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Abstract
In this study, we analyse the dynamical evolution, and identify the major warming (MW) and minor warming events of 
the past 11 Arctic winters (2010/11–2020/21). During the period, MW is found in 4 winters and is in January for 2012/13, 
2018/19 and 2020/21 and in February for 2017/18. A major final warming is observed in the year 2015/16. The most severe 
MW occurred in the 2012/13 winter, for which a rise in temperature of about 30 K is found at 60° N. The investigation of 
tropospheric wave forcings for the period reveals that the MW in 2012/13 and 2017/18 is forced by the combined activity 
of waves 1 and 2, whereas the MW in 2018/19 and 2020/21 is driven by wave 1. Studies have shown that the frequency 
of Sudden Stratospheric Warming (SSW) in the Arctic has been increasing since 1957/58, which is about 1.1 MWs/winter 
during 1998/99–2009/10. However, this frequency decreases to 0.36 MWs/winter in the period 2010/11–2020/21 and 
0.74 MWs/winter in 1998/99–2020/21. An inverse relationship is observed between the period of occurrence of SSWs and 
total column ozone (TCO) in the Arctic for the past 11 winters (2010/11–2020/21). For instance, the temperature in the 
lower stratosphere in January, in which most warmings occur, shows a statistically significant high positive correlation 
(0.79) with the average TCO in January–March. Therefore, this study assists in understanding the relationship between 
inter-annual variability of ozone and the occurrence of SSWs.

Article Highlights

•	 Major warmings (MWs) of the past decade occurred 
mostly in January and then in February.

•	 A decreasing trend in the occurrence of MWs in the past 
decade, 0.36 MWs/winter.

•	 The warming occurrences in the stratosphere make 
lower ozone depletion.

•	 A positive correlation exists between lower strato-
spheric temperature and total ozone.
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1  Introduction

The presence of Sudden Stratospheric Warming (SSW) 
events drives the dynamic nature of Arctic stratosphere 
in most winters. Scherhag [1] recorded the first of such 
warming, which takes place when the temperature rises 
suddenly at 10 hPa pressure level poleward of 60° N/S 
latitude in a matter of a few weeks [2]. The meridional 
temperature gradient is reversed, and the direction and 
speed of the zonal winds are changed during the major 
SSW period [3, 4]. The observed temperature increase is 
in the range of 30–40 K at 60°–90° N/S latitude, and it is 
followed by a reversal of westerlies during major warm-
ing (MW), but only a weakening of the westerlies during 
minor warming (mW) [5, 6]. Despite the WMO criterion 
for SSW, there are still debates on certain conditions 
chosen such as the latitude and duration of wind rever-
sal [7–9]. The polar vortex dynamics and positions are 
altered by SSW-related changes in the westerlies, which 
finally culminate in either the displacement or breaking 
of the vortex [10–12].

The wave mean flow interactions between the clima-
tological westerlies and the planetary waves is the actu-
ating mechanism of SSWs. The westerlies of the polar 
vortex are forced by quasi-stationary waves (Rossby 
waves), resulting in a slowing of the winds and thus, 
the adiabatic warming there [13]. The vortex regains its 
shape and location depending on the type of wave forc-
ings (e.g. wave number 1, 2 or 3). The classification of MW 
events to the split and displacement types differ based 
on the criterion such as the central dates and datasets 
used. For instance, the MW in 2009/10 (central date 9 
February 2010) is identified as a displacement event in 
the study of Kuttippurath and Nikulin [7], but a vortex 
split event in other studies [14, 15]. They followed the 
criteria that closely resembled Charlton and Polvani [12] 
(CP07). The CP07 criterion classifies the events depend-
ing on the absolute vorticity of polar vortex. Unlike this, 
in the years following, the events were also classified 
based on the type of wave forcing causing the event. The 
vortex split events are often found associated with wave 
2 forcing and displacement events are related to wave 1 
forcing [16]. However, in a few winters, the split events 
were not forced by wave 2, but by wave 1 (e.g. 2018/19). 
Recently, another method of classifying the events was 
also devised by Choi et al. [17], where the MW occur-
rences are categorised as split and displacement events 
based on the nature of vortex and wave forcing (1 or 2) 
before and after the central dates.

