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ARTICLE INFO ABSTRACT
Keywords: Using the ERAS reanalysis, sea surface temperature, sea ice observations, and the real-time multivariate Madden-
Sudden stratospheric warming (SSW) Julian Oscillation (MJO) index, the evolution of the stratospheric extreme circulation in the winter of 2022,/2023
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is explored. The stratospheric polar vortex was disturbed three times in the 2022/23 winter, contrasted with only
one disturbance during the other three recent winters with an SSW. Possible favorable conditions for the strong
stratospheric disturbances and their effects on stratospheric ozone, water vapor distribution, and near-surface
temperature were examined. Around 7 December 2022 when a short but strong pulse of planetary wave-
number 2 appeared from the troposphere to stratosphere, a weakened and elongated stratospheric polar vortex
formed at 10 hPa. This pulse is related to the intensifying Ural ridge and the deepening East Asian trough. After
the first stratospheric disturbance, a large fraction of cold anomalies occurred in the Eurasian continent. A lagged
impact after these stratospheric disturbances was observed as strong cold anomalies formed in North America
from 13 to 23 December. On 28 January 2023, a minor SSW event occurred due to a displacement of the
stratospheric polar vortex. A strong pulse of eddy heat flux contributed alternately by planetary wavenumber 1
and 2 showed a large accumulative effect on the stratospheric disturbance. However, the downward impact of
this second disturbance was weak, and cold surges were not noticeable after this minor SSW. The third strato-
spheric disturbance this winter is a major displace-type SSW that occurred on 16 February 2023, and the total
eddy heat flux primarily contributed by planetary wavenumber 1 increased rapidly. Following the major SSW,
the North American continent was covered by large patches of strong cold anomalies until the end of March.
During the three disturbances, the residual circulation correspondingly strengthened. The water vapor and ozone
in the middle and lower layers of the polar stratosphere showed positive anomaly disturbances, especially after
the major SSW onset. The unprecedented frequent stratospheric disturbances in winter 2022/23 were accom-
panied by severe loss of Barents-Laptev Sea ice and anomalously cold tropical Pacific sea surface temperatures
(La Nina), which have been reported to be conducive to the enhancement of planetary waves 1 and 2 respec-
tively. Further, two weeks before the major SSW, existing MJO developed into phases 4-6, also contributing to
the occurrence of major SSW.

1. Introduction 2002; Tian et al., 2023). The stratospheric polar vortex state is an
important source for improving the predictability of the troposphere in

The stratospheric polar vortex (SPV) is a large-scale circulation sys- subseasonal to seasonal (S2S) time scales (Tripathi et al., 2015; Rao
tem that occupies the polar region in winter and plays an important role et al., 2019b, 2022, 2023; Domeisen and Butler, 2020; Domeisen et al.,
in the stratosphere-troposphere coupling (Matsuno, 1971; Held et al., 2020a; 2020b). Recent studies have linked the stretching of the SPV to
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the extreme coldness in parts of Eurasia and North America (Cohen
et al., 2021; Ding et al., 2023). The strength and position of the strato-
spheric polar vortex are affected by the planetary-scale Rossby waves,
which propagate vertically from the troposphere to the polar strato-
sphere and break up there (Charney and Drazin, 1961; Polvani and
Waugh, 2004; Zhang et al., 2016). In some winters with strong influence
of breaking planetary waves that propagate from the troposphere to the
stratosphere, the stratospheric westerly winds in the circumpolar re-
gions reverse to easterlies, and the temperature gradient from
mid-to-high latitudes reverses, which is termed major sudden strato-
spheric warming (SSW) event in existing literature (Butler et al., 2015;
Rao et al., 2019a; Baldwin et al., 2021). In some winters, a minor SSW
event occurs when the temperature in the stratospheric polar cap in-
creases and the temperature gradient reverses, while circumpolar
westerly winds decelerate but do not reverse to easterlies (Limpasuvan
et al., 2004; Baldwin et al., 2021).

SSW occurs much more frequently in the Arctic than in the Antarctic,
and it occurs approximately six to seven times per decade in the
Northern Hemisphere (NH) (Charlton and Polvani, 2007; Cao et al.,
2019; Rao et al., 2021). However, in the Southern Hemisphere (SH) only
one major SSW was observed in September 2002 (Allen et al., 2006; Liu
and Roble, 2005), although a similar phenomenon occurred in early
September 2019, which was a minor SSW (Rao et al., 2020b; Shen et al.,
2020). According to the shape and structure of the stratospheric polar
vortex, major SSW events are classified as vortex displacement and split
types (Charlton and Polvani, 2007; Seviour et al., 2013). The vortex
displacement SSW is featured with the polar vortex deviating from the
polar region, and the vortex split SSW is characterized by the elongation
and splitting of the polar vortex (Rao and Garfinkel, 2020a; Baldwin
et al., 2021). Some SSWs are associated with an enhancement of the
planetary waves from the troposphere (Yoden et al., 1999). Planetary
wave sources near the tropopause may also play an important role in the
development of SSWs (de la Camara et al., 2019; Boljka and Birner,
2020).

