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Abstract
The Eyjafjallajökull 2010 eruption and the resulting ash cloud caused unprecedented
disruption and economic damage to the north European aviation industry.
Improvements in crisis arrangements before the Grímsvötn 2011 eruption prevented similar
disruptions. However, current mitigation strategies still leave the aviation industry vulnerable
to future eruptions.
This report examines the causes of phreatomagmatic eruptions in Iceland’s Eastern Volcanic
Zone, and their impact on north European airspace, and describes potential improvements
to existing mitigation strategies. Literature was drawn from peer reviewed journals and
databases and was included on the basis of relevance, recency and credibility.
Located in the north west of Europe, close to transatlantic air routes and the polar jet stream,
Iceland is ideally placed as a source for ash dispersal over Europe. The risk of future
explosive Icelandic eruptions is considerable. Historical patterns of glacial eruption
frequency and European ash clouds reveal a minimum average of 12 explosive eruptions
per century (Thordarsson and Larsen, 2007) and a 44 ± 7 year ash cloud recurrence rate
(Watson et al., 2017).
Fine ash dominated, silicic phreatomagmatic eruptions occurring during the Icelandic winter
and during strong north-westerly winds, represent the most significant north European
aviation risk. In any decade, there is an 8% chance of an Icelandic, silicic, VEI ≥ 3 ash cloud
(Watson et al., 2017).
Mitigation plan improvements should include greater knowledge of volcanic plumbing system
structures and eruption source parameters, and ash cloud modelling improvements. Models
currently don’t properly account for variability of particle characteristics and atmospheric
processes complexity.
In addition, monitoring of volcanoes under flight corridors, collaborations within the wider
transportation industry, evidence-based ash concentration no flight thresholds, and
multistakeholder scenario planning are all essential.
Failure to embrace the required mitigation improvements exposes the aviation industry and
the countries they operate in, to significant economic risk.
(Word count: 299)
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Preface
I chose this area of research because at the time of the Eyjafjallajökull 2010 eruption, I was
in Trinidad and Tobago on a job reconnaissance with my husband. We had left our three
very young children in the care of their grandparents in Scotland with the intention of
returning four days later.
Phase one of the explosive eruption occurred on the day we landed in Trinidad and
widespread European airspace disruptions stranded us there for two weeks.
The experience brought home to me that as a result of our increasing reliance on
international aviation and an absence of effective mitigation strategies, our vulnerability to
the risks of natural hazards has increased.
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List of Abbreviations
ATS
BGS – AADM

Air Traffic Service
British Geological Society Automatic Ash Dispersion Mode

BGS
CAA
DOAS

British Geological Society
Civil Aviation Authority
Differential Optical Absorption Spectroscopy

DRE
EACCC
EPZ

Dense Rock Equivalent
European Aviation Crisis Co-ordination Cell
Enhanced Procedure Zone

ESP
EVZ

Eruption Source Parameter
The Eastern Volcanic Zone

FAB
FTIR

Functional Airspace Block
Fourier Transform Spectroscopy

GIA
ICAO

Glacial isostatic adjustment
International Civil Aviation Organisation

LaMEVE
m.a.s.l.

Large Magnitude Explosive Volcanic Eruptions
Metres Above Sea Level

Met Office
MFCI
NAA
NEVA
NFZ
NOTAM
PSD
SRA
TGSD
VAAC
VASAG

The Meteorological Office
Molten Fuel Coolant Interaction
National Aviation Authority
North European Volcanic Ash
No Flight Zone
Notice To Airmen
Particle Size Distribution
Safety Risk Assessment
Total Grain Size Distribution
Volcanic Ash Advisory Centre
Volcanic Ash Scientific Advisory Group

VOLCEX

VOLCanic ash EXercises

WOVOdat
VEI

World Organisation of Volcanic Observatories database
Volcanic Explosivity Index
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Chapter 1 Introduction
Section 1.1

Background

There is a long record of Icelandic Eastern Volcanic Zone (EVZ) ash clouds in northern
Europe (Watson et al., 2017). The EVZ continues to be the subject of prodigious magma
production and subglacial eruptions (Thordarsson and Larsen, 2007). These resulted in the
phreatomagmatic ash clouds from the 2010 Eyjafjallajökull eruption, which caused
considerable disruption and damage to the north European aviation sector.
Section 1.2

Objectives

The objectives of this research are to:
1 Describe Iceland’s unique geological setting, examining the processes resulting in, and
affecting the nature of, phreatomagmatic eruptions.
2 Analyse how the density, size and shape of phreatomagmatic airborne tephra, and
meteorological conditions during an eruption, affect spatial and temporal ash distribution,
and impact aviation, using the Eyjafjallajökull (2010) and Grímsvötn (2011) eruptions as
case studies.
3 Discuss the pattern and frequency of eruptions in Iceland’s Eastern Volcanic Zone (EVZ)
and the likelihood of future ash clouds, and evaluate the extent of the phreatomagmatic
hazard presented to northern European airspace.
4 Analyse existing aviation industry mitigation strategies and evaluate possible
improvements to more effectively moderate the impact of future EVZ eruptions.