SSWs are more common in the Northern Hemisphere 
(NH) than in the Southern Hemisphere (SH) due to 
strong planetary wave forcing in NH [18]. The two main 

elements that encourage this disparity are the difference 
in land and sea temperatures, as well as the topographi-
cal variations in these regions. The El Nino Southern 
Oscillation (ENSO), Quasi-Biennial Oscillation (QBO), 
sea ice concentration (SIC) and sea surface temperature 
(SST) anomalies also influence the wave forcing [19–24]. 
Climate change has a different effect on SSW events in 
NH than it does in SH. In a changing climate context, 
the SSW events tend to become more common in NH 
although no clear evidence has surfaced yet [25, 26]. An 
inherent consequence of SSW is noticeable in the surface 
climate for a few weeks or months [23, 27]. Aside from 
the effects on the surface temperature and precipitation, 
similar effects can be observed in the upper atmosphere 
such as in the mesosphere and ionosphere [28].

The occurrence of SSW has been increasing since 
its earliest documentation in January 1952. This rate of 
increase in frequency differs in different studies based on 
the criterion chosen for the classification of warming. The 
most used metric to classify the SSW into MW and mW is 
CP07, where the warming is considered to be major when 
the wind reverses at 10 hPa at the 60° N/S latitude from 
November to April, and must reverse for at least 10 days 
continuously before late April. However, the number of 
MWs can differ based on datasets. The assessment of rea-
nalysis datasets for the period 1958–2002 conducted by 
CP07 shows that the SSW occurs in the order of six events 
per decade. Studies have also shown that SSW occurred 
once every two winters from the late 1950s to 1990 [14, 29]. 
Conversely, a single minor warming episode (1989/1990) 
was observed during the period 1989/90–1997/98 [30]. 
The warmings became more common beyond this period 
i.e., 1998/99–2008/09 [7]. Several winters were marked by 
the presence of multiple SSWs such as in 1998/99, 2001/02, 
2007/08 and 2009/10 [31–34]. The study of Kuttippurath 
and Nikulin [7] revealed that the frequency of SSW in 
1998/99–2009/10 (∼ 1.1 MWs/winter) increased by nearly 
twice that recorded in 1957/58–1997/98 (∼ 0.6 MWs/win-
ter). Statistical characteristics of SSWs using model simula-
tions and reanalysis showed that there is a high frequency 
of SSWs before the 1990s with an average of 5–6 events in 
a decade [35]. Similar model results of the SSW frequency 
are also presented in the study of Liu et al. [36]. All three 
studies show that the majority of these warmings occur in 
the month of January, followed by February.

Here, we analyse the SSWs occurred during the period 
2010/11–2020/21. We perform a comprehensive analysis 
of all minor and major warmings that have happened in 
the past decade. Four major warmings were recorded in 
the winters of 2012/13, 2017/18, 2018/19 and 2020/21 
[37–42]. The impact of SSW on the Arctic ozone and the 
frequency of SSWs over the course of time are evalu-
ated. The first section of the study examines the temporal 
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evolution of meteorological parameters. The polar vortex 
dynamics is an inevitable component in the analysis of 
SSWs, and thus the Potential Vorticity (PV) maps are exam-
ined afterwards. The dynamical evolution of the fluxes is 
described in the last part of the first section and is crucial 
to understanding the wave components of dynamical 
forcing. The last part concludes with an examination of 
the relationship between ozone concentration and SSW 
timings (Table 1).

2 � Data and methods

The Charlton and Polvani (CPO7) [12] criterion is applied 
to classify the winters as major warming and minor warm-
ing. When the temperature rises rapidly (20–30 K) North 
and South of 60° N/S and is accompanied by a reversal 
of zonal winds at 10 hPa, the event is a MW. Warming is 
referred to as a mW when the reversal of zonal winds does 
not accompany the increase in temperature. We use the 
Modern-Era Retrospective Analysis for Research and Appli-
cations (MERRA-2) data to investigate the changes in tem-
perature and zonal winds [43]. These reanalysis datasets 
have a resolution of 0.5° × 0.625° and a temporal resolution 
of three hours at 42 pressure levels. The classification of 
events based on the nature of polar vortex position and 
movements is similar to that of Cohen and Jones [14]. The 
breaking of a polar vortex during spring, and thus, the 
change in the direction of the zonal winds, characterise 
the final warming [44]. The final warming dates are ana-
lysed in our study based on the date of final reversal of the 
westerly at 10 hPa in the 65° N latitude, as done by Black 
and Daniel [45]. As a result, once the westerlies shift to 
easterlies due to the final warming, they will prevail until 
the next autumn.

