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Abstract. This study delves-inte-explores the projected response of atmospheric circulation regimes, that-which are preferred
and recurrent large-scale circulation patterns, to future climate change scenarios. We focus on the North Atlantic-Eurasian
and Arctic regions in the boreal summer season. Using Simulated Annealing and Diversified Randomization (SAN) and
K-means (KME) clustering methods, we analyse 20 global climate models from the CMIP6 ensemble to assess shifts in
frequency of occurrence of circulation regimes for the end of the century under a high emission scenario. Additionally,
storylines of summer Arctic climate change constrained by Barents—Kara Seas warming and Pelar-Arctic Amplification are
incorporated to contextualize potential future atmospheric behaviours. Despite slight differences between the SAN and KME

largely unchanged under future climate scenarios. Our analysis highlights the changing frequency of atmospheric circulation

methods in identifying spatial regime structures, the £

regimes under climate change. A significant occurrence change is detected for the North Atlantic Oscillation (NAO) regime
by both methods, where positive phases are projected to become more frequent, consistent with previous studies. In the Arctic
region, both clustering algorithms predict an increase in circulation regimes linked to negative pressure anomalies above the
Arctic. This aligns with the projected increased occurrence of the positive NAO regime over the North Atlantic-Eurasian
sector. Our analysis underscores that, while storylines provide a nuanced approach to exploring plausible climate futures, no
consistent shifts in the occurrence of atmospheric circulation regimes emerge across the two studied storylines, possibly due
to the small number of models representing each storyline. Furthermore, influences from regional climate changes such as
Barents-Kara seas warming and Pelar-Arctic Amplification exhibit minimal impact on overarching circulation regimes. These
findings contribute to an improved understanding of the sensitivity of atmospheric circulation regimes to climate change, with

implications for predicting future extreme weather occurrences across these key regions.

A long-standing concept for describing and understanding climate variability and change is the concept of atmospheric
circulation regimes (see e.g. review by Hannachi et al., 2017). Regimes here refer to recurrent and/or quasi-stationary large-
scale patterns of atmospheric circulation. Moreover, it is suggested that a weak external forcing acting on the dynamical system

under consideration (in our case the atmosphere) does not change the spatial structure of the regime patterns, but instead leads
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to changes in the frequency of occurrence of the regimes (Palmer, 1993; Corti et al., 1999). On the other hand, a-strong-an
increasing strength of the external forcing acting on the dynamical system can lead to significant changes in the spatial structure
of the regime patterns or to the appearance of new regimes. Then, the external forcing is regarded as strong forcing (Palmer,
1993; Corti et al., 1999). Based on these concepts, atmospheric circulation regimes have been a topic of research for the last
40 years in numerous studies.

Atmospheric circulation regimes provide the large-scale dynamical background and thereby are strongly related with-to
regional weather conditions, including those which are favourable for development of extreme events like heat waves, cold
spells or wind storms with potentially large impacts on the society (Cattiaux et al., 2010; Horton et al., 2015; Brunner et al.,
2018; Schaller et al., 2018; Screen and Simmonds, 2010; Sousa et al., 2018).

The observed increase in extreme events (e.g. Coumou and Rahmstorf, 2012; Seneviratne et al., 2021) can be partly explained
by global warming through thermodynamic arguments (Trenberth et al., 2015), and partly by changes in atmospheric circulation
(Hoskins and Woollings, 2015), which are closely related to changes in atmospheric circulation regimes. For an enhanced
understanding of recent and future extreme changes approaches which consider dynamical (e.g. changes in circulation regimes)

and non-dynamical drivers have to be applied. For that purpose, storyline approaches have been developed (Trenberth et al.,

2015; Shepherd, 2016; Shepherd et al., 2018). They provide plausible realizations of climate change and emerge from the range

of climate projections found in a large ensemble of climate simulations.

