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Abstract

In July 2021, a cut-off low-pressure system brought extreme precipitation to

Western Europe. Record daily rainfall totals led to flooding that caused loss of

life and substantial damage to infrastructure. Climate change can amplify rain-

fall extremes via thermodynamic processes, but the role of dynamical changes

is uncertain. We assess how the dynamics involved in this particular event are

changing using flow analogues. Using past and present periods in reanalyses

and large ensemble climate model data of the present-day climate and 2�C
warmer climate, we find that the best flow analogues become more similar to

the cut-off low-pressure system observed over Western Europe in 2021. This

may imply that extreme rain events will occur more frequently in the future.

Moreover, the magnitude of the analogue lows has deepened, and the associ-

ated air masses contain more precipitable water. Simulations of future climate

show similar events of the future could lead to intense rainfall further east

than in the current climate, due to a shift of the pattern. Such unprecedented

events can have large consequences for society, we need to mitigate and adapt

to reduce future impacts.
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1 | INTRODUCTION

In July 2021, a persistent low-pressure system caused
extreme precipitation in parts of Germany, Belgium, the
Netherlands and Luxembourg (Mohr et al., 2023;
Tradowsky et al., 2023; Figure 1). The flooding caused at
least 220 deaths, mostly in Germany (Koks et al., 2022).
Infrastructure damage included hospitals, roads, bridges

and utility networks, with an estimated total damage of
EUR 46 billion (Mohr et al., 2023). Precipitation was great-
est on 14 July, with daily rainfall totals of 150 mm in parts
of Western Germany (Mohr et al., 2023; Figure 1). In this
study, we investigate the changing dynamics of such
events in past, present and future climates.

Extreme summer rainfall in Western Europe is becom-
ing more frequent and intense (Seneviratne et al., 2021;
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van de Vyver et al., 2023). Climate change driven inten-
sification of the water cycle increases daily rainfall
extremes (Fischer & Knutti, 2016; Fowler et al., 2021).
In some regions, the rate of increase is more than the
Clausius–Clapeyron rate of 7% per 1�C of warming
(Fowler et al., 2021; van der Wiel et al., 2017; van
Oldenborgh et al., 2017). The observed increase in
extreme summer precipitation increases flood risks,
illustrated by the many severe floods in Europe in sum-
mer 2023, including the Emilia-Romagna region of Italy
in May, Romania and Serbia in June and Norway and
Sweden in August (Europe—FloodList; Copernicus).
Climate projections indicate that this trend will con-
tinue as global mean surface temperature increases
(Kahraman et al., 2021; Masson-Delmotte et al., 2021;
Rajczak & Schär, 2017).

Many climate extremes can be firmly attributed to
human causes through thermodynamical changes alone
(Seneviratne et al., 2021; van Oldenborgh et al., 2022). For
heavy rainfall this is difficult due to the complexity of rain-
fall simulations and model uncertainties (Tradowsky
et al., 2023). Despite the challenges, studies have shown
anthropogenic emissions have increased the likelihood of
many extreme rainfall events, such as those associated with
flooding in France in May 2016 (Philip et al., 2018) and in
the United Kingdom in December 2015 (Otto et al., 2018).
Although a warmer climate will, on average, intensify
extreme precipitation events, the location and frequency
depends on atmospheric circulation changes (Seneviratne
et al., 2021). Statistically fitting generalised extreme value
distributions to climate data assess the effects of both
dynamical and thermodynamical changes, with no separa-
tion of drivers. The methods used assume a dependency on
global mean temperature, but for some extreme events,
such as those including convective rainfall (Fowler
et al., 2021), dynamical feedbacks or changes in large-scale
circulation lead to non-linear scaling with global mean

temperature—and large uncertainties in attribution state-
ments. Tradowsky et al. (2023) found the July 2021 event
1.2–9 times more likely than in preindustrial, a range of
almost an order of magnitude. As extreme weather events
increase at a rate which exceeds thermodynamical expecta-
tions, it becomes ever more important to understand the
role of dynamics (Di Capua & Rahmstorf, 2023).