Apart from this, the dynamical evolution of the winters 
is analysed using the Eliassen Palm (EP) flux divergence, 
heat flux, momentum flux and the amplitudes of wave 
forcings. The EP flux analysis assists in the estimation of 
tropospheric wave forcing. Detailed descriptions of this 
are found in Andrews et al. [4]. The divergence of EP flux is 
calculated using the method devised by Jucker [46]. Differ-
ent methods of scaling the flux vectors are also described 
in other studies [47]. The EP flux considered in our study 
combines the vertical and meridional components. The 
dynamics of the vortex is examined to identify the years 
of vortex split and displacement using the PV maps [48]. 
The vortex edge is estimated by the Nash et al. [49] criteria. 
These maps are overlaid using the geopotential heights 
taken from the MERRA 2 data.

The relationship between the concentration of ozone 
and the presence of MW in the winters is evaluated using 
the total column ozone (TCO) obtained from the TOMS 

(Total Ozone Mapping Spectrometer), OMI (Ozone Moni-
toring Instrument) and OMPS (Ozone Mapping and Profiler 
Suite) satellite instruments. The trend in TCO is evaluated 
for the past four decades and correlation of the TCO with 
temperature, wind, Area of the Polar Stratospheric Clouds 
(Apsc) and the geopotential height (GPH) is estimated using 
the linear regression method. The mean PSC area (Apsc) at 
460 K computed from the MERRA-2 dataset is taken from 
the NASA ozone watch website. The statistical significance 
of the relationship between the parameters and TCO is 
evaluated using the two-tailed t-test.

3 � Dynamics of the winters

3.1 � Temperature and zonal winds

3.1.1 � Warmings during the winters 2010/11–2020/21

The evolution of zonally averaged temperature for the 
winters of 2010/11–2020/21 at 60° N and 90° N is pre-
sented in Fig. 1. Individual years are shown in different 
colours and the third panel of Fig. 1 shows the seasonal 
development of mean zonal winds at 60° N. The signifi-
cance of examination at 90° N is to analyse the amplifica-
tion effect of the change in temperature due to SSW in the 
polar region. Climatology of the temperature and zonal 
winds is also presented in Fig. 1, to better understand 
the inter-annual variability. The estimates of zonal wind 
speed at 60° N reveal that the winters 2012/13, 2017/18, 
2018/19 and 2020/21 were characterised by the reversal 
of wind. The most severe and prolonged warming was in 
2012/13. The temperature at 60° N began to increase by 
late December (202 K) (20–24 December) and it reached 
the peak of warming in early January (234 K, 10–11 Janu-
ary). Therefore, a rise of about 30 K was observed in that 
winter [38]. However, the next MW was observed after 
4 years, in 2017/18 and temperature rise of about 24–26 K 
(60° N) was found in the winter (214–238 K, early Febru-
ary to mid-February). Model predictions of Rao et al. [44] 
and Karpechko et al. [50] also estimated similar dates of 
onset for the MW in that winter. The warming in 2018/19 
and 2020/21 began in mid-December and continued until 
early January. Unlike the previous warmings, the rise in 
temperature at 60° N for both winters was moderate in the 
range of 20 K (210–230 K). Contrary to this, the tempera-
ture rise almost doubled at 90° N for both 2020/21 (38 K) 
and 2018/19 (40 K) MWs, and the intensity of warming at 
90° N was lower for 2012/13 and 2017/18.

Apart from the major warmings, minor warmings were 
also observed during the period of study. A temperature 
difference of 20 K was noticed at 90° N in 2010/11 and 
2019/20 from late January to early February. However, the 
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temperature dropped soon after the warming, and thus, 
the winters experienced unprecedented ozone loss [51, 
52]. The 2019/20 year was characterised by a cold late win-
ter–spring, and experienced large loss in ozone during the 
period. The 2011/12 winter had a similar mW from early to 
mid-January and showed an increase of 22 K at 90° N. The 
presence of mW during these winters is more prominent 
at 90° N. Temperature increase in 2014/15 and 2016/17 
was featured by a rise similar to that observed in MWs (see 
Manney et al. [53]). The temperature increased from 206 to 
230 K and from 210 to 230 K at 60° N during early January 
to early February in 2017, and late December 2013 to early 
January 2014, respectively. Similar observations of the rise 
in temperature during MWs and mWs are also illustrated 
in Fig. S1 of the supplementary data.