During the occurrence of the SSWs, the stratospheric circulation
anomalies resemble a circular dipole mode, known as the northern
annular mode (NAM) (Baldwin and Dunkerton, 2001; Baldwin and
Thompson, 2009). With the downward propagation of the NAM signal
associated with the stratospheric disturbance, the tropospheric Arctic
Oscillation (AO) develops toward its negative phase (Karpechko et al.,
2018), and the chance of continental-scale cold air outbreaks increases
(Thompson et al., 2002; Yu et al., 2015; Lu et al., 2021b). It has been
found that SSW can also affect the sub-seasonal variability of the air
quality near the surface and modulate the diffusion conditions of at-
mospheric particles (Lu et al., 2021a, 2022a, 2022b; Dai et al., 2022).

Both observations and modeling studies suggest that differences may
exist between the effects of displacement and split SSWs on the tropo-
sphere and near-surface. The statistics from the limited observation
samples show that the split SSWs have a longer duration and a stronger
downward propagation. As a consequence, the effect of split SSWs on the
near-surface is greater and more evident than those of displacement
SSWs (Rao and Garfinkel, 2020a; Liang et al., 2022; Lu et al., 2022a).
However, this difference is not present as the sample size increases using
model simulations (Maycock and Hitchcock, 2015; White et al., 2019).
In addition, SSW events also affect the distribution of stratospheric gases
such as ozone and water vapor (Schoeberl and Hartmann, 1991; Manney
et al., 2009; de la Camara et al., 2018a, 2018b).

Key factors that influence the stratospheric polar vortex include the
quasi-biennial oscillation (QBO), El Nino-Southern Oscillation (ENSO),
and Arctic sea ice (Baldwin et al., 2021). It is widely reported that the
stratospheric polar vortex tends to be colder and stronger during the
westerly QBO phase, while it is anomalously warm and weak during the
QBO easterly phase (Andrews et al., 2019; Anstey and Shepherd, 2014;
Chen and Wei, 2009). Statistics from observations have shown that the
SSWs appear more frequently during the easterly QBO than during the
westerly QBO phase (Rao et al., 2019a). Similarly, the reduction of
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Arctic sea ice and moderate El Ninos are conducive to the enhancement
of planetary waves from the troposphere to the stratosphere and the
onset of SSW events (Kim et al., 2014; Lu et al., 2021b; Rao et al.,
2020a).

During the period 2014-2023, four major SSWs have occurred in the
Northern Hemisphere. However, the stratospheric polar vortex in the
2022/23 winter was very different from the other SSWs (February 2018,
January 2019, and January 2021). The stratospheric polar vortex was
disturbed three times in the 2022/23 winter, contrasted with only one
disturbance during the other three recent winters with an SSW (Fig. 1).
As the two disturbances (December 2022, January 2023) in early-to-
midwinter of 2022/23 failed to excite a sudden warming event, the
weak vortex persisted until February 2023. Another tropospheric wave
pulse appeared in February 2023 and finally led to the onset of a major
SSW. This study aims to examine the evolution of the stratospheric
circulation during this particular winter, which has not been reported.

The paper is organized as follows. Following the introduction, sec-
tion 2 presents the data and methodology. Section 3 displays the evo-
lution of the stratospheric polar vortex in the winter of 2022/23. Section
4 shows the effects of SSWs on near-surface 2m temperature, strato-
spheric water vapor, and ozone. Section 5 explores the background
conditions, which are possibly conducive to the 2022/23 SSW. Finally,
section 6 gives the conclusion and discussion.

2. Data and methodology
2.1. Data

This study uses the fifth-generation reanalysis (ERA5) data from the
European Centre for Medium Range Weather Forecasts (ECMWF) from
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Fig. 1. Statistics of Arctic polar vortex disturbances in winter (December to
February) from 1993/94 to 2022/23. (a) Days with easterly winds at three
latitudes (60°N, 70°N, and 80°N) on 10 hPa. (b) The number of times the zonal
mean zonal wind reversals from lasting westerlies to easterlies at three latitudes
(60°N, 70°N, and 80°N) on 10 hPa. Time interval between the end of the first
easterly wind disturbance and the beginning of the following easterly distur-
bances in the same winter is greater than 15 days. The year 1993 shows the
winter of 1993/94.
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1950 to 2023. The ERAS reanalysis has a nominal 0.25° x 0.25° reso-
lution with the model top at 0.01 hPa. For easy handling, the data was
collected at a horizontal resolution of 1° (latitude) x 1° (longitude) at 37
pressure levels from 1 000 to 1 hPa in the vertical direction (Hersbach
et al., 2020). The variables of ERA5 reanalysis at pressure levels
analyzed in this study include geopotential height, zonal and meridional
winds, air temperature, water vapor, and ozone. One-single-level vari-
ables used in this study include 2-m temperature.

Monthly sea ice concentration and sea surface temperature data
during 1950-2023 were provided by the Met Office Hadley Centre
(HadISST1), with a horizontal resolution of 1° x 1°(Rayner et al., 2003).
The real-time multivariate Madden Julian Oscillation (MJO) index was
used to test the possible impact of the tropical intraseasonal oscillation
on the occurrence of SSWs (Wheeler and Hendon, 2004).

