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Abstract. The impact of extreme weather events, particularly
those associated with tropical and extra-tropical cyclones
(TC and ETC), on aviation can rise serious concerns in the
context of the ongoing climate change. These events often
lead to significant disruptions, including flight cancellations,
delays, re-routing, and impacts on airport infrastructure re-
silience to adverse weather conditions. This study conducts
an analysis of the influence of anthropogenic climate change
on four recent major storm events that occurred over Europe,
the USA, and East Asia, with an in-depth analysis on the
Storm Eunice, a powerful ETC that affected the UK and Ire-
land. Using climate reanalysis data we assess the dynamics
of these extreme storms and their implications for aviation
operations, particularly during critical phases such as take-
off and landing. Our research underscores the growing inten-
sity of extreme storms, particularly stronger winds, driven by
human-induced climate change, and stresses the need for tak-
ing into account growing climate hazards to optimize planes
and airport operations.

1 Introduction

The Sixth Assessment Report (AR6) of the Intergovern-
mental Panel on Climate Change (IPCC) states that an-
thropogenic climate change is intensifying extreme weather
events (Masson-Delmotte et al., 2021). Global warming
is altering atmospheric patterns, leading to an increase in

the frequency and severity of extreme events (Archer and
Caldeira, 2008; Marvel and Bonfils, 2013). Among these
events, thunderstorms and strong winds associated with trop-
ical and extra-tropical cyclones (TC and ETC) are partic-
ularly impactful (Cheung and Chu, 2023). For the avia-
tion sector, they pose significant risks both considering on-
ground and in-flight effects, enhancing episodes of both
Clear Air Turbulence (CAT) and Convectively Induced Tur-
bulence (CIT). These events affect fuel efficiency, passenger
comfort, and operational safety, particularly in the lower at-
mosphere where most commercial aircraft operate (Sharman
and Lane, 2016). Specifically, CIT has been estimated to ac-
count for 60 % of turbulence-related aircraft accidents (e.g.,
Cornman and Carmichael, 1993; Gisinger et al., 2024; Storer
et al., 2019). Storms can also create unfavourable weather
conditions at airports, leading to flight cancellations, delays
and, consequently, economic losses (International Civil Avi-
ation Organization, 2018). For instance, visibility issues due
to rain or fog can hinder take-off, while strong wind shear
gradients can alter the lift an airplane experiences during
take-off. According to the Federal Aviation Administration
guidelines (Federal Aviation Administration, 2022), landing
or taking off should be avoided during an approaching storm,
as sudden gust fronts and low level turbulence can lead to a
loss of control (Williams, 2014).

As extreme weather events become more frequent and in-
tense, understanding their operational impacts on airports be-
comes increasingly crucial. Several studies have highlighted
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the effects of adverse weather on worldwide airport and air-
line operations. For example, Robinson (1989) found that
over 165 000 min of delays per year (around 115 d yr−1) at
Atlanta Hartsfield International Airport were attributable to
adverse weather. Changnon (1996) noted that increased rain-
fall in the late 1970s led to more departures with delays
over 30 min at Chicago O’Hare Airport. Sasse and Hauf
(2003) reported that thunderstorms significantly raised de-
lays at Frankfurt Airport by a factor of 6.3 in 1997 and 1.1
in 1998. Hsiao and Hansen (2006) observed that average de-
lays on days with adverse weather conditions were 14 min
longer than on clear days. Borsky and Unterberger (2019),
covering 10 large US airports, concluded that flights which
face rapid weather changes are delayed by up to 23 min. In
the Republic of Korea, Kim et al. (2023) showed that rain-
fall had a greater impact on aircraft cancellations compared
with wind speed. Oo and Oo (2022) found that thunderstorm
rain poses the largest risk for aviation operation at the Yan-
gon International Airport in Myanmar. These studies collec-
tively demonstrate the significant sensitivity of airport oper-
ations to adverse weather conditions. Furthermore, it is also
important to note that such impacts are modulated by large-
scale climate variability. Interannual to decadal fluctuations,
such as those affecting the North Atlantic jet and storm-track
regimes, can substantially alter the frequency and intensity of
extratropical atmospheric regimes (and, also cyclones) (Dor-
rington and Strommen, 2020; Fragkoulidis, 2022; Massacand
and Davies, 2001). In some cases, the contribution of inter-
nal variability has been shown to be of comparable magni-
tude to forced climate signals (e.g., Hay et al., 2023), compli-
cating the attribution of observed changes to anthropogenic
drivers, especially over relatively short comparison periods.
These findings suggest that aviation operations are exposed
to a dual challenge: disruptions from current extreme weather
and the added uncertainty from internal climate variability,
both of which may be amplified in a warming climate. In
fact, under the ongoing global warming, these impacts can
be exacerbated by changes in the characteristics of TC and
ETC (Seneviratne et al., 2021), including increased inten-
sity, altered storm tracks (Priestley et al., 2020; Priestley and
Catto, 2022), and enhanced atmospheric instability (Lock-
wood et al., 2024). In particular, variations in wind shear,
both vertical and horizontal, can become more pronounced
near cyclonic systems, posing significant risks for aviation
safety. These changes may affect aircraft performance by in-
creasing turbulence during flight, altering take-off and land-
ing distances, and modifying climb and descent angles (Grat-
ton et al., 2022). The influence of climate change on ex-
tratropical cyclones has been addressed by numerous stud-
ies, which highlight both regional and dynamical changes in
their characteristics. For instance, Zappa et al. (2013) used
CMIP5 model simulations to show a projected poleward shift
and reduction in frequency of extratropical cyclones in the
North Atlantic and European sectors, particularly during the
storm track season. Ulbrich et al. (2009) reviewed multi-

ple model projections and emphasized a likely decrease in
cyclone frequency in the mid-latitudes, accompanied by a
potential intensification of the most extreme events, espe-
cially in the North Atlantic. More recently, Priestley and
Catto (2022) provided an updated synthesis indicating that
while mean cyclone activity may decline, there is increas-
ing evidence that intense cyclones may become more fre-
quent, with enhanced associated precipitation and wind ex-
tremes. These projected changes are linked to modifications
in baroclinicity, jet stream dynamics, and low-level tempera-
ture gradients driven by anthropogenic warming. The IPCC
report (Lee et al., 2021) suggests that, while the overall in-
tensity and number of ETC may not change, the associated
precipitation and impacts will likely increase, particularly
in the North Atlantic during winter, although with regional
variations. Similarly, while some studies suggest that torna-
does – particularly those associated with land-falling tropi-
cal cyclones – may become more common in the USA (Wu
et al., 2022), the evidence remains mixed, with other analyses
finding no robust trend in overall tornado frequency (Brooks
et al., 2014). Nonetheless, tornado outbreaks could become
more dangerous due to increased duration, clustering, and a
higher likelihood of occurring at night (Forbis et al., 2024).
Understanding these changes is crucial for the aviation in-
dustry, as it navigates the evolving risks posed by a chang-
ing climate. Several recent studies have provided evidence of
increasing turbulence levels and episodes, especially at mid-
latitudes (Williams and Joshi, 2013; Williams, 2017; Storer
et al., 2017, 2019; Alberti et al., 2024). Nevertheless, an
observation-based (analogues) attribution approach to inves-
tigate how the weather systems that contributed and forced to
airport closures, disruptions, delays, and cancellations, have
changed compared to similar synoptic-scale situations and
conditions occurred in the past is still missing. These stud-
ies can be helpful for stakeholders to be better prepared for
the challenges ahead and implement strategies to mitigate the
associated risks. These risks are particularly relevant in re-
gions such as Europe, the USA, and Asia which have dense
air traffic networks and significant economic activities (Bur-
bidge, 2023). In this context, the framework of attribution
science (Otto, 2016, 2019; Yiou et al., 2017) represents the
most powerful tool for assessing changes in the frequency
and spatial patterns of specific extreme events, as well as the
probability that climate change influences these events (e.g.,
Faranda et al., 2023; Faranda et al., 2024). In fact, although
similar large-scale patterns are observed historically, their
effects and impacts, as measured, among other things, by
changing wind patterns and intensity, bulk wind difference,
turbulence-related metrics, are now different with respect to
the past, thus suggesting a possible link with anthropogenic
climate change.