A unique major final warming (MFW) event was 
observed in 2015/16 when the temperature rose close to 
20 K at 60° N and 40 K at 90° N. A major final warming 
event occurs when the polar vortex disrupts early in spring 
and does not recover later in the season [54]. The rever-
sal of westerlies following the intensification of warming 
occurs after the lag of a few days. For instance, the earliest 
MW among the 11 years of study is observed in 2012/13. 
The easterlies appeared on 6 January 2013 (5–10 ms−1) a 
few days after the onset of warming and continued for 
few weeks. Easterlies first appeared on 12 February 2018, 
2 January 2019 and 5 January 2020 in the other MW win-
ters. The easterlies stayed longest in 2012/13 (22 days) fol-
lowed by 2018/19 winter (21 days). The westward winds in 
2017/18 persisted for about 19 days and 13 days (2 days 
of westerlies were present in between) in 2020/21 [55, 56]. 
The MFW observed in 2015/16 was one of the earliest final 

warmings observed in the Arctic for the past two decades. 
The zonal winds decelerated; coinciding with the periods 
of mW in other winters as depicted in Fig. 1. The wester-
lies were strong (30–60 ms−1) in early winter in 2010/11, 
2015/16 and 2019/20; implying a stronger polar vortex in 
these winters. The final warming for the winters 2010/11, 
2013/14, 2014/15, 2016/17 and 2017/18 occurred in late 
March and early April, but late April for the years 2011/12, 
2012/13, 2019/20 and 2020/21.

3.1.2 � Vertical development of the major warmings

Figure 2 shows the vertical development of the zonally 
averaged temperature (coloured contours [left]) from 60° 
N to 90° N along with the evolution of the westerlies and 
easterlies (coloured contours [right]) (zonally averaged 
over 60°–90° N). As discussed in much of the previous stud-
ies, following a MW event, the high-temperature regions 
descent to lower altitudes and is also accompanied by 
the descent of the easterlies. The extent of descent to the 
lowermost altitudes depends on the severity of warming 
and they remain in the same altitude for a short period (a 
week or more). During the 2012/13 winter, the easterlies 
appeared in late January and extended to altitudes as low 
as 75 hPa, as depicted in Fig. 2. The higher temperature 
contours of 240–250 K are found near the upper strato-
sphere (1–10 hPa). The lowermost descent of easterlies is 
observed during the MW of 2017/18. The high-tempera-
ture contours were found at altitudes lower than 10 hPa 
and the easterlies were present at altitudes lower than 
75 hPa. Similar descent is also found in 2020/21, but is not 
as strong as the MW in 2017/18. The descent of easterlies 

Fig. 1   Temporal evolution of 
temperature at 60° N and 90° 
N latitude at 10 hPa and the 
evolution of zonal winds at 60° 
N at 10 hPa (data: MERRA 2). 
The dashed horizontal line in 
the bottom panel represents 
zero velocity and the vertical 
dashed line is indicative of 
each month. The bold gray line 
in the background indicates 
the climatology (1980/81–
2020/21)
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in 2018/19 is limited to 75 hPa. Corresponding to the tim-
ings of mW the easterlies appeared in the upper strato-
sphere in 2013/14 and 2014/15, but are not classified as 
MW because the reversal of winds was short-lived. The MW 
in 2015/16 is highlighted by the presence of easterlies that 
descended to lower than 30 hPa and stayed intact until 
spring. However, the strength of easterlies (1–10 ms−1) was 
lower than the westerlies (10–40 ms−1) observed before 
the warming. Lower temperatures (196–206 K) were pre-
sent throughout early winter in the years 2010/11, 2015/16 

and 2019/20. Accelerated descent of high temperatures 
(225–240 K) is also noticed for the mW winters 2011/12, 
2013/14 and 2016/17.

