
P
os
te
d
on

23
N
ov

20
22

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
51
17
74
.1

—
T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Diverse surface signatures of stratospheric polar vortex anomalies

Erik W. Kolstad1, Simon Haydn Lee2, Amy Hawes Butler3, Daniela I.V. Domeisen4, and
Christoph Ole Wilhelm Wulff5

1NORCE Norwegian Research Center
2Columbia University
3NOAA Chemical Sciences Laboratory
4ETH Zurich
5NORCE Norwegian Research Centre AS

November 23, 2022

Abstract

The Arctic stratospheric polar vortex is an important driver of winter weather and climate variability and predictability in

North America and Eurasia, with a downward influence that on average projects onto the North Atlantic Oscillation (NAO).

While tropospheric circulation anomalies accompanying anomalous vortex states display substantial case-by-case variability,

understanding the full diversity of the surface signatures requires larger sample sizes than those available from reanalyses.

Here, we first show that a large ensemble of seasonal hindcasts realistically reproduces the observed average surface signatures

for weak and strong vortex winters and produces sufficient spread for single ensemble members to be considered as alternative

realizations. We then use the ensemble to analyze the diversity of surface signatures during the 25% weakest and strongest vortex

winters. Over Eurasia, only one of three weak vortex clusters yields continent-wide cold conditions, suggesting that the observed

Eurasian cold signature could be artificially strong due to insufficient sampling. For both weak and strong vortex cases, the

canonical temperature pattern in Eurasia only clearly arises when North Atlantic sea surface temperatures exhibit the tripolar

structure in-phase with the NAO. Over North America, while the main driver of interannual winter temperature variability

is the El Nino;Southern Oscillation (ENSO), the stratosphere can modulate ENSO teleconnections, affecting temperature and

circulation anomalies over North America and downstream. These findings confirm that anomalous vortex states are associated

with a broad spectrum of surface climate anomalies on the seasonal scale, which may be obscured by the small observational

sample size.
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Key Points: 10 

• The broad spectrum of surface signatures of stratospheric polar vortex anomalies may be 11 

obscured by the small observational sample size. 12 

• Observed Eurasian cold signature during weak vortex states could be artificially strong 13 

due to insufficient sampling. 14 

• Over North America the main driver of winter temperature variability is ENSO, but the 15 

stratosphere can modulate ENSO teleconnections. 16 
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Abstract 18 

The Arctic stratospheric polar vortex is an important driver of winter weather and climate 19 

variability and predictability in North America and Eurasia, with a downward influence that on 20 

average projects onto the North Atlantic Oscillation (NAO). While tropospheric circulation 21 

anomalies accompanying anomalous vortex states display substantial case-by-case variability, 22 

understanding the full diversity of the surface signatures requires larger sample sizes than those 23 

available from reanalyses. Here, we first show that a large ensemble of seasonal hindcasts 24 

realistically reproduces the observed average surface signatures for weak and strong vortex 25 

winters and produces sufficient spread for single ensemble members to be considered as 26 

alternative realizations. We then use the ensemble to analyze the diversity of surface signatures 27 

during the 25% weakest and strongest vortex winters. Over Eurasia, only one of three weak 28 

vortex clusters yields continent-wide cold conditions, suggesting that the observed Eurasian cold 29 

signature could be artificially strong due to insufficient sampling. For both weak and strong 30 

vortex cases, the canonical temperature pattern in Eurasia only clearly arises when North 31 

Atlantic sea surface temperatures exhibit the tripolar structure in-phase with the NAO. Over 32 

North America, while the main driver of interannual winter temperature variability is the El 33 

Niño–Southern Oscillation (ENSO), the stratosphere can modulate ENSO teleconnections, 34 

affecting temperature and circulation anomalies over North America and downstream. These 35 

findings confirm that anomalous vortex states are associated with a broad spectrum of surface 36 

climate anomalies on the seasonal scale, which may be obscured by the small observational 37 

sample size. 38 

Plain Language Summary 39 

The strength of the winds in the stratosphere over the Arctic provides useful information for 40 

seasonal forecasts of wintertime weather over Europe and North America. When we study these 41 

linkages, it is a challenge that we have few winters – only about 40 – with reliable observations 42 

from the stratosphere. Here we use a seasonal forecast model to generate a large collection of 43 

3000 possible winters, and we use these to examine different patterns of surface temperature and 44 

sea level pressure for winters with the strongest and weakest winds in the polar stratosphere. 45 

Some real-world episodes have attracted wide attention, including recent cold winters linked to 46 

weak stratospheric winds, and there seems to be an anticipation that weak winds in the 47 

stratosphere are synonymous with cold weather in many regions. However, our results indicate 48 

that these expected surface signatures are in fact not particularly common. There are also 49 

scenarios when instead the opposite surface signature emerges. We find that it is not sufficient to 50 

know the state of the stratosphere; regional sea surface temperatures can either support or 51 

counteract the stratospheric influence on winter weather in any given year. 52 

1 Introduction 53 

During winter, when no sunlight reaches the polar regions, the air in the upper 54 

stratosphere is cold and dense. The resulting large-scale cyclonic system over the polar cap is 55 

surrounded by strong westerly winds, forming the stratospheric polar vortex. It is now well-56 

known that the strength of the vortex is related to the atmospheric circulation near the surface 57 

(e.g., Kidston et al., 2015). A little more than every other winter on average, this cyclonic 58 

circulation is significantly disrupted: the westerly winds in the stratosphere rapidly decelerate 59 

and can reverse direction in an event known as a (major) Sudden Stratospheric Warming (SSW) 60 

(Baldwin et al., 2021). In the weeks to months following the onset of an SSW, the North Atlantic 61 
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Oscillation (NAO) – the pattern that explains the most variance in the large-scale circulation in 62 

the North Atlantic region (Ambaum et al., 2001) – is more often than not in a negative state 63 

