
1. Introduction
Ural blocking (UB) is a major internal mode of tropospheric atmospheric flow and a key source of predict-
ability of Eurasian climate (Martius et al., 2009; Peings, 2019). The role of UB in causing cold spells across 
Eurasia is of great importance (Yao et al., 2017). Linkages between UB and Arctic climate change have been 
extensively investigated (He et al., 2020; Mori et al., 2014; Tyrlis et al., 2020). Arctic sea ice decline and/or 
Arctic warming can cause tropospheric atmospheric responses through changing anomalous turbulent heat flux 
and induce an anomalous anticyclone over Northern Eurasia (e.g., a strengthened UB) that causes cold weather 
over East Asia (Honda et al., 2009; Liu et al., 2012; Peng et al., 2022). Autumn Arctic sea ice loss may influ-
ence the stratospheric polar vortex by enhancing upward propagating planetary waves which subsequently cause 
tropospheric anticyclonic anomalies over Northern Eurasia (Cohen et  al.,  2014; Kim et  al.,  2014; Nakamura 
et al., 2015). On the other hand, atmospheric circulations associated with UB in winter (i.e., December–February) 
can amplify the warmer Arctic-colder Eurasia (WACE) pattern and sea ice decrease through accumulating more 
heat over  the Barents-Kara Seas (Blackport et al., 2019; Luo et al., 2016). Gong and Luo (2017) revealed that sea 
ice decline over the Barents-Kara Seas is a delayed response to UB on the weekly time scale, due to enhanced 
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downward infrared radiation related to moisture flux increase caused by UB anomalies. Numerical simulations of 
Peings (2019) indicated that UB in November can serve as a driver of the WACE pattern and sea ice anomalies. 
Tyrlis et al. (2020) further identified the strong role of winter UB on driving the WACE pattern from a daily 
perspective.

Tropospheric UB has been regarded as a precursor to the weakening of the stratospheric polar vortex (Martius 
et al., 2009) because it can trigger upward propagation of planetary waves from the troposphere into the strat-
osphere (Nishii et al., 2011). Accompanied with strengthened UB, significantly weakened westerly wind may 
emerge at mid- and high-latitude Eurasia (Liu et al., 2012; Xu et al., 2019), which is favorable for the vertical 
propagation of Rossby waves along the polar wave guide (Dickinson, 1968). Based on a case study of extreme 
events, Tyrlis et al. (2019) showed that UB development in late autumn 2016 drove vertically propagating of plan-
etary waves that weakens the stratospheric polar vortex, followed by extreme cold surges over Eurasia in early 
winter. The weakened polar vortex tends to be manifest at the surface as the negative phase of Arctic Oscillation 
(Kim et al., 2014) and modulates the transport of cold air over Eurasia (Huang et al., 2021). The precursor role of 
November UB on the stratosphere involving the troposphere-stratosphere dynamic coupling was highlighted by 
Peings (2019) who imposed UB anomalies in a high-top model by a nudging technique.

As summarized above, UB development has been recently regarded as a key preceding signal of the change 
in the stratospheric polar vortex (Cohen & Jones, 2011; Peings, 2019) and Arctic climate variability (Gong & 
Luo, 2017). Particularly, the potential impact of November UB on the early-winter WACE pattern provides valu-
able mechanism for sub-seasonal climate prediction (Peings, 2019; Tyrlis et al., 2019). However, these studies are 
based on statistically observational analysis and idealized simulations. It remains unclear whether such a mecha-
nism is well reproduced by more comprehensive coupled simulations, which is important for its implementation 
to sub-seasonal climate prediction.

In this study, we investigate the precursor role of November UB on early-winter Arctic-Eurasian temperature 
anomalies by using the output from both the Community Earth System Model Large Ensemble (CESM-LE) and 
the Sixth phase of the Coupled Model Intercomparison Project (CMIP6). It is further revealed that the impact 
of November UB on early-winter WACE pattern depends on the intensity of November mid-latitude westerly 
jet which can modulate the vertical propagation of planetary waves. This conclusion may have implications for 
enhancing the sub-seasonal predictability of temperature anomalies over the Arctic-Eurasian regions.