A reliable detection of circulation changes in climate model simulations is often limited by a large uncertainty and low
signal-to-noise ratios (Scaife and Smith, 2018; Smith et al., 2022). Therefore-itis-needed-However, the concept of atmospheric
. Boé et al., 2009; Cattiaux et al.

circulation regimes has been successfully applied to characterise future circulation changes (e.

. A first step is to evaluate the ability of state-of-the-art-climate-the models to reproduce observed circulation regimes. On-the

other-hand;thereis-aneed-to-study-To get robust results for future changes in
regimes, one needs to consider multi-model ensembles of climate projections such as the Coupled Model Intercomparison

Project (CMIP)to-estimate-uneertainty ranges-forprojected-changes-inregimes.

So far, most studies analysing the regime behaviour over the different CMIP generations have focused on the dynamically

active boreal winter season (Babanov et al., 2023; Dorrington et al., 2022; Fabiano et al., 2021; Wiel et al., 2019). In a
comprehensive study, Fabiano et al. (2021) analysed future changes in wintertime weather regimes over the Euro—Atlantic and
Pacific-North American sectors based on CMIP5 and CMIP6 model ensembles. They evaluated the ability of the CMIP models
to reproduce the spatial structure of the preferred regimes with an general improvement in the CMIP6 models. Furthermore,
they analysed the future changes in the occurrence frequency and persistence of the regimes for different scenarios estimating
e.g. significant positive trends in the frequency and persistence of NAO+ (North Atlantic Oscillation) in the future.

The boreal summer season was only considered in a few studies (Boé-et-al52009)(e.g. Boé et al., 2009, for CMIP3), as it is
linked with lower variability of the atmospheric circulation in particular over the midlatitudes due to the decreased meridional
temperature gradients and hence decreased baroclinic instability. Nonetheless, the boreal summer season is linked to many

societal and ecological impacts at high-latitudes in the Northern Hemisphere. High-latitude fires, trans-Arctic shipping, and
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marine primary production are most pronounced during the warm season, and beside thermodynamical drivers, also changes
in the atmospheric circulation may drive future changes in those impacts.
In order to develop mitigation strategies which rely on an awareness of the spread in climate change projections, the above

mentioned storylines are introduced as suitable framework (Shepherd et al., 2018). T—hewmwde«plaﬁsrb}&fea}ﬂaﬁeﬂ&ef
tons—In the

EU project POLARRES !, four storylines have been identified (Levine et al., 2024) that represent different physical responses
resulting from climate change in the Arctic region for the prolonged boreal summer season (May to October). Levine et al.
(2024) analysed climate model simulations from the CMIP6 ensemble and grouped models according to these storylines of
summer Arctic climate change constrained by Barents—Kara seas and Arctic tropospheric warming. Here, we analyse the
full range of projected future atmospheric circulation changes in terms of circulation regime changes for the extended boreal

summer season across an ensemble of CMIP6 models with the aim to answer the following questions:

1. What are the projected future changes with focus on frequency of occurrence and persistence in atmospheric circulation

regimes under a strong future climate change scenario?
2. How sensitive are the results to different methodological aspects (classification method, spatial domain)?

3. How do the results in frequency of occurrence as well as persistence differ for global models following different

physically based storylines of summer Arctic climate change?

The paper is structured as follows: Section 2 presents the data, followed by the methods used to calculate circulation regimes.
Statistical methods and the concept of storylines are introduced. The results and discussion are then presented in section 4,

followed by a summary in section 5. An appendix completes the paper.

2 Data

In this study, the fifth generation ECMWF reanalysis (ERAS5, Hersbach et al., 2020), is used as the reference dataset. Twenty
state-of-the-art global climate models from the CMIP6 ensemble are included, listed in Section B. In-examining-the-simulation

For the future period we use the highest

to give the most statistically robust response to climate change.
To analyse the characteristics of circulation regimes, the daily averaged sea level pressure ( SLP ) data are used as a representative

circulation variable. The North Atlantic-Eurasian region (30 N-90 N, 90 E-90 W) is considered;—sinee—. Given that the

circulation regimes in this area are-well-knewn—have been studied before (Crasemann et al., 2017; Riebold et al., 2023) durin
winter, here we study this area in the extended summer season. Since the main focus of the POLARRES project is however the

Uhttps://polarres.eu/
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Arctic region we additionaIIy analyse the circulation regimes over the circumpolar region frofh 80 N. The extent of

from all models for the historical and future scenarios, respectively.

