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Abstract

The stratospheric polar vortex (SPV) weakening is linked to surface circulation 
changes. This study employs statistical analysis using reanalysis data to com-
pare the anomalous SPV behaviour in the Northern (NH) and Southern (SH) 
hemispheres and its downward impacts on surface climate. The onset of annual 
SPV weakening occurs in mid-January and late September in the NH and SH 
hemispheres, respectively. Following the onset of SPV weakening, stratospheric 
polar cap height (PCH) anomalies were strongly correlated with tropospheric 
PCH anomalies. Significant cold anomalies were observed over Eurasia within 
30 days after SPV weakening onset in the NH, whereas warming responses 
occurred in the SH 30–60 days after onset over Antarctica, except in the 
Antarctic Peninsula. These contrasting surface temperature responses to SPV 
weakening events in both hemispheres are the results of changes in the geopo-
tential height in the troposphere, reminiscent of the change in geopotential 
height in the lower stratosphere, with a trough over Eurasia in the NH, and a 
higher height anomaly over East Antarctica in the SH. SPV changes have played 
a role in modulating surface climate via a downward influence on tropospheric 
circulation in recent decades. Even though they show a weakening trend in 
both hemispheres, SPV changes cannot fully explain long-term temperature 
trends. This is partially because SPV trends observed during the analysis period 
are relatively weak. This study enhances our understanding of the characteris-
tics of the SPV coupled with troposphere circulation and can contribute to 
improved surface weather forecasting.

Introduction

The polar vortex is a planetary-scale westerly flow during 
the cold season that encircles the poles in the stratosphere 
(Manney et al. 2022) and connects the Arctic and 
Antarctic to mid-latitudes. In the NH, the weakening of 
the polar vortex often results in extremely cold weather 
across parts of Eurasia and North America in winter 
(Cohen, Screen et al. 2014; Kim et al. 2014; Kidston et al. 
2015; Kretschmer, Cohen et al. 2018; Kretschmer, 
Coumou et al. 2018; Cohen et al. 2021; Kim & Choi 
2021) via regional tropospheric jet stream variations 
(Manney et al. 2022), although not all weak polar vorti-
ces cause cold weather (Lehtonen & Karpechko 2016; 
Rao et al. 2020). Extremely weak polar vortex states are 
often associated with major SSWs, which are character-
ized by dramatic warming and weakening of the SPV and 

reversal of circumpolar westerlies. When the polar vortex 
weakens, its morphology is distorted. Changes in the 
location and shape of the polar vortex, such as displace-
ment and splitting during weak vortex states, including 
SSWs, often influence the timing and region of the cold 
spell in the NH (Lehtonen & Karpechko 2016; Huang 
et al. 2018; Choi et al. 2021; Zhang et al. 2022). Choi 
et al. (2021) observed that the SAT decreased markedly 
over central North America when the polar vortex 
changed from displacement- to split-type, likely because 
of the development of a high-pressure anomaly over the 
North Pacific, which is associated with the vertical and 
zonal propagation of planetary waves. Kim et al. (2014) 
observed that the delayed freeze-up of Arctic Sea ice 
during late fall and early winter, which mainly occurs in 
the Barents–Kara seas, weakens the SPV by activating 
planetary waves in the stratosphere, the downward 
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propagation of which subsequently results in cold tem-
peratures over Eurasia. However, in many numerical 
models, cold air outbreaks are underestimated because 
the simulated disruption of the polar vortex in the strato-
sphere is much smaller than the observed disruption 
(Cohen et al. 2020). Understanding the mechanism of 
polar vortex weakening and its downward propagation 
into the troposphere is critical for improving weather 
forecasts in the NH.

In Antarctica, polar vortices play an important role in 
driving climate variability (Thompson & Wallace 2000; 
Kwok & Comiso 2002; Thompson & Solomon 2002; 
Thompson et al. 2005; Kwon et al. 2020; Lim et al. 2021). 
Ozone depletion has been reported as a possible driver of 
SPV strengthening in the SH (Thompson & Solomon 
2002; Polvani et al. 2011; Thompson et al. 2011; Sheshadri 
et al. 2014; Sun et al. 2014; Kidston et al. 2015; Ogawa 
et al. 2015; Hirano et al. 2016). In particular, from 1969 
to 1998, the SPV in the SH became progressively stronger 
because of the depletion of stratospheric ozone concen-
tration. Furthermore, the high index polarity in the SAM 
was reflected in the surface temperature as being colder 
than normal in most parts of Antarctica. However, this 
was not the case at the tip of the Antarctic Peninsula, on 
account of the reduced GPH in the upper troposphere 
over high southern latitudes (Thompson & Solomon 
2002). At mid-latitudes, the stronger SPV due to ozone 
depletion is characterized by stronger easterly winds that 
lead to an increase in orographically induced precipita-
tion during summer in eastern New Zealand and 
south-eastern Australia (Thompson et al. 2011). 
Thompson et al. (2011) showed that although ozone 
depletion is strongly linked to tropospheric temperature 
anomalies via SPV change, the underlying mechanism is 
unclear. Contrary to previous periods, since 2000, the 
SPV in the SH has led to more frequent weakening events 
that have induced significant cooling over the Antarctic 
Peninsula and warming over the rest of Antarctica (Kwon 
et al. 2020). In contrast to the NH, major SSWs have been 
rare in the SH, with only one major event—in 2002—
over the past 60 years (Lim et al. 2021). Even though 
major SSWs are uncommon in the SH, weaker SPV 
events appear to influence the surface climate, as shown 
by Kwon et al. (2020), because SPV variations and their 
downward coupling to the troposphere seem to be critical 
drivers of variations in the SAM (Thompson & Wallace 
2000). However, to date, only a few studies have exam-
ined downward coupling following a large SPV fluctua-
tion in the SH (Thompson et al. 2005; Byrne & Shepherd 
2018; Lim et al. 2018; Wang et al. 2019).

