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Abstract

Sudden stratospheric warmings (SSWs) are important processes that exert impacts on tropospheric weather and climate. This

study used the duration to describe the variations in the displacement SSWs and defined Pacific–North American (PNA)

and Western Pacific (WP) combined indices (PWC Index) to describe the combinations of PNA and WP. We found that the

duration of the displacement SSWs (SSW1) first increased and then decreased around 2000. The decadal variation in SSW1 can

be explained by PWC Index, since the teleconnection combinations with the same signs (+PNA+WP/-PNA-WP) can affect

upward planetary wave 1 and SSW1 more efficiently than +PNA-WP/-PNA+WP. The second mode of tropical Pacific sea

surface temperature plays a more important role in modulating the decadal variations in PWC Index and displacement SSWs

than the first mode.
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Abstract 33 

Sudden stratospheric warmings (SSWs) are important processes that exert impacts 34 

on tropospheric weather and climate. This study used the duration to describe the 35 

variations in the displacement SSWs and defined Pacific–North American (PNA) and 36 

Western Pacific (WP) combined indices (PWC Index) to describe the combinations of 37 

PNA and WP. We found that the duration of the displacement SSWs (SSW1) first 38 

increased and then decreased around 2000. The decadal variation in SSW1 can be 39 

explained by PWC Index, since the teleconnection combinations with the same signs 40 

(+PNA+WP/−PNA−WP) can affect upward planetary wave 1 and SSW1 more 41 

efficiently than +PNA−WP/−PNA+WP. The second mode of tropical Pacific sea 42 

surface temperature plays a more important role in modulating the decadal variations 43 

in PWC Index and displacement SSWs than the first mode.  44 

  45 
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Plain Language Summary 46 

The low-frequency variation in SSWs can effectively modulate the tropospheric 47 

climate change, which highlights the importance of studying the decadal variation in 48 

SSWs. However, it is unclear if the low-frequency variations in SSWs occur by 49 

chance or due to external factors. Both individual Pacific-North America (PNA) and 50 

Western Pacific (WP) teleconnection can affect SSWs, but there is no index to 51 

describe the combined impact of PNA and WP on SSWs. This study used the 52 

coordinate rotation method to define PNA and WP combined indices (PWC Index). 53 

We found that the decadal variation in the duration of displacement SSWs is 54 

consistent with that in the combinations of PNA and WP. The second principal 55 

component of the Pacific sea surface temperature also plays essential roles in 56 

modulating the decadal variations in the teleconnections and SSWs. The potential 57 

application of PWC Index may be extended to on other tropospheric climate change. 58 

 59 

 60 

 61 

Keywords: teleconnection; sudden stratospheric warmings; decadal variation 62 
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Introduction 64 

Sudden stratospheric warmings (SSWs) are rapid temperature-rising processes 65 

that occur in the polar stratosphere in winter. During SSW, the mid-to-upper 66 

stratosphere in the polar region rises by more than 40 K in a few days (Butler et al., 67 

2015). Weak polar vortex events or SSWs are related to the negative North Atlantic 68 

Oscillation or Arctic Oscillation anomalies and southward shift of storm tracks in 69 

Europe (Baldwin and Dunkerton, 2001; Baldwin et al., 2021; Polvani et al., 2017). 70 

Just as many strong warmings had an important effect on the troposphere, some minor 71 

warmings (Domeisen and Butler, 2020; Hendon et al., 2019; Lim et al., 2019; Rao et 72 

al., 2020; Wang and Chen, 2010) were related to the tropospheric weather anomalies. 73 

SSWs in this study include both major and minor SSWs. SSWs can be classified into 74 

two types: vortex-displacement and vortex-splitting (Charlton and Polvani, 2007). 75 

These types of SSWs have different impacts on the troposphere (White et al., 2021). 76 

The vortex-displacement SSWs are mostly preceded by planetary wave 1 (PW1) 77 

anomalies, while vortex-splitting SSWs are preceded by either PW1 or planetary 78 

wave 2 (PW2) anomalies (Ayarzagüena et al., 2019; Bancalá et al., 2012; 79 

Barriopedro and Calvo, 2014; Smith and Kushner, 2012). The SSWs preceded by 80 

PW1 forcing are abbreviated as SSW1, and the SSWs preceded by PW2 anomalies 81 

are abbreviated as SSW2. The low-frequency variation in SSWs can effectively 82 

modulate the Atlantic Meridional Overturning Circulation (Reichler et al., 2012), 83 

which highlights the importance of studying the decadal-scale variation in SSWs. 84 

