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ABSTRACT: Icelandic volcanic emissions have been shown historically and more recently to have an impact on public
health and aviation across northern and western Europe. The severity of these impacts is governed by the prevailing
weather conditions and the nature of the eruption. This study focuses on the former utilizing an existing set of 30 weather
patterns produced by the Met Office. Associated daily historical classifications are used to assess which weather patterns
are most likely to result in flow from Iceland into four flight information regions (FIRs) covering the British Isles and
North Atlantic, which may lead to disruption to aviation during Icelandic volcanic episodes. High-risk weather patterns
vary between FIRs, with a total of 14 weather patterns impacting at least one FIR. These high-risk types predominantly
have a northwesterly or westerly flow from Iceland into British Isles airspace. Analysis of the historical classifications re-
veals a typical duration for high-risk periods of 3–5 days, when transitions between high-risk types are considered. High-
risk periods lasting over a week are also possible in all four FIRs. Additionally, impacts are more likely in winter months
for most FIRs. Knowledge of high-risk weather patterns for aviation can be used within existing operational probabilistic
weather pattern forecasting tools. Combined probabilities for high-risk weather patterns can be derived for the medium-
range (1–2 weeks ahead) and used to provide a rapid assessment as to the likelihood of flow from Iceland. This weather
pattern forecasting application is illustrated using archived forecast data for the 2010 Eyjafjallajökull eruption.

KEYWORDS: Europe; North Atlantic Ocean; Volcanoes; Air quality; Climate classification/regimes; Climate records;
Ensembles; Forecasting; Health; Societal impacts

1. Introduction

On 8 June 1783 the Icelandic volcano Laki commenced a
series of eruption events that continued until 7 February 1784
(Thordarson and Self 2003). In addition to producing 15.1 km3 of
magma, the eruption generated 379 megatons of gaseous mate-
rial over the duration of the eruption, including 122 megatons of
sulfur dioxide (SO2) and 235 megatons of water vapor (H2O).
These emissions resulted in the formation of ∼200 megatons of
hydrogen sulfate (H2SO4) which was injected into the upper tro-
posphere with around 83% of total emissions released in the
summer of 1783 (Thordarson and Self 2003). Owing to the atmo-
spheric conditions over northern Europe at this time, an initial
haze was reported in the far north of Scotland and the west coast
of Norway on 10 June 1783. From mid-June a haze was reported
across central Europe with reports by late June covering the area
from Lisbon to Moscow (Thordarson and Self 2003). Through

the summer of 1783, a range of impacts were reported. These
included decreased crop yields and damage to vegetation
(Thordarson and Self 2003) and excess mortality in English
parish (local area) records, around 10%–20% greater than
the 51-yr average (Grattan et al. 2003; Schmidt et al. 2011).
A modeling study replicating the 1783–84 Laki eruption and
coincident meteorological conditions indicated that a similar
Icelandic eruption in the present day would result in 142 000
additional cardiopulmonary deaths over Europe (Schmidt
et al. 2011).

More recently, the explosive phase of the eruption of Eyjaf-
jallajökull, which commenced on 14 April 2010 (Sigmundsson
et al. 2010), resulted in a trachyandesite magma interacting
with ice to augment an explosive eruption and the injection
of a fine grained tephra to heights of between 6 and 9 km
(Sigmundsson et al. 2010). The generation of this ash cloud re-
sulted in the week-long closure of European airspace and the
cancellation of 108000 flights affecting 10.5 million passengers
(Budd et al. 2011). The suspension of air travel had an eco-
nomic impact of $1.7 billion (U.S. dollars) on the aviation
industry (Budd et al. 2011).

However, not all Icelandic volcanism impacts directly
on the British Isles or continental Europe; for example the
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19 March 2021 eruption of the Fagradalsfjall volcano, an effu-
sive eruption (Cubuk-Sabuncu et al. 2021) has not generated
any ash impacts, with gas impacts limited to the local area of
Iceland. The 21 May 2011 eruption of the Grimsvotn volcano,
believed to be the largest land-based Icelandic eruption since
Katla in 1918 (Prata et al. 2017) generated a plume of ash,
which peaked as high as 15–19 km, with levels around 8 km
for much of the week after (Prata et al. 2017). Despite being a
large ash generating volcanic eruption, similar to the 2010
Eyjafjallajökull eruption 13 months earlier, the impact of
this eruption was limited, with just 900 flights cancelled
(based on media reports) outside of Iceland, primarily
impacting the northern United Kingdom and north and
western Scandinavia.