As discussed earlier in the text, the weakening of the 
polar vortex in the NH leads to extreme weather over 
mid-latitudes, whereas it is associated with surface 

temperature change over Antarctica in the SH. As the 
polar vortex appears to influence climate change locally 
in the Arctic and Antarctica and remotely at mid-latitudes 
in both hemispheres, investigating its behaviour in the 
context of climate change may improve our understand-
ing of long-term temperature trends and their impacts in 
mid-latitudes. In this study, we investigated the behaviour 
of the polar vortex and characteristics of the SPV coupled 
with tropospheric circulation in recent decades and the 
underlying role of modulated polar vortices on surface 
climate change from 1979 to 2017.

Data and methods

ERA-Interim reanalysis data from the European Center 
for Medium-Range Weather Forecasts (Dee et al. 2011) 
were used to examine the mean and anomalies of SAT, 
sea level pressure, zonal wind, meridional wind, tem-
perature and GPH, with a spatial resolution of 1.5° × 1.5° 
vertically from 1000 hPa to 1 hPa at 37 levels, from 1 
January 1979 to 30 June 2018. Daily climatology values 
were calculated using daily means smoothed by a 31-day 
running mean between 1979 and 2017. All anomalies 
were calculated from their departures from the 31-day 
running mean. Monthly sea-ice cover from ERA-Interim 
was obtained from January 1979 to December 2017. 
Monthly SCE over Eurasia was downloaded from the 
Rutgers Global Snow Laboratory. The Eurasian SCE index 
is computed by determining the monthly mean of 
snow-covered grid points within the Eastern Hemisphere 
between 0°E and 180°E (Cohen et al. 2012).

Although the wind reversal method has been widely 
used to define extreme SPV weakening events, such as 
SSWs, multiple methods have been used to identify them 
in the NH and there is no standardized definition (Butler 
et al. 2015). As SPV weakening events identified using 
the zonal wind reversal diagnostic are rare in the SH, for 
simplicity and consistency we define weakened SPV 
events using PCH anomalies, as proposed by Kwon et al. 
(2020), for both hemispheres. A PCH anomaly is defined 
as a GPH anomaly averaged over a polar cap (65–90 
degrees) and normalized by its temporal standard devia-
tion during the analysis period at each pressure level. 
Therefore, a PCH anomaly of 1 indicates one standard 
deviation at a corresponding pressure level and is unit-
less. The date of onset of an SPV weakening event is 
defined as the first day when the PCH anomaly at 10 hPa 
exceeds the 95th percentile based on the entire analysis 
period, which corresponds to a PCH anomaly of 1.73 in 
the NH and 1.65 in the SH. If another onset occurred 
within 60 days of the first onset, only the first date was 
considered in the analysis, as outlined in a previous study 
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(Thompson & Solomon 2002). A positive PCH anomaly 
that was maintained for fewer than seven days following 
onset was identified as a temporarily large anomaly, and 
was therefore excluded from analyses of SPV weakening 
events (Kwon et al. 2020). We excluded SH stratospheric 
final warming events, which are defined as the final time 
when the zonal-mean zonal wind speed smoothed by a 
five-day running mean at 60°S and 50 hPa drops below 
10 m s-1 between 1 July and 1 February of the following 
year (Black & Mcdaniel 2007). In the NH, they are defined 
as the date in which the direction of zonal-mean zonal 
wind at 64.5°N and 10 hPa changes from a westerly to an 
easterly wind and does not recover between 1 January 
and 31 May without any positive threshold value (Wei 
et al. 2007). Among the SPV weakening events classified 
earlier in the text, we analysed only robust SPV weaken-
ing events, defined as PCH anomalies at 10 hPa that were 
≥ 2.8 for at least one day between onset and 60 days fol-
lowing onset, to focus on strong stratosphere–tropo-
sphere coupling events (Kwon et al. 2020). The PCH 
anomaly threshold value of 2.8 is higher than the 98th 
percentile for both hemispheres. We performed a two-
sided Student’s t-test to determine the statistical signifi-
cance at the 95% confidence level. We used the SPVI, 
which is defined as the average PCH anomaly at 10 hPa in 
February in the NH and October in the SH, to investigate 
the relationship between the strength of the SPV and sur-
face temperature.

We examined the fraction of trends in SAT anomaly in 
the high-latitude regions of the NH and SH that are lin-
early congruent with the SPV state. This was determined 
by regressing the detrended monthly SAT anomaly onto 
detrended SPVI and then multiplying the calculated 
regression coefficients by the SPVI trend for the 1979–
2017 period.

Results

We first estimated the frequency of the SPV weakening 
events in both hemispheres since 1979, because the data 
are more reliable after satellite measurements. Applying 
the same definition of SPV weakening events to both 
hemispheres, we detected 22 and 15 SPV weakening 
events in the NH and SH, respectively (Table 1). The onset 
of SPV weakening in the NH ranged from 21 November 
(1987) to 5 March (2016), with a mean date of 17 
January, and from 3 August (1988) to 28 October (1991), 
with a mean date of 22 September in the SH.

Since the beginning of the 21st century, changes in the 
long-term variability of the SPV state or factors related to 
the SPV state have been reported in the NH and SH. The 
increases in Arctic sea-ice loss and Eurasia SCE have been 

observed since the year 2000 and are associated with the 
weakening of the SPV (Francis & Vavrus 2012; Jaiser 
et al. 2012; Cohen, Furtado et al. 2014; Kim et al. 2014). 
In the SH, around 2000, stratospheric ozone and near-sur-
face circulation metrics, including the mid-latitude jet 
position and SAM index, showed a pause or slight rever-
sal in trends (Solomon et al. 2016; Banerjee et al. 2020; 
Zambri et al. 2021). Kwon et al. (2020) confirmed that 
SH SPV weakening events have been observed more fre-
quently since the year 2000. However, we found no dif-
ferences in the frequency of SPV weakening events in the 
NH before versus after 2000 (Table 1). In the NH, SPV 

Table 1. Onset dates of SPV weakening events in the NH and the SH. For 

the NH, the onset dates are identified by PCHA10 and the wind reversal 

method. When NH SPV weakening events and NH SSWs correspond to 

the same event, they are listed on the same line, even though the onset 

date might be slightly different. Dates in boldface indicate events that 

occurred after 2000.

