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Abstract
The weak stratospheric polar vortex (SPV) is usually linked to Northern Hemisphere cold spells. Based on the fifth generation 
of ECMWF atmospheric reanalysis and WACCM model experiments, we use K-means cluster analysis to extract the zonally 
asymmetric pattern of October-February stratospheric variability, which involves a stretched SPV and hence leads to cold 
surges in Northern Hemispheric mid-latitudes. There are contrasting effects and mechanisms between autumn (October–
November) and late winter (February) SPV stretching events. In October, anomalies in the stratospheric circulation affect 
the near-surface 16–20 days after the weakening of the SPV. This contributes to a shift in the North Atlantic Oscillation 
(NAO) towards its negative phase, leading to cold anomalies over northern Eurasia. Together with the weakening of planetary 
wave-1 during days 31–40, the second stratosphere–troposphere coupling strengthens the East Asian trough and the Siberian 
high, resulting in Eurasian high-latitude cooling. For November, the suppressed upward propagation of wave-1 during days 
11–15 is conducive to anomalous high pressure over northern Europe and thereby European cooling through a stratospheric 
pathway, while for days 21–30, the weakening of propagating wave-2 over Eastern Europe intensifies the mid-latitude wave 
train through a tropospheric pathway, favorable for cold temperatures in mid-latitude East Asia. In contrast, the late winter 
SPV stretching events and the attendant Eurasian coldness during 11–25 days are likely to have been simultaneously driven 
by the long-lived European high anomaly, which enhanced the upward-propagating tropospheric waves into the stratosphere 
and thus favored SPV stretching. It indicates that the tropospheric pathway, rather than the stratospheric pathway, plays a 
dominant role in cold Eurasia following February SPV stretching events.

Keywords  Eurasian cold events · Stratospheric polar vortex stretching · Stratosphere–troposphere coupling · Planetary 
waves

1  Introduction

The stratospheric polar vortex (SPV), one of the impor-
tant features of large-scale stratospheric circulation, is 
strongly modulated by vertically upward-propagating 
tropospheric planetary waves, in turn, can exert influence 
on the downward propagation of wave activity fluxes and 
surface changes (Domeisen and Butler 2020; Domeisen 
et al. 2020; Dunn-Sigouin and Shaw 2015; Garfinkel et al. 
2017; Kidston et al. 2015; Sigmond et al. 2013; Scaife et al. 
2016; Thompson and Wallace 2001; Waugh et al. 2017; Xie 
et al. 2020). Previous studies have shown that the strato-
spheric planetary wave pathway strengthens the linkage 
between Arctic warming and mid-latitude severe winters 
(Cohen et al. 2014, 2020). It is well-known that the weak 
SPV events are often followed by downward migration of 
the stratospheric northern annular mode (NAM) signals 
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which are closely related to the negative Arctic Oscillation 
or North Atlantic Oscillation (AO/NAO) and preceded by 
anomalous upward wave activity in the upper-troposphere 
(Baldwin and Dunkerton 1999, 2001; Hitchcock and Simp-
son 2014; Polvani and Waugh 2004; Wang and Chen 2010; 
Yang et al. 2016). Numerous studies have quantified the 
connection between weak SPV events and the intensity of 
cold air outbreaks (CAOs) in the Northern Hemispheric 
mid-high latitudes. For instance, compared to strong SPV 
states, Eurasian CAOs under the weak SPV states feature 
colder surface air temperature (SAT) over northern Eurasia 
due to a stronger negative NAO (Huang and Tian 2019). 
The probability of CAOs over northern Eurasia and the east 
coast of North America increases by more than 50% within 
several weeks after the onset of weak SPV events (Kolstad 
et al. 2010). Huang et al. (2021) found that weak SPV condi-
tions significantly elevate the risk of severe CAOs over mid-
latitude East Asia and high-latitude Europe, which persists 
for more than three weeks following weak SPV events. The 
Alaskan Ridge (AkR) pattern features stratospheric ridge 
anomalies occupying Eastern Siberia and northern Europe 
and an anomalous trough occupying Canada, favorable for 
severe CAOs over North America (Lee et al. 2019). Thus, 
it is indispensable to have a better understanding of strato-
sphere–troposphere coupling mechanisms for the weak SPV 
impacting CAOs for the purpose of improving short-term 
climate prediction skills.

Typical weak SPV events, such as Sudden stratospheric 
warming events (SSWs), are defined as complete reversals 
of the stratospheric westerlies in winter, accompanied by the 
abrupt rise of Arctic stratospheric air temperature (Baldwin 
et al. 2021; Butler et al. 2015, 2017; King et al. 2019; Rao 
et al. 2018, 2019, 2020). SSWs can be catalogued as dis-
placement and split events according to the geometry of the 
SPV, which is dominated by enhanced upward-propagating 
planetary wave-1 and wave-2, respectively (Charlton and 
Polvani 2007; Mitchell et al. 2011, 2013). The timing of the 
surface response to split events is about a week earlier than 
that to displacement events, together with colder SAT anom-
alies over northern Eurasia (Hall et al. 2021; Lehtonen and 
Karpechko 2016; White et al. 2021). Otherwise, SSWs can 
be classified into absorbing and reflecting events depend-
ing on whether stratospheric planetary waves are reflected 
back into the troposphere following the onset of SSWs (e.g., 
Kodera et al. 2008, 2013, 2016; Nath et al. 2014). The north-
ern European-Ural blocking could be a critical precursor 
to SSWs (Bao et al. 2017; Martius et al. 2009; Woollings 
et al. 2010), which strengthens the climatological wave-1 
or wave-2 component before the onset of SSWs (Garfin-
kel et al. 2010; Huang et al. 2018; Lu et al. 2021). Except 
for the stratospheric pathway, atmospheric blockings can 
directly trigger tropospheric circulation changes and then 
continental CAOs. Other studies suggest that the CAOs in 

East Asia prior to SSWs are solely owing to instantaneous 
upstream Ural blocking development rather than downward-
propagating stratospheric signals (e.g., Kolstad et al. 2010; 
Lu et al. 2021; Luo et al. 2016).