2.2. Methods

The climatology of each variable is calculated using the long-term
average from 1979 to 2022. The anomalies for a variable refer to de-
viations between the raw daily data and the smoothed (31-day running
mean) daily climatology.

Since the vertical component (Fz) of the Eliassen-Palm (E-P) flux is
approximately proportional to the transient eddy heat flux, daily
meridional wind and temperature are used to calculate the eddy heat
flux (v*T*) in this study, where the overbar indicates the zonal average
and the asterisk indicates the zonal deviation. The eddy heat flux area-
weighted average from 45 to 75°N at 300 hPa and 100 hPa is used to
represent the vertical propagation of planetary waves from the tropo-
sphere and lower stratosphere (de la Camara et al., 2019; Polvani and
Waugh, 2004). Since only planetary waves can propagate upward into
the stratosphere (Nishii et al., 2009), the eddy heat flux components by
the planetary waves 1-3 are diagnosed.

The stratospheric column ozone (STO3) is computed by vertically

integrating the ozone mixing ratio (RO3) divided by the gravitational
1 (rPs
gl pr

taken as 200 hPa, Ps is the stratopause pressure, taken as 1 hPa, and g is
the gravitational acceleration constant (g = 9.8 m/s%). The unit of the
STO3 is converted from kg/m2 to Dobson unit (DU) with a rough esti-
mate of 1 DU = 2.1415 x 107° kg/rn2 (Rao and Garfinkel, 2020b).
When calculating Brewer Dobson circulation (BDC), the vertical re-
9 (M), w is the
Op

T0 cos pip

acceleration: STO3 = RO3dP, where Pt is the tropopause pressure,

sidual velocity is computed as follows: ®* =@ —

vertical wind component, @ is potential temperature, ry is the Earth’s
radius, ¢ is latitude, and P is the pressure. The overbars denote zonal
average, and the prime denotes the zonal deviation, the subscript P
represents the derivative of pressure (Andrews et al., 1987).

3. Evolution of the stratospheric polar vortex during the winter
of 2022/23

3.1. Overview of Arctic polar vortex disturbances in recent 30 years

Fig. 1 shows the statistics of the stratospheric disturbances by
examining the evolution of the number of days of zonal-mean easterlies
at three latitudes (60°N, 70°N, 80°N) at 10 hPa in the past three decades.
In general, the zonal mean zonal wind disturbance is more frequent
around the pole, which might be due to the distant position from the
westerly jet core. Both the number of easterly days in winter and the
times of the zonal mean zonal wind reversals from westerlies to east-
erlies are the highest in the 80°N latitude near the polar region than for
the other two latitudes (Butler and Gerber, 2018). In the winter of
2003/04, there were the most easterly days at 80°N and 70°N, but the
stratospheric disturbance occurred only once at each of the three lati-
tudes. In the winter of 2008/09, the number of easterly days at 60°N was
the largest, which was related to the SSW occurring on January 24 and
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its long duration, but the stratospheric disturbance occurred only once.
It is worth noting that three stratospheric disturbances occurred in the
winter of 2022/23 at 80°N, which is very rare in the past three decades
except in the winter of 1998/99. In the last decade, such frequent
stratospheric disturbances only formed once. Although two disturbances
were also observed in three winters (2014/15, 2015/16, and 2016/17),
no major SSW formed in those winters.

3.2. Minor and major SSWs in 2022/23 winter

The time evolution of several atmospheric parameters from 16
November 2022 to 1 April 2023 is shown in Fig. 2. During December
6-8, 2022, the westerly winds at 70°N and 80°N decelerated rapidly,
and the zonal winds at latitude 80°N even reversed to easterlies
(Fig. 2a). However, the observed temperature gradient between 80°N
and 60°N showed no reversal in its sign (Fig. 2d). Therefore, the first
disturbance of the stratospheric polar vortex was short-lived and weak.
On 28 January 2023, another rapid decline in westerly winds was
observed, with westerly winds at 60°N dropping to below 15 m/s; the
westerly winds at 70°N and 80°N even reversed to easterly winds with
the maximum easterly winds of >18 m/s at 80°N for 6 days (Fig. 2a). At
the same time, the reversal of temperature gradient between 60°N and
the North Pole was observed, with the maximum temperature difference
between 80°N and 60°N around 12 K (Fig. 2d). Therefore, the second
disturbance of the stratosphere was a minor SSW. Since 16 February
2023, the westerly winds at 60°N changed to the easterly winds and
lasted for 23 days with intermittent westerly recoveries for 2 days.
Further, the temperature gradient in the polar cap was also reversed, and
the maximum temperature difference between 80°N and 60°N reached
>29 K. Therefore, the third disturbance of the stratosphere in the 2022/
23 winter was a major SSW. The duration of the major SSW (16
February) was very long, three times the average duration of historical
SSWs (8 days) (Rao et al., 2021). This mainly reflects a persistent strong
dynamic forcing that overwhelms the non-adiabatic cooling effect dur-
ing this period.