2. Data and Methods
The analysis used three sets of coupled simulations. The 40-member ensemble of historical simulations for 
1920–2005 and future projections for 2006–2100 from the CESM-LE are examined (Kay et  al.,  2015). Each 
ensemble member is subject to the same radiative forcing of greenhouse gases but starts with a small random 
difference to their initial air temperature fields (order of 10 −14 K). Historical simulations (r1i1p1f1) for 1850–2014 
from 40 fully coupled general circulation models (CGCMs) in CMIP6 (Table S1 in Supporting Information S1) 
are examined (Eyring et al., 2016). The 50 ensemble members of CanESM2 historical simulations for 1979–2020 
are also employed. In addition, monthly atmospheric data for 1979–2021 from the fifth generation European 
Center for Medium-Range Weather Forecasts reanalysis (ERA5) are employed (Hersbach et al., 2020).

The polar cap height (PCH) is defined as area-averaged geopotential height north of 65°N from 1000 to 10 hPa 
(Cohen et al., 2018). The stratospheric polar vortex index is defined as normalized negative PCH at 50 hPa. 
The UB index is defined as area-averaged 500 hPa geopotential height in the domain (45°–80°N, 10°W–80°E) 
(Peings,  2019). The mid- and high-latitude westerly wind index is defined as area-averaged 300  hPa zonal 
wind in the domain of a parallelogram (from 50°–60°N, 20°E to 60°–70°N, 110°E; red box in Figure S1a 
in Supporting Information S1) where the maximum deceleration associated with November UB anomalies is 
located (Figure S1 in Supporting Information S1). For CESM-LE output, the strong/weak UB is identified when 
UB index is above/below 0.5/−0.5 standard deviation (STD). The November cases of strong UB with signifi-
cantly weakened WW (∼60% of total strong UB November) are identified when UB index exceeds 0.5 STD and 
WW index is below −0.5 STD; while the November cases of strong UB without significantly weakened WW 
(∼40% of total strong UB November) are identified when UB index is above 0.5 STD and WW index is above 
−0.5 STD. The same method is applied to CMIP6 simulations. Before the analysis, we have subtracted the least  
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squares quadratic trend from the output of CESM-LE and CMIP6 simula-
tions to remove the underlying global warming trend.

3. Results
We first investigate the potential relationship between November UB activ-
ity and climate anomalies in the following December based on CESM-LE 
output. The regression coefficient of December SAT over central Eurasia 
onto November UB index is −0.5 in ERA5, but ranges from −0.6 to 0.2 
among the 40 ensemble members of the CESM-LE (Figure 1a). Approxi-
mately 20% of the ensemble members show a statistically significant rela-
tionship, corresponding to the “20% high-relation ensembles” mentioned 
below. This means that internal variability can affect the lead-lag relation-
ship between November UB activity and the following December climate 
(Figure 1a). The regression coefficient shows a similar spread in the CMIP6 
models (Figure S2 in Supporting Information  S1). To understand such an 
effect of internal variability, we have selected 20% of the ensemble members 
that show the most negative regression coefficients (i.e., the eight ensem-
bles indicated by the first eight gray bars in Figure 1a) (hereafter referred to 
as the 20% high-relation ensembles); meanwhile, we have selected another 
20% of the ensemble members (hereafter referred to as the 20% low-relation 
ensembles) that show the least negative regression coefficients (i.e., the eight 
ensembles indicated by the last eight bars in Figure 1a). These two groups 
of ensemble members are selected for composite analysis. As expected, 
the 20% high-relation ensembles have shown clearly that intensified UB in 
November is generally followed by a significant WACE pattern in December 
which displays significant cold anomalies over central Eurasia and a warm-
ing center over the Barents-Kara Seas (Figure 1b; shading). Accompanying 
the anomalous WACE pattern, WW decelerates significantly across mid- and 
high-latitude Eurasia from 50°N to 70°N (Figure 1b; contours). Compara-
tively, the 20% low-relation ensembles exhibit extensive warmer temperatures 
from Barents-Kara Seas to Ural regions; but the significant colder anomalies 
are weaker and greatly reduced in area, with greatly reduced significant WW 

anomalies across northern Eurasia (Figure 1c). The differences between ensemble members in simulating the 
lead-lag UB-WACE linkage mean that the early-winter atmospheric response to November UB activity is sensi-
tive, and is suggestive of the potential role played by internal atmospheric variability.