Number NH (PCHA10a) NH (U10 at 60°Nb) SH (Kwon et al.  

2020)

Year Onset  

date

Year Onset  

date

Year Onset  

date

1 1980 28 Feb 1980 29 Feb 1979 02 Oct 

2 1981 04 Mar 

3 1981 04 Dec 

4 1984 23 Feb 1984 24 Feb 1982 08 Oct 

5 1984 28 Dec 1985 01 Jan 1988 03 Aug 

6 1987 18 Jan 1987 23 Jan 1991 28 Oct 

7 1987 21 Nov 1987 08 Dec 1992 30 Sep 

8 1988 14 Mar 

9 1989 18 Feb 1989 21 Feb 2000 10 Oct 

10 1992 12 Jan 2002 15 Aug 

11 1993 30 Dec 2003 12 Oct 

12 1997 21 Dec 2004 26 Sep 

13 1998 13 Dec 1998 15 Dec 2007 18 Sep 

14 1999 25 Feb 1999 26 Feb 2009 14 Oct 

15 2001 11 Feb

16 2001 22 Dec 2001 30 Dec 2012 20 Aug 

17 2003 16 Jan 2003 18 Jan 2013 18 Sep 

18 2003 21 Dec 2004 05 Jan 2014 07 Oct 

19 2005 13 Mar 

20 2006 05 Jan 2006 21 Jan 2017 22 Aug 

21 2007 24 Feb 

22 2008 22 Feb 2008 22 Feb 

23 2009 21 Jan 2009 24 Jan 

24 2010 25 Jan 2010 09 Feb 

25 2013 05 Jan 2013 06 Jan 

26 2015 02 Jan 

27 2016 05 Mar 2016 05 Mar 

28 2017 30 Jan 

29 2018 12 Feb 

aPCH anomalies at 10 hPa. bThe wind reversal method.
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weakening events occurred almost evenly throughout 
the cool months (November to March) before 2000, 
whereas after 2000, seven out of 11 events occurred in 
January. This implies that the probability of NH SPV 
weakening events has become concentrated over specific 
calendar months in recent decades.

On the basis of the 22 SPV weakening events in the 
NH listed in Table 1, Fig. 1a–b illustrates the vertical dis-
tribution of the composite values of PCH anomalies from 
the date of onset (day “0”) ±90 days and for calendar 
months. In the NH, after the onset of SPV weakening 
events, positive PCH anomalies were observed in the 
upper stratosphere, showing a maximum value (3.8) at 1 
hPa shortly after the onset date. The SPV weakening 
events and positive anomalies gradually descended to the 
lower stratosphere and troposphere and lasted for 
approximately 60 days in the upper troposphere. Positive 
anomalies within the troposphere and near the surface 
became significant shortly after onset. The average date 
of onset for SPV weakening events was 17 January 
(Table 1), and positive PCH anomalies occurred from the 
end of December until mid-March in the stratosphere 
and troposphere, although positive values were relatively 
small for all months (Fig. 1b). Figure 1c illustrates the 
trend in PCH anomalies calculated for each calendar day 
and for each vertical level from 1 July 1979 to 30 June 
2018 and is similar to Figure 8a by Cohen et al (2018), 
which was calculated for the 1990–2016 time period 
using different reanalysis data than we used for the study 
that we report here. Although significant signals were 
confined to a narrow period, stratospheric PCH anoma-
lies exhibited an increasing trend over the time period 
analysed, especially in February, which is consistent with 
the more frequent occurrences of SPV weakening events 
during the mid-winter observed after 2000.

Figure 2 illustrates a composite of PCH anomalies and 
trends in the SH. Figure 2a illustrates that positive PCH 
anomalies persisted for over three months after the date 
of onset in the stratosphere and approximately 50–80 
days in the troposphere. The maximum PCH anomaly 
was approximately 2.9 at 1 hPa shortly after the date of 
onset in the SH, which was smaller than that in the NH. 
In contrast to the NH, where SPV weakening events 
occurred over a broad temporal range, such events tended 
to occur at similar times of the year in the SH—about 22 
September—and exhibited similar evolutions. Therefore, 
the composite mean results are less sensitive to the refer-
ence timings in the analysis, such as the onset date (day 
0) for events or calendar date (July 1) when events 
occurred (Fig. 2a, b; Kwon et al. 2020). The phase-lock-
ing characteristics of SPV weakening events in the SH dif-
fer considerably from those in the NH (Charlton & Polvani 
2007). Figure 2c illustrates the linear trend of PCH 

anomalies in the SH. As indicated by Kwon et al. (2020), 
a PCH anomaly in the SH increases with time, indicating 
a weakening of the SPV. That study identified an increas-
ing PCH trend in the stratosphere during September, 
although the significant signal was limited to a short 
period, and in the troposphere during October and 
November. As SPV weakening events have been observed 
to occur more frequently since the 2000s (Table 1), 
changes in SPV weakening events in recent decades have 
likely contributed significantly to the recent trend toward 
a low SAM (positive PCH anomaly). In contrast to the 
NH, the increasing trend of PCH anomalies in the lower 
stratosphere was limited to a few months in the SH.

To identify the stratosphere–troposphere coupling 
based on a monthly timescale (downward impact of SPV 
weakening events), we examined the relationship 
between PCH anomalies at 500 hPa (PCHA500) for three 
different periods and PCH anomalies at 10 hPa averaged 
over 30 days after the onset of an SPV weakening event 
(PCHA10; Supplementary Fig. S1). A positive PCH anom-
aly indicates a negative annular mode (Thompson & 
Solomon 2002). The correlation coefficients are not sig-
nificant at the 95% confidence level, indicating that the 
relationship between stratospheric and tropospheric cir-
culation may be weak or nonlinear. Nevertheless, the 
negative polarity of tropospheric circulation (positive 
PCHA500) occurred more frequently during specific peri-
ods. For example, in the NH, during the early period up 
to 30 days after onset, a more frequent (15 out of 22) 
negative Northern Annular Mode occurred, but in the 
SH, a negative SAM occurred more frequently (12 out of 
15) during the late period 60 days after the onset of SPV 
weakening (Table 2). This is further confirmed through 
the composite mean value of PCHA500, shown in 
Supplementary Fig. S1. The positive values of PCHA500 
are only statistically significant in the NH from days 0 to 
30, and in the SH from day 30 onwards. The robust mean 
values show a tendency for more frequent occurrences of 
negative annular modes in the NH during the first 30 
days and in the SH after 30 days.

