2000; Thordarson and Hoskuldsson, 2008he axial rift zone is characterized by a thick crust, high
Thordarson and Larsen, 2007). Volcanic zones host volcani®eat flow, well-developed tensional features and the produc-
systems which, in their simplest forms, contain either a fis-tion of tholeitic basalts. The southern propagating tip of the
sure swarm, a central volcano or both (Gudmundsson, 19954 VZ is often referred to as a flank zone, which lies on an
b). When present, the central volcano is the focal point ofolder and thinner crust presenting a lower heat flow. Here,
eruptive activity and the largest edifice in each system uniensional features are poorly developed and the magma pro-
der which crustal magma chambers can develop, giving risgluction consists mainly of transitional alkali to alkali basalts
to either silicic or basaltic magmatism. In contrast, only (Loughlin, 2002; Mattsson and Héskuldsson, 2003). We con-
basaltic magmas are erupted within fissure swarms (Larsegider three volcanoes from the EVZ (Hekla, Katla, and Ey-

and Eiriksson, 2008; Thordarson and Larsen, 2007). jafjallajokull; Fig. 1) and one from the NVZ (Askja).
Amongst the selected volcanoes and in terms of activity
2.1 Target volcanoes since the settlement during the last 1100 years, Hekla is the

most active with 18 eruptions from the central vent followed
In this paper, we focus on eruptions occurring at the cen-by Katla (18 eruptions), Eyjafjallajokull (3 post—17th century
tral volcanoes of four different volcanic systems located eruptions) and Askja (1 central vent eruption). Tables 1 and 2
within two different volcanic zones: the Eastern Volcanic summarize the recent eruptions of Hekla and Katla, respec-
Zone (EVZ) and the Northern Volcanic Zone (NVZ; Fig. 1), tively. The Supplement comprises a detailed description of
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2268 S. Biass et al.: Part 1: Hazard assessment

Table 2. Historical eruptions at Katla that produced tephra vol- quantified by counting the number of times a given mass con-

umes> 0.1 km? (Thordarson and Larsen, 2007). Uncompacted vol- centration threshold is exceeded over the total number of runs
umes are presented either as moderat®.(—0.5kn?) or large N:

(> 0.5km3). N
. Pc(x,y,z)=Q, (5)
Eruption year  Tephra volume N
1918 Large where
1755 Large . .
1721 Moderate . _J1 if Gitx.y,2) = Crleruption 6
nl (xs yy Z) - . ( )
1660 Moderate 0 otherwise
1625 Large i ) . ) )
1500 Large Disruption can be calculated at a given height or flight level
1416 Moderate (FL) or be comprehensive of all FLs, that is, considering that
1357 Moderate disruption occurs at a pointx, y) if the critical condition
1262 Large is achieved at any height above the point. Note that for
920 Moderate a given run, disruption occurs regardless of the number of

model time steps during which Ecg)(is verified. In order
to provide a comprehensive picture of interest for air traf-
the typical activity of these four volcanoes. The most strik- fic management (ATM), we also quantify persistence and the
ing features will be reviewed in Sect. 4.1. together with thefirst arrival time of a concentration threshalg. The persis-
eruption scenarios. tence is calculated by counting, for each run, the time interval
in which the critical concentration threshaltt is exceeded
at a pixel(x, y, z). The first arrival time (hereafter referred
3 Method to asarrival time) computes the time from the beginning of

We ai he h d d by th dd the eruption to the first detection of the concentratigrat a
e aim to assess the hazard caused by the groun epo%ixel (x,y,z). Both persistence and arrival time were quan-

tion and the atmospheric dispersion of tephra. Probabilisti ified as mean (i.e. average value at a pixely, ) over the

approaches are adopted in order to account for the variabilit)éntire number of runs), as standard deviation and as the prob-
(i.e. aleatoric uncertainty) related to both eruptive and atmo-

. " . - abilities of exceeding relevant thresholds of persistence and
spheric conditions. We quantify the probability of hazardous _ i o1 times following the same approach as .4t both
mass load on the ground:

specific FL and considering all vertical levels simultaneously.

In this section, we review (i) the models used at different
scales, (ii) the probabilistic strategies adopted in this study,
and (iii) the strategy used to account for particle aggregation
processes.

P[M(x,y) = Mr|eruption], 1)

where M (x, y) is the tephra mass load (kgm) accumu-
lated at a given location andT a mass load threshold (e.g.
Bonadonna, 2006). For a given eruption scenario, the probagl1 Tephra dispersal modelling
bility Py at a pixel(x, y) is quantified by counting the num-
ber of times a given threshold of load is reached over the total 1 1  Ground accumulation
number of runsv:
N The hazard related to ground deposition of tephra was as-
D imani ’ ) sessed at the scale of Iceland using the steady semi-analytical
N

Pw(x,y) = . - o
advection—diffusion model TEPHRA2 (Bonadonna et al.,
where 2005) following the approach detailed in Biass and
Bonadonna (2013). TEPHRAZ2 requires five main input pa-
1 if M;(x,y)> Mr|eruption rameters: plume height, eruption duration, erupted mass,
ni(x,y) = (3  TGSD and particle density. It also requires a vertical wind

0 otherwise : . . =
profile, a calculation grid and three empirical parameters:

a fall-time threshold acting as a threshold for the modelling
of the diffusion of small and large particles (i.e. power law
P [C(x, y,z,1) > CT| eruptior], (4) vs. linear diffusions), a diffusion coefficient used for the lin-
ear diffusion law and an apparent eddy diffusivity fixed at
where C(x, y, z,t) is the tephra mass concentration in the 0.04 nfs~! for the power law diffusion (Bonadonna et al.,
atmosphere (mgn¥) at a given point and time instant and 2005; Suzuki, 1983; \olentik et al., 2009). Empirical pa-
Ct amass concentration threshold. For a given eruption scerameters can be estimated either using TEPHRAZ in inver-
nario, the probability of disruptio®c at a point(x, y, z) is sion mode when enough field data are available (Connor and

For atmospheric concentrations, we start by quantifying
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S. Biass et al.: Part 1: Hazard assessment 2269

Connor, 2006; Volentik et al., 2009) or using analogue erup-3.2.1 Short-lasting eruptions

tions. Wind conditions for the 2001-2010 period were ex-

tracted from the ECMWF Era-Interim Reanalysis data setOne eruption scenario (OES)

at a 1.8 resolution. The calculation grid covers the small _ ) N
computational domain (Fig. 1) at a resolution of 1 km. When The OES is an approach used to compile the probability of
needed, smaller calculation grids were used at a resolution di¢aching a given threshold of tephra accumulation in vari-

500 m. able wind conditions, with ESP chosen deterministically.
Figure 2a summarizes the algorithm applied to short-lasting
3.1.2 Atmospheric concentration eruptions (Bonadonna, 2006). First, the plume height, the

eruption duration, the total mass and the TGSD are fixed de-

The hazard related to ash dispersal was assessed at the cagrministically. Then, for each single run of the model, an
tinental scale using the non-steady numerical advection-eruption date is sampled from which the corresponding wind
diffusion—sedimentation model FALL3D coupled with prob- conditions are extracted from the meteorological database.
abilistic strategies (Costa et al., 2006; Folch et al., 2009;
Folch and Sulpizio, 2010; Scaini et al., 2012; Sulpizio Eruption range scenario (ERS)
et al., 2012). Eruption source parameters (ESPs) required by
FALL3D include plume height, mass eruption rate (MER), The ERS approach allows for a stochastic sampling of ESP at
eruption date and eruption duration. each run as well as wind conditions, where each variable pa-