Previous studies have suggested that persistent UB anomalies can increase upward propagation of planetary 
waves that weakens the stratospheric polar vortex (Martius et al., 2009; Peings, 2019). The stratospheric polar 
vortex tends to be weakened (strengthened) in December when preceded by a November with strong (weak) UB 
activities (Figure S3 in Supporting Information S1). It has also been shown that the deceleration of tropospheric 
westerly flow is favorable for upward wave propagation (Charney & Drazin, 1961). Considering the wave-mean 
flow interaction theory proposed by Charney and Drazin (1961), we therefore hypothesize that the previously 
revealed UB-related stratospheric pathway for the delayed surface impact might be different when the WW 
significantly decelerates.

To test this hypothesis, we illustrate the December atmospheric anomalies in two different categories using both 
CESM-LE and CMIP6 output. One contains the Decembers that follow Novembers experiencing strong UB with 
significantly weakened WW, while the other contains the Decembers that follow Novembers experiencing strong 
UB without significantly weakened WW. Following strong UB with significantly weakened WW in November, 
an anomalous WACE pattern coinciding with decelerated jet stream in December has been simulated by both 
CESM-LE and CMIP6 ensembles (Figures 2a and 2c). This climate anomaly pattern bears great resemblance to 
that in Figure 1b. In contrast, no significant Eurasian cold anomalies emerge in December when November WW 
is not dramatically decelerated with UB still significantly stronger than normal (Figures 2b and 2d). December 
following strong UB without weakened WW in November also lacks a warming center over the Arctic in CMIP6 

Figure 1. (a) Regression coefficients of December SAT over Eurasia 
(40°–60°N, 60°–120°E) against the November Ural blocking (UB) index, 
from ERA5 during 1979–2020, and from 40 ensemble members of CESM-LE 
during 1920–2099. (b and c) Composite of December SAT anomalies 
(shading; °C) and 300 hPa zonal wind anomalies (contours; m/s) between the 
strong and weak UB November during 1920–2099, from (b) 20% high-relation 
ensembles and (c) 20% low-relation ensembles of CESM-LE. Regions with 
significant anomalies above the 95% confidence level are marked with dots 
and all contours exceed the 95% confidence level.
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(Figure 2d). Results of Figure 2 imply that the connection of December WACE pattern with preceding November 
UB activity is sensitive to the condition of decelerated westerlies in November. It should be noted that these 
results are not sensitive to the threshold of the UB index (Figure S4 in Supporting Information S1). A detailed 
discussion about how the pathway connecting November UB and early-winter WACE pattern is modulated by 
mid-latitude westerly jet will be elucidated next.

Figures  3a and  3c illustrate the evolutions of PCH anomalies following strong UB with weakened WW in 
November in both simulations. Results from CESM-LE show that significant positive PCH anomalies spread 
across the troposphere and stratosphere, in response to strong UB with significantly weakened WW in Novem-
ber (Figure 3a). This is indicative of a dramatic weakening of the stratospheric polar vortex related to planetary 
wave activities caused by blocking activity and favored by weakened westerly jet. The PCH response can last 
throughout November and December for the mid- to upper-troposphere and stratosphere (Figure 3a). Results 
from CMIP6 exhibit positive PCH anomalies persisting from November to December throughout the stratosphere 
and troposphere, which is consistent across more than 80% models (Figure 3c). The weaker westerly jet could 
cause more persistent atmospheric patterns (Francis & Vavrus, 2012). The consistency between CESM-LE and 
CMIP6 provides strong support for the speculation that significantly weakened November westerly jet stream 
can promote the persistent influence of November UB on the early-winter stratosphere-troposphere coupling and 
polar vortex weakening.