Figure 1.1 Showing Iceland and north European and transatlantic airspace (Source: Google
Earth, 2015).
Section 1.3

Scope

The purpose of this report is to provide an overview of the current literature on the internal
and external controls that drive Iceland’s Eastern Volcanic Zone (EVZ) phreatomagmatic
eruptions, and the dispersal and impact of ash on northern European and transatlantic
airspace (Figure 1.1). Understanding eruptive and dispersal controls is key to accurate ash
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cloud forecasting and the effective mitigation strategies required for improved aviation
industry preparedness and resilience.
This literature review is limited to phreatomagmatic eruptions in Iceland’s EVZ. Eruptions in
other Icelandic volcanic zones, offshore eruptions and societal issues are not within the
scope of the report. Cryptotephra records are included as they aid characterisation of
eruption frequency and pattern, and future hazard assessment.
The Eyjafjallajökull (2010) and Grímsvötn (2011) eruptions are used as case studies to
appraise the character of recent northern hemispheric phreatomagmatic eruptions, the
influence of weather conditions and the response of authorities during the eruptions.
Studies of historical EVZ eruptions and ash clouds in Europe provide a context within which
the pattern and frequency, and the risk of future aviation disruption is considered. Current
mitigation strategies are interrogated for adequacy and recommendations for further
improvement are made.
Section 1.4

Methodology

Literature searches were conducted using citation searches, citation tracking and ‘Alerts’ in
Google Scholar, Semantic Scholar, The OU Library and databases such as Web of Science
and Scopus. Search terms such as Phreatomagmatic AND Iceland AND Airspace AND
Aviation were used. This resulted in a selection of 60 research articles focused on relevant
Abstract and Conclusions content, peer reviewed journals and a number of citations. The
Icelandic Meteorological Office website was interrogated for literature on specific volcanic
systems.
Research published after 2000 was prioritised. However older research was selected where
it provided underpinning subject knowledge and satisfied the OU PROMPT criteria.
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Chapter 2 Internal controls
Section 2.1

Iceland’s geological context.

Iceland straddles a mantle plume and is the subaerial expression of an active mid-ocean
ridge. It features a number of volcanic and transform zones divided into 30 systems (Figure
2.1), each consisting of a central volcano and associated fissure swarm (Sigmundsson et al.,
2020).
N

Bárđarbunga

Hekla
Grímsvötn

Eyjafjallajökull
Katla

Eastern
Volcanic
Zone

Figure 2.1 Showing Iceland’s geological setting (Modified from source: Mapsland, n.d.; Flis,
2019).
Iceland’s mantle plume is centred under the EVZ Vatnajökull ice-cap (Alfaro et al, 2007). Its
high magma production causes unusual crustal thickness of 4 to 5 times normal 7 km
oceanic crust (White et al., 2019). This is compounded by the spreading rate of 18 – 19 mm
y-1 of the Eurasian and north American plates and by over 30 mm y-1 of uplift from glacial
unloading, both of which also occur largely in the EVZ (Sigmundsson et al., 2020; Compton
et al., 2015).
Iceland produces an average of 12 explosive eruptions per century with 80 % of verified
eruptions occurring in the EVZ at Iceland’s most active subglacial volcanoes, Grímsvötn,
Bárđarbunga, Katla and Hekla (Thordarsson and Larsen, 2007).
Section 2.2

Volcanic plumbing systems in the EVZ

Knowledge of volcanic plumbing systems is important for understanding mantle melt
migration and understanding eruptive behaviours.
The interaction of the mantle plume and the active spreading ridge results in a complex
crustal structure. Seismic and crystal analysis by Jenkins et al. (2018) suggests that the
Icelandic crust is layered and thins with increasing distance from the centre of the mantle
plume.
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White et al. (2019) assert that in Iceland magma ascent may stall at various crustal depths
as sills, penetrate existing sills, accumulate in shallow regions under central volcanoes and/
or migrate laterally towards volcanic flanks. Magma is processed over a range of depths and
durations (Figure 2.2), generating magma compositions ranging from basaltic to rhyolitic.
Atmosphere
Glacier

Depth below sea-level (km)

0
5
10
15

Sill

Dyke

Dyke

20
25

Seismic
Moho

Mantle

Figure 2.2 Stacked sill magmatic plumbing system beneath the Iceland’s EVZ rift zone
(After: White et al., 2019).
Section 2.3

Petrology

A magma’s composition (Figure 2.3), and particularly it’s SiO2 content, influences its
explosivity and the associated ash cloud’s composition and particle size. Although 92% of
Icelandic postglacial eruption products are basaltic (Sigmundsson et al., 2020), many EVZ
volcanic systems erupt both basaltic and more silica rich magmas (Thorđarsson and
Höskuldsson, 2008).
Rose and Durant (2009) show that with increased SiO2 content, a magma’s permeability
declines and its viscosity increases, resulting in more energetic eruptions for andesite –
trachyandesite magmas which produce 30 – 50 wt % fine ash content compared to 1 – 4 wt
% fine content in basaltic ash. In addition, Sparks (2003) found that high ascent rates
provide little time for efficient gas / magma segregation which promotes violent magma
fragmentation and explosivity.
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Figure 2.3 Magma composition - TAS diagram (Source: Le Bas and Streckeisen,1991).
Section 2.4

