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Abstract Mid‐latitude extreme cold outbreaks are associated with disruptions of the polar vortex, which
often happen abruptly in connection to a sudden stratospheric warming. Understanding global warming
(particularly Arctic amplification) impacts on forecasting such events is challenging for the scientific
community. Here we apply clustering analysis on the Northern Annular Mode to identify surface precursors and
the governing mechanisms causing polar vortex disruption events. Two clusters of vortex breakdown emerge;
65% of the events, mainly displacements, are associated with high‐latitude Ocean warming in the North Pacific
and in Barents‐Kara Sea. Such warming may cause large scale modifications of the tropospheric flow that favors
a slowdown of the stratospheric vortex. The persistence of Ocean surface temperature patterns favors polar
vortex disruptions, potentially improving prediction skills at the sub‐seasonal to seasonal time scales.

Plain Language Summary Extreme winter weather is linked to cold arctic outbreaks when the polar
air mass spills frigid air to mid‐latitudes. This phenomenon often follows weak polar vortex (in extreme cases a
Sudden Stratospheric Warming) episodes. Forecasting such events is challenging as many climatic components
can be involved. In this study, it is found that 65% of the events start with a certain surface air mass distribution
(Low Pressure over the North Pacific, High Pressure over Eurasia). Such distribution is triggered by high
latitude ocean warming corresponding to warm temperature anomalies in the North Pacific Ocean and Sea Ice
loss in Barents‐Kara seas. This result helps predicting the probability of polar vortex disruptions in winter,
potentially leading to enhanced sub‐seasonal to seasonal cold outbreaks forecast.

1. Introduction
In winter, the Stratospheric Polar Vortex (SPV) draws the attention of experts and non‐experts, considering its
severe impact on surface weather 2–4 weeks after SPV weakening (Baldwin et al., 2021).

The strength of the SPV is often measured using the Northern Annular Mode (NAM) index computed in the
stratosphere at the 10 hPa pressure level (Baldwin & Dunkerton, 1999). When referring to surface conditions the
NAM is known as Arctic Oscillation (AO), and corresponds to a hemispheric scale pattern of climate variability
associated with meridional shifts of air masses between high and mid‐latitudes. Meridional air mass displace-
ments couple with the jet stream (Thompson & Wallace, 1998), so that a strong and steady tropospheric jet
confines frigid Arctic air over the North Pole (positive AO phase), while a meandering jet spills cold polar air to
the mid‐latitudes in exchange of southern warm air (negative AO phase).

Baldwin and Dunkerton (2001) revealed a downward influence of the SPV on the troposphere: a strong SPV
fosters a positive surface AO, associated with a steady and poleward displaced jet stream; a weak polar vortex
(WPV) or in extreme cases a Sudden Stratospheric Warming (SSW) event (Charlton & Polvani, 2007), corre-
sponds to a slowdown or a reversal of the zonal winds in the stratosphere, and favors negative AO and a
meandering jet stream. Such conditions can lead to large thermal anomalies in the lower troposphere and extreme
weather at the surface (Cohen et al., 2014, 2021; King et al., 2019; Xu et al., 2022).

The research community strives for sources of mid‐latitude weather predictability to foresee WPV/SSW events
ahead of time, motivated by the direct effects on sub‐seasonal to seasonal mid‐latitude weather predictions
(Kidston et al., 2015). Various possible precursors have been identified in the literature. The occurrence of WPV
events is often related to preceding tropospheric conditions both in the tropics and in the extratropics. In the
tropical region, studies evidenced links with the phase of the El Niño/Southern Oscillation (Butler &
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Polvani, 2011; Domeisen et al., 2019), of the Madden‐Julian Oscillation (Kang & Tziperman, 2017, 2018), and of
the Quasi‐Biennial Oscillation (Baldwin et al., 2001; Elsbury et al., 2021). In mid‐latitudes, North Pacific Sea
Surface Temperature (SST) anomalies (Ayarzagüena et al., 2021; Hurwitz et al., 2012), as well as blocking events
and bomb cyclones have been identified as possible precursors (Attard & Lang, 2019; Peings, 2019). In high
latitudes, links with snow cover and sea ice in the Arctic region have been found (Cohen et al., 2007; Delhaye
et al., 2023; Furtado et al., 2016; Ruggieri et al., 2017; Zhang et al., 2022). In other cases, no traceable tropo-
spheric source was identified (Birner & Albers, 2017), indicating that some SSW events are simply triggered by
favorable stratospheric internal variability (Scott & Polvani, 2004). The existence of such a variety of scenarios
conducive to a strong weakening of the polar vortex has limited the development of statistical WPV predictions.

