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Abstract

Rapid Arctic warming has reached 2—4 times the global average, contrasting with the cooling trend
in mid-high latitude Eurasia during the 1990s—2010s. A notable phenomenon of this so-called “warm
Arctic-cold Eurasia” (WACE) pattern is its frequent phase reversal between early and late winter seen in
the last decade. As one of the important drivers of climate variability, the role of the stratosphere in WACE
reversal remains unclear. Here, we find that approximately 25 days before WACE reversal, the
morphology of the stratospheric polar vortex over North America-North Atlantic undergoes a transition
between stretching and contraction. Through vertical wave coupling and downward propagation, this
stratospheric transition effectively modulates the key atmospheric circulation responsible for the WACE
reversal. CMIP6 models including complete stratospheric processes can successfully simulate the WACE
reversal induced by the stratospheric precursor, while low-top models fail to capture this linkage. Our
findings deepen the understanding of cold-warm transition events from a stratosphere-troposphere

coupling perspective.
Introduction

The seesaw linkages between Arctic and Eurasian winter temperatures have garnered considerable
attention'. Explorations mainly focus on both the long-term trend of “Arctic warming-Eurasia cooling”
and the interannual-decadal variability of the “warm Arctic-cold Eurasia” (WACE) pattern*>. In the recent
decade, a notable phenomenon of WACE pattern is its frequent phase reversal between early and late
winter®. That is to say, a significant reversal between WACE phase and “cold Arctic-warm Eurasia”
(CAWE) phase occurs in a single winter, and the phase in both early and late winter is pronounced and
persistent (Supplementary Fig. 1). Such phase reversal was observed in seven winters since 2012,
indicating a notable increase in subseasonal variability. The opposite anomalies between early and late
winter cancel each other out on the winter-mean scale, thus presenting a weakened “Arctic warming-
Eurasia cooling” trend®’. The WACE reversal causes a dramatic change in the meridional gradient of
surface air temperature (SAT) between Arctic and Eurasia®, and substantially enhances the likelihood of
extreme events, including the winter abrupt cold-warm transition in East Asia and the severe spring super

sandstorms in North China®!?. Understanding the physical processes and mechanisms underlying the



WACE reversal is therefore essential for interpreting Arctic-Eurasia climate variability and its

implications for extreme climate.

The formation mechanisms of the WACE pattern have been widely discussed, with more insights
revealed on the interannual-decadal scales. Climate forcing factors, such as the autumn Arctic sea ice
melting'""!, La Nifia'3, and the Pacific Decadal Oscillation'*, can contribute to the WACE pattern through
Rossby wave and stratosphere-troposphere interactions. In the atmospheric internal variability, the
weakened stratospheric polar vortex and the deep Arctic warming are also conducive to the formation of
the WACE pattern'>!6, In recent years, increasing attention has been devoted to the phase reversal of
WACE between early and late winter, and its underlying physical mechanisms are being progressively
uncovered. The coordination of the preceding tropical-subtropical sea surface temperature anomalies in
the North Atlantic and Indian Ocean can effectively modulate the reversal between the WACE and CAWE
phase®. In addition, the reversal of Ural blocking anomalies in late December is also a potential factor,
which can affect the upward propagation of planetary-scale waves to promote the contribution of
stratospheric polar vortex to the SAT reversal in Arctic-Eurasia regions'’. Previous studies provided
physical explanations for the WACE reversal by focusing on the air-sea interaction and the variations of
tropospheric atmospheric circulations. However, as a key driver of extreme climate, it remains unclear
whether the stratospheric variability can impact the phase reversal of the WACE pattern between early

and late winter.

The stratospheric polar vortex (SPV) is a critical bridge linking the stratospheric variability and the
tropospheric response, and plays a crucial role in climate changes over the mid-high latitudes'®!?. The
SPV anomalies can affect the phase of Arctic Oscillation/North Atlantic Oscillation (NAO) through
various mechanisms such as downward propagation of zonal-mean anomalies, vertical wave coupling,

surface amplification®%?!

, thereby modulating the frequency of tropospheric blockings in the North
Atlantic-Eurasia and the intensity of East Asian winter monsoons?*?3, The weakened SPV contributes to
an increasing number of cold air outbreaks in the Northern Hemisphere, especially over northern Eurasia

and eastern America®*?>. A

stretched SPV, characterized by zonally asymmetric anomalies, can also lead
to cold anomalies over Eurasia through stratosphere-troposphere coupling®®?’. The stratosphere exhibits

a longer characteristic timescale compared to the troposphere, thus serving as an important source of



subseasonal-seasonal predictability for the extreme climate?®2°. In several winters, the SPV undergoes a
significant phase transition, such as the 1987/1988 winter. The SPV exhibited a prominent transition from
weak to strong, accompanied by an out-of-phase tropospheric zonal wind anomaly between early and late
winter®®. This suggests that the changes in the strength or morphology of the SPV have a potential effect

on the SAT reversal in the Arctic-Eurasia region, although this mechanism has not yet been revealed.

Given the close linkages between SPV and troposphere-surface climate variability, we propose
exploring the role of the stratosphere in the WACE reversal. We first examine the characteristics and lead
time of the SPV associated with the WACE reversal, and then investigate the pivotal processes by which
the SPV modulates the phase reversal between WACE and CAWE. The key linkages and processes
proposed are further demonstrated in the large ensemble simulations, and the reasons for the differences

in simulation abilities are discussed.

Results

Linkages between SPV morphology transition and WACE reversal

The WACE pattern is usually expressed by the SAT difference between the Barents—Kara seas (70°—
85°N, 30°-100°E) and Eurasia (40°-60°N, 60°-120°E) after detrending, defined as the WACET index
(the former minus the latter)>¢. The positive WACET represents the WACE phase, while the negative
value represents the CAWE phase. As illustrated by the daily WACErT index in the winters of 1979/80—
2023/24, the WACET reversal from early to late winter occurred in 16 winters (see Methods). Among
these, 8 winters experienced a reversal from WACE to CAWE, and 8 winters underwent a reversal from
CAWE to WACE. Most of the reversal points are around January 10", manifesting as the opposite
WACET between periods December 1% to January 10" (Dec1Jan10, defined as early winter) and January
11" to February 28" (Jan11Feb28, defined as late winter) (Supplementary Fig. 1). The SAT anomalies in
the Arctic and Eurasian centers both show significant cold/warm transition within a single winter and

remain consistent and persistent in each half-winter.