3 Methods
3.1 Preprocessing

The following preprocessing procedure is adapted from Fabiano et al. (2021). First, the trend of the area-weighted season-
averaged SLP time series of the respective area (North Atlantic-EurasiaN-@D N, Arctic: 50 N-90 N ), is removed
as background trend from the daily averaged SLP data for the historical and future model simulations and reanalysis data

separately on their appropnate time period. Afterwards, SLP anomalies are obtained by substracting the mean seasonal cycls
from the detrended datay i by he Themean seasonal cycie\ddmenallws

corresponding background trend and hlstoncal seasonal cycle, each dataset is interpolated onto the identichi1P825

grid using bilinear interpolation.
3.2 Computation of Circulation Regimes
K-Means Clustering

In order to compute circulation regimes for the reanalysis ERA5 (blue pathway in Fig. 1), the SLP anomaly data undergo a
process of dimensionality reduction through the implementation of an empirical orthogonal function (EOF ) analysis (Lorenz,

1956). The rst ten EOFs, which correspond to the eigenvectors of the covariance matrix of the original dataset, represent a
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variancelargerthan52 and45%, respectively)or the North Atlantic-Eurasiarregionandfor the Arctic region.To ensurea

explainingabout67% of variancefor the North-Atlantic-Eurasiamegionand61% of variancefor the Arctic region.

To obtain reference atmospheric circulation regimes, a K-Means clustering algorithm is applied in the ten-dimensional
reduced state space. The PCs serve as the input data for the clustering algorithm. Each data point is assigned to its cluste
centre, or centroid, which is selected to maximize inter-cluster distance while minimizing intra-cluster distance. In the case of
the climate model data (red pathway in Fig. 1), the SLP anomalies are not reduced in their dimensionality via an EOF analysis.

ten-dimensional reference state space. This results in the generation of pseudo-PCs. The pseudo-PCs afterward are clustered
the K-Means clustering algorithm to obtain simulated circulation regimes for each model simulation in both time periods that

the projected regimes.
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reference clusters has been calculated for historical and future time periods. In order to provide a joint representation of the
climate models' circulation regimes, the common simulated circulation regime framework is applied, which will be used to

represent the characteristic joint regimes for the entire model ensemble. The common simulated circulation regime framework

Pseudo-PCghe

simulated circulation regimes are obtained for each time period, representing the joint regimes for the entire model ensemble.
SANDRA

In order to investigate the sensitivity of the results to the choice of clustering method, a second method was also applied.
Simulated annealing and diversi ed randomisation clustering (SANDRA, Philipp et al., 2007) differs from K-means clustering
by introducing a randomised cluster assignment inspired by the thermally induced movement of atoms in a crystal lattice
(hence the term "annealing”, from the process in metallurgy). A cooldown factor is used to gradually decrease the movements,
resulting in a positioning which is numerically very ef cient at nding solutions close to the global optimum. Details are
found in Philipp et al. (2007). The application in the present study is based on the implementation in the cost733class software
(Philipp et al., 2016). Comparisons of SANDRA with other methods show very favourable results (Rgste and Landgren, 2022;
Tveito and Huth, 2016).

In contrast to the K-Means clustering algorithm, we only followed the projected approach for SANDRA, i.e. the SANDRA
algorithm was trained on the ERAS reanalysis data and then the resulting ve regimes were assigned to all climate models,
for both the historical and future periods. The SANDRA method was applied for both the lhd#zontal resolution used
in KME method as well as a coarser 2:&solution. Unsurprisingly, the resulting regimes were almost identical (with spatial
correlation > 0:998 for all 5 patterns, and maximum absolute difference below 0.5 hPa, not shown), and we decided to use the

coarser resolution for computational ef ciency.