However, it is not the case of PCH evolutions following strong UB without weakened WW in November. Accord-
ing to Figure 3b, when November mid-latitude WW is not significantly weakened, the anomalous PCH is much 
weaker and confined to the stratosphere and upper-troposphere and cannot reach the mid- to lower-troposphere. 
This finding supports the role of UB anomalies in weakening of the stratospheric polar vortex under the critical 
condition of the WW being sufficiently weakened. Early theories have suggested that the stationary planetary 
waves would be evanescent in regions of strong WW and the vertical propagation of planetary waves would be 
trapped in the troposphere by winter westerly jet (Charney & Drazin, 1961; Dickinson, 1968). In other words, the 
waveguide is more likely to be formed in regions of sufficiently weakened westerlies (Charney & Drazin, 1961). 
Then, the physical mechanism in this paper can be understood as follows: the significantly weakened WW wave-
guide promotes strong upward propagation of planetary wave excited by UB anomalies and favors the persistent 
impacts of November UB. This is also true when we examine the results based on CMIP6 (Figure 3d). A similar 

Figure 2. Composites of December SAT anomalies (shading; °C) and 300 hPa zonal wind anomalies (contours; m/s) 
following (a) strong Ural blocking (UB) with weakened westerly wind (WW) in November and (b) strong UB without 
weakened WW in November, derived from the 40 ensemble members of CESM-LE during 1920–2099. (c and d) Same as 
(a and b), but derived from the ensemble mean of 40 CGCMs in CMIP6 historical simulations during 1850–2013. (a and b) 
Regions with significant anomalies above the 95% confidence level are marked with dots and all contours exceed the 95% 
confidence level. (c and d) Temperature/zonal wind anomalies where more than 80% (90%) of the models agree on the sign of 
the ensemble mean are shown as gray (white) stippling/green contours.
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PCH response with much lower magnitude and statistical significance is simulated in a November that experiences 
strong UB without weakened WW, which rapidly disappears below 200 hPa in December (Figure 3d). Previous 
studies have revealed that mid-latitude weak westerlies might occur with strong UB anomalies (Liu et al., 2012; 
Mori et al., 2014) (Figure S1 in Supporting Information S1). It is worth noting that, the westerly flow, which is 
closely related to the meridional temperature gradient between the lower and higher latitudes, can be influenced 
by various factors (e.g., anomalous diabatic heating due to variations in sea ice, sea surface temperature and snow 
cover) (He et al., 2020; Li et al., 2015) in addition to natural variability modes (e.g., blocking events) (Cohen 
et al., 2014).

Figure 4 shows a clearer picture on the detection of early-winter troposphere-stratosphere dynamic response 
to November UB anomalies under the modulation of westerly jet. The wave activity in December following 
strong UB with weakened WW in November, when decomposed into wavenumbers, primarily projects onto 
the zonal wavenumber-1 pattern. To be specific, the wavenumber-1 component of 300 hPa geopotential height 
anomalies in December exhibits a significant dipole pattern that is in phase with the long-term climatology 
(Figures  4a and  4e). Vertically, the significant dipole anomaly can extend from the upper-stratosphere to 
near-surface (Figures 4c and 4g). Such a constructive interference in planetary waves coincides with the strong 
dynamic coupling between the stratosphere and troposphere (Kim et al., 2014). The downward coupling that 
reaches the surface (Figures 4c and 4g) further promotes UB development (Figures S5a, S5c, S5e, and S5g in 
Supporting Information S1) and thereby leads to warmer temperatures to the north and colder temperatures to 
the south (Tyrlis et al., 2019; Xu et al., 2018). In contrast, following Novembers experiencing strong UB without 
weakened WW, the December atmospheric large-scale atmospheric circulation has not exhibited significantly 
anomalous wavenumber-1 pattern (Figures 4b, 4d, 4f, 4h, and Figures S5b, S5d, S5f and S5h in Supporting 
Information S1). These findings based on fully coupled climate models, which can also be found in the short 
reanalysis record (Figure S6 in Supporting Information S1), have indicated the crucial role of westerly jet stream 
in modulating the lead-lag UB-WACE linkage. This hypothesis also provides some insights into predicting 
Arctic-Eurasian SAT anomalies in early winter, especially providing insights on how to take into account the 
effects of internal atmospheric variability.