The latitude-time evolution of zonal wind anomalies at 10 hPa was
also examined (Fig. 2b). For the first disturbance on 7 December 2022,
the local easterly anomalies extended southward from the polar region
to ~65°N with the maximum amplitude around 20 m/s between 75°N
and 85°N. For the minor SSW on 28 January 2023, the easterly anom-
alies expanded southward to 60°N with the maximum amplitude around
30 m/s near 75°N. The gradual poleward propagation of the easterly
anomalies from midlatitudes to the North Pole was evident in January
2023. When the major SSW occurred, the easterlies reached the North
Pole, and the wind anomalies gradually amplified.

Based on the height-time evolution of the zonal wind anomalies at
70°N (Fig. 2c), the first rapid disturbance showed simultaneous easterly
wind anomalies from the stratosphere to the near surface. The easterly
wind anomalies during the minor SSW only propagate downward to 50
hPa. The easterly wind anomalies during the major SSW lasted from
mid-February to end of March, with the wind anomalies propagating
downward to 200 hPa.

From the latitude-time evolution of the temperature anomalies at 10
hPa (Fig. 2e), the first stratospheric disturbance around 7 December
2022 was not accompanied by warm anomalies, and cold anomalies
(~-10K) developed poleward of 60°N. In contrast, the warm anomalies
are more evident during the minor and major SSWs. The warm anom-
alies during the minor SSW around 28 January can extend southward of
50°N. The maximum warm anomalies formed in the polar region
following the onset of the major SSW (20-30 K). The poleward propa-
gation of easterly anomalies was also accompanied by the poleward
propagation of the warm anomalies from midlatitudes to the Arctic
(Fig. 2e vs Fig. 2b).

The pressure-time evolution of temperature anomalies further con-
firms that cold stratospheric anomalies dominated in early winter while
the warm stratospheric anomalies prevailed in late winter (Fig. 2f). A
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Fig. 2. Time evolution of several metrics from 16 November 2022 to 1 April 2023. (a) Zonal mean zonal wind anomalies at three latitudes (60°N, 70°N, and 80°N) on
10 hPa (unit: m/s). (b) Latitude-time evolution of zonal mean zonal wind anomalies at 10 hPa (shadings, unit: m/s). (c) Pressure-time evolution of zonal mean zonal
wind anomalies at 70°N (shadings, unit: m/s). (d) Evolution of the temperature gradient in the polar cap region denoted by the temperature difference between 80°N
and 60°N (units: K). (e) Latitude-time evolution of zonal mean temperature anomalies at 10 hPa (shadings; units: K). (f) Pressure-time evolution of polar cap
temperature anomalies (shadings; unit: K). (g) Pressure-time evolution of the standardized polar cap geopotential height anomalies (shadings).

short intermittent weakening of cold anomalies appeared during the first
disturbance, and the warm anomalies reinforced during the minor and
major SSWs.

The evolution of the standardized polar cap height anomalies that
are a substitute for the NAM index was very similar to that of polar cap
temperature anomalies (Fig. 2g), while the height anomalies extended
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from the stratosphere much lower to the troposphere than the temper-
ature anomalies. The first stratospheric disturbance showed a simulta-
neous and lagged response in the troposphere, which is clearly shown by
the positive height anomalies. During the minor SSW period, the
stratospheric disturbance was not coupled to the troposphere. The
tropospheric height anomalies lagged the stratospheric anomalies

(b) 300hPa Eddy-heat flux
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Fig. 3. Evolution of eddy heat flux by total waves (black), wavenumber 1 (blue), wavenumber 2 (red), and wavenumber 3 (green) averaged over the 45°N-75°N
region (unit: K m/s) at (a) 100 hPa and (b) 300 hPa. The gray curve shows the climatological eddy heat flux by total waves. The vertical black line marks the onset

date of stratospheric disturbance or the SSW.
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during the third disturbance, suggesting a downward propagation of the
stratospheric signals. By comparison, the response in the troposphere for
the first disturbance and the major SSW was stronger than for the minor
SSw.

The tropospheric planetary waves can propagate upward into the
polar stratosphere and modulate the intensity of the stratospheric polar
vortex. In order to attribute the contribution of planetary wavenumber 1
and wavenumber 2 in detail, Fig. 3 shows the mean eddy heat flux at
100 hPa and 300 hPa, respectively, which is proportional to the vertical
component of the E-P flux. From 2 to 7 December, the total eddy heat
flux was mainly contributed by the wavenumber 2 at both 100 and 300
hPa. Due to the short duration of the tropospheric wave pulse, the weak
stratospheric polar vortex recovered very rapidly although it was elon-
gated at 10 hPa in early winter. From 3 to 28 January, the total eddy
heat flux at 100 hPa began to increase, exceeding its climatology. It was
alternately contributed by the wavenumber 1 and wavenumber 2, but
wavenumber 1 dominated and peaked before the onset date of the
second stratospheric disturbance (i.e., the minor SSW with its onset on
January 28). The eddy heat flux at 300 hPa also peaked on the onset date
of the minor SSW, but it was equivalently contributed by wavenumbers
1, 2, and even 3. Since 9 February 2023, the total eddy heat flux
contributed by wavenumber 1 increased rapidly at 100 hPa, inducing
the occurrence of a major SSW on 16 February 2023. Since then, the
wavenumbers 1 and 2 propagated upward alternately and persisted until
5 March 2023. Similarly, the total eddy heat flux dominated by the
wavenumber 1 was also visible at 300 hPa, exceeding its climatology
most of the time. It should be noted that the sudden increase in eddy
heat flux at 300 hPa before December 7 and February 16 preceded that
at 100 hPa, while on January 28 the wave pulse at 100 hPa was earlier
than that at 300 hPa.