We focus on the July 2021 extreme rainfall, which was
associated with a cut-off low-pressure system (Figure 1).
This created large-scale atmospheric flow conditions,
which caused extreme, persistent rainfall. Analogues of
large-scale dynamics allow conditional attribution of the
intensity of the extreme and assessment of changes in like-
lihood (Yiou et al., 2013). Faranda et al. (2022) investigated
the July 2021 event using a reanalysis of sea level pressure
data, finding little change in the intensity of the low-
pressure system, only a moderate increase in temperature
and an increase in precipitation consistent with increasing
water vapour in a warmer atmosphere.

In this study, we investigate how the atmospheric circu-
lation patterns associated with the July 2021 event are
changing as the world warms. Assessing both reanalysis
data and a large ensemble of climate model simulations we
can go beyond Faranda et al. (2022), investigating both past
changes and projected future changes. We assess changes
in the characteristics of events, evaluating the frequency,
intensity and persistence of the analogues. Understanding
how the dynamics of such events is changing will allow
better preparation to reduce impacts of future events.

2 | METHODS

2.1 | Data

We use the fifth-generation ECMWF atmospheric reana-
lysis of the global climate (ERA-5) dataset as a proxy for

FIGURE 1 The observed

meteorological situation of 14 July 2021.

Daily precipitation and 250 hPa

streamfunction over Western Europe on

14 July 2021, the day of peak rainfall

from the event, from ERA-5 reanalysis

data. Contour lines show the 250 hPa

streamfunction (�106 m2/s), shading

shows the daily precipitation

totals (mm).
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observations (Bell et al., 2021). To assess possible future
changes in these rare event types, we use the large
ensemble climate modelling dataset KNMI–LENTIS
(KNMI Large ENsemble TIme Slice) generated with EC-
Earth3_p5 (Muntjewerf et al., 2023a). This fully coupled
global climate model with atmosphere, ocean, sea ice and
land components has �80 km resolution (Döscher
et al., 2022). The CMIP6 version of EC-Earth3 has a
warm bias in the Southern Hemisphere and a cold bias in
the Northern Hemisphere. It was retuned for the Dutch
National Climate Scenarios (van der Wiel et al., 2024),
leading to a smaller bias in the North Atlantic/European
sector. KNMI–LENTIS covers two time periods: the
present-day (2000–2009) and a +2K future (2075–2084 in
Shared Socioeconomic Pathway 2-4.5 (SSP2-4.5)). Each
10-year period has 160 ensemble members, providing
1600 years of data. It is assumed that the 10-year periods
do not show significant forced climate change, and
ensemble size samples the full climate variability
distribution.

For both ERA-5 and KNMI–LENTIS the climate vari-
ables used in this study are daily precipitation, and
250 hPa u- and v-wind components. Summertime (June–
July–August) data are used from ERA-5 periods:
1950–1979 (past) and 1993–2022 (present), and the
KNMI–LENTIS periods: 2000–2009 (present) and 2075–
2084 (future) (Table 1). The model is regridded to the
ERA-5 grid, with 1� resolution for the wind and 1/4� for
precipitation.

We use the 250 hPa streamfunction to identify ana-
logues, this is preferable over the use of geopotential
height, as tropospheric warming will have led to an
increase in geopotential height, which would require
additional steps such as detrending (Faranda
et al., 2022; Noyelle et al., 2023). The streamfunction
field is calculated using Climate Data Operators using
the equations:

ur ¼þ 1
r2 sinθ

∂ψ

∂θ
anduθ ¼� 1

r sinθ
∂ψ

∂ρ
,

where ur and uθ are the daily 250 hPa zonal and meridio-
nal velocity components, r is radial distance from the ori-
gin and θ the zenith angle in spherical coordinates
(Schulzweida, 2023).

2.2 | Identifying analogues

Here, an analogue is defined as a day with similar upper-
level atmospheric circulation to 14 July 2021 (Jézéquel
et al., 2018). This event date was the peak rainfall day of
the event (Figure 1). We use the region 30� N–70� N,
30� W–30� E to define analogues to represent the large-
scale dynamics of the event. A smaller domain, more
focussed on the cut-off low, may lead to more cut-off lows
being included in the analogues, but could also lead to a
failure to identify relevant changes to the larger scale cir-
culation. We tested the impact of a smaller domain, find-
ing no change in the sign of the trends or general pattern
identified over the impacted region.