The present study aims to propose a way to detect the
influence of anthropogenic climate change on four notable
storms events associated with ETC/TC that occurred over
Europe, the USA, and East Asia between 2022 and 2023
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(see Table 1 for more details). Our aim is to offer a first
observation-based framework to attribute impacts of four
high-impact weather events that forced airports’ disrup-
tions to find if these impacts belongs to the same class of
previously-observed ones. In particular, we focus on storm
Eunice, a powerful ETC that mainly affected UK and Ire-
land in February 2022, providing a detailed analysis to illus-
trate the methodology. Additionally, we examine storm Poly,
a severe windstorm impacting northwest Europe in early July
2023; a strong North American windstorm, responsible for
widespread impacts across much of the USA in late February
2023; and Typhoon Hinnamnor, which affected the western
Pacific in late August 2022. We decided to focus on these
events as they had significant impacts on aviation, resulting
in numerous flight cancellations and delays. Furthermore,
they are also characterized by higher wind speeds near air-
ports, compared to similar events over the period 1989–2023,
thus being representatives of extreme events with high im-
pact on airport operations within the current climate. In our
analysis, we assess atmospheric variables at ground level (or
close to it) since our focus is on issues that could prevent
airports’ operations, including take-off and/or disrupt land-
ings, as well as, forcing flight cancellations and airports’ clo-
sures, rather than on challenges that may arise during flight
as in previous studies (e.g., Alberti et al., 2024). We need
to emphasize that our analysis aims at investigating how the
weather systems that forced airports’ disruptions were af-
fected by climate change, rather than how climate change
actually affected air travel. Indeed, while natural mode vari-
ability and climate change trends can be quantified using in-
dices and the long-term behaviour of key meteorological pa-
rameters – thus supporting an attribution-based framework
widely employed across various sectors (e.g., Faranda et al.,
2024) – directly assessing their impacts on air travel, such as
costs, delays, and weather-related disruptions, requires addi-
tional considerations. In particular, such an analysis would
necessitate the inclusion of more data, some of which must
span short time intervals to ensure statistical robustness when
comparing present and past conditions. Furthermore, it is es-
sential to account for other factors, including the substantial
increase in the number of flights over recent decades, as well
as the evolution in aircraft technology. The paper is organized
as follows. In Sect. 2, we present the data and the methods
which we will use in our forthcoming analysis. In Sect. 3 we
first present detailed results for storm Eunice, followed by
main results for the other events. We draw our conclusion in
Sect. 4.

2 Data & Methods

2.1 ERA5 reanalysis data

For our analysis, we use the ERA5 reanalysis dataset (Soci
et al., 2024), which has a spatial resolution of 0.25°× 0.25°,

covering the period from 1950 to 2023, at 6-hourly tempo-
ral resolution. Specifically, we use different variables in our
analysis: the mean sea level pressure, SLP [hPa], the geopo-
tential height at 500 hPa, Z500 [m], the 2 m air temperature,
T [°C], the total precipitation, TP [mm d−1], and the 10 m
wind speed, V [m s−1] to characterize the event from a mete-
orological point of view. Additionally, the velocity field at the
two pressure levels closest to the ground, namely 1000 and
975 hPa, is used to quantify its impacts on airport operations,
not only in terms of adverse weather conditions featured by
airports’ infrastructures but also during take-off and landing
operations. To the latter purpose, we evaluate the velocity
field gradient as it affect the the climb/descent angle/gradi-
ent required for an aircraft to take off/landing, together with
turbulence-related metrics, i.e., the Ellrod’s indices TI1 and
TI2, operationally developed to assist in forecasting CAT and
potentially CIT in the atmosphere (Ellrod and Knapp, 1992).
TI1 provides a measure of turbulence generation due to bulk
wind difference-induced strain. It is the product of vertical
wind shear (VWS) and horizontal deformation (DEF):

TI1= VWS×DEF, (1)

with
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(
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Here, u and v are the zonal and meridional components of
the horizontal wind, respectively, extracted from ERA5 data;
z denotes the vertical coordinate, while x and y denote the
zonal and meridional horizontal coordinates, respectively.
TI2 incorporates the presence of frontal zones, accounting
for both dynamic and thermodynamic properties of the at-
mosphere, and is particularly useful for identifying regions
prone to aviation turbulence (Ellrod and Knox, 2010). It is
computed as:

TI2= VWS× (DEF−DIV), (4)

where the divergent flow term is

DIV=
∂u

∂x
+

∂v

∂y
, (5)

so that −DIV represents the convergent component. In both
cases, larger values of TI1 or TI2 are usually associated with
areas of increased potential for CAT or CIT development. As
an additional metric, we also evaluated the eddy dissipation
rate (EDR) based on ERA5 data (Alberti et al., 2024). The
EDR quantifies the rate at which turbulent kinetic energy is
transferred down to smaller scales and ultimately dissipated
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Table 1. Operational impacts on airports for the four events analysed. The airports abbreviations used are: LHR (London Heathrow), DUB
(Dublin), AMS (Amsterdam Schipol), DEN (Denver International) and Haneda (HND).

Event Date Primary
Affected
Airports

Flights
Cancelled

Flights Grounded Notes on Disruptions

Storm Eunice 18 Feb 2022 LHR (UK),
DUB (IE)

436 UK, 43 at
DUB

Many preventively
(around 80)

Record gusts
(55 m s−1), red weather
warnings, power
outages, 9 fatalities,
rail/ferry services
suspended.

Storm Poly 5 Jul 2023 AMS (NL) 400 Ground stop
09:00–11:00 a.m.

Strongest summer
storm in The
Netherlands, red
weather warnings, 2
fatalities, rail services
suspended.

North America
windstorm

21–23 Feb
2023

DEN (CO) 200 DEN, 2300
USA

Ground stop due to
snow and blizzard

Power outages,
interstate closures, low
temperature record,
de-icing delays.