A significant difference between the 2010 Eyjafjallajökull
and 2011 Grimsvotn eruptions was the weather conditions
during the week of the eruption. As discussed in Harvey et al.
(2020), during the 2011 Grimsvotn eruption, there were signif-
icant low pressure systems between Scotland and Iceland.
These conditions drove the flow from the volcano away from
European airspace and also facilitated a higher rate of wet de-
position of the ash, removing it from the atmosphere sooner
(Harvey et al. 2020). These conditions were very different to
those of the week commencing 14 April 2010 (Petersen 2010;
Petersen et al. 2012; Stevenson et al. 2013), when a large high
pressure system west of Ireland transported ash from the 2010
Eyjafjallajökull eruption from Iceland to western Europe.

The initial gas release phase of the 1783–84 Laki eruption
initially bears some similarities to that of the 2011 Grimsvotn
eruption. Analysis of contemporary weather station data
(Kington 1988) suggested a region of low pressure between
Iceland and Norway on 10 June 1783, which resulted in some
initial minor impacts being observed in these localized regions
(Thordarson and Self 2003). However, unlike the 2011 Grimsvotn
eruption, the 1783–84 Laki event persisted through a change in
the air flows. Here, low pressure developed over the British
Isles by 17 June 1783 (Kington 1988), which generated a flow
from Iceland into western Europe and eventually southern
England. Through the summer of 1783, the conditions changed
to a persistent high pressure system, leading to a prolonged sum-
mer haze, with still and calm conditions limiting deposition from
the atmosphere (Thordarson and Self 2003).

Out of the four examples of Icelandic volcanism discussed
above, two had wide-reaching impacts on the British Isles and
Continental Europe and two had minimal or no impacts over
the same area. There are two factors that influence whether
there are impacts in sectors such as aviation or public health
from Icelandic volcanism. The first relates to the type of erup-
tion and the second to the airflow around Iceland. The former
is by its very nature unpredictable. For example, the initial
2010 Eyjafjallajökull eruption in March 2010 was an effusive
eruption on the flanks of the main vent, which occurred prior
to the more explosive eruption that generated the ash cloud
impacts in April 2010 (Sigmundsson et al. 2010). For the lat-
ter, historical analysis allows for the airflow around Iceland to
be classified into sets of likely weather patterns that will drive
ash and other deposits away from Iceland into the airspace of
the British Isles and continental Europe–which is the focus of

this paper. It is then possible to use weather forecasting mod-
els to predict when these regions would be vulnerable to erup-
tion conditions that would generate societal impacts.

In the context of this paper, a weather pattern can be
defined as one of many large-scale circulation types over a
predefined region (e.g., the British Isles and surrounding
European area), which differs in its characteristics from other
weather patterns over the same region and can vary on a daily
basis (Neal et al. 2016). Weather regimes are another descrip-
tion for large-scale circulation types, but these tend to be
fewer in number, larger in scale and persist for longer than
weather patterns (e.g., Vautard 1990; Fereday et al. 2008;
Ferranti et al. 2015). The occurrence of these circulation types
can be predicted using numerical weather prediction (NWP)
forecasting tools, whereby forecast fields are objectively as-
signed to the closest matching circulation-type definition. This
works best if done using ensemble forecasting systems [such
as those described by Buizza et al. (2007) and MacLachlan
et al. (2015)] in order to capture increasing uncertainties as
the forecast lead time increases, typically looking 1–2 weeks
in advance (covering the medium-range outlook) and poten-
tially 3–4 weeks in advance (covering the extended-range out-
look). Here, circulation type probabilities can be based on the
number of ensemble members objectively assigned to each
type. For example, Ferranti and Corti (2011) present one of
the first such forecasting examples, which presents forecast
probabilities for a set of four predefined large-scale weather
regimes for Europe, as described in detail by Ferranti et al.
(2015). Neal et al. (2016) also present a circulation-type fore-
casting example, but this time using the set of 30 Met Office
weather patterns for the British Isles and surrounding area,
which are also used in this paper. This forecasting tool pro-
vides daily weather pattern probabilities and is used opera-
tionally at the Met Office for identifying the most likely
weather pattern transitions within the medium- to extended-
range period. These forecasts are also used for highlighting
periods at risk of high impact weather, such as coastal flood-
ing (Neal et al. 2018), fluvial flooding (Richardson et al. 2020),
lightning risk (Wilkinson and Neal 2021), and extreme wave
heights in the North Sea (Steele et al. 2017, 2018).