Determining the Number of Clusters

In almost all clustering algorithms, the number of clusters must be predetermined, and this is a topic of extensive discussion in

190 the literature, as referenced in the following souré&

195

200

205 The performance of models in reproducing the spatial structure of reference circulation regimes is evaluated using a Taylor
diagram (Taylor, 2001). This method incorporatesetwo statistical measures: the spatial correlation coef cient (R) between
simulated and reference regimesidthe normalized standard deviation (SD) of anomaligsithe roet-mean-squarerror
{RMSE). These metrics are plotted on a polar diagram, where the angular axis represents R, the radial axis ingicates SD
andthe distanedfrom-thereferencepointre-ectsthe RMSE. The Taylor diagram provides a compact visualization of model
Jerformance, aiding in the comparison of spatial structures.

To determine statistical signi cance of the changes in frequency of occurrence under the in uence of rising GHG emission
in the future for both regions, Welch's t-test is employed (Welch, 1947). Welch's t-test is a robust tool for comparing group
means, and is particularly effective when variances are unequal. Here we use it to evaluate whether observed differences in the
frequency of circulation regimes are statistically signi cant compared to historical records, providing insights into potential

21dimate-related anomalies in future projections.
3.3 Storylines

In the context of climate research, the term "storyline" is used to group together climate models that exhibit a certain physically

emphasizes an understanding of the driving factors behind climate events and their plausibility, without the assignment of a
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priori probabilities. The use of multiple storylines allows for the exploration of a range of potential futures. This approach

raises risk awareness by framing risks in an event-oriented manner, which aligns with how people perceive risk. Additionally,
it strengthens decision-making by integrating climate change information with other factors to address compound risks. As
argued in Levine et al. (2024), a considerable proportion of the variability in the surface climate response to global warming
in the Arctic during the extended summer season is linked to the warming of the Barents-Kara Sea ( BK) and the Arctic lower

Levine et al. (2024), these storylines can be most closely representedﬁﬂgamyvllPG models presented in Table 1.

StrengBarents-Kara-Sed/arming{BK+)}BK+ | WeakBarents-Kara-Setfarming{BK - BK+. BK
WeakPolarAmpli-cation {PAMA - - StrongPolarAmpli-cation-{PAHI AN AAF AR
CNRM-CM6-1 KACE-1-0-G MIROC6 CESM2-WACCM
CNRM-ESM2-1 NorESM2-MM MIROC-ES2L

Table 1. Storyline and respective model selection

4 Results—DBiseussion

4.1 North Atlantic-Eurasian Region




245 il Pt Rt

250 — Fig. 2c displays the North Atlantic Oscillation, whichis po cs| Jin sy

NAO+ patternis connectegivith a polewardshiftedandslightly tilted Atlantic jet.
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agreement between the characteristic regime patterns of both algorithms, KME and SAN, is evaluated by means of a Taylor
plotin Fig. 3, where the KME patterns serve as reference. The correlation coef cient for all clusters aré-&b@v85 and the
spatial standard deviation of the patterns obtained with the SAN method are close to the referenc&lvalapstternsi-e:

deteetedm%y&n#&%w%me@ireulaﬁewe@me&qf%:an

In section 3.2 two different methods to calculate circulation regimes within the KME framework for the simulation models
were presented: the projected approach and the simulation circulation regime approach. The simulated common circulation
regimes for the extended boreal summer season, revealing the joint regimes for the whole ensemble of climate models for the

future period, exhibit small differences in their spatial structure compared to the reference circulation regimes computed from