(Hitchcock & Simpson, 2014; Afargan-Gerstman & Domeisen, 2020). Conversely, when the 64 

vortex is stronger than normal, the NAO is usually positive (Ambaum & Hoskins, 2002). This 65 

effect is also true for the closely related hemispheric-scale Northern Annular Mode (NAM), also 66 

referred to as the Arctic Oscillation (AO) (Baldwin & Dunkerton, 1999; Black & McDaniel, 67 

2004).  68 

Weather types associated with anomalous vortex states, such as blocking (Kautz et al., 69 

2022) and/or negative NAO events (Charlton-Perez et al., 2018), affect renewable energy 70 

demand and production (van der Wiel et al., 2019). Hence, it is not surprising that the state of the 71 

vortex influences futures markets in the energy sector (Beerli et al., 2017). Discussions between 72 

the authors and energy traders have revealed that the expectation of cold weather related to 73 

SSWs can have a large influence on energy prices. In the UK, where the climate is significantly 74 

influenced by the NAO, the SSW on 5 January 2021 (Lee, 2021) was followed by clear spikes in 75 

the electricity auction prices. For example, Elexon UK, a British market regulator, wrote on 11 76 

January 2021: ‘System Prices reached or exceeded £1,000/MWh on seven occasions from 6 to 8 77 

January due to cold weather brought on from the “Beast from the East 2”.’1 The colloquial term 78 

‘Beast from the East’ refers to notably cold easterly winds; whilst it is not a new phrase2, it 79 

gained popularity after an extreme European cold wave during February/March 2018 (Greening 80 

& Hodgson, 2019), following an SSW in mid-February (Lü et al., 2020). 81 

Yet, while the average response is robust, the relationship between vortex strength and 82 

surface circulation is nuanced and case dependent. For example, only around two-thirds of SSWs 83 

are followed by a persistent negative NAO event, and less than a quarter of negative NAO events 84 

are preceded by an SSW (Domeisen, 2019). Departures from the most typical (or ‘canonical’) 85 

tropospheric response have been linked to various differences across SSW events, such as the 86 

evolution of the stratospheric flow and its rate and depth of downward propagation (Maycock & 87 

Hitchcock, 2015; Karpechko et al., 2017) and the state of the troposphere as the SSW unfolds 88 

(Garfinkel et al., 2013; White et al., 2019; Afargan-Gerstman & Domeisen, 2020). Moreover, the 89 

vortex has been shown to influence surface climate in more diverse ways than is revealed by 90 

considering solely the NAO (Beerli & Grams, 2019; Domeisen et al., 2020c), particularly over 91 

North America (Kretschmer et al., 2018; Cohen et al., 2021; Lee et al., 2022). There is also a 92 

complex relationship between the stratospheric vortex and tropical variability, including the 93 

Madden-Julian Oscillation (MJO) and El Niño-Southern Oscillation (ENSO), which can 94 

influence the state of the vortex through tropical-extratropical teleconnections (Barnes et al., 95 

2019; Domeisen et al., 2019; Green & Furtado, 2019) and can also directly modulate the 96 

tropospheric response to the stratosphere (Jiménez-Esteve & Domeisen, 2020; Knight et al., 97 

2021). Furthermore, tropospheric precursors to extreme stratospheric states, such as blocking, 98 

may induce systematic tropospheric temperature anomaly patterns before and during the onset of 99 

anomalous vortex states, independent of the downward propagation of the stratospheric vortex 100 

anomaly (e.g., Kolstad & Charlton-Perez, 2011).  101 

We speculate that expectations of tropospheric responses to anomalous vortex states have 102 

been influenced by recent amplified manifestations of the ‘canonical’ response, such as the cold 103 

winter in Northern Europe in 2010 before, during and after an SSW (Cohen et al., 2010), the 104 

 
1 https://www.elexon.co.uk/article/system-prices-spike-due-to-beast-from-the-east-ii/  
2 https://blog.metoffice.gov.uk/2012/12/07/the-meteorology-behind-the-beast-from-the-east/ 

https://www.elexon.co.uk/article/system-prices-spike-due-to-beast-from-the-east-ii/
https://blog.metoffice.gov.uk/2012/12/07/the-meteorology-behind-the-beast-from-the-east/
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“Beast from the East” episodes in 2018 and 2021 (both occurring after SSWs), and the strong 105 

vortex winter of 2020 (Lawrence et al., 2020; Rupp et al., 2022), which was associated with 106 

record heat over northern Eurasia (Schubert et al., 2022). These events have also coincided with 107 

increased appreciation of the impact of stratospheric variability and our improved ability to 108 

represent it within models over the last decade (Domeisen et al., 2020a). It is therefore important 109 

to better understand and quantify the diversity in the relationship between vortex strength and 110 

surface climate, which is what we address herein. 111 

While case studies and sensitivity experiments are essential for understanding the 112 

complexity of stratosphere–troposphere interactions, a ubiquitous challenge in climate prediction 113 

is that there are a limited number of years and events to study. For instance, after more frequent 114 

observations started in 1958 there have only been roughly six SSWs per decade (Butler et al., 115 

2017). To deal with the limited sample size, Oehrlein et al. (2021) used a bootstrapping 116 

technique to explore the distribution of surface impacts of SSWs. A different approach is to 117 

leverage climate or forecast model ensemble simulations to obtain a larger sample size for 118 

climate variability studies (van den Brink et al., 2004, 2005; Breivik et al., 2013; Weaver et al., 119 

2014; Chen & Kumar, 2017; Kent et al., 2017; Thompson et al., 2017; Kelder et al., 2020; 120 