This paper will add to the set of weather pattern forecasting
applications mentioned above by investigating the relation-
ship between the set of 30 Met Office weather patterns (Neal
et al. 2016) and flow from Iceland into U.K. airspace. To
achieve this, the Met Office weather patterns will be com-
bined with wind data from the ERA5 reanalysis (Hersbach
et al. 2020) at a selection of levels through the troposphere to
assess which weather patterns would generate a flow from Ice-
land that would impact on aviation in the flight information
regions (FIRs) surrounding and covering the British Isles. We
will then present an analysis of how long these patterns per-
sist, which would lengthen the duration of the event and the
socioeconomic impact. Finally we will demonstrate the appli-
cation of this work through the use of a medium-range (one
to two week) forecasting case study for the 2010 Eyjafjal-
lajökull eruption. During the preparation of this paper (late
2021/early 2022), the Grimsvotn and Krysuvik volcanoes in
Iceland both spent a period of time rated “Orange” on the
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Icelandic Meteorological Office’s Aviation Color Code sys-
tem, highlighting that the risk of eruption is a regular concern.

2. Methods

a. The Met Office weather patterns and their forecasting
application

This paper uses the existing set of 30 daily Met Office
weather patterns described by Neal et al. (2016), which repre-
sent the full range of climatological circulation types affecting
the United Kingdom and surrounding area. These patterns
were created by applying a clustering algorithm to the European
and North Atlantic Daily to Multi-Decadal Climate Variability
(EMULATE; Ansell et al. 2006) dataset. EMULATE is a
gridded daily historical MSLP anomaly dataset for a North
Atlantic–European domain (308W–208E, 358–708N) at 58 hori-
zontal resolution for the period 1850–2003. The clustering algo-
rithm used by Neal et al. (2016) outputs a set of static weather
pattern definitions [as mean sea level pressure (MSLP) anomaly
fields] as well as a daily historical weather pattern classification
dataset, which shows the observed weather pattern on each day
between 1850 and 2003.

Here we use an updated daily historical weather pattern
classification dataset for the period 1 January 1950–31
December 2020, which uses the ERA5 reanalysis (Hersbach
et al. 2020). To produce this updated historical classification,
1200 UTC ERA5 MSLP fields were converted to anomalies
(using a smoothed ERA5 daily climatology for the same pe-
riod) before assigning them to the closest matching weather
pattern definition (which are also defined according to their
MSLP anomalies). The method used to assign reanalysis fields
to weather patterns is based on the pairing with the smallest
gridpoint average sum of squared differences and is explained
in more detail by Neal et al. (2016). The daily historical
weather pattern classifications provide a very useful dataset,
as they enable us to generate weather pattern climatologies
(e.g., for wind flow from Iceland), where daily reanalysis or
observation fields exist. They also allow us to assess typical
weather pattern persistence and transitions, which is useful in
this study for understanding the typical duration and fre-
quency of flow from Iceland events.

As there are a set number of climatological weather pat-
terns, the MSLP reanalysis field for a given day is unlikely to
perfectly match the assigned pattern. This is because each
weather pattern represents a climatological ideal and there
will be some variability within each type. As a result, the
weather pattern classification contains an element of uncer-
tainty between the known flow direction and the exact point
of interaction. As such, it is not possible to state in this work
that specific conditions will impact on a specific airport, but
there is confidence to state when the pattern impacts on a re-
gional area, such as an FIR.

As well as historical analysis, these weather patterns can be
used within a forecasting context by assigning multiple fore-
cast fields from an ensemble prediction system (EPS) to the
closest matching weather pattern definition. The assignment
method used here is the same as used for the reanalysis fields

described above. There are several EPSs available and here
we use the 51-member 15-day ensemble run by the European
Centre for Medium-Range Weather Forecasts (ECMWF)
(Buizza et al. (2007)). Daily weather pattern forecast proba-
bilities are derived by counting the number of ensemble mem-
bers objectively assigned to each weather pattern and then
dividing this number by the total number of ensemble mem-
bers. Probabilities can then be aggregated for sets of high-risk
“flow from Iceland” weather patterns, thereby providing a
probability of flow from Iceland into U.K. airspace. Previous
studies have objectively verified probabilistic weather pattern
forecasts over Europe. Most relevant to this study, Neal et al.
(2016) present forecast verification results related to the set of
30 weather patterns used in this study using the ECMWF en-
semble. Ferranti et al. (2015) and Neal et al. (2016) show daily
regime predictability out to at least 10 days, with predictabil-
ity being better in winter than summer. Ferranti et al. (2015)
also show similar levels of predictability over Europe using a
set of four large-scale weather regimes. More recently, Büeler
et al. (2021) show that useful skill could be extended out to
three weeks when considering weekly probabilities.

