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 12 

ABSTRACT Here we present an observational study of the variations in the lower 13 

stratospheric polar vortex (LSPV) associated with the main tropospheric circulation patterns in 14 

the Northern Hemisphere in winter (November to March). The LSPV is based on daily 15 

geopotential height at 100 hPa, and the circulation patterns are based on the empirical 16 

orthogonal function analysis of geopotential height anomalies at 500 hPa. The LSPV is found to 17 

strengthen with the Ural trough and the negative phase of the Pacific-North America (PNA-) 18 

pattern, and to weaken with the Ural ridge and the PNA+ pattern. These relations result first 19 

from the anomalous poleward, isentropic transport of oceanic air masses on the western flank of 20 

the positive tropospheric geopotential height anomalies, and of continental air masses on the 21 

eastern flank of the negative anomalies. Secondly, they result from troposphere-stratosphere 22 

propagation of anomalies, which may intensify or flatten the stationary anomalies in the 23 

stratosphere. In particular, the northeast Asia trough is deepened during the Ural ridge, and the 24 

Alaska ridge is enhanced during PNA+ regimes, which increase meridional fluxes of heat and 25 

cause a weakening of the polar vortex. This work thus supports wave-propagation-and-26 

interferences based theory for polar vortex variations in previous studies, while highlighting the 27 

role of certain tropospheric circulation patterns. The large-scale anomalous advection of 28 

airmasses explain coherently tropospheric and stratospheric changes associated with the 29 

circulation patterns, and suggest covariations of the LSPV with clouds, latent heating, 30 

precipitation, and radiative feedbacks in the Arctic atmosphere.    31 

  32 
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 33 

1. INTRODUCTION 34 

 35 

Previous studies have shown that the Arctic Oscillation (AO) or northern annular mode (NAM) 36 

has an outsized influence on winter weather across the Northern Hemisphere (NH), particularly 37 

across Eurasia and North America (e.g, Thompson and Wallace, 2001; Wang et al., 2005; 38 

Garfinkel et al., 2014; Jenney et al., 2019). The AO/NAM, which is highly correlated with the 39 

more regional North Atlantic Oscillation (NAO), is closely connected with the strength of the 40 

polar vortex (Thompson & Wallace, 1998; Barnes et al., 2019). However, the phase and 41 

amplitude of the NAM or the polar vortex in the upper stratosphere (e.g., 10 hPa) may be 42 

different from that in the lower stratosphere (e.g., 100 hPa) and troposphere, although the NAM 43 

sometimes propagates downward to influence surface weather (e.g., Kolstad et al., 2010; 44 

Baldwin & Dunkerton, 2001; Butler et al, 2017; Waugh et al., 2017). For example, a long-45 

duration weak polar vortex may lead to Greenland blocking and cold air outbreaks over the 46 

Eastern US (e.g., Overland and Wang, 2018), and other weather extremes in the NH (e.g, 47 

Thompson and Wallace, 2001; Cohen et al., 2021; Liang et al., 2023). A stretched polar vortex, 48 

characterized by a horizontal elongation in its morphology, was found to be linked to cold 49 

extremes over the midlatitudes (Cohen et a., 2021; Ding et al., 2023; Zou et al., 2023). 50 

 51 

The processes that cause variations of the Arctic vortex have been discussed in previous studies 52 

(Martius et al., 2009; Garfinkel et al., 2010; Woolings et al., 2010; Cohen and Jones, 2011; 53 

Kolstad and Charlton-Perez, 2011; Sun et al., 2012; Rao and Ren, 2016; Garfinkel and 54 

Schwartz, 2017; Kretschmer et al., 2017; Köhler et al., 2023). According to these studies the 55 
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most important precursors for a weakening of the vortex are the intensification of the Ural ridge 56 

and Aleutian low of sea-level pressure, which result in constructive interference between 57 

transient and stationary waves. This leads to upward wave propagation and increased poleward 58 

heat transport in the atmosphere, and often a sudden stratospheric warming (SSW). The SSW is 59 

associated with a reversal of the zonal wind at 10 hPa near the Arctic Circle, and a prolonged 60 

weakening of the polar vortex (e.g., Baldwin and Dunkerton, 2001; Butler et al., 2017).  61 