Subsequently, we examined how SPV weakening 
events influence surface temperature. Figure 3 illus-
trates the responses of SAT at 2 m to SPV weakening 
events for three months after the date of onset. In the 
NH, the SAT became significantly colder over Eurasia 
during the first 30 days after onset; however, the degree 
of response was mitigated on later days. Significant 
warm SAT anomalies over north-western North America 
and cold SAT anomalies over north-eastern North 
America were identified during days 0–30. Compared to 
Eurasia, North American cooling at high latitudes was 
less robust for the period analysed, showing insignifi-
cant fluctuations behaviour. This suggests that the 

http://dx.doi.org/10.33265/polar.v43.9723


Citation: Polar Research 2024, 43, 9723, http://dx.doi.org/10.33265/polar.v43.9723 5
(page number not for citation purpose)

S.-J. Kim & H. Choi� Polar vortex weakening and surface temperature

impact of SPV weakening events on SAT might be par-
ticularly important in high-latitude Eurasia. The differ-
ences in surface temperature responses between Eurasia 
and North America are consistent with previous studies, 
despite the use of different detecting methods for SPV 
weakening events and a different data set (Kretschmer, 

Cohen et al. 2018; Huang et al. 2021). In the SH, the 
responses were more significant 30 or more days after 
onset. Between 30 and 60 days after onset, SAT became 
significantly warmer over Antarctica, except over the 
Antarctic Peninsula, and this feature of surface tempera-
ture response persisted until 90 days after onset.

Fig. 1 (a) Composite of PCH anomalies based on onset date for SPV weakening events in the NH. (b) Same as (a) but based on 1 July of years correspond-

ing to SPV weakening events. (c) Linear trends of PCH anomalies calculated for each calendar day and for each vertical level from 1 July 1979 to 30 June 

2018. Grey crosses indicate statistically significant regions at the 95% confidence level. The pink vertical line indicates the onset date (day 0) in (a) and 

mean onset date (17 January) in (b) and (c).
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The surface temperature response to SPV weakening 
events is related to atmospheric circulation in the tropo-
sphere, which appears to be influenced by mass change in 
the stratosphere. Figure 4 illustrates GPH anomalies at 
10, 100 and 500 hPa for the first 90 days after the onset 
of SPV weakening events. During the early period (0–30 

days), lower height anomalies occurred over Eurasia and 
north-eastern North America, consistent with the colder 
anomalies in the surface temperature responses men-
tioned earlier in the text. During this period, higher 
height anomalies occurred over the North Atlantic and 
North Pacific, including Alaska. The lower height 

Fig. 2 (a) Composite of PCH anomalies based on onset date for SPV weakening events in the SH. (b) Same as (a) but based on 1 July of years corresponding 

to SPV weakening events. (c) Linear trends of PCH anomalies calculated for each calendar day and for each vertical level from 1 July 1979 to 30 June 2018. 

Grey crosses indicate statistically significant regions at the 95% confidence level. The pink vertical line indicates the onset date (day 0) in (a) and mean 

onset date (22 September) in (b) and (c). The illustration is a modified version of figure 1 by Kwon et al. (2020).
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Citation: Polar Research 2024, 43, 9723, http://dx.doi.org/10.33265/polar.v43.9723 7
(page number not for citation purpose)

S.-J. Kim & H. Choi� Polar vortex weakening and surface temperature

anomalies in the troposphere over Eurasia and north-east-
ern North America and the higher height anomalies over 
the North Atlantic and North Pacific can be traced to the 
lower stratosphere (100 hPa level), where similar changes 
in GPH anomalies occurred. The barotropic feature 
between the lower stratosphere and troposphere implies 
that the stratospheric circulation during SPV weakening 

events is coupled with the tropospheric circulation, con-
sistent with results reported in a previous study (Woo 
et al. 2015). In the upper stratosphere, higher height 
anomalies were observed over the entire Arctic; however, 
no peculiar signature was observed for anomalous 
changes in the lower levels. From 30 to 60 days after 
onset, GPH anomalies in the troposphere were smaller 
than those of the earlier period over Eurasia, although 
lower height anomalies persisted. The mitigated GPH 
anomalies from 30 days onward were associated with the 
mitigated anomalies at upper levels in the stratosphere, 
where positive height anomalies over the Arctic were 
smaller than those in the earlier period. After 60 days, 
significant positive anomalies were no longer visible over 
the Arctic in the stratosphere and no traces were observed 
in the troposphere.

In contrast to the NH, SH GPH anomalies in the tropo-
sphere were not prominent in the first 30 days (Fig. 5). 

Fig. 3 SAT anomalies averaged over three different periods after the onset date of SPV weakening events in the (a–c) NH and (d–f) SH. Results are shown 

for (a, d) days 0–30, (b, e) days 30–60 and (c, f) days 60–90. Pink crosses indicate significant values at the 95% confidence level. Black solid boxes in 

(a–c) mark the Eurasia region (45°E–135°E, 55°N–75°N), while black dashed-dotted and black solid boxes in (d–f) indicate the Antarctic Peninsula region 

(270°E–315°E, 50°S–80°S) and the rest of Antarctica (0°E–270°E, 55°S–90°S), respectively.

Table 2. Number of positive PCH anomalies at 500 hPa (PCHA500) aver-

aged over three different periods (days 0–30, 30–60, and 60–90) following 

the onset date of SPV weakening events in each hemisphere. Numbers 

in parentheses represent total number of SPV weakening events based 

on PCH anomalies that occurred during the analysis period, as shown in 

Table 1.