All simulations compute 168 h of dispersal on a 2260 rameter is characterized by a range and a PDF (Bonadonna,
grid with a horizontal resolution of approximately 0.5 de- 2006). Figure 2b shows the algorithm used for the ERS.
grees. Vertical layers are defined from 0 to 36000 m with First, a plume height, an eruption duration and an eruption
a variable vertical interval. The mass distribution follows date are sampled from their respective PDF, and a maxi-
Suzuki (1983) and Pfeiffer et al. (2005), with=4 and ~ Mum total mass for the eruption scenario is set. From the
A =5. Such values were chosen since (i) all eruptions areeruption date, the respective meteorological conditions are
of subplinian/Plinian types and (i) only the fine fraction is l0aded, which, combined with the plume height, allows for
modelled with FALL3D to assess the far-range dispersal. Thehe calculation of the MER using the method of Degruyter
terminal velocity is given by Ganser (1993), with a spheric- and Bonadonna (2012). A test is then performed to assess
ity fixed to 0.9. The vertical diffusion coefficient was fixed to Whether the resulting mass, calculated by combining the
10 % s~ ! and the horizontal diffusion coefficient was calcu- MER and the eruption duration, fits into the initial assump-
lated using the CMAQ model parameterization (Folch et al.,tions of mass range. If the test is negative, all parameters are
2009). Meteorological fields for the considered period wereresampled, otherwise the selected input parameters are sent
extracted from the ECMWF Era-Interim Reanalysis aP1.5 to the model.
every 3 h, covering northern and central Europe (Fig. 1). Out- . )
puts are produced at a regular 5000 ft vertical interval from3:2-2  Long-lasting eruptions

FLs 050—-400. . .
New eruption scenarios were developed to assess the hazard

3.2 Probabilistic strategies related to long-lasting eruptions (Fig. 2¢ and d). For long-

lasting eruptions, ESPs are expressed as time series at con-
Several approaches exist to assess the probability distribustant time intervalsAt, defined depending upon the avail-
tion of reaching a hazardous accumulation of tephra giverability of data (i.e. measurements of plume height, wind pro-
an eruption (Bonadonna, 2006). In order to account for vari-files). The application of algorithms shown in Fig. 2c and d
able parameters (i.e. eruptive and atmospheric conditionsyaries depending on the scale of the hazard assessment, and
a large number of model runs are performed varying in-thus the model used. When used with steady models (e.qg.
put parameters, including eruption date (i.e. wind profile for TEPHRAZ), they consist of discrete model runs at constant
TEPHRA or 4-D variables for FALL3D). Each run consists time intervals, and the final hazard maps are the sum of all in-
either of a single occurrence of the model (i.e. short-lastingdividual runs (e.g. Scollo et al., 2013). When used with non-
eruptions) or a set of simulations in time (i.e. long-lasting steady models (e.g. FALL3D), ESPs are updated at a con-
eruptions). When an approach with variable eruptive paramstant time interval. For clarity, we will refer to any single run
eters is adopted, a PDF must be defined to constrain ther update of the model as “occurrence”, i.e. for long-lasting
stochastic sampling. The definition of the PDF, which reflectseruptions, a runi(loop in Fig. 2) consists of several occur-
the knowledge of the system, is relevant to the definition ofrences { loop in Fig. 2).

eruptive scenarios and will be tackled later. . _ _
Long-lasting one eruption scenario (LLOES)

The LLOES relies on the same concept as the OES, i.e. erup-
tive parameters chosen deterministically with varying wind

www.nat-hazards-earth-syst-sci.net/14/2265/2014/ Nat. Hazards Earth Syst. Sci., 14, 228587, 2014
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One Eruption Scenario (OES) Eruption Range Scenario (ERS) Long-Lasting OES (LLOES) Long-Lasting ERS (LLERS)
Get Height fori="1:nr Get Total duration Set — Mt
Duration Height fori="1:nr

Sample  — Height,

Mass TGSD

I
Vi

165D — Durat.ioni Set At Sample —  Eruption date
fori="T:nr > Eruption date, fori=1:nr —> Eruption duration,
Get — Wind, . forj=1:no0
Sample  — Eruption date ' Sample  —Eruption date, Get — Wind
6 — Wind Calculate — MER, - j
et ind, “+ Mass. forj=1:no0 Sample  — Height,
Get — Wind . Calculate — MERi
J
— Aggregate TGSD if Mass within Ranges — Mass,
—> Run model Calculate —  MER,
i —> SetTGSD. |
=i — Aggregate — Mass, if 3 Mass within Ranges
— Runmodel —» Aggregate TGSD — SetTGSD,
— =it — Runmodel — Aggregate
else —> Restart sampling — j=jt+ - Buqalloccurrences
— i=i+1
— i=i+1 else .

Restart sampling

Figure 2. Algorithms applied for the different eruption scenarios used in this stBdjrefers to access to deterministic deatdefines a
variable andSamplendicates a stochastic sampling.

conditions, only applied to long-lasting eruptions. Here, theaway from the vent (Carey and Sigurdsson, 1982; Hildreth
total eruption duration, the time series of plume heights andand Drake, 1992), possibly leading to an underestimation of
the TGSD are set deterministically, and the time intergal)(  the hazard in proximal areas and an overestimation in dis-
is set based on the availability of data. At each run of thetal sectors. The fallout of aggregates has been characterized
model, an eruption date is sampled and the correspondinguring numerous eruptions, including the 1980 eruption of
wind conditions are extracted based on the eruption duratioMount St. Helens (Carey and Sigurdsson, 1982; Durant et al.,
and Az. At each occurrence, knowingz, the plume height 2009), the ongoing eruption of Montserrat (Bonadonna et al.,
and the wind conditions at the given time, the MER and the2002) and the 2010 eruption of Eyjafjallajokull (Bonadonna
mass are calculated averaged over the interval length, anet al., 2011; Taddeucci et al., 2011). Although aggregation is
a new occurrence of the model is performed. Each run is the topic of intense research, no satisfactory parameterization

sum of all occurrences performed. of this process has been achieved yet (e.g. Brown et al., 2012;
) . ] Costa et al., 2010; Folch et al., 2010; Van Eaton and Wilson,
Long-lasting eruption range scenario (LLERS) 2013; Van Eaton et al., 2012).

Several models attempt to describe aggregation processes
ing either empirical (Bonadonna and Phillips, 2003; Carey
&nd Sigurdsson, 1982; Cornell et al., 1983) or numerical ap-
L ; roaches (Costa et al., 2010; Folch et al., 2010). Here, we use
a mass boundary is first set. At each run, an eruption dat e empirical approach of Bonadonna et al. (2002) and ob-

and an eru.ptio.n duration are sampled. At each OCCUITeNCEq 1 ations of Bonadonna et al. (2011) to modify the TGSD
aplume height is sampled from a PDF, and the MER is CalCu’before running the models. Following this strategy, we re-

lated based on the wind conditions for that specific date usin ove an equal proportion of masses of fine particles from

the method of Degruyter and Bonadpnna (2012). If the SurTbhi classes> 4@, which are equally redistributed between
of the mass of all occurrences of a single run falls out of the

initial i h i _ art @Iasses—ld) and 3b. The amount of fine particles removed,
initial mass assumptions, the sampling process Is restarteq., o aggregation coefficient, is stochastically sampled be-
If not, input values for all occurrences are sent to the model

. tween 20 and 80 % on a uniform distribution at every loop
Eventually, each run is the sum of all occurrences performedincrement on the algorithms shown in Fig. 2. The choice
of such a range is based on field observations presented in
Bonadonna et al. (2002, 2011).