3.2 � Potential vorticity analysis

A majority of SSW episodes conclude with either a split 
or displacement of the polar vortex. These changes in the 
vortex are significant because they assist to determine the 
severity of warmings, which can affect regional weather, 
and can aid in the diagnosis of wave forcings. These can 
be studied effectively using the PV maps. We have com-
puted the Ertel’s potential vorticity (EPV, 1 EPV = 10–3 PVU) 
(1 PVU is 10−6 km 2 kg−1 s−1) from the MERRA 2 data for the 
MW winters (2012/13, 2017/18, 2018/19 and 2020/21) on 
selected dates at two different altitudes, as demonstrated 
in Figs. 3 and 4 for 10 hPa and 70 hPa, respectively. The 
temporal development of polar vortices is visible more 
discreetly at 10 hPa, and is discussed for three specific 
dates. For each year, the initial formation and dissipation 
of the vortex is examined on 15 December and 15 March, 
respectively. The central date is also marked, which indi-
cates the date on which the zonal wind changes its direc-
tion. That is, the date corresponding to the westerlies at 
10 hPa in 60° N latitude change their direction to easterlies. 
The geopotential height contours are superimposed on 
the PV maps. Geopotential height values are higher over 
warmer regions and vice versa. These contours closely fol-
low the shape of polar vortex. Figure 3 shows the tempo-
ral evolution of polar vortex at 10 hPa. The early stages of 
the formation of vortex are observed for all MW winters. 
The vortex is observed to be circular and concentric in the 
beginning of warming in 2012/13 and 2017/18. However, 
the vortex is distorted to a coma-shaped and elongated 
for the 2018/19 and 2020/21 winters, respectively. In the 
lower altitudes or at 70 hPa the distinct concentric shapes 
of vortices are hardly identifiable (Fig. 4). 

The vortex was stable in early December 2012 and 
was fully formed by the end of December as observed 
from Fig. 3. The MW in 2012/13 begun in late Decem-
ber and reached the peak stage during early January. 
Thus, as the westerlies changed to easterlies, the vor-
tex became unstable and started to elongate (6 Janu-
ary 2013). Furthermore, on 8 January 2013, the vortex 
split and migrated to the mid-latitudes. A part of the 
vortex moved to Central North America and the other 
lobe displaced to Russia [37]. This split in the vortex 
and displacement to the nearby regions are also vis-
ible at 10 hPa. In 2017/18, a fully developed vortex is 
observed in December and as the warming begins, the 
vortex became less stable and split into two lobes on 
12 February 2018 [41, 57]. The split is very evident at 
10 hPa (Fig. 3), but less identifiable at 70 hPa (Fig. 4). The 

Fig. 2   Temporal evolution of the zonally averaged temperature and 
zonally averaged wind (60°–90° N) (data: MERRA 2) for the Arctic 
winters 2010/11–2020/21
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split became more explicit at both latitudes in the days 
following as the easterlies extended to lower altitudes, 
as illustrated in Fig. 2. The breaking of vortex in early 
(4) January of 2019 owing to MW that commenced in 
mid-December led to the shift of vortex to the eastern 
North America and Russia. The evolution of geopotential 
height with warming is also presented in the study of Lee 
and Butler [55]. Unlike the three years of MW (2012/13, 
2017/18 and 2018/19), the MW in 2020/21 culminated 
into a displacement event. The warming soared up by 
late December and reached its peak intensity in early 

January and therefore, the vortex is displaced to the 
Eurasian continent. This change in position is apparent 
at both altitudes (Figs. 3, 4).

The dissipation of the vortex is observed around 15 
March in all years. The vortex started to disappear slowly 
at 70 hPa compared to that at 10 hPa. The vortex almost 
disintegrated on 15 March 2018, but it is slower for the 
other warm winters. The vortex dissipated slowly in 
2012/13 and 2019/20 due to the decrease in temperature 
soon after the warming and strengthened zonal winds.

Fig. 3   Maps of potential 
vorticity (data: MERRA 2) at 
850 K (∼ 10 hPa/30 km/850 K) 
for various Arctic winters on 
15 December, 15 March, and 
on the central date, the day on 
which the westerlies changed 
to easterlies at 60° N/10 hPa. 
The overlaid black contours 
show the geopotential height

Fig. 4   Evolution of the PV 
maps for the similar period 
as depicted in this figure, but 
for the 70 hPa/17 km/475 K 
altitude
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3.3 � Eliassen Palm flux divergence and wave forcings

A significant component influencing the variability of 
polar vortex and its position is the intensity of wave forc-
ings from the lower latitudes [20, 58]. Therefore, the esti-
mation of flux divergence and wave forcings are inevita-
ble elements in the assessments of SSWs. The heat flux, 
momentum flux, amplitudes of the geopotential waves 
and the EP flux divergences are examined by consider-
ing their temporal progression at 60° N and 10 hPa, and 
are depicted in Fig. 5. The EP flux divergence is important 
also from the perspective of zonal winds. That is, nega-
tive values of EP flux divergence imply that the wester-
lies are decelerated (convergence) or that the westerlies 
could revert to easterlies. Conversely, positive values of 
EP flux divergence suggest strong westward winds or 
acceleration of the westerlies. Therefore, the EP flux diver-
gence is significant to study the dynamics of polar vor-
tex. The first panel of Fig. 5 shows the heat flux for the 
years 2010/11–2020/21. The heat flux increases up to the 
order 500–550 Kms−1 during the period of warming in 
2012/13 and are the highest among the winters [59]. The 
corresponding momentum flux also increases to reach 
the peak value of 400 ms−1 in late December and early 