In addition to SSWs, other weak SPV patterns can be 
identified by using cluster analysis. For instance, self-
organizing maps are applied to wintertime mid-tropospheric 
height anomalies to obtain a Western Hemisphere circulation 
pattern favorable for the displacement of the SPV to North 
America through enhanced (suppressed) wave-2 (wave-1) 
component entering the stratosphere (Tan and Bao 2020). 
Kretschmer et al. (2018b) performed a hierarchical cluster 
analysis on the January and February geopotential height 
anomalies at 100 hPa to capture the symmetric and asym-
metric modes of weak SPV states and contrasted their differ-
ence in the dynamical mechanisms. The zonally symmetric 
mode, which resembles absorbing SSWs, is associated with 
the negative NAO and cooling over northern Eurasia, while 
the zonally asymmetric mode is associated with planetary 
wave reflection over Canada and hence robust cooling over 
North America. Based on this study, Cohen et al. (2021) 
mainly focused on a zonally asymmetric pattern (so-called 
SPV stretching events) and its tropospheric impacts from 
October through December by adopting K-means cluster 
analysis. The frequency of zonally symmetric and asym-
metric modes increases significantly during both autumn and 
winter (Cohen et al. 2021; Kretschmer et al. 2018b; Liang 
et al. 2023). The increasing frequency of weak SPV states 
can account for nearly 60% of the cooling region over mid-
latitude Eurasia; this proportion rises to about 80% when El 
Niño-Southern Oscillation variability is included, indicating 
that persistent weak SPV and tropical variability together 
contribute to Eurasian cooling (Kretschmer et al. 2018a). 
Besides the SPV stretching events, an empirical orthogonal 
function method is applied to extract the planetary wave-1 
pattern associated with stratospheric variability, which fea-
tures a high surface pressure anomaly over Alaska and a 
low anomaly over eastern North America, thus favoring cold 
surges over North America via stratosphere–troposphere 
interactions (Ding et al. 2022, 2023).

With the increasing importance of weak SPV, most exist-
ing literature appears to emphasize the crucial role of SSWs 
in Eurasian and North American coldness (e.g., Hall et al. 
2021; Kodera et al. 2016; Xu et al. 2022; Zhang et al. 2020), 
the SPV stretching events and related surface responses are 
only marginally mentioned in several studies (Cohen et al. 
2021, 2022; Ding et al. 2022, 2023; Kretschmer et al. 2018b; 
Liang et al. 2023; Matthias and Kretschmer 2020; Messori 
et al. 2022; Shen et al. 2023). However, the occurrence prob-
ability of SSWs is less than that of SPV stretching events 
(Cohen et al. 2021; Liang et al. 2023). In addition, although 
the SSW in January 2021 may contribute to cold spells over 
Texas (Lu et al. 2021; Zhang et al. 2022), the contribution 
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of the SPV stretching in February 2021 to the Texas CAOs 
is greater than the SSW in January 2021 (Cohen et al. 2021). 
Therefore, there is an urgent need to better understand the 
possible effects of SPV stretching events. In contrast to 
those previous studies that have illustrated the relation-
ship between the autumn and winter SPV stretching events 
and surface cold spells in North America on the seasonal 
timescales, this study aims to investigate the sub-seasonal 
characteristics of SPV stretching events occurring in autumn 
and winter, as well as the underlying linkage between SPV 
stretching and Eurasian cooling. The paper is organized as 
follows: Sect. 2 describes the data and methods. Section 3 
discusses the main characteristics of monthly SPV stretching 
events and the underlying physical mechanisms that influ-
ence cold SAT anomalies over Eurasia. Section 4 provides 
the main conclusions of this paper.

2 � Data and methods

In this work, we use the four-time-daily mean datasets from 
the fifth generation of ECMWF atmospheric reanalysis 
(ERA5; Hersbach et al. 2020), with 1° × 1° horizontal reso-
lution and 13 pressure levels from 1000 to 10 hPa. The vari-
ables include geopotential height, air temperature, zonal and 
meridional wind at pressure levels, sea level pressure (SLP), 
and SAT. These variables are calculated from September to 
April 1980–2021. A high-top model, the Whole Atmosphere 
Community Climate Model (WACCM) version 4, is used to 
examine the surface impacts of the SPV stretching events. 
This model configuration has 1.98° × 2.58° horizontal reso-
lution and 66 vertical levels with the lid of the model at 
5 × 10–6 hPa (Smith et al. 2014). The control experiment 
with prescribed surface conditions from 1980 to 2010 is 
conducted to facilitate contrast with observation, which is 
integrated for 210 years, with the first 10 years discarded for 
model spin-up. We define the SAT index for high-latitude 
Eurasia and mid-latitude East Asia as the area-weighted 
average of SAT anomalies over the region of 45°‒125° E, 
45°‒60° N and 80°‒125° E, 30°‒45° N, respectively. More-
over, three key domains with significant anomalies in the 
100 hPa wave activity flux (WAFz) are selected to detect the 
characteristics of wave reflection following SPV stretching 
events: Siberia (90°‒135° E, 50°‒70° N), Eastern Europe 
(20°‒55° E, 45°‒65° N), and Europe(0°‒40° E, 45°‒75° 
N). The lower stratosphere (100 hPa) is chosen in this study 
to demonstrate the importance of stratosphere–troposphere 
coupling (Cohen et al. 2021; Huang et al. 2021; Kretschmer 
et al. 2018b). Anomalies are calculated by subtracting the 
daily climatological mean values from 1980 to 2021.