Typhoon
Hinnamnor

Late Aug/early
Sep 2022

HND (JP), Jeju
(SK), Busan
(SK)

70 JP, 251 SK Hundred 15 000 people
evacuated, ferry/rail
closed, rail/ferry
services suspended.

as heat due to viscous effects (International Civil Aviation
Organization, 2018). This metric provides insight into the en-
ergy cascade process in turbulence, reflecting the intensity of
mixing and the efficiency of kinetic energy conversion into
thermal energy within the atmosphere. The EDR is computed
as

EDR=
[
V ′2
1t

]1/3

(6)

where V ′ =
√
〈V 2〉 denotes the root-mean-square (RMS) of

the velocity field, and 1t is the temporal resolution. We need
to underline that this EDR is not calibrated to aircraft-specific
measurements, unlike values derived from AMDAR obser-
vations (International Civil Aviation Organization, 2018).
Nevertheless, its statistical properties (e.g., Alberti et al.,
2024) show good consistency with values reported in the
literature, supporting its use for classifying aviation turbu-
lence into standard intensity categories (International Civil
Aviation Organization, 2018). Indeed, EDR is widely used
to classify turbulence into different classes/levels (Interna-
tional Civil Aviation Organization, 2018): when EDR ≤
0.2, turbulence is light, moderate turbulence occurs when
0.2 < EDR ≤ 0.45, while severe turbulence is experienced
when EDR > 0.45.

ERA5 provides a suitable basis for assessing trends in
our impact variables, particularly when analyses are an-

chored in the well-observed satellite era and supported
by basic robustness checks. Large-scale circulation trends
since 1979 are physically consistent, dynamically plausi-
ble, and cross-supported by other reanalyses. As an exam-
ple, Simmons (2022) showed strengthened and meridion-
ally expanded tropical easterlies, shifts in the North Atlantic
jet, and increases in extreme jet-stream winds, with pat-
terns coherent across vertical levels and datasets. The re-
cent back-extensions of ERA5 substantially increase tempo-
ral coverage, but their stability is lower because they rely on
much sparser and evolving observations, especially before
the satellite era (Bell et al., 2021; Soci et al., 2024). Surface-
impact variables are of course particularly sensitive to the
evolving surface observing network, such as changes in sta-
tion density over land or the transition from ship to buoy ob-
servations over ocean, which feed the assimilation system.
These factors underscore the need for sensitivity tests and
cross-dataset comparisons when interpreting ERA5-based
trends, especially outside the satellite era and in regions with
limited observational coverage. However, at the present time
ERA5 represents the best-suited product to investigate long-
term variability and to perform attribution studies (Faranda
et al., 2024). Of course, the temporal stability of reanalysis
products such as ERA5 is not guaranteed, as discontinuities
related to evolving assimilation systems and observational
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inputs can affect long-term consistency, which need further
assessment for future releases.

2.2 Method

In this section we present the procedure we use to detect the
influence of climate change on ETCs. To detect recurring pat-
terns in large-scale weather events we follow the methodol-
ogy presented by Faranda et al. (2024), based on the ana-
logues methodology outlined by Yiou et al. (2017); Ginesta
et al. (2024). Each event is represented through its synop-
tic conditions via the SLP (or the Z500) field over a specific
spatial domain that contains the low-pressure area associated
with the storm/cyclone1. We designate as the “cyclone time”
the time-step corresponding to the SLP minimum over this
area. Then, the SLP field of the event is compared with all
others in the database to find its weather analogues, i.e., a
sample of events minimizing their Euclidean distances with
the event itself (Faranda et al., 2024). The analogues are
searched in the same fixed area where we look for the SLP
minimum. The full database is then divided into two non-
overlapping periods of equal duration and long enough for
statistical characterization of extreme events, natural vari-
ability but short enough to assume that extreme events have
similar characteristics in each period. We choose 35-year
periods – as customary in attribution studies (Luu et al.,
2018; Vautard et al., 2019) – to strike a balance between
ensuring the climate state remains relatively stable and be-
ing long enough to smooth out short-term fluctuations in at-
mospheric dynamics. The less recent period [1950–1984] is
representative of climate conditions less impacted by global
warming, usually defined as “factual period”; the most recent
period [1989–2023] reflects a stronger anthropogenic influ-
ence (Gulev et al., 2021), usually defined as “counterfactual
period”. For both factual and counterfactual periods, we se-
lect the thirty best analogues (Tables A1, A2). As is typi-
cal for attribution studies, the cyclone itself is not included
in the list, and analogues overlapping over a 7 d consecu-
tive period are also excluded. Furthermore, we search ana-
logues only over the months of the extended season during
which the cyclone time occurred, i.e., December–January–
February–March (DJFM) as the winter season and June–
July–August–September (JJAS) as the summer season. This
accounts for potential shifts in atmospheric circulation due to
climate change and to restrict the analysis to events typical
of a specific season, which are more likely to present sim-
ilar patterns and characteristics (Faranda et al., 2024). This
also prevents mixing the distinct physical processes that con-
tribute to storms in warm versus cold seasons.

For each period, we compute SLP, Z500 and T anomalies
over the time-steps corresponding to the identified analogues.
Specifically, we removed at each grid-point and for each

1The method is robust with respect to changes in the domain
size, provided that the storm/cyclone is fully contained in the do-
main (Faranda et al., 2024).

time-step the average of SLP, Z500 and T values for all the
corresponding calendar values in the period 1950–2023. We
then calculate a weighted average of the anomalies over the
two time windows. The weights are calculated as the recip-
rocal of the logarithm of the Euclidean distance of each spe-
cific analogue, which gives more importance to the analogues
closer to the event. Finally, we take the difference between
the two averages, to assess whether changes occurred be-
tween a climate with and without climate change. The analy-
sis extends to impact-oriented variables, i.e., TP, V, TI1, TI2,
and EDR. For these variables, composite maps are generated
directly through weighted logarithmic averaging of the data,
along with the difference maps between factual and counter-
factual scenarios. To test the significance of the differences,
we apply the bootstrap method at the 95th level of confidence
(Faranda et al., 2024). Finally, to account for the potential
influence of low-frequency modes of natural variability, we
use the El Niño-Southern Oscillation (ENSO), the Atlantic
Multi-decadal Oscillation (AMO), the Pacific Decadal Os-
cillation (PDO), the East Atlantic (EA), the Scandinavian
pattern (SCAN) and the North-Atlantic Oscillation (NAO)
monthly indices values. These tele-connection patterns are
known to influence, both directly and indirectly, the Euro-
Mediterranean weather and climate extremes. In particular,
the NAO is the principal mode of atmospheric variability in
the North Atlantic/European region, it is strongly linked to
the position of the storm track, especially during winter, and
its positive phase is associated to a higher occurrence of ex-
treme ETCs (Pinto et al., 2009). The monthly indices are
computed from the NOAA/ERSSTv5 data and retrieved from
KNMI’s climate explorer. In particular, the ENSO index is
the 3.4 version as defined by Huang et al. (2017), the AMO
index is computed as described in Trenberth and Shea (2006)
and the NAO index is the rotated empirical orthogonal func-
tion of Z500. We applied a two-sided Kolmogorov-Smirnov
test to assess the significance of changes in the distributions
of analogues between the two periods. If the p-value is below
0.05, we reject the null hypothesis, indicating distinct distri-
butions. If low-frequency variability is excluded, changes in
analogues between present and past period are attributed to
climate change. Moreover, we also examine changes in the
monthly occurrence of analogues to determine whether there
is a shift in atmospheric circulation within the season.

3 Results

We present a detailed case study for the Storm Eunice to pro-
vide a comprehensive overview of the methodology. For the
other events, we will directly focus on the impacts at airports.