January. The heat flux (400–500 Kms−1) and momentum 
flux (300–400 ms−1) magnitudes in 2017/18 and 2018/19 
are very similar, but are slightly lower in 2020/21 
(300–400 Kms−1 and 200–300 ms−1, respectively). An inter-
esting feature noticed is the high heat flux at 10 hPa and 
the highest momentum flux just before the peak warming 
period in all years, as also noted by Kuttippurath and Niku-
lin [7]. The estimates of mean zonal (45°–75° N) eddy heat 
flux at 100 hPa by Lu et al. [42] reveal an intensification 
of these fluxes right before the MW in 2020/21. A simi-
lar analysis is also present in the study of Lee and Butler 
[55] for the 2018/19 winter, where enhanced heat flux was 
found in late December prior to the MW in January 2019. 
Consistent patterns of higher heat flux forcings during the 
period of mWs are also shown in Fig. 5. Strahan et al. [60] 
also observed reduced (enhanced) wave forcing as ana-
lysed from the eddy heat flux at 100 hPa in the cold (warm) 
winters during the period 2005–2015.

The third and fourth panels of Fig. 5 are important as 
they expose the component of wave forcing responsible 
for the warming. The amplitudes of wavenumber 1 and 
2 are analysed since they correspond to the mid-latitude 
planetary Rossby waves. The amplitude of planetary 
waves reduces as the zonal wavenumber increases. The 

Fig. 5   Temporal evolution of 
meteorological parameters for 
the Arctic winters 2010/11–
2019/20. The values are shown 
corresponding to 60° N lati-
tude and 10 hPa. The dashed 
horizontal line indicates zero 
magnitude and the vertical 
lines indicate the separation 
by months. The climatology for 
the amplitudes of wave 1 and 
wave 2 is shown in the black 
line in the third and fourth 
panel
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2012/13 winter was forced by high amplitudes of wave 
1 (1200–1300 gpm) in December 2012, which was fol-
lowed by a moderate wave 2 forcing (700–800 gpm) in 
early January. Therefore, the weakening of vortex began 
due to the influence of wave 1 and the vortex split was 
initiated by wave 2 [37, 61, 62].

The situation in 2017/18 winter was also similar, as 
wave 1 reached its highest amplitude (1500 gpm) prior 
to the warming and was followed by an increase in the 
magnitude of wave 2 (1300–1400 gpm) [44]. However, 
in 2018/19 and 2020/21, the forcing of wave 1 was more 
prominent (1500–1600 gpm). The wave 1 amplitude dur-
ing the warming in 2020/21 is the highest in the past 
40 years [56]. The mW in the winters 2010/11, 2011/12, 
2013/14, 2015/16, 2016/17 and 2019/20 is forced by the 
higher amplitudes of wave 1, wave 1, waves 1 and 2, 
waves 1 and 2, and wave 1, respectively. High negative 
EP flux divergence (− 40 ms−1 day−1) is observed in the 
2012/13 winter as shown in the  bottom panel of Fig. 5. 
Magnitudes similar to this range are also observed in 
the mW winter of 2015/16. A comparison of the wave 
amplitudes of MW and mW winters shows that the peak 
of wave 1 amplitude in the mW and MW years is com-
parable i.e., the peaks of wave 1 amplitudes in 2015/16 
and 2019/20 are almost similar to that of 2017/18 and 
2018/19. However, the peaks of wave 2 amplitude in the 
mW years are much smaller than that in the MW years. 
This strong wave 1 forcing from early to late February 
could have possibly triggered the MFW in 2015/16. 
Although the winter/spring is  discussed in detail by sev-
eral other studies, not much has been recorded about 
what caused this rapid amplification of planetary waves. 
Negative peaks of EP flux divergence consistent with the 
periods of MW is also found in the winter 2017/18 (− [20 
to 30] ms−1 day−1). However, the divergence is smaller 
than − 20 ms−1 day−1 for the other MW winters.