For the region, we calculate the pointwise Euclidian dis-
tance of the 250 hPa streamfunction field between the event
date and each individual summer day by the equation:

ED¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ax1,y1 �Bx1,y1

� �2þ Ax1,y2 �Bx1,y2

� �2þ…þ Axn,yn �Bxn,yn

� �2
q

,

where ED is Euclidean distance between 2D-fields, Axy

(event date) and Bxy (any other date). We use Euclidean
distance over alternatives such as spatial rank correla-
tion, as it favours larger structures and assesses the over-
all proximity of maps in terms of mean state, not only
spatial pattern (Yiou et al., 2013). For each of the periods,
we take the 30 days with the smallest Euclidean distances
compared to the event as our analogue set. We impose a
gap of 5 days between the analogues, resulting in
30 unique events. For the present-day ERA-5 period, the
event itself is excluded from analogues.

We perform significance testing on the composites. For
each gridpoint, two-sided t-tests (assuming equal variance)
are used, if the p < 0.05 the distributions are assumed to
differ significantly (Figure 2d,g). Note, we take 30 ana-
logues from each period, despite KNMI–LENTIS contain-
ing many more days to select from than ERA-5. We take
advantage of the large ensemble to assess more similar
events than is possible with ERA-5 alone. We tested the
impacts of the choice to use only 30 analogues from the
model, rather than the same proportion (Figure S1). We
find the same proportion does not give composites equally
similar to the event—differences are larger in the model.
This suggests the dynamical situation of the event is less
likely in the model than in observations.

2.3 | Calculating analogue typicality and
persistence

To assess analogue similarity between periods we calcu-
late analogue typicality (T). This metric is similar to the

TABLE 1 Climate data periods used in this study.

Dataset Period 1 Period 2

ERA-5 Past: 1950–1979 Present: 1993–2022

KNMI–
LENTIS

Present:
2000–2009

Future: 2075–2084 in
SSP2-4.5
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analogue quality used by Faranda et al. (2022). Tevent is
calculated for each analogue set as the inverse of the sum
of the 30 Euclidean distances. Tanalogue is also calculated
for each of the analogues, by identifying their 30 closest
analogues within the same period and calculating the
inverse sum of the Euclidean distances of those. Thus, we
get a value of Tevent and a Tanalogue distribution (30 values)
for each period (Figure 3a,b). Higher Tevent indicates that
analogues are more similar to the event. Comparing
Tevent for different periods allows an assessment of
whether the atmospheric circulation enters the phase
space of the event more or less frequently in each
period—a higher Tevent indicates the pattern is more typi-
cal and lower more unusual.

Statistical significance of the difference between
Tevent in periods is calculated by two-sided Welch's t-tests
on the two distributions of Euclidean distances for ana-
logues of each period, p < 0.05 is significant for the distri-
butions of Tanalogue significance is calculated the same
way on the distributions themselves.

If Tevent is within the Tanalogue distribution the event
is deemed to have good analogues, but if Tevent is smal-
ler than the Tanalogue distribution then the atmospheric
circulation pattern of the event is highly unusual—the
analogues themselves are more similar to each other
than to the event. In this case the event is an outlier,
analogues will not be useful for assessing dynamical
changes.

FIGURE 2 Composites of the analogue set for 14 July 2021. (a) The atmospheric circulation (250 hPa streamfunction, �106 m2/s) of the

observed event, 14 July 2021. (b, c) The composites of the closest 30 analogue days from ERA-5, past (1950–1979) and present (1993–2022).
(d) The difference between the past and present. Hashed regions indicate a statistically significant difference between the time periods,

calculated using a pointwise 2-sided Welch's t-test with p < 0.05 significant. (e–g) As in (b–d), but for the LENTIS data, present (2000–2009)
and future (2075–2084 in SSP2-4.5; 2K warmer).
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We assess whether persistence of such events over
Western Europe is changing. Persistence is assessed by
calculating spatial correlation between the event and
neighbouring days over the same domain and field as
analogues; the event persists if the spatial correlation
coefficient is >0.9, the number of continuous days meet-
ing this criterion (both preceding and succeeding the
event) is the event persistence, Pevent. This is calculated
for each individual analogue from the analogue sets to
give distributions: Panalogue.