b. ERA5 reanalysis winds

We evaluate the likely direction of the flow from Iceland
for each weather pattern using the European Centre for Me-
dium Range Weather Forecasting (ECMWF) ERA5 reanaly-
sis (Hersbach et al. 2020). ERA5 is available with a horizontal
resolution of 31 km and a daily temporal resolution used here
for the period 1950–2020. Daily eastward (u) and northward
(y) components of wind at 1200 UTC were downloaded from
the Copernicus Climate Data Centre for four levels through
the troposphere: 1000 hPa (the surface winds), 750 hPa
(equivalent to ∼2.5 km), 500 hPa (equivalent to ∼5.5 km), and
300 hPa (equivalent to ∼9 km) to provide a cross section of
the troposphere. The cross section ensures we are able to as-
sess variations between the weather patterns (determined us-
ing surface pressure) and winds that occur at different levels
of the troposphere. This is particularly important as the injec-
tion of ash and gas occurs throughout the troposphere, there-
fore it is important to represent the winds associated with
each weather pattern throughout the troposphere. For the
weather pattern analysis the 1000- and 750-hPa heights refer
to lower level flow with the 500- and 300-hPa heights referring
to upper level flow.

c. Chained persistence of weather patterns

Prior analyses of the Met Office weather patterns (such as
Pope et al. 2022) have focused on the frequency and persis-
tence of individual patterns. If the weather pattern changed to
another of the 30 weather patterns, then the persistence of
the prior pattern was considered to have ended. However,
there are a number of weather patterns that are very similar
and they can be grouped together. For example, Neal et al.
(2016) grouped the weather patterns into eight broad catego-
ries of circulation type such as patterns representative of the
positive or negative phase of the North Atlantic Oscillation.
As it is physically plausible for similar patterns to flip between
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each other over a short time period, the persistence of a broad
group is likely to be greater than of any individual pattern.
Within the context of the flow from Iceland, the individual
pattern is of less concern than the direction of flow. For exam-
ple, northwesterly flow from Iceland will impact on some of
the FIRs irrespective of whether that northwesterly flow is
driven by weather pattern 13 or weather pattern 14, and it is
feasible for these patterns to turn from one to the other and
back again, while flow in a particular direction is maintained
(see Fig. 1 in the online supplemental material).

Therefore to calculate the persistence of the events for
each of the four FIRs, we assess the persistence of events by
linking together all the weather patterns that are identified as
bringing flow from Iceland into that FIR. For example, if over
an 18-day period we observe the following weather patterns:

4-1-1-5-5-1-9-12-12-12-3-3-26-28-1-1-5-7.

If the weather patterns 1, 5, 6, 9, and 12 were in a grouping
affecting an FIR (and the remaining 25 determined as not
affecting the FIR), then individual persistence (treating
each weather pattern individually as in Pope et al. 2022)
would be 1.71 days (12 days of the patterns of interest in
seven separate events). Alternatively, when we link the five
patterns together for this set of days, the persistence value is
6 days (12 days of the patterns of interest in two separate
events). Henceforth, we will refer to the persistence calcu-
lated based on linking together the patterns which affect an
FIR as “chained persistence.”

d. Flight information regions

The airspace over the surface of Earth is divided into FIRs,
with each FIR being managed by a controlling authority

which provides all the necessary air traffic services in that re-
gion. Airspace over the United Kingdom and eastern North
Atlantic is divided into three FIRs (London, Scottish, and
Shanwick), which surround the Irish controlled FIR of Shan-
non. The London FIR covers most of England and Wales up
to a line that approximately runs from Blackpool to York.
The Scottish FIR covers the rest of Great Britain and extends
westward to encompass Northern Ireland to the boundary
with the Shanwick FIR. Both the London and Scottish FIRs
extend to cover the U.K. Exclusive Economic Zone (EEZ).
The Shanwick FIR covers the eastern portion of the Atlantic
Ocean. Approximately 80% of transatlantic flights go through
the Shanwick FIR. The Shannon FIR covers the land area of
the Republic of Ireland and extends to the boundaries of the
Irish EEZ. Information on the FIRs was gathered from the
U.K. National Air Traffic Services (NATS) website. The four
FIRs are displayed in Fig. 1.

3. Results

a. Patterns affecting each FIR

In total, 14 weather patterns are associated with flow from
Iceland into at least one of the FIRs for either the upper or
lower levels (Fig. 2a). Predominantly these patterns result
in northerly or northwesterly flow, driving emissions from
Iceland toward the FIRs. Some patterns are associated with a
low pressure centered over or just east of England, bringing
flow south close to or over western Ireland and then round
into southern England. The driving patterns are not all of a
similar type, with anticyclonic, cyclonic, and unbiased patterns
all contributing. While these 14 patterns affect all FIRs, it is
important to distinguish between the different FIRs. For

FIG. 1. A map displaying the approximate locations of the four FIRs (solid blue lines) with
dashed lines displaying the radial distance from the center of Iceland at 200-km intervals, and
dot–dash lines indicating a radial interval distance of 1000 km.
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example, an eruption affecting the Shanwick FIR at the upper
levels would have a major impact on transatlantic flights, but
would potentially have minimal impact on flights from the
United Kingdom to continental Europe. Figures 2b–e indicate
which of these 14 patterns impact on each of the four FIRs.