Water-Magma interactions

Phreatomagmatic eruptions are characterised by violent water-magma interactions and
typically control subglacial eruptions in the EVZ (Cassidy et al., 2018).
The confining pressure produced by glaciers initially supresses subglacial explosivity
(Tuffen, 2007). When ascending magma interacts with the glacier base, an effusive eruption,
a subglacial melt water lens and vaporised water are produced (Figure 2.4).
Increasing eruption edifice height reduces the overlying pressure, prompting a feedback loop
of rapid volatile exsolution, gas expansion and increased magma ascent, resulting in brittle
magma fragmentation (Graettinger et al., 2013).
Syn-eruptive release of glacial melt water away from the eruption site leaves residual water
above the magmatic edifice, generates an ice cauldron at surface (Björnsson et al., 1997).
The resulting rapid pressure reduction initiates a sub-aqueous phreatomagmatic eruption
(Tuffen, 2007).
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atmosphere

glacier

water vapour

magma

meltwater

Figure 2.4 Cross section of a subglacial eruption (Modified from source: Björnsson et al.,
1997).
Büttner and Zimanowski (1998) apply Molten Fuel Coolant Interaction (MFCI) studies to
argue that sudden vapour film collapse at the water / magma interface facilitates rapid
thermal to mechanical energy conversion and generates brittle magma fracture. In contrast,
Lui et al. (2015) propose that vesicles in quenched magma intensify the stresses associated
with a rapidly cooling exterior, resulting in magma fragmentation. For either process water
ingress into the fragmented magma generates further violent fragmentation and production
of fine ash particles.
The eruption becomes subaerial when the magmatic edifice breaches the melt water and the
ice above it and ash particles are thrust into the atmosphere.
Section 2.5

Density, size and shape of airborne tephra

Ash released into the atmosphere during an explosive volcanic eruption can be transported
great distances. The density, size and shape of a particle influences its aerodynamics and
strongly controls how long it remains in the atmosphere (Beckett et al., 2015).
The density of SiO2 rich ash is lower than of SiO2 poor, iron rich ash, suggesting that basaltic
ash should fall quicker than rhyolitic ash (Vogel et al., 2017). In addition, studies by Girault et
al. (2014) and Beckett et al. (2015) both confirmed that the smaller a particle, the slower it
falls.
In addition, the less spherical a particle is, the greater its aerodynamic drag and the slower it
falls (Riley et al., 2003). This was confirmed by Saxby et al. (2018), who demonstrated travel
distance from Katla as function of particle sphericity (Figure 2.5).
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Figure 2.5 Modelling of maximum travel distance from Katla, Iceland for; a) Spherical
particles; b) non-spherical particles (Source: Saxby et al., 2018).
Aggregation of fine and coarse particles acts to make the combined shape less spherical
and reduces overall density. Originally fine ash particles will travel less far whereas originally
coarse particles will travel further when aggregated (Rossi et al., 2021).
Section 2.6

Discussion

Iceland’s EVZ provides the ideal circumstances for frequent, explosive volcanic eruptions.
Other than being located on a hotspot and a mid-oceanic rift, its layered crust, which
promotes shallow stacked magma reservoirs, is overlain by glaciers. Combined, these
factors promote magma fragmentation, resulting in the production of fine ash particles.
Disagreement about magma fragmentation mechanisms has its origins in differences of
magma composition, with Büttner and Zimanowski (1998) focusing on viscous, high silica
magmas, which are more appropriate for MFCI studies, and Liu et al. (2015) concentrating
on basaltic eruptions.
In addition to size, particle shape and density also have an impact on ash cloud travel
distance. Riley et al. (2003) and Saxby et al. (2018) use different measurement schemes to
assess these parameters, but come to similar conclusions: fall velocity increases with
increased density, sphericity and size. Similarly, aggregation processes act to modify
atmospheric ash concentrations through premature removal of fine ash and retention of
coarse ash.
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Chapter 3 External controls
Section 3.1

Volcanic plume height and mass eruption rate

Explosive plume formation begins with an upward jet of particles and gas, which rises from
air entrainment and convective, positive buoyancy until maximum plume height is achieved
and the cloud spreads laterally (Girault et al., 2014; Woods, 1995).
The height that a volcanic plume reaches in the atmosphere determines whether the ash
intercepts busy aviation routes.
Higher plumes are generated by eruptions in a stratified atmosphere and with large mass
eruption rates (MER) (Equation 3.1.) This is because large MER (> 107 kg s-1) eruptions
possess the higher heat content required to generate greater plume buoyancy (Mastin et al.,
2009).
H = c * V0.241
Equation 3.1 Plume height equation, where H = height, V = MER and c = atmospheric
stratification constant (Modified from source: Mastin et al., 2009).
Degruyter and Bonadonna (2012) argue with the simplicity of this model and propose an
alternative which accounts for the impact of humidity and wind on plume height and MER.
Models can also be used to infer MER from plume height. Studies suggest plume height
uncertainties of ± 20% can lead to variations of MER values of ± 50% (Macedonio et al.,
2016), considerably increasing the uncertainties of ash concentration forecasts derived from
MER.
Section 3.2