Aggregation processes are known to modify deposition
trends along the dispersal axis by aggregating fine parti-
cles (typically< 100 um) into larger clusters (Brown et al.,
2012; Rose and Durant, 2011). The aggregation of fine par-
ticles into larger aggregates results in premature sedimenta-
tion in the proximal area and in a relative depletion of fines

The LLERS applies the ERS strategy to long-lasting erup- o
tions. Eruptive parameters are stochastically sampled as tim
series at a constamts. Following the algorithm in Fig. 2d,

3.3 Ash aggregation

Nat. Hazards Earth Syst. Sci., 14, 22652287, 2014 www.nat-hazards-earth-syst-sci.net/14/2265/2014/
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Figure 3. Wind analysis at three atmospheric levels along a N-S section from Reykjavik to the UK (Fig. 1) from the ERA-Interim Reanalysis
database. These wind roses show the probability that the wind will blow in given directions and speed intervals.

4 Results to glacier load (Albino et al., 2010), any attempt to assess
eruptive patterns during older time periods might not be rep-
4.1 lIdentification of eruption scenarios resentative of the actual climate and load. As a result, the haz-

ard assessment presented here implies that a future eruption
The identification of eruption scenarios is based upon theat any of the four volcanoes will follow behaviours similar to
eruption history presented in the Supplement for each volthe eruptive style displayed in historical times.
cano. Here, only the historical catalogue of eruptions was Additionally, we only focus on the activity occurring at
used for three reasons. Firstly, with a mean eruptios @D the central vent of the selected volcanic systems as no explo-
events per century (Thordarson and Héskuldsson, 2008), resive eruptions occurred from fissure swarms. Both ground
ports and eye-witness accounts since human settlement coaccumulation and atmospheric dispersal were tackled prob-
stitute a valuable source of information when developingabilistically, using the models TEPHRAZ2 and FALL3D, re-
eruption scenarios. Trying to merge such a data set with aspectively. Since statistical analysis shows neither monthly
eruption catalogue based on stratigraphic studies only resultgor seasonal trends, we used a population of 10 years of wind
in discrepancies in the completeness of the eruptive recorddata (2001-2010). Figure 3 shows wind roses at three altitude
making any comparison difficult. Secondly, the climate of levels for points specified in Fig. 1.
Iceland is prone to fast erosion of freshly fallen deposits, in-
ducing a bias towards large eruptions when trying to assess
the prehistoric eruptive activity. Thirdly, since it is recog-
nized that mean eruption frequencies are strongly correlated
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4.1.1 Hekla 013 . Original
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Out of all volcanoes considered in this study, Hekla presentss ' 7 | R el or
the most accurate historic record with 18 identified and rea-~ * m 2
sonably well-described eruptions, a good characterization of 5  os pamiy e
5 of them and a TGSD of the 2000 eruption (Gronvold et al., g
1983; Gudmundsson et al., 1992; Hoskuldsson et al., 2007, 20 10
Thorarinsson, 1967; Thorarinsson and Sigvaldason, 1972)?”00 i
From the 18 eruptions presented in Table 1, we discarded the ’ H HHH H
eruption of 1104 from the eruptive record as it belongsto  °7 5 5 &+ 5 ¢ 7 ol H

x10" Diameter (phi )

the larger magnitude and lower frequency H1-5 series and

occurred after a repose interval sf230years, more than s ] .

twice the maximum repose time in historical times (Larsen . =] nviduat par
and Eiriksson, 2008; Thordarson and Hoskuldsson, 2008;”5, 5°Wm ZS_AQQ’E“—}EE
Thordarson and Larsen, 2007). Since a large majority of* 2

6 1.8 2 22 24 26 28 3
Height (m asl ) x10* %15

the tephra is produced during the opening phase of “mixed” :
eruptions (Supplement), we only model the first part of the
eruption. - 10 [
Based on the historical period summarized in Table 1, two§
eruption scenarios were identified for Hekla and named after ; H
the best-described eruption of each cluster. First, a 2000-type 95— 5 5 25 5 s | - CL -
eruption was identified to describe eruptions that have oc- Mass (k9 x10" Diameter (phi)
curred at a~10-year frequency. This eruption scenario con-
siders all available data for the eruptions of 1222, 1970, 1981, 7 | 1947-type scenarios (see Table 3 for detaits)and (d):
1991 and ZQOO. Second,.a. 1947-type eruption.is considere lume height (ma.s..Xb) and (d): erupted mass(c) and (f): to-
representative of large Plinian eruptions occurring on an avi,| grain-size distribution. Histograms (o) and(f) show both the
erage of one per century starting from the eruption of 1158fractions of individual particles (light grey) and aggregates (dark

8

Figure 4. ESP used fofa—c) the Hekla 2000-type an(—f) the

(Thorarinsson, 1967). grey) generated based on the algorithm explained in thedegt:
) nal indicates the original grain-size distribution obtained from siev-
2000-type scenario ing (i.e. not containing any aggregates).

The good knowledge of eruptions considered in the 2000-

type scenario allows for the identification of well-constrained 1947-type scenario

ranges of ESP for plume heights and erupted masses, and,

subsequently, the use of the ERS strategies. Table 3 and Fig.4 similar approach was applied to the 1947-type scenario.
summarize ranges of ESPs and their corresponding PDFsSince only sparse estimates of plume heights are reported
In agreement with historical witnesses, the duration of thein the literature for this eruption type, the sampling was
intense opening phase was fixed between 0.5 and 1h ancbnstrained between 16 (i.e. the highest boundary of the
sampled on a uniform PDF. Based on Table 1 and follow-2000-type eruption) and 30 kned. on a logarithmic PDF

ing the algorithm presented in Fig. 2, a mass constraint wagFig. 4d). Based on Table 1, the mass constraint was defined
fixed between ® x 10° and 69 x 10'%kg considering a de-  between @ x 10 and 35 x 10*' kg (Fig. 4€). The resulting
posit density of 691 kg m?. Based on observations, plume distribution of plume heights is shown in Fig. 4d and displays
heights were defined between 6 and 16 ksd 2and sampled & maximum of sampling around 18-20 kra.h No solution

on a logarithmic scale in order to slightly favour small events compatible with the mass constraint was found for plumes

over large ones. higher than 27 km. Figure 4e shows a rather uniform mass
The TGSD for the 2000 eruption shows bimodality with distribution, though slightly biased towards lower values.
peaks at-3® and 3b (Fig. 4c) and a minimum atd. This Since no sufficient measurements exist to infer the TGSD

TGSD was used as representative for the 2000-type eruptiofor any of these eruptions, we consider here a Gaussian dis-
scenario and was varied at each run. First, consideripg 1 tribution ranging from—5 to 8b. We allowed a variability

as a boundary between the two populations, we varied the®f Mde andog on uniform PDF between-1¢ to 1¢ and
relative weight percentage of the two populations betweenl® to 2¢, respectively. The aggregation model was applied,
30 and 70 %. Second, we applied the aggregation model dewith aggregation coefficients varying between 20 and 80 %
scribed in Sect. 3.3 on the resulting modified TGSD by re-for all bins > 4.

moving between 20 and 80 % of fines. Figure 4c shows the

three states of the TGSD for one of the 1000 runs.
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Table 3. Summary of ESP for all eruption scenarios.