In this study, a new perspective for the identification of surface precursors of SSW events is introduced and
applied to reanalysis data. A clustering of WPV events based on the atmospheric conditions in the previous
2 weeks shows that over 65% of the events have a clear surface signal before developing in the stratosphere. We
show that a combination of the surface precursors emerging from this approach favors the occurrence of WPV.
Moreover, the importance of high‐latitude ocean warming is highlighted, whereas we argue that lower‐latitude
anomalies can cause modifications that are only limited to the tropospheric flow.

2. Data and Methods
2.1. Data

Geopotential height (GPH), wind, and air temperature between 1,000 and 10 hPa for 1979–2021 are obtained
from the NCEP Climate Forecast System Reanalysis (CFSR, CFSv2) (Saha et al., 2010, 2014), and ERA5
reanalysis (Hersbach et al., 2020) from the European Center for Medium‐Range Weather Forecasts. Model data
are obtained from the Coupled Model Intercomparison Project (CMIP5) using MPI‐ESM‐LR 1950–2000
(Marsland et al., 2003) and IPSL‐CM5A‐LR 1901–2000 (Dufresne et al., 2013).

SST and sea ice concentration (SIC) data are obtained from the Met Office Hadley Centre (Rayner et al., 2003),
with a monthly temporal resolution and a horizontal resolution of 1° × 1°.

2.2. Hierarchical Clustering and Composites

To group similar weak stratospheric polar events based on their time‐height development of the NAM index
(defined in Text S1.1 in Supporting Information S1), hierarchical clustering is employed as follows. For each
weak vortex event (defined by 10 hPa NAM <− 1.5), the NAM index between − 15 and 0 days for all pressure
levels (magenta lines in Figure 1a) is recorded in a matrix. Distance between events is defined as the Euclidean
distance between the two matrices. A hierarchy of clusters is generated by merging one pair of nearest events or
cluster of events at each step (Wilks, 2011). Clustering is stopped when the total intra‐cluster distance becomes
nearly constant after increasing the number of clusters (elbow method similar to Kretschmer et al. (2018)).

The composite of Decoupled events (Figure 4) is obtained by selecting the events in which a negative NAM index
is observed on the surface during a strong stratospheric vortex (1,000 hPa average NAM <− 1 within 10 days
centered at day 0, and 10 hPa NAM >0.5), ensuring that the negative surface NAM is not a residual from a
previous WPV, and requiring that the stratospheric vortex remains above zero (10 hPa NAM >0 over the
following month).

3. Results and Discussion
3.1. Weak Polar Vortex Clusters and Precursors

The classical stratosphere‐troposphere coupling, as first introduced by Baldwin and Dunkerton (1999, 2001), is
illustrated in Figure 1a. Using the NAM index, which describes the strength of the SPV, the “dripping paint”
pattern shows that the onset of WPV events (time 0) is followed, within 2–4 weeks on average, by changes in
surface weather conditions.

Different classification criteria are employed in the literature to differentiate among WPV events based, for
instance, on the morphology or on the strength of the anomalies (Baldwin et al., 2021). Hierarchical clustering has
also been applied to identify spatially different SPV states (Kretschmer et al., 2018). Here a new approach is
developed by basing the hierarchical clustering on the evolution of the NAM index through the atmospheric
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Figure 1. Composite of weak polar vortex (WPV) events using Northern Annular Mode index in the period 1979–2022. The onset of WPV is at day 0, and negative and
positive days refer to periods of time before and after the onset respectively. Negative (positive) values are associated with weak (strong) stratospheric polar vortex and
negative (positive) Arctic Oscillation phase at the surface. (a) Composite of all events (29), (b and c) Composite of events in cluster 1 (19 events) and 2 (10 events)
separately. Downward coupling is evident in all panels; upward propagation is noticeable in cluster 1. Magenta box in panel (a) indicates the space‐time span over which
the clustering technique is applied. Geopotential height anomalies (unit m) at 10 hPa 5 days before the onset are composited for (d) Cluster 1; vortex displacement,
(e) Cluster 2; vortex splits. Stippling shows significant anomalies at the 90th percentile significance level by bootstrapping for (a–c) and using two‐sided Student's t‐test
for (d and e).
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column within the 15 days preceding the onset of WPV conditions. This aims to differentiate the events which
have a preceding tropospheric signal, from those that do not. The 29 events in the data set of NCEP reanalysis
from 1979 to 2022 are grouped in two clusters (similar analysis for ERA5 reanalysis in sup. Figure 1). In the larger
cluster (Cluster 1 hereafter, 19 events) a persistent negative AO signal appears in the troposphere about 3 weeks
before the WPV (Figure 1b). Cluster 2 instead groups events with a positive AO phase before the onset of the
WPV event (Figure 1c). Events dates are in Tables S2 and S3 in Supporting Information S1.

