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Abstract. Extreme extratropical cyclones present major
socio-economic risks in the mid-latitudes and are sensitive
to anthropogenic climate change. Robust projections of the
aggregate properties of extreme cyclones based on climate-
model output have emerged in recent years. However, such
projections group together cyclones with a range of con-
trasting dynamical characteristics potentially obscuring cli-
mate change effects on particular types of cyclones. Here,
we adopt the cyclone track analogue approach to examine
the influence of climate change on four contrasting historical
cyclones impacting the UK, Ireland and France: the Great
Storm in October 1987, Martin in December 1999, Ophelia
in October 2017, and Arwen in November 2021. Analogues
are identified in the recently-produced CANARI large en-
semble simulations for both the present climate (1980–2010)
and a high-emission future scenario (SSP3–7.0, 2070–2100).

Averaged across the four cases, the overall number of ana-
logue cyclones decreases in future while the intensity of
the most extreme cyclones increase, in both precipitation
rate and lower-tropospheric wind speed, aligning well with
consensus cyclone projections. However, the four cases ex-
hibit contrasting responses, indicating that cyclone-specific
changes under anthropogenic warming can diverge from the
aggregate signal. For example, there is a marked future in-
crease in the number of cyclones with a path similar to the
Great Storm. Such changes are likely driven by regional vari-
ations in the conditions for baroclinic growth. Since individ-
ual cyclones are typically associated with distinct meteoro-
logical hazards, accounting for cyclone-specific responses is
critical for assessing regional impacts and developing adap-
tation strategies.

1 Introduction

Extratropical cyclones transport momentum, moisture and
energy from subtropical to higher latitudes. They are respon-
sible for most of the weather variability in the mid-latitudes
and are often associated with meteorological hazards such as
damaging winds (Owen et al., 2021; Browning, 2004) and
flooding events (Hawcroft et al., 2012; Pfahl et al., 2017).
Given these important societal impacts and in order to help
shape practical adaptation responses to climate change, it is
vital to improve our understanding of the likely changes that
these phenomena will experience as the climate warms not
only globally but at the regional and local levels.

Several studies have investigated how anthropogenic cli-
mate change will influence the behaviour of cyclones
(Bengtsson et al., 2009; Priestley and Catto, 2022; Lehmann
et al., 2014). The frequency, preferred pathways, and inten-
sity of cyclones are expected to respond primarily to changes
in the meridional temperature gradients in both the lower and
upper troposphere (Shaw et al., 2016). Additional influences
include adjustments to the vertical temperature profile and
diabatic heating rates (Catto et al., 2011). The multi-model
mean of successive generations of the Coupled Model In-
tercomparison Project (CMIP) broadly agree on the large-
scale spatial pattern of these changes in the North Atlantic
(Harvey et al., 2020); however, substantial inter-model differ-
ences remain (Zappa and Shepherd, 2017). A common signal
is a summer reduction in cyclone activity, particularly across
southern parts of Europe, and a winter tripole pattern marked
by increased storminess over the British and Irish Isles but
reduced activity in the Mediterranean and Norwegian Sea re-
gions (Zappa et al., 2013; Priestley et al., 2020).
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Evidence also suggests that the dynamical intensity, i.e.
the cyclone intensity measured by a dynamical variable
such as minimum sea-level pressure (SLP) (Bengtsson et al.,
2009; Mizuta et al., 2011) or relative vorticity (Priestley and
Catto, 2022), of the most extreme cyclones will increase un-
der climate change. Nevertheless, the magnitude of change
remains uncertain and depends strongly on the choice of in-
tensity metric used (Ulbrich et al., 2009). The meteorolog-
ical hazards associated with extreme cyclones are also pro-
jected to increase. Extreme wind speeds are projected to in-
tensify, particularly along both cold and warm conveyor belt
airstreams (Sinclair et al., 2020; Dolores-Tesillos et al., 2022;
Priestley and Catto, 2022; Gentile et al., 2023, 2025). Sim-
ilarly, extreme precipitation associated with cyclones is ex-
pected to intensify, with projected increases of 20 %–50 %
for the most intense events (Sinclair et al., 2020). However,
considerable uncertainty remains in future projections of cy-
clone trends due to competing thermodynamic influences on
North Atlantic baroclinicity (Shaw et al., 2016), poor repre-
sentation of mesoscale and diabatic processes in global cli-
mate models (GCMs) (Schemm, 2023), distinguishing natu-
ral variability from the forced signal (Deser et al., 2012) and
scenario uncertainty (Hawkins and Sutton, 2009).

Although examining general trends in this way is impor-
tant for obtaining a broad appreciation of the likely changes
cyclones will undergo in the future, there is a gap in under-
standing how specific types of impactful cyclones will be af-
fected by climate change. This is because broad-scale trends
in cyclone frequency and intensity cannot fully capture lo-
cal variations or the unique combinations of processes that
may shape individual cyclones. Specific cyclones, and spe-
cific impacts, often arise from complex and non-linear in-
teractions between large-scale dynamics and mesoscale fea-
tures, including local topography, ocean circulation, and di-
abatic feedbacks (Ginesta et al., 2024). As a result, general
assessments of cyclone trends may mask divergent responses
of different cyclone types, or driving mechanisms, to climate
change.

To address this gap, in this study we investigate climate
change effects on four contrasting extratropical cyclones that
have impacted the UK, Ireland and France. These cyclones
are contrasting in the sense that their paths exhibit character-
istics that are different from each other and from the concep-
tual cyclone-development path, i.e. a cyclone developing in
the central Atlantic and propagating eastwards with a north-
wards tilt. Our investigation is based on a recently developed
approach, the cyclone analogue methodology (Ginesta et al.,
2024), albeit with some adaptations to make it more suit-
able to the aims of this study. The method of cyclone track
analogues involves finding cyclone events with comparable
paths in climate simulations under present-day conditions
and in projections of the future climate. These cyclones with
similar paths are termed analogues (Ginesta et al., 2024).
This approach simultaneously enables analysis of the impact
of climate change on the frequency and intensity of cyclones

with similar tracks, whilst providing an understanding of the
meteorological conditions contributing to the event (Ginesta
et al., 2024). Ginesta et al. (2024) applied the cyclone track
analogues approach to the study of explosive European cy-
clones Alex, Xynthia and Eunice, finding a decline in the
overall number of analogues in the future, alongside an in-
crease in the number of explosive analogues. They also noted
an increase in precipitation and wind severity over land, sig-
nalling increased meteorological hazards.

This study is situated within the CANARI (Climate
Change in the Arctic–North Atlantic Region and Impacts on
the UK) research programme aimed at improving our under-
standing of the impacts on the UK due to changes in the
Arctic–North Atlantic region as the climate warms (Schie-
mann et al., 2026a). As part of CANARI a new large en-
semble of climate simulations, the CANARI Large Ensem-
ble (hereafter CANARI LE), has been produced (Schiemann
et al., 2026a). This study utilises the CANARI LE to examine
the influence of climate change on four contrasting historical
high-impact cyclones impacting the UK, Ireland and France,
assessed through the following research questions:

– How well does the CANARI LE simulate analogues of
the four case study cyclones?

– How does the frequency of the cyclone analogues
change in future?

– How do the dynamical intensity and meteorological
hazards associated with the cyclone analogues change
in future?