Days 0–30 Days 30–60 Days 60–90

NH 15 (22) 10 (22) 13 (22)

SH 7 (15) 9 (15) 12 (15)
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The strongest positive anomalies occurred in the upper 
stratosphere, indicating slower propagation to the tropo-
sphere compared to that in the NH, which was also 
observed in the vertical section of the PCH anomalies 
(Fig. 2). From days 30 to 60, GPH anomalies markedly 
increased over East Antarctica and the Amundsen/
Bellinghausen sector of the Southern Ocean. The change 

in GPH anomalies in the troposphere during this period is 
reminiscent of that in the lower stratosphere, where the 
largest positive anomalies occurred, particularly over the 
Amundsen–Bellinghausen seas and Indian Ocean sectors. 
Sixty days after onset, positive GPH anomalies centred 
over the eastern Antarctic sector were observed in the 
troposphere, reminiscent of those in the lower 

Fig. 4 GPH anomalies after the onset date of SPV weakening events in the NH. Results are shown at (a–c) 10 hPa, (d–f) 100 hPa and (g–i) 500 hPa, averaged 

(a, d, g) from days 0–30, (b, e, h) 30–60 and (c, f, i) 60–90. Pink crosses indicate significant values at the 95% confidence level. Black solid boxes mark the 

Eurasia region (45°E–135°E, 55°N–75°N).
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stratosphere. The higher height anomalies in the east and 
west Antarctic sectors were associated with warm anom-
alies at the surface (Fig. 3). In terms of hemispheric scale, 
from days 0 to 30 in the NH (Fig. 4) and from day 30 to 
90 in the SH (Fig. 5), there were positive anomalies over 
the polar region and negative anomalies in the mid-lati-
tudes. This is consistent with the frequent occurrence of 

negative annular modes in the troposphere (positive 
PCHA500) during each period (Supplementary Fig. S1).

The spatial pattern of tropospheric GPH anomalies in 
both hemispheres was more similar to the lower strato-
sphere than the upper stratosphere (Figs. 4d, g, 5e, h). 
This is clearly illustrated in Fig. 6, which is the same as 
Supplementary Fig. S1, but shows PCH anomalies at 

Fig. 5 GPH anomalies after the onset date of SPV weakening events in the SH. Results are shown at (a–c) 10 hPa, (d–f) 100 hPa and (g–i) 500 hPa, aver-

aged (a, d, g) from days 0–30, (b, e, h) 30–60 and (c, f, i) 60–90. Pink crosses indicate significant values at the 95% confidence level. Black dashed-dotted 

and black solid boxes indicate the Antarctic Peninsula region (270°E–315°E, 50°S–80°S) and the rest of Antarctica (0°E–270°E, 55°S–90°S), respectively.
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100 hPa (PCHA100) averaged over days 0–30 in the NH 
and days 30–60 in the SH. The significant correlation 
coefficients (Fig. 6a, e) indicate that the relationship 
between lower stratospheric and tropospheric circulation 
is robust and linear.

We further examined the relationship between the 
circulation and SAT variations related to SPV weakening 
events (Supplementary Figs. S2, S3). On the basis of the 
major regions associated with SPV weakening events, 
such as Eurasia (45°E–135°E, 55°N–75°N) in the NH and 
the Antarctic Peninsula region (270°E–315°E, 50°S–80°S), 
as well as the rest of Antarctica (0°E–270°E, 55°S–90°S) 
in the SH, we calculated daily local indices using GPH and 
SAT anomalies. The periods of strong tropospheric 
responses to SPV weakening events—days 0–30 for the 
NH and days 30–60 for the SH—were chosen. During the 
first 30 days after the onset of the NH SPV weakening 
event, cold anomalies persisted in the Eurasian region 
(Supplementary Fig. S2a). Specifically, minimum peaks 

of the temperature anomaly were observed on day 7 and 
day 22, respectively. To explain the temperature fluctua-
tion, we included the variation of the tropospheric GPH 
anomalies averaged over Eurasia (Supplementary Fig. 
S2b). The tropospheric GPH anomalies exhibited a tem-
poral pattern similar to the SAT anomalies, with the min-
imum low-pressure anomaly observed about two or three 
days before the minimum temperature peak. The deep-
ening of the low-pressure circulation over Eurasia could 
provide a favourable condition for south-eastward cold 
air advection over the Eurasian region, leading to nega-
tive SAT anomalies (Lehtonen & Karpechko 2016). The 
evolution of lower stratospheric circulation averaged 
over Eurasia showed similar fluctuation with the tropo-
spheric circulation, with correlation coefficients of 0.74, 
which are significant at the 95% confidence level. This 
result suggests a possibility that the lower stratospheric 
variation is linked to the tropospheric circulation over 
Eurasia, which leads to the fluctuation of Eurasian 

Fig. 6 (a–c) Scatterplots of PCH anomalies at 100 hPa (PCHA100) averaged over days 0–30 and at 500 hPa (PCHA500) averaged over three different peri-

ods after the onset date of SPV weakening events in the NH. (d–f) Same as (a–c) but showing PCHA100 averaged over days 30–60 and PCHA500 averaged 

over three different periods after the onset date of SPV weakening events in the SH. Results are shown for (a, d) days 0–30, (b, e) days 30–60 and (c, f) 

days 60–90. A correlation coefficient (R) between PCHA100 and PCHA500 is shown in the upper corner of each panel. Asterisks indicate a statistically 

significant value at the 95% confidence level.
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temperature. The same analysis was performed for the SH 
(Supplementary Fig. S3). During days 30–60, cold anom-
alies were prominent over the Antarctic Peninsula region, 
while warm anomalies were prominent over the rest of 
the Antarctic continent (Supplementary Fig. S3a, b). The 
temperature anomalies between the two regions exhib-
ited a nearly opposite fluctuation, with a significant cor-
relation coefficient of –0.44 at the 95% confidence level. 
From day 45 onwards, warming in the west and east 
Antarctic region and cooling in the Antarctic Peninsula 
region persisted without a large fluctuation. During this 
period, the tropospheric GPH anomaly pattern averaged 
over West and East Antarctica was significantly positive 
(Supplementary Fig. S3c). The high-pressure anomaly 
over West and East Antarctica helps provide cold air from 
the Antarctic continental interior through the Weddell 
Sea to the Antarctic Peninsula region, leading to negative 
anomalies, while over the rest of Antarctica, the north-
erly circulation anomaly brings warm air from the east-
ern Weddell Sea to eastern Antarctica, resulting in robust 
positive SAT anomalies (Kwon et al. 2020). The evolution 
of lower stratospheric circulation averaged over West and 
East Antarctica showed similar temporal evolution with 
the tropospheric circulation, with correlation coefficients 
of 0.8, which are significant at the 95% confidence level. 
This result indicates a potential link from the lower 
stratospheric circulation to the tropospheric circulation 
associated with Antarctic SAT anomalies.