The streamflow images for all 30 weather patterns at the
four troposphere slices (1000, 750, 500, and 300 hPa) can be
found in the supplemental material, labeled as supplemental
Fig. WPx, where x is the weather pattern number from 1 to 30.

1) SCOTLAND—PATTERNS: 1, 8, 9, 11, 13, 14, 25, 26, 27,
28, 30

The Scottish FIR is the most exposed FIR with respect to the
number of patterns that result in flow from Iceland to an FIR.
Patterns impacting on the Scottish FIR are split into several sub-
groups. Patterns 9, 13, 14, 25, 26, 28, and 30 are driven by north-
erly or northwesterly flow from Iceland. Predominantly these
patterns represent an Atlantic high pressure west of Scotland
and a region of low pressure centered over Scandinavia. Patterns
8, 11, and 30 are dominated by westerly or southwesterly flow, as
a result of a region of low pressure centered over the United
Kingdom. Pattern 27 features northeasterly flow (particularly in
the midtroposphere), as a result of a high pressure ridge centered
over Iceland. Pattern 1 features a similar set up to the first sub-
group with a westerly flow driven by an Atlantic high pressure;
however, the analysis of the wind patterns suggests that the im-
pact on the Scottish FIR would be dependent on the explicit lo-
cation of the region of high pressure. However, owing to its
ability to impact on the FIR, it is included here in this analysis.

2) LONDON—PATTERNS: 8, 9, 11, 13, 14, 24, 25, 26

Patterns impacting upon the London FIR are split into two
subgroups. Patterns 9, 13, 14, 25, and 26 represent northerly

or northwesterly flow direct to the London FIR having also
impacted on Scottish FIR first. Patterns 8 and 11 represent
westerly or southwesterly flow, whereby the flow from Iceland
has initially headed south into the Atlantic before being
wrapped around into Wales and Southern England again due
to a low pressure system centered over the United Kingdom.
These patterns also impact on the Scottish FIR; however, in
this case they would impact on the London FIR first.

3) SHANNON—PATTERNS: 8, 9, 14, 19, 24, 27, 28

The Shannon FIR, nestling between the three U.K. FIRs is
affected by a selection of the patterns influencing the Scottish
and London FIRs. The one exception is pattern 19, which is a
northerly flow from Iceland that impacts only on the Shannon
and Shanwick FIRs, driven by a low pressure over the North
Sea and high pressure in the Atlantic. The pattern is similar in
type to pattern 14; however, the location of the pressure cen-
ters means it is less likely for this pattern to impact on Great
Britain.

4) SHANWICK—PATTERNS: 8, 11, 14, 19, 24, 26, 27, 28,
29, 30

As with the three previous FIRs, the Shanwick FIR is af-
fected predominantly by the groupings featuring northerly/
northwesterly flow or westerly flow, such as patterns 8, 11, 14,
24, 26, 28, and 30 which also influence the London and
Scottish FIRs. Shanwick is also impacted by pattern 27, as a
result of the northeasterly flow in the midtroposphere. Like
Shannon, the Shanwick FIR is impacted by the northerly flow
from pattern 19; and unique to Shanwick are the impacts
from pattern 29. Pattern 29, a strong low pressure, similar in
structure to pattern 30, but with a center west of Ireland,
could also produce some influences on the Shannon FIR;

FIG. 2. The weather pattern (in green) that has been shown to derive flow from Iceland in either the upper or
lower level for (a) All FIRs and then each individual FIR of interest, (b) Scottish, (c) London, (d) Shannon, and
(e) Shanwick, using the boundaries as shown in Fig. 1.
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however, these appear to be predominantly in the lower tro-
posphere, and as a result aviation impacts could be minimal
from this pattern.

