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Abstract. Volcanic eruptions are amongst the most jeopardizing natural events due to their potential impacts on life, assets,

and environment. In particular, atmospheric dispersal of volcanic tephra and aerosols during the explosive eruptions poses

a serious threat to life and has significant consequences for infrastructures and global aviation safety. The volcanic island

of Jan Mayen, located in the North Atlantic under trans-continental air traffic routes, is considered the northernmost active

volcanic area in the world, with at least five
:
5 eruptive periods recorded during the last 200 years. However, quantitative hazard5

assessments on the possible consequences for air traffic of a future ash-forming eruption
::
at

:::
Jan

::::::
Mayen

:
are nonexistent. This

study presents the first comprehensive long-term volcanic hazard assessment for Jan Mayen volcanic island in terms of ash

dispersal and airborne tephra concentration at different flight levels. In order to delve in the characterization and modelling of

that potential impact, a probabilistic approach based on merging a large number of numerical simulations is adopted, varying

the volcano’s Eruptive
:::::::
Eruption

:
Source Parameters (ESPs) and meteorological scenario. Each ESP value is randomly sampled10

following a continuous Probability Density Function (PDF) defined from
:::::
based

::
on

:
the Jan Mayen geological record. Over 20

years of climatic
::::::::::::
meteorological

:
data are considered in order to explore the natural variability associated with meteorological

::::::
weather

:
conditions and used to run thousands of simulations of the ash dispersal model FALL3D on a 2 km-resolution grid. The

simulated scenarios are combined to produce probability maps of airborne ash concentration, arrival time and persistence at

different flight levels
::
of

:::::::::
unfavorable

:::::::::
conditions

::
at

:::::
flight

:::::
levels

::
50

:::
and

::::
250

::::::
(FL050

:::
and

:::::::
FL250). The resulting maps

:::
can represent15

an aid to civil protection, decision makers and
:
,
::::::::
moreover,

:
aviation stakeholders in assessing and preventing the potential impact

from a future
::::::
ash-rich

:
eruption at Jan Mayen.

1 Introduction

Along with earthquakes, tsunamis and weather extremes, explosive volcanic activity is amongst the most threatening natural

hazards, with potential to contribute to global warming and environmental changes (e.g. Ward, 2015)
::::::::::
(Ward, 2015). The impacts20

of volcanic emissions can extend over large distances from the source, posing a threat to human health and jeopardizing air nav-
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igation. Some recent examples of events leading to millionaire losses due to air traffic disruption include the eruptions in Eyjaf-

jallajökull (Iceland, 2010), Grímsvötn (Iceland, 2011) and Puyehue-Cordón Caulle (Chile, 2011) (Budd et al., 2011; Elissondo et al., 2016; Mazzocchi et al., 2010; ?)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Mazzocchi et al., 2010; Oxford-economics, 2010; Tesche et al., 2012; Karlsdóttir et al., 2012; Budd et al., 2011; Elissondo et al., 2016)

. These events were a stark remainder
:::::::
reminder on the importance of volcanic hazard assessment and related quantification of25

impacts of future eruptions, both essential tools to advise governments, aviation stakeholders and the society in general, con-

tributing, in this way, to their preparedness. In 2019, before the covid-19 pandemics
:::::::::
COVID-19

:::::::::
pandemics

:::::::
aviation break, Ice-

landic airports received around 8M passengers (7M international and 0.7M domestic) on a total of 181k flights ( )
:::::::::::
(Isavia, 2019)

. In turn, polar air traffic routes had shown a marked increase over the last years, with a 15-fold increase between 2003 and

2015, and reaching more than 14k flights yearly since 2016 ()
::::::::::::::::::::::::::::::::::
(NavCanada, 2017; Stewart-Green, 2016).30

Although Jan Mayen
::::
(JM) volcano tephrochronology reveals at least 8 eruptive periods over the last 600 years, 5 of them

concentrated in the last 200 years (Gjerløw et al., 2016), the potential impact on air traffic following a future ash-forming

eruption has never been assessed. According to (Gjerløw et al., 2016)
:::::::::::::::::
Gjerløw et al. (2016), the most likely volcanism at Jan

Mayen
:::
JM island is characterized by effusive Hawaiian to violent Strombolian eruptions and, to a lesser extent, by lava domes

and Surtseyan eruptions. However, due to the possibility of magma interacting with sea water, snow or ice, the likelihood of35

moderately to highly explosive eruptions is considerable. Historical distal records of trachytic tephra found in Ireland (Hunt,

2004) and basaltic tephra found in older sedimentary records in the North-Atlantic (Lacasse and Garbe-Schönberg, 2001;

Brendryen et al., 2010; Voelker and Haflidason, 2015) or in Greenland ice-cores (Abbott and Davies, 2012) show the potential

for producing Plinian explosive eruptions, whose size and frequency are, however, highly uncertain.

This paper presents the first comprehensive long-term Probabilistic Volcanic Hazard Assessment (PVHA) for Jan Mayen
:::
JM40

volcanic island focused on the potential impact of airborne tephra concentration on arctic and north-Atlantic air routes. This

is done by using the FALL3D model (Folch et al., 2009, 2020) to simulate the transport of ash clouds and its concentration at

two different
:::
two

:::::::
relevant flight levels over a geographical area of approx 2000 km x 2000 km covering Iceland and the U.K.