 62 

In this study, we attempt to relate the strengthening and weakening of the LSPV to the large-63 

scale, long-duration extratropical circulation patterns, such as the Ural ridge. Different from 64 

previous studies, where regional precursors to the SSW were identified based on lagged 65 

correlations and composites (e.g., Köhler et al., 2023, and references within), our analysis is 66 

based on composite averaging of the geopotential height anomalies over all individual events 67 

for each circulation pattern. These composites show the typical evolution and morphology of 68 

LSPV events associated with distinct tropospheric circulation patterns. Data and analysis 69 

method are described in section 2. The statistical relations between the LSPV and the 70 

extratropical circulation patterns are presented in section 3. A discussion is presented in section 71 

4 of the mechanisms linking the circulation patterns to the LSPV. A summary of results and 72 

conclusions are presented in section 5. 73 

 74 

 75 

2. DATA AND METHODS 76 

 77 
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Daily geopotential heights at a horizontal resolution of 2.5˚ were obtained from the NOAA 78 

Center for Environmental Prediction and Department of Energy (NCEP/DOE) reanalysis 79 

(Kanamitsu et al., 2002). The period of analysis is from November to March during the period 80 

of 1979-2019. Daily height anomalies from November-March were calculated by removing the 81 

long-term (1979-2019) average for each day of the year. The empirical orthogonal functions 82 

(EOFs) of the anomalies at 500 hPa (z500) were calculated for the NH, the Atlantic-Eurasia 83 

domain (60˚W-150˚E, 30°N-90°N), and the Pacific-North America domain (150°E-60°W, 84 

30°N-90°N). The time series of each principal component (PC) corresponding to each EOF was 85 

normalized by the standard deviation over all data points. A polar vortex index (PVI) was 86 

calculated as the daily height anomaly at 100 hPa averaged over the polar cap (70°N-90°N) 87 

normalized by the standard deviation of the daily values over the entire data period, with the 88 

sign reversed (i.e., positive PVI for negative polar cap height anomaly and a stronger-than-89 

average polar vortex), following Barnes et al. (2019). Composite PVI and geopotential height 90 

anomalies are calculated at different time-lags to show their evolutions relative to the beginning 91 

or end of events (see below).  92 

 93 

 94 

3. THE POLAR VORTEX AND EXTRATROPICAL CIRCULATION PATTERNS 95 

 96 

In order to understand the processes by which the LSPV is strengthened or weakened, we relate 97 

it to the dominant tropospheric circulation patterns. Figure 1 shows the z500 anomalies for the 98 

first and second modes (EOF1 and EOF2) in the Atlantic-Eurasia and Pacific-North America 99 

sectors respectively. We name the Atlantic-Eurasia sector EOF1 “Greenland ridge” (GR) and 100 
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its opposite phase “Greenland trough” (GT), and EOF2 “Ural ridge” (UR) and “Ural trough” 101 

(UT), respectively. The Pacific-North America sector EOF1 is similar to the western Pacific 102 

(WP) pattern, and EOF2 the Pacific-North America (PNA) pattern described in the literature 103 

(Wallace and Gutzler, 1981; Barnston and Livezey, 1987). The correlation coefficients between 104 

our daily PC time series and the conventional WP and PNA indices 105 

(https://www.esrl.noaa.gov/psd/data/timeseries/daily/) are 0.64 and 0.71, respectively. These 106 

names (WP and PNA) are used hereafter for their resemblances, but they are not identical to the 107 

name-sake patterns in literature. In the following, these height patterns are also called weather 108 

regimes when the durations of |PC|>1 are at least 5 days.  109 

 110 

To relate the strengthening and weakening of the LSPV to circulation patterns, we compare the 111 

PVI and the principal component (PC) time series for each pattern. Figure 2 shows the 112 

composite mean PVI (s.d.) for eight different weather regimes at lag days relative to the first 113 

day |PC| >=1 (negative lag) or the last day |PC| >=1 (positive lag). Data points during the 114 

weather regimes are not shown due to variable durations; instead, the composite averages of 115 

peak values are shown in Figure 2 (blue and red circles). The largest mean peak values of PVI 116 

are associated with the UR and UT regimes, followed by the GR and GT regimes (Figure 2a, 117 

2b). The consistently above- or below-zero values before and after the regimes (lag=-15 to 0 118 

and 0-15 days) indicate persistence of the states. Relatively strong polar vortex states favor the 119 

occurrences of the UT and GT regimes, and weak vortex the UR and GR regimes. In 120 

comparison the peak PVI values are smaller for the WP and PNA regimes (Figure 2c, 2d).   121 