Among the external factors that influence the variabil-
ity of polar vortex as discussed before in the first part of 
this study are the effects of ocean–atmosphere coupled 
processes (e.g. ENSO) and other tropospheric phenom-
ena (e.g. QBO). A detailed description of the external 
forcing on the SSW winters is presented in the study of 
Baldwin et al. [63]. It has been observed from previous 
studies that the MW in 2012/13, 2017/18 and 2018/19 
was favoured by the easterly phase of QBO (weak polar 
vortex), although the phase was not easterly in 2020/21. 
The winters 2012/13, 2017/18, 2018/19 and 2020/21 
were preceded by a neutral ENSO, La Nina, El Nino and 
La Nina phases, respectively, as reported in the studies 
of Dai and Tan [64], Statnaia et al. [65], Lu et al. [42] and 
others. The weak polar vortex in the easterly phase of 
QBO, and the El Nino and La Nina conditions supported 
the occurrence of MWs in these years.

4 � Major warmings and ozone

Apart from the impact of MWs on the meridional temper-
ature gradient, zonal winds and surface conditions, the 
effect on polar stratosphere composition is also quite sig-
nificant and has been studied in much of the previous lit-
erature [7, 63, 66, 67]. The warming causes a displacement 
of vortex and is also capable of changing the formation 
and amount of PSCs (Polar Stratospheric Clouds) respon-
sible for ozone depletion. Henceforth, the MWs indirectly 
affect the amount of ozone loss in warm winters. Figure 6 
compares the amount of polar cap ozone for a period of 
12 years (2010–2021). The total column ozone (TCO) is 
obtained from satellite data and is averaged north of 63° N 
for January and February. The panels below in Fig. 6 show 
the interannual variability of the area of PSC (Apsc), zonal 
mean temperature (60°–90° N), zonal mean wind (60°–90° 
N), and the geopotential height (60°–90° N).

The parameters are analysed for January and Decem-
ber–March periods. It is observed that the highest correla-
tion between the variables such as the zonal mean tem-
perature, wind and the geopotential height is observed 

Fig. 6   The temporal evolution of total column ozone (TCO) aver-
aged for the months January and February, Polar Stratospheric 
Cloud (PSC) area (Apsc), zonally averaged temperature (T, 60°–90° 
N) and winds (U, 60°–90° N) and the geopotential height (GPH, 60°–
90° N). Here, the PSC area is for 460  K, and all the other variables 
are for 50  hPa. The top panel shows TCO. The horizontal dashed 
line shows the zero value of the variables and the vertical lines cor-
respond to years with SSWs, the central date of occurrence of the 
warming is indicated in the top panel
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in January. However, the correlation between the Apsc and 
TCO is highest for the period December–March. These val-
ues are shown in Fig. 6 together with the t-values from 
the analysis to show their statistical significance. The cen-
tral dates for the MW winters are shown in the top panel. 
The TCO trend for the past four decades is estimated from 
the original datasets for the January–February and Janu-
ary–March periods. It has been found from the previous 
literature that 11 MWs were present in 10 winters from 
2000 to 2009, among which 2001/02 was marked by the 
presence of two MWs (in a single winter). The TCO con-
centration is higher in those years with the presence of 
MWs (2010, 2013, 2018, 2019 and 2021). The correspond-
ing zonal mean temperatures are also higher during these 
years. The TCO amount is highly correlated positively with 
the mean temperature in January and is statistically signifi-
cant. Therefore, TCO is directly proportional to the mean 
temperature in January. However, this correlation reduces 
substantially and is slightly negative (− 0.03) when the 
mean temperatures between December and March are 
considered.

Similarly, it is observed that TCO shows a high posi-
tive correlation (0.73) with the geopotential height and 
its value during the MW years is higher than that of the 
cold winters. The zonal mean wind and the area of PSCs 
show inverse relationship with TCO, with the correlation 
of − 0.67 and − 0.89, respectively. The calculated P-value 
and t-value also confirm the statistical significance of 
these estimates. Similarly, the relatively lower temperature 
and higher zonal wind speed promoted unprecedented 
ozone depletion or lower TCO in 2010/11 and 2019/20 
[51, 68]. Pommereau et al. [69] reveal that the highest 
percent of ozone loss during the period 1991–2017 was 
in the 2010/11 winter, although the winter 2019/20 was 
not included in their study. The corresponding Apsc was 
also the highest for the 2010/11 and 2019/20 winters. The 
TCO amount for the SSW years is higher than that of other 
years.