In order to account for the natural variability in volcanic eruption intensity, vent position and wind field, we follow two main

steps
::::
have

::::
been

::::::::
followed

:
as suggested in (Sandri et al., 2016)

::::::::::::::::
Sandri et al. (2016).45

First, by using field work
::::
based

:::
on

::::
field

:
data, we identify the possible eruptive categories for Jan Mayen

:::::
classes

:::
for

::::
JM

volcano and then we define a probability distribution function
:::::::::
Probability

:::::::
Density

::::::::
Function (PDF) to describe the relative

probability of the different categories
::::::
classes to occur. For each category

::::
class, we then define PDFs for each

::::::
eruptive

:
parameter

(such as eruption duration or total erupted mass) in order to account for the natural variability of the eruption conditions. Then,

by randomly sampling these PDFs, we generate a large dataset of eruptive source parameters
::::
ESP to be used in input to the50

model
:
as

::::::
model

::::
input. A novel strategy has been developed

::
is

:::::::
proposed

:
to treat and describe the styles of pulsating eruptions,

characterized by a series of discrete short-lived events followed by occasional interruption of the tephra emission. Secondly, to

fully explore the natural variability of the meteorological conditions, the numerical simulations have been randomly initialized

within the period 01-01-1999 - 01-01-2020 (20
::::::::
1999-2020

::::
(21 years). The meteorological data have been obtained from ERA5

reanalysis dataset ().
:::
and

:
FALL3D has been run

::::
used

:
to generate thousands simulations per representative eruptive scenario.55

::
As

::
a

:::::
result,

:::
the

::::::::
following

::::::::
questions

:::
are

:::::::::
answered:
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–
:::::
which

::
is

:::
the

:::::::::
probability

::::
that,

::
in

::::
case

::
of

:::
an

:::::::
eruption

::
at

:::
JM,

:::
the

::::
ash

:::::
cloud

:::::::::::
concentration

::::
will

::::::
exceed

:::
the

::::::
critical

::::::::
condition

::
for

::::
safe

::::::
flights

:::::
within

::
a
::::::
domain

:::::::::
extending

:::::
down

::
to

:::
the

::::
U.K.

:::::::
airspace

:::::
after

::
3,

::
6,

:::
12,

::
24

:::::
hours

:::::
since

:::
the

:::::::::
beginning

::
of

:::
the

::::::::
eruption?

–
::
in

::::
case

::
of

::
an

:::::::
eruption

::
at
::::

JM,
::::::
which

:
is
:::

the
::::::::::

probability
:::
that

:::::::
airports

::
in

:::::::
Iceland

:::
and

:::::
U.K.

:::
will

:::
be

:::::::
affected

::
by

:::
the

::::::::
presence60

::
of

::::
ash?

–
:::::
which

::
is

:::
the

:::::::::
probability

::
to

::::::
exceed

:
a
:::::::::
predefined

:::::::::
hazardous

::::::::
temporal

:::::::::
persistence

::
of

::::::
unsafe

:::::
flight

:::::::::
conditions?

:

–
:::::
which

:::::
flight

::::
level

::::
(FL)

::
is

:::::
likely

::
to

::
be

:::::::::::::
predominantly

::::::
affected

:::
by

::::::
critical

::::::::::::
concentrations

::
of

::::::::
volcanic

::::
ash?

The rest of the paper is organized as follows: section
::::::
Section 2 provides a historical overview of

:::
the

:
Holocene volcanic

activity of Jan Mayen
:::
JM volcano. Section 3 describes the most likely eruptive categories

::::::
classes based on the five historical65

known eruptions of Jan Mayen;
:::
JM, fits them into a Probability Density Function (PDF )

::::
PDF

:
for the total erupted volumeand

address ,
::::::::
addresses

:
a novel strategy to treat and describe

:::::::
describes

:
the styles of pulsating eruptions. Sections 4 and 5 present

results and discussions.
:
,
:::
and

::::::
finally,

:
Section 6 concludes the study.

2 Jan Mayen Volcanism

Jan Mayen
:::
JM is a Norwegian volcanic island located in the North-Atlantic Ocean at 71° N, 8° W around 600 km north

:::::
North of70

Iceland, in the Norwegian Greenland Sea
::::
(Fig.

::
1). According to (Kandilarov et al., 2012)

::::::::::::::::::::::::::::::::::::
Kandilarov et al. (2012); Larsen et al. (2021)

, Jan Mayen microcontinent (JMMC, Fig. 2a) is a structural entity enclosing the Jan Mayen Ridge (JMR) and the surround-

ing area, including the Jan Mayen Basin (JMB), the Jan Mayen Basin South (JMBS), the Jan Mayen Trough (JMT), and the

Southern Ridge Complex (SRC) (see Fig. 2b). To the north, JMMC is bordered by the Jan Mayen Fracture Zone (JMFZ) and

the volcanic complex of Jan Mayen Island, while to the south, east and west
:::::
South,

::::
East

::::
and

::::
West

:
it borders by the NE coastal75

shelf of Iceland (NIS), the Norway Basin and the Kolbeinsey Ridge (KBR), respectively (Fig. 2a). Although the historic ac-

tivity reports at least five eruptive periods over the last 200 years (since the discovering of
::
the