Atmospheric conditions

Plume dynamics and height are also sensitive to seasonal atmospheric conditions near the
eruption (Leadbetter and Hort, 2011; Glaze and Baloga, 1996; Woods, 1995). A weak plume
has a smaller vertical velocity than the speed of the wind and as a result, bends over. A
strong plume has a vertical trajectory in the face of high wind speed (Costa et al., 2016),
(Figure 3.1).
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Figure 3.1 Showing strong wind plume bending (After: Costa et al., 2016; Bursik et al.,
2009). For flight levels (FL) see section 5.3.
Excess air entrainment can reduce plume buoyancy which causes weaker plumes to bend in
crosswinds, resulting in low heights for given MERs (Table 3.1) (Girault et al, 2016;
Macedonio et al., 2016).
Table 3.1 Impact of various parameters on column height in windy conditions (Modified
from source: Macedonio et al., 2016).
Increased parameter
MER
Vent radius
Air entrainment
Wind speed

Plume strength
Weak (1.5 x 106 kg s-1)
Strong (1.5 x 109 kg s-1)
More column height increase for Less column height increase for
a given MER
a given MER
More column height increase for Less column height increase for
a given MER
a given MER
More column height decrease,
Less column height decrease
particularly in strong winds
More column height decrease,
Less column height decrease
particularly as wind velocity
increases

Iceland’s geographical location means large plumes can interact with the fast eastward
flowing polar jet stream at altitudes of ~ 9 500 m (Met Office, 2021). Jet stream interaction
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can lead to rapid ash transport across northern European airspace and significant plume
bending even for large plumes which could otherwise reach >30 km (Bursik et al., 2009).
At mid-latitudes (60°), the positive winter thermal gradient, where atmosphere warms with
altitude, inhibits plume height (Table 3.2) (Glaze and Baloga, 1996). This is in comparison
with the summer when eruptions are more likely to penetrate the stratosphere.
Table 3.2 Modelled effect of seasonal temperature gradient on plume heights for different
initial plume heat fluxes (Modified from source: Glaze and Baloga, 1996).

Atmosphere
60° north
January
July

Initial plume heat flux /
1.6 x 106 J s-1

Initial plume heat flux /
5.6 x 107 J s-1

Height / m
219
561

Height / m
530
1372

Additionally, increased atmospheric humidity significantly enhances the height of small
volcanic plumes (MER < 107 kg s-1). This is due to the impact of the release of latent heat of
condensation on plume buoyancy (Degruyter and Bonadonna, 2012; Woods, 1993).
Finally, seasonal influences on the atmosphere can be seen in the strong Icelandic
westerlies during wintertime. These can lead to rapid (< 24 hours) ash arrival in northern
Europe. Summer eruptions, subject to weaker westerlies and more variable wind direction,
result in increased proximal ash sedimentation, lower distal ash concentrations in the first 24
hrs, and longer overall ash atmospheric residence times (Figure 3.2) (Dingwall and
Rutgersson, 2014; Leadbetter and Hort, 2011).

% chance

Probability of exceeding ash concentration threshold
18
16
14
12
10
8
6
4
2
0

Winter

Summer

0 - 24 24 - 48 48 - 72 72 - 96
0 - 24 24 - 48 48 - 72 72 - 96
Hours after Icelandic VEI 5 eruption
Oslo

London

Paris

Edinburgh

Amsterdam

Berlin

Figure 3.2 Showing probability of exceeding ash concentration threshold at ~10668 m
during Winter and Summer (After: Dingwell and Rutgersson, 2014)

16

Victoria L Murray

Section 3.3

SXG390 Geosciences

Discussion.

Plume height and MER relationship models are much debated. Neither Mastin et al. (2009)
nor the Degruyter and Bonadonna (2012) account for magma / water interactions or particle
sedimentation in their models. However, the average winds model offered by Mastin et al.
(2009), with a suitable atmospheric stratification constant, can suffice for weak plumes when
time is short.
Although Dingwell and Rutgersson (2014) and Leadbetter and Hort (2011) use different
dispersion models and ash concentration levels, once the ash concentration levels used in
Leadbetter and Hort (2011) are adjusted for post 2010 levels (2.0 mg m-3), there is good
agreement in the results which imply that winter eruptions demand a prompter aviation
response.
Small uncertainties in plume height can lead to large under or over estimations in MER and
consequently, atmospheric ash sedimentation, concentration and dispersal. As the hazard to
aviation is associated with the amount and location of atmospheric volcanic ash, the
reduction of these uncertainties must be the priority of effective mitigation strategies.
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Chapter 4 Case studies
Section 4.1