Brunner & Slater, 2022). Closer to the issue at hand here, Wang et al. (2020) used seasonal 121 

forecast model data to estimate the chances of an SSW in the Southern Hemisphere, and Spaeth 122 

and Birner (2021) and Monnin et al. (2022) used sub-seasonal and seasonal forecast model data, 123 

respectively, to study SSWs.  124 

Here we harness hindcasts and forecasts from the European Centre for Medium-range 125 

Weather Forecasts (ECMWF) seasonal prediction system SEAS5 (Johnson et al., 2019) to obtain 126 

3000 ‘potential’ winter seasons between 1981 and 2020, 75 times more than the 40 observed 127 

winters in the same period. We focus on the period from December to March (DJFM), as this 128 

period has the highest frequency of SSWs (Butler et al., 2017) and the largest vortex variability 129 

(Baldwin et al., 2003), and we study seasonal means to filter out the impacts of intraseasonal 130 

variations. First, we validate the model’s representation of stratospheric vortex variability and its 131 

linkages between anomalous vortex states and surface variables by comparing with reanalysis. 132 

Then, we investigate the most common surface signatures of anomalous vortex states by means 133 

of a clustering algorithm based on temperature anomalies over land, studying Eurasia and North 134 

America separately. Our results highlight the wide diversity of surface signatures related to both 135 

strong and weak vortex states across the two continents on the seasonal scale. We conclude by 136 

discussing the results and their relevance for forecast interpretation.  137 

2 Data and Methods 138 

We use data from two sources, the ERA5 reanalysis (Hersbach et al., 2020), and 139 

hindcasts and forecasts from SEAS5. The variables we study are the zonal wind at 10 hPa 60°N, 140 

2-meter temperature (T2), sea level pressure (SLP), and sea surface temperature (SST), all 141 

averaged over the extended winter season from December to March (DJFM). 142 

The SEAS5 hindcasts and forecasts go back to 1981 and are initialized at the beginning 143 

of every month throughout the year. Each model run extends seven months into the future from 144 

initialization. As we study DJFM, we are able to use model runs that are initialized in early 145 

September (lead time 4–7 months), October (lead time 3–6 months), and November (lead time 146 

2–5 months). We do not use December initializations, as the spread among the ensemble 147 

members for the DJFM period is quite narrow (especially for SST, given its slower evolution 148 
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than SLP and T2). For each of the hindcast dates between 1981 to 2016, there are 25 ensemble 149 

members. From 2017 to 2020, each of the forecasts have 51 ensemble members, but we only use 150 

the first 25 of these to have the same number of members per year for the entire 1981 to 2020 151 

period. For each year we therefore have 75 ensemble members (25 members each for September, 152 

October, and November initializations), yielding a total of 3000 DJFM potential winters over the 153 

40-year record (where we adopt the term ‘potential’ used by Spaeth and Birner (2021) to denote 154 

‘potential SSWs’). All initializations are treated equally in this analysis, without distinguishing 155 

with respect to lead time. 156 

As a metric for vortex strength, we calculate the DJFM seasonal mean of zonally 157 

averaged zonal wind at 60°N and 10 hPa. We also compute seasonal means of the other 158 

variables, on a grid point basis. For most of the analysis, we use standardized values, where the 159 

standardization is based on seasonal climatological means and standard deviations. The unit is 160 

standard deviations (SD). The standardized version of the stratospheric winds is referred to as 161 

U10. 162 

As the T2 and SST fields have substantial trends, we linearly detrend these data 163 

separately for each grid point. We do not detrend the other variables, as their trends have 164 

negligible impacts on the results. 165 

We calculate an NAO index as the standardized principal component corresponding to 166 

the first Empirical Orthogonal Function (EOF) of SLP anomalies in the domain 20°N to 80°N 167 

and 90°W to 40°E. The EOFs are calculated separately for each data set using the eofs Python 168 

software package (Dawson, 2016), and the first EOF explains 54 and 44 percent of the DJFM 169 

SLP variance for ERA5 and SEAS5 data, respectively. The correlation between the NAO index 170 

and SLP and T2 is shown in Fig. A1. 171 

Our Nino 3.4 index is calculated as the standardized area-weighted average of detrended 172 

SST anomalies between 5°S and 5°N and 170°E and 110°W. Another index is computed for each 173 

data set. We are interested in the pattern correlation between SST anomalies for a given sample 174 

and the typical SST anomalies associated with the NAO index in the North Atlantic. First, we 175 

compute the correlation between the NAO index and SST anomalies for each winter. This yields 176 

the maps shown in Fig. A2. Second, we multiply the SST anomalies in each grid point between 177 

10°N and 65°N and between 80°W to 25°E by the correlations in Fig. A2, and then we compute 178 

the area-weighted mean for each winter. This yields an index of length 40 for ERA5 and an 179 

index of length 3000 for SEAS5. We define the standardized version of these as an 'NAO 180 

similarity’ index. Positive values indicate that the SST anomaly pattern is consistent with a 181 

positive NAO index. 182 

For the clustering analysis, we use the k-means (MacQueen, 1967) implementation in the 183 

Scikit-learn Python library (Pedregosa et al., 2011). The clustering was performed on detrended 184 

T2 anomalies over land for two regions: Eurasia (37°N to 75°N, 13°W to 175°E), and North 185 

America (30°N to 75°N, 165°W to 60°W). We also compute area-weighted detrended T2 186 

anomalies for the same regions, using land points only. 187 

3 Evaluating the model representation of the vortex and its surface signatures 188 

First, we assess how the vortex strength in SEAS5 compares to that of ERA5. In Fig. 1, 189 

empirical cumulative distributions of the DJFM zonal-mean zonal wind component at 10 hPa, 190 