:
island at the beginning of the

17th century)
::::::::::::::::::
(Gjerløw et al., 2016), its Holocene eruptive history is basically unknown. In this sense, the eruptive history of

Jan Mayen
:::
JM comprises only a very few distal sediment cores as well as lava flows and tephra deposits from eruptions on the

ice-free parts of the Beerenberg volcano. Distal records as trachytic tephra found in Ireland (Hunt, 2004) and basaltic tephra80

found in older sediment-records in the North-Atlantic (Lacasse and Garbe-Schönberg, 2001; Brendryen et al., 2010; Voelker

and Haflidason, 2015) or in Greenland ice-cores (Abbott and Davies, 2012) have shown the potential for explosive ash-forming

eruptions whose size, frequency, and potential impact are, however, uncertain. According to (Imsland, 1978)
:::::::::::::
Imsland (1978)

, explosive hydromagmatic eruptions were common earlier in the history of Jan Mayen
:::
JM. Nevertheless, as the island grew

above sea level, such eruptions became less frequent and the volcanism essentially localized on two different regions: 1) the85

Beerenberg central volcano and its flank eruptions
::
in

::::::::::
northeastern

::::
part

:::::
(called

:::::::::
Nord-Jan) and, 2) the Midt- and Sør-Jan volcanic

ridge extending to the south-west. On the
::::
from

:::
the

::::::
middle

::
to

:::
the

:::::::::::
southwestern

::::
part

::::::
(called

::::::::
Midt-Jan

:::
and

::::::
Sør-Jan

::::::::::::
respectively).

::
On

:
one hand, considering that the higher altitudes of the volcano are ice-covered and glacier tongues extend down to sea level
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Figure 1.
::
JM

::::::
location

:::
and

:::::::::::
computational

::::::
domain

:::
for

:::
the

:::
JM

:::::
PVHA

:::::::
including

:::::::
Iceland,

::::::
Ireland,

:::
and

:::
the

:::::
United

::::::::
Kingdom

::::
(blue

::::
box).

::::
The

::
red

::::::
contour

:::::
shows

:::
the

:::
FIR

:::::
(Flight

::::::::::
Information

::::::
Region)

::
for

:::::
which

:::::::
Icelandic

::::::::::::
Meteorological

:::::
Of�ce

:
is

:::::::::
responsible

:::
(for

::::::::::
visualization

:::::::
purposes

::::
only).

:::
The

::::
blue

:::
star

:::
and

::::::
triangle

::
in

::
the

::::::
zoomed

::::
map

::::::
indicate

::
the

:::::::
location

::
of

::::::::
Beerenberg

::::::
volcano

:::
and

::::::
Eggoya

:::::
crater

::::
(1732

::::::::
Surtseyan

:::::::
eruption)

:::::::::
respectively.

:::
The

::
2

:::
blue

:::::
circles

:::::
show

::
the

::
2

:::::::::
hypothetical

:::
vent

:::::::
locations

::
in

:::
the

::::
wind

:::::
pro�le

:::::::
analysis.

:::::
Black

:::::
circles

::::::::
correspond

::
to

:::::::
Ke�avik

:::
and

::::::
Akureyri

::::::::
(Iceland),

:::::
Vágar

:::::
(Faroe

:::::::
Islands),

::::::::
Edinburgh

::::::::
(Scotland)

:::
and

::::::::
Heathrow

:::::
(U.K.,

:::::::
London)

:::::::
airports.

:::::::
Nord-Jan,

:::::::
Midt-Jan

::::
and

::::::
Sør-Jan

::::::::
correspond

::
to

:
3

::::
areas

::
in

:::::
which

:::
JM

:
is

::::::::
classically

:::::::
divided.
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Figure 2. Overview map (a) of the study area with the location of structural elements identi�ed on potential �eld data. Struc-

tural elements map (b) for the
:::
Jan

::::::
Mayen

::::::::::::
microcontinent

:
(JMMC): mapped faults, fractures zones and lineaments based on

(Peron-Pinvidic et al., 2012; Gernigon et al., 2015)
::::::::::::::::::::::::::::::::::::
Peron-Pinvidic et al. (2012); Gernigon et al. (2015). The background image is shaded

bathymetry (IBCAO 3.0: (Jakobsson et al., 2012; Amante and Eakins, 2009)
:
). Image retrieved from(Blischke et al., 2017)

:::::::::::::::
Blischke et al. (2017).
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at several locations, the Holocene eruptions from the summit crater are dif�cult to map and no tephra layers have been pos-

itively linked to eruptions from the summit. Only a few land-based tephra records on the ice-free areas of Beerenberg have90

been mapped with some detail. Based on several sediment cores,(Gjerløw et al., 2016)
:::::::::::::::::
Gjerløw et al. (2016) concludes that the