10
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+ reanalysis ERAS data. The evaluation by means of a Taylor plot is presented in Fig. 4 for the North Atlantic-Eurasian region.
The calculated common simulated circulation regimes in the future period exhibit high spatial correlation coef cients with the
reference circulation regimes from the ERA5S reanalysis data in the historical period. The correlation coef cients reach values
above 0.85 for all ve regimes and the standard deviations of the common simulated circulation regimes are found to be in
close proximity to the reference values

te-the-historicattime peried-. This allows us to apply the projected approach for the calculation of the frequency of regime
occurrence for the climate models in the historical and future period. Additionally, the projected approach is able to calculate
the frequency of occurrence of the circulation regimes of the CMIP6 models more accurately than the simulated circulation
regime approach. This is visualised in Fig.5. For both regions, the absolute difference between the simulated respective
projected and reference circulation regimes frequencies averaged over all regimes for each model in the historical period, i.e.
the frequency bias as de ned in Fabiano et al. (2021) is shown. The mean frequency bias is smaller for the projected circulation
regimes compared to the simulated circulation regimes. The interquartile range of the projected circulation regimes' frequency
bias is lower compared to the interquartile range of the simulated circulation regimes' frequency bias. Fabiano et al. (2021)
suggested that a lower frequency bias results in a higher con dence to project changes in the frequency of occurrence undel

climate chang

the- 10"-and 90 percentiles. Due to this, the projected approach is preferable in the analysis of changes in the frequency of
occurrence for both regions.

We now turn to analyse the projected future changes under the SSP5-8.5 scenario. The changes in the frequency of occurrenc
for circulation regimes computed by both methods, KME and SAN, are shown in Fig.6. The change in the frequency of

occurrence for a pattern is the difference between the percentage of days assigned to that particular pattern in the future (2070
2099) and in the historical time period (1985-2014) in the extended boreal summer season frémaridarmethedsBoth
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Figure 3. Taylor diagram analysis of circulation regimes computed by KME and SAN algorithms in the historical period for the North
Atlantic-Eurasian region in extended boreal summer season from May to October. The reference circulation regimes computed from ERA5
reanalysis data with KME is marked as black cross, the colored crosses represent the SAN regimes.

ho.5

Figure 4. Taylor diagram comparing the future common simulated regimes for the CMIP6 ensemble for SSP5-8.5 and the period 2070-2099
to the corresponding reference regimes from ERAS reanalysis in the historical period (1985-2014), for the North Atlantic-Eurasian region.

Spatial regime patterns determined with K-Means clustering.

12



Figure 5. Box plot of frequency biases for North Atlantic-Eurasian and Arctic region of simulated (respective projected) circulation regimes
compared to the reference circulation regimes in the historical period. The median is shown as a red line, the mean is indicated as a greer
triangle. The boxes represent the rst and third quartiles, the top and bottom bars denot® #rel @ percentiles.

13
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comparedo the historicaldataat the 95%.con dencelevel.calculatedwith \Welch's t-test, The markersrepresenmodelsattributedto the

methodsdetectechdecrease-theshowasigni cant increasgn their frequencyof occurrencethatis strongempredictecby the

SAN.method.Likewiseto the NAO+ pattern,the DIPOLE regimeis linked to the northwardshiftedjet structureandshowsa
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Eurasian region, which are similar in their spatial structardy-exhibiting-small-differencesatthelocationof-the-centers
ef-characteristicSERP-anemalies. The simulated changes in the spatial structure due to the in uence of climate change in the

atmosphere are small for the whole ensemble of climate models, but the frequency in occurrence is altered as suggested b

its median and interquartile range. The same applies for the projected the fdgithe, both methods simulate a signi cant

decrease in their frequency of occurrernee

storylineto occurevenmoreoften.
Mos'g:of_:the;:::r:esultgare::§:g pporte:gby: ;he ::g:dings : anlysing:the:pg::rsistencg,qggerlining:t:he:§::trongggrrelatiogp_etweerpoth

with a northwardshifted jet streamare simulatedto occurmore often andto be more persistentwhile patternslinked to a

southwargshiftedjet

15
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380 AO-+aneAS+ andAO have very similar patterns but with opposite sighm_contrastto the AO+ pattern,the AO
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Laptev Sea when using the KME method. A positive pressure anomaly is also found in the pattern calculated by the
SAN algorithm opposing the negative pressure anomaly. For the KME method, the positive pressure anomaly is above

astrengtheningf the Paci c jet exit andis shownin F




while it is moretowardsKamtchatkan SAN. This is compensatefbr in SAN by groupingtogetherdayswith low pressure

overAlaskain Cluster5.