60°N are shown for the two data sets. To check whether the differences can be explained by the 191 
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low number of samples in ERA5 (40), we generated 10,000 synthetic SEAS5 40-year time series 192 

by selecting a random ensemble member for each year of each time series. The shading spans the 193 

interval between the 2.5th and 97.5th percentile of the distributions of the synthetic SEAS5 time 194 

series. Focusing on DJFM, the zonal winds are generally stronger in ERA5 than in SEAS5, 195 

confirming earlier results from Portal et al. (2022). In the two middle quarters the differences are 196 

especially large, and the graphs for the individual winter months indicate that the largest 197 

differences occur in early winter (December and January), while the distributions in February 198 

and March are more similar in the two data sets. The weak vortex bias in SEAS5 is consistent 199 

with Monnin et al. (2022), who found that SEAS5 produced an average of 0.88 SSWs per winter 200 

between 1981 and 2019, compared with 0.71 SSWs per winter in ERA5. 201 

 202 

 203 

Figure 1. Empirical cumulative distribution functions (CDFs) of zonal means of 10-hPa zonal 204 

winds at 60°N for the winter mean (December–March; DJFM) and the individual winter months 205 

in ERA5 (blue) and SEAS5 (black). The shading shows the bootstrapped 95% confidence 206 

interval for SEAS5 (see text for details), and the dashed lines show the three quartiles which 207 

divide the data into four quarters. 208 

 209 

In all the individual months and for the DJFM average, the sign of the skewness 210 

parameter of the two data sets is the same. The skewness in December is strongly and 211 

significantly negative (–0.56 in SEAS5 and –0.72 in ERA5). It is encouraging that the 212 

distributions match well in the lower and upper quarters (which are the focus of our study) 213 

despite the weaker zonal wind in SEAS5.  214 

More important for the purposes of this study is that the near-surface temperature 215 

responses to anomalous vortex states in SEAS5 and ERA5 are comparable. To check that, we 216 

divide the data into four equal parts (quarters) based on U10. The quartiles – the boundaries 217 

between the quarters – are marked in Fig. 1, and the lower quartiles are 19 ms-1 (ERA5) and 17 218 

ms-1 (SEAS5), while the upper quartiles are 31 ms-1 (ERA5) and 25 ms-1 (SEAS5).   219 

The mean DJFM standardized 2-metre temperature (T2; detrended) and SLP anomalies 220 

corresponding to DJFM U10 values in the lower and upper quarters are shown for ERA5 in the 221 
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left column of Fig. 2. Note that these averages are based on only 10 winters in each quarter. In 222 

SEAS5, each quarter has 750 potential winters, and the averages in the lower and upper quarters 223 

are shown in the right column of Fig. 2.  224 

 225 

 226 

Figure 2. Mean DJFM T2 and SLP anomalies for the lower and upper U10 quarters in ERA5 227 

(left column) and SEAS5 (right column), shown with colors and contours (every 0.25 SD), 228 

respectively. The black rectangles show the Eurasian and North American regions. 229 

 230 

In the lower U10 quarter (the weak vortex cases), the T2 and SLP patterns in ERA5 are 231 

consistent with a negative NAO signature, both in terms of the classic SLP dipole over the North 232 

Atlantic and the corresponding T2 quadrupole (Hurrell, 1996; Stephenson & Pavan, 2003). 233 

Roughly opposite patterns are found in the upper quarter (the strong vortex cases). 234 

Noting that the maximum magnitude of the mean surface anomalies in the lower quarter 235 

is considerably larger in ERA5 than in SEAS5, we check if this can be ascribed to sampling 236 

(since there are only 10 ERA5 samples in each quarter) by comparing area-weighted mean T2 in 237 

both data sets, for Eurasia and North America separately (using the regions outlined in the maps 238 

in Fig. 2). In Fig. 3, the orange histogram in each panel shows the full distribution of the 750 239 

ensemble members in the lower and upper U10 quarters. These are not directly comparable to the 240 

mean ERA5 data, which only contains 40 data points (one for each year). To obtain a metric 241 

which is comparable, we create 10,000 synthetic 40-year time series based on SEAS5 data, 242 

where for each year we pull DJFM-mean U10, area-weighted T2 means, and the NAO index 243 

from a random ensemble member out of the 75 members available. Each member of the resulting 244 

10,000 time series is then allocated to a U10 quarter, and for each subset (each consisting of 10 245 

values), we compute the mean value of T2 and the NAO index. The interval between the 2.5th 246 

and 97.5th percentiles of these 10,000 values are shown with grey shading for each U10 quarter 247 

in Fig. 3. Because these intervals are based on averages of 10 values, the shaded intervals are 248 

considerably narrower than the full distribution of all the 750 values in each quarter (the orange 249 

bars). 250 

 251 
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 252 

Figure 3. For area-weighted mean T2 in Eurasia (leftmost column) and North America (middle 253 

column), and for the NAO index (rightmost row), the orange bars show histograms (using 20 254 

bins) of the 750 SEAS5 ensemble members in each quarter, the dashed blue line shows the 255 

quarter mean ERA5 value, the black dashed line shows the quarter mean for the 10,000 synthetic 256 

40-year SEAS time series, and the shading shows the 95% confidence interval for SEAS5 (see 257 

text for details). 258 

 259 

The top row of Fig. 3 shows that the mean Eurasian T2 anomaly in ERA5 is strongly 260 

negative (–0.6) for the lower U10 quarter, as reflected by the dominance of blue colors in the 261 

first panel of Fig. 2. The SEAS5 distribution has a mean value of –0.2 and a negative Eurasian 262 

T2 anomaly in 59% of the ensemble members. The ERA5 value is well inside the 95% SEAS5 263 

interval (it corresponds to the 11th percentile of the SEAS5 values), so it cannot be ruled out that 264 

the ERA5 T2 anomaly is strongly negative due to small sampling. Another interpretation is that 265 