We then examined the linear relationship between 
SAT and SPV intensity in the three calendar months after 
the mean onset of SPV weakening events for each hemi-
sphere (Supplementary Fig. S4; this figure is similar to 
Fig. 3, except for the relationship between SAT and the 
SPV during the calendar months). The selected months 
began with the first month following the mean onset date 
of the SPV weakening events in each hemisphere. This 
was chosen because polar stratospheric anticyclonic 
anomalies experienced the greatest development in both 
hemispheres during the first month after an SPV weaken-
ing event occurred (Figs. 4, 5). The trends in SAT anoma-
lies and the SPVI were removed prior to calculation. In 
the NH, when the February SPV weakened, surface cool-
ing occurred over Eurasia and warming occurred over 
north-eastern North America from February to April, 
especially in March and April. However, in February, sur-
face temperatures and the SPVI were not significantly 
correlated. In the SH, when the October SPV weakened, 
surface temperature response was greatest in November, 
with a significant positive correlation in the West 
Antarctic sector and part of East Antarctica but a signifi-
cant negative correlation in the Weddell Sea. Notably, in 
October, a negative SAT response to SPV weakening was 

observed in the Antarctic Peninsula. In December, the 
relationship persisted but to a mitigated degree.

Finally, we examined the extent to which SPV weaken-
ing events contributed to the SAT trend between 1979 and 
2017. In both hemispheres, the SPV weakening trend over 
high-latitude regions appeared to be relatively more pro-
nounced during the first month following the mean onset 
date of the SPV weakening events, rather than the second 
and third months (Supplementary Fig. S5). Note that, in 
this study, we diagnosed the strength and variability of the 
SPV using the SPVI10. This means that we focused on the 
surface response based on the zonal-mean state of the SPV, 
despite zonal asymmetries in the SPV variability. Figure 7 
illustrates the overall SAT trend, which is linearly congru-
ent with the SPVI trend in the NH. During the analysis 
period, a positive SAT trend over the Arctic was prominent 
for all months considered. In March and April, a warming 
trend was observed over Eurasia. In February, the degree 
of surface warming was smaller, and a cooling trend was 
observed over central Eurasia and eastern Siberia. The 
congruent temperature by the SPVI trend showed negative 
trends, especially over Eurasia, which may partially explain 
the actual SAT change in February. However, the colour 
scale of the congruent temperature trend was one-tenth of 
the actual SAT trend. Overall, the SPV change in the NH 
did not explain the observed temperature change during 
the analysed period.

Figure 8 is identical to Fig. 7, except for the SH. Between 
1979 and 2017, the SAT increased over East Antarctica, the 
Weddell Sea and the Amundsen–Ross seas in October. In 
November, the positive SAT change was similar to that in 
October but mitigated by cooling over the Antarctic 
Peninsula. Additionally, in December, a slight but insignifi-
cant cooling trend was observed over Antarctica, except for 
the Antarctic Peninsula, where significant cooling was 
observed. This congruent temperature pattern illustrates 
the SAT trend in October and November, including the 
warming trend over East Antarctica and the cooling trend 
over the Antarctic Peninsula. However, as in the NH, the 
degree to which the congruent temperature trend cor-
relates with the SPVI trend was much lower than the actual 
temperature change in the SH, indicating that the long-
term SAT trend is only partially explained by the change in 
the SPV on the basis of the observational analysis.

Discussion

Our results show that in the SH, the onset dates of SPV 
weakening events are concentrated in the austral spring 
season, whereas in the NH, they occur over a longer time 
span, from the boreal autumn to the following spring 
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(Table 1). This suggests that the impact of NH SPV weaken-
ing events could occur over a period of almost half a year, 
from November to March. However, surface influence in 
the SH is more pronounced during certain seasons than in 
the NH, as SPV weakening events are mainly confined to 
spring (Figs. 1, 2). The SPV in both hemispheres is largely 
disturbed by an increase in wave forcing from the tropo-
sphere (Choi et al. 2019; Kwon et al. 2020). In the SH, the 
maximum wave activity in the winter (July–August) is 

weaker than that in the NH winter (December–February) 
and is limited to October and November. In contrast, in the 
NH, strong wave forcing occurs over half a year, from 
boreal autumn to the following spring (Graversen & 
Christiansen 2003). The difference in the strength and 
annual cycle of wave forcing from the troposphere between 
the NH and SH likely contributes to the difference in the 
onset date coverage of SPV weakening events between the 
two hemispheres.

Fig. 7 Spatial distributions of (a–c) trend in the SAT anomaly and (d–f) trend in the SAT anomaly linearly congruent with NH SPVI (February NH PCHA10). 

Results are shown for (a, d) February, (b, e) March and (c, f) April in the NH. Pink crosses in (a–c) indicate significant values at the 95% confidence level. Lin-

ear trends in the SAT anomaly and NH SPVI were removed before calculating the regression map. Black solid boxes mark the Eurasia region (45°E–135°E, 

55°N–75°N).
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Another notable result of this study is that SPV weak-
ening events in the NH occurred more frequently in 
December and February before 2000 and more frequently 
in January after 2000 (Table 1, Supplementary Fig. S6). 
Kim et al. (2014) showed that the decreased sea-ice cover 
in November and December over the Barents–Kara seas 
in recent decades likely leads to the weak polar vortex 

during mid-winter in the NH via enhancement of the 
upward propagation of planetary-scale waves. According 
to Cohen, Furtado et al. (2014), high October snow cover 
is associated with a weak polar vortex in the stratosphere 
at the end of December through mid-to late January as a 
result of an increase in heat flux into the lower strato-
sphere. Supplementary Fig. S7 shows the sea-ice cover 

Fig. 8 Spatial distributions of (a–c) trend in the SAT anomaly and (d–f) trend in SAT anomaly linearly congruent with the SH SPVI (October SH PCHA10). 