5) MEAN FLOW SPEED

The streamflow figures (see supplemental Figs. WP1–WP30)
provided a climatological flow speed in kilometers per day, with
the four FIRs between 1000 and 2000 km from Iceland (Fig. 1).
Given the unpredictability of volcanic eruptions, the speed of
flow from Iceland will represent the preparation time before
decisions on the airspace will be required to be made. There
are a range of speeds associated with different weather pat-
terns, for example, weather pattern 1 (supplemental Fig.
WP1) has speeds of around 400–600 km day21 in the midup-
per troposphere, and as a result weather pattern 1 would take
a couple of days to impact the Scottish FIR following an
Icelandic eruption, whereas pattern 13 (supplemental Fig. WP13)
has mid- to upper-tropospheric speeds of around 1700–2300 km
day21, meaning that flow from Iceland could reach the Scottish
and London FIRs within 12 h of the eruption commencing. The
flow direction will also impact the arrival time into an FIR.
Patterns 14 and 24 (supplemental Figs. WP14 and WP24) have
comparable flow speeds in the mid- to upper troposphere,
but different flow directions. Pattern 14 is a northwesterly
flow regime and flow from Iceland proceeds directly to the
Scottish and London FIRs, whereas pattern 24 flows south
initially impacting the Shanwick FIR within a few hours of
the eruption, but flow might take over 24 h to reach the
London FIR as the flow direction is driven by the low pres-
sure system over the United Kingdom. Both weather pat-
terns would bring flow from Iceland that could impact on
the airspace over the British Isles; however, the order and
timing of airspace closure would be impacted by the weather
pattern and the flow speed.

b. Chained persistence

While for the vast majority of patterns there would be im-
pacts on the airspace around the British Isles within the first
24 h of the eruption, the impacts on aviation greatly increase
as the duration of the event persists, both in the spatial extent
as the ash can travel farther, but also in terms of the volume
of passengers and freight affected. Therefore, while the fre-
quency (or occurrence) of the weather pattern is necessary to
assess the threat from the flow from Iceland, it is the persis-
tence (or duration) of the event that would affect the magni-
tude of the impact. Previous analysis of the persistence of
these weather patterns has focused on the persistence of indi-
vidual weather patterns (Pope et al. 2022). Here we have used
the concept of chained persistence to reflect that a number of
the weather patterns are very similar and it is reasonable for
their daily frequency to change from one to the other while
maintaining flow from Iceland toward the British Isles.

For example, patterns 9, 13, and 14 all involve an Atlantic
ridge of high pressure and a low pressure situated over Scan-
dinavia. All three result in a northwesterly flow from Iceland
into the Scottish and London FIRs (see supplemental Figs.
WP9, WP13, and WP14), and as such it is reasonable to

include them together in an assessment of the event duration.
In contrast, it is possible for patterns affecting an FIR to bring
flow from different directions. For example, patterns 8 and 9
(supplemental Figs. WP8 and WP9) both affect the Scottish
FIR; however, their different flow directions mean that a
transition from pattern 9 to pattern 8 would not result in
the impacts from the previous day being exacerbated in the
next day. However, an analysis of the patterns from ERA5
(supplemental Fig. 1) demonstrates that on no occasion did
pattern 8 transition into pattern 9 (or vice versa). This phys-
ical implausibility enables us to create the chained persis-
tence based on all the weather patterns affecting each FIR.

Figure 3 highlights the difference between individual persis-
tence and chained persistence for all the weather patterns
that impact an FIR (Fig. 4 replicates this for the individual
FIRs). For individual weather patterns, the persistence is
dominated by 1- or 2-day events, with events rarely lasting 5
or more days. However, for the chained persistence, a one
day event is as common as a 6-day event, with the majority of
events lasting between 3 and 5 days. There are also a notice-
able number of events that could last 8–10 days, similar to
the events during the Eyjafjallajökull eruption in April 2010.
Figure 4 highlights the same information for the different
FIRs. As can be seen in Fig. 3, the chained persistence length-
ens the duration of events in all the FIRs, with some differences
between them. London and Scottish FIRs are dominated by
the 2–6-day duration events, with very few events occurring
for longer than a week in duration, with a similar distribu-
tion seen in Shannon (Fig. 4). While 2–6-day events are also
the most common in Shanwick, they are less common than
in the other FIRs (Fig. 4). However, unlike the other FIRs,
Shanwick displays 2%–5% occurrence of events lasting
10–13 days, with noticeable durations of 16, 18, and 19 days
(Fig. 4).

c. Seasonal variation in the frequency and persistence of
these patterns

The 30 weather patterns used in this work are labeled from
1 to 30 based on their annual frequency (in the EMULATE
dataset), with lower numbered patterns most common and
higher numbered patterns least common annually (Neal et al.
2016). Within this, there is also a seasonal variation with dif-
ferent frequencies of weather patterns observed across the
four meteorological seasons (Fig. 5). The winter and summer
months are very different. In summer, the frequency of pat-
terns 23–30 is less than 1%, but in winter, it is patterns 1–5
that rarely exceed 1% frequency. As such, it is plausible that
one of these patterns would not occur on any day in that sea-
son in a given year. In spring and autumn, there is less varia-
tion in the frequency of each pattern, with the most patterns
occurring between 2% and 5% of the time.