3 | RESULTS

All four analogue sets, ERA-5 past and present periods
and KNMI–LENTIS model present and future periods,
show a low-pressure over the region matching the
observed event (Figure 2a–c), though not all analogues
show a distinct cut-off low (Figures S4–S12). We find
�50% of the reanalysis analogues exhibit cut-off lows,
whereas �70% of the model analogues do. As the model
dataset is larger it is unsurprising that the composites are
more similar to the event, but investigating the same pro-
portion of events it appears the model has a smaller
proportion of similar days (Figure S1). There are differ-
ences between the reanalysis and model analogues—as
would be expected due to model biases and the different
sizes of the periods (Muntjewerf et al., 2023a). The model

biases appear to cause an underestimation in the fre-
quency of event-like flows identified as analogues.

The differences between the composites of past and pre-
sent analogues from reanalysis shows how the intensity of
events similar to July 2021 has changed (Figure 2d). For the
model, where we compare present to future projections, we
also detect a deepening trend. In contrast to ERA-5, this
projected future trend is statistically robust. The consistency
in the trend in both datasets provides evidence that it may
be a long-term trend. There is an increased gradient across
Europe from southwest to northeast. In central Europe, the
area of greatest change shows >3 � 106 m2/s deepening
(pink region in Figure 2d,g). In the model there is a statisti-
cally significant eastward shift in the low-pressure region,
deepening further northeast, across Northern Germany
(Figure 2e–g). Changes in the low-pressure system
show similarities in both reanalysis and model, with
>3 � 106 m2/s decrease in central Europe.

We can assess if the composites are becoming more
similar to event over time (Figure S2). The low pressure
is deeper in the event than in the composites for all
periods. Thus, any deepening over time (Figure 2)
increases the similarity with the event. This is also shown
by the Tanalogue distributions (Figure 3), which show the
analogues are becoming more like the event. Note, as
analogues are chosen based on similarity to the event, we
may not be identifying the most extreme low-pressure
systems—just the most similar.

FIGURE 3 Analogue

typicality and persistence

(a) showing the distribution of

Tanalogue (violin plots) and the

Tevent (red point) for the ERA-5

past (1950–1979) and present

(1993–2022) periods. Horizontal

lines indicate the means of the

Tanalogue distributions (b) as in

(a) for the present and future

KNMI–LENTIS periods.

(c) showing the distribution of

Panalogue (violin plots) for ERA-5

past and present and Pevent (red

points), and Panalogue
distributions means (d) as in

(c) for the present and future

KNMI–LENTIS periods.
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We assess how Tevent changes within each period
(Figure 3a,b). From past to present (reanalysis) and from
present to future (model) we see that Tevent (indicated by
a red point) increases—the analogues are becoming sta-
tistically more similar to the event with time. We are
investigating an extreme event, and for some such events
there may be no other events that are similar. In such
cases, there would be little value in investigating the flow
analogues. We can use the distribution of Tanalogue to
ensure that the event is not an outlier. In this study, we
find that Tevent lies within the Tanalogue distribution, thus
concluding that the analogues are useable for assessing
dynamical changes.

We find that the streamfunction of the event becomes
more typical through time (Tevent increases), and the ana-
logues themselves are also more typical in later periods
(Tanalogue increases). The latter is particularly true for the
model (Figure 3b), where the difference between present
and future typicality is statistically significant (two-sided
Welch's t-test p = 1.19 � 10�5). This suggests that the fre-
quency of such events has increased, enabling more simi-
lar events to be identified. There is an apparent model
bias leading to an underestimation in the frequency of
flow analogues, with less similar events identified in the
model when the same proportion of analogues are used
for both model and reanalysis (Figure S1). This is also
evident in Figure 3a,b, where the typicality of both

reanalysis and model are similar absolute values despite
differing proportions of analogues.