In the composite of these WACE-T reversal years, a significant feature of stratospheric anomalies is
the transition of the SPV morphology between contraction and stretching over North America-North

Atlantic (Fig. 1a, b). Specifically, when the WACE-~ reverses from the CAWE phase in early winter to



the WACE phase in late winter, the SPV undergoes a variation from contraction to a stretched shape over
North America. The transition time of the SPV morphology is earlier than the WACE-T reversal, mainly
manifested as an evident transition between November 1-December 15" (NoviDec15) and December
16"—February 10" (Dec16Feb10). During NovlDec15, the stratospheric anomalies show a zonal
asymmetry, with negative potential vorticity (PV) anomalies over North America-North Atlantic and
positive anomalies over Eurasia on the 530K isentropic surface (Fig. 1a). However, the PV anomalies
transition to a uniform positive pattern in Dec16Feb10, presenting an enhanced SPV, with its center more
biased towards North America-North Atlantic (Fig. 1b). The SPV changes in these two periods do not
exhibit a completely out-of-phase variation, so the zonal mean stratospheric anomalies cannot capture the
evident features well (Supplementary Fig. 2). In both periods, the contraction and stretching of the SPV
edge relative to the climate state are most significant over North America-North Atlantic, and the local
stratospheric anomalies show significant phase reversal. Therefore, we focus on the linkages between the

SPV morphology transition over North America-North Atlantic and the WACE~ phase reversal.

The morphology and shifting of SPV are represented by the area-weighted mean of potential vorticity
on the 530K (approximately 44 hPa) over North America-North Atlantic (0—120°W, 60-75°N)?!, defined
as the NANA-SPVipy index. The positive NANA-SPVipyv indicates that the SPV shifts and stretches
toward North America-North Atlantic, while a negative NANA-SPVipy indicates that the SPV moves
away from and contracts over North America-North Atlantic (Supplementary Fig. 3). When the SAT
pattern changes from CAWE to WACE, the composited NANA-SPVipv is persistently negative in
Novl1Decl5, then turns to positive in mid-December and maintains until February (Fig. 1c). The SPV
edge determined by 58PVU on the 530K isentropic surface’” also clearly reflects the SPV area over North
America-North Atlantic transits from contraction to expansion (Supplementary Fig. 4). That is to say, a
contracted SPV over North America-North Atlantic in Nov1Dec15 tends to be followed by a CAWE phase
in early winter, and a stretched SPV towards North America-North Atlantic in Dec16Feb10 tends to be
followed by a WACE phase in late winter. Conversely, the SPV morphology transition from stretching to
contracting corresponds to a precursor to the reversal from WACE to CAWE. Both NANA-SPVipv and
WACET experience significant phase reversal, and the reversal time of NANA-SPVipv is approximately

25 days prior to that of WACET (Fig. 1c¢).
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Fig. 1. Linkages between the precursory stratospheric polar vortex and the reversal of “warm Arctic-cold
Eurasia”. Composites of the potential vorticity on the 530K isentropic surface in (a) November 1st to December 15th
and (b) December 16th to February 10th in the “warm Arctic-cold Eurasia” (WACE) pattern reversal years during
1979/80 to 2023/24 (cold Arctic-warm Eurasia (CAWE) to WACE years minus WACE to CAWE years). The green, pink
and blue lines represent the composited polar vortex edge in climate mean, CAWE to CAWE years and WACE to CAWE
years, respectively. The edge of stratospheric polar vortex is determined by S8PVU on the 530K isentropic. The white
dots indicate that the results are significant above the 95% confidence level. (c) The upper part: Daily variations of the
stratospheric polar vortex morphology over North America-North Atlantic (NANA-SPVpy; red solid line) and the
WACE pattern (WACET; black solid line) composited in the WACErreversal years (CAWE to WACE years minus WACE
to CAWE years), and the composited variations after 45-day low-pass filtering are represented by the thick lines. The
thicker lines indicate that the results are significant above the 95% confidence level. The red shadings represent the
NoviDecl5 and Dec16Feb10 periods associated with NANA-SPVipy transitions, and the gray shadings represent the
early and late winter associated with WACEr reversal. The lower part: 45-day moving t-test of the NANA-SPVpy and
WACE-~ during November to February in each WACE-~ reversal years (shading) and their means (lines), and the most
significant point are represented by the markers. The linear trend is removed.

The NANA-SPVipv and WACET processed with a 45-day low-pass filtering can focus more on the
phase changes (Fig. 1c). The filtered variations highlight the pronounced transition of the SPV
morphology over North America-North Atlantic at mid-December, and more clearly reflect the lead-lag
relationship between the NANA-SPVipy transition and the WACE-T reversal. The moving t-test of NANA-
SPViev and WACET variations can detect the mean-value shift in subsequences (see methods), which also

confirms their phase reversal and corresponding time points in the WACE-~ reversal years (Fig. 1c).



Further analysis on information flow (see methods) shows that the PV anomalies at 530K over North
America-North Atlantic exceed the 95% confidence level for causality (Supplementary Fig. 5), indicating
that the NANA-SPVipy transition plays a pivotal role in modulating the WACE-~ reversal. During the
longer period from 1950/51 to 2023/24 (25 WACET reversal years), the lead-lag linkages between the
NANA-SPVpyv transition and the WACE-T reversal still exist (Supplementary Fig. 6). Thus, the SPV
morphology transition over North America-North Atlantic is assumed to be one of the important drivers

for the phase reversal between WACE and CAWE.

The NANA-SPVipv can effectively capture the variations in SPV morphology and shift over North
America-North Atlantic (Supplementary Fig. 3). Based on the analysis of the daily variation of NANA-
SPVipy, the years when the SPV morphology over North America-North Atlantic undergoes a transition
are identified. During 1979/80-2023/24, the significant phase transition of NANA-SPVipy is observed in
18 years (see Methods), including two types: the SPV morphology transition over North America-North
Atlantic from contraction to stretching (9 years) and from stretching to contraction (9 years)
(Supplementary Fig. 7). The transition time of NANA-SPVipy is predominantly concentrated around
December 15", This reversal is characterized by stable yet opposite NANA-SPVipv anomalies between
Nov1Dec15 and Dec16Feb10, and the anomalies in Dec16Feb10 are stronger than that in Nov1Dec15.
Additionally, to assess whether the phenomenon of NANA-SPVipv phase transition is sensitive to the
selection of the NANA-SPVipy reversal timing, we perturbed the division dates by a few days around
December 15" and found the results to be consistent. In 12 of the 18 years with NANA-SPVpv transition,
the WACET reverses from early to late winter (Supplementary Fig. 8), covering up to 75% of the winters

with WACE reversal.

The stratospheric anomalies associated with WACErreversal are deep and barotropic on the vertical
structure, especially over the North America-North Atlantic (Supplementary Fig. 9a). Both during
Nov1Decl15 and Decl6Febl0, the opposite geopotential height anomalies over North America-North
Atlantic can extend from the stratosphere down to the near surface. This phenomenon can also be observed
in the westerly jet surrounding SPV over North America-North Atlantic. The anomalies of geopotential
height and zonal wind in Decl6Febl0 are stronger and last longer than those in NovlDeclS5.