However, it is unclear if the decadal-scale variability of SSWs occurred by chance or 85 
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partially due to external factors such as oceanic variability (Baldwin et al., 2021). 86 

The Pacific–North American (PNA) teleconnection and Western Pacific (WP) 87 

teleconnection are the two dominant tropospheric modes in the Pacific winter (Linkin 88 

and Nigam, 2008). Both teleconnections effectively interfere with the low height 89 

center over the subpolar North Pacific, which is a key region to trigger SSWs 90 

(Garfinkel et al., 2010; Garfinkel et al., 2012). Therefore, the PNA and WP 91 

teleconnections are good precursors of SSWs and they can jointly affect SSWs (Bao 92 

et al., 2017; Dai and Tan, 2016). Previous studies have found that though PNA and 93 

WP are the atmospheric internal dynamic variabilities, they are modulated by tropical 94 

and extratropical Pacific SST (e.g., Dai and Tan, 2019; Hu and Guan, 2018; Hu et al., 95 

2021; Hurwitz et al., 2012; Li et al., 2019; Liu et al., 2020; Straus and Shukla, 2000; 96 

2002).  97 

The forcing associated with the Pacific sea surface temperature (SST) plays an 98 

important role in modulating SSWs. El Niño-Southern Oscillation (ENSO) is the 99 

leading mode of SST in the tropical Pacific (Feng et al., 2020). El Niño-related 100 

tropical forcing induces more upward Rossby wave propagation into the stratosphere 101 

and a weakened vortex, while La Niña induces a general opposite process to El Niño 102 

(Barriopedro and Calvo, 2014; Garfinkel and Hartmann, 2008; Li and Lau, 2013). 103 

However, over the past 40 years, there have been more SSWs in La Niña than El Niño 104 

(Domeisen et al., 2019). There is less consensus regarding whether Modoki El Niño 105 

weakens the stratospheric polar vortex (Calvo et al., 2017; Domeisen et al., 2019; 106 

Garfinkel et al., 2013; Xie et al., 2012). The impact of Modoki La Niña (MLN) on 107 
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SSW has received less attention because the response of the Arctic stratosphere to La 108 

Niña is relatively weak compared to El Niño (Xie et al., 2018).  109 

This study proposed a new index to describe the combined impact of PNA and 110 

WP, which can explain the decadal variation in the displacement SSWs. The origin of 111 

the decadal variation in the combinations of PNA and WP is attributed to the second 112 

mode of tropical Pacific SST. 113 

 114 

Data and Methods 115 

ERA5 (Hersbach et al., 2020) and NCEP (Kalnay et al., 1996), and JRA55 116 

(Kobayashi et al., 2015) reanalysis provided geopotential height, wind, and 117 

temperature data. HadISST (Rayner et al., 2003) provided SST data. 118 

Definitions of the climate indices 119 

PNA and WP indices. The PNA and WP are defined by the modified pointwise 120 

method, which is proposed by Climate Prediction Center of NOAA. 121 

(https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/month_pna_index2.sht122 

ml; https://psl.noaa.gov/data/timeseries/daily/WPO/). 123 

PWC Index. PNA and WP combined indices (PWC Index) are obtained by rotating 124 

the coordinate axes, which is illustrated in Fig. 1a. Since the correlation coefficient 125 

between PNA and WP in 1979-2020 is 0.03, the two indices can be considered 126 

orthogonal. Any year can be represented as a point in a Cartesian coordinate system 127 

with the PNA and WP indices as the black axes. Then rotate the coordinate axes 45° 128 

to the right to get the red coordinate axes. The value of any point projected onto the 129 
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first axis is defined as PWC1, and the value projected onto the second axis is defined 130 

as PWC2. The formula for projection is as follows: 131 

𝑃𝑊𝐶1
√2
2
𝑃𝑁𝐴

√2
2
𝑊𝑃 

𝑃𝑊𝐶2
√2
2
𝑃𝑁𝐴

√2
2
𝑊𝑃 

The newly obtained indices are continuous scalar (shown in Fig. 1b). A positive 132 