\olcano Reference Modelling  Plume height Duration Mass Md od Maxd Mind Aggregation
eruption strategy (kma.s.l)

Hekla 2000 ERS 6-F6 05-1% 69x10°-69x 1010 - - -6 11 0.2-0.8
1947 ERS 16-3 05-1% 69x1010-35x 101t —1-1¢ 1-F -5 8 0.2-0.8

Katla Historical moderate/larfe LLERS 10-28 1-4day8 7x101-7x 1012 —1-1¢ 1-2¢ -7 8 0.2-0.8

Eyjafjallajokull 2010 LLOES 25-7.8 40 days — - - -2 11 -

Askja Askja C OES 23 1h 8x 1011 - - -6 6 0.2-0.8
Askja D OES 26 15h Bx 101 - - —-10 6 0.2-0.8

| ogarithmic;? Uniform; ¢ Gaussiand Thordarson and Larsen (200MO (Arason et al., 2011)

Table 4. Critical thresholds for probability calculation.

Threshold Unit Potential impact References
Ground load
1 kg2 Fluorine poisoning, electric flashover, Bebbington et al. (2008), Blong (1984),
closing of airports Thorarinsson and Sigvaldason (1972),
Wilson et al. (2011)
10 kgnm2  Impact on road traffic, damages on crops Blong (1984), Wilson et al. (2011)
100 kg nT2  Structural damages of weakest structures Blong (1984), Marti et al. (2008),

Spence et al. (2005)

Atmospheric concentration

2 mg n3  EUR/NAT low/medium ash contamination boundary ICAO (2010)
Arrival time
24 h - Guffanti et al. (2010)
Persistence time
12 h - Ulfarsson and Unger (2011)
4.1.2 Katla stochastically sampled on a uniform PDF. A volume con-

straint was set between 0.1 and 1%monverted into a mass

Numerous eruptions from Katla have been well describedfOnstraint betwe’ot)an 0.7 andx710'2 kg using a bulk den-
and documented, but only a few quantitative constraints exSity of 700kgnT”. Since no TGSD s gvaﬂablg, we used
ist. Based on Table 2 and Larsen (2010), about 10 historicaft reconstrl.Jcte.d TGSD from the 10 points available for the
eruptions produced tephra volumes.1 km?, with only the 1357 eruption in the study of Einarson et al. (1980) using the
934-940 Eldgja eruption responsible for a voluma kn?. _method of Bonadonna and Houghton (2005), which results
Since the Eldgja eruption originated from the surrounding'” @ Mt of —1 and aoe of 2. However, due to the south-
fissure swarm rather than the central volcano, we discard jjvard dispersal of the eruption and the narrow area of land
from the eruption record used in this study, resulting in rel- _between the vo.lcano and the sea, these points presenF aprox-
evant tephra volumes ranging from 0.1 to 1%rHlistorical imal Cross section of .the deposit. As a result, agud —1 is
eruptions at Katla are known to have lasted from 2 weekscOnsidered as amaximum value, and the TGSD adopted here
to 5 months, with most of the tephra produced during the'S & Gaussian distribution betweery® and 8b with Mdo

first days. No silicic eruptions were witnessed during histor- sampled betweer 14 and b, ands, sampled betweendl

ical times, with the last SILK layer erupted 1675 years Bp @nd 2P, both on uniform PDF. The resulting distribution is
(Larsen et al., 2001). aggregated with an aggregation coefficient sampled between

As a result, a LLERS strategy was applied to Katla vol- 20 an_d 80%. The same _TGSD is used for all occurrences
cano in order to assess the hazard related to a future mo@f @ 9iven run. The time interval between two occurrences
erate to large basaltic eruption (Table 2). According to theWas setto 6 h based on the availability of wind data from the
existing literature, plume heights were sampled between 1(?CMWF database. , .
and 25km as.l. on a logarithmic PDF (Einarson et al., 1980; Figure 5 and Table 3 summarize the ESP, for Ka}tla. F!g—
Larsen, 2000, 2002: Oladéttir et al., 2008, 2006, 2011: Thor-Ure 5a shows the resulting PDF for plume heights displaying
darson and Hoskuldsson, 2008). Only the paroxysmal phas@_ slight_logarithmi_c trend, and Fig. 5b shows eruption _dura-
was modelled and assumed to last between 1 and 4 da);éons. Figure 5c displays the PDF for the mass sampling of
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individual occurrences and results in a strongly logarithmicFor computational reasons, it was not possible to run the
shape with masses comprised betweehd®d 6x 101*kg.  Eyjafjallajokull probabilistically with FALL3D.

Figure 5d shows the resulting PDF for the mass per run, and

Fig. 5e the TGSD at one of the 1000 runs. 4.1.4 Askja

At least two large tephra deposits associated with strong
4.1.3 Eyjafjallajokull Plinian eruptions of VEI 5 are recognized at Askja includ-

ing the 10ka BP and the 1875 eruptions. Since no accurate

mapping or constraints of eruptive parameters are available
The limited knowledge of eruptions at Eyjafjallajokull con- {4 the 10ka BP eruption, we use the 1875 as a reference
strains the identification of eruption scenarios. Two prehis'eruption. Previous studies of Sparks et al. (1981) and Carey
toric eruptions are recognized in the field but poorly con-et g, (2010) provide an accurate chronology of the different
strained and three post-17th century eruptions were Witphases of the eruption as well as constraints of the associated
nessed, amongst which the eruptions of 1612 and 1821-182gptive parameters. Two phases are responsible for most
lack any constraint. However, since detailed observations ang¢ {he production of tephra, namely the 1h long phreato-
measurements of eruptive parameters exist for the 2010 erugp|inian phase Askja C followed 6h later by the 1.5h long
tion, we applied here a LLOES strategy in order to assess thgjinjan phase Askja D. As a result, we apply here OES strate-
entire range of possible hazard related to the occurrence Cﬁies modelling two consecutive eruptions separated by a 6 h
a similar eruption. break.

We model here the 40 days of explosive phase that oc- Figyre 2 shows the algorithm developed for a single OES
curred from 14 April to 20 May 2010. The algorithm used is modelling. Here, the hazard related to a 1875-type eruption
shown in Fig. 2. The total duration, the time series of plume cgnsists of the sum of one OES for Askja C and one OES for
heights and the TGSD are deterministically set a priori. Fig'Askja D. All ESPs (i.e. plume height, erupted mass, eruption
ure 6a shows measurements of plume heights every 6 h fo§yration and TGSD) are fixed deterministically and are sum-
the 40 days of eruption (Arason et al., 2011), converted intomarized in Table 3 and Fig. 7 for both phases. At each run,
MER using the method of Degruyter and Bonadonna (2012)ap eryption date is sampled and wind data for the consecu-
and wind conditions extracted from the ECMWF databaseyjye phases are extracted. Both TGSD are aggregated with an

(Fig. 6b). As a result, the time interval between occurrences;ggregation coefficient sampled between 20 and 80 %.
within a run was set to 6h. The TGSD used here is as de-

scribed by Bonadonna et al. (2011), who reconstructed disag4.2 Hazard assessment

gregated and aggregated TGSD by combining ground-based

and satellite-based measurements. Here, the same TGSD Téis section presents the results of the different model runs

used for all runs and does not vary through occurrences.  for all volcanoes. These results should be viewed as part of
Following the algorithm in Fig. 2, an eruption date is sam- a scenario-based hazard assessment, showing the geographi-

pled at each run, after which wind conditions are extractedcal distribution of probability of tephra fallout knowing that

for the 40 days of the eruption every 6 h. At each occurrencean eruption of a given magnitude is occurring. As described

the MER is calculated accounting for the wind velocity and in Sect. 3.2, the compilation of probability maps requires

converted to 6 h averaged mass. The occurrence is sent @ threshold — i.e. either a mass load (kg4) a concen-

the model, and each run is the sum of the 240 occurrencegration (mgnt3), a persistence or an arrival time (h) — in

Nat. Hazards Earth Syst. Sci., 14, 22652287, 2014 www.nat-hazards-earth-syst-sci.net/14/2265/2014/
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Table 5. Probabilities, mean arrival time and mean persistence time for a concentration of 2¥rfgmall FL combined above the selected
airports shown in Fig. 1. NR: not reached.