Correspondingly, the WACEr in Janl1Feb28, lagging NANA-SPViv by about 25 days, is more



prominent and persistent (Fig. 1¢), indicating an enhanced impact of NANA-SPVipy in Decl16Feb10. The
stratospheric anomalies of geopotential height and the zonal wind over Eurasia are opposite with those
over North America-North Atlantic in NovlDecl5 (Supplementary Fig. 2). These anomalies can also
extend from the middle stratosphere to the near-surface, indicating the barotropy of the zonal asymmetric
pattern. During the Dec16Feb10 period, the center of the stratospheric signal is more concentrated over
North America-North Atlantic, while it is relatively weak over Eurasia and fails to effectively propagate
downward (Supplementary Fig. 9b). Thus, an important stratospheric precursor associated with the
WACET-T reversal is the SPV morphology transition over North America-North Atlantic. This raises a
question of how the SPV morphology transition over North America-North Atlantic drives the WACE

pattern to reverse.
Cross-continental physical processes modulated by the SPV

The SPV variations correlate closely with the tropospheric atmosphere through stratosphere-
troposphere coupling processes, thereby affecting the occurrence of extreme weather and climate®’. When
anegative NANA-SPVipyv occurs in NovlDecl5, the SPV morphology is contracted over North America-
North Atlantic. The geopotential height anomalies at 50 hPa form a zonal asymmetrical pattern, with
positive anomalies over North America-North Atlantic and negative anomalies over western Eurasia,
which are consistent with the stratospheric anomalies when WACEr reverses (Fig. 2a). We use the Plumb
wave activity fluxes averaged over 60°—~70°N as a function of longitude and pressure to investigate the
role of vertical wave coupling®!. The Plumb fluxes in the lower stratosphere over North America-North
Atlantic are predominantly upward (Supplementary Fig. 10a), contributing to the enhancement and
persistence of the anomalous stratospheric high pressure over North America-North Atlantic. The upward
and eastward propagating Plumb waves form anomalous downward wave activity flux over Western
Europe, accompanied by the negative geopotential height anomalies that propagate from the stratosphere

to the troposphere (Fig. 3a).
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Fig. 2. Responses of the atmospheric circulations and surface air temperature to the stratospheric polar vortex
morphology transition over North America-North Atlantic. (a) Composites of the geopotential height at 50 hPa in
Nov1Decl5 (the top panel), the geopotential height at 500 hPa in NovIDec15 (contours) and in DeclJan10 (shadings),
the wind at 850 hPa in DeclJan10 (arrow, the middle panel), and the surface air temperature (SAT) in DeclJan10 (the
bottom panel) according to the transition of stratospheric polar vortex morphology over North America-North Atlantic
(NANA-SPVpy) during 1979/80 to 2023/24 (negative to positive NANA-SPVpy years minus positive to negative
NANA-SPVpy years). (b) Composites of the geopotential height at 50 hPa in Decl6Febl0 (the top panel), the
geopotential height at 500 hPa in Decl6Febl0 (contours) and in Janl1Feb28 (shadings), the wind at 850 hPa in
Jan11Feb28 (arrow, the middle panel), and the SAT in Janl1Feb28 (the bottom panel) according to NANA-SPVpy
transition during 1979/80 to 2023/24. The cyan arrows represent the propagation of the Plumb wave at the 500 hPa in
Nov1Dec15 and Decl6Feb10. The contours and shadings in the top and middle panels and the white dots in the bottom

panels indicate that the results are significant above the 95% confidence level.

In the troposphere, the positive geopotential height anomaly over North America-North Atlantic and
the negative anomaly over Western Europe form a Rossby wave propagating eastward (Supplementary

Fig. 11a). This is conducive to a notable positive PV anomaly at 315K and anomalously increased static



stability in the Ural Mountains region (Supplementary Fig. 12), thereby suppressing the Ural blocking
activities®® (Fig. 2a). The weakened Ural high can last until mid-January and forms the sustained southerly
winds in the mid-high latitudes of Eurasia (Supplementary Fig. 11c), which hinder the southward transport
of cold air and gather the cold air in the Barents-Kara Seas, thus resulting in a significant CAWE anomaly

during early winter (Fig. 2a, 3c).
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Fig. 3. Physical mechanisms of the stratospheric polar vortex morphology transition over North America-North

Atlantic impacting the reversal of “warm Arctic-cold Eurasia”. Composites of the anomalous geopotential height

(shading) and the vertical and zonal components of anomalous Plumb wave activity flux (vector) averaged over 60°—
70°N as a function of longitude and pressure in (a) NovlDecl5 and (b) Dec16Feb10 according to the transition of
stratospheric polar vortex morphology over North America-North Atlantic NANA-SPVipy) during 1979/80 to 2023/24

(negative to positive NANA-SPVpy years minus positive to negative NANA-SPVpy years). The magnitude of the Plumb

flux is scaled by (1000/p)"2. (c) Composites of the daily variations of the pressure-temporal geopotential height (shadings)
and zonal wind (contours) along 0—120°W, 60—70°N, and the daily variations of NANA-SPVipy, Ural blocking (UB) and

“warm Arctic-cold Eurasia” pattern (WACEr) index according to NANA-SPVypy transition during 1979/80 to 2023/24

(negative to positive NANA-SPVpy years minus positive to negative NANA-SPVipy years). The composited variations

after 45-day low-pass filtering are represented by the smooth lines. The thicker lines indicate that the results are

significant above the 95% confidence level. The white dots indicate that the results are significant above the 95%

confidence level.

When the NANA-SPVipv transits from negative to positive, the SPV appears to be stretched towards
North America-North Atlantic in Dec16Feb10. The entire Arctic region is covered by an enhanced SPV,

with the center of anomalies biased towards North America-North Atlantic (Fig. 2b). Over North America-



North Atlantic, anomalous downward propagation of the Plumb vertical flux is observed (Fig. 3b,
Supplementary Fig. 10b). The negative geopotential height anomalies and intensified zonal winds
propagate strongly and persistently from the stratosphere to the troposphere (Fig. 3c), contributing to the
formation of a positive NAO phase (Fig. 2b). The Rossby wave train triggered by the stratospheric
atmosphere anomaly is generated in the mid-latitudes of the North Atlantic (Supplementary Fig. 11b, d),
serving as a wave source®*. The wave activity flux in the troposphere propagates eastward and causes the
abnormal high pressure over Western Europe and the mid-high latitudes of Eurasia. The persistence of
this Rossby wave makes the Ural High enhanced and sustained in late winter (Fig. 2b). In addition, the
eddy vorticity forcing forms a positive synoptic eddy feedback (see Methods), and further enhances the
tropospheric response®. Under the influence of enhanced SPV, the eddy vorticity forcing in the North
Atlantic is conducive to the maintenance of a positive NAO phase. The divergent eddy vorticity fluxes
over Western Europe and the Ural region generate an anticyclonic forcing (Supplementary Fig. 13), which
strengthens and maintains the Ural blocking in late winter. Driven by the intensified Ural high, a

pronounced WACE phase occurs in late winter that is opposite to that in early winter (Fig. 2b, 3c).