– What are the underlying dynamical factors causing
these projected changes?

The rest of the paper is organised as follows: Sect. 2 sum-
marises each of the four historical cyclones examined, high-
lighting their contrasting characteristics. Section 3 describes
the data and methods used, emphasising the differences be-
tween our methodology and that of Ginesta et al. (2024). Sec-
tion 4 provides a general assessment of the representation of
extratropical cyclones in the CANARI LE. Section 5 anal-
yses biases and future changes in the frequency of cyclone
analogues in the CANARI LE. Section 6 provides a compara-
tive composite analysis for key intensity metrics and dynam-
ical drivers in the present-day and future simulations. Sec-
tion 7 summarises the projected changes for each case-study
cyclone, highlighting the implications of cyclone-specific re-
sponses for adaptation and mitigation strategies.

2 Background on the four case-study cyclones

In this section, the four historical cyclones under investiga-
tion are described together with a brief overview of their im-
pacts and synoptic conditions.
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2.1 Martin

Storm Martin was the last of three cyclones hitting central
Europe in December 1999, just one day after cyclone Lothar,
claiming more than 100 lives and USD 6 billion of eco-
nomic losses (Ulbrich et al., 2001; Bresch et al., 2000). Mar-
tin impacted France and while it did not hit the UK directly,
winds along the south coast of England still reached around
30 ms−1 (Bresch et al., 2000). Martin formed as a surface
low over the North Atlantic on 25 December. It then prop-
agated north-eastwards along an upper-level trough’s east-
ern flank. Interaction with an upper-level depression moving
eastward from Newfoundland caused Martin to move rapidly
across the Atlantic. At 15:00 UTC on 27 December, a cen-
tral pressure of 965 hPa was recorded just before the cyclone
made landfall south of Brittany (Fig. 1a). Martin was respon-
sible for flooding along the Atlantic coast and extreme gusts
over 40 ms−1, causing disruption to transport and electricity
grids which lasted for days.

The most unusual aspect of Martin’s development was the
vertical alignment between the the low- and upper-level jets.
This is a rare phenomenon, forming alongside an anoma-
lously zonal and strong upper-level jet. This likely caused
the formation of a baroclinic critical region of enhanced in-
teraction between surface and upper-level features (Rivière
et al., 2010). Additionally, there was a broad band of very
high baroclinicity over the central North Atlantic, and an air-
mass of anomalously high equivalent potential temperature
south of the track, both of which likely enhanced cyclone in-
tensification (Ulbrich et al., 2001).

2.2 The Great Storm of 1987

The Great Storm of 1987 is often considered to be the most
impactful cyclone to affect the south of England since 1703
(Burt and Mansfield, 1988). On the night of 15–16 October
1987 a vigorous depression crossed southern England caus-
ing severe damage (Fig. 1b). Pressure dropped to 956 hPa
and wind gusts over 60 ms−1 were observed after midnight
off the coast of Brittany and even well inland gusts exceeded
40 ms−1 (Burt and Mansfield, 1988). The Great Storm was
also the first storm in which the sting-jet phenomenon, a
localised region of descending winds with the potential to
cause strong near-surface winds and wind gusts, was iden-
tified (Browning, 2004; Clark et al., 2005; Clark and Gray,
2018). The socio-economic impacts due to the extreme winds
associated with the Great Storm include at least 18 people
losing their lives, millions of trees blown over and an eco-
nomic loss of millions of pounds (Burt and Mansfield, 1988).
Similar to Martin, there was a band of exceptionally high
baroclinicity over the central North Atlantic (Ulbrich et al.,
2001). Additionally, a particularly strong jet stream, located
much farther south than normal, increased the speed of the
cyclone over the North Atlantic before the cyclone tracked
northwards over southern England. The cyclone then deep-

ened again as it moved between Scotland and Norway, caus-
ing severe gales over the North Sea and Norway.

2.3 Arwen

Storm Arwen was one of the most damaging winter cy-
clones of the last decade, causing heavy snowfall and wind
gusts over 40 ms−1 as it crossed the UK overnight on
26–27 November 2021 (Fig. 1c). Arwen originated as a
trough over the Great Lakes region of North America on
22 November, before the developing system propagated east-
ward across Greenland and changed direction, tracking al-
most directly south over the north of the UK (Smart et al.,
2021). This trajectory likely exacerbated damages to infras-
tructure because strong winds associated with severe cy-
clones are typically westerly, and there was low preparedness
for extreme northerly winds (Met Office, 2021). As a result,
over one million homes experienced a loss of power. Signif-
icant coastal flooding was avoided due to low astronomical
tides; however future analogues may see significant impacts
related to storm surges. The insured industry loss has been
estimated as less than EUR 200 million (PERILS, 2026).

2.4 Ophelia

Ophelia was a post-tropical cyclone (PTC) associated with
distinct atmospheric conditions and meteorological hazards
(Gray, 1979; Sainsbury et al., 2020). PTCs rarely make land-
fall in Europe but can be associated with disproportionately
high impacts: they originate as tropical cyclones (TCs) and
undergo extratropical transition (ET) as they move poleward
into baroclinic environments, a process that can strongly per-
turb the mid-latitude flow and amplify high-impact weather
downstream (Ali et al., 2025; Bieli et al., 2020; Keller et al.,
2019; Sainsbury et al., 2020). Storm Ophelia developed and
intensified unusually far east in the subtropical North At-
lantic, supported by anomalously warm sea-surface temper-
atures (Met Éireann, 2018). During its evolution, Ophelia re-
mained nearly stationary, becoming embedded within a mid-
to-upper-level trough, then accelerated northeast, completing
ET around midnight on 15–16 October (Guisado-Pintado and
Jackson, 2018). It then made landfall in Ireland on 16 Octo-
ber 2017 (Fig. 1d). Gusts exceeding 53 ms−1 were recorded
off County Cork, Ireland. Impacts also included thunder-
storms, flooding, and extensive power outages (Met Éireann,
2018; Guisado-Pintado and Jackson, 2019) and insured prop-
erty market loss of EUR 60 million (PERILS, 2017).

3 Data and methods

3.1 Datasets

This study utilises the CANARI LE (Schiemann et al.,
2026a), a 40-member ensemble using the HadGEM3-GC3.1-
MM global coupled model (Williams et al., 2018) as used

https://doi.org/10.5194/wcd-7-2087-2026 Weather Clim. Dynam., 7, 2087–2105, 2026



2090 F. Morgan et al.: Future analogues of contrasting UK cyclones

Figure 1. Sea-level pressure (hPa; black contours), 6-h mean precipitation rate (mmh−1; shading for values≥ 1 mmh−1), and 850-hPa wind
(m s−1); coloured wind vectors for (a) Storm Martin, (b) the Great Storm of 1987, (c) Storm Arwen, and (d) cyclone Ophelia from ERA5
reanalysis. The times shown correspond approximately to the hour of peak intensity for each cyclone, as measured by T42 850 hPa relative
vorticity.

in CMIP6 and covering years 1950–2100. The atmosphere
component uses the N216 grid (60 km grid spacings in the
mid latitudes) and the ocean component uses the ORCA 1/4°
grid. The climate forcing applied is the historical CMIP6 pro-
tocol for years 1950–2014 followed by the SSP3-7.0 scenario
for years 2015–2100. The SSP3-7.0 scenario combines the
SSP3 narrative of regional rivalry, slow economic growth,
and high aerosol emissions with moderate-to-high green-
house gas emissions. Recent criticisms have suggested that
future emissions are unlikely to follow the highest pathway
of SSP5-8.5 in light of recent mitigation efforts (Shiogama
et al., 2023). Therefore the future projections in this study
arguably represent a plausible worst case scenario of climate
change.