PWC1 indicates a feature with +PNA+WP, and a negative PWC1 indicates a feature 133 

with -PNA-WP. A positive PWC2 indicates a feature with +PNA-WP, and a negative 134 

PWC2 indicates a feature with -PNA+WP.  135 

+PNA+WP/−PNA−WP index. If winter has positive PNA and positive WP index, 136 

then the winter is assigned with a value of +1. If winter has negative PNA and 137 

negative WP index, then the winter is assigned with a value of -1. 138 

+PNA−WP/−PNA+WP index. If winter has a positive PNA and negative WP index, 139 

then the winter is assigned with a value of +1. If winter has a negative PNA and 140 

positive WP index, then the winter is assigned with a value of −1. 141 

SSWs. SSWs are defined when the daily temperature gradient between 60°N and 142 

90°N at 10 hPa becomes positive, including both minor and major warmings. Only 143 

warmings during December–February are counted. 144 

SSW duration. SSWs were classified into wave-1 and wave-2 events according to 145 

the method proposed by Barriopedro and Calvo (2014). We defined Z1 and Z2 as the 146 

daily amplitudes of PW1 and PW2 in geopotential height at 50 hPa, 60°N obtained by 147 

Fourier decomposition.  148 

If a day from December to February satisfies the following criterion, then this day is 149 
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added to SSW1 duration: the gradient of temperature between 60°N and 90°N at 10 150 

hPa at this day becomes positive; Z2−Z1 < 200 m is satisfied for the entire previous 151 

10 days before this day, and [Z2] < [Z1] (the brackets denote the averaged amplitude 152 

of Z1 and Z2 of the previous 10 days).  153 

If a day from December to February satisfies the following criterion, then this day is 154 

added to SSW2 duration: the gradient of temperature between 60°N and 90°N at 10 155 

hPa at this day becomes positive; Z2−Z1 ≥ 200 m persists for more than 1 day within 156 

the 10 days before this day, or [Z2] ≥ [Z1]. The total numbers of SSW1 and SSW2 157 

days in the winter (December−February) are the duration of SSW1 and SSW2. 158 

The Eliassen-Palm (EP) flux and its divergence are calculated using the same method 159 

introduced by Andrews et al. (1987). 160 

SST-PC1 and SST-PC2. The December to February SST fields were detrended, and 161 

then EOF analysis is exerted on SST over the domain of 30°S–30°N, 120°E–100°W 162 

to distinguish the two main modes. 163 

Statistics 164 

A Monte Carlo test has been adopted to determine the statistical significance of 165 

the deviations from climatology during different teleconnection combinations (Fig. 4). 166 

We randomly subsampled elements from all winters and averaged the result. The 167 

number of sub-samples matches the number of each teleconnection combination. We 168 

repeated this random selection process 1,000,000 times to obtain a probability density 169 

function. The significance of the deviation was estimated using the density function. 170 

 171 
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The consistency of SSW1 and PWC1 172 

The duration of SSW1 experienced a decadal-scale variation that reached a peak 173 

around 2003 (Fig. 2e), while the duration of SSW2 had no obvious decadal-scale 174 

changes since 1979. Past studies documented that the frequency of major SSWs had 175 

experienced decadal-scale variation. Reichler et al., (2012) showed the peak of the 176 

moving average of major SSWs was reached around 1995. Butler et al. (2017) have 177 

pointed there were relatively more SSWs in the 2000s than in the 1990s. PWC1 has a 178 

similar decadal variation as SSW1, and the correlation coefficient of the moving 179 

average of the two climate indices is 0.9 (Table 1). The decadal variation in PWC2 is 180 

not consistent with that in SSW1. The correlation between PWC1 and SSW1 is higher 181 

than the correlation between single PNA or WP and SSW1, no matter on the 182 

interannual or decadal scale. Fig. 2a and 2b show binary indices to describe the 183 

combinations of PNA and WP. The results in Fig. 2a and 2b are obtained by dividing 184 

the phases of PNA and WP with 0 as the threshold. If other threshold values are used, 185 

the decadal variation curve of +PNA+WP/−PNA−WP will not change significantly. 186 