Airport Eruption Distance  Concentration Mean arrival time Mean persistence time
scenario from vent (km) probability (%) ¢ standard deviation) (k standard deviation)
Keflavik Hekla 2000 141 17.0 8+22 47+36
(BIKF) Hekla 1947 141 23.0 B+32 74+53
Katla 178 41.1 281222 213+152
Askja 1875 303 16.8 Q+7.7 182+124
Oslo Gardermoen Hekla 2000 1635 0.0 NR NR
(ENGM) Hekla 1947 1635 0.5 17+5.2 46+19
Katla 1603 6.7 45 +214 7£54
Askja 1875 1503 115 28+121 6.9+4.3
London Heathrow Hekla 2000 1780 0.2 2%32 29+09
(EGLL) Hekla 1947 1780 0.8 18+3.2 34+22
Katla 1731 5.2 4B+24.4 98+81
Askja 1875 1767 8.5 28+128 76+44
Amsterdam Schiphol Hekla 2000 1909 0.1 350 27+0
(EHAM) Hekla 1947 1909 0.5 18+1.0 6.7+3.6
Katla 1862 7.3 4%+ 20.7 90+71
Askja 1875 1860 9.7 28+7.2 80+43
Copenhagen Kastrup Hekla 2000 2000 0.0 NR NR
(EKCH) Hekla 1947 2000 0.3 280.8 44+£16
Katla 1938 5.0 5®+20.6 6.6+4.8
Askja 1875 1876 6.9 25+9.3 6.0+3.1
Paris Charles De Gaulle  Hekla 2000 2136 0.0 NR NR
(LFPG) Hekla 1947 2136 0.2 15+04 34+16
Katla 2075 3.7 5& 258 91+8.6
Askja 1875 2106 8.1 28+125 6.9+ 3.7
Frankfurt Hekla 2000 2223 0.0 NR NR
(EDDF) Hekla 1947 2223 0.3 18+ 0.6 59+15
Katla 2175 5.2 4P+211 7.7+53
Askja 1875 2175 6.8 22+117 6.6+3.3

order to calculate the exceeding probability for each erup-affect the area between and east of Gullfoss and Vik i Myrdal
tion scenario. Based on the available literature, we use threéereafter referred to as Vik; Fig. 1) (Figs. 8-10).

relevant thresholds for ground accumulation, one for atmo- Figure 8 shows the probability maps for Hekla. Figure 8a
spheric concentration, one for persistence and one for arrivadnd b show the probability of reaching an accumulation of
time (Table 4). The Supplement contains the entire collec-1kgm 2 for the 2000-type and the 1947-type scenarios,
tion of maps produced including probability maps for atmo- respectively. In the case of a 2000-type eruption, there is
spheric concentration as well as persistence and arrival timea > 10 % probability of reaching such an accumulation up
in terms of mean, standard deviation and probability, com-to 50 km east of the volcano and a negligible probability to
puted for all FL and for all critical thresholds. The result- affect Vik. However, Vik and the southernmost coast have
ing impact is presented in the companion paper of Scainia~ 15 % probability of reaching an equal accumulation for
et al. (2014). a 1947-type eruption, with the 10 % probability line ex-
tending 150—200 km eastwards and 50 km westward from the
volcano (Fig. 8b). This scenario has-al0 % probability of
producing tephra accumulation of 10 kgfin the vicinity

) N ) ~of Gullfoss (Fig. 8c) and has a 10 % probability of affecting
Figures 8-11 show the probability maps of exceeding a giveryy grea with an accumulation of 100 kgf25 km east of
threshold of tephra accumulation on the ground for Hekla,ihe volcano (Fig. 8d).

Katla, Eyjafjallajokull, and Askja, respectively. In agreement  rigyre 9a—c show the spatial distribution of probabilities
with Fig. 3, there are preferential eastwards dispersals, leavys reaching tephra accumulations of 1, 10 and 100 k§,m

ing the Reykjavik area with a negligible probability of being respectively, associated with an eruption at Katla. At Vik,
affected by tephra fallout for the volcanoes considered heregch an eruption results in probabilities of 40 %30 %

As a result, eruptions from volcanoes in the EVZ are likely to

4.2.1 Ground deposition

www.nat-hazards-earth-syst-sci.net/14/2265/2014/ Nat. Hazards Earth Syst. Sci., 14, 228587, 2014



2276 S. Biass et al.: Part 1: Hazard assessment

8 25 — .
i a ] e Original - a

= 20 b Cindividual particles

g ] Aggregates |

=

- o o 157}

£ - :

T

ﬁ 10 +

Es . | HH

04-14 0426 0509 05-21 0 mrﬁrﬁl"_lﬂ ﬂ
-6 -4 -2 0 2 4 6
‘ ‘ ‘ b Diameter (phi)
15 T - -
------------- Original b
_ [Tindividual particles
s I Aggregates Y
=3 101
i o ,
=
HHH%
5

"""""""" Disaggregated ¢ . )
[ Jindividual particles Diameter (phi)

I Aggregates
Figure 7. Original and aggregated TGSD of the 1875 Askja erup-

tion based on Sparks et al. (1981) fa) the phreato-Plinian phase
Askja C andb) the dry Plinian phase Askja D. See caption of Fig. 4
for explanation of symbols.
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2 4 6 8 10 Egilsstadir, has~ 35 and ~ 15% probabilities of reach-
Diameter (phi) ing tephra accumulations of 1 and 10 kgfn respectively
(Fig. 11a and b). The towns of Akureyri and Husavik, which
surements of plume height for the period 14 Apri—21 May 2010 both have airports used for internal flights, have 15 and 20 %

(Arason et al., 2011)b) corresponding MER for the same period probabl.lltles of reaching tephrq accumulations of 1 kﬁm .
based on wind conditions extracted from the ERA-Interim databasd ©Spectively. A 1875-type eruption also has a 10 % probabil-
and the method of Degruyter and Bonadonna (20@Q)lisaggre- ity of depositing 100 kg m? of tephra 50 km east of the vent
gated and aggregated TGSD as inferred by Bonadonna et al. (2011§Fig. 11c).

See caption of Fig. 4 for explanation of symbols. Along with probability maps, the hazard related to tephra
accumulation can also be expressed as hazard curves, for
which the probability of exceeding any tephra accumulation

) ] is quantified for a given location. Figure 12 shows hazard
and 10% of reaching tephra accumulations of 1, 10 andpes for relevant eruptions for the locations of Vik, Gull-
100kg nr?, respectively. The 10 % probability line of reach- fo55  Akureyri and Egilsstadir. Although Gullfoss is only
ing a tephra accumulation of 1 kgthextends about 200km 4 toyyrist facility, this location was used to assess the probabil-
northwards on the mainland and eastwards along the coast.jty of tephra accumulation inland. Figure 12a shows that Vik

Figure 10 displays the probability distribution for an Ey- nas 15 40 and 80 % probability of exceeding a tephra accu-
jafjallajokull 2010-type eruption, resulting in 80 and 20% myjation of 1 kg following the considered eruptions of

probabilitie_s of, reaching _tephra _accumulations of 1 andKatIa, Hekla 1947-type and Eyjafjallajokull, respectively.
10kgnT?2 in Vik, respectively (Fig. 10a and b). Due to

the low probability level, the map for an accumulation of 4.2.2 Atmospheric concentration
100 kg nT2 is not shown.