Evaluations of HadGEM3-GC3.1-MM indicate that the
model simulates many aspects of cyclone behaviour real-
istically, including jet structure, cyclone track frequency,

genesis rates, and intensity (Palmer et al., 2023; Priestley
et al., 2020), but also exhibits common biases associated with
GCMs, such as blocking errors and a northward displace-
ment of summer cyclones (Williams et al., 2018). Schie-
mann et al. (2026a) evaluate the model’s historical ensem-
ble performance against ERA5 reanalysis (Hersbach et al.,
2020), finding that the model reproduces the mean eddy-
driven jet well, including its tilt. This is a feature often
misrepresented in GCMs but critical for capturing cyclone
paths. The model also captures mean cyclone intensity well,
with only a small negative bias over the North Atlantic sub-
polar gyre relative to ERA5 (Schiemann et al., 2026a). Addi-
tionally, a performance-based assessment of CMIP6 models
for Europe, showed that the model satisfactorily represented
many components of the atmosphere realistically including
blocking and cyclone track frequency (Palmer et al., 2023).
Overall, HadGEM3-GC3.1-MM has been shown to represent
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cyclones well in historical simulations, giving confidence in
its projections of future cyclone analogues.

The ERA5 global reanalysis dataset, produced by the Eu-
ropean Centre for Medium-Range Weather Forecasts (Hers-
bach et al., 2020), is used to verify the performance of the
CANARI LE in simulating North Atlantic cyclone tracks.
Reanalysis products are often used to verify the performance
of models in this way as they provide a coherent spatial and
temporal structure, representing a best estimate for the at-
mospheric state since 1950 (Priestley et al., 2020). There are
various other reanalysis products available; however, mod-
ern reanalyses typically compare well to each other in the
Northern Hemisphere (e.g. Hodges et al., 2011). It has been
found, for instance, that ERA5, the Climate Forecast Sys-
tem Reanalysis (Saha et al., 2010) and its operational suc-
cessor, the Climate Forecast System version 2 (Saha et al.,
2014), are all capable to reproduce similar storm tracks with
a cyclone matching success rate of 92.3 % over the Northern
Hemisphere (Gramcianinov et al., 2020). Furthermore, the
differences between reanalysis products are significantly less
than the differences between GCMs (Ulbrich et al., 2009).

3.2 Methods

3.2.1 Cyclone tracking

For cyclone identification and tracking, this study follows the
methods used in Hoskins and Hodges (2002) based on the
TRACK algorithm (Hodges, 1994, 1995, 1999). Cyclones
are identified and tracked using 6 h 850 hPa relative vorticity
(RV) throughout the year. To identify cyclones in the 850 hPa
RV field, this is first truncated at total wave number 42 (trian-
gular truncation T42), by expanding in spherical harmonics,
to remove small-scale noise while retaining synoptic-scale
features. The large scale background is also removed by set-
ting the total wave numbers 0–5 to zero, and a spectral taper-
ing is applied to further reduce spurious oscillations (Hoskins
and Hodges, 2002). Cyclones are first identified as grid point
maxima, which are then used as starting points for a steepest
ascent maximisation applied to the B-spline interpolated fil-
tered RV field to find the off-grid maxima. The tracking itself
is performed by first initialising a set of tracks using the iden-
tified maxima and a nearest neighbour method. The initial set
of tracks is then refined to produce the smoothest set of tracks
using the minimisation of a cost function for track smooth-
ness, subject to adaptive constraints on the track smoothness
displacement distance in a time step suitably chosen for ex-
tratropical cyclones (Hodges, 1999). The minimization pro-
ceeds forwards and backwards in time. Once the tracks have
been identified, other variables are added to them, includ-
ing mean sea level pressure minima using a steepest descent
minimization, B-spline interpolation and 5° search radius as
well as maximum 10 m winds and 850 hPa winds using a grid
point search within a 5° radius. The area average precipi-
tation is also added over a 5° spherical region. Finally the

tracks are filtered to retain those that last longer than 2 d and
travel further than 1000 km.

3.2.2 Cyclone track analogues

This study uses the method of cyclone track analogues of
Ginesta et al. (2024) to find similar cyclone tracks to Martin,
the Great Storm, Arwen and Ophelia. The method is applied
to the 75 years of ERA5 (1950–2014) and across 1200 sim-
ulated years of present and future climate from the CANARI
LE, from 1980 to 2010 in the present-day climate period,
and from 2070 to 2100 in the future climate period. To en-
sure that only cyclones with similar development stages are
considered, a filtering procedure is applied based on the fol-
lowing criteria:

– An initial filter is applied so that tracks must have at
least 4 data points (24 h) preceding the time of track-
maximum RV. Additionally, the weakest tracks, defined
as those with a maximum RV of less than 4.0×10−5 s−1

are removed.

– Tracks are then selected if they reach maximum RV
within a 300 km radius of the target cyclone’s position
of maximum RV. These cyclones are termed candidate
cyclones.

– The average distance between each candidate track in
the CANARI LE and the historical cyclone in ERA5 is
computed across the 4 data points preceding maximum
RV plus the time of maximum RV. Candidate tracks
with an average distance less than 500 km are defined
as analogue tracks, approximately corresponding to the
25 %–35 % of cyclones with the most similar paths dur-
ing the development stage. The choice of the 500 km
threshold represents a balance between identifying cy-
clone tracks that closely resemble the historical cyclone
whilst maintaining a sufficiently large sample size to en-
able statistical analysis. Sensitivity experiments, vary-
ing the threshold from 300 to 700 km in 50 km incre-
ments, does not significantly impact the results.

– Extreme analogues are then defined as analogue tracks
with a maximum RV greater than or equal to the 90th
percentile of all Northern Hemisphere tracks in ERA5
during 1980–2010 (8.2×10−5 s−1). By applying a con-
stant threshold across all three datasets (ERA5 and CA-
NARI present and future) we ensure that the definition
of an extreme storm does correspond to an impactful
storm in the real world. This choice also allows the
quantification of biases between ERA5 and the CA-
NARI LE in terms of the number of storms surpassing
this threshold. We find that the difference in percentile
values between datasets is not large: The chosen value
corresponds to the 83rd percentile when only ERA5 cy-
clones within the North-Atlantic–Europe (NAE) region
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are considered, and to the 86th percentile when CA-
NARI LE NAE cyclones in both the present and future
periods are considered (see Fig. 4).