Fig. 4 shows the evolution of the stratospheric polar vortex in the
Northern Hemisphere at 10 hPa during several peak periods of the eddy
heat flux. From 2 to 7 December when the wavenumber 2 pulse domi-
nated the total eddy heat flux, the polar vortex was elongated, with one
of two centers extending toward Eurasia and the other toward North
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America. As a consequence, negative height anomalies were observed
over the two northern continents, and an anomalous high center was
observed in southern Greenland (Fig. 4a). From 13 to 18 January when
the wavenumbers 1 and 2 contributed equally to the total eddy heat flux
(Fig. 3a), the stratospheric polar vortex displaced toward Eurasia and
North Atlantic, and the low height center was developed in an elliptical
shape with the major axis extending from Greenland across the Arctic to
Eurasia (Fig. 4b). The maximum low height anomalies can reach ~800
gpm. From 22 to 28 January when the total eddy heat flux was domi-
nated by the wavenumber 1, the polar vortex shape did not show an
evident change with the anomaly amplitude weakening (Fig. 4c). From 9
to 16 February when the total waves were dominated by the wave-
number 1, the polar vortex was displaced toward Eurasia with the
positive height anomalies covering North America (Fig. 4d). From 17 to
22 February, the high pressure center over North Pacific moved to the
Arctic when positive height anomalies covered the entire Arctic
(Fig. 4e). From 25 February-3 March, the negative NAM pattern per-
sisted (Fig. 4f).

The geopotential height anomalies at 500 hPa are shown in Fig. 5.
From 2 to 7 December, the geopotential height anomalies show an
obvious wavenumber 2 pattern, with the two low anomaly centers over
East Asia and Canada, respectively and two high anomaly centers over
North Pacific and North Atlantic, respectively. The anomalous wave 2
was in phase with the climatological wave 2 to increase the total plan-
etary waves (Fig. 5a). The elongating of the stratospheric polar vortex
was attributed to the upward propagation of waves. From 13 to 18
January 2023, the geopotential height anomalies presented a mixed
wavenumbers 1 and 2 pattern. For example, the positive anomalies over
the Urals and the negative anomalies over the coast of East Asia were in
phase with the climatological wavenumber 2 pattern, which enhanced
the climatological Ural high ridge and the East Asian trough (Fig. 5b).
Similarly, the negative height anomalies over North Pacific and positive
height anomalies over North Atlantic could increase the amplitude of
the climatological wavenumber 1. From 22 to 28 January 2023, the
positive height anomalies from Western Europe to the Atlantic coast and
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Fig. 4. Evolution of the polar vortex at 10 hPa (contour; unit: gpm) and the geopotential height anomalies (shadings; unit: gpm) in six periods.
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Fig. 5. Evolution of geopotential height anomalies at 500 hPa (shadings; unit: gpm) and distribution of the climatological wavenumber 1 and wavenumber 2

(contours; unit: gpm).

negative height anomalies over East Asian coasts resembled a wave-
number 1 pattern, which overlayed its climatology (Fig. 5¢). Further, the
negative height anomalies over East Asia and the positive height
anomalies over the Eastern Pacific were in phase with the climatological
wavenumber 2.

From 9 to 16 February 2023, the height anomalies began to decrease
(Fig. 5d), consistent with the evolution of the eddy heat flux (Fig. 3).
During 17-22 February, the height anomalies in the troposphere rede-
veloped: the positive anomaly center over the Northeast Pacific and the
negative anomaly center over Arctic Canada were in phase with the
climatological wavenumber 2, and the Pacific-North America pattern
developed towards the negative phase, which denoted an increase of
total waves (Fig. 5e). From 25 February-2 March, the downward
propagation of stratospheric signals affected the troposphere with a
negative NAO like pattern over the North Atlantic sector, and the height
anomalies in the middle troposphere were out of phase with the
climatological wavenumbers 1 or 2 (Fig. 5f).

4. Climate anomalies during the winter of 2022/23
4.1. Evolution of the stratospheric water vapor and ozone

The distribution of trace gases during the stratospheric disturbance
can reflect the changes of the stratospheric circulation and help to reveal
the dynamic mechanism in the stratosphere (Schoeberl and Hartmann,
1991; Manney et al., 2009). Fig. 6 shows the evolution of the distribu-
tion of water vapor and ozone, and the standardized vertical component
of the BD circulation from 16 November 2022 to 1 April 2023 in the
polar cap region. Fig. 6a shows the changes in stratospheric water vapor
in the Arctic region, and it can be observed that high concentrations of
water vapor in the stratosphere are mainly concentrated near the stra-
topause. During the strong polar vortex stage between the first strato-
spheric polar vortex disturbance and the minor SSW, the high
concentration region of water vapor is located at 2-5 hPa, with a
maximum water vapor content of 3.8 ppm. After the occurrence of