Located in the NVZ, Askja is most likely to impact the The hazard assessment for atmospheric concentration is
eastern part of the country, with half of the territory hav- shown in Figs. 13 and 14, Table 5 and the Supplement.
ing a 5-10 % probability of reaching a tephra accumulationFor practical reasons, we present here only probability maps
of 1 kg m2 should an 1875-type eruption occur (Fig. 11a). accounting for the presence of ash above a threshold of
The main town under the threat of an eruption of Askja, 2mgnT3 at any FL (Sect. 3, Table 4). Arrival time and

Figure 6. ESP for the Eyjafjallajokull LLOES{a) 6 h interval mea-
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Figure 8. Probability maps (%) for ground accumulation for an eruption at H¢R)EERS for a 2000-type eruption, threshold of 1 kg?’n
(b) ERS for a 1947-type eruption, threshold of 1 kg?n(c) ERS for a 1947-type eruption, threshold of 10 kg%n(d) ERS for a 1947-type
eruption, threshold of 100 kgTif. Eruption parameters are summarized in Table 3 and Fig. 4.

persistence are compiled here in the form of probability maps Figure 13a—c show the results for Hekla. Due to the lo-
of exceeding arrival and persistence times of 24 and 12 h, reeal dispersal following a 2000-type eruption, only maps for

spectively. The choice of 24 h for the threshold of arrival time a 1947-type eruption are presented here. Such an eruption

is based on Guffanti et al. (2010), who showed that 89 % ofwould result in a 5-10 % probability of reaching a concen-
the aircrafts encounters with volcanic ash in the period 1953-tration of 2mg n73 above the northern Atlantic Ocean and
2009 occurred within the first 24 h after the onset of the erup-probabilities of reaching London and Oslo of 0.8 and 0.5 %
tion. Since no threshold of persistence time has been offiafter 13+ 3 and 175 h, respectively (Fig. 13a and b, Ta-

cially outlined, we adopted a threshold of 12 h based on qualble 5). Persistence times for these locations are negligible and

itative observations found in the literature (e.g. Ulfarsson andare of 3+ 2 and 5+ 2 h, respectively (Fig. 13c, Table 5). As

Unger, 2011). The Supplement comprises probability mapshown in the Supplement, similar observations can be made

for other thresholds (i.e. 2 10 6 and 0.2mgm?3) and for  at all separate FLs. These results are in agreement with the

separate FL as well as maps of mean and standard deviatidindings of Leadbetter and Hort (2011), although differences
of persistence and arrival time. Due to the high computingin scenario identification, modelling strategies and definition
demand required to run FALL3D in a probabilistic mode for of critical thresholds make detailed comparison difficult.
a 40day long eruption, the Eyijafjallajokull LLOES 2010-
type eruption was omitted from the hazard assessment foa 5-20 % probability of affecting the UK and Scandinavia

atmospheric dispersal.

www.nat-hazards-earth-syst-sci.net/14/2265/2014/

Following the scenario used here, an eruption at Katla has

with concentrations of 2mgn?. Such concentrations are
expected to arrive above London and Oslo aftet5+ 22 h
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25W 17.5'W in 5-20 % probabilities to reach a concentration of 2 mgm

‘ over Scandinavia and Western Europe (UK, Northern France,
Netherlands, Belgium, and Western Germany). Such a con-
centration has a 5-10 % probability of reaching the UK and
Scandinavia within 24 h, with mean arrival times above Lon-
don and Oslo of 2213 hand 25:12 h, respectively (Fig. 139
and h, Table 5). The airports of Paris and Frankfurt can po-
tentially be impacted after 504+ 20h in both cases. In all
cases, persistence in the atmosphere would be in the range of
~ 6-8+4 h, with a 5-10 % probability of western Norway to
be locally impacted by concentrations of 2 mghpersisting
for more than 12 h. Similar probability distributions, arrival
and persistence times are to be expected at all separate FL
(see the Supplement).

64'N

66'N
o
O

4.2.3 Short vs. long-lasting eruptions

O = In order to compare the potential impact resulting from dif-

' ferent types of activity at the selected volcanoes (i.e. short-
vs. long-lasting eruptions), this section presents deterministic
scenarios based on historical and well-constrained eruptions.
Note that these simulations do not aim at presenting “worst-
case” scenarios, which would require the combined identifi-
cation of worst-case eruption scenarios and wind condition,
but can be viewed as a comparison of key historical eruptions
happening under similar meteorological conditions.

The eruptions of Hekla 1947, Katla 1918, Eyjafjallajokull
~ ") ‘ \ A 2010, and Askja 1875 were selected as case-study scenarios
NSV W O e ) for which sufficient data were available to produce a realis-

' a O tic forecast of potential impact. In order to scale and com-
: pare the effect of these eruptions, simulations were run us-
ing the wind conditions of Eyjafjallajokull 2010, starting
i from 14 April and lasting for 10 days. ESPs for Eyjafjalla-
7 i jokull and Askja are summarized in Table 3. The 1918 erup-

Ty tion of Katla is the most recent eruption to break through

) the Myrdalsjokull ice cap. The available literature suggests
= that the eruption lasted for 3 weeks, with the most intense
/T T 7 [ T [ [ T tephra production during the first days, plume heights up
% 10% 20% 30% 40% 30% 60% 70% 80% 90% to 14kmas.l. and a total volume varying between 0.7 and
Figure 9. Probability maps (%) for ground accumulation for a long- 1.6 kn? (Lar;en, 20.00.; Sturkell et al., 2.010)' In the absence
lasting eruption at Katla(a) LLERS, threshold of 1kgm?: qf any detailed variations of plume heights, radar obs_erva-
(b) LLERS, threshold of 10kgm2; (c) LLERS, threshold of  tions of Arason et al. (2011) were used and scaled to fit ob-
100 kg nT2. Eruption parameters are summarized in Table 3 andServed minimum and maximum plume heights of the Katla
Fig. 5. 1918 eruption. Using wind conditions specified above and
the method of Degruyter and Bonadonna (2012) to estimate
the MER, we obtained a total mass 024x 102 kg, which is
in both cases but persist in the atmosphere for less than 10 tonsistent with published volume estimates. Given the sim-
(Fig. 13d-f, Table 5). Due to the long-lasting nature of the ilarities between the two systems (Sturkell et al., 2010), the
Katla scenario, note (i) the longer arrival time compared toTGSD of Eyjafjallajokull defined by Bonadonna et al. (2011)
other eruption scenarios and (ii) the high uncertainty on thewas also used for this run. ESP for the Hekla 1947 erup-
mean persistence and arrival time. The Supplement showBon were set using the literature, with a plume height of
that at separate FL, the impacts of a Katla eruption tend t®7 kmas.l., a total erupted tephra volume of 0.18%mnd
decrease with altitude. a duration of 1.5 h.

The atmospheric dispersal of tephra following a 1875-type Figure 14 summarizes the expected concentrations at

eruption at Askja is presented in Fig. 13g—i, which resultsFL150 over the main European airport hubs of London
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Figure 10. Probability maps (%) for ground accumulation associated with a long-lasting 2010-type eruption of Eyjafjallajokull volcano.
(a) LLOES, threshold of 1 kg me; (b) LLOES, threshold of 10 kg me2. Eruption parameters are summarized in Table 3 and Fig. 6.