The approach used here closely follows the method of
Ginesta et al. (2024); however, there are important method-
ological differences. Critically, analogues are defined in
terms of a fixed average distance threshold (500 km) valid
in both datasets (ERA5 and the CANARI-LE) and both peri-
ods (present-day and future climate) instead of the percentile-
based distance threshold used in Ginesta et al. (2024), which
varies with the time period considered. This allows for the
separate analysis of changes in candidate cyclones and ana-
logue cyclones, enabling future changes in analogue fre-
quency to be decomposed into changes in regional track den-
sities as well as changes in the path of cyclones impacting
that region. For example, Fig. 2 shows the track density of
candidate cyclones of the Great Storm. There is a clear re-
duction in the number of candidate cyclones in the future,
following regional cyclone track density trends. Under the
percentile-based distance threshold of Ginesta et al. (2024),
therefore, the number of analogues of the Great Storm would
also reduce in future, by the same fraction. However, when
using a fixed distance threshold, we find an increase in the
number of analogues of the Great Storm (see Sect. 5) due
to a strong increase in the fraction of cyclones approaching
from a similar direction. This is evident in the candidate track
density as the north-south dipole over the UK and Ireland
(Fig. 2).

Further, to enable the analysis of post tropical analogues of
cyclone Ophelia, an additional filter is imposed so that ana-
logues of Ophelia must originate in the sub-tropical North
Atlantic, defined here as 0–60° W and 25–35° N. This is to
avoid cyclones originating from different geographical re-
gions being included as cyclone Ophelia analogues. This
is important as PTCs have distinct cyclone characteristics,
forming under different large-scale conditions conducive for
ET (Sainsbury et al., 2020).

As changes in future cyclone trends are sensitive to the
choice of intensity metric used (Priestley and Catto, 2022),
a range of metrics are employed to quantify changes in in-
tensity. Dynamical intensity is measured by RV; meteorolog-
ical hazards are assessed via wind speed at 850 hPa (WS850)
and precipitation rate (PR). Rather than assessing the mod-
elled surface effects, we assess the potential hazards that the
target storm analogues represent even if they had followed
a slightly different path. Consistent with this perspective and
following Hart et al. (2017), WS850 is used as an estimator of
maximum wind speed within the boundary layer, in turn used
to estimate maximum surface wind gusts (Brasseur, 2001).
Manning et al. (2022, 2023) make use of this approach when
wind gust data are not available. Rather than lack of data,
the use of WS850 in this work is motivated by the aim of
assessing the potential of a storm to lead to impacts regard-
less of small differences in position: WS850 is a wind-related

variable which is less affected by orographic effects than, for
example, 10 m wind gusts. PR is averaged across 6 h to re-
duce the high spatial and temporal variability associated with
this variable. Changes in WS850 and PR are explored by av-
eraging composite fields within a 5° radius of the historical
cyclone’s position of maximum RV. To assess the drivers of
changes in intensity and meteorological hazards, composite
fields are created in present and future simulations for each
analogue at the time of maximum RV of each track. Low-
level Eady growth rate (EGR) between 850 and 500 hPa is
used to determine changes in baroclinicity, quantifying the
large-scale conditions for the potential growth of cyclones
(Eady, 1949). Wind speeds in the upper troposphere are anal-
ysed to explore changes in the position and strength of the
jet stream. To account for height variations, wind speeds are
averaged between the 200, 250, and 300 hPa layers, and jet
occurrence is defined as exceeding 30 ms−1, as in Koch et al.
(2006) and Ginesta et al. (2024).

4 Evaluation of extratropical cyclone frequency and
intensity in the CANARI LE

To provide confidence in the results of the track analogue
methodology, we first briefly examine the representation of
North Atlantic extra-tropical cyclones in the CANARI LE.
Since the track analogue methodology focusses on cyclone
tracks at the time of maximum intensity, we examine how
closely the statistics of such points from the historical sim-
ulations resemble ERA5, and how they change in the future
simulations. Figure 3a shows the spatial density of cyclone
tracks at their time of maximum intensity. In ERA5, most
cyclones reach peak intensity within a band extending from
the east coast of North America to northern Europe, with a
pronounced density maximum south of Greenland. The CA-
NARI LE overestimates the total number of cyclones over the
region by 2.9 %. The largest local biases, however, are 10 %–
15 % and negative, to south of Greenland and to the north
of the UK. This spatial pattern is broadly consistent with the
cyclone-track density biases reported for other CMIP6 mod-
els relative to ERA5 (Priestley et al., 2023). In contrast, the
biases over the primary target regions of this study, namely
around the UK, Ireland and France, are considerably smaller,
providing confidence in the suitability of the CANARI LE
for simulating analogues of the four historical cyclones.

Figure 3b shows the density of extreme cyclones at peak
intensity, where extremes are defined as cyclones with a
track-maximum relative vorticity exceeding 8.2× 10−5 s−1

(see Sect. 3.2.2). Averaged over the region, the CANARI LE
underestimates the number of extreme cyclones by 14.4 %
relative to ERA5. The spatial pattern of extreme cyclone
peaks broadly resembles that in Fig. 3a; however, the neg-
ative biases are larger south of Greenland and across much
of the North Atlantic. This is consistent with the intensity bi-
ases identified across the sub-polar gyre in Schiemann et al.
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Figure 2. Candidate-track density for the Great Storm of 1987 in (a) the CANARI LE present climate (1980–2010), (b) the CANARI LE
future climate (2070–2100), and (c) their difference (future–present). Panels (a), (b) show candidate-cyclone counts on a non-linear scale,
while panel (c) uses a linear scale. The black line marks the path of the Great Storm of 1987, and the dashed circle denotes the 300 km
radius around the location of maximum 850-hPa relative vorticity used to identify candidate cyclones. Track-density counts are computed by
assigning each grid cell contributions from cyclones passing within 300 km of that grid point. The legend shows the total number of candidate
cyclones and extreme candidate cyclones in the present and future climates.

Figure 3. Counts of cyclone tracks within 300 km of each grid point at their time of maximum intensity (units: tracks per decade). (a, b) ERA5
(contours; 1980–2010) and the difference to the CANARI present ensemble mean (shading; 1980–2010). (c, d) CANARI present ensemble
mean (contours; 1980–2010) and the difference to the CANARI future ensemble mean (shading; 2070–2100). Panels (a), (c) show all tracks
with track-maximum RV≥ 4× 10−5 s−1 and panels (b), (d) show just “extreme” tracks with track-maximum RV≥ 8.2× 10−5 s−1.

(2026a). In contrast, the target regions of this study exhibit
only a modest negative bias, of the order of 1–4 cyclones per
decade, indicating that the representation of extreme cyclone
activity in these areas is considerably closer to ERA5 than
over the open ocean.

To examine the distributions of cyclone intensity in more
detail, Fig. 4 compares quantiles of track-maximum RV for

North Atlantic extratropical cyclones in ERA5 and the CA-
NARI present (orange) and future simulations (blue). There
is close agreement between the CANARI LE and ERA5, in-
dicating that the CANARI LE simulates cyclone intensity
distributions well. However, there is a slight tendency to-
wards weaker intensities relative to ERA5 at the upper tail,
indicating that the CANARI LE underestimates the strength
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Figure 4. Comparison of the distribution of track-maximum relative
vorticity in ERA5 (x-axis; 1980–2010) and the CANARI present
(blue; 1980–2010) and future (orange; 2070–2100) for all cyclones
that reach peak intensity within the North-Atlantic-European region
displayed in Fig. 3 (60° W–20° E, 30–70° N) between the months of
September and April.

of the most extreme cyclones. The target regions over south-
ern UK and the North Sea exhibit similar intensity biases
(not shown). This behaviour is consistent with the tendency
of global climate models to underestimate the intensity of the
most extreme cyclones (Priestley and Catto, 2022), poten-
tially arising from the misrepresentation of dynamical pro-
cesses at cyclone scales, such as baroclinic energy conversion
and diabatic heating (Colle et al., 2013). Large-scale circu-
lation biases are also likely to contribute, as they shape the
background environment in which cyclones develop; for ex-
ample, Zappa et al. (2013) linked cyclone intensity biases to
the tilt of the North Atlantic jet stream.