K-means cluster analysis, an unsupervised clustering 
algorithm, is used to analyze daily geopotential height 
anomalies at 100 hPa during the autumn and winter months 

(October–February) spanning from 1980 to 2021, encom-
passing a total of 6191 days, to pinpoint the SPV stretch-
ing events. The goal of K-means clustering is to minimize 
the Euclidean distance of n observations from k-cluster 
centroids. Following Cohen et al. (2021) and Kretschmer 
et al. (2018b), we obtain 5 clusters (P1‒P5) from stronger 
to weaker SPV states, and the P4 pattern, representative of 
a stretched SPV, is the focus of our study. The probability 
of P4 occurrence in this study is 24.8% (Fig. 1), similar to 
that (23.6%) in Cohen et al. (2021). To explore the possible 
surface impacts of the P4 pattern on the sub-seasonal time-
scales, the ONDJF (October–February) P4 pattern (Fig. 2a) 
is split up into five individuals (Fig. 2b–f) as monthly P4 pat-
terns that differ from Cohen et al. (2021). Cohen et al. (2021) 
defined SPV stretching events as one or more consecutive 
P4 days, whereas this study projects the daily geopotential 
height anomalies at 100 hPa onto the monthly P4 pattern 
to calculate standardized daily P4 index, and the persistent 
P4 event is identified when the standardized value exceeds 
0.5 for at least 5 consecutive days or the value exceeds 1 
at least 3 consecutive days in observations following the 
method used in Tan and Bao (2020). We then calculate the 
value of the spatial correlation coefficients between observed 
P4 pattern (Fig. 2a) and simulated daily geopotential height 
anomalies and similar P4 patterns (Fig. 2g–l) are obtained 
when correlation coefficients exceed 0.4 and are sustained 
for more than 4 days in simulations. The first day greater 
than this threshold value is defined as the central day (day 
0) for a persistent event (i.e., the day 0 denotes the start day 
with P4 index exceeding 0.5 or 1 in observations and cor-
relation coefficients exceeding 0.4 in simulations). 

In order to diagnose the propagation of planetary waves in 
quasi-geostrophic spherical coordinates, the Eliassen–Palm 
(EP) flux and three-dimensional WAF (Plumb 1985) are cal-
culated in this study according to the expression of Andrews 
et al. (1987) and Wang and Yasunari (1994). We also apply 
the Fourier transformation to the latitude circle to gain the 
zonal wave-1 and wave-2 components of geopotential height, 
EP flux, and eddy heat flux (e.g., Lu et al. 2021; Tan and 
Bao 2020).

3 � Results

3.1 � Classification of autumn and winter SPV based 
on cluster analysis

Figure 1 shows the five clusters of 100 hPa geopotential 
height anomalies from October to February to capture SPV 
variability in observations. The P1 and P2 clusters repre-
sent the stronger SPV states and show a decreasing trend in 
frequency, whereas both P4 and P5 show the weaker SPV 
states and an increasing trend in frequency. Cluster 3 (P3), 
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acquiring little attention in case studies, presents a displaced 
SPV. Contrasting the two weak SPV patterns (P4 vs P5), P5 
represents a disturbed SPV and is characterized by zonally 
symmetric positive height anomalies in the lower strato-
sphere over the polar region (the SSW-like mode), while 
P4 shows a stretched SPV and features zonally asymmetric 
height anomalies in the lower stratosphere with distinct posi-
tive anomalies over northern Eurasia and negative anomalies 
over Canada. These findings are generally consistent with 
Cohen et al. (2021), who investigated the first five clusters 
of SPV from October-December, but with a slight differ-
ence in the spatial pattern and the percentage of each cluster. 

Approximately 25% of autumn and winter days are allo-
cated for P4, while 10% or so are assigned to P5, suggesting 
the increasingly frequent occurrence of P4 and associated 
implications in surface impacts. When we consider the five 
clusters in the WACCM experiment, a similar P4 (Fig. 2g) 
and P5 (figure not shown) pattern is simulated, with a fre-
quency of approximately 15% and 12%, respectively. It is 
worth noting the transition from one positive height anomaly 
centered near Barents-Kara Seas in autumn P4 (Fig. 2b, c, h, 
i) to two centers of ridge anomalies anchored over Eastern 
Siberia and Barents-Kara Seas in winter P4 (Fig. 2d–f, j–l). 
Due to the lack of research and the overwhelmingly higher 

Fig. 1   The K-mean cluster of 100-hPa geopotential height [10 geo-
potential meters (dagpm)] anomalies in autumn and winter (ONDJF) 
from 1980 to 2021 in observations. Composites of 100-hPa geopoten-
tial height (contour; contour interval is 20 dagpm; 1580 dagpm con-
tour is bolded) and its anomalies (color shading; units: dagpm) for 
all days assigned to P1–P5 (upper row). Percentage of occupation 

frequency assigned to the same cluster is indicated in parentheses. 
Yearly frequency for P1–P5 pattern days (blue bars), with dashed 
lines exhibiting linear trend (lower row). The dashed red lines denote 
statistically significant negative (positive) trend at the 90% confidence 
level

Fig. 2   Same as Fig. 1, but for autumn–winter (ONDJF) and monthly SPV stretching events (P4) pattern in observations (a–f) and WACCM con-
trol runs (g–l)
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proportion of P4 than those of P5, the present study will 
focus on P4 (SPV stretching events).

To assess the delayed surface impacts over Eurasia in 
more detail, we next plot the temporal evolution of Eura-
sian SAT anomaly in observations and model experiments 
from day – 10 to day 40 for SPV stretching events occur-
ring in October, November and February (Fig. 3a–f). In 
general, there are different locations and timing of sur-
face cooling on the sub-seasonal timescales. For SPV 
stretching events that onset in October (Fig. 3a, d), cold 
anomalies occur over high-latitude Eurasia during days 
21–25 and 36–40, with the latter being more pronounced. 
A similar surface cooling over Eurasian high-latitudes 
can be detected in model experiments, but with promi-
nent cold anomalies during days 6–15 and 36–40. How-
ever, it is hard to discover evident cold temperatures over 
mid-latitude East Asia in observations and simulations. 
For November SPV stretching events (Fig. 3b, e), both 
high-latitude Eurasia and mid-latitude East Asia experi-
enced noticeable cooling. We find evident cooling over 

high-latitude Eurasia in the following 20 days after SPV 
stretching and over mid-latitude East Asia during days 
20–30, which is well reproduced in model experiments 
except for 5 days in advance (days 15–25). For February 
SPV stretching events, significant cold temperatures over 
Eurasian high-latitudes appear during days 5–26 in exper-
iments (Fig. 3f), resembling the observations that cool-
ing occurs during days 12–30 (Fig. 3c). For December 
and January, most of previous studies mainly focused on 
SSWs because these months show the larger stratospheric 
variability compared to October and November (e.g., Lu 
et al. 2021; Rao et al. 2020; Xu et al. 2022). Unlike the 
SSWs that occurred in December and January followed by 
robust Eurasian cooling, the SPV stretching events during 
these months feature the absence of cold Eurasia (fig-
ure not shown). Therefore, the December-January SPV 
stretching events are not discussed in the present study 
due to the lack of significantly and continuously delayed 
surface impacts over Eurasia. It is found that the magni-
tude of surface cooling that occurred following February 