To assess changes in event length, we use the persis-
tence measure, P. Pevent is 4 days (Figure S3). We com-
pare this to the persistence of the analogues, Panalogue
(Figure 3c,d). We find that Pevent lies within the distribu-
tion of Panalogue, but some analogues show much higher
persistence, up to 16 days. Analogue events with much
longer persistence do not show distinct cut-off lows and
so are not associated with intense rainfall (Figure S3).
Even events with a persistent cut-off low will not neces-
sarily lead to rainfall increase as many other factors, such
as moisture source, will affect this. There is no significant
difference between different periods, suggesting no
change in persistence through time. The model does not
show analogues with as long persistence as the reanaly-
sis. This appears to be because the model analogues are
more similar to the event itself as there are more model
days to sample from. This was tested by identifying the
same proportion of analogues for the model and ran-
domly sampling a distribution of 30 model events, these
give a persistence distribution in closer agreement to
ERA-5 results, with some even longer persistence events
(Figure S4).

Analogue sets are identified from the regional dynam-
ics alone, but we can assess the hemispheric patterns
associated with the event (Figure 4a–e). Consistent

FIGURE 4 Large-scale dynamics of analogue events. (a) The 250 hPa streamfunction anomaly, with zonal mean relative to 1950–2023
removed, in �106 m2/s, of the observed event, 14 July 2021. (b) The composite of the 250 hPa streamfunction anomaly with zonal mean

removed, relative to 1950–1979, in �106 m2/s, for the closest 30 analogue days from ERA-5, past (1950–1979). Hashed regions show where

the signal in the composite of analogues is statistically different to zero, using a one-sided t-test (p < 0.05). (c) As in (b) for ERA-5 present

day (1993–2022). (d, e) As in (b, c), but for the KNMI–LENTIS data, present (2000–2009) and future (2075–2084 in SSP2-4.5; 2K warmer).
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patterns on this larger scale, either within analogue sets
or with the event, indicate that global wave patterns may
play a role. For the event, it appears that the dynamic sit-
uation over Europe was part of hemispheric atmospheric
wave activity (Figure 4a). There are similarities between
the event and the analogues, all show consistent high-
pressure anomalies over North America and the North
Pacific, though no analogue sets capture the high–low–
high pattern shown in the event over the North Atlantic.
ERA-5 analogues from both time periods show consistent
patterns, with LENTIS analogues showing differing con-
sistent patterns.

The rainfall shows large variability between dynami-
cally similar events (Figures S4–S12), as not every cut-off
low-pressure system has associated rainfall and small
shifts in the location of the cut-off low can lead to rainfall
over a different area. Some individual analogues do show
intense rainfall in the same region as the event
(Figures S4–S12). The KNMI–LENTIS present period best
captures the event itself; though we note the model is not
at a convection-permitting resolution, suggesting the sim-
ilarity comes from large-scale precipitation. Different
trends are found in the reanalysis and model over the
region most affected in July 2021 (Figure 5a–g)—the rea-
nalysis shows a statistically significant rainfall increase,
in agreement with Faranda et al. (2022). In contrast, the
model shows a statistically significant decrease in rainfall
over the impacted region, but an increase elsewhere.
Both reanalysis and model show an increase in rainfall
east of the region impacted in July 2021. In a region
centred around the cut-off, low precipitation rates can be
expected to increase. Thus, the shift in rainfall shown in
the model is likely caused by the eastward shift in the
centre of the low, shown in Figure 2.

To confirm that this shift occurs across all analogues
the rainfall totals for each gridpoint within the two
regions for all analogues is shown (Figure 5h–k). The
eastern region shows an increase in intense rainfall, sug-
gesting the region may need to prepare for more intense
rainfall from summertime cut-off lows in the future.
Analysis of different climate models could help improve
certainty.

It is hard to assess precipitation changes through time
due to the inhomogeneous and stochastic nature of rain-
fall. Total column water vapour provides a more homoge-
neous pattern, allowing assessment of whether analogues
show the expected increase from Clausius–Clapeyron
scaling or an accelerated change. We can only assess for
ERA-5 (Figure 6), but find a 3.8% increase in total col-
umn water vapour over the analogue domain. The local
temperature change between analogue sets over the
domain is 0.5�C. Assuming an atmospheric water content
increase of 7%/1�C warming, precipitable water increase

between periods agrees with that expected from the
warming atmosphere of �3–4% between the periods.