Taken together, this comparative analysis and evaluations
from Priestley et al. (2020) and Palmer et al. (2023) support
the use of the CANARI LE for analysing the frequency of
extreme cyclones affecting the UK, Ireland and France, par-
ticularly because biases associated with extreme cyclones are
small over the target region.

To identify future changes in cyclone statistics, Fig. 3c and
d show the change in density of cyclones at peak intensity be-
tween the present and future simulations, for all and extreme
cyclones respectively. Over the entire region, the number of
cyclones decreases by 10.7 % [95 % confidence interval from
ensemble bootstrap resampling:−11.1 % to−10.2 %]. There
is an increase in cyclone density south and downstream of
Greenland, consistent with a poleward expansion of the tropi-

cal circulation, strengthened jet speeds, and interactions with
regional orography (Harvey et al., 2020; Priestley and Catto,
2022). A slight positive signal of 1 %–2 % appears over parts
of the North Sea, plausibly linked to an extension of cyclone
tracks and enhanced baroclinicity associated with changes
in sea surface currents (Bengtsson et al., 2009; Woollings
et al., 2012). In contrast, the British and Irish Isles exhibit
a 3 %–5 % reduction in cyclone density, similar to much of
the surrounding region. This is likely caused by reductions
in lower-tropospheric temperature gradients under amplified
high-latitude warming (Gertler and O’Gorman, 2019; Hay
et al., 2023; Li et al., 2014; Butler et al., 2010).

Extreme cyclones show a contrasting response, with re-
ductions in cyclone density over the western North Atlantic
but increased cyclone density over Ireland, the UK and much
of Europe of the order of 1–3 cyclones per decade (Fig. 3d).
This likely reflects enhanced temperature gradients in the up-
per troposphere (Mizuta et al., 2011) and/or stronger diabatic
feedbacks in cyclone cores (Pfahl et al., 2017).

Similarly, Fig. 4 (blue line) shows that the intensity dis-
tribution shifts towards fewer weak-to-intermediate cyclones
and a larger proportion of the most intense cyclones, consis-
tent with broader projections of fewer cyclones overall but
greater intensity among the strongest cyclones (Priestley and
Catto, 2022; Sinclair et al., 2020).

5 Evaluation of the analogue cyclones in the CANARI
LE

In this section, the ability of the CANARI LE to simulate
analogues of the four historical study storms is assessed rel-
ative to the period 1950–2014 in ERA5. The influence of
climate change on the frequency of simulated analogues is
assessed by comparing analogue rates in present-day (1980–
2010) and future (2070–2100) periods. Figure 5 shows the
paths for all cyclone analogues and extreme analogue subsets
for each historical cyclone in ERA5 reanalysis, CANARI LE
present and CANARI LE future.

Analogue cyclones are identified throughout the year in
both ERA5 and the CANARI LE. The seasonality in both
sets is qualitatively similar with most analogue cyclones oc-
curring in the DJF season. The exception is the Great Storm
of 1987 for which ERA5 analogues appear evenly distributed
throughout the year. The same behaviour is found in the CA-
NARI LE present period, but not in the future period which
exhibits a marked clustering towards DJF (not shown). How-
ever, the number of analogues is not sufficiently large to
make a quantitative assessment and therefore this aspect is
not investigated further.

5.1 Martin

Across the 74-year period of ERA5, 14 analogues of cyclone
Martin were identified, representing a rate of 1.89 cyclones
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Figure 5. The full track of the case study cyclones (top to bottom) Martin, the Great Storm of 1987, Arwen and Ophelia (black lines) and
their analogues (grey lines) from (a, d, g, j) ERA5, (b, e, h, k) the present-day CANARI LE, and (c, f, i, l) the future CANARI LE. Extreme
analogues are marked red. The dashed circles indicate the 300 km radius used to identify the position of cyclones at peak intensity. The
legends show analogue and extreme analogue rates per decade, with confidence intervals (95 %) constructed from a bootstrap resampling of
the CANARI LE members.

per decade. Of the identified analogues, only cyclone Mar-
tin is considered extreme, reflecting the low-likelihood of
Martin-like paths occurring and the unusual large-scale con-
ditions which caused it (Sect. 2). In the CANARI LE sim-
ulations of the present climate, 99 analogues are identified
across 1200 simulated years, a frequency of 0.83 analogues
per decade. This represents a notable negative bias in the fre-
quency of analogues identified in CANARI LE relative to
ERA5, which may be associated with the negative biases
found over the sub-polar gyre in Schiemann et al. (2026a).
However, the ratio of extreme cyclones in the CANARI LE
present is similar to that in ERA5, with 8 of the 99 analogues
classified as extreme, corresponding to a relative contribution
of 8.1 %.

In simulations of the future climate, the analogue rate de-
creased from 0.83 to 0.75 analogues per decade (10.0 %).
This does not represent a significant reduction in the en-
semble mean frequency (according to a Welch’s two-sample
t-test at the 5 % level), because the change is small rela-

tive to the variability across ensemble members. However,
there is a significant decrease in the number of candidate
cyclones reaching peak intensity within 300 km of cyclone
Martin’s position of peak intensity, from 6.5 to 5.0 cyclones
per decade (29.3 %). Therefore, whilst there is a large reduc-
tion in the total number of cyclones impacting the region in
the future climate, a larger proportion follow a path similar
to cyclone Martin.

Despite the reduced number of total analogues, the number
of extreme analogues increased from 8 to 16 in future, cor-
responding to a relative increase in the frequency of extreme
analogues, from 8.1 % to 17.8 %, with most of this increase
occurring between the months of November and January (not
shown).

5.2 Great Storm of 1987

In ERA5, 27 analogues were identified, equivalent to 3.6
cyclones per decade. Consistent with cyclone Martin, the
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Figure 6. Composite difference plots (CANARI future–present) of wind speed at 850 hPa (shading, ms−1) for (a, e) Martin, (b, f) Great
Storm of 1987, (c, g) Arwen, and (d, h) Ophelia analogues and extreme analogues at their time of maximum intensity. Black contours
show the CANARI present composite SLP (intervals of 4 hPa). Stippling denotes significant regions according to the Benjamini–Hochberg
false discovery rate procedure (Benjamini and Hochberg, 1995) with αFDR = 0.10 (Wilks, 2016) while the grid-points marked with crosses
indicate local significance at the α = 0.05 level, both based on a Welch’s two-sample t-test. Historical tracks are shown as black lines with
the positions of maximum intensity marked by red circles.

present-day CANARI LE simulations contain fewer ana-
logues per decade than ERA5, with a rate of 2.5 analogues
per decade. Five of the 27 analogues were considered ex-
treme in ERA5 (18.5 %) and a similar ratio of extreme cy-
clones was identified in the present-day CANARI LE simu-
lations (17.3 %).