The seasonal variation in frequency of patterns impacts the
potential occurrence of flow from Iceland toward the British
Isles due to the tendency for higher numbered patterns to
drive flow from Iceland. Figure 6 reveals the monthly fre-
quency of the group of weather patterns which drive flow
from Iceland toward the British Isles and its FIRs. The
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frequency of these patterns is around 35%–38% during October–
April, but from May to September, the frequency is nearer
30%–33%. Also highlighted in Fig. 5 is the percentage of each in-
dividual pattern’s occurrence. Summer frequency is dominated by
patterns 1, 8, and 9, which would have a larger impact on the
Scottish FIR than the Shanwick FIR. When the monthly fre-
quency of each pattern is assessed for the individual FIRs (Fig. 7),
the impact of the different patterns becomes more evident. The
London FIR displays minimal seasonality, with different patterns
compensating for the seasonal changes in the frequency, for
example winter frequency of pattern 25 decreases in the sum-
mer, when pattern 8 increases in frequency, as a result the
seasonal frequency of the patterns for this FIR is between
24% and 26% in all months. The Scottish and Shannon FIRs
display a slight seasonality, with winter frequency higher than
in the summer and a transition through the spring and autumn
months. Differences between winter and summer are around
4% in these two FIRs. The Shanwick FIR displays a consider-
able seasonality. As with Scottish and Shannon FIRs, this is
dominated by winter patterns being more common than sum-
mer patterns in driving flow from Iceland; however, the differ-
ence between winter peak (∼38% frequency) and summer
peak (∼18% frequency) is much greater at a change of around
20%. The transitions between seasons also show much
sharper jumps, with the April–May (decrease) and September–
October (increase) larger than the seasonality observed in the
Scottish and Shannon FIRs.

d. Flow from Iceland forecast example for the 2010
Eyjafjallajökull eruption

The probabilistic weather pattern forecasting tool described
in section 2a was not available at the time of the 2010

Eyjafjallajökull eruption. However, for the purposes of this
case study we have extracted 51 ensemble forecast members
from ECMWF’s archive from around this time and applied
them to the weather pattern forecasting tool to see what sort
of forecast signal would have been available. This provides us
with an insight into how such a forecasting tool could be used
in the present day to flag up forecast periods with the greatest
likelihood of flow from Iceland. Probabilities of weather pat-
terns occurring with a flow from Iceland component (high-
risk types) are presented for all FIRs combined (Fig. 8) as
well as having a breakdown of the likelihood of flow from
Iceland into each of the four FIRs (supplemental Fig. 2).

As discussed in the introduction (section 1), the explosive
and disruptive phase of the Eyjafjallajökull eruption began on
14 April 2010 and lasted for several days. However, the initial
eruption began in March 2010 as an effusive (low impact)
eruption on the flats of the main vent. Therefore, this volcano
would have been undergoing significant monitoring as the
Icelandic Meteorological Office does now with the aviation
color code system (https://en.vedur.is/earthquakes-and-volcanism/
volcanic-eruptions/). As such, an understanding of future flow
conditions would have been helpful for contingency planning,
particularly where forecasts extend into the medium range. For
this reason, Fig. 8 presents the probability of weather patterns oc-
curring which would bring flow from Iceland into U.K. airspace
using an ECMWF forecast run initialized over a week before the
main explosive eruption began.

In Fig. 8, the first five days of the forecast (which was initial-
ized at 0000 UTC 6 April 2010) show a 0% probability of flow
from Iceland. The probabilities then increase to around 70%
over the following two days (up to 12 April 2010) and then
persist at this level right out to the end of the 15-day forecast

FIG. 3. Percentage of flow from Iceland event duration for the persistence of individual
weather patterns (blue) and the chained persistence (orange), based on the ERA5 assigned
weather patterns that influence any of the FIRs.
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period. Forecast probabilities are significantly above the 42%
climatological occurrence for the time of year (as shown by
the dashed horizontal lines) suggesting that flow from Iceland
is much more likely than normal. In addition, the high fore-
cast probabilities persist for an unusually long time. These
high probabilities last for 9 days (between 12 April 2010 and
20 April 2010) covering the end of the forecast period. This
compares to an average persistence of 3–5 days (Results;
section 3b). Therefore, the combination of forecast probabili-
ties higher than climatology for the time of year and the un-
usually long persistence of these high probabilities help flag
the period from 12 April 2010 onward as being at a high risk
of disruption should an explosive phase of the volcano
emerge. Forecast confidence could be further improved by
considering output from additional ensemble models (e.g., as
provided by the Met Office Global Seasonal Forecasting Sys-
tem (GloSea; MacLachlan et al. 2015). In addition, an assess-
ment of forecast consistency over consecutive runs could aid
with forecast confidence.