3.1 Storm Eunice

Storm Eunice, the second of three named storms that af-
fected the UK within a week in February 2022, brought se-
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vere weather across the UK and Ireland, causing fatalities
and significant transport disruptions (Kendon, 2022). A sig-
nificant disruption in air traffic led to the cancellation of more
than 400 flights across the UK, with the majority involving
Heathrow Airport (Timmins, 2022). In Ireland, Dublin Air-
port was also heavily impacted, with a large number of both
incoming and outgoing flights being cancelled (The Sun,
2022). European insurance costs were estimated to be around
2.5 billions euros (Rosanes, 2022). Initially a weak system
around 40° N, 50° W at 06:00 UTC on 16 February Eunice
rapidly intensified over the next 24 h, deepening explosively
to a central pressure of 975 hPa, positioned southwest of Ire-
land, by 00:00 UTC on 18 February. At its peak, 11:00 UTC
on 18 February, the storm produced a record-breaking wind
gust of 55 m s−1 at the Needles Old Battery on the Isle of
Wight. Surface wind speeds reached 28 m s−1 in the English
Channel and remained strong across land, with most stations
recording speeds over 15 m s−1. This intensity was partially
attributed to a sting jet, a narrow air stream within the storm
capable of producing exceptionally strong winds over local-
ized areas (e.g. Volonté et al., 2024a). This phenomenon oc-
curs in some cyclones classified as Shapiro-Keyser. For a de-
tailed explanation of this phenomenon during storm Eunice,
we refer to Volonté et al. (2024b). As our focus is on impacts
on airports disruptions, we have selected the British Islands
as the spatial domain for the attribution analysis, given the
significant disruptions experienced in this region (Kendon,
2022).

This area fully contains the low pressure area associ-
ated with the cyclone, with the cyclone time identified at
06:00 UTC on 18 February 2022, when the storm’s centre
was located just south of Ireland. This can be easily located
by the minimum in the SLP anomaly (Fig. 1a), showing a
wide depression up to −40 hPa. At that time, Eunice was
still in its early stages, reaching its mature phase only around
11:00 on the same day, while crossing southern UK before
continuing its track eastward. During these early stages, the
sting jet remained strong over the area, clearly visible in
satellite images (see Fig. 3 in Volonté et al., 2024a). This
is also consistent with the Z500 and T anomaly patterns dis-
playing a strong positive gradients of approximately 500 m
and 12 °C, respectively, between the area around the cyclone
centre and northern France (Fig. 1b, d). At the cyclone time,
the heaviest rainfall was observed over western Ireland and
Wales (Fig. 1c), with peak values reaching up to 27 mm d−1.
The comparison between past and present period suggests
that this type of cyclone are now shallower than in the past
(Fig. 1e), showing increased anomalies up to ∼4 hPa over
continental Europe and up to ∼ 1 hPa close to the centre of
the cyclone. Similarly, increased geopotential height anoma-
lies (up to 50–60 m) and air temperatures anomalies (up to
2.7 °C) are also observed in the present compared to the
past (Fig. 1f, h), although no changes are observed close to
the cyclone centre. This could indicate a north-east shift of
the cyclone core in the present climate, suggesting changes

in the storm trajectory. Nevertheless, present-day cyclones
bring more precipitation (up to 4.5 mm d−1) with respect
to the past (Fig. 1g), significantly higher upstream of the
centre, over Ireland and few areas in central UK. Looking
at impacts on wind speed variations, we can observe that
during the event the strongest winds were concentrated be-
low the cyclone centre, reaching up to 30 m s−1 (Fig. 2a)
on ground and up to 40 m s−1 (Fig. 2b) at 975 hPa (around
400 m). Furthermore, present-day cyclones are characterized
by higher-than-normal wind speeds, with anomalies of up to
2 m s−1 on ground (Fig. 2c) and 4 m s−1 at 975 hPa (Fig. 2d),
particularly over regions such as the southern UK and the
Dublin area. These wind speed increases align with the Z500
anomaly pattern observed during the event and in the ana-
logues scenarios. Specifically, a gradient in Z500 anomalies
at the cyclone time was detected between the area around
the cyclone centre and northern France, with the pressure
gradient increasing toward the southwest part of the domain
(Fig. 1b). In the present climate, the same areas are character-
ized by a steeper gradient in geopotential height, as suggested
by the larger Z500 values over the high-pressure region, cor-
responding to increased wind speed intensity. At the cyclone
time these areas experienced wind speeds exceeding 7 m s−1,
a critical threshold for aviation disturbances (International
Civil Aviation Organization, 2008). This suggests that more
extensive regions during Eunice-like storms in the present
climate will be exposed to winds surpassing this threshold.
This results aligns with recent literature, which has identified
an extended wind footprint south-east of the centre of strong
cyclones – an area where wind speed tends to intensify in a
warmer climate (Priestley et al., 2024; Dolores-Tesillos et al.,
2022). Such condition may amplify challenges for aviation
operations. In particular, they could promote stronger verti-
cal bulk wind difference that could potentially affect aviation
operations, especially during take-off or landing phases, cre-
ating crosswinds.

The storm Eunice generated stronger (up to 11 m s−1) ver-
tical wind speed bulk differences (Fig. 3a) in a region further
south than the centre of the cyclone, as well as over the En-
glish Channel, the southern coasts of the UK and the north-
ern French coasts. Over the same regions larger values of all
turbulence-related metrics, i.e., TI1, TI2, and EDR, are ob-
served (Fig. 3b–d), thus suggesting enhanced risks for coastal
airports during take-off or landing. By comparing present
episodes with past events we observe increased bulk wind
differences up to 2 m s−1 over the sea and Northern France
(Fig. 3e), with localised increases in TI1 over Southern coasts
of Ireland, Eastern and Southern coasts of UK, and Northern
coasts of France (Fig. 3f). Larger increases in TI2 (Fig. 3g)
are observed over Northern French coasts and Eastern coasts
of UK, while an overall increase in the EDR (Fig. 3h) is ob-
served over almost the Southern part of the analysed domain.

Among the modes considered to analyse the influence of
natural climate variability (ENSO, AMO, PDO, EA, SCAN
and NAO), only EA shows significant changes in its distri-
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Figure 1. Analogue-based results for the Storm Eunice. SLP (a) anomaly, Z500 (b) anomaly, TP (c) and 2 m T (d) anomaly at the cyclone
time. Red dots indicate major airports in the region: Dublin Airport (DUB), Manchester Airport (MAN) and London Heathrow Airport
(LHR). Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average anomalies at the time-steps corre-
sponding to the analogues for SLP (e), Z500 (f), TP (g) and 2 m temperature (h). In the second row, shadings indicate significant changes.

bution for the analogues between the counterfactual and the
factual periods over the considered extended season (Fig. 4a–
f). This suggests a very minor role of natural low-frequency
variability in this event (one mode over six). Within the
DJFM season, the analogues frequency is higher in Decem-
ber and March, while decreasing during the colder months of
January and February (Fig. 4g).