Holocene volcanism on Beerenberg has been effusive or mildly explosive. As a result, the most common forms of recognized

volcanic activity at Beerenberg are �ank eruptions in the form of basaltic �ssure and Strombolian to violent Strombolian erup-

tions. Eruption frequency is dif�cult tobeassessed
:::::
assess

:
due to scarce reconstruction data. However, during historical times,

the Beerenberg`s eruption rate has been around 1 eruption every 60-70 years, with eruptive phases lasting in the range of days to95

months. During the most recent effusive eruption in 1970, the largest known one during the Holocene, the volume of lava �ows

was of at least 0.5 km3 Dense Rock Equivalent (DRE) (Siggerud, 1972). On the other hand, volcanism onMidt-
:::::::
Midt-Jan

and Sør-Jan represents mostly effusive eruptions characterized by scoria cones, shallow marine to coastal phreatomagmatic

eruptions, coulees and domes()
::::::::::::::::::::::::::::::::::::::::::::
(Larsen and Guðmundsson, 2016; Gjerløw et al., 2015). The eruption frequency on this part of

JanMayen
:::
JM

:
is also dif�cult to assess due to erosion and superimposition of newer vents (possibly covering and removing100

older ones). However, considering visible evidence, the (under) estimated number
::
of eruptions over the last 10k years is around

45, resulting in an eruption frequency of 1 eruption every 220 years. The duration of the eruptions fromSør-andMidt-Jan

::::
Midt

:::
and

:::::::
Sør-Jan

:
is still unknown. The unrest episode recorded in 1732 (Eggoya, Midt-Jan), which led to the largest known

explosive eruption, was a Surtseyan eruption that dispersed tephra over large parts ofJanMayen
:::
JM and the surrounding seas.

The volume of tephra ranges between 0.3-0.4 km3 .105

:::::::::::::::::
(Gjerløw et al., 2015)

:
.

3 Methodology

3.1 Eruption scenarios

The possible
::::::
Despite

:::
the

::::::::::
limitations

::
of

::
a

::::::::
complete

:::::::::
geological

::::::
record

:::::::::
composed

::
of

::::
both

::::::::::::
chronological

::::
and

::::::::
statistical

:::::
data,

::
the

::::::::
possible

::::::
relative

:
eruptive scenarios at JM are based on 5 historical and prehistorical known eruptions. According to the110

categorization proposed by
::::::::::::::::::::::::::::::::::::::::::::
Larsen and Guðmundsson (2016); Gjerløw et al. (2016), eruption scenarios can be characterised

by small (< 0.1 km3), moderate (0.1-0.5 km3), large (> 0.5 km3) DRE volumes or magnitudes (see Table 1), andSub-Plinian

::::::::::
(Pyle, 2015),

::::
and

:::::::::
sub-Plinian

:
eruptions.

– Small eruptions are mostly effusive events characterised by small lava �ows or small scoria cones, with erupted volumes

ranging107-108 m3 (total less than 0.1 km3 DRE), corresponding to eruption magnitudes 1 to 2, hence VEI=2.
:
2115

::::::::::::::::::::
(Newhall and Self, 1982)

:
. Based on historical occurrence, this scenario can last for about 35-40 hours.

– Moderate
:::::::
Medium eruptions include subaerial, sub-glacial and evensurtseyan

::::::::
Surtseyan eruptions depending on

:::::
within

which environment they occur. Subaerial eruptions would be mainly located on Beerenberg volcano and they are ex-

pected to be effusive and/or Vulcanian toViolent
::::::
violent Strombolian. When effusive,moderate

:::::::
medium eruptions are

characterised by aa-lavas but also pahoehoe-�ows. Surtseyan eruptions are expected to be located onJanMayen
::
JM

:
and120
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Table 1. Possible relative eruption scenarios onJanMayen
::
JM

:
Island. The categorization is based on the volume of tephra emitted in

DRE. Data obtained from, (Gjerløw et al., 2016)
::::::::::::::::::::::::::::::::::::::::
Larsen and Guðmundsson (2016); Gjerløw et al. (2016). According to the geological record

(extending beyond
::
the Holocene), subPlinian/Plinian events are highy unlikely (1%). Because of this, they are not included in this table.

Total Erupted Volume Eruption Magnitude Eruption type Duration Historical relative frequency

(km3 (DRE)) (VEI) (hour/days) (Probability)

Small < 0.1
:
1

::
to

:
2
:

small lava �ows or smallscoriacones 35-40 hours 1 out 5 (20%)

::::
scoria

:::::
cones.

:
VEI=2

Medium 0.1-0.5
:
3
::
to

::
4 Effusive and/orvolcanian

:::::::
Vulcanian

:
4-40 days

to violent Strombolian possibly pulsatingif Surtseyan 2-3 out 5 (40-60%)

Surtseyaneruption
::::::::
Surtseyan. VEI=3

:
if

:::::::
Surtseyan

:

Large > 0.5
:
4

::
to

:
5
:

Explosive and/or effusive 1-4
::
1-5 days 1-2 out 5 (20-40%)

VEI=4

the surrounding shallow part of the ocean. These eruptions consist of phreatomagmatic pulses, each of which, according

to observations, can last for approximately 0.5-8 days, generate a volcanic plumes between 3 and 11 kmin high
:::::
above

:::
sea

::::
level

:::::
(a.s.l), and have a range of total erupted volume of108 –108:7 m3 (total volumeemittedwould be between

0.1and0.5
:::
-0.5

:
km3 DRE), corresponding to eruption magnitudes 3 to 4, and VEI=3. The total duration of the eruption

is not well constrained, as it can last between approximately 4 days andone
:
1
:
month. As a result,ashfall

::::::::::::
tephra-forming125

phases are expected, producing deposits more than one-meter thick within 5 km from the vent. The reference eruption

for the Surtseyan type is the Eggoya 1732 AD eruption that produced at least 0.3-0.4 km3 of tephra (0.16-0.21 km3

DRE) (Gjerløw et al., 2016)
:::::::::::::::::::::::
(Gjerløw et al., 2015, 2016).