Results are shown for (a, d) October, (b, e) November and (c, f) December in the SH. Pink crosses indicate significant values at the 95% confidence level 

in (a–c). Linear trends in the SAT anomaly and SH SPVI were removed before calculating the regression map. Black dashed-dotted and black solid boxes 

indicate the Antarctic Peninsula region (270°E–315°E, 50°S–80°S) and the rest of Antarctica (0°E–270°E, 55°S–90°S), respectively.
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anomaly averaged over November and December over 
the Barents–Kara seas (30°E–90°E, 70°N–80°N) and the 
October Eurasian SCE anomaly. The October Eurasian 
SCE anomaly is normalized by a standard deviation for 
October from 1979 to 2017 (1.98 × 106 km2). Similar 
analyses were conducted by Kim et al. (2014) and Cohen 
et al. (2012), but here we present updated versions. We 
found a significant decrease in the sea-ice cover anomaly 
and an increase in the SCE anomaly. Examining whether 
there is a difference in meridional eddy heat flux before 
and after 2000, we found that after 2000 heat flux anom-
alies increased starting from mid-November through 
mid-to late January (Supplementary Fig. S8). This con-
trasts with the period before 2000, when positive heat 
flux anomalies were observed from mid-November to 
early December and from mid- to late February. The pos-
itive heat flux anomaly was associated with strong 
upward wave propagation from the troposphere to the 
stratosphere before the weak SPV events. Therefore, the 
different behaviour in meridional eddy heat flux anoma-
lies linked to early-winter sea-ice cover over the Barents–
Kara seas and the October Eurasian SCE could explain 
the difference in the NH SPV strength between the two 
periods. Other factors, including the Madden-Julian 
Oscillation and sea-surface temperature, might also con-
tribute to SPV variability (Garfinkel et al. 2012; Garfinkel 
et al. 2015; Zhang et al. 2016; Wang et al. 2023)

In the SH, however, SPV weakening events tend to 
occur during September and October regardless of the time 
period (Supplementary Fig. S9), but they have occurred 
more frequently since 2000 (Kwon et al. 2020; Table 1). 
The ozone concentration over Antarctica—which has 
increased in recent years because of the Montreal Protocol 
(Banerjee et al. 2020)—has contributed substantially to 
SPV variability (Thompson & Solomon 2002). However, 
Kwon et al. (2020) showed that the more frequent occur-
rences of SPV weakening events in the SH since the 2000s 
were likely primarily influenced by strong upward wave 
propagation from the troposphere to the stratosphere 
rather than by ozone recovery. Further research on the dif-
ferences observed in the temporal distribution of SPV 
weakening events in the NH and their frequency in the SH 
since the 2000s is required to fully understand their causes.

Although we observed downward propagation of pos-
itive PCH anomalies from the stratosphere to the tropo-
sphere in both hemispheres, the persistence of the surface 
response and the timing at which the surface response 
occurred were different (Figs. 1a, 2a). After SPV weaken-
ing events, the lower stratospheric and tropospheric 
anomalies lasted up to about 60 days in the NH as opposed 
to ca. 90 days in the SH. The persistent differences 
between the two hemispheres were reported by 
Thompson et al. (2005). In the NH, SPV weakening 

events and surface responses occurred almost simultane-
ously, whereas a time lag of approximately one month 
was observed in the downward impact of the SPV weak-
ening events in the SH. This is consistent with the ten-
dency for the negative annular mode after SPV weakening 
events to occur more frequently during the first month in 
the NH, but more often one month later in the SH 
(Supplementary Fig. S1). Recent studies have noted a 
delayed surface response to an SPV weakening event that 
occurred in 2019 in the SH, suggesting a potential link to 
factors such as the Indian Ocean Dipole or ozone concen-
trations (Lim et al. 2020; Lim et al. 2021; Jucker & Goyal 
2022). Figure 2a suggests that the delayed surface 
response in the SH tends to be more frequent after SPV 
weakening events than that in the NH, which has import-
ant implications for the predictive skill of current sea-
sonal forecasting systems. Further studies are required to 
understand the factors that interact with downward cou-
pling following SPV weakening events in the SH.

According to our results, the weakening of the SPV in 
the NH led to colder temperatures over Eurasia and 
north-eastern North America for up to 30 days after 
onset. However, in the SH, SPV weakening events 
resulted in warming in East Antarctica and cooling in the 
Antarctic Peninsula 30 days onwards after onset. 
Atmospheric circulation anomalies via stratosphere–tro-
posphere downward coupling after SPV weakening 
events are related to the surface temperature responses 
for each hemisphere. However, the congruency of the 
surface temperature trend according to the SPV trend 
appeared to be small in both hemispheres. We confirmed 
the weakening of vortices in the NH in winter and the SH 
in early spring, which have been reported previously (Hu 
et al. 2005; Hu & Pan 2009; Fu et al. 2010; Alexeev et al. 
2012; Bohlinger et al. 2014; Garfinkel et al. 2017; Seviour 
2017; Kretschmer, Coumou et al. 2018; Kwon et al. 
2020). The weakening of polar vortices has coincided 
with recent Arctic Amplification (Cohen, Screen et al. 
2014) and Arctic sea-ice loss (Kim et al. 2014). However, 
these trends are not significant in either hemisphere 
owing to fluctuating trends between 1979 and 2017. 
Sometimes, the positive trend offsets in the opposite neg-
ative direction on decadal timescales, occurred around 
2000 (Hu et al. 2018; Hu & Guan 2018; Supplementary 
Figs. S10, S11). Additionally, there is high interannual 
variability (Langematz & Kunze 2006). In the SH, the 
trends in temperature and circulation resulting from 
ozone recovery in the 21st century are generally opposite 
to those caused by ozone losses, including a weakening of 
the SH SPV (Banerjee et al. 2020; Zambri et al. 2021). 
However, the magnitude of the trends while ozone levels 
were increasing was smaller than that while ozone levels 
were decreasing (Banerjee et al. 2020; Zambri et al. 
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2021). Additionally, higher levels of greenhouse gases 
can counteract the influence of ozone by strengthening 
the polar vortex (Banerjee et al. 2020; Rao & Garfinkel 
2021). Therefore, in the SH, the insignificant contribu-
tion of ozone recovery and the opposing effects of green-
house gases increase on SPV weakening are likely to 
mitigate the long-term trend of the polar vortex intensity. 
Consequently, the weaker trend of the SPV weakening 
may result in only slight congruency even if the linear 
relationship between SPV intensity and SAT is consider-
able (Supplementay Fig. S4). In addition, because SAT is 
known to be affected by other factors such as tropical 
forcing, natural variability, topographic layout and sea-
ice loss (Cohen, Screen et al. 2014; Rahaman et al. 2019; 
England et al. 2020; Jun et al. 2020), SPV weakening may 
not fully explain SAT trends. Detailed examinations are 
necessary to improve our understanding of the impacts of 
SPV change on surface weather patterns.