The analysis of Storm Eunice indicates a noticeable shift
towards December for Eunice-like storms in the current cli-
mate. Eunice-like storms are not only becoming more fre-
quent at the beginning of the winter season, but also more
severe in a warming climate, likely due to the impacts of
climate change. Indeed, the potential influences of ENSO,
AMO, PDO, SCAN and NAO have been ruled out as sig-
nificant factors in these changes, with only the EA pattern
playing a minor role. An examination of the different stages
of Eunice’s development (Figs. A1, A2, A3 and A4) re-
veals consistency with the results obtained from the cyclone
time analysis, showing increased precipitation in Eunice-
like storm analogues during the present period, along with
stronger winds in the southern part of the selected domain.
These findings align with the results of Ginesta et al. (2024),
who also observed an increase in precipitation and wind
severity associated with Eunice-like storm analogues in fu-
ture climate scenarios, and support the conclusion that cli-
mate change is playing a key role in the intensification of
these storms throughout their stages.

3.2 Storm Poly, USA windstorm on February 2023,
and Typhoon Hinnamnor

As mentioned in Sect. 1, besides storm Eunice, we applied
the analogue-based methodology to three other events, asso-
ciated with ETC/TC, responsible for huge impacts on avia-
tion, whose results are reported below.

Storm Poly, an exceptionally intense summer ETC, that
struck Germany, the Netherlands, and Denmark on 5 July
2023, caused extensive damage, and severe air travel dis-
ruptions. With hurricane-force gusts reaching 146 km h−1,
it became the strongest summer storm ever recorded in the
Netherlands. The storm developed rapidly over the North At-
lantic on 4 July and intensified over the North Sea, bringing
heavy rain and strong winds, particularly to the Netherlands,
where over 400 flights were cancelled at Amsterdam Airport
due to extreme conditions. The SLP anomalies (Fig. A5a)
show a large negative anomaly, up to −20 hPa over the coast
nearby Amsterdam, with Z500 anomalies (Fig. A5b) dis-
playing up to −250 m over the same area. Precipitation data
(Fig. A5c) show high daily amounts of precipitation over the
Amsterdam region and along the Norwegian coast, reaching
up to 20 mm d−1. Temperature data (Fig. A5d) show nega-
tive anomalies over the coast, from Amsterdam to the Copen-
hagen, while showing positive anomalies in the mainland of
Germany (up to 4 °C). Wind speed data (Fig. A5e) indicates
strong winds over the coast nearby Amsterdam. These winds,
combined with heavy precipitation over the same area, likely

https://doi.org/10.5194/wcd-6-1339-2025 Weather Clim. Dynam., 6, 1339–1363, 2025



1346 L. Rapella et al.: Anthropogenic climate change has increased severity of mid-latitude storms

Figure 2. Analogue-based results on the wind speed for the Storm Eunice. 10 m (a) and 975 hPa (b) wind speed at the cyclone time.
Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average field at the time-steps corresponding to the
analogues for 10 m (c) and 975 hPa (d) wind speed, respectively. Red dots indicate major airports in the region: Dublin Airport (DUB),
Manchester Airport (MAN) and Heathrow Airport (LHR).

contributed to operational disruptions at Amsterdam Airport.
When analysing how meteorological conditions similar to
those that led to Storm Poly have changed in the present pe-
riod compared to how they occurred in the past, we observe
a slightly deeper pressure (−1 hPa, Fig. A5f), with shallower
geopotential heights up to 50 m (Fig. A5g), leading to in-
creased precipitation over the sea up to 6 mm d−1 (Fig. A5h),
with higher temperature gradients (Fig. A5i) over the coast
(+2 °C) and the sea (+1 °C), and stronger winds over the
coast up to 2 m s−1 (Fig. A5j). Beyond these changes, we de-
tect the influence of natural climate variability on the event,
specifically the ENSO, AMO and EA tele-connection pat-
terns (Fig. A6a–f). This means that the changes we see in the
events compared to the past are also partially driven by nat-
ural variability. Furthermore, we observe that similar events
are now more probable to occur in June, while previously
mostly occurring in July and August (Fig. A6g).

A strong North American windstorm brought heavy snow,
freezing rain and strong winds in February 2023, caus-
ing flight disruptions and leading to numerous cancellations

and delays at major airports, especially in the Midwest and
Northeast. The SLP anomalies (Fig. A7a) show a large neg-
ative anomaly, up to −40 hPa, in a region between Las Ve-
gas and Denver, with Z500 anomalies (Fig. A7b) display-
ing up to −320 m slightly westerly with respect to the same
area. Precipitation data (Fig. A7c) show extremely high daily
amounts of precipitation over the same region, reaching up
to 30 mm d−1. Temperature data (Fig. A7d) show negative
temperature anomalies over the inner regions. Wind speed
data (Fig. A7e) indicates strong winds easterly to the cy-
clone centre up to 18 m s−1. A comparison of meteorologi-
cal conditions similar to those that led to the North Ameri-
can windstorm between the present and the past reveals that
no significant changes in pressure (Fig. A7f) and geopoten-
tial heights (Fig. A7g) occurred. We do not observe increased
precipitation, apart from some northward regions where up to
4 mm d−1 increases are detected (Fig. A7h), with no changes
in temperature (Fig. A7i), while stronger winds, close to
the cyclone centre, are observed up to 2 m s−1 (Fig. A7j).
Beyond these changes, we detect influence only in the EA
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Figure 3. Analogue-based results on aviation-related metrics for the Storm Eunice. Vertical wind speed difference 1V = V 1000hPa−
V 975 hPa (a), Ellrod index TI1 (b), Ellrod index TI2 (c), and EDR (d) at the cyclone time. Difference between factual [1989–2023] and
counterfactual [1950–1984] period of the average composites at the time-steps corresponding to the analogues for vertical wind speed
difference (e), Ellrod index TI1 (f), Ellrod index TI2 (g), and EDR (h). White areas indicate regions with V at the cyclone time lower than
7 m s−1. Red dots indicate major airports in the region: Dublin Airport (DUB), Manchester Airport (MAN) and Heathrow Airport (LHR).

Figure 4. Violin plots showing the distribution of monthly index values for ENSO (a), AMO (b), PDO (c), SCAN (d), NAO (e) and EA (f)
during the past (blue) and present (yellow) periods for Storm Eunice. The monthly values correspond to the months in which the analogues
occurred in each period; the value corresponding to the month of occurrence of the cyclone-time (February 2022) is marked by a black dot.
Panel (g): distribution of the frequency (%) of analogues occurring in each sub-period.

tele-connection pattern (Fig. A8a–f), suggesting that, as with
Storm Eunice, the detected changes are likely due to an-
thropogenic climate change. Additionally, we do not detect
any significant changes in their seasonal occurrence, apart a
slight increase in the occurrence of similar events in February
while previously occurring mostly in January (Fig. A8g).

Typhoon Hinnamnor, a powerful and destructive TC, im-
pacted East Asia in late August/early September 2022 (Kim
et al., 2024). Hinnamnor caused significant disruption, in-
cluding power outages, and damage to infrastructure, due to
high winds and heavy rain. Airports such as Gimhae Inter-
national in South Korea and Kansai International in Japan
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Figure 5. Analogue-based results on aviation-related metrics for the Storm Poly. Vertical wind speed difference (a), Ellrod index TI1 (b),
Ellrod index TI2 (c), and EDR (d) at the cyclone time. Difference between factual [1989–2023] and counterfactual [1950–1984] period of
the average composites at the time-steps corresponding to the analogues for vertical wind speed difference (e), Ellrod index TI1 (f), Ellrod
index TI2 (g), and EDR (h). White areas indicate regions with V at the cyclone time lower than 7 m s−1. Red dots indicate major airports in
the region: Amsterdam Airport Shipol (AMS), Copenhagen Airport (CPH) and Berlin Brandenburg Airport (BER).