Eyjafjallajökull 2010

On 14 April 2010, after three weeks of effusive fissure eruption, the ice-capped, EVZ
Eyjafjallajökull volcano began explosively erupting fine, trachy-andesite ash (~ 61 wt %
SiO2), (Vogel et al., 2017; Guđmundsson et al., 2012).
In the absence of information on safe atmospheric ash concentrations, the International Civil
Aviation Organisation (ICAO) advised complete ash avoidance to the 27 European air traffic
controllers (Parker, 2015) (Figure 4.1). On 20 April three ash concentration levels were
introduced (CAA, 2015).
Followed an intervening effusive phase, a second explosive phase began on 5 May.
Guđmundsson et al. (2012) reported that the ash was trachyte (~ 65 wt % SiO2). Further
airspace closures occurred before the eruption ceased at the end of May (Prata et al., 2018).
Guđmundsson et al. (2012) reported that the moderate phreatomagmatic eruption produced
a weak plume with heights below 10 km (Table 4.1). This study found a fine ash content of
35 – 50 wt %, in contrast to ~ 30 wt % reported by Bonadonna et al. (2011). Particle
sphericity was variable. Average particle was reported as 2710 kg m-3 (Vogel et al., 2017) in
contrast to 2350 kg m-3 in Guđmundsson et al. (2012). Webster et al. (2012) report that
forecasted ash concentrations modelled by the London VAAC contained large inaccuracies
compared to observations, as result of large ESP uncertainties.
Nocturnal temperature inversions and strong winds from 19 – 24 April inhibited plume
heights (Petersen et al., 2012). However, unusual wind patterns (Figure 4.1) at different
altitudes and windspeeds of up to 44 m s-1 rapidly distributed the ash across European and
transatlantic flight routes during the two explosive phases (Petersen, 2010), (Figure 4.2).
Lack of precipitation prolonged atmospheric ash residence and a high-pressure system
maintained persistent north westerly winds which blew ash into European airspace
(Petersen et al., 2012).
The 39-day eruption led to an 8-day closure of European airspace and 111000 disrupted
flights (EUROCONTROL, 2010). Although most ash which was transported to Europe within
72 hours of the first explosive phase (Stevenson et al., 2012), there were no aviation
incidents.
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Figure 4.1 Comparing 2010 and 1993 – 2010 average wind origin (After: Petersen et al.,
2012).

Figure 4.2 Eyjafjallajökull 2010 ash distribution (Source: Guđmundsson et al., 2012).
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Grímsvötn 2011

On 21 May 2011, Grímsvötn, an EVZ volcano beneath the Vatnajökull glacier, began a
significant (Table 4.1) basaltic (~ 52 wt % SiO2) explosive eruption (Vogel et al., 2017;
Hreinsdóttir et al., 2014).
Most ash came from the eruption in the first 24 hours (Hreinsdóttir, 2014) and was
transported southwards before encountering a low-pressure weather system with strong
winds and heavy rain. Ash was washed out of the cloud and advected in multiple directions
including across the UK (Stevenson et al., 2013).
The modest eruption produced a strong high plume (~ 25 km) with 20 – 22 wt % fine ash
content (Guđmundsson and Larsen, 2019). Ash transport models used by the London VAAC
forecasted ash further south than it actually appeared due to errors in wind and temperature
values (Beckett et al., 2020).
ICAO operational guidelines incorporating three atmospheric ash concentration thresholds
were in place from 2010 and the European Aviation Crisis Co-ordination Cell (EACCC) was
activated (Parker, 2015). Airspace closures over German and northern UK airspace resulted
in 900 flight cancellations during the 8-day eruption but some flights continued in low ash
concentration areas (Parker, 2015; EUROCONTROL, 2010).
Table 4.1 Characteristics of the Eyjafjallajökull 2010 and Grímsvötn 2011 eruptions
(Source: Vogel et al., 2017; Hreinsdóttir et al., 2014; Guđmundsson et al., 2012; Petersen et
al., 2012; Petersen, 2010; EUROCONTROL, 2010).
Volcano
Location
Date
Average ash composition
Eruption style
Average VEI
Magma output / km3 (DRE)
Fine ash (<64 µm) content / wt %
Average ash density (kg m-3)

Eyjafjallajökull
63° 37.7’ N, 19° 37.5’ W
March – May 2010
Andesitic
Mixed
3
0.18 ± 0.05
35 – 50

Particle sphericity

Variable

Max plume height (km)
Prevailing wind patterns

<10
North-westerly/ Northerly
High pressure system, no
rain and nocturnal
temperature inversion
39
111000

Additional weather factors
Eruption duration (days)
No. of cancelled flights

Section 4.3

2710

Grímsvötn
64° 25’ N, 17° 20’ W
May 2011
Basaltic
Explosive
4
0.27 ± 0.07
20 - 22
2980
Variable
(higher for smaller particles)
20 - 25
Northerly
Low pressure system and
heavy precipitation
8
900

Models

The London Volcanic Ash Advisory Centre (VAAC) uses ash dispersion and numerical
weather prediction models to provide volcanic ash observations and forecasts to the aviation
industry and mitigate the risk of ash / aircraft encounters. To do this, key eruption source
parameters (ESPs) such as location, geometry, plume height, MER, eruption duration and
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ash particle characteristics, and atmospheric variables such as pressure, density,
temperature and wind are assigned for calculations of particle sedimentation (Beckett et al.,
2020). As limited observations or real time data may not be available, default ESPs and
uniform vertical and horizontal atmospheric assumptions are often used for generating ash
dispersion forecasts (Beckett et al, 2020; Beckett et al., 2015).
Section 4.4

Discussion

The Eyjafjallajökull 2010 eruption demonstrated that the composition of volcanic ash can
change during a prolonged eruption. In addition, low intensity silica rich plumes can have
significant impact on ash dispersal when the fine ash content is high and there are strong
winds. Disagreement amongst Gudmundsson et al. (2012) and Bonadonna et al. (2011)
regarding the amount of fine ash content of the Eyjafjallajökull eruption may originate in
differences in the distances that samples were taken from the eruption.
The impact on aviation of the basaltic Grímsvötn eruption was considerably less than
Eyjafjallajökull despite a much larger ash plume. This was as a result of:
•
•
•
•