The highest TCO in the MW winters is observed in 
2018/19, which is a direct influence of the extremely small 
PSC area and high temperatures. The speed of zonal winds 

is low and the geopotential height is moderate in that 
winter. In 2012/13 and 2018/19, the PSC area is margin-
ally reduced due to the strong warming during the period 
and thus, the TCO amount is highest among the 12 years. 
The zonal wind speed is lowest in January 2021; imply-
ing a weak polar vortex due to the warming. Although 
2017/18 had a MW, the TCO is lower than that of other 
MW winters because of the relatively stronger polar vor-
tex and higher Apsc (in January) during the period. Since, 
most MWs occurred in January and February; the amount 
of ozone is also found to be increased consistently during 
the period. Therefore, the timing of maximum TCO varies 
directly with the occurrence of a MW. The ozone trend ana-
lysed for the past four decades (1979–2020) reveals that 
the TCO is decreasing at − 0.08 DU/year for the period 
January–March, but increasing at 0.30 DU/year in Janu-
ary–February, although these values are not statistically 
significant. It is probable that the increasing trend during 
the January–February period is influenced by the presence 
of frequent SSWs.

5 � Conclusions

We have characterised the SSWs for the past 11 winters 
(2010/11–2020/21) in the Arctic. The occurrence of major 
warming was identified in 4 winters; namely 2012/13, 
2017/18, 2018/19 and 2020/21. These events have a sub-
sequent influence on the surface weather and there are 
ample shreds of evidence that imply the same [57, 61, 
70]. The cold air outbreak following the major warming 
of 2017/18 was titled as the ‘Beast from the East’ due to 
the extreme cold winters that resulted after the warming 
in the Arctic [71]. Therefore, it is important to conduct a 
comprehensive study of these events together with the 
mW events to improve the predictability of these events in 
the coming years. We found that, among the MW winters, 
the most severe warming was manifested in 2012/13. This 
severity is identified by the steep temperature rise (30 K) 
and the longest persistence of easterly winds in that win-
ter. The easterlies extended to altitudes as low as 75 hPa. 

Table 1   Major warming (MW) characteristics in recent Arctic winters

The central date (the day that the westerlies at 60° N/10 hPa shifted to easterlies), whether the MW is a vortex displacement or split event, 
and notable wave forcing are all listed (data: MERRA 2)

Arctic winter Central date Onset of warming Duration of easter-
lies (days)

Type of warming Prominent wave

2012/13 06 January 2013 20–24 December 22 Split Wave 1 and 2
2017/18 12 February 2018 05–10 February 19 Split Wave 1 and 2
2018/19 02 January 2019 15–20 December 21 Split Wave 1
2020/21 05 January 2021 20–24 December 13 Displacement Wave 1
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The PV maps revealed that 2012/13, 2017/18 and 2018/19 
were split events, but a vortex displacement in 2020/21. 
The amplitude of wave forcings showed a combined forc-
ing of waves 1 and 2 in 2012/13 and 2017/18. The ampli-
tude of wave 1 increases significantly before the central 
date of warming and the amplitude of wave 2 increases 
during the event. The vortex split in 2018/19 was forced by 
a higher amplitude of wave 1 than wave 2. This was quite 
contrary to the usual associations of wave 2 forcings with 
the split type vortex. Previous studies have shown that the 
frequency of SSWs has been on the rise in the Northern 
Hemisphere and was observed to be about 1.1 MWs/win-
ter in 1998/99–2009/10. According to our analysis, the fre-
quency has reduced to 0.36 MWs/winter from 2010/11 to 
2020/21, and 0.74 MWs/winter from 1998/99 to 2020/21, 
although the range of the frequency can depend on the 
type of dataset used.

The examination of the relationship between total 
column ozone and the occurrence of SSWs since 2000 
revealed that the amount of ozone is directly proportional 
to the presence of warmings. A high negative correlation is 
noticed between TCO and the area of the PSCs. The high-
est TCO was observed in the MW of 2018/19 (420 DU) in 
agreement with the smallest PSC area (< 2 million km2) in 
that winter. Despite the development of mWs in other win-
ters, 2010/11, 2015/16 and 2019/20 were unusually cold 
for much of the early winter and henceforth, was responsi-
ble for significantly higher PSC area (6–8 million km2) and 
smaller TCO (340–350 DU). Nevertheless, the ozone loss 
further was restricted by the mW events that occurred in 
the latter part of those winters. Therefore, our study also 
helps to analyse the connection between ozone and the 
SSWs.
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