The 11-year moving average of +PNA+WP/−PNA−WP is consistent with that of 187 

PWC1. The binary indices are convenient to facilitate composite analysis, thus the 188 

composite results of Fig. 3 and 4 are based on Fig. 2a and 2b. The consistency among 189 

the moving averages of SSW1, PWC1, +PNA+WP/−PNA−WP implies the decadal 190 

variation in the displacement SSWs originates from the decadal change in the 191 

combined effects of PNA and WP. 192 

The SSW1 also have a higher positive correlation with PWC1 than PWC2, single 193 
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PNA or WP index on interannual scale (Table 1). This indicates that the decadal-scale 194 

consistency of SSW1 and PWC1 is based on the mechanism of interannual-scale 195 

connection between them. Figure 3a shows that the centers of the PW1 component of 196 

the height anomalies during +PNA+WP are in-phase with the climatological pattern 197 

of PW1. This pattern implies a strengthened PW1 in the upper troposphere and 198 

opposite for −PNA−WP. The anomalous centers of +PNA−WP and −PNA+WP are 199 

not overlapped with the climatological centers, and their anomalies are smaller than 200 

those of +PNA+WP and −PNA−WP. Therefore, the impacts of +PNA−WP and 201 

−PNA+WP on the PW1 are smaller than those of +PNA+WP and −PNA−WP. During 202 

+PNA+WP pattern, PW1 propagating to the stratosphere has increased significantly, 203 

accompanied by the convergence of EP fluxes in the polar stratosphere. During 204 

−PNA−WP pattern, PW1 propagating to the stratosphere has reduced significantly, 205 

accompanied by the divergence of EP fluxes in the polar stratosphere. +PNA−WP and 206 

−PNA+WP have little effect on upward propagating of PW1 (Fig. 3c). The PW2 207 

anomalies of +PNA+WP are in disagreement with climatology PW2, whereas those 208 

of −PNA−WP are in agreement with climatology PW2 (Fig. 3b). There are more (less) 209 

PW2 EP fluxes propagating to the stratosphere during −PNA−WP (+PNA+WP) (Fig. 210 

3d). This explains why PWC1 is negatively correlated with the duration of SSW2 on 211 

an interannual scale. 212 

The SSW1 duration appears longer (shorter) during +PNA+WP (−PNA−WP), 213 

corresponding to the significant enhancement (weakening) of PW1 propagated to the 214 

stratosphere. The deviations of SSW1 duration of +PNA−WP and −PNA+WP from 215 
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the climatology are negligible (Fig. 4a). For the duration of SSW2, only +PNA+WP 216 

and −PNA+WP statistically significantly deviate from the climatology (Fig. 4b). Yet, 217 

the anomalies in SSW2 duration during −PNA+WP are challenging to explain from 218 

divergence of PW2. During the analysis of distribution of a major SSW duration, we 219 

use ERA5 and NCEP from 1950 to 2020 and JRA55 from 1958 to 2020 since winters 220 

without major SSWs appear very frequently during these years and longer data record 221 

ensures the robustness of the results. The distribution of major SSW duration in 222 

different teleconnection combinations is consistent with the distribution of SSW 223 

duration. 224 

 225 

The Pacific SST origin of the decadal variation in PWC1 226 

The first two principal components derived from empirical orthogonal function 227 

(EOF) analysis on the winter tropical Pacific SST (30°S–30°N) are shown in Fig. 2f. 228 

The regressed SST anomalies of the first principal component (SST-PC1) corresponds 229 

to Eastern Pacific El Niño (EEN) with a dipole pattern (Fig. 5c), while the regressed 230 

SST anomalies of the second principal component (SST-PC2) resemble Modoki La 231 

Niña (MLN) with a tripole pattern (Fig. 5d) (Ashok and Yamagata, 2009; Feng et al., 232 

2020). The regressed SST anomalies of PWC1 (Fig. 5b) also have a tripole pattern 233 

similar to SST-PC2, while the regressed SST anomalies of PWC2 (Fig. 5a) have a 234 

dipole pattern similar to SST-PC1. The interannual correlation coefficients show that 235 