 122 
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The discontinuities of PVI at lag=0 indicate mean changes occurred from the first to the last 123 

day. Large discontinuities are shown for the UR (red line) and UT (blue) regimes (Figure 2b), 124 

the WP- (blue) regime (Figure 2c), and the PNA regimes (Figure 2d), indicating that these 125 

weather regimes could cause enhanced variations of the LSPV. Small discontinuities are shown 126 

for the GR and GT (Figure 2a) and the WP+ regime (red in Figure 2c), indicating that these 127 

weather regimes may have only a minor effect, if any, on LSPV variability. The composite PVI 128 

discontinuities are small for periods with |PC| > 1 shorter than 5 days (not shown). The lagged 129 

correlations between the PVI and PC times series suggest that the UR and PNA lead the LSPV 130 

events by a few days, while GR and WP do not lead or lag (not shown). 131 

 132 

The composite height anomalies at 100 hPa (z100) on the first and last days of weather regimes 133 

are shown in Figures 3-6 for GR/GT, UR/UT, WP+/WP- and PNA+/PNA- events, respectively. 134 

The large decreases of PVI during UR and PNA+ and increases during UT and PNA- are also 135 

shown by changes of opposite signs in the composite z100 anomalies over the polar cap 136 

(Figures 4 and 6).  The composite z100 anomalies associated with the UR and UT are greater 137 

than those with the other events over the polar cap, indicating the dominant role of UR and UT 138 

in the weakening and strengthening of the LSPV, as also shown by the PVI discontinuities in 139 

Figure 2.  140 

 141 

During a GR regime a relatively weak vortex (Figure 3a) is displaced towards Europe (Figure 142 

3b). During a GT regime, the vortex remains strong while a ridge anomaly develops over 143 

northern Europe. During a UR regime, a trough over Mongolia deepens (Figure 4a,b), which 144 

enhances the stationary anomalies (i.e., East Asia trough, a trough centered to the east of Lake 145 
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Baikal at 100 hPa, Figure A1). The stationary anomalies are calculated as the deviations from 146 

the zonal mean, averaged from November-March, 1979-2019. During a UT regime, a ridge 147 

anomaly grows over Mongolia (Figure 4c,d), which flattens the stationary anomalies. The 148 

anomalies associated with the WP+/WP- are also large and move westward, while strong 149 

ridge/trough anomalies develop over North America (Figure 5). The ridge over Alaska in 150 

Figure 5c enhances the stationary anomalies (Figure A1). The deep trough shown in Figure 5d 151 

may be linked to the polar vortex stretching and extreme cold events to the east of the Rocky 152 

Mountains (Cohen et al., 2021; Ding et al., 2023). Similarly, the ridge anomalies over North 153 

America grow and move westward during a PNA+ regime (Figure 6a,b), which enhances the 154 

stationary anomalies (i.e., a ridge centered over Alaska at 100 hPa, Figure A1); and the trough 155 

anomalies grow and move westward during a PNA- regime (Figure 6c,d), which flattens the 156 

stationary anomalies. The modifications to the stationary anomalies at 100 hPa mentioned 157 

above (or transient-stationary wave interferences below) would have significant impact on the 158 

meridional fluxes that depend on north-south gradients (such as for air temperature and ozone 159 

mixing ratio).  160 

 161 

 162 

4. DISCUSSIONS 163 

 164 

4.1 Connections of the Circulation Patterns to the LSPV 165 

 166 

Based on above results we present an airmass-origin based mechanism linking the circulation 167 

patterns to the LSPV. First, the meridional wind anomalies associated with the Ural and Alaska 168 
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ridges/troughs collocate with the warmest (i.e., moist oceanic) or coldest (dry continental: 169 

Northern Russia and Northern Canada) regions (Fan et al., 2015; Fan and Yang, 2017). Air 170 

temperatures in the surface layer are colder over large fractions of northern Russia and Canada 171 

than the Arctic region in winter (not shown). Anomalous advection of oceanic (continental) air 172 

masses into the Arctic increases (decreases) the polar cap geopotential heights in winter. A 173 

substantial fraction of Arctic amplification (changes in surface air temperature) is due to 174 

horizontal temperature advection that is driven by changes in the atmospheric circulation (Clark 175 

et al., 2021). Anomalous southerly winds move oceanic air masses poleward and isentropically 176 

upward on the west flank of the Ural and Alaskan ridges (Figure 1b, 1d), which enhances the 177 

climatological fluxes (not shown). By contrast, anomalous southerly winds move dry and cold 178 

continental air masses poleward horizontally on the east flank of the Ural and Alaskan troughs. 179 