Figure 6. Analogue-based results on aviation-related metrics for the 2023 February North American windstorm. Vertical wind speed dif-
ference (a), Ellrod index TI1 (b), Ellrod index TI2 (c), and EDR (d) at the cyclone time. Difference between factual [1989–2023] and
counterfactual [1950–1984] period of the average composites at the time-steps corresponding to the analogues for vertical wind speed differ-
ence (e), Ellrod index TI1 (f), Ellrod index TI2 (g), and EDR (h). White areas indicate regions with V at the cyclone time lower than 7 m s−1.
Red dots indicate major airports in the region: McCarran International Airport (LAS), Phoenix Sky Harbor International Airport (PHX) and
Denver International Airport (DEN).
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saw widespread delays and closures. The SLP anomalies
(Fig. A9a) show a large negative anomaly, up to −20 hPa
southerly to Japan, where the cyclone eye is located, with as-
sociated Z500 anomalies (Fig. A9b) up to −200 m over the
same area. Precipitation data (Fig. A9c) show daily amounts
of precipitation in the southern-easterly region, reaching up
to 180 mm d−1. Temperature data (Fig. A9d) show high tem-
perature anomalies (up to 7 °C) in the southern-easterly re-
gion, while no significant changes are observed near the ty-
phoon region. Close to the cyclone eye, wind speed data
(Fig. A9e) indicate strong winds up to 18 m s−1. Compar-
ing past and present analogues of Typhoon Hinnamnor, we
do not find significant changes in pressure (Fig. A9f), al-
though larger geopotential heights (Fig. A9g) up to 24 m
are observed. We also observe increased precipitation up to
18 mm d−1 (Fig. A9h), higher temperatures up to 2–2.5 °C
(Fig. A9i), and stronger winds, close to the cyclone cen-
tre, up to 3 m s−1 (Fig. A9j). Beyond these changes, we de-
tect the likely influence of the AMO and EA natural tele-
connection patterns (Fig. A10a–f). Therefore, as with Storm
Poly, the contribution of internal climate variability cannot
be neglected. Meanwhile we do not detect any significant
changes in their seasonal occurrence (Fig. A10g).

Despite the unique characteristics of each event in terms
of meteorological variables, a common trend emerges when
inspecting aviation-related impact variables. Specifically,
turbulence-related metrics (TI1, TI2) (see Figs. 5–7) show
a significant increase over a wide area within the selected
domain during the present period. An exception is the 2023
February North American windstorm (Fig. 6), for which no
significant increase in turbulence-related metrics is observed.
For the affected events, the intensification in TI1 and TI2 is
often associated with higher EDR values and stronger bulk
wind differences. In details, the storm Poly generated strong
(up to 14 m s−1) vertical wind speed differences (Fig. 5a)
in a region further south than the centre of the cyclone,
nearby Amsterdam. Over the same regions large values of
all turbulence-related metrics, i.e., TI1, TI2, and EDR, are
observed (Fig. 5b–d). By comparing present episodes with
past events we observe increased bulk velocity differences
up to 1 m s−1 manifested as a horizontal belt stretching from
the west coast of the UK to northern Poland (Fig. 5e), likely
affecting huge airports such as Amsterdam and Copenhagen.
Over the same regions but with different localized effects,
larger increases are found in TI1, TI2, and EDR (Fig. 5f–
h). Specifically, TI1 is larger close to Copenhagen airport,
thus suggesting stronger bulk wind differences far away from
the cyclone eye; conversely, TI2 increases close to Amster-
dam airport. Finally, for the Typhoon Hinnamnor (Fig. 7)
we observe strongest winds impacted the northeastern coasts
of Japan and the East China Sea, particularly near the east-
ern coast of Taiwan. Larger wind speed differences (up to
+1.5 m s−1), along with higher TI1, TI2 and EDR values,
are found in the same region, thus highlighting more turbu-
lent scenarios in the present climate compared to past con-

ditions. By further inspecting significant changes in the ob-
served variables at selected airports (see Fig. A11) we ob-
serve that Storm Eunice generated larger impacts than the
other considered storms. In particular, windier conditions and
larger bulk wind differences in the present than in the past
are observed for all UK airports (Fig. A11a), with larger
TI1 values at MAN and DUB. For storm Poly (Fig. A11b)
we detect windier, larger bulk wind differences, and more
turbulent conditions at AMS and CPH, while no significant
changes are observed for USA airports during the February
2023 storm (Fig. A11c). Finally, for the Typhoon Hinnamnor
(Fig. A11d) larger variations are observed for OKA airport.

4 Discussion and conclusions

This study performs an analysis of four recent storms – Eu-
nice, Poly, a North American windstorm, and Typhoon Hin-
namnor – that occurred over Europe, the USA, and East Asia
between 2022 and 2023, with a focus on Storm Eunice. We
show how storms likely causing flight disruptions are be-
coming more intense, with analogues in the present period
exhibiting stronger ground winds and bulk wind differences,
thereby increasing risks for the aviation sector.

The analogue-based analysis of Storm Eunice provides
compelling evidence of how extratropical cyclones impact-
ing Europe are evolving under current climate conditions.
Our results indicate that Eunice-like storms display stronger
wind speeds and turbulence indices in the present climate but
also more frequent during the early winter season, shifting
towards December. This finding aligns with previous studies
(e.g., Ginesta et al., 2024), reinforcing the notion that climate
change is influencing the characteristics of extreme storm
events. According to the AR6 of IPCC (Masson-Delmotte
et al., 2021) the intensification of extratropical cyclones is
closely linked to ongoing atmospheric and oceanic warming.
As warmer air can retain more moisture, storms are able to
draw in greater amounts of water vapour, resulting in heav-
ier precipitation. Simultaneously, rising sea surface temper-
atures increase the energy available to these systems, effec-
tively turning the ocean into a more efficient heat engine. The
contrast between warming at the surface and relatively cooler
upper atmospheric layers enhances this energy conversion,
ultimately raising the potential intensity of storms (Madin,
2011; Risser and Wehner, 2017).

The analysis of meteorological variables reveals a system-
atic increase in geopotential height anomalies and surface-
level pressure patterns, suggesting a north-eastward shift in
storm trajectories compared to past analogues. This shift,
in turn, influences precipitation distribution, leading to en-
hanced rainfall over Ireland and parts of the UK. These
changes indicate a potential increase in flood risk and infras-
tructural stress due to more intense and frequent storm activ-
ity. Our assessment of wind speed anomalies further supports
the hypothesis that present-day storms exhibit stronger wind
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Figure 7. Analogue-based results on aviation-related metrics for the Typhoon Hinnamnor. Vertical wind speed difference (a), Ellrod index
TI1 (b), Ellrod index TI2 (c), and EDR (d) at the cyclone time. Difference between factual [1989–2023] and counterfactual [1950–1984]
period of the average composites at the time-steps corresponding to the analogues for vertical wind speed difference (e), Ellrod index TI1
(f), Ellrod index TI2 (g), and EDR (h). White areas indicate regions with V at the cyclone time lower than 7 m s−1. Red dots indicate major
airports in the region: Taipei-Taiwan Taoyuan International Airport (TPE), Naha International Airport (OKA) and Haneda Airport (HND).