The introduction of new ash concentration thresholds after 2010
The creation of 9 functional airspace blocks (FABs) to replace 27 European air traffic
controllers
Shorter eruption duration
The influence of a low-pressure, rain bearing weather system

Both eruptions highlight the influence of weather systems, particularly highly variable wind
patterns at different altitudes and the rapid transport of ash in the initial explosive phase.
As chapter 2 and 3 indicate, real-time ash particles are unlikely to conform to the default,
particle characteristics used by VAACs. Similarly, the Icelandic ambient atmospheric
structure which varies spatially and with season is unlike the assumptions typically used in
NWP models. Models also do not take into account aggregation processes which act to
modify real-time ash sedimentation and transport. This means that there may be significant
uncertainties associated with forecasts of ash travel distance and concentration levels
generated by VAACs for the aviation sector.
The character of the Eyjafjallajökull and Grímsvötn eruptions was more erratic than the ash
dispersion and NWP models reflected in their choice of ESPs and atmospheric variables. As
a result, ash dispersion and concentration forecasts contained large uncertainties which
limited the effective response of the aviation sector.
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Chapter 5 Phreatomagmatic eruption and ash cloud risk
Section 5.1

Pattern and frequency of EVZ phreatomagmatic eruptions

Cryptotephra (tephra invisible to the naked eye) studies have provided evidence of past
explosive activity in the EVZ which helps anticipate future eruption risk.
In the postglacial and historical (last 1100-years) record, 91% of verified EVZ eruptions were
mixed (effusive and explosive) or solely explosive, with ~80% of all Icelandic eruptions
occurring at 4 ice covered, EVZ volcanoes (Thordarson and Larsen, 2007), (Table 5.1). This
study revealed an average of 12 explosive eruptions per century.
Table 5.1 Eruptive characteristics of 4 EVZ volcanoes since 1200 AD (Modified from
source: Larsen and Guđmundsson, 2019; Thordarson and Larsen, 2007).
Volcanic system
Average eruptions century-1
since 1200 AD
Average repose interval / yrs
No. of eruptions since 1200 AD

Grímsvötn

Katla

Hekla

Bárđarbunga

7

2

2

2.5

10 - 13
56

55
17

50
20

Magma type

Basaltic

Basaltic

Average VEI
Historic fine ash / %
Maximum recorded eruption
duration

3
20 - 22
Days to
months

Region of EVZ

Rifting

3-4
14 - 28
Days to
months
Edge of
rifting zone

50
16
Basaltic to
rhyolitic
3-4
5-7
Days to
months
Edge of
rifting zone

Basaltic
3-4
4-8
Weeks to
months
Rifting

Section 5.2 The probability of north European ash clouds.
In the past 8000 years, 72% of European ash deposits come from Iceland, with evidence of
multiple VEI > 4, silicic eruptions from Hekla and Katla (Plunkett and Pilcher, 2018). This
supports Swindles et al. (2011) who highlighted the dominance of intermediate to rhyolitic
tephra in the ash record (Figure 5.1).
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Figure 5.1 The 7000 year NEVA cloud record (Modified from source: Swindles et al., 2011).
Watson et al. (2017) contend a 44 ± 7 year recurrence average for NEVA clouds over 1000
years (Table 5.2) and a 20% probability of a NEVA cloud in any decade. No evidence of
Icelandic VEI < 4 events was found in the NEVA record. However, modelling in this study
found an 8% chance of an Icelandic silicic VEI ≥ 3 eruption in any decade (Table 5.2).
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Table 5.2 1000 year Icelandic eruption and NEVA cloud occurrence (Modified from source:
Watson et al., 2017).
Dataset

Average
repose
(years)

% chance of
event in any 10
year period

n of repose
intervals

Range of repose
intervals (years)

All Icelandic eruptions
(last 450 years)

3.3

95

131

0 -19

Ash clouds over
northern Europe

43.96

20

23

0 - 111

All Icelandic eruptions
VEI ≥ 4

25.91

21

35

0 - 63

Silicic Icelandic
eruptions
VEI ≥ 4

90.63

<1

10

54 - 148

Silicic Icelandic
eruptions
VEI ≥ 3

50.33

8

18

9 -121

Section 5.3

Extent of the hazard to north-European airspace

European and eastbound transatlantic flights, leveraging the polar jet stream tailwinds in the
‘North Atlantic Tracks’ (NATs) (Figure 5.2), use three atmospheric flights levels for take-off,
landing and cruising (Prata et al., 2018; Dingwall and Rutgersson, 2014), (Table 5.3).