Similar to the North Atlantic-Eurasian region, the spatial patterns obtained by both methods are compared by a Taylor plot
395 in Fig. -9, where the patterns calculated by the KME
algorithm serve as reference. The regimes show correlation

400 deviations of the magnitudes of the SLP anomalies are close
to the reference foBering-Svalbardipele;all ve patterns,
slightly underthenormalizedvalueof onefor Cluster5 AO+
and AO—andEast-Wesbipele-Greentand-Siberi®ipeole

- Hoviati | 7 . siblei
405 Fig-8a,sincethe pressureanomaliesaresmaller.Regarding
inFig8e. I "
Figure 9. Taylor diagramanalysisof circulationregimescomputedby  pressureanomalyabevethe Arctie—thatis-representedy
KME andSAN algorithmsin thehistoricalperiodfor the Arctic region igh stane iationin-the Tavi | 15
In.extendeghorealsummerseasofromMay fo OctoberThereference , oy de. both methods, KME and SAN, calculttter
circulationregimesgcomputedirom ERAS reanalysigatawith KME o i L
410 v T S - = clusters with similar spatial structure for the Arctic region in
is. markedashlack cross.The coloredcrossegepresentherespective )
T oo T the extended boreal summer season May to October in the

415 relativelysmallchangesn circulationregimestructureunderthestrongSSP5-8.%cenariccomparedo thereferencénistorical

420 both methods, KME and SANLhe projectedfrequencyof occurrenceof the Greenland-Siberi®ipole showsno consistent

occursless frequently in the future which is in agreement with the results obtained by the SAN algorithracdtveshce
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jet. Similar to the North Atlantic-Eurasian region, the interquartile range of the frequency changes for the SAN regimes is
greater compared to the KME regimes

characterized by a negative pressure anomaly above the

Arctic center; AO is simulated to occur more frequently
in the future period for both investigated algorithms. This
gfrange is consistent with the increase in the frequency of
occurrence of the NA@-—+ regime found in the North
Atlantic-Eurasian region in the future time period, since both
patterns, AO and NAO —+-+ exhibit spatial similarities, i.e.
a negative pressure pressure anomaly above Greenland and
asbroad positive pressure anomaly above Northern Europe

(see Figs. 2c and 8d¥hangesathefrequencyof-ocedrrenece
: b Atlani . . I .

the Fs{—aﬂd{mFd—q{d-&ﬁﬂes—t-he—eeﬂ{epb}aeKmW i i indi ) :r:?:gimes:::for:::the::::s::M|P6::g:n:semble:::for:::§::SP5-8'5:::an(::!::the::.[:‘?eri0d
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the analysis over the North Atlantic-Eurasian region) are both characterized by a positive pressure anomaly above Greenlanc

and a negative pressure anomaly extendmg from the Ural to the North Atﬂega@ﬁghesm\mlgeﬁﬂ%ﬂheeweulaﬂeﬁ
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centerblackljine indicatedthe ensemblgnedian

dataatthe 95%con denceleve {-test. Themarkergepresenmodelsattributedto therespectivestorylines

5 Discussion and Outlook

This study investigates the impact of climate change on atmospheric circulation regimes in the North Atlantic-Eurasian and
Arctic regions, focusing on their spatial structure, frequency of occurrence, and the respective changesdtongpeci ¢
storylines of summer Arctic climate change. Clustering algorithms (SAN and KME) and statistical analyses were used to assess
the robustness of regime changes under the projected climate scenario SSP5-8.5.