SEAS5 has a positive T2 bias in the lower U10 quarter because the model does not produce 266 

sufficiently cold conditions during weak vortex winters. Both interpretations may be true. In the 267 

upper U10 quarter, the mean Eurasian T2 anomaly in ERA5 (0.5) is practically identical to the 268 

mean SEAS5 value (0.4). In SEAS5, 70% of the ensemble members have a positive Eurasian T2 269 

anomaly. 270 

For the North American region (middle column of Fig. 3), the SEAS5 T2 distributions 271 

are shifted towards slightly warmer temperatures in the lower quarter (where 57% of the 272 

ensemble members are warm) and to colder temperatures in the upper quarter (where 59% of the 273 

members are cold), with mean values of 0.2 and –0.3 SD, respectively. These are opposite 274 

anomalies to those found for Eurasia, but similar in magnitude. The corresponding ERA5 mean 275 

values are twice as large (0.4 and –0.6, respectively), but these values are well inside the 95% 276 

interval of SEAS5. 277 

In response to stratospheric vortex variability, the NAO index often shows a clearer 278 

signal than surface temperatures (Domeisen et al., 2020b). Hence, we now investigate the 279 

distribution of the NAO index in the lower and upper U10 quarters (rightmost column of Fig. 3). 280 

As mentioned previously, in reanalysis about two-thirds of SSWs are followed by dominantly 281 
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negative NAO conditions. In SEAS5, 69% of the ensemble members in the lower U10 quarter 282 

are NAO-negative, which corresponds well with the expected two-thirds frequency, suggesting 283 

this relationship holds on the seasonal-scale and even though the lower U10 quarter includes less 284 

extreme U10 values, not just SSWs. In the upper U10 quarter, 76% of the SEAS5 members are 285 

NAO-positive, and the ERA5 and SEAS5 mean values agree well. We note that the mean ERA5 286 

NAO values in both U10 quarters are inside the 95% intervals for SEAS5 by solid margins.  287 

On the continental scale for T2 and the NAO index, Fig. 3 shows that the ERA5 288 

signatures are inside the range of natural variability in SEAS5. We interpret this as an indication 289 

that despite the stratospheric zonal wind biases that are evident in Fig. 1, the SEAS5 model 290 

produces realistic linkages between anomalous vortex states and surface weather patterns during 291 

DJFM.  292 

Arguably the most interesting feature in Fig. 3 is the broad spectrum of each quarter of 293 

the SEAS5 data (orange histograms), which shows that the surface signatures have substantial 294 

seasonal-scale diversity. In the next section we investigate the diversity of the surface signatures 295 

in detail. 296 

4 Diversity of the surface temperature response 297 

The composite SEAS5 averages in Fig. 2 are based on a large number of ensemble 298 

members and therefore obscure the substantial variability evident in Fig. 3. To untangle this 299 

variance, we now look for clusters within the large number of ensemble members in the lower 300 

and upper quarters separately. As the middle quarters represent less extreme states and are 301 

overall closer to the climatological average, we do not consider them any further. The k-means 302 

cluster analysis (see Methods) is based on area-weighted T2 anomalies for land points only, and 303 

we study Eurasian and North American T2 responses separately. For practical purposes, we 304 

create three clusters for each combination of quarter and continent. Given that there is no 305 

objective choice of k in this case, we tested various options from two to six and concluded that 306 

three clusters give a representative picture of the diversity of surface signatures. Although 307 

differences in the population of each cluster could be taken as a measure of their relative 308 

likelihood (such as is the case with cluster-based weather regimes), we caution that there is 309 

insufficient evidence to support translating these statistics to real-world variability. 310 

4.1 Eurasia 311 

The top row of Fig. 4 shows the mean DJFM T2, SLP and SST anomalies in the three 312 

clusters based on the 750 cases in the lower U10 quarter. The clusters are named E-L1 to E-L3 313 

(the letters ‘E’ and ‘L’ refer to ‘Eurasia’ and ‘Lower quarter’, respectively). Before we describe 314 

each cluster in detail, we summarize some key results upfront. The strongest surface anomalies 315 

in Eurasia occur when the state of the vortex and the SST anomaly pattern in the North Atlantic 316 

both influence the large-scale atmospheric flow in the same direction. A case in point is the E-L1 317 

cluster, which has both a weak vortex and an SST pattern favorable for a negative NAO. We do 318 

not know if the SST pattern emerges as a response to the atmospheric flow or if it was pre-319 

existing, but the pattern shown in Fig. 4 is in any case consistent with a feedback mechanism 320 

between the ocean and the atmosphere. The E-U3 cluster (where ‘U’ refers to ‘Upper quarter’) 321 

has a strong vortex in combination with an SST pattern that is highly favorable for a positive 322 

NAO. The result is a strong NAO signature and a clear corresponding quadrupole T2 signature. 323 

E-U1 also has a strong vortex, but the SST pattern is only weakly correlated with the typical 324 
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pattern associated with a positive NAO. Consequently, the resulting NAO index is weaker than 325 

the one in E-U3. 326 

 327 

 328 

Figure 4. (a), Mean T2 anomalies (filled contours) and SLP anomalies (black contours every 329 

0.25 SD, negative dashed, positive solid) for the Eurasian T2 clusters in the lower and upper 330 

quarters of U10. The black rectangle shows the boundaries of the Eurasian region, and the 331 

numbers in parentheses denote the number of members in each cluster, the mean U10 anomaly, 332 

the mean Eurasian T2 anomaly, and the NAO index in each cluster. (b), Mean SST anomalies for 333 

each cluster, with the mean Nino 3.4 and NAO similarity index values in parentheses (the black 334 

rectangles show the regions used to compute these indices). In all the panels, anomalies of 335 

magnitude greater than 0.1 SD (on average) are significant at the 5% level.  336 

 337 

Recall that the average SEAS5 Eurasian T2 anomaly in the lower U10 quarter is –0.2 338 