Fig. 3   a–c Time evolution of area-averaged daily surface air tem-
perature (SAT; units: K) anomalies over Eurasian high-latitudes 
(45°–125°E, 45°–60°N; blue lines) and mid-latitudes (80°–125° 
E, 30°–45° N; purple lines) during days –  10 to 40 following SPV 
stretching events that occurred in autumn and late winter in observa-
tion. d–f Same as a–c but for the simulation. g–i Same as a–c but for 

the normalized P4 index at 100-hPa (green lines) as well as the polar 
cap height (PCH; 65–90° N) index at 50-hPa (light green lines). The 
normalized PCH index at 50-hPa averaged over 0–100° E (0–180° 
E) in g–h (i). The dots denote that the SAT anomaly is significant to 
their climatology at the 90% confidence level. The sample sizes for 
the composite analysis are shown in the brackets
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SPV stretching events is stronger than that in October and 
November, which is potentially related to more robust 
SPV stretching in February than in October and Novem-
ber (Fig. 2). In order to examine the linkage between the 
magnitude of the SPV stretching pattern and surface sig-
nal, the daily normalized P4 index at 100 hPa and the 
polar cap height (PCH) index at 50 hPa (Fig. 3g–i) are 
calculated based on the approach similar to that used 
by Kretschmer et al. (2018b). The relatively short dura-
tion (12 days) of significantly high P4 values for autumn 
and late winter P4 events is generally consistent with 
Kretschmer et al. (2018b). It is apparent that both the P4 
and PCH indices are significant within the 10 days after 
the detection of autumn events (Fig. 3g–h), which indi-
cates that the autumn weak polar vortex signals emerge in 
the lower stratosphere. While for late winter (Fig. 3i), the 
associated signals are insignificant at 50 hPa and only sig-
nificant at the atmospheric levels below 100 hPa. There-
fore, in the absence of deepened stratospheric signals and 
related downward propagation, the surface cooling over 
Eurasian high-latitudes following the late winter events is 
mainly due to tropospheric processes (Fig. 3c, i), indica-
tive of irrelevant linkage between the magnitude of the 
stratospheric pattern and surface impacts.

3.2 � Mechanisms associated with autumn SPV 
stretching events

How can autumn SPV stretching events influence the SAT 
over Eurasia with a lead time of several weeks? To answer 
this question, we examine the temporal evolution of the 
normalized PCH anomaly. This metric is one of the most 
effective for diagnosing the downward propagation of strat-
ospheric signals during the duration of weak SPV events. 
It can serve as an alternative to the NAM index; positive 
(negative) PCH anomalies correspond to negative (positive) 
NAM anomalies (Baldwin and Thompson 2009; Kim et al. 
2014; Peings and Magnusdottir 2014; Sun et al. 2015; Rao 
et al. 2020). Pressure-temporal evolutions of the normalized 
PCH anomalies from days − 10 to 40 for autumn and late 
winter SPV stretching events are shown in Fig. 4. Distinct 
characteristics can be seen in the vertical propagations of 
circulation anomalies associated with SPV stretching events 
that occurred in October, November, and February. We first 
investigate the SPV stretching events in autumn.

The autumn SPV stretching events are characterized 
by conspicuous positive PCH anomalies throughout the 
stratosphere and troposphere over Eurasia from days 0–10, 
with the positive anomalies centered at the lower strato-
sphere (50 hPa) that extend to the troposphere (Fig. 4a, b). 

Fig. 4   a–b Time evolution of normalized daily polar cap height 
(PCH; 65–90° N) anomalies averaged over 0–100° E for October and 
November SPV stretching events in observations. c Same as a–b but 
averaged over 0–180° E for the February SPV stretching events. d–f 

Same as a–c but for WACCM experiments. The PCH anomalies are 
smoothed by 7-day running average. White stippling indicates statisti-
cal significance at the 90% confidence level
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Analogous results can be found in model experiments; robust 
positive PCH anomalies extend from the upper stratosphere 
to the surface through days 0–10 after SPV stretching events 
(Fig. 4d, e). These consistent vertical positive PCH anoma-
lies serve as indicators of robust stratosphere–troposphere 
interactions. Following the onset of October SPV stretching 
events, the positive PCH anomalies extend downward to the 
lower-troposphere and near-surface, at a maximum during 
days 16–20. Subsequently, positive PCH anomalies migrate 
upward from the troposphere into the lower stratosphere 
during days 21–30 and then extend downward into the mid-
troposphere during days 36–40, possibly reflecting a second 
strong coupling of stratosphere and troposphere (Fig. 4a). 
The first stratosphere–troposphere interaction sets a favora-
ble condition in the troposphere for a second weak cou-
pling during days 36–40, which occurs without significant 
SPV stretching features (Fig. 3g). Comparing the WACCM 
simulation with ERA5, the delayed effects in October SPV 
stretching events are weaker during days 10–20, as is the 
absence of the second stratosphere–troposphere coupling 
during days 31–40 (Fig. 4d). Unlike October SPV stretch-
ing events, the positive PCH anomalies following November 
SPV stretching events emerge in the lower-stratosphere and 
the troposphere during days 0–10, featuring a weaker propa-
gation (Fig. 4b).