4 | DISCUSSION

We have used flow analogues to investigate climate
change-induced changes in key characteristics of the
atmospheric flow pattern associated with the July 2021
Western Europe flood event. We assess changes in inten-
sity, frequency, and persistence in the dynamics of such
events between past (1950–1979) and present (1993–
2022) in reanalysis and present and future (+2K) in a cli-
mate model. From ERA-5 data, we find that the closest
present-day analogues are more intense and more similar
to the observed cut-off low-pressure of July 2021 than
past analogues. Using 1600 simulated years from a
160-member ensemble (KNMI–LENTIS) for present-day
and future climate, we show an intensification and east-
ward shift in the most similar low-pressure systems in
the future—and an associated shift in rainfall. We show
that similar events from both reanalysis and model data-
sets persist for far longer than the event did—suggesting
longer-lasting cut-off lows are possible.

Next to those dynamic changes, we find an increase
in total precipitable water in ERA-5 that follows expecta-
tions based on the Clausius–Clapeyron relationship.
Assessing changes in precipitation consistent with the
identified changes in streamfunction is more challenging.
This is likely because localised precipitation is deter-
mined by more than large-scale circulation alone. The
use of other methods, such as pseudo-global warming
experiments (Lenderink et al., 2021; Schär et al., 1996),
would enable further investigation of projected precipita-
tion changes. However, with both the analogues method
presented and pseudo global warming experiments, we
are restricted to events that have been observed, but we
are increasingly experiencing unprecedented climate
extremes.

The method can be applied to many different climatic
extremes—such as high-pressure systems, which fre-
quently lead to extreme heat (White et al., 2023). Indeed,
the analogue identification method is sensitive to sharp
gradients thus, large-scale patterns associated with heat-
waves may be more suited than most rainfall events
(Holmberg et al., 2023). In addition, this method would
be ideal to investigate atmospheric blocking events,
which often cause impacts over Europe and future
changes are not well understood (Kautz et al., 2022;
Woollings et al., 2018). We find that the analogues do not
all capture surface impacts, by extending the method to
identify analogues based on multiple variables, for exam-
ple, both streamfunction and precipitation, could
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enhance its value for impact studies. Investigating ana-
logues identified based on one variable, but then also
selecting based on another characteristic—such as
persistence—would allow further investigation.

In this study, we have investigated only a single cli-
mate model large ensemble and only two periods of that
model. Still, the fact that trends in reanalysis and in the
model give similar patterns gives us confidence in our

FIGURE 5 Rainfall of analogue events. (a) The daily rainfall totals of the observed event, 14 July 2021. (b, c) The gridpoint maximum of

the daily rainfall from the analogue sets identified from 250 hPa streamfunction from ERA-5, past (1950–1979) and present (1993–2022).
(d) The difference between the past and present, with hashed regions indicating statistically significant change between the time periods,

calculated using a pointwise two-sided Welch's t-test with p > 0.05 deemed significant. (e–g) As in (b–d), but for the KNMI–LENTIS data,

present (2000–2009) and future (2075–2084 in SSP2-4.5; 2K warmer). (h–k) Histograms of the frequency of gridpoint daily rainfall totals for

the western (54� N–57� N, 4� E–10� E) and eastern (54� N–57� N, 14� E–20� E) Europe regions is shown in (a–g). Red is the past (present for

LENTIS), and cyan is the present (future for LENTIS), a darker region where the two overlap.
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findings. To increase the generalisability of the conclu-
sions, multiple climate models should be assessed, for
example, using the large ensemble single forcing model
intercomparison project (Smith et al., 2022).

Assessing flow analogues is not useful for every
extreme, as some events are too unusual. As the climate
changes, there may be some events with suitable ana-
logues in the present—but not in the past. In those cases,
analogues can be used to show the event likelihood is
increasing, but not to examine changes in intensity or
persistence. Our results show that future European sum-
mertime cut-off lows could be more extreme than experi-
enced so far and could occur more often—potentially
causing greater impacts. Through adaptation we can
reduce impacts of possible future events on both society
and environment.
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