Figure 5.2 Map of northern Europe showing the polar jet stream and the NATs (After: Met
Office, 2021; Google Maps, 2021 and Fly UK, 2019.
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Table 5.3 Three aviation flight levels and the NATs (Source: Prata et al., 2018; Dingwell
and Rutgersson, 2014).
Flight Level

Feet

Metres

FL000 – FL200

Ground to 20000

0 - 6096

FL200 – FL350

20000 - 35000

6096 - 10668

FL350 – FL550

35000 - 55000

10668 - 16764

North Atlantic Tracks

29000 - 41000

8800 - 12500

Ash from an explosive volcanic eruption can be injected into the atmosphere at heights that
intersect aviation flight levels and can remain at those levels for significant periods.
High concentrations of atmospheric ash can cause hazards to aircraft by reducing visibility
and cause internal and external damage. Internal damage occurs when remelted ingested
ash fuses to and erodes the engines, and restricts air flow, leading to loss of thrust. External
damage includes abrasion to glass, plastic and metal (Brooker, 2010).
Pearson and Brooker (2020) advanced these studies showing that basaltic ash sticks to
cooled, ceramic coated engines better than more silicic ash and generates long term repair
and maintenance costs. However, as high silica ash presents a higher airflow blockage risk,
which leads to catastrophic engine failure, high silica content ash is a more acute hazard to
aviation.
Section 5.4

Existing mitigation strategies

Since 2010, improvements in ash cloud mitigation strategies have included a structure for
collaboration between scientists in the fields of volcanology, climate and modelling, and
engineers, national governments and air traffic management (Reichardt, 2019).
As a result of this collaboration, significant advances have been made in research,
monitoring, forecasting and flight regulation (Figure 5.3) which are designed to support
decision makers in times of crisis (Reichardt et al., 2017). Notably, aircraft operators now
have responsibility for safe aircraft operations during and after flights (CAA, 2017).
However, Reichardt et al. (2017) also argue that jet engine manufacturers have not
capitalised on the research which resulted in the introduction of the Rolls Royce ‘Safe to Fly’
chart (Clarkson et al., 2012) and three atmospheric ash concentration zones (CAA) (Figure
5.4), during Eyjafjallajökull 2010. There remains considerable uncertainty regarding engine
tolerances to volcanic ash. Similarly, annual Volcanic Ash Exercise (VOLCEX) workshops
have identified resource and planning gaps, including the need for longer and higher
intensity scenario exercises affecting flight at all altitudes (Reichardt, 2019).
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• Ultraviolet (UV) and
Infrared (IR) ground
cameras
• Fourier – transform
spectroscopy (FTIR)
• Differential Optical
Absorption Spectroscopy
(DOAS
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Remote sensing

• Satellite IR
• Ash detection
algorithms
• Interferometers
(inSAR)
• Unmanned Aerial
Vehicles (UAV)

Monitoring
Before flight

During the flight

• Post ash encounter procedures, reporting
structures and damage evaluation
• Requirement for Air Traffic Service (ATS) to
issue aviation ash contamination alerts
• Requirement for ATS to pass pilot ash
contamination reports to the UK Met Office
• Requirement for ATS capacity and briefing
prior to aircraft operation near contaminated
areas

Flight Regulation

• Standardised aircraft eruption alerts
based on the three ash contamination
levels
• Rolls Royce ‘Safe to fly’ chart
• Operator submission of Safety risk
assessment (SRA) submission to
National Aviation Authority (NAA)
• Icelandic Civil Aviation Authority (CAA)
responsible for ash information Notice to
Airmen (NOTAM) during an Icelandic
eruption
• Eruption onset, eruption strength and
cessation NOTAM issued by UK CAA
• UK Met office responsibility for Volcanic
Ash Concentration Charts
• Ash clearing procedures
• Contingency arrangements for
aerodrome operations
• The flight decision making structure and
operational and procedural requirements
for operators
• Conditions, training and SRA
requirement for underflight, overflight
and flight in ash contaminated areas

• Using remote data to mediate inverse
modelling uncertainties
• Use of ensemble modelling
• Operational model improvements
• Impact on engines and flight safety
• Icelandic TGSD database
• Impact of glacial unloading on eruption
frequency
• Citizen Science myVolcano mobile app
launched by British Geological Society
(BGS)
• Development of plume rise models and
database
• Eruption Source Parameter database
• Global eruption database (WOVOdat)
• Large Magnitude Explosive Volcanic
Eruptions (LaMEVE) database

Research
North European ash
mitigation strategy
development since 2010

Forecasting
• Dry and wet process add-ons to
dispersion models
• Development of BGS Automatic Ash
Dispersion Modelling (BGS-AADM)

After the flight

• Post flight inspections and maintenance procedures,
regulations and reporting
• Regular VAAC meetings
• Establishment of the Volcanic Ash Scientific
Advisory Group (VASAG)
• Definitions of visible and discernible ash
• Crisis co-ordination of European Air Traffic Control
by EUROCONTROL
• Integration of 27 national airspaces into 9 functional
airspace blocks (FABs)
• The European Aviation Crisis Co-ordination Cell
(EACCC), chaired by the European Commission
and EUROCONTROL

Figure 5.3 North European ash mitigation strategy developments since 2010 (Source:
British Geological Society, 2021; CAA, 2017; Newhall et al., 2017; Parker, 2015).
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Figure 5.4 Showing the three ash concentration zones. Flight is permitted in the Enhanced
Procedure Zone (EPZ) but not in the No Flight Zone (NFZ) (Source: Prata and Rose, 2015).
Section 5.5