The frequency of candidate cyclones decreases signifi-
cantly in the future climate from 19.2 to 17.9 cyclones per
decade (5.6 %). However, the frequency of analogue cy-
clones is projected to increase sharply, from 2.5 to 2.9 cy-
clones per decade (16.5 %). The frequency of extreme ana-
logues increases by 52.3 %, and their relative contribution
rises from 17.3 % to 30.4 %. The reason for an increase in the
number of analogue storms despite a decrease in the number
of candidate storms is evident from Fig. 2. There is a strong
reduction in the number of south-eastward propagating can-
didate cyclones in the region, but a large increase in the
number of north-eastward propagating candidate cyclones.
A plausible interpretation is that these contrasting changes
reflect competing thermodynamic influences: reduced baro-
clinicity at high-latitudes, associated with Arctic amplifica-
tion and acting to suppress cyclogenesis for cyclones ap-
proaching from the north-west (Shaw et al., 2016), and re-
gional changes in horizontal temperature gradients in the
mid-latitudes, such as SST gradients in the North Atlantic
(Inatsu et al., 2003), favouring baroclinic development and

intensifying cyclogenesis for cyclones approaching from the
south-west.

5.3 Arwen

In ERA5, 17 analogues were identified, equivalent to 2.3 cy-
clone analogues per decade. In contrast with the previous
cases, the present-day CANARI LE simulations overestimate
the number of analogues relative to ERA5, with a rate of
4.3 analogues per decade. Three of the 17 analogues were
considered extreme in ERA5 (17.6 %) and a slightly smaller
fraction of cyclones considered extreme were identified in
CANARI present (11.2 %).

The frequency of analogues decreases significantly in the
future climate from 4.3 to 2.9 per decade (46.7 %). This sub-
stantial reduction in the number of analogues is associated
with both a decrease in the total number of candidate cy-
clones (7.1 %) and a decrease in the fraction of candidate
cyclones cyclones following the southward path of Arwen.
The frequency of extreme analogues decreases by 37.9 %,
but their relative contribution remains similar (from 11.2 %
to 10.2 %), suggesting that the reduction of analogue rate is
similar for both moderate and extreme cyclones.

5.4 Ophelia

In ERA5, five analogues were identified, corresponding to
0.8 cyclones per decade, two of which were extreme. This
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Figure 7. As Fig. 6 but for 6-h mean precipitation rate (mmh−1) at the time of maximum intensity.

low-frequency reflects the low-likelihood of post-tropical cy-
clones making landfall in Europe for this type of east Atlantic
cyclone (Sainsbury et al., 2020). There were slightly fewer
analogues in the present-day CANARI LE simulations, with
a frequency of 0.6 cyclones per decade.

In the future simulations, the analogue frequency increases
by 8.9 %, whereas the frequency of extreme analogues in-
creases by 50.0 %, indicating that the likelihood of extreme
PTCs impacting the UK may increase; however, this increase
is of a similar size to the model bias for extreme cyclones,
indicating that although the model captures a clear climate
change signal, the strength of this signal is uncertain.

6 Assessment of changes in dynamical intensity,
weather hazards and dynamical drivers

In this section, future changes in analogue dynamical inten-
sity and associated hazards are assessed via track statistics
measuring maximum cyclone-associated hazards along each
cyclone track, and composite maps generated by averaging
gridded fields from all analogue tracks at their time of max-
imum intensity. Hazards are assessed using wind speed at
850 hPa and precipitation rate. Further, each cyclone set is
examined via composites of EGR and jet speed to identify
dynamical processes contributing to the future changes in cy-
clone analogues.

6.1 Relative vorticity

The change in mean track-maximum RV between present
and future climates ranges from −1.1 % and +9.1 % across
the four historical cyclones (Table 1). Arwen and Ophe-

lia analogues both decrease by 1.1 % whereas Martin in-
creases by 2.0 % and the Great Storm shows a large statis-
tically significant increase of 9.1 %. This indicates that both
the sign and magnitude of intensity changes are cyclone-
specific. However, a larger sample size is required to robustly
assess the significance of cyclone-specific responses to cli-
mate change. In contrast, all extreme analogue sets intensify
(1.0 %–4.7 %), consistent with the generally robust response
of the strongest cyclones to warming. For example, Sinclair
et al. (2020) found a 2.8 % increase in mean 850 hPa track-
maximum RV of the 200 strongest cyclones under a +4°C
SST aqua-planet experiment. Notably, extreme Arwen ana-
logues increase significantly (4.4 %) despite the weakening
of the mean of all the analogues.

6.2 Wind speed at 850 hPa

In agreement with the robust future increases in RV for the
Great Storm analogues, there is a significant increase in the
track-maximum WS850 of 6.7 % (Table 1) as well as the
mean WS850 in the composite sense (Fig. 6). The compos-
ite increases are predominantly located near the cyclone cen-
tre and in the warm sector. In contrast, Arwen analogues ex-
hibit significant reductions in WS850, located around the cy-
clone centre, whilst Martin and Ophelia show little change in
track-maximum WS850. However, for Ophelia, the area of
high wind speed is reduced further downstream and south-
ward of Ophelia’s cyclone centre. By contrast, the extreme
analogues all exhibit higher track-maximum wind speeds of
3.2 %–7.7 % (Table 1).
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Table 1. Mean intensity and cyclone-associated hazard metrics for present-day and future CANARI LE analogues and extreme analogues.
Values shown are track-maximum relative vorticity (RV, s−1), the track-maximum value of the maximum 850 hPa wind speed within 5° of
each track point (WS850, ms−1), and the track-maximum value of the mean precipitation rate within 5° of each track point (PR, mmh−1).
Differences (1) are expressed as future–present percentage changes relative to the present value. Bold values denote non-zero differences at
the 5 % significance level according to a two-sided Welch’s t-test.

RV (×10−5 s−1) WS850 (ms−1) PR (mmh−1)

Storm Subset Present Future 1 (%) Present Future 1 (%) Present Future 1 (%)

Martin All 6.41 6.54 2.0 37.3 37.7 1.0 0.85 1.01 17.9
Extreme 9.10 9.53 4.7 40.9 42.2 3.2 1.03 1.41 36.5

Great Storm All 6.57 7.17 9.1 33.0 35.2 6.7 0.71 0.87 22.9
Extreme 9.10 9.30 2.2 38.6 39.9 3.3 0.92 1.09 18.8

Arwen All 6.28 6.21 −1.1 30.7 29.9 −2.6 0.51 0.57 12.0
Extreme 9.03 9.43 4.4 35.6 36.9 3.8 0.70 0.92 31.3

Ophelia All 7.18 7.10 −1.1 34.2 34.7 1.5 0.83 0.96 15.2
Extreme 9.96 10.06 1.0 38.9 41.9 7.7 1.09 1.35 24.2

6.3 Precipitation rate

In contrast to wind speed changes, all analogue sets exhibit
robust increases in track-maximum precipitation (Table 1)
with the all-storms subsets increasing by 12.0 %–22.9 % and
the extreme analogues increasing by 18.8 %–36.5 %. These
values are broadly consistent with Bengtsson et al. (2009)
who found increases in cumulative precipitation of 11 % for
all North Atlantic cyclones and larger increases of 27 % for
extreme cyclones using a high-resolution GCM. The mag-
nitude of PR increases across the analogue sets broadly co-
varies with changes in track-maximum RV reported in the
previous section. For example, Arwen analogues show mod-
est increases in PR (12.0 %) consistent with observed re-
ductions in intensity, whereas the Great Storm exhibits the
largest (22.9 %).