fields, particularly over key aviation hubs such as Heathrow
and Dublin airports. The increase in wind speeds, com-
bined with enhanced vertical bulk wind difference, presents
substantial challenges for aviation operations. The analysis
of turbulence indices (TI1, TI2, and EDR) highlights in-
creased turbulence intensity over the southern UK and north-
ern France, particularly near coastal regions. These factors
contribute to heightened risks for aircraft during take-off
and landing, necessitating improved forecasting tools and
operational strategies to mitigate the impacts on air traffic.
One of the most significant implications of our findings is
the potential influence of climate change on the intensifi-
cation of extreme weather events. The fact that no signifi-
cant changes were observed in five out of six of the distribu-
tions of the low-frequency climate variability modes for the
analogues of Storm Eunice suggests that the detected varia-
tions are primarily driven by anthropogenic climate change
rather than natural climate variability. We underline that the
same result was found for the North American windstorm,
whereas for Storm Poly and Typhoon Hinnamor natural cli-
mate variability plays an important role. However, we ac-
knowledge that internal variability exists within each phase
of these modes -such as the NAO- which can modulate storm
tracks and intensities. Therefore, part of the observed risk
changes may also arise from internal variability in storm be-
haviour, independently of large-scale mode phase changes.
This conclusion underscores the urgency of incorporating

evolving storm characteristics into risk assessment frame-
works for transportation infrastructure, particularly for avia-
tion safety. Future research should focus on refining method-
ologies for storm attribution by integrating high-resolution
models, such as convection-permitting models (Ban et al.,
2021), that better capture the mesoscale processes involved
in storm evolution. In fact, the relatively coarse resolution of
ERA5 has a limited capability to accurately represent local-
scale processes that may be critical in airport environments.
For example, extreme precipitation and convective events are
smoothed out and boundary-layer processes are often under-
resolved. Additionally, further studies should investigate the
impact of these changing storm patterns on other sectors,
such as energy supply, emergency response, and insurance
risk assessment. A broader multi-disciplinary approach will
be essential for developing adaptive strategies that enhance
resilience against increasingly extreme weather events.

In summary, our findings demonstrate that Eunice-like
storms are becoming more severe in the current climate, with
significant implications for transportation systems and public
safety. By enhancing predictive capabilities and implement-
ing adaptive measures, stakeholders can mitigate the risks as-
sociated with these evolving meteorological threats.
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Appendix A

Table A1. Selected analogues time-steps in the factual period, for each event. The order follows a closeness criterium with respect to the
cyclone time, i.e. the first time-steps correspond to the analogues closest to the event.

Event Analogues timesteps (YYYY-MM-DD-HH)

Storm Eunice 1951-02-08-06, 1981-03-23-12, 1978-01-11-00, 1968-03-21-12,
1975-01-28-12, 1978-03-14-06, 1959-03-06-18, 1955-02-02-00,
1950-02-12-18, 1972-12-02-18, 1980-03-06-06, 1960-02-18-18,
1978-02-28-00, 1961-12-04-18, 1978-01-23-18, 1974-03-19-00,
1959-12-22-06, 1983-12-22-12, 1979-01-10-06, 1984-02-01-12,
1972-01-26-12, 1974-02-16-00, 1960-12-28-12, 1974-02-02-06,
1982-12-09-12, 1976-12-31-00, 1957-02-12-18, 1966-12-12-00,
1960-01-24-00, 1975-01-17-06

Storm Poly 1950-08-29-06, 1983-09-12-18, 1950-07-10-12, 1966-09-01-06,
1970-06-30-06, 1974-07-01-00, 1963-08-15-18, 1957-08-17-12,
1958-08-12-18, 1975-08-15-12, 1962-07-12-06, 1966-06-21-18,
1981-07-24-00, 1978-07-02-18, 1984-07-12-00, 1969-08-24-06,
1978-08-03-18, 1953-07-30-12, 1955-06-30-06, 1980-07-05-12,
1964-09-06-00, 1984-09-08-18, 1965-08-03-18, 1961-07-20-06,
1981-07-17-00, 1951-09-02-12, 1950-06-13-18, 1973-07-23-00,
1975-06-03-18, 1979-08-24-00

North American windstorm 1952-03-02-12, 1976-02-04-00, 1980-01-26-00, 1981-02-10-00,
1957-01-09-00, 1950-03-11-00, 1953-03-01-18, 1950-01-25-06,
1959-01-02-12, 1964-03-24-00, 1978-02-11-18, 1978-12-02-00,
1951-03-02-12, 1983-03-19-06, 1951-12-20-00, 1969-03-07-12,
1963-12-10-00, 1969-01-28-00, 1970-03-10-00, 1963-01-10-06,
1955-12-03-00, 1978-01-16-00, 1955-03-20-00, 1968-01-27-00,
1983-12-28-00, 1976-02-29-12, 1982-03-18-12, 1964-12-02-12,
1975-02-15-00, 1959-02-09-12

Typhoon Hinnamnor 1978-08-29-06, 1960-07-22-18, 1952-08-14-18, 1977-08-18-00,
1982-09-10-06, 1966-09-03-06, 1974-09-08-06, 1969-09-06-06,
1965-09-08-06, 1977-09-06-18, 1973-08-12-06, 1971-09-13-18,
1960-08-13-06, 1970-09-05-06, 1957-08-14-00, 1961-09-09-06,
1974-08-26-12, 1961-08-27-06, 1970-09-23-12, 1952-08-03-18,
1966-09-22-06, 1950-06-13-18, 1968-09-01-06, 1978-07-21-18,
1953-09-18-06, 1963-09-06-06, 1950-09-14-18, 1966-08-12-18,
1964-09-21-06, 1968-08-02-18
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Table A2. Selected analogues time-steps in the counterfactual period, for each event. The order follows a closeness criterium with respect to
the cyclone time, i.e. the first time-steps correspond to the analogues closest to the event.

Event Analogues timesteps (YYYY-MM-DD-HH)

Storm Eunice 2008-01-14-06, 2017-12-30-00, 1988-02-04-00, 1997-12-25-12,
2021-01-20-00, 2004-01-15-18, 2001-03-10-06, 2007-12-08-12,
1996-02-24-18, 1997-12-10-06, 2008-02-05-06, 1996-12-03-12,
2018-12-02-18, 2006-03-27-12, 2022-12-28-18, 2019-12-16-00,
1999-12-11-06, 1995-02-13-18, 1994-12-28-00, 2020-12-03-06,
1995-03-07-18, 1989-12-20-12, 2004-01-31-12, 2012-12-25-00,
1998-01-05-12, 2018-03-08-06, 2009-03-03-18, 2003-12-26-12,
2012-12-16-06, 2016-03-27-18

Storm Poly 2013-06-21-12, 2003-07-27-12, 2015-06-22-06, 2005-07-31-12,
2004-08-30-18, 2013-09-20-00, 2003-06-08-18, 2010-08-29-12,
2012-08-06-12, 2016-09-04-12, 2023-08-31-06, 2009-07-13-00,
2022-06-09-06, 2017-06-22-12, 1995-06-16-18, 2019-08-15-12,
1997-07-25-12, 2008-07-08-18, 2012-07-09-00, 1999-06-06-18,
2011-06-16-18, 1999-07-04-00, 2018-08-14-06, 1998-06-30-12,
2001-08-07-00, 2001-07-15-00, 2016-07-29-12, 1994-08-12-12,
2017-07-11-06, 1991-06-26-00