Considering the prolonged delayed surface impacts 
of monthly SPV stretching events, another question that 
needs to be addressed is the potential overlap between 
October events and November events. Specifically, 
whether the first coupling of the November events was 
miscounted as the second coupling of the October events? 
An interval of 30 days between two events (day 0–day 
0) is employed to ensure there is no overlap between the 
two events. Figure 5 shows the lifetime (ERA5 reanalysis) 
and the probability for overlapping impacts (both ERA5 
reanalysis and WACCM simulations) of October and 
November SPV stretching samples. For ERA5 reanalysis, 

there are 17 events with an interval of less than 30 days 
identified out of the 51 October SPV stretching events. For 
WACCM simulations, 19 consecutive events are identi-
fied by analyzing 104 October SPV stretching events (fig-
ure not shown). The probability of the overlap between 
October and November P4 under October P4 emerging 
conditions is relatively low in observations (33.3%) and 
model experiments (18.3%). We also find that the sec-
ond coupling of October events remains significant in the 
presence of the removal of the overlapping events with an 
interval of less than 30 and 40 days (figure not shown). 
Therefore, we will focus on the autumn and late winter 
surface impacts of SPV stretching events without the need 
to consider the potential overlapping effects.

In order to reveal the stratospheric mechanisms associ-
ated with autumn surface impacts of SPV stretching events, 
the pentad evolution of atmospheric anomalies following 
October SPV stretching events in observation and simula-
tion is shown in Figs. 6, 7. Over the composite SLP map, 
there is a high-pressure anomaly over the Gulf of Alaska 
from days − 5 to  − 1, which can also be found in Cohen 
et al. (2021), leading to a noticeable North American cool-
ing from days − 5 to 5 (Fig. 6b, c). The downward extension 
of stratospheric PCH anomalies gives rise to the transition 
from relatively low pressure to high pressure centered near 
Greenland during days 0–20, corresponding to a negative 
NAO-like pattern (Fig. 6c–f). The 500 hPa geopotential 
height anomalies reveal a similar pattern to the SLP anoma-
lies, with anomalous high developing over the Arctic-North 
Eurasian region, reflecting a vertically barotropic structure 
(Fig. 6l–p; Fig. 7d, e). The cold anomalies over northern 
Eurasia first emerge during days 16–25 (Fig. 6f, g), while the 
modeled cooling is more robust during days 6–15 (Fig. 7a, 
b). After day 30, the Siberian high strengthened gradually, 
and the strong cold anomalies developed again over high-
latitude Eurasia (Fig. 6g–j; Fig. 7c). Likewise, the mid-
tropospheric ridge anomalies in Arctic-Europe and trough 

Fig. 5   The distribution and 
lifetime of individual SPV 
stretching events in October and 
November in observations. The 
deep colour bars present two 
events within the intervals of 
30 days
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anomalies in Central Siberia-East Asia occur during days 
31–40 (Fig. 6s–t; Fig. 7f).

To further investigate the underlying mechanisms of 
the stratosphere–troposphere interactions, we analyzed 
the vertical component of the 100 hPa wave activity flux 
(WAFz100), as the 100 hPa is a useful indicator of the 
stratosphere–troposphere coupling. Negative WAFz100 
anomalies are found over Siberia during the first cold event 
(days 0–15), suggesting significantly anomalous downward 
propagation of stratospheric wave activity fluxes into the 
troposphere (Fig. 6m–o; Fig. 7d), as a similar feature is 
seen in the PCH anomaly (Fig. 4a, d). For the second cold 
event, positive WAFz100 anomalies over Siberia during 

days 21–30 indicate enhanced upward-propagating plan-
etary waves (Fig. 6q, r) and then depressed waves in the 
following days in both observation and simulation (Fig. 6s, 
t; Fig. 7f), in agreement with the upward and downward 
extension of PCH anomalies (Fig. 4a). It can be found 
that the negative wave-activity anomalies over Central 
Siberia appear during days 6–10 for both observation and 
simulation and days 31–35 for observation (days 36–40 for 
simulation) separately. The combination of a strengthened 
Siberian high and an anomalously deepened trough located 
in East Asia related to the stratosphere–troposphere cou-
pling is favorable for cold anomalies over high-latitude 
Eurasia through days 31–40.

Fig. 6   a–j Spatial pattern of SAT (color shading; units: K) and sea 
level pressure (SLP; contour; contour interval is 1  hPa) anomalies 
during days – 10 to 40 for October SPV stretching events in obser-
vations. White stippling denotes statistical significance for SAT at 
the 90% confidence level. Solid (dashed) contours denote positive 
(negative) values, and zero contours are omitted. The blue and pur-

ple boxes in j represent the region of high-latitude Eurasia and mid-
latitude East Asia, respectively. k–t Same as a–j but for vertical wave 
activity flux at 100-hPa (color shading; 0.01 m2 s−2) and geopotential 
height anomalies at 500-hPa (contour; contour interval is 1.5 dagpm). 
Cyan boxes in n and s highlight the key region of anomalous down-
ward propagation of planetary waves
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To separate the relative contributions of planetary waves 
1 and 2, the related eddy heat flux anomalies between 45° 
and 75° N are further diagnosed, as it is approximately pro-
portional to the vertical component of the EP flux (Andrews 
et al. 1987). Figure 8 shows the eddy heat flux anomalies 
during days − 10 to 40 of SPV stretching events, and Fig. 9 
shows the EP flux anomalies for total waves, wave-1 and 
wave-2 components. For October events, upward propaga-
tion of planetary wave-1 at 100 hPa is suppressed through 
days − 5 to 10 in both observation and simulation (Fig. 8a, 
d), while the depression at 300 hPa occurs three days before 
that at 100 hPa (Fig. 8b), generally consistent with the 
negative WAFz100 anomalies averaged over the Siberia 
(Fig. 8c). It should be noted that the simulated wave-1 dur-
ing the first cold event is stronger in magnitude and longer 
in duration than observed. For the second cold event, the 
negative anomalies of wave-1 eddy heat flux at 100 hPa 
appear during days 28–32 in simulation, slightly earlier 
than the observation occurring during days 35–40. It can 
be inferred that for the October SPV stretching events, the 
planetary wave-1, generally opposite to planetary wave-
2, plays an important role in the stratosphere–troposphere 
interactions and associated surface cold surges. This con-
clusion is further demonstrated by the following analysis 