Beside the different time‐height evolution of the tropospheric NAM in both clusters, the WPV has different
morphologies: the average of cluster 1 events is characterized by polar vortex displacement off the pole, while
cluster 2 composite corresponds to a polar vortex split into two smaller vortices (Figures 1d and 1e). Clustering on
the time‐height development of the NAM index yields consistent features compared to Charlton and Pol-
vani (2007), Cohen and Jones (2011), and Karpechko et al. (2017), whose approach to tropospheric precursors
starts from the classification of SSWs by morphology (i.e., splits and displacements), therefore evidencing the
different nature and evolution of the two types of SPV weakening (Mitchell et al., 2013). In both cases, after the
SPV weakening, a downward stratosphere‐troposphere coupling may establish, resulting in a negative AO signal
at the surface.

In the following we focus on the origin of the tropospheric NAM signal anticipating the occurrence of cluster‐1
WPV events (Cluster 2 conditions are shown Figure S2 in Supporting Information S1).

The tropospheric conditions preceding the onset of the WPV events for cluster 1 are illustrated in Figure 2, which
displays average anomalies with respect to the seasonal cycle of: 1,000 hPa GPH and 200 hPa vertical Wave
Activity Flux (WAFz) (averaged 15–10 days before WPV onset). SST and SIC are anomalies of the month in
which the event occurred, since ocean variability has a long time scale.

Upward dynamical coupling between troposphere and stratosphere occurs through the vertical propagation of
planetary waves, which induces modifications in the stratospheric circulation (i.e., relative vorticity anomalies
generated by anomalous cooling/warming of the stratosphere). Only large‐scale forcing (typically wave 1 and 2),
that are climatologically associated with longitudinal land‐sea thermal contrasts and orographic forcing (Held &
Ting, 1990; Lindgren et al., 2018; Portal et al., 2022), may propagate upward to affect the strong winter
stratospheric mean flow (Andrews et al., 1987). Such waves break in the mid‐stratosphere due to non‐linear
wave–mean flow interaction (Sjoberg & Birner, 2014), slowing down the polar vortex and transporting heat to
the polar stratosphere.

The combination of the anomalous trough over the Aleutian Low in the North Pacific and the anomalous ridge
over Eurasia (wave‐1 anomalies; Figure 2a) compose a pattern that explains the overall surface negative NAM
index (high latitude positive and mid‐latitude negative anomalies in GPH), and that anticipates the negative NAM
in the stratosphere (Köhler et al., 2023). This pattern is not to be confused with the negative NAM that emerges
after the stratosphere‐troposphere coupling (Figure S3 in Supporting Information S1), which is typically more
zonally symmetric (Charlton‐Perez et al., 2018).

At the surface and through the troposphere, the anomalous wave‐1 GPH anomalies preceding the WPV interfere
constructively with the climatological waves, resulting in an amplification of the large scale stationary waves (cf.,
Figure S4a in Supporting Information S1 with climatological wave‐1 contours in Figure 8a of Hu et al. (2019)). By
WAFz definition, this results in a large tropopause wave forcing (Figure 2d and Figure S4a in Supporting In-
formation S1) and in a warming of the polar stratosphere (Cohen & Jones, 2011; Cohen et al., 2007; Mat-
suno, 1971). Such a GPH pattern is recurrent in the Northern Hemisphere (Kushnir &Wallace, 1989), however the
persistence of this pattern is required to provide sufficient wave forcing to disrupt the stratospheric flow (Har-
nik, 2009). Our analysis suggests that such persistence can be provided by the presence of enduring oceanic
surface anomalies, particularly in the North Pacific SST and in the Barents‐Kara sea ice concentration (BK‐SIC)
(Figures 2b and 2c). Over the North Pacific, cluster 1 composite shows anomalous SST with warm anomalies near
the Aleutian islands and cold anomalies around 45°N, in a pattern that projects onto the Pacific Decadal Oscil-
lation (PDO) (Figure 2b).