Figure 3. Composites of monthly polar cap height (PCH) anomalies (m) from October to the following February following 
(a) strong Ural blocking (UB) with weakened westerly wind (WW) in November and (b) strong UB without weakened WW 
in November, derived from 40 ensemble members of CESM-LE during 1920–2020. Regions with significant anomalies 
above the 95% confidence level are marked with dots. (c and d) Same as (a and b), but derived from the ensemble mean of 
40 CGCMs in CMIP6 historical simulations during 1850–2014. PCH anomalies where more than 80% (90%) of the models 
agree on the sign of the ensemble mean are shown as gray (white) stippling.
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4. Conclusions
Based on the analysis of both the 40-member ensemble of CESM-LE simu-
lations for 1920–2100 and the 40 CGCMs of CMIP6 historical simulations 
for 1850–2014, this work reveals that the early-winter atmospheric response 
to November UB anomalies depends on the intensity of mid-latitude WW. 
The novel result is that we highlight the modulation of westerly jet stream on 
the stratosphere-troposphere dynamic response to UB anomalies in coupled 
climate models.

Different ensemble members of CESM-LE have shown large spread in 
simulating the previously revealed relationship between November UB and 
Eurasian climate anomalies in early winter. Similar range is found in the 50 
ensemble simulations of the CanESM2, for the same period (1979–2020) as 
ERA5 (Figure S7 in Supporting Information S1). Only some of the ensem-
ble members can reproduce the UB-related WACE pattern, indicating the 
strong effect of atmospheric internal variability. This study revealed that a 
significant WACE pattern could emerge in December when the November 
UB is significantly intensified together with dramatically decelerated west-
erlies across mid- and high-latitude Eurasia from 50°N to 70°N. In contrast, 
Eurasia does not show significant colder temperatures in December in 
response to intensified November UB that has no simultaneous weakened 
mid-latitude westerly. Note that the same conclusions can be drawn from the 
future projections of CESM-LE (i.e., 2006–2099) (Figure S8 in Supporting 
Information S1).

Strong UB activity with significantly weakened WW in November can force 
stronger upward propagation of planetary waves, which leads to stronger 
weakening and longer persistence of the stratospheric polar vortex. The 
stratospheric response can persist into December and then propagate in the 
troposphere. The stratosphere-troposphere coupling in December is deter-
mined by the constructive interference between climatological and anom-
alous planetary wavenumber-1 pattern. The downward-propagating zonal 
wavenumber-1 pattern may further favor the development of UB. Conse-
quently, colder conditions occur over Eurasia and warmer anomalies occur 
over the Arctic. It is worth noting that above stratospheric-tropospheric 
pathway associated with the intensified UB can be established only when 
November mid-latitude westerly jet is sufficiently weakened, because the 
weaker WW waveguide is favorable for the upward planetary wave propa-
gation (Dickinson, 1968) and more persistent atmospheric patterns (Francis 
& Vavrus, 2012).

Previous studies generally focus on the UB-WACE linkage in wintertime 
(Luo et al., 2016; Tyrlis et al., 2020). From the point of view of sub-seasonal 
predictability (Wang et al., 2022; Yang & Fan, 2022), this work is strongly 
suggestive of the lead-lag linkage between November UB anomalies 
and early-winter WACE pattern under specified atmospheric conditions. 
This understanding will help to better implement the climate dynamics in 
sub-seasonal climate prediction by taking into account the internal atmos-
pheric variability.

Figure 4. Composites of December (a–b) zonal wavenumber-1 component 
of 300 hPa geopotential height anomalies (shading; m) following (a) strong 
Ural blocking (UB) with weakened westerly wind (WW) in November and (b) 
strong UB without weakened WW in November, derived from 40 ensemble 
members of CESM-LE during 1920–2099. The composite differences 
(shading) are compared with the long-term climatology (contours). (c and 
d) Same as (a and b), but for the longitude-pressure section averaged over 
45°N–75°N. Regions with significant anomalies above the 95% confidence 
level are marked with dots. (e–h) Same as (a–d), but derived from the 
ensemble mean of 40 CGCMs in CMIP6 historical simulations during 
1850–2013. Anomalies where more than 80% (90%) of the models agree on 
the sign of the ensemble mean are shown as gray (white) stippling.
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Data Availability Statement
Data used in this study are available:

1.  CESM-LE: https://www.cesm.ucar.edu/experiments/cesm1.1/LE/.
2.  CMIP6: https://esgf-node.llnl.gov/search/cmip6/. CMIP6 models used can be found in Table S1 of Supporting 

Information S1.
3.  CanESM2: https://crd-data-donnees-rdc.ec.gc.ca/CCCMA/products/CanSISE/output/CCCma/CanESM2/? 

C=M;O=A.
4.  ERA5: https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset&text=ERA5.
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