of wave-1 component anomalies of the EP flux (Fig. 9a–d). 
It can be seen that the upward propagation of the wave-1 
component is suppressed (strengthened) in the mid-latitude 
(high-latitude) stratosphere during days 0–5 and gradually 
recovers in the following pentad (Fig. 9a, b). In contrast, the 
anomalous downward propagation of the wave-1 component 
moved northwards to about 60°N during the second cold 
event (Fig. 9c, d), as seen in the WAFz100 map (Fig. 6s). 
Figure 10 shows the linear interference between wave-1 geo-
potential height anomalies at 100 hPa and the correspond-
ing climatological components. During days 0–5, the spatial 
pattern of the wave-1 geopotential height anomalies is out-
of-phase with that of the climatology (Fig. 10a), indicating 
a destructive interference between them and hence fewer 
tropospheric waves propagating upward into the stratosphere 
(Smith and Kushner 2012). Although days 6–10 also show a 
destructive interference between the wave-1 component of 
geopotential height anomaly and climatology, the center of 
positive anomaly has a westward shift of about 90 degrees, 
reducing the depression of the upward propagation as days 
0–5 (Fig. 10b). There is a constructive interference during 
days 31–35 and again a destructive interference during days 
36–40, manifesting more upward-propagating wave-1 com-
ponents and then fewer waves, respectively (Fig. 10c, d). 

Fig. 7   As in Fig. 6, but for WACCM experiments. The intervals of 500-hPa geopotential height anomalies are 1 dagpm
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These results of linear interference are generally consistent 
with the vertical propagation of WAF and EP fluxes, as in 
Figs. 8, 9.

Analogue to October, the observed and simulated atmos-
pheric circulation anomalies for November SPV stretching 
events are shown in Figs. 11, 12, respectively. We still find 
two cold episodes, one in Europe and the other in East Asia. 
During days − 5 to 15, an anomalous high ridge migrates 
from Alaska to northwestern Eurasia, corresponding to the 
migration of prominent surface cooling from North America 
to high-latitude Eurasia (Figs. 11b–d, l–n, 12a, e). Subse-
quently, the spatial pattern of SLP and 500 hPa geopotential 
height reveals a wave train structure over the mid-latitudes. 
Specifically, the high pressure over northwestern Eura-
sia moves southeastward (Fig. 11e–h), and the Ural ridge 
and the East Asian trough enhance gradually (Fig. 11p–r), 
leading to cold anomalies in East Asia during days 16–30 
(Fig. 11g–h). The simulation can generally reproduce the 
development of anomalous ridge and Eurasian cold surges; 
however, the peak of mid-latitude cold surges is during days 
16–25 (Fig. 12b–d, f–h). Although the PCH plot shows a 
robust stratosphere–troposphere interaction (Fig. 4b, e), we 
still find intermittent anomalous downward-propagating 
planetary waves near Eastern Europe during days 6–30 

(Figs. 8g, 11n–r), which is responsible for the cooling over 
Europe and then East Asia. For simulation, the location 
of anomalous downward-propagating planetary waves is 
slightly shifted eastward to Western Siberia compared to 
observations (Fig. 12f, g).

Figure 8e–h shows eddy heat flux anomalies associ-
ated with planetary wave-1 and wave-2 for November SPV 
stretching events. For the high-latitude coldness, there is 
significantly weakened upward propagation of wave-1 at 
100 hPa (300 hPa) during days 0–14 (days – 4 to 11), while 
in simulation, the suppression lasts from days – 5 to 12. A 
similar net depression of wave-1 propagation can be found 
in the EP fluxes and the 100-hPa geopotential height dur-
ing days 0–10 (Figs. 9e, f, 10e, f), suggestive of a predomi-
nant role of wave-1 in the development of European cold 
event. For the mid-latitude coldness, negative eddy heat 
flux anomalies are found in the wave-2 component dur-
ing days 25–30 at both 100 hPa and 300 hPa. It is evident 
that the upward propagation of wave-2 components is sup-
pressed in the mid-high latitude stratosphere during days 
26–30, accompanied by anomalous EP-flux divergence in 
the stratosphere (Fig. 9h) and the destructive interference 
between anomalous and climatological 100 hPa geopotential 
height (Fig. 10h). The wave activities during days 26 ~ 30 

Fig. 8   a–d Composite anomalies of observed a 100-hPa and b 300-
hPa eddy heat flux averaged over 45–75° N, c 100-hPa vertical wave 
activity flux area-averaged over Siberia (90°‒135° E, 50°‒70° N), 
and d simulated 100-hPa eddy heat flux averaged over 45–75° N for 
October SPV stretching events. The gray lines denote total waves 
of eddy heat flux, and the red (blue) lines denote wave-1 (wave-2). 
The light green bars in a–h (i–l) highlight the significantly weakened 

upward propagation of wave-1 or wave-2 (strengthened or weakened 
upward propagation of total waves). The dots indicate statistically 
significant anomalies at the 90% confidence level. e–h and i–l Same 
as a–d but for November and February SPV stretching events. g and 
k Same as c but area-averaged over Eastern Europe (20°‒55° E, 
45°‒65° N) and Europe (0°‒40° E, 45°‒75° N)
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are generally opposed to those during days 21–25 (Figs. 9g, 
10g). These results imply that the onset of the East Asian 
cold event can more likely be attributed to the inhibited 
upward propagation of planetary wave-2, rather than wave-1.

To summarize the mechanism behind the surface 
impacts of autumn SPV stretching events in both observa-
tion and simulation, we found a combination of strength-
ened upward-propagating wave-2 component and weak-
ened upward-propagating wave-1 component during 
the early stage (days 0–15), with the wave-1 component 
dominating the early cold surges, consistent with the wave 
characteristics of Western Hemisphere pattern (Tan and 
Bao 2020). Whereas during the late stage, the weakened 
upward-propagating wave-1 (wave-2) component fol-
lowing October (November) SPV stretching events can 
amplify tropospheric ridge and trough. It should be noted 
that positive WAFz100 anomalies over Siberia (across 

Eastern Siberia into Alaska) during days 21–30 (21–25) 
following October (November) SPV stretching events 
are dominated by enhanced upward-propagating wave-1 
(wave-2) component (Figs. 6, 8, 9, and 11), which has 
been previously noted by studies that have highlighted 
the relative roles of wave-1 and wave-2 in driving strato-
spheric changes (e.g., Garfinkel et al. 2010; Huang et al. 
2018; Martius et al. 2009; Smith et al. 2011). Further-
more, changes in upward-propagating waves at 100 hPa 
are preceded by that at 300 hPa before the onset of SPV 
stretching events, indicating that vertical upward propaga-
tion of tropospheric signals plays a critical role in impact-
ing stratospheric variability (Polvani and Waugh 2004). It 
is worth noting that the simulated signals, which capture 
the findings in the observation in general, are more robust, 
benefitting from the larger size of samples.