minor SSW, the high concentration zone of water vapor rose to above 2
hPa, and after the major SSW onset, the highest water vapor content
center exceeded 4 ppm. The eruption of the Tonga volcano on 15
January 2022 injected a large amount of sulfate and water vapor into the
stratosphere, and it was estimated the water vapor increased in the
stratosphere by ~10% (Millan et al., 2022). Under the effect of BD cir-
culation, water vapor from tropical regions could be transported to the
Arctic region. Fig. 6b shows that the water vapor in the middle and
lower stratosphere below 50 hPa in the Arctic region is more than 6%
higher. The negative anomalies of water vapor in the upper stratosphere
gradually propagate downwards after the first polar vortex disturbance.
After the major SSW onset, the water vapor is 3% less and the anomaly
signal propagates downwards to 10 hPa. Fig. 6¢ shows the latitude-time
evolution of water vapor at 10 hPa. It can be seen that the positive water
vapor anomalies propagate from the tropics to the Arctic. After the
major SSW onset, the positive water vapor anomalies only propagate
northward to 60°N. From the standardized vertical residual velocity in
the Arctic and tropical regions, it can be seen that before the three
stratospheric disturbances there were some increase pulses in the up-
ward airflow of the residual circulation in the tropical region and in the
downward airflow in the polar region (Fig. 6g and h). The enhancement
of the sinking branch of the BD circulation near the polar region explains
the downward propagation of negative water vapor anomalies in the
upper stratosphere from 20 December to 26 February, especially after
the major SSW onset. However, the water vapor in the middle and lower
stratosphere in polar regions increases.

Similar to the distribution of water vapor, ozone in the stratosphere
is mainly concentrated in the upper stratosphere at 20-1 hPa. After the
minor SSW onset on 28 January, the ozone concentration in the upper
stratosphere increased to 9 ppm. After the major SSW on 16 February,
the ozone concentration continued to rise, and ~10 ppm center
appeared successively at 10 hPa and 2-5 hPa. With the strengthening of
BD circulation during the three stratospheric disturbances (Fig. 6g and
h), the ozone content in the middle stratosphere increased (Fig. 6d, e).
Especially after the major SSW on 16 February, the ozone content in the
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Fig. 6. Time evolutions of several metrics averaged over the polar cap region from 16 November 2022 to 1 April 2023. (a) Pressure-time evolution of water vapor
(units: ppm). (b) Pressure-time evolution of the water vapor content anomalies relative to long-term climatology. (units: %). (c) Latitude-time evolution of the water
vapor content anomalies relative to long-term climatology. (d) Pressure-time evolution of ozone (units: ppm). (e) Pressure-time evolution of the ozone content
anomalies relative to long-term climatology (units: %). (f) Latitude-time evolution of the ozone content anomalies relative to long-term climatology (units: %). (g)
Pressure-time evolution of the standardized vertical residual velocity in the Arctic region. (h) As in (e) but for the tropics.

middle and lower stratosphere was ~20% higher than the climatology.
From the latitude-time evolution of ozone at 10 hPa, positive ozone
anomalies are observed to propagate from the midlatitudes to the Arctic.
The ozone content near the stratopause, which is close to 1 hPa, is ~20%
higher than the climatology in half a month after the major SSW onset
(Fig. 6e and f). It has been reported that SSWs lead to negative chemical
tendencies for ozone during the initial warming of the SSW, and positive
chemical tendencies as the vortex starts to recover at pressure levels
above 20 hPa (de la Camara et al., 2018b), which explains the increase
in ozone content at the stratopause.

Fig. 7 shows the distribution of the stratospheric column ozone
anomalies and height anomalies at 50 hPa in the polar region of the
Northern Hemisphere for six focused periods. The geopotential height
anomalies reflect the changes in polar vortex regimes, and the positive
ozone anomalies basically correspond to the positive geopotential
height anomalies after the major SSW onset. From 4 to 8 December
2022, ozone concentration was high in northeastern Asia, eastern North
America, and the United Kingdom-western Europe (Fig. 7a). From 22
December 2022 to 13 January 2023, ozone concentration was low in the
polar cap region and northern North America, and over northern Eurasia
was relatively high (Fig. 7b). From 26 to 31 January, ozone

concentration in eastern North America increased (Fig. 7c). From 4 to 9
February, ozone concentration in northeastern Eurasia-northeastern
North America increased (Fig. 7d). As the stratospheric polar vortex was
displaced from the Arctic after the major SSW, ozone concentrations in
the polar cap region increased (Fig. 7e and f).