Following an assessment of forecast probabilities for all
FIRs combined, we look at the probabilities for each individ-
ual FIR to see if any are at a higher risk of disruption than
others. The list of high-risk weather patterns varies slightly
between each FIR (Fig. 2), therefore it is likely the probabili-
ties will also vary depending on the weather patterns being
forecast. For example, supplemental Fig. 2 shows the proba-
bilities of flow from Iceland for each FIR separately using the
same forecast initialization date as in Fig. 8. Here, the Scottish
FIR has the highest probabilities, particularly for upper level
flow. This is followed by Shannon and Shanwick FIRs which
have slightly lower probabilities than the Scottish FIR, but
still with probabilities considerably higher than climatology.
Finally, probabilities for the London FIR are the lowest of all
FIRs and hover only slightly higher than climatology from 12
April 2010 onward.

These forecasts are intended as a decision aid for meteorol-
ogists, providing a rapid assessment of the risk of volcanic ash
originating over Iceland being transported into U.K. airspace.

FIG. 4. As in Fig. 3, but for the four individual FIRs (a) Scotland, (b) London, (c) Shannon, and (d) Shanwick, based
on the ERA5 assigned weather patterns that influence the respective FIRs.
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These forecasts are designed for use from days five or six on-
ward (as highlighted by the hatching in the forecast example;
Fig. 8) due to the large spatial scales involved. They will only
provide the likelihood of wind flow from Iceland, with dis-
persion simulations still required from models such as the
Met Office Numerical Atmospheric Modeling Environment

(NAME; Jones et al. 2007) to accurately assess the concen-
trations and specific locations of volcanic ash. As such, the
weather pattern forecasts are not suitable for the issuance of avi-
ation ash warnings, but instead could be used to provide written
forecast guidance for contingency planning purposes and for or-
ganizational based internal preparedness.

FIG. 5. Seasonal frequency of each ERA5 assigned weather pattern. Each color represents a different season, winter
[DJF (blue)], spring [MAM (purple)], summer [JJA (red)], and autumn [SON (black)].

FIG. 6. Monthly frequency of each weather pattern to indicate the percentage of days when
the patterns occur during the month, based on the ERA5 assigned weather patterns that influ-
ence any of the FIRs.
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4. Conclusions

Since the 2010 Eyjafjallajökull eruption, the awareness of
the impact of Icelandic volcanism on the British Isles and con-
tinental Europe has significantly increased. Here we present
how a set of 30 weather patterns, currently used in opera-
tional numerical weather prediction tools to produce proba-
bilistic medium-range forecasts, can be utilized to determine
periods of high risk of flow from Iceland into specific regions,
focusing on the four flight information regions covering the
British Isles and eastern North Atlantic. By producing the
streamflow from Iceland for each of the 30 weather patterns,
we determined that 14 weather patterns were associated
with flow from Iceland into at least one FIR. The patterns
were predominantly in two groupings, either northerly and
northwesterly flow or westerly and southwesterly flow into
the FIRs. A second consideration in addition to the flow di-
rection was the climatological flow speed, with different pat-
terns resulting in varying times between the eruption of the
ash and its arrival into an FIR (with the ability to impact on
aviation).

The persistence of the flow into each FIR was also consid-
ered, through the assessment of “chained persistence,” focus-
ing on the duration of patterns maintaining a consistent flow

from Iceland into an FIR, over the persistence of individual
patterns. The four FIRs all displayed persistence of 3–5 days,
with events occurring longer than a week particularly possible
in the Shanwick FIR. Owing to the seasonality of the different
weather patterns (lower numbered patterns more common in
the summer and higher numbered patterns more common in
the winter), there was also a seasonal variation in the occur-
rence of flow from Iceland affecting the FIRs, with a bias to-
ward a higher risk in the winter months compared to the
summer. A case study, using forecast fields from 6 April 2010,
demonstrated how these weather patterns could be used as a
medium-range (day five onward) decision aid for meteorolo-
gists assessing the potential for flow from Iceland to impact
on British Isles airspace, with a view to providing contingency
planning purposes and organization preparedness. It would
still be necessary for dispersion models to accurately assess
ash concentrations and provide short range aviation ash
warnings.

Finally, studies of previous events (such as the 1783–84
Laki eruption) have highlighted the risk to public health from
Icelandic volcanism (Thordarson and Self 2003; Schmidt et al.
2011). While the example in section 3d focused on an ash
cloud event, it is plausible that the same patterns could be

FIG. 7. As in Fig. 6, but for the four individual FIRs, (a) Scottish, (b) London, (c) Shannon, and (d) Shanwick, based
on the ERA5 assigned weather patterns that influence the respective FIRs.
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used as a forewarning of a potential public health event. A fu-
ture development of this work would be to understand the re-
lationship between these patterns and the transport and
deposition of volcanic gases that can impact on public health.
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