– Large eruptions are expected to be initially subglacial and include moderate to sub-Plinian eruptions. During the opening

phases, due to magma-ice interaction, the activity is explosive and characterised by plume heights reaching more than130

10 km
:::
a.s.l

:
and a range of total erupted volume of108:7�10 9

::::::::
108:7–109

:
m3 (total volume emitted> 0.5 km3 DRE),

corresponding to eruption magnitudes of 4 to 5 and VEI=4. In this initial short-lasting explosive phase, a very small

amount of tephra is expected to be ejected (approximately 5% of the total erupted mass). The reference eruption for this

type is the 1970 event that produced at least 0.5 km3 DRE (Siggerud, 1972). As the eruption proceeds it becomes more

effusive lasting for 1-4 days.135

– Sub-Plinian
::::
Very

:::::
Large

:
eruptions include sub-Plinian to Plinian eruptions characterised by column heights from 15

km to 25 km
:::
a.s.l

:
and a range of total erupted volume of109�10 9:7

::::::::
109–109:7

:
m3, hence eruption magnitudes of 5

to 6, corresponding to sub-Plinian type I or VEI� 5. According to(Gjerløw et al., 2016)
:::::::::::::::::
Gjerløw et al. (2016), in the

geological record (extending beyond Holocene) there is evidence of 10 tephra layers from subPlinian/Plinian events in

119k years. Because of this, we assign a subjective probability of 1% to thiscategory
:::
class

:
in case of eruption.140
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Figure 3.
::::::
Weibull

::::
PDF

::::::::
describing

::
the

:::::::::
conditional

::::::::
probability

::
of

:::::::
different

::::::
eruptive

:::::::::
magnitudes

::
in

:::
case

::
of

:::
an

::::::
eruption

::
at

:::
JM

:::::
Island.

:::
The

::::
four

::::
colors

:::::
cover

:::
the

:::::
erupted

::::::
volume

::::::
ranges

:
in

:::
the

::::
four

::::::::
“classical”

::::::
eruption

::::::
classes

::
for

::::
JM,

::::::::
classically

:::::::::
synthesized

::
in

:
4

:::::::::::
representative

:::::::
scenarios

:::
with

:
a
::::
�xed

:::::
mass,

::::::::
neglecting

::
the

::::::::
variability

::
in

::::::
volume

:::::
around

::::
these

::::::::
scenarios.

:::
The

:::
area

:::::
under

:::
the

::::::
different

::::
parts

::
of

:::
the

:::
plot

::::::::
correspond

::
to

:::
the

::::::::
probability

::
of

::
an

:::::::
Effusive,

:::::::
Medium,

::::
Large

:::
and

::::::::
subplinian

::::
class

:::::
range

::::::
eruption

:::::::::
respectively,

:::::::::
conditional

::
to

::::::
eruption

:::::::::
occurrence.

:::::
These

:::::
values

::
are

::
in

::::::::
agreement

::::
with

::::::
previous

::::::
studies

::
for

:::
JM

::::::::::::::::::::::::::::::
(Larsen et al., 2017; Gjerløw et al., 2016)

:
.

3.2 Probabilistic hazard assessment approach

Until a few years ago, volcanic hazard assessment was largely based on the concept of “eruptive scenario”, characterized by

subjectively-de�ned eruption conditions. Hazard was then quanti�ed under the strong assumption that the next eruption from

a given volcano will be similar to the selected “representative eruptive scenario”
:::::::::::::::::::::::::::::::::::::
(Macedonio et al., 2008; Barsotti et al., 2018)

. However, when assuming a representative eruptive scenario, one is implicitly neglecting the large uncertainties (both aleatory145

and epistemic) in the parameters that de�ne the scenario also called “intra-size variability”(e.g. Woodhouse et al., 2015; Harvey et al., 2018)

.
::::::::::::::::::::::::::::::::::::
(Woodhouse et al., 2015; Harvey et al., 2018)

:
.
:
More recent approaches try to circumvent the effects of natural variability by

averaging hundreds of simulations where eruption parameters are sampled within a broad set of eruptive conditions in the so-

called “eruption range scenarios”(e.g. Bonadonna et al., 2005; Folch and Sulpizio, 2010; Harvey and Dacre, 2016; Prata et al., 2019)

::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Bonadonna et al., 2005; Folch and Sulpizio, 2010; Prata et al., 2019). However, the use of a speci�c and limited range of erup-150

tion parameters continues introducing a large biased and uncertainties in the description of potential eruptive processes. For this

reason, more recent approaches are based on the concept of a continuum of possible combinations of eruptive parameters, which

translates into exploring a large set (many thousands) of simulations as proposed by(Sandri et al., 2016; Sulpizio et al., 2012)

. The naturalapproachto do it is by de�ning probability distributionswithin plausibleranges.As a consequence,eruption

:::::::::::::::::::::::::::::::::
Sulpizio et al. (2012); Sandri et al. (2016)

:
.
::::::::
Eruption parameters (e.g, total erupted mass, duration of the fallout phase, mass155
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eruption rate, total grain size distribution, etc.) are de�ned and randomly sampled from speci�c probability distributions (San-

dri et al., 2016). The processes for sampling and weighting possible statistical combinations of values for the volcanological

parameters corresponds to their probability of occurrence: this allows giving more/less weight to more/less likely combinations.