The high‐latitude North Pacific warm SST favors the development/deepening of the Aleutian low pressure
(Figure 2a) (Ting, 1991). This is consistent with the modulation of SSW frequency related to the phase of the PDO
on the decadal and sub‐decadal time scales (Ayarzagüena et al., 2021; Hu & Guan, 2018; Woo et al., 2015).
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Moreover, the significant loss of BK‐SIC emerging in cluster 1 (Figure 2c) is known to anticipate WPV events by
enhancing wave propagation toward the stratosphere (Kim et al., 2014; Ruggieri et al., 2017; Sun et al., 2015).

To highlight the atmospheric response to SST and SIC anomalies, two monthly time series are obtained from
November to February anomalies of North Pacific SST and BK‐SIC separately (Figure S5 in Supporting In-
formation S1, for the regions over which the anomalies are computed). 1,000 hPa GPH anomaly is regressed onto
two new time series (Text S1.3 in Supporting Information S1), the first is based on North Pacific SST anomalies
(index = A–B and regression Figures S6a and S6b in Supporting Information S1), the second is by combining
North Pacific SST with BK‐SIC anomalies (index = A–B–C and regression in Figures 3a and 3b). The results
show the association of a deeper Aleutian Low with warmer North Pacific SST, and anomalously high pressure
over the Arctic. The loss of SIC results in ridging over Eurasia and the Ural region (not shown). A combination of

Figure 2. Troposphere conditions leading Cluster 1 weak polar vortex (WPV) events. (a) Geopotential height anomalies at
1,000 hPa 15–10 days before the onset of a WPV event in m (b) Sea surface temperature anomalies (HadlSST) in the month
of the onset ofWPV event in °C. (c) Sea ice concentration anomalies (HadlSIC) in the month of the onset ofWPV event in %.
(d) Wave‐activity flux anomalies in the vertical direction at 200 hPa level averaged 15–10 days before the onset of a WPV
event in m2 s− 2. Solid lines show climatological values. Stippling shows significant anomalies at the 90th percentile
significance level using two‐sided Student's t‐test.
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both surface conditions yields a pattern (Figure 3b and Figure S8 in Supporting Information S1) which is
favorable for WPV as in Figure 2a and Figure S2a in Supporting Information S1.

The main limitation to this analysis is the small sample of events (19 events), which limits the generalization of
the conclusions regarding the association with surface conditions. Therefore, a similar analysis is applied further
on two models, IPSL‐CM5A‐LR and MPI‐ESM‐LR, which evidence proper stratospheric variability (Charlton‐
Perez et al., 2013), and were studied in the context of stratosphere‐troposphere coupling (Hamouda et al., 2021).
The results, based on the historical period (Figure S7 in Supporting Information S1), show a similar North Pacific
SST pattern associated with cluster‐1 type events in both models, giving more confidence to the conclusions
based on reanalysis.

Figure 3. Atmospheric response associated with ocean warming. (a) Time series of the calculated index based on the boxes Figure S6 in Supporting Information S1.
Pacific sea surface temperature anomalies (A and B for the warm and the cold regions respectively) and Barents‐Kara sea ice loss (C): Index = A–B–C. The correct
predictions (hits) of cluster‐1 type weak polar vortex are shown in green lines. Index crossing 0.6 threshold is considered. (b) Regression of geopotential height (GPH) at
1,000 hPa onto index A–B–C in panel (a). Unit: Meter per standard deviation of index. Anomalies with less than 90% significance level are omitted using t‐test. Contour
lines show 1,000 hPa GPH climatology in meters/10. Pattern correlation of panel (b) with Figure 2a equals 0.84.
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Figure 4.
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The peculiarity of the surface conditions in cluster 1 (North Pacific SST and BK‐SIC) can be used to predict the
occurrence WPV events. With this aim, we use the monthly indices based on their anomalies (computed over the
boxes Figure S5 in Supporting Information S1 and described in Text S1.3 in Supporting Information S1). Most
cluster 1 events are associated with favorable Pacific SST conditions (15 out of 21, Figure S6a in Supporting
Information S1). However, false alarms based on the SST index are frequent (9 in 44 winters), resulting in an
overestimation of the number of WPVs, with a detrimental effect on the overall performance of the index (0.41 in
terms of binary Heidke Skill Score (Mason, 2003)). A similar issue can also be observed when considering only
PDO index (Woo et al., 2015). Here we highlight the enhanced skill of prediction by using a different index
obtained by combining the Pacific SST signal with BK sea‐ice loss, which again allows the prediction of 15WPV
events (Figure 3a), but most importantly lowers the number of false alarms (6 instead of nine when considering
only Pacific SSTs). The binary Heidke Skill Score reaches in this case a value of 0.50, evidencing the positive
performance of the index with respect to random chance. However, a longer reanalysis record is needed to test the
significance of the improvement.