PWC1 is strongly related to SST-PC2, while PWC2 is more related to SST-PC1. The 236 

correlation coefficients of the moving averaged indices show that the decadal 237 
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variation in SST-PC2 is more consistent with that in PWC1 than in SST-PC1 (also see 238 

Fig. 2e). 239 

Previous studies have pointed out that different modes of tropical and 240 

extratropical SST anomalies can modulate PNA (Johnson and Feldstein, 2010) and 241 

WP (Dai and Tan, 2016; Furtado et al., 2012; Liu et al., 2020; Hu et al., 2021). There 242 

are positive SST anomalies in the eastern and western boundary of the tropical Pacific 243 

in the pattern of SST-PC2. The warming from 150°W to 110°W is located over the 244 

region where the climatology of the SST is above 25°C and above the threshold for 245 

convection to trigger (Johnson and Xie, 2010). The warming in this region causes Gill 246 

response (Gill, 1980), an anticyclone pair propagating Rossby waves northward to the 247 

extratropical Pacific. Therefore, the positive SST anomalies in the eastern Pacific 248 

favor the occurrence of +PNA (Horel and Wallace, 1981; Li and Wen, 2021). The 249 

warming of tropical eastern Pacific SST can promote the evolution of the synoptic-250 

scale +PNA anomalies into +WP anomalies (Dai and Tan, 2016). Moreover, when the 251 

western Pacific boundary current tends to be warmer, +WP is more likely to emerge 252 

(Li et al., 2018; Hu et al., 2021). Hurwitz et al., (2012) performed two sets of 253 

sensitivity experiments using fixed North Pacific (north of 20°N) SST boundary 254 

conditions. The pattern of the differences in SST between the two experiment sets 255 

(Fig. 1d in Hurwitz et al., 2012) is similar to the regressed SST anomalies to SST-PC2 256 

(north of 20°N) (the signs of anomalies are opposite). Their result implies that the 257 

associated extratropical Pacific SST with SST-PC2 contributes to the enhancement of 258 

+WP. However, the understanding of the evolution of WP is less comprehensive than 259 
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that of PNA (Dai and Tan, 2019). The relationship between SST and WP needs 260 

further research in the future.  261 

 262 

Summary and discussion 263 

Based on previous studies, this study used SSW duration to study the decadal 264 

variation in the displacement SSWs and proposed a new PWC Index to describe the 265 

joint impact of PNA and WP. Although the frequencies of SSWs in some winters are 266 

the same, the differences in the duration reflect more information about SSWs, which 267 

is helpful to find the factors that affect the interannual and decadal variation in SSWs 268 

through correlation analysis. PWC Indices are continuous scalar indices, which 269 

include the year-to-year differences in the PNA and WP combinations, bringing 270 

convenience to correlation analysis. This study found that PWC1 or 271 

+PNA+WP/−PNA−WP could explain the decadal variation in the displacement 272 

SSWs.  273 

This study suggested SST-PC2 is the origin of the decadal variation in PWC1, in 274 

which both tropical and extratropical SST anomalies related to SST-PC2 could 275 

contribute to the change of PNA and WP. SST-PC2 first regulates PWC1, and then, 276 

PWC1 affects the SSW1. On the interannual scale, SST-PC2 and SSW1 have a 277 

positive correlation, in other words, positive SST-PC2 (corresponding to Modoki La 278 

Niña; based on Ashok and Yamagata, 2009) favors the occurrence of SSW1, while 279 

negative SST-PC2 (corresponding to Modoki El Niño) is unfavorable for the 280 

occurrence of SSW1. Hegyi and Deng (2011) and Xie et al., (2019) also stated that 281 
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Modoki El Niño leads to a strengthened vortex (fewer SSWs occur). The interannual 282 

correlation coefficients show that SST-PC1 has a more significant impact on SSW1 283 

than SST-PC2. However, the decadal variation in SSW1 is more consistent with SST-284 

PC2 rather than SST-PC1. It is still not fully understood to what extent ENSO 285 

diversity affects SSWs (Domeisen et al., 2019). Previous studies on Modoki ENSO 286 

also have found that it is difficult to objectively define Modoki La Niña separate from 287 

canonical La Niña, as there is less inter-event diversity in the SST pattern for La Niña 288 

events (Garfinkel et al 2013; Capotondi et al 2015). The stratospheric response is also 289 

sensitive to different indices describing Modoki ENSO (Garfinkel et al 2013). 290 