In the real case observed in 1983/84, a typical NANA-SPVipy transition from negative to positive
occurred, leading to a WACET reversal with a lag of about 25 days (Supplementary Fig. 14). An abnormal
positive pressure center at 50 hPa was located over North America-North Atlantic in Nov1lDecl5 of
1983/84, but there was a negative pressure center over Eurasia, representing a contraction of the SPV area
over North America-North Atlantic (Supplementary Fig. 14a). While in Dec16Feb10, the SPV expanded
sharply towards North America-North Atlantic, with a remarkable negative geopotential height anomaly
at 50 hPa (Supplementary Fig. 14b). Affected by the downward influence of the stratospheric anomalies
and the propagation of tropospheric Rossby waves (Supplementary Fig. 15), the Ural high intensity
underwent a significant variation from weakened in early winter to enhanced in late winter, thus causing
a phase reversal from CAWE to WACE (Supplementary Fig. 14c). The stratospheric anomaly in
Decl6Feb10 was stronger than that in the other sub-period, thereby causing a more pronounced response
of Ural high and WACET in late winter. East Asia was affected by the significant WACE phase and

experienced a severe cold wave in January and February of 19843°.

The NANA-SPVipv transition is approximately 25 days ahead of the WACET phase reversal (Fig.



1¢), which may be related to the time required for the downward transmission of stratospheric signal and
the excitation and propagation of Rossby waves®’. This time interval is coordinated with a maximum
suppression of Ural blocking observed around day 24 following the SPV weakening®. The downward
influences of the SPV morphology transition indicate the modulations from the stratospheric variability
on the phase variations of SAT pattern in the Arctic-Eurasian region, deepening the understanding of the
widely concerned cold-warm transition events from a fresh perspective of stratosphere-troposphere

coupling?®,
Simulations of the key processes and linkages

To further determine the robustness of the linkages between the variation of SPV morphology over
North America-North Atlantic and the WACET phase reversal, and verify the proposed physical processes,
we performed the analysis using historical simulations of the Coupled Model Intercomparison Project
Phase 6 (CMIP6) from 1950-2014 and the Community Earth System Model large ensemble (CESM-LM)
experiments from 1920-2005 (see methods). The simulations of 21 CMIP6 models and 39 CESM-LE
members, which have daily data and are available for download, are used for analysis. Since the PV
variable is not directly available in simulations, we use the 50 hPa geopotential height to identify the years
with the SPV morphology transition*’. The conclusions obtained from the reanalysis using the PV at 530K

and the geopotential height at 50hPa are consistent (see Methods for detailed explanations).

Specifically, the case is selected as the SPV morphology transition over North America-North
Atlantic from contraction to stretching based on these two conditions: (1) the area-weighted mean of
geopotential height anomalies at 50 hPa over North America-North Atlantic transits from positive in
Nov1Decl5 to negative in Decl6Feb10; (2) the geopotential height anomalies in Nov1Decl5 present a
zonal asymmetry over North America-North Atlantic and Eurasia, which is defined as the simulated “Con-
to-Stre NANA-SPV” case (Supplementary Fig. 16a, b). Conversely, the case is defined as the simulated
“Stre-to-Con NANA-SPV” to represent the SPV morphology transition over North America-North
Atlantic from stretching to contraction (Supplementary Fig. 16c¢, d). In the CMIP6 and CESM-LE
simulations, the SPV morphology transitions over North America-North Atlantic between NovlDecl5

and Decl16Feb10 occur in 27% and 28% of the years (Fig. 4a), respectively, which are lower than the



observed frequency of NANA-SPVipy transition (40%).

The WACET reversal represents a significant WACET difference between early and late winter (the
latter minus the former, defined as Diff-WACET). We first verify whether the SPV morphology transition
over North America-North Atlantic can lead to the corresponding Diff-WACET through the model
simulations. In the 200 cases of simulated Con-to-Stre NANA-SPV, the mean Diff-WACET-T is positive
(Fig. 4a), and the distribution of SAT difference over Arctic-Eurasia exhibits a notable WACE anomaly
(Supplementary Fig. 17a). Among these 200 cases, 72% show a positive Diff-WACEr, indicating that the
transition of SPV morphology over North America-North Atlantic from contraction to stretching is
conducive to the reversal towards the WACE phase. In the 176 cases of simulated Stre-to-Con NANA-
SPV, the mean SAT difference in all such years shows a significant CAWE anomaly (Supplementary Fig.
17b). The negative Diff-WACET can be captured in 71% of these years, indicating a tendency and a higher
probability to reverse to CAWE phase (Fig. 4a). The two transition types based on CESM-LE simulations,
which have a larger sample size, also strongly verify that the SPV morphology transition over North
America-North Atlantic facilitates the reversal between WACE and CAWE phase from early to late winter
(Supplementary Fig. 17c, d). However, the responses of Diff-WACEr associated with the SPV
morphology transitions over North America-North Atlantic simulated by CMIP6 and CESM-LE are both

weaker than the reanalysis results (Fig. 4a).
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Fig. 4. Verifications of the physical linkages in simulations. (a) Multi-member mean and the probability distribution
of the simulated difference of “warm Arctic-cold Eurasia” pattern between early and late winter (Diff-WACEqT) in the
simulated transition of stratospheric polar vortex morphology over North America-North Atlantic from contraction to
stretching (Con-to-Stre NANA-SPV) years (red) and from stretching to contraction (Stre-to-Con NANA-SPV) years
(blue) based on CMIP6 simulations and CESM-LE simulations. The center line, box limits and whiskers of the box-plots
elements are defined as mean, upper and lower quartiles, maximum and minimum, respectively. The hollow triangles
represent the reanalysis results. (b) The simulated “warm Arctic-cold Eurasia” pattern (WACE-T) in early and late winter
in the simulated Con-to-Stre NANA-SPV years (red) and Stre-to-Con NANA-SPV years (blue) based on the High-top
and Low-top CMIP6 models. The center line, box limits and whiskers of the box-plots elements are defined as mean,
upper and lower quartiles, maximum and minimum, respectively. (¢, d) Composites of the pressure-temporal geopotential
height along 0-120°W, 60-75°N, and the daily variation of the geopotential height anomalies at 500 hPa over the North
America-North Atlantic (NANAzso0), Ural blocking (UB) and WACEr according to the simulated stratospheric polar
vortex morphology transition (Con-to-Stre NANA-SPV years minus Stre-to-Con NANA-SPV years) that selected from
the High-top and Low-top CMIP6 models. The white dots and the thicker lines indicate that the results are significant

above the 95% confidence level.