4.2. Evolution of near-surface temperature

Fig. 8 shows the distribution of 2-m temperature (t2m) anomalies in
the winter of 2022/23. From 2 to 12 December 2022 (around the first
stratospheric disturbance on 7 December 2022), the Eurasian continent
was instantly covered with cold anomalies with a maximum anomaly
amplitude >12 °C (Fig. 8a). This cold surge in midlatitude Eurasia was
closely related to the strengthening of the Ural blocking and deepening
of the East Asian trough, which together amplified the total planetary
waves in the troposphere (Fig. 5a). Further, during the first stratospheric
disturbance period, it showed a simultaneous and lagged response in the
troposphere (Fig. 2). From 13 to 23 December 2022, about half a month
after the occurrence of the first stratospheric disturbance, strong cold
anomalies were observed in both East Asia and North America (Fig. 8b).
This cold pattern over both continents was reminiscent of the cold
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Fig. 8. Evolution of the 2-m temperature anomalies in the winter of 2022/23 in six focused periods (units: °C).

anomalies after the SSW onset in previous studies (Lu et al., 2021b; Rao onset date of the minor SSW on 28 January 2023), cold anomalies were
et al., 2021). Recent studies have also confirmed that both SSW and SPV still present in both Eurasia and North America (Fig. 8c), with the
stretching are related to the cold temperature anomalies in North coldness in East Asia further strengthening. From 3 to 13 February 2023
America (Cohen et al.,, 2021; Ding et al., 2023). During the second in 1-2 weeks following the second stratospheric disturbance, warm
stratospheric disturbance from 23 January to 2 February 2023 (with the anomalies were observed in most of the Eurasian and North American
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continents, with cold anomalies only observed in southern Europe

(Fig. 8d). After the

major SSW onset from 14 to 24 February 2023

(Fig. 8e), cold surge appeared in North America. Consistent with Lu et al.
(2022a), cold anomalies are usually absent over the Eurasian continent
following the displacement SSW. Cold anomalies over North America
were persistent and still clearly presented during 25 February-30 March

2022.

5. Oceanic and atmospheric conditions during the winter of

2022/23

Previous studies have shown that certain Madden-Julian Oscillation
(MJO) phases, the easterly phase of the QBO at 30 or 50 hPa, cold (La
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Nina) and warm (El Nino) phases of ENSO, and loss of Arctic sea ice are
all conducive to the formation of the weakened stratospheric polar
vortex (Baldwin et al., 2021; Garfinkel et al., 2012; Lu et al., 2021b; Rao
et al., 2019a; Wheeler and Hendon, 2004).

From 5 to 15 February 2023, two weeks before the major SSW (16
February) onset, the MJO was in its phases 4-6 with the amplitude
exceeding 1.5¢(Fig. 9d). Tropical convection in the western Pacific re-
gion is conducive to exciting the positive PNA response in the extra-
tropics and enhancing the upward propagation of extratropical
planetary waves, consistent with previous studies (Garfinkel et al., 2012;
Wheeler and Hendon, 2004).

The Nino 3.4 index (5°S-5°N, 170°-120°W), normalized sea ice
anomalies (detrended) in the Barents-Laptev (BL) Sea region
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Fig. 9. (a) Time series of the Nino 3.4 index in December—January (unit: °C) from 1980 to 2023. The El Nino and La Nina states were shaded with red and blue colors.
(b) Detrend normalized sea ice index in the Barents-Laptev Sea region (30°E—150°E, 72°E—83°N) averaged for December—January from 1980 to 2023 with the +0.5¢
marked by the horizontal reference lines. (¢) QBO index (unit: m/s) at 50 hPa with the +1.0¢ marked by the horizontal reference lines. (d) Real-time multivariate
MJO index from 10 January to 20 March 2023. (e) Geopotential height anomalies at 500 hPa in January 2023 (unit: gpm). (f) Composite geopotential height
anomalies at 500 hPa in January for La Ninas. (g) Composite geopotential height anomalies at 500 hPa in January for Barents-Laptev Sea ice loss. (h) Composite
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(30°-150°E, 72°-83°N) and QBO index (5°S-5°N) at 50 hPa averaged
for December and January are shown in Fig. 9. The winter of 2022/23
can be found in the third year of a persistent La Nina state (Fig. 9a) with
the Nino 3.4 index below —0.5 °C. The composite height anomalies at
500 hPa in January and the first half of February for La Ninas show that
cold sea surface temperature anomalies in the tropical middle and east
Pacific trigger an anomalous high center over the North Pacific in both
January (pattern correlation or PCC = 0.17) and the first half of
February (PCC = 0.38) (Fig. 9f, j vs Fig. 9e, i). The strong negative PNA
response following the onset of the major SSW was mainly attributed to
the La Nina forcing.

The detrended sea ice in the BL Sea region during December
2022-January 2023 was recorded as the lowest in the past 40 years
(Fig. 9b). The composite height anomalies at 500 hPa for BL sea ice loss
index (<—0.50) in January are highly correlated with the anomaly field
in January 2023 (PCC = 0.66) (Fig. 9g). The BL sea ice loss induced the
positive height anomalies in the Arctic and negative height anomalies in
the Aleutian Islands in January (Fig. 9g). In the first half of February, the
pattern correlation decreased to 0.33: The BL sea ice loss can induce
negative height anomalies over Alaska and positive height anomalies
over the North Pacific in the first half of February, explaining much less
of the observed height anomaly pattern in the first half of February 2023
(PCC = 0.33, Fig. 9k vs Fig. 9i).