Fig. 9   Latitude–pressure cross sections of anomalous EP flux (vec-
tors; m2 s−2) and its divergence (shading; m∙s−1∙d−1) of total waves, 
wave-1, and wave-2 for October (a–d), November (e–h), and Febru-
ary (i–l) SPV stretching events. The meridional and vertical compo-

nents of the EP flux are divided by 107 and 105 before the composites, 
respectively. The EP flux is multiplied by the square root of 1000/
pressure (hPa) to better demonstrate the waves in the stratosphere 
(above 100-hPa)
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3.3 � Mechanisms associated with late winter SPV 
stretching events

The relationship between late winter SPV stretching events 
and Eurasian SAT differs from that in autumn. Figures 4c 
and f show time-pressure evolutions of the normalized 
PCH anomalies averaged over the whole northern Eura-
sia for February SPV stretching events in observation and 
simulation. There are relatively weak and short-lived posi-
tive PCH anomalies in the troposphere centered around 
500  hPa when the SPV stretching events occur during 
days − 4 to 8 (Fig. 4c), distinct to the features of long-
lived, downward propagation from the upper stratosphere 
in the autumn cases (Fig. 3g–i); similarly, in simulations, 
the significantly positive anomalies centered within the 
troposphere and then extend to the surface during days − 4 
to 15 (Fig. 4f). The brief and insignificantly propagating 
PCH anomalies from the upper stratosphere suggest that 

tropospheric processes play a predominant role, rather than 
stratospheric processes, in influencing surface evolution fol-
lowing the February SPV stretching events. The correspond-
ing evolution of tropospheric circulations shows a gradu-
ally strengthened and southward-moved Arctic-Eurasian 
high anomaly (Fig. 13c–g) and a wave train pattern over 
northern mid-high latitudes, with two vertically barotropic 
anomalous ridges over Europe and the Sea of Okhotsk, and 
one trough over Siberia (Fig. 13m–q). It is worth noting 
that the ridge anomalies near Europe first appear before the 
onset of SPV stretching events, accompanied by a collocated 
and significant positive anomaly of WAFz100 throughout 
days − 10 to 30, indicating a longer duration of anoma-
lous upward-propagating tropospheric waves over Europe 
(Fig. 13k–r). The enhanced upward-propagating waves can 
also be found in the daily evolution of waves, particularly 
before the onset of SPV stretching events (Fig. 8i–l). The 
wave-2 configuration of 500 hPa geopotential height over 

Fig. 10   The anomalous wave-1 or wave-2 height fields (color shad-
ing; units: dagpm) and corresponding climatological zonal wave-1 
(green contour; contour interval is 6 dagpm) or zonal wave-2 (pur-

ple contour; contour interval is 3 dagpm) at 100-hPa in the pentad 
throughout the life cycles for October (a–d), November (e–h), and 
February (i–l) SPV stretching events, respectively
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the high-latitudes (Fig. 13m) resembles the AkR pattern that 
leads to extreme cold in North America (Lee et al. 2019). 
The weakened upward-propagating planetary waves over 
Eastern Siberia‒northern North Pacific during days 6–15 
(Fig. 13n, o) favors the strengthening of the Eastern Siberia-
Okhotsk height ridge in the troposphere, leading to signifi-
cant cold anomalies over high-latitude Eurasia during days 
11–25 (Fig. 13e–g). These results further indicate that the 
evolution of the tropospheric circulation appears to affect 
the stratospheric atmosphere and surface climate simulta-
neously, and the surface coldness is mainly triggered by 
European high through a tropospheric pathway rather than 
a long-lasting stratospheric pathway as in autumn. Similar 
results can be simulated in model experiments, particularly 
the robust surface cooling induced by the European high, 
although the timing of the evident cold anomalies during 
days 6–20 differs slightly from the observation (Fig. 14a–c). 

In addition, the simulated mid-tropospheric ridge anomalies 
are shrunk to northern Europe, corresponding to persistent 
upward propagation of waves as observed (Fig. 14d, e). The 
simulation results further demonstrate that the tropospheric 
pathway plays a dominant role in the surface cold surges, 
albeit following the onset of February SPV stretching events. 

The daily evolutions of eddy heat fluxes (Fig. 8i–l) show 
that the strengthened or suppressed upward-propagating 
total waves at 100 hPa and 300 hPa emerge alternately 
prior to day 10: enhanced total waves during days − 7 to − 4 
and weakened during days 6–7 (3–5) at 100 (300) hPa. For 
model experiments, the enhanced upward-propagating total 
waves at 100 hPa occur during days − 7 to − 6, while the 
weakened ones during days 2–8, generally consistent with 
the observations. It is well recognized that the stronger 
wave-1 component has more contributions to total waves 
before day 0, while the subsequent weaker total waves are 

Fig. 11   As in Fig. 6, but for November SPV stretching events in observation
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dominantly contributed by the wave-2 component (Fig. 8i). 
Over the Europe region, the upward propagation of anoma-
lous tropospheric signals before day 20 occur in two periods: 
one during days − 8 to 0 and the other during days 5–19 
(Fig. 8k). For the first period, the European high leads to 
a dramatic increase in planetary waves propagating from 
the troposphere into the stratosphere, and thereafter, affect 
the SPV geometries (SPV stretching events), which is 
broadly consistent with strengthened total waves at 100 hPa 
and upward extension of PCH anomalies from mid-trop-
osphere to lower-stratosphere (Fig. 4c, f). For the second 
period, the longer duration of the European high tends to 
enhance upward-propagating wave activity, maintaining the 
deep barotropic structure of the high anomaly throughout 
the troposphere, and result in continuous Eurasian cooling 
through the tropospheric pathway (Fig. 13e–g, n–p). Fig-
ure 9i–l shows much stronger anomalies of upward (down-
ward) propagating total waves of EP flux in the stratosphere 
during days − 10 to   − 1 (days 0–10), which corresponds to 
the evolution of the total eddy heat flux (Fig. 8i, l). It is obvi-
ous that the anomalous upward-propagating planetary waves 
over Europe are the predominant contribution of total waves 
that can propagate into the stratosphere, whereas the anoma-
lously downward propagated total waves from the strato-
sphere to mid-troposphere are likely due to the wave activity 
anomalies over Okhotsk‒northern North Pacific, indicating 