It was reported previously that the Arctic fluctuates between two distinct, synoptically driven 180 

winter states: warm days with opaque clouds and cold days with clear sky (Stramler et al., 181 

2011). The surface fluxes of sensible and latent heat over ice-free regions from the Greenland 182 

Sea to the Kara Sea and diminished sensible and latent heat fluxes over ice-covered regions 183 

north of Russia and Canada would enhance the effects of poleward transport.  184 

 185 

Secondly, the wavenumbers 1 and 2 components associated with the circulation patterns can 186 

propagate upward, which then interfere with the stationary waves in the stratosphere (e.g., 187 

Domeison et al., 2018). Meridional fluxes of heat are increased by constructive wave 188 

interferences and decreased by destructive wave interferences (Goss et al., 2016). The LSPV is 189 

weakened (strengthened) as intensified (diminished) waves increase (decrease) poleward fluxes 190 

of heat (Garfinkel et al., 2010; Cohen and Jones, 2011; Rao and Ren 2016; Garfinkel and 191 
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Schwartz, 2017; Rao et al., 2020; Köhler et al., 2023). Specifically, the Alaska ridge at 100 hPa 192 

is enhanced during PNA+ and WP-, and flattened during PNA- regimes. The East Asia trough 193 

is deepened during Ural ridge and flattened during Ural trough regimes.  194 

 195 

 196 

4.2 Geopotential Height Anomalies Associated with the Ural Ridge/Trough Regimes 197 

 198 

The results above support previous studies that the Ural ridge is an important precursor of a 199 

weak polar vortex (e.g., Köhler et al., 2023 and references within). Figure 7 shows composite 200 

geopotential height anomalies over the polar cap (65˚N-90˚N) in the two weeks before and after 201 

the Ural ridge and tough regimes, respectively. The height anomalies may be compared to the 202 

composite PVI calculated for 100 hPa shown in Figure 3b. A comparison of the before- and 203 

after-regime anomalies show the growth and upward propagation. The changes in the 204 

troposphere are associated with anomalous advection of marine or continental air masses. 205 

Cloud formation associated with warm air intrusion causes latent heating and increases in 206 

geopotential height. It is noted that height changes are cumulative upward. Further changes in 207 

the stratosphere are associated with meridional fluxes of heat which is modulated by the trough 208 

over northeast Asia during Ural ridge and Ural trough regimes. The anomalies above 50 hPa 209 

remain large in the two weeks after each regime, while the anomalies decay quite rapidly in the 210 

troposphere. The composite shown in Figure 7b may be compared to the temporal evolution of 211 

the vertical structure of the polar cap height index during October-November 2016 (Tyrlis et al., 212 

2019); both indicate the Ural ridge driving stratospheric vortex weakening. It is interesting that 213 

https://doi.org/10.5194/egusphere-2025-6381
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



Page 11 

 

a re-strengthening of the polar vortex may occur above 50 hPa a week after Ural trough (Figure 214 

7d).  215 

 216 

 217 

5. SUMMARY 218 

 219 

In this study we classified extratropical weather regimes based on the daily geopotential height 220 

data from NCEP2 reanalysis, using the method of empirical orthogonal function analysis. We 221 

showed that the polar vortex is strengthened following the UT and PNA- long duration events, 222 

while weakened following the UR and PNA+ events in boreal winter. First, temperature and 223 

moisture advection anomalies are responsible in the troposphere. This is because anomalous 224 

southerly winds on the west flank of the Ural ridge and the Alaskan ridge (associated with 225 

PNA+) originate from the oceanic regions, while on the east flank of the Ural trough and the 226 