Therefore, although we found the relationship between SST-PC2 and SSW1, we are 291 

cautious to use the expression that Modoki La Niña favors SSW1. 292 

The PNA and WP teleconnections are the internal variabilities of the atmosphere. 293 

There are mutual feedbacks between the tropical ocean and the extratropical 294 

atmosphere teleconnection because North Pacific Oscillation or WP variation can also 295 

modulate the SST-PC2 through the Pacific meridional mode (Fig. 3 in Di Lorenzo et 296 

al., 2015). It is challenging to separate the cause-and-effect relationship of the SST-297 

PC2 and PWC1. Although the decadal changes in Pacific SST and teleconnections are 298 

not independent of each other, both of they are the origins of the decadal variations in 299 

the displacement SSWs. 300 
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Tables 461 
 462 
Table 1. The correlation coefficients between different climate indices of interannual 463 
(raw time series) and decadal (11-year moving averages) time scale. * one-tailed t-test 464 
at the 90% significance level (** for 95%; *** for 99%). 465 
 466 

 

Interannual 
SST-
PC1 

SST-
PC2 

PWC1 PWC2 PNA WP 

PWC1 0.49*** 0.51*** / / / / 
PWC2 0.37** -0.34** / / / / 
SSW1 0.38** 0.28** 0.58*** 0.08 0.46*** 0.33** 
SSW2 -0.29** -0.06 -0.34** -0.21 -0.40** -0.09 

11yr 
SST-
PC1 

SST-
PC2 

PWC1 PWC2 PNA WP 

PWC1 -0.2 0.71*** / / / / 
PWC2 0.52*** -0.22* / / / / 
SSW1 -0.29** 0.76*** 0.91*** -0.20 0.49*** 0.69*** 
SSW2 -0.39*** -0.19 -0.52*** -0.23* -0.55*** -0.16 

 467 
  468 
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 469 
Figures 470 

 471 
 472 

Figure 1 (a) The illustration of the definition of PNA and WP combined indices 473 

(PWC Index). (b) Time series of PWC1 and PWC2. 474 

  475 
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 476 

 477 

 478 

Figure 2 Time series from 1979 to 2020 of (a) +PNA+WP/−PNA−WP and (b) 479 

+PNA−WP/−PNA+WP. The duration (unit: day) of (c) SSW1 and (d) SSW2. (f) Two 480 

principal components of tropical Pacific SST. (e) 11-year moving averages of the 481 

climate indices from 1979 to 2015 (using the data from 1974 to 2020). The duration 482 

of SSW1 is normalized to compare with the moving averages of other indices. 483 

 484 
 485 
  486 
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 487 

 488 

Figure 3 (a) PW1 and (b) PW2 components of the geopotential height anomalies at 489 

200 hPa (black contour lines with the intervals of ±15, ±30, ±45 gpm; color-filled 490 

contours show the climatological mean) for different teleconnection combinations. 491 

PW1 (c) and PW2 (d) components of the EP flux (unit: m3s-2) and EP flux divergence 492 

(unit: 10-5ms-2) anomalies. The regions of dots, red fluxes and grey divergence are 493 

significant at the 95% confidence level according to Student’s t-test.  494 

  495 
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 496 

 497 

Figure 4 The duration of (a) SSW1, (b) SSW2, (c) major SSW1, and (d) major SSW2 498 

corresponds to different combinations of the PNA and WP teleconnections. Monte 499 

Carlo test was used to calculate the statistical significance level of the deviations from 500 

climatology and the significance are labeled as percentage. Results of a and b are 501 

derived from ERA5 (1979-2020) and NCEP (1979-2020). Results of c and d are 502 

derived from ERA5(1950-2020), NCEP (1950-2020) and JRA55 (1958-2020). 503 

 504 

  505 
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 506 

Figure 5 The SST anomalies regressed to (a,b) PWC Index and (c,d) tropical Pacific 507 

SST principal components. The regions of dots are significant at the 95% confidence 508 

level according to the F-test. 509 

 510 
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