WeibullPDFdescribingtheconditionalprobabilityof differenteruptivemagnitudesin caseof aneruptionfor JanMayenIsland.

Thefour colorscovertheeruptedvolumerangesin thefour “classical”eruptioncategoriesfor JanMayen,usuallysynthesized160

in 4 representativescenarioswith a �xed mass,neglectingthe variability in volumearoundthesescenarios.The areaunder

the different partsof the plot correspondto the probability of an Effusive, Medium, High and Subpliniancategoryrange

eruptionrespectively,conditionalto eruptionoccurrence.Thesevaluesarein agreementwith previousstudiesfor JanMayen

(Larsen et al., 2017; Gjerløw et al., 2016). In order to explore the intra-size variability, we proceed as in(Sandri et al., 2016)

:::::::::::::::
Sandri et al. (2016):165

1. A very broad range of possible eruptivecategories
::::::::
scenarios, characterized by the total erupted volume, is selected as

explained in Section 3.1.

2. The total erupted volume is used to de�ne the total erupted mass, the eruption magnitude, and the VEI.

3. The eruptivecategoryrange is split into eruption classes linked to representative members (seesection
::::::
Section 3.1), each

characterized by an approximate conditional probability in the geological and historical record (see Table 1).170

4. Over the total range of possible erupted volumes (approximately107 � 1010 m3), up to 6 different truncated Probability

Density Functions (PDF) are tested to describe the conditional probability of these 4 mutually exclusivecategories
:::::
classes:

Normal, Exponential, LogLogistic, LogNormal, Gamma and Weibull. The best model is selected according to the

AkaikeInformationCriteria
:
's

::::::::::
Information

::::::::
Criterion

:::::
(AIC)

:::::::::::::::::::::::::::
(Bozdogan, 1987; Akaike, 1998),

::::::
where

::
the

:::::::
relative

::::::::
goodness

::
of

::
�t

::
of

:::::
such

:::::
PDFs

::::
(i.e.,

::::
the

::::::::
likelihood

:::
of

:::
the

::::::::
catalog's

::::::::::
frequencies

::
of

:::
the

::::::::
different

:::::::
eruptive

:::::::
classes,

:::::
under

::::::::
different175

:::::
PDFs)

::
is

:::::::::
compared,

::::::::
penalized

::
by

:::
the

:::::::
number

::
of

::::::::::
parameters.

:::
The

:::::
PDF

::::
with

:::
the

:::::
lowest

::::
AIC

::
is

:::::::::
considered

:::
the

::::
best

::::::
among

::
all

::::::::
speci�ed

::::
ones. Indeed, the assumption of a common PDF for the total erupted volume across the different eruption

classes allows a smooth and coherent linking among them (Sandri et al., 2016). For JM, the Weibull PDF(seeFigure3)

better �tted the expected frequencies on the sub-ranges for the 4 different eruption classes. This PDF is used to assign a

conditional probability of occurrence to each simulation as a function of the associated total erupted volume
:::
(see

::::::
Figure180

::
3).

5. Considering the behavior of similar scenarios including wet plumes, for Medium and Large classes we account for

particleaggregatesassumingdifferentaggregatebin. Theyare
:::
ash

:::::::::
aggregation

:::::::::
assuming

:::
two

::::::::
different

::::::::
aggregate

:::::
types

characterised by densities in the range of 250 and 350 kg/m3 and diameters between 100 and 250� m.

3.3 Pulsating eruptions: Modelling and strategy185

A novel strategy is proposed to describe the styles and model dispersal from pulsating eruptions
:::::::::
(Surtseyan

::::::::
eruptions,

:::::::::
belonging

::
to

:::::::
Medium

::::
class

::
in

:::::
Table

::
1), characterized by a series of discrete short-lived events followed by occasional interruption of the

9



Figure 4.
::::::
Proposed

:::::::
strategy

:
to

::::
treat

:::
and

:::::::
describe

:::
the

::::
styles

:::
of

:::::::
pulsating

:::::::
eruptions,

:::::::::::
characterized

::
by

:
a
:::::
series

::
of

::::::
discrete

:::::::::
short-lived

:::::
events

::::::
followed

:::
by

::::::::
occasional

:::::::::
interruption

::
of

::
the

:::::
tephra

:::::::
emission.

emission of tephra. The strategy has been developed considering the ranges of all the ESP described insection
::::::
Section

:
3.1. For

each pulsating scenario, the ESP associated with column shape, total grain size distribution, and sphericity of tephra particles

are also sampled from given PDFs. However, the difference is that column heights are not derived from the mass eruption190

rate but using the following approach (see Figure 4):Proposedstrategyto treatanddescribethestylesof pulsatingeruptions,

characterizedby aseriesof discreteshort-livedeventsfollowedby occasionalinterruptionof thetephraemission.