Alaskan trough from Northern Russia and Canada, respectively. Secondly, the Ural ridge is 227 

accompanied by a trough over northeast Asia, and the PNA+ with a ridge over Alaska. Upward 228 

propagations of these anomalies lead to constructive wave interferences in the stratosphere and 229 

increased poleward fluxes of heat, weakening the polar vortex. In contrast, the Ural trough is 230 

accompanied with a ridge anomaly over northeast Asia, and the PNA- with a trough anomaly 231 

over Alaska. Upward propagations of these anomalies lead to destructive wave interferences in 232 

the stratosphere and decreased poleward fluxes of heat, strengthening the polar vortex. The long 233 

duration Greenland ridge and trough events appear to occur concurrently with the weak and 234 

strong LSPV, respectively.  235 

 236 
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Previous studies have identified regional precursors (e.g., sea-level pressure and 500 hPa 237 

geopotential height anomalies) to sudden stratospheric warming. Our analysis relates the 238 

regional precursors to some well-known, large-scale circulation or teleconnection patterns, 239 

which may have downstream geopotential height anomalies stacked with the stationary 240 

anomalies in the lower stratosphere. With previous knowledge of wave propagation and 241 

interferences, the anomalous advection of air masses explains coherently tropospheric and 242 

stratospheric changes associated with the teleconnection patterns. Our analysis suggests 243 

possible covariations of the LSPV and tropospheric humidity which influences clouds, latent 244 

heating, precipitation, and radiative balance in the Arctic. It is speculated that the Ural ridge and 245 

PNA+ regimes may extend the anomalies of SSW events to the surface, while impacting 246 

weather over Eurasia and North America (Lehtonen and Karpechko, 2016; Baldwin et al., 247 

2021). 248 

 249 
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FIGURES 409 

 410 

 411 

 412 

Figure 1. Circulation patterns based on daily geopotential height at 500 hPa (z500, in units of 413 

gpm) based on the linear regression on the standardized PC time series. Atlantic-Eurasia (AEA) 414 

sector EOF1 (a) and EOF2 (b); Pacific-North America (PNA) sector EOF1 (c) and EOF2 (d). 415 

The map domain is the same as the analysis domain in each panel. The percentage value above 416 

each panel indicates fraction of the total variances over all the days in the map domain 417 

explained by each EOF.  418 

 419 
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 420 

Figure 2. Composite polar vortex index (PVI, calculated at 100 hPa) for various weather 421 

regimes. (a) Greenland ridge (GR, red line, number of events = 84) and Greenland trough (GT, 422 

blue, 83), (b) Ural ridge (UR, 82) and Ural trough (UT, 75), (c) Western Pacific teleconnection 423 

pattern, positive phase (WP+, 78) and negative phase (WP-, 89), (d) Pacific-North America 424 

teleconnection pattern, positive phase (PNA+, 71) and negative phase (PNA-, 73). Negative lag 425 

indicates days before the onset day and positive lag indicates days after the last day of the 426 

weather regimes. The discontinuities at lag=0 indicate changes from the first to last days of 427 

events. Because the events are variable in length, mean peak values are shown instead (circles). 428 

The standard deviations of the composite averages range from 0.8 to 1.2, corresponding to 429 

standard errors from 0.09 to 0.14. 430 

 431 
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 433 

 434 

 435 

 436 

 437 

Figure 3. Composite z100 anomalies (m) on the first and last days of the Greenland ridge and 438 

trough regimes, GR (a,b) and GT (c,d). 439 

 440 
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 441 

Figure 4. Composite z100 anomalies (m) on the first and last days of the Ural ridge and trough 442 

regimes, UR (a,b) and UT (c,d). 443 
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 445 

Figure 5. Composite z100 anomalies (m) on the first and last days of the positive and negative 446 

phases of the western Pacific regimes, WP+ (a,b) and WP- (c,d). 447 
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 449 

Figure 6. Composite z100 anomalies (m) on the first and last days of the positive and negative 450 

phases of Pacific-North America regimes, PNA+ (a,b) and PNA- (c,d). 451 

 452 
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 454 

Figure 7. Composite geopotential height anomalies over the polar cap (65˚N-90˚N, in units of 455 

gpm) in the two weeks (a) before and (b) after the Ural ridge (UR) regime, (c) before and (d) 456 

after the Ural trough (UT) regime. Red solid lines indicate positive anomalies, and blue dashed 457 

lines negative anomalies, at 10 m intervals. Gray dots indicate the values are different from zero 458 

at 99% confidence interval (>2.6 s.e.). 459 
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 461 

Figure A1. Stationary geopotential height anomalies  (m) from zonal mean, averaged over 5 462 

months (November to March), for the period 1979-2019. Red and solid contours indicate 463 

positive anomalies. Blue and dotted contours indicate negative anomalies. Contour intervals are 464 

30 m. Contour line for zero is omitted. (a) 500 hPa, (b) 100 hPa. 465 
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