Discussion

There is wide agreement, influenced by the work of University of Iceland authors Larsen,
Guđmundsson and Thordarson, that the Icelandic eruption record is dominated by frequent
but modest basaltic eruptions (VEI < 4) from the EVZ with low to intermediate (< 30 wt %)
fine ash content.
Agreement in the evidence presented for NEVA clouds reflects the collaborative work and
influence of Swindles and Watson and the addition of new tephra records in Plunkett and
Pilcher (2018). Despite lack of evidence of Icelandic VEI < 4 events in the NEVA cloud
records, these can and do reach northern Europe. Disparity between the Icelandic eruption
records and NEVA cloud records could reflect poor basaltic tephra preservation, low sample
numbers or syn-eruptive variations in atmospheric conditions. It reveals that the NEVA cloud
record represents the minimum recurrence rate.
The result of aircraft encounters with atmospheric volcanic ash is flight impairment and
physical damage. The extent of damage depends on the physical and chemical character of
the ash and the technical specifications of the exposed aircraft.
Since 2010 improvements have been made to NEVA cloud mitigation strategies which fall
into 4 areas; Monitoring, research, forecasting and flight regulation. There remain however,
considerable opportunities for further mitigation strategy improvements increase the
resilience of the sector. Most notable of these is need for further jet engine ash tolerance
research.
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Chapter 6 Summary
Section 6.1 Conclusions
The following conclusions can be drawn from this study into the cause, effect and mitigation
of subglacial phreatomagmatic eruptions in Iceland’s Eastern Volcanic Zone on northern
European airspace:
1. As result of the interplay of plate spreading and a mantle plume, and interaction with
it’s glaciers, Iceland is ideally located for the development of phreatomagmatic
eruptions. Of particular influence are:
a. The interaction between magma and water has a stronger control on the style
of eruption than magma composition
b. Magma composition does strongly influence fine ash content with high silica
magmas producing higher fine ash content than basaltic magmas
2. The shape, size and density of airborne tephra influences how far it can be
distributed:
a. The denser, more spherical or larger a particle, the quicker it falls
b. Ash particles can aggregate, making them less spherical and dense, which
can result in both premature sedimentation and larger travel distances
3. Iceland is ideally located with regards to its strong westerly winds and the polar jet
stream to transport volcanic ash towards and over northern Europe
4. The Eyjafjallajökull 2010 and Grímsvötn 2011 eruptions showed atmospheric and
meteorological conditions are the primary controls for Icelandic ash plumes to disrupt
northern European airspace
5. There is literary agreement about the causes of Iceland’s phreatomagmatic
eruptions, heavily influenced by extensive collaboration with Icelandic researchers.
However, there is little consensus of what constitutes “fine” ash among
volcanologists and atmospheric scientists, and the methodology for ash morphology
measurements is undefined
6. Although improvements continue to be implemented, volcanic ash dispersion models
do not use sufficiently refined ESPs, and atmospheric simulation models lack the
sophistication to provide accurate real-time ash transport forecasts
7. Based on Icelandic eruption and NEVA records, an Icelandic ash cloud with the
ability to disrupt north European airspace is likely to occur every 44 ± 7 years, with a
20% chance of occurring in a decade
8. Phreatomagmatic hazards occur when aircraft are exposed to ash in-flight. Research
to refine the levels of ash concentrations which are hazardous is still required. Ash is
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externally abrasive. Basaltic ash is most hazardous to thermally coated engine parts
but high silica ash blocks engines and presents the most acute hazard to aviation
9. Prior to the Eyjafjallajökull 2010 eruption, aviation industry mitigation strategies were
rudimentary. Although progress has been made in flight regulation, research,
forecasting and monitoring, there is still room for improvement
Section 6.2 Recommendations
It is clear that for future eruptions to be understood and planned for, further research is
required and remaining modelling uncertainties need to be tackled. The following
recommendations will help address these areas:
Monitoring
•
•
•

Improve in-situ and remote monitoring of subglacial EVZ volcanoes
Improve tracking of magma movement
Improve real-time sampling (drones)

Research
•
•
•
•
•
•

Standardise global volcanic databases information to provide analogues for
infrequently erupting volcanoes
Improve characterisation of eruption source parameters
Improve descriptions of atmospheric ash safety levels for different aircraft models,
including cumulative effects of multiple flights in low ash concentrations
Refine jet engine tolerances to airborne tephra with a range of properties
Identify high risk volcanoes, their past eruptive behaviour and future eruption
probabilities
Continue work to provide comprehensive historical eruption data

Forecasting
•
•

•
•

Standardise the methodology for describing ash shape, size and fall velocities
Refine of the ash dispersion and NWP models to include variations in ash physical
characteristics, aggregation processes and vertical and horizontal atmospheric
stratification
Enhance meteorological modelling of the impact of climate warming on jet stream
Model multiple scenarios during eruptions to capture evolving characteristics

Flight regulation
•
•
•
•
•
•
•

Exchange inter-stakeholder agency staff during periods of volcanic quiescence
Mandatory eruption simulation exercises for all stakeholders
Conduct simulation exercises encompassing long duration and high intensity Icelandic
eruptions
Produce of hazard maps which include key aviation infrastructure
Ensure a single information source for stakeholders and the public
Include civil decision makers and transport industry leaders in stakeholder groups
Adopt a strategy for the co-ordination of different transport networks for relief transport
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