Heathrow (EGLL), Paris Charles de Gaulle (LFPG), Am- 5 Discussion

sterdam Schiphol (EHAM), Frankfurt (EDDF) Oslo Gar-

dermoen (ENGM), and Copenhagen Kastrup (EKCH) with 5.1 Eruption scenarios and probabilistic strategies

wind conditions of April 2010, corresponding to the onset _

of the explosive phase of Eyjafjallajckull 2010 (see Fig. 1 Three steps were taken to develop probabilistic hazard sce-
for locations). When interpreting Fig. 14, one should keep inn@rios including (i) the identification of the most probable
mind that it represents a slice at FL150, namely an altitude?d Potentially problematic eruptive styles at given volca-
of about 4.6 km .., and the plume height of each scenario N0€S: (il) the development of adapted algorithms to model
should be put in context when interpreting results. Concen-£ach eruption type (Fig. 2), and (iii) the definition of erup-

tration maps for these scenarios for all flights levels can bdion scenarios with constrained ESPs (Figs. 4-7). At the se-
found in the Supplement. lected volcanoes, this led to the identification of both short-

Figure 14 shows that a Hekla 1947-type eruption bears th@nd long-lasting eruptions scenarios with both fixed and
largest impact in terms of airborne concentration. A 1947-variable ESP.
type eruption would result in concentrations above the
threshold of 0.2mgm? over London, Paris, Amsterdam,

Frankfurt and Copenhagen (i.e. 0.35-0.68 mg)arriving Amongst chosen volcanoes, a large discrepancy exists in
after 2-4 days and potentially disrupting the air traffic be- yorms of the knowledge of the eruptive history, which is
tween 1 and 3 days. Oslo would be the%anSt impacted aregjrectly related to the frequency of activity during histori-
with concentration peaks above 10mgmA Katla 1918- .5 times: 17, 10, 3, and 1 eruptions of interest (i.e. explo-

type eruption, characterized by a pulsatory regime with ré-gjye eryptions at the central vent) occurred during histori-

peated emissions of ash, would potentially be most problemz.| times at Hekla, Katla, Eyjafjallajokull and Askja, respec-

atic for the European airspace in terms of duration ofdisrup-tive|y_ On the other hand, a discrepancy also exists in the

Fion. Although most likely reaching congentrations compris- degree of detail to which eruptions have been mapped and
ing only between 0.1 and 0.25 mg‘r:h Fig. 14 reflects the  characterized. For example, the single eruption of Askja is
repeated arrival of clouds over time and its potential impli- noroughly characterized in terms of chronology of eruptive
c_atlons for t_he managemer)t (_)f a_YoIcanlc crisis. The €UPphases, plume height, erupted volume and TGSD whereas
tions of Askja 1875 and Eyjafjallajokull 2010 only seem 10 grntions of Katla are mainly bounded by rough estimates of
be problematic for Qslo, reaching concentrations above 2 andjime. As a result, the choice of expressing eruption sce-
0.2mgnT? respectively. narios as either a single set of ESPs deterministically defined
(OES) or as a stochastic sampling on a PDF (ERS) is made
upon the combined knowledge of the eruptive history and the
degree of characterization of eruptions. The end-user should
account for the limitations considered with each approach.

5.1.1 Fixed vs. variable ESPs

www.nat-hazards-earth-syst-sci.net/14/2265/2014/ Nat. Hazards Earth Syst. Sci., 14, 228587, 2014



2280

22.5°W
a
=
s O
A
o
v
=
& o
Ne)
b
=
% O
O
O
=
= o
O
O
4
=
8 9 0
oF O
O E
o) @; ‘
g
g o
Ne)
O

| [ [ [ [ l [ [ I [

5% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 11. Probability maps (%) for ground accumulation asso-
ciated with a multi-phase 1875-type eruption at Askja volcano.
(a) OES, threshold of 1kg m?; (b) OES, threshold of 10 kg r;

(c) OES, threshold of 100 kg nt. Eruption parameters are summa-

rized in Table 3 and Fig. 7.

5.1.2 Sampling of ESPs

S. Biass et al.: Part 1: Hazard assessment

our algorithm shows a wide variety of shapes. For exam-
ple, Fig. 4a shows that the initial assumptions of erupted
mass (i.e. ® x 10°-6.9 x 10'%kg) for a 2000-type eruption

at Hekla for a 0.5-1 h long eruption cannot be realistic with
plume heights under 10 kms., resulting in (i) a PDF for
plume heights biased towards the largest end-members and
(i) a PDF for erupted mass in agreement with an initial
assumption of a logarithmic distribution of ESP. Similarly,
the 1947-type scenario results in a PDF with a maximum
at plume heights of 18—20 kmsd. but without solution for
plume heights above 27 kned. satisfying the initial mass
(6.9 x 101°-35 x 10 kg) and duration (0.5-1 h) conditions
(Fig. 4d). As aresult, this method accounts for a prior knowl-
edge of the system (i.e. initial choice of a PDF for the sam-
pling of ESP) and helps to correct the sampling of dependent
ESPs (i.e. plume height, eruption duration, MER and erupted
mass) in order to produce realistic events within an eruption
scenario.

5.1.3 Short- vs. long-lasting eruption scenarios

Assessing the hazard related to tephra dispersal from long-
lasting eruption is commonly done using non-steady models
but rarely using steady models. Scollo et al. (2013) already
used the model TEPHRAZ to evaluate tephra hazard asso-
ciated with long-lasting violent Strombolian activity at Mt
Etna, Italy (e.g. the 21-24 July 2001 eruption). They defined
it as weak long-lived plume scenario (OES-WLL and ERS-
WLL) with an eruption duration of 4-100 days, in contrast
to short-lived plume scenarios (OES-SSL and ERS-SSL) as-
sociated with the paroxysmal phase of subplinian eruptions
(e.g. the 22 July 1998 eruption).

Here, we developed new algorithms for the sampling of
ESPs to assess the ground deposition from long-lasting erup-
tions (Fig. 2). Conceptually, the total ground accumulation
calculated with TEPHRAZ2 consisted of consecutive occur-
rences of the model run at a given time intervad, after
which all outputs are summed. With FALL3D, the continu-
ous computation allowed simply updating of the ESPs every
At without interruption. Here, the typical 6 h time resolution
of reanalysis data sets conditioned the duratiom\of im-
plying constant eruption conditions between either different
runs or updates.

5.2 Ground accumulation and atmospheric dispersal

5.2.1 Ground accumulation

Figure 2 shows the algorithms used to produce both ERSigures 8-11 show that although computed accumulations
and LLERS, where the erupted mass is indirectly derivedare not sufficient to cause structural damage to buildings (i.e.
from the plume height, the eruption duration and wind con-> 100 kg n72), deposition of 1-10kgm? is likely to oc-
ditions (Degruyter and Bonadonna, 2012) and tested againstur, which is consistent with historical chronicles primarily
a mass range. Although the sampling of plume height waseporting impacts on agricultural activities (e.g. crops de-
constrained on a logarithmic distribution as a prior knowl- struction, poisoning of animals; Thorarinsson, 1967; Tho-
edge, the resulting PDF only including values validated byrarinsson and Sigvaldason, 1972). In addition, eruptions from

Nat. Hazards Earth Syst. Sci., 14, 22652287, 2014
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Figure 12.Hazard curves for the locations (&) Vik, (b) Gullfoss,(c) Akureyri and(d) Egilsstadir (see locations in Fig. 1). Only relevant
eruptions are shown at each location, i.e. ERS Hekla 2000- and 1947-type, LLERS of Katla and LLOES 2010-type of Eyjafjallajokull for
Vik and Gullfoss and OES 1875-type of Askja (total eruption and individual phases) for Akureyri and Egilsstadir.