The QBO index is calculated using the averaged zonal wind anomaly
from 5°S to 5°N at 50 hPa in winter (December-February). The QBO
index in 2022/23 winter developed toward the westerly phase (Fig. 9¢),
which was unfavorable for the persistence of the weak stratospheric
polar vortex (Holton and Tan, 1980; Rao et al., 2020a; 2023a). The
composite height anomalies at 500 hPa in January were negatively
correlated with the observed anomalies in January 2023 (PCC = —0.43,
Fig. 9h), indicating that the QBO alone failed to explain the observed
height anomalies in January 2023. Similar conditions are also applicable
to the first half of February when the troposphere responds to the QBO in
a positive NAM-like circulation pattern (PCC = —0.11, Fig. 91). There-
fore, the QBO was not responsible for the enhancement of the tropo-
spheric waves in January and the first half of February 2023.

In summary, enhanced planetary wave activities sourced from the
troposphere during the winter of 2020/23 were associated with the
persistent La Nina and reduced BL sea ice. The major SSW occurred
following phases 4-6 of the MJO. However, there are also other possible
factors that are not considered here but may have played a role for the
occurrence of major SSW.

6. Summary

Using the ERAS reanalysis, sea surface temperature, sea ice obser-
vations, and real-time multivariate MJO index, the evolution of the
stratospheric disturbances in the winter of 2022/23, the favorable
conditions for their occurrence, and their possible effects on strato-
spheric ozone, water vapor, and near-surface temperature are explored.
The main conclusions are as follows.

L. In the winter of 2022/23, three noticeable stratospheric distur-
bances were observed. The first disturbance was a weak polar
vortex elongating in early winter, albeit with a short duration and
only the zonal winds at 80°N reversed to easterlies. Although the
abrupt increase in the polar temperature was not observed, the
simultaneous and lagged responses of easterly anomalies and
positive geopotential height anomalies were observed in the
troposphere. The second stratospheric disturbance was a minor
SSW with the polar vortex displaced toward Eurasia and North
Atlantic on 28 January 2023 when a reversal of the polar tem-
perature gradient was observed at 10 hPa. However, the minor
SSW did not show a deep downward propagation into the
troposphere. The third stratospheric disturbance was a displace-
ment major SSW, which began on 16 February 2023 and
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continued until the end of March 2023, with the stratospheric
signals propagating downward to the troposphere and near-
surface.

II. Around 7 December 2022, a brief and intense wavenumber 2

pulse was observed in both the troposphere and stratosphere,

although the duration was very short. This finally led to the
elongating of the stratospheric polar vortex at 10 hPa during the
first disturbance. In January 2023, the eddy heat flux was
contributed alternately by planetary wavenumbers 1 and 2 (still
dominated by the wavenumber 1 most of the time). Abundant
eddy heat flux continued to accumulate in the stratosphere and
resulted in the second disturbance, i.e., the minor SSW onset on

28 January 2023 with the polar vortex displaced towards Eurasia

and North Atlantic. Since 9 February 2023, the total eddy heat

flux by planetary wavenumber 1 increased rapidly, which cor-
responded to the third disturbance, i.e., the major SSW.

During the three polar stratospheric disturbances, the BD circu-

lation showed three enhanced disturbances, characterized by

both increased sinking motion in the Arctic and rising motion in
the tropical regions, with the longest disturbance duration during
the SSW period. Under the influence of the BD circulation, the
water vapor and ozone in the middle and lower layers of the polar
stratosphere show an increasing tendency, while the water vapor
and ozone in the upper stratosphere show a decreasing tendency.

However, after the major SSW onset, chemical reactions caused a

rapid increase in ozone concentration in the upper stratosphere.

During the first stratospheric disturbance on 7 December 2022,

strong stratosphere-troposphere coupling occurred. During 2-12

December, the Ural ridge strengthened, and the East Asian trough

deepened, which together amplified the planetary wavenumber

2. Continent cold surges occurred in Eurasia and North America.

From 13 to 23 December 2022, there was still a strong response in

the troposphere, and large cold anomalies occurred in North

America. During the minor SSW period around 28 January, cold

surges were weak, corresponding to the non-downward propa-

gation of stratospheric disturbance. After the onset of the major

SSW on 16 February, cold surges appeared in North America,

although Eurasia was anomalously warm.

V. In the winter of 2022/23, the sea ice cover in the Barents-Laptev
Sea area reached its lowest value since 1980. Further, the tropical
Pacific sea surface temperature was anomalously cold in the third
year of a long-lived La Nina state from autumn 2020-February
2023. Composite analysis revealed that the sea ice loss in the
Barents-Laptev Sea and the La Nina partially explained the
observed circulation anomalies in the winter of 2022/23. Two
weeks before the onset of major SSW on 16 February, phases 4-6
of the MJO developed, which was conducive to the occurrence of
the SSW. The westerly phase of QBO was not responsible for the
frequent stratospheric disturbances in the winter of 2022/23.

II.

Iv.

It is worth noting that the short-lived stratospheric disturbance does
not necessarily lead to a weak near-surface response. For example,
although the first stratospheric disturbance around 7 December in the
winter of 2022/23 only persisted for one week, the near-surface cold
anomalies over both Eurasia and North America were even greater than
the other two disturbances. Interactions between the stratosphere and
troposphere might amplify the near-surface response to the strato-
sphere, and factors controlling the downward impact of stratospheric
disturbances are also not clearly understood, and are left for future
study.
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