However, there is a large spread of simulated Diff-WACET in Con-to-Stre NANA-SPV and Stre-to-
Con NANA-SPV years in different CMIP6 models, and not all models can capture the physical linkages
between the two well. The model top height is revealed to be one of the key factors restricting the model

simulation ability of the stratosphere-troposphere interactions*’. We categorize the models into high-top



and low-top groups based on whether their model top level reaches 0.1 hPa, thereby comparing their
simulation capabilities for the SPV morphology transition and its influence on WACE phase reversal. The
high-top and low-top model groups consist of 9 and 12 models, respectively, with the ranges of top level

being 4.5 X 10°-0.1 hPa and 0.2-10 hPa, respectively (Supplementary Table 1).

Both the high-top and low-top models can simulate the variations of the geopotential height
anomalies at 50 hPa during Nov1Dec15 and Dec16Feb10 associated with the SPV morphology transition
over North America-North Atlantic (Fig. 4c, d). In the years when the SPV morphology undergoes
transition, the accuracy rates for the sign of the simulated Diff-WACE-r in the high-top and low-top models
are 76% and 69%. The accuracy rate refers to the proportion of cases in which a positive Diff-WACETrT is
simulated in Con-to-Stre NANA-SPV cases and a negative Diff-WACET is simulated in Stre-to-Con
NANA-SPV cases. A higher accuracy rate of high-top models indicates that they have a better simulation
ability for the linkage between SPV morphology transitions and WACET phase reversal. Specifically, both
the high-top and low-top models can simulate the WACET response in early winter, but significant
differences exist in simulations of the WACET in late winter (Fig. 4b). The high-top models can more
accurately reproduce the WACET phase reversal, and the opposite WACET between early and late winter
can be clearly distinguished. Especially for the type where the SPV changes from stretching to contraction,
the high-top models effectively simulate the SAT pattern reversing from WACE to CAWE, while the low-

top models cannot capture the phase reversal in late winter.

The discrepancy in simulating the WACET response between the high-top and low-top models may
stem from the differences in their simulation of the stratospheric anomaly intensity in Dec16Feb10. Both
the high-top and low-top models are capable of simulating the weakened Ural high, which is associated
with the downward influence of the stratospheric zonal asymmetry (Supplementary Fig. 18, 19). The
positive geopotential height anomalies over North America-North Atlantic and negative anomalies over
western Eurasia at 50 hPa in NovlDec15 lead to the CAWE phase in early winter (Fig. 4c, d). However,
when stratospheric anomalies undergo a phase reversal, the high-top models simulate a stronger intensity
of the geopotential height anomaly at 50 hPa over North America-North Atlantic in Decl6Febl10
compared to that simulated by low-top models (Fig. 4c), with an approximate enhancement of 18%. The

high-top models can better capture the downward propagation intensity of stratospheric anomalies. The



response of the geopotential height anomalies over the North America-North Atlantic region (defined as
NANAZzs00) is more significant (Supplementary Fig. 18d), which is more conducive to the formation and
propagation of Rossby waves in the troposphere, ultimately enhancing the Ural High and promoting a

reversal toward the WACE phase in late winter (Fig. 4c, Supplementary Fig. 18f).

In contrast, the low-top models simulate weaker stratospheric signals and their corresponding
downward propagation over North America-North Atlantic in Decl6Feb10, and the response in the
troposphere extends to the western European coast (Fig. 4d, Supplementary Fig. 19d), which is
unfavorable for the establishment of the Ural high in late winter and the formation of the WACE phase
(Supplementary Fig. 19f). The high top-level models, with comprehensive stratospheric representation,
well simulate and verify the physical linkages through which the SPV morphology transition modulates
the WACET reversal between early and late winter through cross-continental process. Models with a
higher top level are more conducive to simulating the stratosphere-troposphere coupling and its impacts
on near-surface extreme climate, further providing key evidence that model design and construction

should be extended to higher levels.
Discussions

In this study, we mainly reveal that the transition of SPV morphology over North America-North
Atlantic plays a prominent role in modulating the phase reversal between WACE and CAWE (Fig. 5). The
downward influence of stratospheric precursor and the dispersion of Rossby wave establish a bridge for
SPV variations over North America-North Atlantic to impact the climate variability in Arctic-Eurasia.
The high-top CMIP6 models effectively simulate these physical linkages and mechanisms, especially well
reproducing the Ural high reversal in late winter compared to the low-top models. However, the
verification using the CMIP6 and CESM-LE experiments is a qualitative simulation, and sensitivity
experiments are needed to directly control the intensity and distribution of stratospheric anomalies. Such
experiments may further clarify why stratospheric changes over North America-North Atlantic exhibit a
stronger correlation with WACErT reversal. The triggering mechanism for such rapid NANA-SPVipy phase
reversal may be related to the changes in intensity of upward planetary waves entering the stratosphere
and the eddy heat transport to the pole*!. These changes can be traced back to tropospheric perturbations

such as blockings and the westerly jet!”*?, as well as to the climate forcing factors such as the reduction



of Arctic sea ice®, the increase of Siberian snow cover** and the El Nifio-Southern Oscillation®.
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Fig. 5. The timeline and physical process of the stratospheric polar vortex morphology transition over North
America-North Atlantic modulating the phase reversal of “warm Arctic-cold Eurasia”. The contracted
stratospheric polar vortex (SPV) over North America-North Atlantic with zonal asymmetric anomalies in Nov1Decl15
causes the suppressed Ural high in early winter through the vertical wave coupling and transmission of the Rossby wave,
leading to the cold Arctic-warm Eurasia phase. While in Dec16Feb10, the SPV stretches toward North America-North
Atlantic and enhances across the Arctic, causing the sustained Ural blocking in late winter through downward-
propagation and synoptic eddy feedback, resulting in the warm Arctic-cold Eurasia phase opposite to that in early winter.
The red and blue arrows indicate abnormal anticyclones and cyclones. The dotted arrow indicates the evolution of
stratospheric anomalies. The blue and yellow thick lines represent the geopotential height at 500 hPa. The clock indicates
the period from November to March, and the red and grey shadows in the clock indicate the duration of the two stages
of the SPV morphology and “warm Arctic-cold Eurasia” pattern. The SPV morphology transition leads the phase reversal
of “warm Arctic-cold Eurasia” pattern by about 25 days.