(Fig. 3). Yet, Fig. 4a shows that E-L1 is the only cluster in the lower U10 quarter that is clearly 339 

cold for most of the continent. All 214 members of E-L1 have a negative Eurasian T2 anomaly, 340 

indicating that the cluster captures continental-scale cold anomalies. SLP is anomalously positive 341 

over the high latitudes and negative over the midlatitudes. In other words, E-L1 conforms with 342 

the expected surface signature of a weak vortex winter. The mean SST anomaly in the E-L1 343 

cluster in the North Atlantic (Fig. 4b) describes a tripole pattern typical of a negative NAO (see 344 

Fig. A2), and the NAO similarity index is –0.5. 345 

The remaining two Eurasian clusters in the lower U10 quarter both have more members 346 

than E-L1, and their surface signatures are distinctly different. Although the mean NAO index in 347 
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E-L2 is negative, the Eurasian T2 anomaly is positive. A large majority (86%) of the cluster 348 

members are anomalously warm in Eurasia. The E-L3 cluster is composed of an east-west T2 349 

dipole, with warm average conditions in the western part of the continent and cold conditions in 350 

the east. The NAO index is negative, but the spatial distribution of the SLP anomalies is quite 351 

different to those in E-L1.  In contrast to E-L1, the SST signatures of E-L2 and E-L3 in the North 352 

Atlantic (Fig. 4b) bear little or no similarity to the typical NAO-negative pattern (Fig. A2), with 353 

near-zero mean NAO similarity index values. The lack of a favorable SST pattern in these 354 

clusters could be due to a lack of atmospheric forcing (because the NAO is insufficiently 355 

negative), but it is also possible that the NAO in E-L2 and E-L3 does not develop strongly 356 

negative conditions because the SST forcing is unfavorable. Possibly, both explanations are true. 357 

The fact remains that in E-L1, two factors which are known to influence the NAO index in a 358 

negative direction – a weak vortex and a favorable SST pattern in the North Atlantic – are 359 

present. In E-L2 and E-L3, only one of these factors is in place: a weak vortex. 360 

The surface signatures associated with the strong vortex winters in the upper U10 quarter, 361 

shown in the bottom row of Fig. 4a, exhibit some symmetry with the signatures during the weak 362 

vortex winters. E-U1, the largest cluster, is essentially a mirror image of E-L1, with a strongly 363 

positive NAO index and a clearly positive average Eurasian T2 anomaly. All the ensemble 364 

members are anomalously warm in Eurasia. However, the NAO index is even more strongly 365 

positive in E-U3, but in that cluster the positive T2 anomaly is strongest in Northern Europe. E-366 

U3 displays the classic quadrupole T2 pattern in the North Atlantic region. Its SST pattern (Fig. 367 

4b) strongly resembles the pattern associated with a positive NAO (Fig. A2), with a mean NAO 368 

similarity index of 0.9. In contrast, the mean NAO similarity index of E-U1 is only 0.3. Of the 369 

six Eurasian clusters, E-U3 has the strongest link to ENSO, with a mean Nino 3.4 index of –0.3, 370 

suggesting that the cluster may be associated with the canonical stratospheric pathway of La 371 

Niña to the North Atlantic via a strengthening of the polar vortex (Iza et al., 2016). Interestingly, 372 

a mirror counterpart (with El Niño-like SSTs) is not apparent for the lower quarter U10 clusters 373 

(all three of which feature neutral ENSO conditions). E-U1 and E-U3 can be thought of as two 374 

different manifestations of a strong polar vortex/positive NAO, in which the strength of the 375 

positive temperature anomalies over Eurasia are related to where the high-latitude SLP 376 

anomalies are most negative. This effect is likely related to differences in the sign and amplitude 377 

of the pattern commonly described as Scandinavian blocking/anti-blocking (Ferranti et al., 2018; 378 

Kautz et al., 2022).  379 

In E-U2, the T2 and SST patterns are the opposite of those for E-L2, and the NAO index 380 

is neutral. We note that the mean U10 (1.2) in E-U2 is 15–20 percent weaker than in E-U1 (1.4) 381 

and E-U3 (1.5), which may contribute to its damped NAO anomaly. As for the lower quarter, the 382 

expected surface signature associated with a strong vortex (positive NAO and warm conditions 383 

in Eurasia) is only in place when the SST pattern is favorable. These conditions occur in both E-384 

U1 and E-U3. 385 

4.2 North America 386 

North America has not traditionally been seen as a region where surface impacts can be 387 

clearly linked to vortex anomalies (perhaps largely due to its position upstream of NAO 388 

variability). However, some recent extreme events and research have pointed to interesting 389 

linkages between the stratosphere and the troposphere over North America. We now investigate 390 

the clusters based on North American T2 anomalies, which are shown in Fig. 5. The weak vortex 391 
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clusters are named NA-L1 to NA-L3 (following the naming convention introduced for the 392 

Eurasian clusters), and the strong vortex clusters are named NA-U1 to NA-U3.  393 

As might be expected given closer proximity and the known role of ENSO variability on 394 

the Pacific-North American region, in general the North American clusters have a stronger 395 

relationship with ENSO than the Eurasian clusters, with 4 of the 6 NA clusters associated with a 396 

substantial shift of the Nino 3.4 index. NA-L1 and NA-U3 are both associated with El Nino 397 

states in the tropical Pacific SSTs. NA-L3 and NA-U2 are both associated with La Nina states. 398 