From this we conclude that, in presence of surface negative NAM, the index based on the combination of North
Pacific and BK sea surface anomalies shows the tendency of the system to develop upper level GPH disturbances
that may trigger WPV events. A caveat for the use of this index as a predictor of WPV is that the internal
variability of the stratosphere modulates the vertical wave propagation through the tropopause (de la Cámara
et al., 2017; Sjoberg & Birner, 2012), so that not all tropospheric conditions favorable to vortex deceleration are
expected to result in the occurrence of aWPV event (Further discussion in the next section). This and the presence
of tropospheric variability unrelated with the identified surface forcing, explain why the index may issue incorrect
forecasts. Nevertheless, based on the high fraction of correct guesses, the index successfully combines surface
precursors to vortex weakening and can be used as a guideline to forecast PV‐displacement events (e.g., statistical
predictions (Jucker & Reichler, 2018)).

3.2. Stratosphere‐Troposphere Decoupling

In cluster 1, the negative phase of the NAM starts in the troposphere and propagates toward the stratosphere.
However, not all negative tropospheric NAM conditions propagate into the stratosphere. The vertical propagation
of tropospheric waves above the tropopause depends on the state of the SPV, which is more or less susceptible to
wave breaking and deceleration depending on the strength and position of the mean flow (Birner & Albers, 2017;
de la Cámara et al., 2017; Sjoberg & Birner, 2012).

To distinguish surface conditions that induce SPV weakening from those which do not, further analysis is carried
out to include the cases in which a negative AO phase is trapped in the troposphere, decoupled from the
stratosphere. To this end, a composite analysis is applied on surface negative NAM events that occur during a
strong polar vortex signals, and do not propagate upward to induce a WPV in the stratosphere. The composite for
such events is denominated Decoupled (further described in Methods) and is shown in Figure 4 (Table S4 in
Supporting Information S1 for the dates).

In the Decoupled composite, shown in Figure 4a featuring opposite NAM anomalies in the stratosphere and
troposphere, Figure 4c shows that cold Pacific and Atlantic SST anomalies weaken the SST meridional gradients
north of 35°N (Figure 4c) and are associated with a slowdown of the mid‐latitude tropospheric jetstream (Figure
S9 in Supporting Information S1), which is consistent with negative AO and North Atlantic Oscillation conditions
(Figure 4b). Positive SIC anomalies (Figure 4d) support a strong polar vortex as opposed to cluster‐1 SIC negative
anomalies. The Decoupled composite differs from cluster 1 in two aspects. One is that the absence of surface
anomalies in high latitudes seems to confine the negative NAM anomalies to the troposphere, and is not asso-
ciated with a significant deceleration of the stratospheric vortex (Chen & Trenberth, 1988). The other is that
cluster 1 GPH anomaly is essentially a zonal wave‐1 perturbation, which magnifies the stationary waves (by

Figure 4. Stratosphere‐troposphere decoupling. (a) Composite of time‐height Northern Annular Mode index showing the Decoupled events between the stratosphere and
the troposphere. (b) Geopotential height anomalies at 1,000 hPa averaged − 5–5 days in m. (c) Sea surface temperature anomalies in the month of the event in °C. (d) Sea
ice concentration anomalies in the month of the event in %. (e) Wave‐activity flux anomalies in the vertical direction at 200 hPa, averaged 15–10 days before the event in
m2 s− 2. Solid lines show climatological values. Stippling shows significant anomalies at the 90th percentile significance level by bootstrapping for (a) and using two‐
sided Student's t‐test for the rest.
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superposing to the dipole above Eurasia and North Pacific). In the Decoupled composite, the GPH anomaly is
rather annular (zonally symmetric) and does not produce the upper level zonal gradients (not shown), resulting in
weak WAFz anomalies as illustrated in Figure 4e.