The spatial structure analysis revealed consistent patterns between SAN and KME algorithms, identifying similar but not

identical circulation regimeqNeotablysno-signi-cantchangesn-spatialpatternsvereobservedinderfutureclimateseenarios,

The frequency of occurrence analysis has highlighted agreement between the two methods, with the results obtained by

the SAN method showing a slightly stronger response and larger spread across the ensemble of CMIP6 models to future
projections. In the North Atlantic-Eurasian region, the consistent increase in the positive North Atlantic Oscillation{NAO

regime aligns with existing literature. For the Arctic, where regime analyses are sparse, both algorithms projected consistent

22
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climate change. These ndings emphasize the importance of regional assessments to capture the unique responses of distin
geographical areas to global climate change.

Ampli cation, on large-scale circulation regimes. This highlights the complexity of regional processes and the need for
continued research into the interplay between local climatic factors and broader atmospheric patterns.

regimes under a strong future climate change scenario?

Under the SSP5-8.5 scenario, signi cant changes are projected in the frequency of atmospheric circulation regimes. The
frequency of the positive North Atlantic Oscillation (NAS) is expected to increase, consistent with prior research. This
applies also to the simulated frequency changes of theA€tic pattern which has similar pressure anomaly characteristics
compared to NAG-+. In contrast, the opposing circulation regime, i.e. NAS consistently simulated to occur less often in
both methods. For the Arctic region, patterns associated with a negative pressure anomaly above the Arctic e¢rater (AO

expected to increase in their occurrence. Patterns linked with a positive pressure anomaty B¥dng-Svalbard Dipole)

2. How sensitive are the results to different methodological aspects (classi cation method, spatial domain)?

The study employs two distinct clustering methods: K-Means (KME) and simulated annealing and diversi ed randomisation
spatial structures of circulation regimegth

aldemains-for_the North Atlantic-Eurasian

23
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(AA+). Regardingthe persistencef the Arctic Oceanin negativephase(AO ), modelslinked to the BK+/AA+ _showan

patterns, no signi cant differences were detected for models associated with either of the storylines. It can be hypothesised that
two models linked to each storyline are insuf cientto nd robust results. Depending on their availability, it would be worthwhile
to analyse a greater sample size of models to potentially identify additional representative models for each storyline, including

589multiple realisations of each model.

590

Finally, there are a few details we did not delve deeper into. The coupled nature of the CMIP models allows more in-
depth analysis of how changes in other parts of the climate system (e.g. sea-surface temperature or snow cover) affect the
detected changes in the atmospheric circulation regimes and vice versa. We did not analyse the mechanisms behind th
circulation changes as this would require other types of analysis frameworks (for instance causal network theory). From the

literature, it is clear that the number of circulation patterns to use is often debated, as the number depends on many different

24



595 Nevertheless, the presented results provide some insight in future changes of atmospheric circulation regipresiiothig
notsewell-studiednot often studiedboreal summer seasoiWe connectthatchangesvith projectionsin the jet structureand

. The code is available under https://github.com/ravenclaw00/WCD_ACR_paper

this_suggestghat the model patternsare suf ciently well

25



610 modelsdothe GCMsexceedhereanalysigrrorlevels,Thesdimited exceptionsiotwithstandingtheresultsdemonstrat¢hat

615 modelsfor the AO+ regime,threemodelsfor the AO
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Appendix B: List of Considered CMIP6 Climate Models

Table B1 lists the CMIP6 models that were examined in this study, along with their constituent ensemble members and relevant
references.