Previous studies revealed that the synergistic effect of the preceding tropical-subtropical SST
anomalies in the North Atlantic and the Indian Ocean can also cause the WACET to reverse®. Based on a
relatively simple and linear method of constructing a regression model (see Methods), the SPV variability
and tropical-subtropical SST signals together explain 59% of the WACET reversal intensity. These two
factors are independent of each other, with the correlation coefficient at 0.26 (insignificant). The SPV and
tropical-subtropical SST anomalies contribute 39% and 20%, respectively, indicating an effective driving
force from the stratosphere. The revelation of stratospheric precursors is particularly important for the
explanations of Arctic-Eurasia climate variability in late winter, compensating for the insufficiency of
trigger factors and predictable sources within the troposphere*®. The significant simulation differences
between the high and low top-level models highlight the complexities of the potential mechanisms of
stratosphere-troposphere coupling. Accurately simulating the interactions between the stratosphere and

troposphere remains a considerable challenge*’. The high-top models have high skill in simulating the



downward influence of stratospheric precursor and its role in climate variability in the Arctic-Eurasia,
which may offer an effective solution and future development direction for improving the simulation of

the stratosphere-troposphere interaction.

The pronounced variations in Arctic-Eurasia climate anomalies between early and late winter pose
great challenges and obstacles for seasonal prediction*®. The significant contribution of SPV variations to
the WACE pattern provides a potential prediction implication for the climate variability in the Arctic and
mid-high latitudes of Eurasia**. To truly predict the subseasonal to seasonal variations of the WACE
pattern, it is necessary to comprehensively consider multiple signals, including the stratosphere, Arctic
change and tropical SST. More importantly, the Arctic-Eurasia climate variability serves as drivers and
predictable sources for extreme climate and in environmental disasters in the mid-low latitudes®®!. The
persistent large-amplitude atmospheric circulations accompanied by the WACE pattern exacerbate the
extremity of the climate anomalies®*°. The impacts of the stratospheric atmosphere on the Arctic-Eurasia
climate variability can also have a chain reaction on the climate extremes in the mid-low latitudes.
Explorations of changes in the stratosphere and their impacts enhance the understanding of the crucial

role of stratosphere-troposphere coupling in extreme climate.

Methods

Data treatment and statistical methods

In this study, we use the ERAS reanalysis data for analysis®’. The linear trend and its long-term
(1979/80-2023/24) mean of all the daily data are removed, which indicates that the seasonal cycle is also
removed. The method of detrending is to first calculate the slope and intercept of the least squares linear
trend line of the original variables during 1979/80-2023/24, and obtain the linear trend term of year(i) as
slope X year(i)+intercept, and then remove the linear trend term from the original variables to obtain the

detrended results.

In this study, the statistical methods such as correlation coefticient, composite analysis, trend analysis,
significance tests, and moving t-test are used>>. The type of correlation coefficient used in this study is
Pearson correlation, which measures the linear relationship between two random variables. The linear

trends during the different sub-periods are calculated by the least squares method. A two-sided student’s t-



test is used to test the statistical significance of the composite analysis. The significance of the correlation
and the slope rates of the linear trends during the different sub-periods can be tested by using the
student’s t-test. The 95% confidence level is denoted by p <0.05. The moving t-test can examine whether
the difference between the means of two sample groups is statistically significant, in order to detect the
abrupt change point. In this study, a sample length of 45 days is adopted, which effectively captures the

phase variation and shift on the subseasonal scale.

The Liang—Kleeman (L-K) information flow analysis is applied to verify the causal relationship
between the NANA-SPVipy transition and the WACET reversal. The causality is measured by the time
rate of information flowing from one series to the other. In this study, a causal analysis is conducted on
the 30-day time series of the NANA-SPVipv phase transition process (December 1% to December 30™)
and the WACET reversal process (December 26™ to January 25™). These 30 days represent the 15 days
before and 15 days after the reversal point of NANA-SPViry and WACET. According to theory, the
maximum likelihood estimation form of the information flow from time series X2 to time series X1 under

the assumption of the linear model is as follows:

_ €11C12C2,q1—CECr a1
(1) T2—>1 Y 2 2
C11C22—C11C1;

where Cj; is the sample covariance between X; and X;, and C;4; is the covariance between X;
and {(Xj'nﬂ - X j,n) / at}, with 0t representing the time interval. According to the L-K theory, causation

implies correlation. However, the converse is that correlation does not imply causation. When |T,_,;| >

0, X, isacause of X;;and when |T,_;| =0, X, is not a cause of X;>.
Definitions of the WACE~ phase reversal and NANA-SPV py transition

The WACET phase reversal needs to satisfy two conditions: (1) the WACErT in early winter and late
winter is reversed after the removal of the trend and climate mean of 1979/80-2023/24; and (2) the sum
of the standard deviation in early winter and late winter after the standardization of daily WACET in
December 1% to February 28" is < 1.8. The second condition picks out the persistent WACE or CAWE
stage in half-winter. The threshold of 1.8 is selected based on a summary of year-by-year analyses of daily
WACET index that met the first condition, excluding years that primarily exhibited fluctuating variations.

Minor adjustments to this threshold do not affect the feature of WACET phase reversal. In this study, the



early winter and late winter are divided by January 10", meaning early winter spans from December 1%
to January 10", and late winter spans from January 11% to February 28", To verify the reliability of the
WACET T reversal years selected by this method, we perturbed the division dates for a few days before and

after January 10" and found the results consistent.

Using the above similar methods to define the NANA-SPVipv transition, two conditions also need
to be met: (1) the NANA-SPVipy in periods NovIDecl5 and Decl6Febl0 is reversed after the removal
of the trend and climate mean of 1979/80-2023/24; and (2) the sum of the standard deviation in periods
Nov1Decl5 and Decl6Febl0 after the standardization of daily NANA-SPVipy in November 1% to
February 10" is < 1.6. Similarly, the threshold of 1.6 is selected based on a summary of year-by-year
analyses of daily NANA-SPVipv index that met the first condition, excluding years that primarily
exhibited fluctuating variations. Minor adjustments to this threshold do not affect the conclusions of this
study. In addition, when perturbing the division date (December 15"), the selected NANA-SPVipv

transition years remained consistent.

By applying the empirical orthogonal function (EOF) analysis over the latitude-time (day) domain
to daily geopotential height anomaly at 50 hPa zonally averaged from 0° to 120°W>?, the spatiotemporal
evolution of the NANA-SPVipy transition is further explained. The combined manifestation of EOF1 and
EOF3 can effectively capture the variation of geopotential height anomaly associated with the NANA-
SPVipv transition (Supplementary Fig. 20). The presentation of the EOF pattern is robust, which has
undergone sensitivity tests using the additional period 1950/51-1978/79. The specific manifestation is
that the stratospheric anomaly over North America-North Atlantic reverses at around mid-December, and
the anomaly is stronger during the Dec16Feb10 period. The sum of these two mode’s time series in the
NANA-SPVpv reversal years is generally extreme (Supplementary Fig. 20g), further indicating the

importance of studying such events.