1. Sampling randomly both the total erupted mass (TEMT ) and total duration of the eruption (DurT ) considering values

re�ected in Section 3.1.

2. If the sum of masses erupted by all pulses does not equal or exceed the total erupted mass previously sampled, loop to:195

– Create thei � th pulse sampling randomly column height (Hi ) and duration (Duri ). The duration is sampled from

a normal distribution consistent with the data re�ected in Table 1. The column height is sampled from a triangular

distribution with lower limit 3 km, peak at 6 km, and upper limit 11 km
:::
a.s.l.

– Compute the total erupted mass for such pulse (TEMi ) using the(Mastin et al., 2009)
:::::::::::::::::
Mastin et al. (2009) relation-

ship.200

– Compute (
nP

i =1
(TEMi )), beingn the number of pulses generated so far:

– If (
nP

i =1
(TEMi )) > 0.97*TEMT and (

nP

i =1
(TEMi )) < TEMT ), modify TEMi to obtain

nP

i =1
(TEMi ) = TEMT ,

thereby avoiding small pulses. Compute the new column height (Hi ) using(Mastin et al., 2009)
::::::::::::::::
Mastin et al. (2009)

.
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– Else, if total erupted mass obtained (
nP

i =1
(TEMi )) < TEMT , save the pulse. Otherwise, discard the pulse.205

3. Compute the duration of the eruption as the sum of the duration of all the pulses (
nP

i =1
(Dur i )). If the

nP

i =1
(Dur i ) < Dur T ,

generate n-1 inter-pulses at random time (Resi ) so that their sum equals� (� =Dur T �
nP

i =1
(Dur i )) and insert them

between pulses. Otherwise, if
nP

i =1
(Dur i ) > DurT , update DurT =

nP

i =1
(Dur i ). This case actually supposes a continuous

eruption where each pulse occurs without a rest period.

Computationaldomainfor theJM PVHA including Iceland,Ireland,andtheUK (bluebox). TheredcontourshowstheFIR210

(Flight InformationRegion)for which IcelandicMeteorologicalOf�ce is responsible(for visualizationpurposesonly). The

blue star and triangle in the zoomedmap indicatethe location of Beerenbergvolcanoand Eggoyacrater(1732 surtseyan

eruption)respectively.The2 bluecirclesshowthe2 hypotheticalventlocationsin thewind pro�le analysis.

3.4 Vent location sensitivity

Given the scales of JM Island and the considered domain, the effects of the uncertain vent location on the resulting long-range215

hazard assessment can be expected to be negligible. In order to check this assumption we inspected how ERA5 wind pro�les

vary along the island by focusing on 2 vent locations at the NE (71.15º N, 7.95º W) and SW (70.82º N, 9.02º W) edges of the

island, approximately 55 km apart (blue circles in Figure 1 inset). At these locations we inspected:

Figure 5. Monthly averaged ERA5 wind pro�les (speed and direction) at 2 different locations (NE and SW) ofJanMayen
:::
JM Island.

– Local wind pro�les: Figure 5 shows vertical pro�les of wind speed and direction averaged for the whole month of

December, 2019. As observed, there are little differences in patterns between the two locations.220
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North-East vent

South-West vent

Figure 6.Monthly comparison of the wind pattern computed in 2 different locations (NE and SW) for a whole year, 2018. Top: Wind patterns

corresponding to NE vent. Bottom: Wind patterns corresponding to SW vent. Results were obtained by averaging one year of ERA5 data.

– Annual wind pro�les: Figure 6 shows the wind pro�les averaged monthly for the year 2018. Once again, there are no

differences between the two locations.

Considering the current limitation of both grid resolution and meteorological data resolution, the location of potential JM vents

does not in�uence the ash dispersal pattern. As a result, we will not consider the uncertainty on the vent location and assume a

�xed vent at
::
in the middle of the island.225
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4 Results
:
:

:::::::
Hazard

:::::
maps

::::
and

::::::::::
uncertainty

::::::::::::
quanti�cation

4.1 Hazard mapsand uncertainty quanti�cation

Hazardmapsand probability maps (Elefante et al., 2010) are powerful tools toprovide information
:::::
inform

:
on spatial and

temporal potential impact of speci�c volcanic phenomena. Commonly, they consist of exceedance probability curves, referred

to as hazard curves (Hill et al., 2013). These hazard curves quantify, in a grid point of the target domain and within a speci�c230

time window (exposure time) (Budnitz et al., 1997), the exceedance probability of an intensity measure threshold for a speci�c

phenomenon (e.g., tephra load at ground level or airborne tephra concentrationat two different�ight levels).

In that regard,our
:::
Our

:
objective is to show the usefulness ofHPC-PVHA(probabilistic volcanic hazard assessment in the

framework of High Performance Computing) evaluating the impact of low-probability but high-consequence events on air

traf�c (between Iceland andUK
::::
U.K., see Figure 1) from a potential eruption atJanMayen

::
JM

:
Island, while quantifying how235

the ESP and wind patterns (velocity and direction) in�uence hazard and probability maps of ash dispersal and airborne tephra

concentration.