However, our results highlight the modulating influence of the stratospheric vortex state on the 399 

teleconnection of ENSO to the North Atlantic-Eurasia region and the potential upstream 400 

influence on North America (Butler et al., 2014; Domeisen et al., 2019).  401 

ENSO has a stratospheric pathway, which on seasonal timescales typically drives a 402 

weaker than normal vortex during El Nino, and vice versa during La Nina (Domeisen et al. 403 

2019). This stratospheric pathway and its downward influence of the vortex then can either 404 

reinforce or dampen the NAO response to the ENSO tropospheric teleconnection (Polvani et al., 405 

2017; Jiménez-Esteve & Domeisen, 2020). For example, NA-L1 shows a canonical Pacific-406 

North American teleconnection during El Nino, with an anomalous Aleutian low, a trough over 407 

the southeastern US, and a ridge over Canada, while NA-U2 shows almost a mirror image 408 

associated with the canonical La Nina teleconnection (Butler et al., 2014; Domeisen et al., 2019). 409 

In both these clusters, the weaker (stronger) vortex reinforces the sign of the tropospheric 410 

teleconnection of ENSO to the negative (positive) NAO, respectively, leading to associated 411 

impacts over Europe. The SST pattern in NA-L1 overall corresponds to the pattern found in Dai 412 

and Hitchcock (2021) as a response to stratospheric forcing that tends to be associated with a 413 

weaker downstream response in the North Atlantic, as confirmed in Fig. 5a. On the other hand, 414 

NA-L3 and NA-U3 also have SST patterns indicative of significant ENSO forcing, but these 415 

clusters instead fall in vortex quarters which oppose the ENSO tropospheric teleconnection 416 

influence on the NAO. For example, NA-L3 occurs during a strong La Nina state but with a 417 

weak stratospheric vortex, so the influence of La Nina and the vortex essentially cancel out over 418 

the North Atlantic. Interestingly, the anomalies over northern North America are also much 419 

weaker, compared to NA-U2, where La Nina and the strong vortex act in concert, suggesting 420 

there is also an influence of the vortex on the upstream flow.  421 

These results thus indicate the role of the vortex in modulating the expected ENSO 422 

teleconnection to the North Atlantic region, including its impacts on both downstream and 423 

upstream climate and associated seasonal-scale predictability. 424 

 425 
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 426 

Figure 5. As Fig. 4, but for North America. 427 

 428 

The two remaining North American clusters, NA-L2 and NA-U1, are nearly ENSO-429 

neutral and thus represent the influence of the vortex on North American surface temperatures 430 

that occurs largely independently of ENSO. Although these patterns are based on opposing 431 

quarters of the polar vortex, both patterns are associated with cold over the North American 432 

region, though the regional spatial patterns are different. The weak vortex cluster NA-L2 shows 433 

an anomalous ridge stretching southward into the continent, a feature which is known to yield 434 

cold surges east of the Rockies (Colle & Mass, 1995). As a result, NA-L2 is 0.8 SD colder than 435 

NA-L1, with the main cold anomalies in the Contiguous US (CONUS), where 95% of the 436 

ensemble members have a negative area-weighted mean T2 anomaly. The strong vortex cluster 437 

NA-U1 is notably the coldest NA cluster, with strong advection of Arctic air associated with an 438 

extratropical SST pattern in the north-east Pacific resembling the so-called Pacific ‘blob’ and the 439 

SST anomalies during winter 2013/14, which drove a similar SLP and T2 anomaly pattern across 440 

North America (Hartmann, 2015; Liang et al., 2017). The anomalous high extending from 441 

Alaska along the west coast of North America, and the downstream cold anomalies, further 442 

resemble a pattern associated with downward wave reflection by the stratosphere (Messori et al., 443 

2022; Millin et al., 2022), consistent with the strong U10 and the positive NAO downstream 444 

(Shaw & Perlwitz, 2013). 445 
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5 Summary and Discussion 446 

Anomalous stratospheric polar vortex states are linked to weather events at the surface. 447 

However, the rarity of such events hampers our understanding of the full range of stratosphere–448 

troposphere linkages. By using a large ensemble of model simulations, and by focusing on 449 

seasonal winter means, we filter out the impact of individual vortex events and elucidate the 450 

spectrum of possible persistent surface signatures. We are also able to link vortex and surface 451 

states to the oceanic background conditions, tying together two leading drivers and predictors of 452 

Northern Hemisphere seasonal climate. We do this separately for Eurasia and North America, 453 

which are influenced by stratospheric and oceanic variability in different ways.  454 

By comparing the performance of the SEAS5 model to the ERA5 reanalysis, we show 455 

that the forecast model realistically reproduces vortex characteristics, as well as linkages 456 

between the vortex and surface weather. Although the average NAO index and Eurasian T2 457 

anomaly associated with a weak vortex are more negative in ERA5 than in SEAS5, we show that 458 

both metrics in ERA5 are well within natural variability from the much larger sample size in 459 

SEAS5. This suggests that the strengths of the negative NAO and Eurasian T2 anomalies related 460 

to weak vortex events in the observed climate after 1980 could be higher than what is generally 461 

expected, perhaps simply because of the limited sample size in reanalysis with only 40 winters to 462 

study. Conversely, our results show that the NAO index and Eurasian T2 anomaly associated 463 

with strong vortex events are more positive in SEAS5 than in ERA5, suggesting that even more 464 

positive NAO and Eurasian T2 anomalies than those observed after 1980 are realistic. A cluster 465 

analysis performed on the SEAS5 ensemble members with the 25% weakest and strongest vortex 466 

winters yielded several notable results. Only one of the three weak vortex Eurasian clusters is 467 

clearly cold for most of the continent and has a strongly negative NAO index. This is 468 

qualitatively consistent with our finding that the mean Eurasian T2 anomaly during weak vortex 469 

winters is more negative in ERA5 than in SEAS5. We find that the Eurasian surface signatures 470 

are associated with North Atlantic SSTs as well as the state of the vortex. Though our approach 471 

makes it difficult to determine with certainty whether the SSTs are forcing or responding to the 472 

atmospheric anomalies, our results suggest that the atmosphere-ocean feedback is important for 473 

maintaining the persistence of the NAO signature. For example, in the coldest of the three 474 