4. Summary and Conclusion
Hierarchical clustering analysis on the tropospheric conditions preceding polar vortex breakdown shows that 65%
of WPV events (displacements on average) are associated with high latitude ocean surface warming (temperature
anomalies in the North Pacific and sea ice loss in BK seas). The mechanism by which these conditions perturb the
stratosphere is sketched in Figure 5, and is summarized hereafter.

Ocean anomalies in the Aleutian region and in the BK (Hurwitz et al., 2012; Ruggieri et al., 2017) sea generate
pressure perturbations of opposite signs over two high latitude regions which result in the amplification of the
large scale tropospheric waves, mainly in the Pacific‐American sector. The anomalies propagate vertically to the
stratosphere, modifying the zonal flow in such a way that southerly air is transported into the polar stratosphere,
favoring the displacement of the stratospheric vortex off the North Pole toward Eurasia. This mechanism, pre-
sented in Garfinkel et al. (2010) and applied for example, to explain the decadal variability of SSWs through
phases of the PDO (Ayarzagüena et al., 2021), is exploited here to show the importance of high‐latitude ocean
warming in the stratosphere‐troposphere coupling during displacement events, in contrast to the possible
decoupling in the absence of high‐latitude warming.

The results presented here can also be useful for sub‐seasonal predictions. The classical downward propagating
anomalies from the stratosphere into the troposphere improve the performance of 2–4 weeks weather forecasts
(Butler et al., 2016; Domeisen et al., 2020). The identification of the conditions leading to cluster‐1 type events
has permitted the definition of an index that can be used as a precursor for SPVweakening and could thus increase

Figure 5. Schematic view of ocean warming influence on polar vortex displacement. (a and b) Warm sea surface temperature anomalies in the North Pacific deepen the
Aleutian Low pressure, and Barents‐Kara sea ice loss locally cause high pressure anomalies. (c) Corresponding anomalies in the upper troposphere cause Northward
flow of warm mid‐latitude air into the polar region. (d) Through upward wave forcing at the tropopause, warm southerly air is transported into the polar stratosphere
causing a displacement of the polar vortex, resulting in an extremely cold return flow toward the mid‐latitudes.
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the skill of weather predictions at and beyond the sub‐seasonal time scale. To this purpose, the long memory of
oceans can be employed in terms of SST and sea ice anomalies, since they can generate long lasting tropospheric
perturbations necessary to trigger displacement events. Typically, high‐frequency tropospheric wave activity may
not be sufficient to perturb the stratosphere (Baldwin et al., 2021; Harnik, 2009; Sjoberg & Birner, 2012).

Further analysis (on the Decoupled composite) indicates that conditions displaying a similar zonal pressure
anomaly (negative AO signal), though lacking the longitudinal and high‐latitude surface signal, generate per-
turbations that do not affect the stratosphere. This supports further research on the possible effects of anthro-
pogenic climate change on polar vortex breakouts, focusing on the local manifestation of the warming rather than
on zonal or global mean signals.

In closing, it is worth highlighting that in long‐term projections of a high emission scenario, cluster‐1 type WPV,
that is, with preceding upward troposphere‐stratosphere NAM coupling, were shown to become dominant over
cluster‐2 WPV (Hamouda et al., 2021). The warming of the high latitude North Pacific was found to be a robust
explanation for such a regime transition. The results presented here, showing a strong coupling of cluster‐1 WPV
with persistent sea‐surface and tropospheric precursors, suggest a tendency toward enhanced predictability of
WPV events in a warmer climate.

Data Availability Statement
NOAA‐NCEP reanalysis and CMIP5 data sets are available on https://esgf‐node.llnl.gov/search/esgf‐llnl/ under
reanalysis and CMIP5 projects. Search criteria for NOAA reanalysis are: CREATE‐IP project and NCEP
Institute; For IPSL and MPI: select CMIP5 project, then IPSL and MPI models. ERA5 is available at the
Copernicus Climate Change Service Climate Data Store Hersbach et al. (2023). Hierarchical clustering is per-
formed by python library https://docs.scipy.org/doc/scipy/reference/cluster.hierarchy.html.
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