The composite analysis shows increases are generally con-
centrated in the cyclone core and along the eastern flanks
(Fig. 7). However, the imperfect alignment of analogue
tracks and the high spatial and temporal variability of PR ob-
scures sharply defined frontal structures. Extreme analogue
composites suggest enhanced PR associated with the cold
front for Arwen, but predominantly along the warm front for
the other three cyclones. While out of this work’s scope, fur-
ther research is required to determine the nature of the de-
scribed PR changes (e.g. whether these changes are mainly
thermodynamic, dynamic or both) and to expand this re-
search to consider not only the time of maximum intensity
but the storms’ life cycle as a whole.

6.4 Changes in baroclinicity

To examine the underlying dynamical changes responsible
for the changing weather hazards, the EGR 24 h prior to max-
imum RV are assessed via composite analysis (Fig. 8). Mar-

tin and the Great Storm developed under exceptionally high
baroclinic conditions in the central North Atlantic, exceeding
the 95th percentile of wintertime baroclinicity for 1957/58–
1997/98 (Ulbrich et al., 2001). For future analogues, baro-
clinicity may be even higher in this region, likely due to
changes in SST gradients (Woollings et al., 2012), indicating
that conditions favouring exceptionally intense analogue de-
velopment may become more likely. For example, long-term
climate projections from Hand et al. (2019) show a similar
changing pattern of SST gradients and noted high correspon-
dence with storminess over the eastern part of the North At-
lantic and Europe.

Regions of high baroclinicity for Ophelia analogues are
displaced southward, suggesting that ET may occur further
offshore than in the historical case, which underwent ET
shortly before landfall in Ireland. In contrast, Arwen exhibits
a significant reduction in baroclinicity south of Greenland
and over the Greenland, Norway and North Seas, consistent
with the projected decreases in analogue frequency and in-
tensity. This region of reduced baroclinicity is evident across
all cyclones and is likely associated with weakened lower-
tropospheric temperature gradients under Arctic amplifica-
tion.

6.5 Changes in the strength and position of the jet
stream

Changes in upper-tropospheric wind at the time of maximum
intensity are also assessed in Fig. 9. Each case is located
on the left exit region of a strong jet stream feature, and
these features strengthen for all future analogue composites,
with mean wind speeds within a 5° radius of the historical
cyclone centre increasing by 3.1 %–9.2 % across analogue
sets. Extreme analogues exhibit larger increases of 8.1 %–
19.5 %, indicating that jet strength exerts a key influence on

Weather Clim. Dynam., 7, 2087–2105, 2026 https://doi.org/10.5194/wcd-7-2087-2026



F. Morgan et al.: Future analogues of contrasting UK cyclones 2099

Figure 8. As Fig. 6 but for Eady growth rate (EGR, s−1) 24 h prior to the time of maximum intensity. Dashed contours show the CANARI
present composite EGR and yellow circles indicate the track position 24 h prior to the time of maximum intensity.

cyclone intensity, consistent with Mizuta et al. (2011), who
found a strong correspondence between regions of jet inten-
sification and intensified cyclone development under anthro-
pogenic climate change.

Additionally, Arwen, the Great Storm and Martin show a
future eastward extension of the jet. In the historical com-
posites, the surface lows are positioned poleward and east-
ward of the jet streak, consistent with the left-exit region.
This suggests that downstream jet changes may enhance ver-
tical motion via increased upper-level divergence, potentially
contributing to the projected increases in cyclone intensity.
This jet configuration also indicates a more advanced cyclone
stage, and may be linked to shifts in frontal structure and lo-
cation, as noted in Ginesta et al. (2024).

7 Discussion

The influence of climate change on four impactful European
cyclones with contrasting characteristics have been assessed.
Storms exhibiting comparable tracks and stages of develop-
ment were identified and classified as analogues for both
the present-day climate (1980–2010) and the future SSP3-
7.0 scenario (2070–2100) from the CANARI LE simula-
tions, following the methodology of Ginesta et al. (2024)
with adjustments. Within this set, cyclones exceeding the
90th percentile of track-maximum RV were further defined
as extreme analogues. The findings indicate that in the future
climate the frequency and intensity of these analogues will
likely exhibit divergent responses to warming.

Storm Martin was an exceptional event forming under rare
large-scale conditions with no other extreme cyclone of its

kind with a comparable track in ERA5. In the future climate,
analogues are projected to become even less frequent, but
the number of extreme analogues increases. Furthermore, the
intensity of future analogues are projected to increase sig-
nificantly in terms of PR, and positive signals of RV and
WS850. Changes in intensity are likely driven by increased
wind speeds in the upper troposphere and increased baroclin-
icity over the central North Atlantic basin. These factors in-
dicate that the occurrence of extreme analogue cyclones will
not become less likely. When they do occur in future, they
will be more intense and accompanied by significantly more
precipitation, presenting a greater meteorological hazard.

Fewer cyclones reach peak intensity in a similar location
to the Great Storm in the future climate. Despite this, the
number of analogues increases significantly due to a large
increase in the number of cyclones following a similar path.
Moreover, all cyclone metrics investigated here (RV, WS850,
PR) indicate a significant increase in intensity and associated
meteorological hazards. Increases in PR are located along
the cold front with increases in wind speed located in the
warm sector. Significant increases in baroclinicity over the
North Atlantic indicate that changing SST gradients may cor-
respond with increases in intensity. The jet streak is also dis-
placed southward and downstream in the future, potentially
enhancing baroclinic growth due to upper-level forcing. This
suggests that modifications of both the lower- and upper-
level temperature gradients increase both the frequency and
intensity of future analogues of the Great Storm in a warmer
climate.

Storm Arwen was characterised by anomalously strong
northerly winds associated with its distinct southward track,
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Figure 9. As Fig. 6 but for average wind speed between 400–250 hPa (ms−1) with the CANARI present composite shown by black contours.

likely contributing to the severe impacts, as infrastruc-
ture and preparedness in the affected regions are primar-
ily geared towards damaging westerly, rather than northerly,
wind events (Smart et al., 2021). In the future period, both the
number of analogues and extreme analogues of Arwen de-
crease significantly. On average, the future analogues are also
weaker, with statistically significant reductions in WS850
and RV. In contrast, the subset of extreme analogues shows
a robust increase in intensity: RV increases significantly,
WS850 increases in the warm sector, and substantial in-
creases in PR are projected. Large reductions in baroclinic-
ity southwards and eastwards of Greenland, consistent with
projected reductions in high-latitude lower-troposphere tem-
perature gradient in a warmer climate, appear to suppress cy-
clogenesis and mean cyclone intensity. The increase in in-
tensity of the extreme analogues which do occur likely re-
flects the downstream enhancement of the jet streak, enhanc-
ing air ascent and promoting increases in intensity. Together,
these results suggest that future Arwen analogues, with dam-
aging northerly winds, are likely to become less frequent in a
warmer climate but that the most extreme analogues may be
more intense, sensitive to the competing influences of weak-
ened low-level and strengthened upper-level temperature gra-
dients at high latitudes in the North Atlantic basin.