Eurasian weak vortex clusters, the North Atlantic SST pattern is favorable for a negative NAO, 475 

while the SST pattern is neutral with respect to the NAO in the remaining two clusters. This 476 

shows that cold Eurasian conditions preferentially occur when there is a synergy between the 477 

oceanic conditions and the weak vortex state, extending results from Dai and Hitchcock (2021) 478 

for the North Pacific. Similarly, the North Atlantic SST patterns in the two strong vortex clusters 479 

with a clearly positive NAO are favorable for a positive NAO. In the strong vortex cluster with 480 

the most strongly positive NAO, the average Nino 3.4 index is negative, suggesting a role for a 481 

La Niña teleconnection consistent with previous studies (Iza et al., 2016; Polvani et al., 2017). 482 

The linkage between tropical SSTs (e.g., ENSO) and the surface signature is more 483 

dominant in North America than in Eurasia. For both weak and strong vortex terciles, the 484 

clusters exhibit either an El Nino, ENSO-neutral, or La Nina state. For those clusters with active 485 

ENSO forcing, the ENSO tropospheric teleconnection is then either amplified or dampened by 486 

the downward influence of the vortex on the NAO. La Niña winters exhibit the expected T2 487 

dipole over North America, with cold conditions in the northwest and warm conditions in the 488 

southeast US, but the T2 anomalies are substantially stronger when La Niña conditions coincide 489 

with a strong vortex and a positive NAO index than when the vortex is weak and the NAO is 490 
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negative. Similarly, El Niño winters are warm in the northwest US and cold in the southeast US, 491 

but the T2 anomalies are stronger when the vortex is weak and the NAO is negative than when 492 

the vortex is strong and the NAO is positive. The two remaining clusters with near-neutral ENSO 493 

demonstrate the influence of the vortex on North America independently of ENSO. Interestingly, 494 

for both the weak and strong vortex ENSO-neutral clusters the response is anomalously negative 495 

for T2 over the entire North America region, though the patterns differ spatially. The regional 496 

differences are dependent on exactly where the anomalous ridge sets up. Notably, the strong 497 

vortex cluster is linked to strong ridging over the western US, which has previously been linked 498 

on the sub-seasonal scale to wave reflection and associated cold air outbreaks over North 499 

America (Messori et al., 2022; Millin et al., 2022).  500 

Our key takeaway is that while weak vortex cases are often associated with cold 501 

temperatures over Eurasia and North America, and vice versa for strong vortex cases, there are 502 

also scenarios when instead the opposite is true. In fact, a relatively low proportion of the surface 503 

impacts of weak vortex winters conform to the classic NAO-negative regime. Thus, the average 504 

or ‘canonical’ surface signature related to seasonal-scale polar vortex variability – while robust – 505 

disguises substantial variability which we cannot fully appreciate from the relatively small 506 

observational sample size. Our results highlight the need for probabilistic predictions and a 507 

nuanced analysis of confounding factors when using forecasts of the stratosphere for predicting 508 

surface winter weather. Hence, decisions based on stratosphere–troposphere coupling, for 509 

instance in the energy markets, can be improved by a greater understanding of this variability 510 

and its relationship to concurrent SST patterns, with benefits to wider society (e.g., more reliable 511 

consumer energy prices).  512 

Appendix 513 

As the NAO is a key component of the surface signatures, we show the correlation 514 

between the NAO index and SLP and T2 in ERA5 and SEAS5 in Fig. A1. The correlation maps 515 

are overall very similar, indicating that SEAS5 represents NAO variability well. However, we 516 

note that there are some small differences. For SLP, the correlation pattern in the Atlantic is 517 

slightly more zonally oriented in ERA5 than in SEAS5. One effect of this is that the positive 518 

correlation for T2 in ERA5 is confined to the Eurasian continent, while in SEAS5 positive 519 

correlations are also found in the Nordic Seas. The T2 correlation is also higher in Eurasia in 520 

ERA5 – which means that NAO anomalies have a stronger effect on Eurasian T2 – than in 521 

SEAS5. 522 

 523 
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 524 

Figure A1. Correlation between the NAO index and, respectively, SLP (left) and T2 (right), 525 

based on all the 40 DJFM seasons in ERA5 (top row) and all the 3000 DJFM ensemble members 526 

in SEAS5 (bottom row). 527 

 528 

We compare the relationship between the NAO index and SST in ERA5 and SEAS5 in 529 

Fig. A2. The correlation patterns for the two data sets are similar. In particular, the pattern in the 530 

North Atlantic is defined as a tripole which is known from many previous studies to describe the 531 

relationship between the NAO and SSTs (e.g., Rodwell et al., 1999; Czaja & Frankignoul, 2002; 532 

Cassou et al., 2007). There is also strong positive correlation in the North, Norwegian and Baltic 533 

Seas and somewhat weaker but significant positive correlation in the Northwest Pacific. 534 

 535 

 536 

Figure A2. Correlation between the NAO index and (detrended) SSTs, based on all the 40 537 

DJFM seasons in ERA5 (left) and all the 3000 DJFM ensemble members in SEAS5. Correlations 538 

of magnitude greater than 0.4 are significant at the 5% level for ERA5 (0.1 for SEAS5) data. 539 

 540 
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