Plumb wave activity flux
We used the 3D Plumb wave activity flux to examine zonal, meridional, and vertical wave

propagation of quasi-stationary waves>.
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where A is longitude, ¢ is latitude, z is height, and p is pressure. u isthe zonal wind, v is the
meridional wind, T is temperature, and @ is geopotential height. f is the Coriolis parameter. a is
Earth’s radius. K is the specific gas constant of dry air divided by the specific heat of dry air. T denotes
the domain average of temperature. H is the log-pressure scale height. Primes denote the deviations from

zonal means.

Eddy vorticity forcing
The stream function tendency induced by eddy-vorticity fluxes, namely eddy-vorticity forcing (EVF),
can measure the dynamic synoptic eddy feedback onto the low frequency flow>’. The EVF can be

expressed as

(3) () ==atv g

at /se
where V'(u',v")and (' denote the 2-8-day bandpass filtered zonal wind, meridional wind, and
vorticity, respectively. []%denotes the anomaly during Dec16Feb10 period. V- ( ) and A'( ) are the
horizontal divergence and the Laplacian inversion operators, respectively. ( ). indicates the tendency
induced by synoptic eddy. The positive (negative) EVF can contribute to a positive (negative) tendency

of the stream function, which expresses an anticyclonic (cyclonic) vorticity tendency.
Calculation methods for the contribution of WACE-T reversal intensity

The intensity of the WACET reversal is denoted as the WACEr difference between early and late
winter (defined as Diff-WACErT). The NANA-SPVipv difference between NovlDecl5 and Decl16Feb10
serves as the intensity of the stratospheric anomalies. The SST anomalies in the tropical Atlantic and
Indian oceans had significant primary impacts on the WACE/CAWE pattern in early and late winter,
respectively®. Their synergistic effect effectively modulates the phase reversal between the WACE and
CAWE. Therefore, the sum of the standardized time series of these two SST factors is used to represent
the tropical-subtropical SST anomaly signals. After standardizing the time series of tropical-subtropical

SST signals and stratospheric signals, a linear regression is performed against Diff-WACET. The



contribution of stratospheric anomalies to the WACET reversal intensity in a given year is calculated by
multiplying the regression coefficient of the stratospheric anomalies by their standardized anomaly value
in that year®®. The average across all WACET reversal years represents the contribution of stratospheric

anomalies. The same method is applied to obtain the contribution of tropical-subtropical SST signals.
CMIP6 and CESM-LE simulations

To verify the strong linkage between NANA-SPVa transition and WACET reversal, the Coupled
Model Intercomparison Project Phase 6 (CMIP6)® historical simulations and the Community Earth
System Model large ensemble (CESM-LE)® simulations are used to complement the statistical analyses.
Daily surface air temperature and geopotential height on pressure levels from the historical simulations
of 21 available CMIP6 models from 1950 to 2014 and from 39 members of the Community Earth System
Model from 1920-2005 are employed in this study. Similar to the process of observations, the linear
trends during 1950-2014 in the CMIP6 simulations and during 1920-2005 in the CESM-LE simulations

are removed to obtain the daily anomaly.

Since the PV variable is not directly available in simulations, we use the 50 hPa geopotential height
to identify the years with the SPV morphology transition®”. In the WACET reversal year, both the PV at
530K and the geopotential height at 50 hPa over North America-North Atlantic undergo significant phase
reversals (Supplementary Fig. 21). The daily variations of these two indices are basically the same, only
with opposite signs. The reversal time points of these two indices are basically consistent. When the
NANA-SPVipv transits, the geopotential height anomaly also shows a phase reversal over North America-
North Atlantic between Nov1Decl5 and Decl16Feb10, with a zonal asymmetric pattern in Nov1Dec15
(Supplementary Fig. 2a). Among the 18 years of observed NANA-SPVipy transition, 17 years exhibit
these characteristics. Therefore, using these definitions to identify the cases of SPV morphology transition

over North America-North Atlantic in the simulation is relatively reasonable and reliable.

In CMIP6 and CESM-LE simulations, the cases are selected as the SPV morphology transition over
North America-North Atlantic from contraction to stretching based on these two conditions: (1) the area-
weighted mean of geopotential height anomalies at 50 hPa over North America-North Atlantic transits

from positive in NovlDecl5 to negative in Decl6Feb10; (2) the geopotential height anomalies in



Nov1Decl5 present a zonal asymmetry over North America-North Atlantic and Eurasia. Conversely, the
cases represent the SPV morphology transition over North America-North Atlantic from stretching to
contraction. In addition, we explore the simulation capabilities of the CMIP6 models with different top
height. The models are divided into high-top and low-top groups based on whether the model top level
reaches 0.1 hPa. The high-top and low-top model groups consist of 9 and 12 models, respectively, with

the ranges of top level being 4.5 X 107°-0.1 hPa and 0.2-10 hPa, respectively.

Data availability

Daily meteorological data on surface and pressure levels from ERAS including surface air
temperature, potential vorticity, geopotential height, zonal wind, meridional winds are available at
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview and
https://cds.climate.copernicus.eu/datasets/reanalysis-erab-pressure-levels?tab=overview. Daily surface
air temperature and geopotential height of CMIP6 historical simulation are available at https://esgf-
metagrid.cloud.dkrz.de/search. Daily surface air temperature and geopotential height at 50 hPa of CESM-
LE historical simulation are available at https://gdex.ucar.edu/datasets/d651027/dataaccess/#. The data
underlying each figure of this study are available in the Zenodo repository

https://doi.org/10.5281/zenodo.18623601.