In this studywe try to answerthefollowing questions:

– which is theprobability that, in caseof aneruptionin JanMayen,theashcloudconcentrationwill exceedthecritical240

conditionfor safe�ights within adomainextendingdownto theUK airspaceafter3, 6, 12,24hourssincethebeginning

of theeruption?

– in caseof an eruptionin JanMayen,which is the probability that airportsin IcelandandUK will be affectedby the

presenceof ash?

– which is theprobabilityto exceedaprede�nedhazardoustemporalpersistenceof unsafe�ight conditions?245

– which �ight level is likely to bepredominantlyaffectedby critical concentrationsof volcanicash?

To this end,considering
:::::::
Although

:::
our

:::::::
method

::::::
allows

::::::::
analyzing

:::
any

::::::
desired

::::
FL,

::
in

:::
this

:::::
work,

::::
only

::::::
FL050

::::
and

::::::
FL250

:::::::
(approx.

:::
1.5

:::
and

:::
7.5

::::
km

:::::
a.s.l)

:::
will

:::
be

:::::::::
analyzed.

::::
Such

::::
FLs

:::::
were

:::::::::
motivated

::::::::::
considering

:::::::
standard

::::::
cruise

::::
and

::::::::
maximum

::::
risk

:::::::
actions

:::::::
altitudes

:::
like

::::::
takeoff

::
or

:::::::
landing.

:::::::
Finally,

::::
three

:::::::
selected

::::
ash

:::::::::::
concentration

:::::::::
thresholds

::::
(0.2,

::
2,

:::
and

::
4

::::::
mg/m3)

:::::
were

:::::::
selected

:::::
based

::
on

:
the impacts of volcanic ash on jet engines summarized in Figure 7

:::
and

:::
the

::::::::::::
considerations

::::::::
included

::
in

:::
the

::::::::
Volcanic

::::
Ash250

::::::::::
Contingency

::::
Plan

::::::::
published

:::
by

:::
the

:::::::::::
International

::::
Civil

:::::::
Aviation

:::::::::::
Organization

::::::::::::
(ICAO, 2021).

:::
As

:
a
:::::
result, we analyze the results

using isolines atdifferent�ight levelsfor
::::::
FL050

:::
and

::::::
FL250

:::
for

::::
these

:
three selected ash concentration thresholds(0.2,2, and4

mg/m3), through three different types of probabilistic maps:

– Arrival time maps: expected time required for the ash concentration to exceeda giventhreshold(0.2,2 , and4 mg/m3

) at different �ight levels
:
at

::::::
FL050

:
with an exceedance probability of 5%, between 0 and 48 hours since the beginning255

of the eruption.
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Figure 7. Overview of volcanic ash or sand/dust impacts on Jet Enginesasprovidedby
:
.

:::::::
Modi�ed

::::
from

:
Rolls-Royce review of aircrafts

encountering airborne particle clouds(Ellis et al., 2021; Rory, 2010)
:::::::::::::::::::::::::::::
(Ellis et al., 2021; Clarkson et al., 2016).

– Exceedance probability maps: reporting the probability of reaching ash concentration above a given threshold (0.2, 2,

and 4 mg/m3) atdifferent�ight levelsandanytimeduring
::::::
FL050

:::
and

::::::
FL250

::
at

:::::
some

::::
time

::::
from

:::
the

:::::
onset

::
of the eruption

up to 48 hours after its end.

– Persistence maps: showing the fraction of hours (since the beginning of the eruption) during which the ash concentra-260

tion exceeds a given threshold (0.2, 2 and 4 mg/m3) with a
:::::::::
probability

:::::
larger

::::
than

:
5%probability.

Figure 8 depicts the arrival time maps forlargeandmedium
:::::
Large

:::
and

::::::::
Medium eruptions respectively. The % value in ex-

ceedance probability has been subjectively selected. However we highlight that our method allows a potential end user to

explore any value of exceedance probability: here,for thesakeof brevity,we only show the 5% maps as an example.265

Arrival time requiredfor the ashconcentration(5000feet or 1,5 km) to exceeda thresholdof 2 mg/m3 with an exceedance

probabilityof 5% between0 and48 hoursaftereruption.Black circlescorrespondto theairportspreviouslycited. Figures

9 and?? (D1 and?? in theappendix)
::
D1

::
in

:::
the

:::::::::
Appendix

::
D show the probability of reaching or exceeding ash concentration

above 0.2 mg/m3, 2 mg/m3, and 4 mg/m3 atdifferent�ight levelsandanytimeduring
::::::
FL050

:::
and

::::::
FL250

::
at

::::
some

::::
time

:::::
from

:::
the

::::
onset

::
of

:
the eruption up to 48 hours after its end

::
for

:::::
Large

::::
and

:::::::
Medium

:::::::
eruptive

::::::
classes

::::::::::
respectively.270

Exceedanceprobability(Medium):probabilityof reachingor exceedingashconcentrationabove0.2mg/m3 (left), 2 mg/m3

(center)and4 mg/m3 (right) at 5000feetat sometime duringtheeruptionup to 48 hoursafter its end. Knowing theextent

andconcentrationof volcanicashcloudsrequirestemporalreasoningof the3D domaingivenby thousands
:::::::::
Thousands of erup-
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