a robust stratospheric wave reflection after the onset of SPV 
stretching events (Cohen et al. 2021). The 100 hPa geo-
potential height pattern shows constructive (destructive) 
interference during days – 10 to 0 (0–10), indicating that 
increased wave-1 (decreased wave-2) components propagate 
into the stratosphere (Fig. 10i–l). It indicates that the posi-
tive WAFz100 anomalies over Europe are mainly due to the 
constructive interference of wave-1 between the anomalous 
and climatological geopotential height.

Compared with the downward impacts of autumn SPV 
stretching events, the late winter SPV stretching events are 
preceded by enhanced upward propagation of tropospheric 
planetary waves induced by European high, and the longer 
duration of European high plays an initiating role in the 
formation of SPV stretching and Eurasian cooling. Their 
similarity is that the eddy heat flux anomalies of all wave-
numbers are dominantly negative during the early stage of 
SPV stretching events due to the strong and long-lasting 
wave-1 components.

4 � Conclusions and discussion

This work investigates the surface impacts of autumn and 
late winter SPV stretching on Eurasian SAT and the under-
lying physical mechanisms. It's important to note that this 

Fig. 12   As in Fig. 11, but for November SPV stretching events in the simulation. The intervals of 500-hPa geopotential height anomalies are 1 
dagpm
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study seeks to delineate the distinctions in the physical 
mechanisms between autumn and late winter. As such, we 
place a strong emphasis on the qualitative significance of 
both tropospheric and stratospheric pathways in relation 
to surface cooling. For autumn SPV stretching events, the 
downward extension of stratospheric signals during the early 
stage directly results in negative AO/NAO-like anomalies 
and thereby the first cold anomalies in northern Eurasia. 
This pattern is broadly consistent with the lagged effect of 
the planetary wave-1 pattern (Ding et al. 2022, 2023) and the 
features of the Eurasia-weakened pattern notified by Liang 
et al. (2023). The deepening of the East Asian trough and 
the increase of the Ural high associated with stratospheric 
wave activity during the late stage are favorable for the sec-
ond cold surge in high-latitude Eurasia and mid-latitude 
East Asia respectively. The suppressed upward-propagating 

wave-1 components are responsible for the two stages of 
stratospheric-tropospheric wave activities and associated 
Eurasian cold events following the October SPV stretch-
ing events. In comparison, for the November SPV stretch-
ing events, the suppressed upward-propagating wave-1 
component during the early stage contributes to the high-
latitude high anomaly via a stratospheric pathway, and the 
suppressed upward-propagating wave-2 component during 
the late stage amplifies mid-latitude wave trains via a tropo-
spheric pathway.

However, for late winter SPV stretching events, the 
physical mechanisms differ from that in the autumn, with a 
tropospheric pathway dominating the cold surface spells, as 
noted in previous studies that emphasized a key role of the 
tropospheric pathway in North American cold in February 
2021 (Albers et al. 2023; Davis et al. 2022; Ding et al. 2023). 

Fig. 13   As in Fig. 6, but for February SPV stretching events in observation. The intervals of SLP are 1.5 hPa. Cyan boxes in k and l highlight the 
key region of anomalous upward propagation of planetary waves
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Specifically, the intensified European high acts as a pos-
sible tropospheric precursor for the February SPV stretch-
ing events, which gives rise to long-lasting and enhanced 
upward-propagating total waves into the stratosphere and 
simultaneously colder high-latitude Eurasia on the surface at 
sub-monthly timescales. Yu et al. (2023) have demonstrated 
that the sub-monthly changes of the tropospheric waves and 
their associated propagation are the main dynamical drivers 
of Eurasian CAOs, which agrees well with our results that 
surface cooling during February events is generally beyond 
the impacts of downward-propagating stratospheric signals. 
In summary, the tropospheric pathway, rather than the strato-
spheric pathway, is the primary influence on surface effects.

In the context of more frequent weak polar vortex events, 
our results imply contrasting mechanisms linking SPV 
stretching events to cold Eurasia between autumn and late 
winter. However, there are some caveats to this mechanism. 
First, separating the tropospheric and stratospheric pathways 
may need further parallel control runs with specific levels 

of stratosphere or troposphere nudged (Ding et al. 2023; 
Xu et al. 2021, 2023; Zhang et al. 2018, 2020). Although 
we have conducted 50-sample of nudged runs (figure not 
shown), the size of sample may be insufficient, and further 
experiments with more ensemble members would be more 
compelling. Second, the current WACCM experiments are 
forced with climatological surface conditions, but a histori-
cal evolution of surface conditions can involve more real-
istic interannual variations. The advantage of the current 
run would be to avoid the interference of sea ice changes, 
which can exert large influence on the occurrence of SPV 
stretching events. Thus, further experiments with historical 
boundary forcings and comprehensive mechanisms would 
be helpful to better understand the surface impacts of strato-
spheric changes.

Although the temporal evolutions related to the findings 
in the observation are statistically significant, the limited 
sample size makes them somewhat noisy. The trivial sig-
nals in the observation could hinder the application of the 

Fig. 14   As in Fig. 13, but for February SPV stretching events in the simulation. The intervals of SLP (500-hPa geopotential height anomalies) 
are 1 hPa (1 dagpm)
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stratospheric precursor to sub-seasonal weather prediction. 
However, our simulation, which employs a well-resolved 
stratosphere model, demonstrates that the current model 
development is generally capable of simulating the down-
ward influence of SPV stretching. Moreover, benefiting from 
the large sample sizes, the model simulation instills more 
confidence in our findings regarding the distinct role of total 
waves, wave-1 and wave-2 in the surface weather develop-
ment accompanied by SPV stretching events.
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