Model Member Reference
ACCESS-CM2 rlilp1fl Bi et al. (2020)
ACCESS-ESM1-5 rlilpifl Ziehn et al. (2020)
CESM2-WACCM rlilplfl Danabasoglu et al. (2020)
CNRM-CM6-1 rlilplf2 \oldoire et al. (2019)
CNRM-CM6-1-HR rlilplf2 Voldoire et al. (2019)
CNRM-ESM2-1 rlilplf2 Seferian (2018)
GFDL-CM4 rlilflipl Held et al. (2019)
GFDL-ESM4 rlilpifl Dunne et al. (2020)
HadGEM3-GC31-LL rlilp1f3 Williams et al. (2018)
INM-CM4-8 rlilp1fi Volodin et al. (2019)
INM-CM5-0 rlilpifl N/A
IPSL-CM6A-LR rlilpl1fi Boucher et al. (2020)
KACE-1-0-G rlilpifl Byun et al. (2019)
MIROC6 rlilpifl Tatebe et al. (2019)
MIROC-E3SEMIROC-ES2L  rlilplf2  Hajima et al. (2020)
MPI-ESM1-2-HR rlilpifl Mauritsen et al. (2019)
MPI-ESM1-2-LR rlilpifl Mauritsen et al. (2019)
MRI-ESM2-0 rlilplfl Yukimoto et al. (2019)
NorESM2-MM rlilpifl Seland et al. (2020)
UKESM1-0-LL rlilplf2 Sellar et al. (2019)

Table B1. Examined CMIP6 models, their ensemble member, and the references.
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Appendix C: Number of Considered Circulation Regimes

We havebasedhedecisionfor areasonableumberof circulationregimesonthreemetrics:theanomalycorrelationcoef cient
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satis edwith ve regimeswhich supportour choice
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645

The following scores are speci c to the KME algorithm. The Elbow plot (Olmo et al., 2024) illustrates the distortion score,
which describes the within-cluster sum of squared distances and is often employed to assess the ef ciency of the formation

and allocation of centroidsiamelythe efeieney-of theK-Meanselusteringalgerithm-tn-Fig-C2;the. The Distortion score

Figure C2. Distortion score of the dataset considered for the respective region. The row speci es the investigated region, the column shows

the results for different numbers of clusters

calculates the elbow point, which is de ned as the point of greatest curvature in the curve. The KElbow Visualizer suggests that
ve clusters represent an optimal number of clusters for both regions, the North Atlantic-Eurasian and Arctic, for the extended

boreal summer season from May to Octo

Silhouette Score

utilised to assess the quality of clustering, whereby the cohesion and separation of clusters are rh@isiasgrage distance
between data points within the same cluster is de ned as cohesion, whereas the average distance between data points in or
cluster and the nearest neighboring cluster is de ned as separation. The silhouette coef cient value ranges fiamddlvis
developeeby-Reusseeuw(1987]. A positive silhouette score indicates the presence of well-de ned and separated clusters.
Conversely, a negative score suggests the existence of overlapping or poorly de ned clusters. The mean silhouette score fol

2https://www.scikit-yb.org
Shitps://scikit-learn.org/stable/modules/generated/sklearn.metrics.silhouette_score.html
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Figure C3. Fhefellowing—gure-depictsthesithouetieSilhouetteplot fer-bethregionsunderconsideratioNorth-Atlantic-Eurasiamegimes

650 theAreticregion'sendhatfor the Arctic clusters. For each cluster number index, the silhouette coef cient value is positive,
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Appendix D: Sensitivity Tests on Arctic Region

Figure D1. Reference circulation regimes ERAS for the Arctic region in the historical time period 1985-2014 for different constraints

calculated by the KME algorithm in the extended boreal summer season from May to October

In contrast to the North Atlantic-Eurasian region, where Dorrington and Strommen (2020); Boé et al. (2009); Crasemann
the dimensions and con nement of the Arctic region to investigate within the circumpolar Arctic during the summer season
(Proshutinsky et al., 2015; Wang et al., 2021; Timmermans and Marshall, 2020). If the region is de ned too narrowly, for
example, as 6N to 90 N, the resulting clusters are geometrically constrained, refer Fig. D1, bottom row. The storm track route
is located approximately at 60leading to patterns that are more geometrical than physically reasonable if the investigated
area is con ned to 60N. The aforementioned constraints are not observed when the region is extendedtor> N,

where the calculated patterns from the K-Means algorithm exhibit a similar spatial structure refer to Fig. D1, center and top
row. Therefore, the region under consideration is de ned as the smallest area that still exhibits physical patterns in the Arctic

region, spanning 5N to 90 N and covering the entire circumpolar region.
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