Finally, in the future climate, substantially fewer candi-
date cyclones reach peak intensity in a location compara-
ble to Ophelia, and changes in analogue counts show only
a weak positive signal. This likely reflects competing influ-
ences, with an overall reduction in TC frequency partially
offset by increases in TC intensity, yielding only modest
changes in the occurrence of PTCs. This is consistent with
evidence that tropical cyclones are expected to intensify un-

der warming (Cheung and Chu, 2023), implying that when
PTCs such as Ophelia occur they may be associated with
more severe impacts. However, the low frequency of PTC
occurrences limit the statistical significance of these projec-
tions. Further, tropical cyclones are typically poorly repre-
sented in GCMs (Knutson et al., 2020), warranting cautious
interpretation.

Since the storms investigated by Ginesta et al. (2024) and
those included in this work are different, we do not attempt
to perform a direct comparison between these two pieces of
work. However, we can still contrast and compare the conclu-
sions that are drawn from each study. There is a noticeable
difference in the number of analogues identified in ERA5 in
this work and by Ginesta et al. (2024). The number of ERA5
analogues in Ginesta et al. (2024) range from about 5 (Xyn-
thia) to about 18 analogues per decade (Eunice); the num-
ber of ERA5 analogues in this work range from less than
1 (Ophelia) to about 4 analogues per decade (Great Storm).
However, the number of analogues identified in the present
period of each large ensemble, namely the CESM-LE and
the CANARI-LE, is very similar: The number of CESM-
present analogues range from 1 (Xynthia) to about 7 ana-
logues per decade (Eunice); the number of CANARI-LE ana-
logues range from about 1 (Martin) to about 4 analogues
per decade (Arwen). This results in a reduction in the as-
sessed bias in the numbers of analogues between Ginesta
et al. (2024) and the present study. The bias in the ratio of
explosive cyclones, in Ginesta et al. (2024), or extreme cy-
clones, in this work, to all analogues is similar in both the
CESM-LE and the CANARI-LE at about 50 % mean abso-
lute relative error. This lends confidence to the estimation
of changes in extreme cyclones between the present and a
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future climate in both pieces of work. However, this is an
aspect that highlights the value of the methodology being ap-
plied to contrasting storms: Alex, Eunice and Xynthia in the
CESM-LE displayed a reduction in total analogue number
but an increase in the proportion of explosive storms (Ginesta
et al., 2024); Martin in the CANARI-LE exhibits a similar
behaviour; however, while both the Great Storm and Ophelia
also display an increase in the proportion of extreme ana-
logues, they also exhibit an increase in total analogue num-
ber, albeit weak in the case of Ophelia. Furthermore, Arwen
represents a counterexample to the general trend in that it ex-
hibits a reduction both in total analogue number and in the
proportion of extreme analogues.

8 Conclusions

To answer the research questions set out in the introduction:
How well does the CANARI LE simulate analogues of

the four case study cyclones? The CANARI LE is capable
of simulating analogues of the four case study cyclones, in-
cluding those with atypical paths and post-tropical origins.
However, in most cases the model underestimates analogue
frequency compared with reanalysis, except for analogues of
Arwen. Negative biases are more pronounced in winter, indi-
cating that winter-time biases in the CANARI LE are a lim-
iting factor in the representation of cyclone analogues.

How does the frequency of the cyclone analogues change
in future? All candidate cyclones show a clear signal of de-
creased frequency and increased intensity. This aligns well
with previous studies analysing future cyclone trends, typi-
cally projecting increases in intensity and associated meteo-
rological hazards. However, there is substantial variation in
the magnitudes of these changes between the four cyclone
cases examined, highlighting significant regional changes in
a warmer climate. This poses a challenge for policymakers
to prepare for extreme cyclone events.

How do the intensity and meteorological hazards associ-
ated with the cyclone analogues change in future? Changes
in the frequency and intensity of cyclone analogues exhibit
greater inter-case variability than candidate cyclones, reflect-
ing important changes of cyclone trajectories in a warmer cli-
mate. Of particular note is the significant change in the paths
of cyclones reaching peak intensity in the North Sea. For ex-
ample, both the Great Storm and Arwen reach peak intensity
in this region, yet their analogue responses differ markedly:
Arwen analogues show a robust decrease in both frequency
and intensity, whereas Great Storm analogues show signif-
icant increases in intensity and a net increase in frequency.
This arises because there are fewer candidate cyclones in
the region overall, but a larger proportion follow the north-
eastward path of the Great Storm and fewer follow the south-
eastward path of Arwen. This is an important finding as each
cyclone is associated with distinct meteorological hazards,
requiring different adaptation measures. Arwen was associ-

ated with strong northerly winds, with the unusual direction
exacerbating damages (Smart et al., 2021), while the Great
Storm brought strong south westerly winds and the potential
for heavy rain associated with the transport of warm, moist
air from lower latitudes. This contrast highlights how aggre-
gate cyclone-track trends alone may be insufficient to inform
adaptation and risk-management strategies.

What are the underlying dynamical factors causing these
projected changes? The strong correspondence between
changes in EGR during the development stage of the ana-
logue cyclones and changes in their frequency and intensity
suggests that much of the inter-case variability is baroclini-
cally driven. Composite analysis reveals a consistent dipole
in baroclinicity, with reductions at higher latitudes (to the
south and east of Greenland) and increases at lower lati-
tudes (over the central North Atlantic). We propose that re-
gional modifications to the lower-tropospheric temperature
gradient, arising from Arctic amplification and evolving SST
gradients in the central North Atlantic region (Inatsu et al.,
2003) increase the frequency and intensity of Great Storm
analogues while reducing those of Arwen. Together, these
results indicate that future UK-impacting cyclones may be
accompanied by substantial changes in cyclone propaga-
tion direction linked to regional modifications of the lower-
tropospheric temperature gradient.

These findings highlight marked regional variability and
show that cyclone-specific responses can diverge from the
aggregate signal under anthropogenic climate change. How-
ever, an aspect that has not been explored in the present anal-
ysis is that of the influence on analogue occurrence from
large-scale modes of variability, such as El Niño–Southern
Oscillation or the North Atlantic Oscillation, to determine
whether there are any changes in these relationships at-
tributable to climate change. Beyond this, further work is
required, for example analysing a wider range of cyclones,
to understand the full range of responses of specific cy-
clone types in the future climate and to understand the rel-
ative roles of different dynamical drivers, such as diabatic
effects. Demonstrating how extreme events may recur under
climate change, and with greater severity as indicated here,
can strengthen the case for investing in protective and adap-
tive measures to reduce future risks (Shepherd, 2016). In this
context, these cyclones provide useful reference points for
guiding resilience planning and improving preparedness for
similar events in the future.

Code and data availability. The TRACK software is openly
available from https://gitlab.act.reading.ac.uk/track/track/-/releases
(last access: 26 October 2026). The ERA5 dataset is publicly
available online at https://doi.org/10.24381/cds.bd0915c6
(Copernicus Climate Change Service, 2023). The
CANARI LE dataset is publicly available through
the Centre for Environmental Data Analysis archive
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