Code availability

The computer codes for analyzing data and drawing plots are developed in NCAR Command

Language (available at https://www.ncl.ucar.edu/). The computer codes used in this study are available in

the Zenodo repository https://doi.org/10.5281/zen0d0.18623601.
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Figure Captions

Fig. 1. Linkages between the precursory stratospheric polar vortex and the reversal of “warm
Arctic-cold Eurasia”. Composites of the potential vorticity on the 530K isentropic surface in (a)
November 1st to December 15th and (b) December 16th to February 10th in the “warm Arctic-cold
Eurasia” (WACE) pattern reversal years during 1979/80 to 2023/24 (cold Arctic-warm Eurasia (CAWE)
to WACE years minus WACE to CAWE years). The green, pink and blue lines represent the composited
polar vortex edge in climate mean, CAWE to CAWE years and WACE to CAWE years, respectively. The
edge of stratospheric polar vortex is determined by 58PVU on the 530K isentropic. The white dots indicate
that the results are significant above the 95% confidence level. (c) The upper part: Daily variations of the
stratospheric polar vortex morphology over North America-North Atlantic (NANA-SPVipv; red solid line)
and the WACE pattern (WACErT; black solid line) composited in the WACE- r reversal years (CAWE to
WACE years minus WACE to CAWE years), and the composited variations after 45-day low-pass filtering
are represented by the thick lines. The thicker lines indicate that the results are significant above the 95%
confidence level. The red shadings represent the NoviDecl5 and Decl16Feb10 periods associated with
NANA-SPVipy transitions, and the gray shadings represent the early and late winter associated with
WACET-T reversal. The lower part: 45-day moving t-test of the NANA-SPVirv and WACET during
November to February in each WACET reversal years (shading) and their means (lines), and the most

significant point are represented by the markers. The linear trend is removed.

Fig. 2. Responses of the atmospheric circulations and surface air temperature to the stratospheric
polar vortex morphology transition over North America-North Atlantic. (a) Composites of the
geopotential height at 50 hPa in NovlDecl5 (the top panel), the geopotential height at 500 hPa in
Novl1Decl5 (contours) and in Dec1Jan10 (shadings), the wind at 850 hPa in Dec1Jan10 (arrow, the middle



panel), and the surface air temperature (SAT) in Dec1Jan10 (the bottom panel) according to the transition
of stratospheric polar vortex morphology over North America-North Atlantic (NANA-SPVipv) during
1979/80 to 2023/24 (negative to positive NANA-SPVipv years minus positive to negative NANA-SPVipy
years). (b) Composites of the geopotential height at 50 hPa in Decl6Febl0 (the top panel), the
geopotential height at 500 hPa in Dec16Feb10 (contours) and in Jan11Feb28 (shadings), the wind at 850
hPa in Jan11Feb28 (arrow, the middle panel), and the SAT in Jan11Feb28 (the bottom panel) according
to NANA-SPVipy transition during 1979/80 to 2023/24. The cyan arrows represent the propagation of the
Plumb wave at the 500 hPa in NovlDecl5 and Decl16Feb10. The contours and shadings in the top and
middle panels and the white dots in the bottom panels indicate that the results are significant above the

95% confidence level.

Fig. 3. Physical mechanisms of the stratospheric polar vortex morphology transition over North
America-North Atlantic impacting the reversal of “warm Arctic-cold Eurasia”. Composites of the

anomalous geopotential height (shading) and the vertical and zonal components of anomalous Plumb

wave activity flux (vector) averaged over 60°-70°N as a function of longitude and pressure in (a)

Novl1Decl5 and (b) Dec16Febl10 according to the transition of stratospheric polar vortex morphology
over North America-North Atlantic (NANA-SPVipv) during 1979/80 to 2023/24 (negative to positive
NANA-SPVipy years minus positive to negative NANA-SPVipy years). The magnitude of the Plumb flux
is scaled by (1000/p)""2. (c) Composites of the daily variations of the pressure-temporal geopotential height
(shadings) and zonal wind (contours) along 0—-120°W, 60-70°N, and the daily variations of NANA-
SPVipy, Ural blocking (UB) and “warm Arctic-cold Eurasia” pattern (WACET) index according to
NANA-SPVipy transition during 1979/80 to 2023/24 (negative to positive NANA-SPVipv years minus
positive to negative NANA-SPVipy years). The composited variations after 45-day low-pass filtering are
represented by the smooth lines. The thicker lines indicate that the results are significant above the 95%

confidence level. The white dots indicate that the results are significant above the 95% confidence level.

Fig. 4. Verifications of the physical linkages in simulations. (a) Multi-member mean and the probability
distribution of the simulated difference of “warm Arctic-cold Eurasia” pattern between early and late

winter (Diff-WACET) in the simulated transition of stratospheric polar vortex morphology over North



America-North Atlantic from contraction to stretching (Con-to-Stre NANA-SPV) years (red) and from
stretching to contraction (Stre-to-Con NANA-SPV) years (blue) based on CMIP6 simulations and CESM-
LE simulations. The center line, box limits and whiskers of the box-plots elements are defined as mean,
upper and lower quartiles, maximum and minimum, respectively. The hollow triangles represent the
reanalysis results. (b) The simulated “warm Arctic-cold Eurasia” pattern (WACET) in early and late winter
in the simulated Con-to-Stre NANA-SPV years (red) and Stre-to-Con NANA-SPV years (blue) based on
the High-top and Low-top CMIP6 models. The center line, box limits and whiskers of the box-plots
elements are defined as mean, upper and lower quartiles, maximum and minimum, respectively. (c, d)
Composites of the pressure-temporal geopotential height along 0-120°W, 60-75°N, and the daily
variation of the geopotential height anomalies at 500 hPa over the North America-North Atlantic
(NANAZzs00), Ural blocking (UB) and WACET according to the simulated stratospheric polar vortex
morphology transition (Con-to-Stre NANA-SPV years minus Stre-to-Con NANA-SPV years) that
selected from the High-top and Low-top CMIP6 models. The white dots and the thicker lines indicate that

the results are significant above the 95% confidence level.

Fig. 5. The timeline and physical process of the stratospheric polar vortex morphology transition
over North America-North Atlantic modulating the phase reversal of “warm Arctic-cold Eurasia”.
The contracted stratospheric polar vortex (SPV) over North America-North Atlantic with zonal
asymmetric anomalies in Nov1Dec15 causes the suppressed Ural high in early winter through the vertical
wave coupling and transmission of the Rossby wave, leading to the cold Arctic-warm Eurasia phase.
While in Dec16Feb10, the SPV stretches toward North America-North Atlantic and enhances across the
Acrctic, causing the sustained Ural blocking in late winter through downward-propagation and synoptic
eddy feedback, resulting in the warm Arctic-cold Eurasia phase opposite to that in early winter. The red
and blue arrows indicate abnormal anticyclones and cyclones. The dotted arrow indicates the evolution
of stratospheric anomalies. The blue and yellow thick lines represent the geopotential height at 500 hPa.
The clock indicates the period from November to March, and the red and grey shadows in the clock
indicate the duration of the two stages of the SPV morphology and “warm Arctic-cold Eurasia” pattern.
The SPV morphology transition leads the phase reversal of “warm Arctic-cold Eurasia” pattern by about

25 days.



Editorial Summary

This study shows that a transition of the stratospheric polar vortex morphology is an effective precursor of the
phase reversal of the “warm Arctic-cold Eurasia” pattern in winter and that CMIP6 models with complete
stratospheric processes can successfully capture this physical link.
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