North American windstorm 1993-01-09-00, 1990-12-20-00, 2018-02-19-06, 2016-12-17-00,
1990-12-29-00, 1990-02-13-12, 1996-03-06-00, 1996-02-26-00,
2011-03-07-18, 2022-01-01-00, 2014-03-01-00, 2011-02-20-00,
1991-03-02-06, 1991-01-29-00, 2006-03-20-00, 1989-03-03-18,
2009-12-08-12, 2003-03-04-18, 2014-01-31-00, 1998-03-07-00,
2019-02-05-00, 2006-02-16-00, 2003-02-23-00, 1994-02-08-12,
2021-01-26-00, 2002-03-08-06, 2022-02-21-12, 2003-02-15-00,
2013-12-19-12, 2010-12-31-00

Typhoon Hinnamnor 2007-09-12-06, 2003-09-10-06, 1991-09-11-18, 2000-09-06-12,
2015-09-27-06, 1993-09-01-06, 1999-06-03-18, 2010-09-16-18,
2015-07-04-00, 1999-09-15-06, 1994-09-08-06, 2005-08-21-18,
2001-09-18-06, 2014-09-06-06, 2003-08-31-06, 2006-08-09-00,
2013-08-20-00, 2011-09-16-18, 1994-08-18-06, 2005-08-30-00,
2008-08-06-00, 2008-09-12-06, 2016-09-18-06, 1996-09-06-06,
1989-08-23-06, 2004-08-14-00, 2001-08-09-18, 1998-08-20-06,
2009-08-28-12, 2015-09-07-00
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Figure A1. Analogue-based results for the Storm Eunice. SLP (a) anomaly, V 10 m (b), TP (c), 1V (g), TI1 (h) and TI2 (i) at the time-step
preceding the cyclone time (18 February 2022 00:00). Difference between factual [1989–2023] and counterfactual [1950–1984] period of
the average composites at the time-steps corresponding to the analogues for SLP (d) anomalies, V 10 m (e), TP (f), 1V (j), TI1 (k) and TI2
(l). In the second row, shadings indicate significant changes.
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Figure A2. Analogue-based results for the Storm Eunice. SLP (a) anomaly, V 10 m (b), TP (c), 1V (g), TI1 (h) and TI2 (i) at the time-step
after the cyclone time (18 February 2022 12:00). Difference between factual [1989–2023] and counterfactual [1950–1984] period of the
average composites at the time-steps corresponding to the analogues for SLP (d) anomalies, V 10 m (e), TP (f), 1V (j), TI1 (k) and TI2 (l).
In the second row, shadings indicate significant changes.
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Figure A3. Analogue-based results for the Storm Eunice. SLP (a) anomaly, V 10 m (b), TP (c), 1V (g), TI1 (h) and TI2 (i) 12 h after
the cyclone time (18 February 2022 18:00). Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average
composites at the time-steps corresponding to the analogues for SLP (d) anomalies, V 10 m (e), TP (f), 1V (j), TI1 (k) and TI2 (l). In the
second row, shadings indicate significant changes.
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Figure A4. Analogue-based results for the Storm Eunice. SLP (a) anomaly, V 10 m (b), TP (c), 1V (g), TI1 (h) and TI2 (i) 18 h after
the cyclone time (19 February 2022 00:00). Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average
composites at the time-steps corresponding to the analogues for SLP (d) anomalies, V 10 m (e), TP (f), 1V (j), TI1 (k) and TI2 (l). In the
second row, shadings indicate significant changes.
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Figure A5. Analogue-based results for the Storm Poly. SLP (a) anomaly, Z500 (b) anomaly, TP (c), 2 m T (d) anomaly and 10 m wind
speed (e) at the cyclone time. Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average anomalies at
the time-steps corresponding to the analogues for SLP (f), Z500 (g), TP (h), 2 m temperature (i) and 10 m wind speed (j). In the second row,
shadings indicate significant changes. Red dots indicate major airports in the region: Amsterdam Airport Shipol (AMS), Copenhagen Airport
(CPH) and Berlin Brandenburg Airport (BER).

Figure A6. Analogue-based results for the Storm Poly. Violin plots showing the distribution of monthly index values for ENSO (a), AMO
(b), PDO (c), SCAN (d), NAO (e) and EA (f) during the past (blue) and present (yellow) periods. The monthly values correspond to the
months in which the analogues occurred in each period; the value corresponding to the month of occurrence of the cyclone-time (July 2023)
is marked by a black dot. Panel (g): distribution of the frequency (%) of analogues occurring in each sub-period.
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Figure A7. Analogue-based results for the February 2023 USA windstorm. SLP (a) anomaly, Z500 (b) anomaly, TP (c), 2 m T (d) anomaly
and 10 m wind speed (e) at the cyclone time. Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average
anomalies at the time-steps corresponding to the analogues for SLP (f), Z500 (g), TP (h), 2 m temperature (i) and 10 m wind speed (h). In
the second row, shadings indicate significant changes. Red dots indicate major airports in the region: McCarran International Airport (LAS),
Phoenix Sky Harbor International Airport (PHX) and Denver International Airport (DEN).

Figure A8. Analogue-based results for the February 2023 USA windstorm. Violin plots showing the distribution of monthly index values
for ENSO (a), AMO (b), PDO (c), SCAN (d), NAO (e) and EA (f) during the past (blue) and present (yellow) periods. The monthly values
correspond to the months in which the analogues occurred in each period; the value corresponding to the month of occurrence of the cyclone-
time (February 2023) is marked by a black dot. Panel (g): distribution of the frequency (%) of analogues occurring in each sub-period.
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Figure A9. Analogue-based results for the Typhoon Hinnamnor. SLP (a) anomaly, Z500 (b) anomaly, TP (c), 2 m T (d) anomaly and 10 m
wind speed (e) at the cyclone time. Difference between factual [1989–2023] and counterfactual [1950–1984] period of the average anomalies
at the time-steps corresponding to the analogues for SLP (f), Z500 (g), TP (h), 2 m temperature (i) and 10 m wind speed (j). In the second row,
shadings indicate significant changes. Red dots indicate major airports in the region: Taipei-Taiwan Taoyuan International Airport (TPE),
Naha International Airport (OKA) and Haneda Airport (HND).

Figure A10. Analogue-based results for the Typhoon Hinnamnor. Violin plots showing the distribution of monthly index values for ENSO
(a), AMO (b), PDO (c), SCAN (d), NAO (e) and EA (f) during the past (blue) and present (yellow) periods. The monthly values correspond
to the months in which the analogues occurred in each period; the value corresponding to the month of occurrence of the cyclone-time
(August 2022) is marked by a black dot. Panel (g): distribution of the frequency (%) of analogues occurring in each sub-period.
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Figure A11. Significant changes between factual [1989–2023] and counterfactual [1950–1984] period of the average composites at the time-
steps corresponding to the analogues for SLP anomalies, V 10 m, TP, 1V , TI1 and TI2 at the major airports in the region selected for Storm
Eunice (a), Storm Poly (b), February 2023 USA windstorm (c) and Typhoon Hinnamnor (d). For visual purposes, significant changes for
TI1 and TI2 are multiplied by a factor of 106.
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