The observed number and decadal variability of weak 
SPV events may be affected by different detection meth-
ods. For example, defining weak SPV events based on 
zonal-mean zonal wind diagnostics at one latitude yields 
zero events during the early to mid-1990s in the NH 
(Charlton & Polvani 2007; Butler et al. 2015). However, 
utilizing PCH anomalies classifies a similar number of 
weak NH SPV events during the 1990s, as are observed in 
other decades (Table 1). Using different data sets is also 
related to the sampling issue (Butler et al. 2015). 
Consequently, the use of different definitions may result 
in some distinctions in composite features of strato-
sphere–troposphere coupling and tropospheric response, 
such as timing or intensity. We examined the possibility 
that different definitions of polar vortex strength in the 
NH might have influenced composite results of strato-
sphere–troposphere coupling and tropospheric responses. 
The fourth and fifth columns in Table 1 show NH SSWs 
based on the wind reversal method. The onset date of the 
SSWs is defined as the first day when the zonal-mean 
zonal wind (U) reverses from westerly to easterly at 10 
hPa and 60°N during the boreal winter (November–
March; Choi et al. 2019). During the analysis period, a 
total of 24 SSWs occurred, with an average onset date of 
1 February, which is about two weeks later than the aver-
age onset date of NH weak SPV events obtained based on 
the PCH anomalies. Out of 22, 16 SPV weakening events 
in the NH are identified as SSWs. We detected 11 SSW 
events before 2000 and 13 SSWs after 2000, indicating 
that there is no large difference in frequency between the 
two periods. We reconducted composite analysis using 
SSWs from the method of wind reversal (Supplementary 
Figs. S12, S13, S14) and compared those with Figs. 1a, b, 
3a–c and Supplementary Fig. S6. They showed similar 
features. This comparison supports that, at the very least, 

the main results in composite reanalysis in this study are 
not largely affected by different definitions. Forming a 
consensus for standardized definitions of events is ongo-
ing and beyond the scope of this study. We focus on 
reviewing and examining the relationship between SPV 
variability and surface responses in recent decades.

Conclusion

In this study, we used ERA-Interim reanalysis data to 
investigate SPV trends for a 39-year observation period in 
both hemispheres and attempted to determine when the 
coupling between the stratosphere and troposphere was 
strongest. As SSWs are rare in the SH, we introduced and 
defined SPV weakening events as occurrences when PCH 
anomalies at 10 hPa were higher than the 95th percen-
tile, which corresponds to 1.73 in the NH and 1.65 in the 
SH. Since 2000, SPV weakening events have occurred 
more frequently in the SH, whereas in the NH, a similar 
number of SPV weakening events have occurred both 
before and after 2000. In both hemispheres, the SPV 
showed a small weakening trend. Furthermore, the onset 
of annual SPV weakening occurred in mid-January in the 
NH and in late September in the SH. After the onset of 
SPV weakening events, stratosphere and troposphere 
coupling occurred rather quickly in the NH, where the 
relationship between stratospheric PCH anomalies and 
tropospheric PCH anomalies was prominent within the 
first 30 days. However, in the SH, the coupling occurred 
approximately 30–90 days after onset. Moreover, in the 
NH, the influence of the stratosphere on the troposphere 
occurred over a longer time span, from November to 
March, but in the SH, stratospheric influence was con-
fined to a narrow time band from October to November.

In the NH, significant and non-significant—but still 
observable—cold anomalies occurred over northern 
Eurasia and north-eastern North America, respectively, 
within 30 days after the onset of SPV weakening events. 
However, in the SH, over a period of 30–60 days after the 
onset of the SPV weakening, surface temperatures 
showed warming responses across Antarctica, save for 
the Antarctic Peninsula. These contrasting surface tem-
perature responses to SPV weakening events in both 
hemispheres were due to associated changes in GPH in 
the troposphere, with a trough over Eurasia in the NH 
but a higher height anomaly over East Antarctica in the 
SH, both of which are reminiscent of changes in GPH in 
the lower stratosphere.

In our study, the relation between SPV weakening 
events and SAT appears to be robust, owing to a change 
in tropospheric circulation and subsequent air mass 
advection, as mentioned earlier in the text, which is rem-
iniscent of the change in upper-level circulation. However, 
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the congruent temperature trend differed from the actual 
temperature trend in the NH and was much smaller than 
the actual trend in the SH, as the long-term SPV trend 
was rather small owing to temporal fluctuations during 
the analysis period.

Using a consistent detection method, we have herein 
reported unique differences in the anomalous behaviour of 
NH and SH SPV weakening events and their impacts on sur-
face climate. The results provide a useful reference and 
motivation for future studies associated with improving 
weather forecasting, For instance, our findings can help 
determine when and where the strongest downward impact 
may occur and the nature of that impact. In addition, the 
differences in the persistence of the surface response and 
the timing at which the surface response occurred may be 
an intriguing issue meriting further investigation.
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