ice-capped volcanoes such as Katla and Eyjafjallajokull arest al. (2010) are in agreement with our 10 and 20 % probabil-
typically associated with jokullhaups, which can cause sig-ity lines for ground tephra accumulations of 1 and 10 kgfm
nificant structural damage to buildings, roads and bridges. IfFig. 11).
these observations are valid for the selected volcanoes and
potentially for most of central vent eruptions with VEI up 522 Atmospheric concentration
to 5 — excluding maybe the volcanoes located in the vicin-
ity of Reykjavik and Keflavik — “fires”-type eruptions would  Figure 13 summarizes the most likely dispersal trends, in
result in larger magnitude impact. A review of the environ- ggreement with the wind transect of Fig. 2, and shows that
mental changes produced by the Eldgja fires can be found ifhe areas most probably affected by far-range dispersal of
Larsen (2000). ash are Scandinavia and the northern UK. Such results are
Hazard maps produced here show preferential disperin agreement with the compilation of the tephrochronolog-
sals towards the E-ENE, consistent with wind observationscg| studies of Swindles et al. (2011), who show that the
(Fig. 3). However, compilations of dispersal axes for his- past 7000years of volcanic activity in Iceland resulted in
torical eruptions are available for Hekla (Thorarinsson andihe identification of 38, 33, and 11 tephra layers in Scandi-
Sigvaldason, 1972) and Katla (Larsen, 2000) and show thayia, Ireland and Great Britain, respectively. As suggested
existence of deposition in all directions around the vents. Folhy | acasse (2001), Scandinavia is subject to zonal airflow,
example, only 7 out of the 14 historical eruptions of Hekla whereas Ireland is more likely to be affected than the rest of
were dispersed in directions between 0 anc*18@d 8 erup-  Eyrope as it is most probably in the path of anticyclonic air-
tions dispersed tephra in a 340Xector. Similarly, half of  flows from Iceland. As a result, minimum estimates provided
the historical eruptions of Katla were dispersed and depositecﬂ,y Swindles et al. (2011) show that, based on the record of
with a bearing comprised between 0 and 18y compar-  the past 1000 years, northern Europe is affected by volcanic
ing our probability maps for Eyjafjallajokull to the isomass ash with a mean return interval of 369 years and that there
maps of Gudmundsson et al. (2012) compiled for land depois a 16 % probability of tephra fallout every decade based on
sition in the period 14 April to 22 May, we observe a ground 5 pgisson model.
deposition slightly more directed towards the south than pre- \wnhen using a deterministic approach, Fig. 14 shows that
dicted by our model (Fig. 10). However, deposition observedamongst the selected eruptions, an eruption of Hekla 1947
on the ground for both 1 and 10kgth(converted from the s the most likely to produce critical concentrations above
isopach maps of Gudmundsson et al. (2012) with a densitythe main European airports. Interestingly, scaling Hekla 1947
of 1400kg n1°) fall between our 10 and 30% probability jth the two main phases of Askja 1875 reveals that an
lines. Similarly, the isopach maps and ground measurementgrypted volume falling within the boundaries of a low VEI
for the C and D units of the Askja 1875 produced by Carey4 (Hekla 1947) can produce concentrations more than one
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Figure 13. Atmospheric dispersion of tephra for a threshold of 2mg3nfnr all FL for the eruption scenarios of Hekla ERS 1947-type
(a, b, c) Katla LLERS(d, e, f) and Askja OES 1875-typg, h, i). Maps show(a, d, g) probability maps of exceeding a concentration of
2mgnt3, (b, e, h) probability maps of exceeding an arrival time of 24 h for a concentration of 2mtand(c, f, i) probability maps of
exceeding a persistence time of 12 h for a concentration of 2m?g Frobability maps for other thresholds and separate FL are available in

the Supplement.

order of magnitude larger than an eruption of low—medium0.33 kn? produced tephra beds in Norway, Scotland and Fin-
VEI 5 (Askja 1875). For example, London Heathrow would land, more than 1500 km beyond the source. Such obser-
suffer ash concentrations of 0.68 and 0.025 mg riollow- vations support the growing idea that the tephra volume of
ing eruptions of Hekla 1947 and Askja 1875, respectivelyan eruption is not the primary factor controlling the distal
(Fig. 14). Similarly, Davies et al. (2010) report that five dispersal of fine ash and that the TGSD, the nature of the
eruptions of Hekla with volumes varying between 0.18 andfragmentation process (i.e. dry vs. phreatomagmatic) and the

Nat. Hazards Earth Syst. Sci., 14, 22652287, 2014 www.nat-hazards-earth-syst-sci.net/14/2265/2014/
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Figure 14. Airborne concentration of ash at FL150 above the airports of London Heathrow (EGLL), Paris Charles de Gaulle (LFPG), Ams-
terdam Schiphol (EHAM), Frankfurt (EDDF), Oslo Gardermoen (ENGM) and Copenhagen Kastrup (EKCH) resulting from the eruptions of
Hekla 1947, Katla 1918, Eyjafjallajokull 2010 and Askja 1875. Each eruption was run for 10 days starting from 14 April 2010 using similar
wind conditions that occurred during the Eyjafjallajokull 2010 eruption. Concentrations for other FL can be found in the Supplement.

weather patterns play important roles (Davies et al., 20106 Conclusions
Swindles et al., 2011).

The concept of defining critical thresholds, typically 0, 0.2 The present work highlights the challenges of achieving
or 2mgn13 depending on the approach adopted, implies@ multi-scale hazard assessment from multiple and hetero-
that the hazard level is at its maximum once the concengeneous sources in order to compare and combine outcomes
tration threshold has been reached. If, for instance, a valu@f the most likely range of possible eruptions. For the se-
of 0.2mgn13 is adopted as critical, the shape of the curve lected volcanoes, we could define both semi-probabilistic
above the threshold for the eruption of Hekla 1947 displayed(i-e. stochastic sampling of wind conditions and ESP de-
on F|g 14 does not pro\/ide any relevant information as theterministically fIXEd) and fU”y probabilistic (|e stochastic
level of maximum impact is reached. However, for crisis Sampling of both wind profiles and ESP) eruption scenar-
management purposes, the duration during which Concentrdos based on the available data. In each case, we developed
tions are above the threshold becomes critical. In this pernew algorithms to assist the identification of eruption param-
spective, the eruption type has a major control on the hazar@ters for both short- and long-lasting eruptions, which help
and the potential associated consequences. For example, coi§-achieve the sampling of realistic ESP and account for par-
centration plots using a deterministic approach for all flight ticle aggregation processes. For the atmospheric dispersal of
levels shown in the Supplement illustrate how short-lastingfine ash, a sound deterministic approach demonstrated the
and intense Plinian eruptions result in single peaks of criticaldifferent hazards posed by short- and long-lasting eruptions
concentration typically lasting for a couple of days, reachingand showed the importance of the potential disruption time
up to 12mgn13 above the Oslo airport following a Hekla ©Over high concentrations. As a result, the outcomes of this
1947 eruption. In contrast, an eruption of Katla 1918, al-work constitute a first step towards an improved manage-
though not reaching such high levels of critical thresholds,ment of future volcanic crises, accounting for most critical
results in more diffuse Signa|s Spanning over |Onger peri-aSpeCtS of both the geological and atmospheric science sides
ods of time over single geographic points. When consideringof the problem. The second step toward a sound impact and
a 3-D volume above the European territory representing théisk assessment typically involves the identification of the ex-
airspace and observing the potential disruptions from a manpPosed elements and their vulnerability to the stress consti-
agement perspective, continuous emission of tephra witfuted by ground tephra accumulation and distal atmospheric
a pulsatory regime, though not producing the high concenash. Such an approach is tackled in a companion paper by
trations of Plinian eruptions, are potentially able to becomeScaini et al. (2014).
more problematic than short-lasting powerful eruptions.
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