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Enhanced stratosphere-troposphere
and tropics-Arctic couplings in the

2023/24 winter
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The stratosphere-troposphere and the tropics-Arctic couplings were intermittently enhanced in the
2023/24 winter. Here we used ERA5 reanalysis data and found that due to the ampilification of
planetary wavenumber 1 and 2 pulses, three displacement-type sudden stratospheric warming events
occurred in one winter under the background conditions of warming equatorial middle and east
Pacific, active equatorial convections, and easterly stratospheric equatorial winds. During the sudden
stratospheric warming events, the stratospheric disturbances propagated downward to the surface,
followed by continental cold surges. The residual meridional circulation was strengthened across the
tropics and Arctic, anomalously more water vapor was transported into the stratosphere in tropics,
while ozone content diminished in the lower stratosphere and grew in the upper stratosphere over the
tropics. Meanwhile, water vapor and ozone over the Arctic exhibited a dipping pattern from the upper

to the lower stratosphere.

The sudden stratospheric warming (SSW) is the most spectacular phe-
nomenon of the stratospheric polar vortex'~. Tropospheric Rossby waves
can propagate upwards into the high-latitude stratosphere and dissipate,
disturbing the polar vortex in the stratosphere®’. The temperature in the
polar stratosphere rapidly rises by tens of Kelvins within a few days, and the
corresponding westerly winds in the polar region suddenly decelerate.
When the temperature gradient in the polar region reverses and westerly
wind at 10hPa/60°N changes to easterly wind, it is recognized as a major
SSW"*’. If the westerly wind does not change to easterly, it is defined as a
minor SSW'*. Major SSW's occur 6 or 7 times every 10 years in the Arctic
and very few occur in the Antarctic*". According to the polar vortex geo-
metry, displacement and split polar vortex are two types of SSWs*". Dis-
placement SSW is characterized by the polar region occupied by the high
center during the SSW eruption, while the polar vortex deviates from the
North Pole to one side">*". The split type of SSW is identified as the polar
vortex splitting into two smaller ones and moving towards two sides of the
hemisphere during the SSW onset"*'*"*. Typically, displacement SSW and
split SSW are associated with disturbances of planetary wavenumber 1 and
2, respectively”™’. During the SSW, there was a clear stratosphere-
troposphere coupling, accompanied by a ring-like pattern in the strato-
sphere, similar to the negative phase of the Northern Annular Mode

(NAM)'*™. As the NAM signal gradually propagates downwards, the
Arctic Oscillation in the troposphere develops towards the negative phase®,
and there is a considerable rise in the likelihood of continental-scale cold air
activity”***. Moreover, the downward propagation of the negative NAM
signal related to SSW also affects the atmospheric diffusion conditions in the
boundary layer and modulates the sub-seasonal variation of PM,;
concentration” ™.

The Brewer-Dobson (BD) circulation links the polar and tropical
regions of the stratosphere with a meridional-vertical flow, and it is an
important route for tropics-Arctic coupling in the stratosphere’ . The
accumulation of eddy heat flux is the main driving force for the BD circu-
lation, also known as the residual circulation™”. The BD circulation rises
from the tropics into the stratosphere and then sinks into the troposphere
outside the tropics, which plays a major role in the transport of materials
between the stratosphere and the troposphere’**. During SSW occurrence,
due to the enhancement of tropospheric planetary waves, the eddy heat flux
pulse increases and the BD circulation is greatly enhanced”**. The air mass
rising from the troposphere through the BD circulation in the tropics
experiences the freezing and drying process of water vapor in the low-
temperature region near the tropopause, which directly affects the dis-
tribution of stratospheric water vapor’™*’. The change of BD circulation
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during SSW also affects the stratospheric temperature structure in the
tropical region, which thus influences the distribution of local ozone and
water vapor’>”. The BD circulation sinks in the extratropics, transporting
high-concentration water vapor and ozone from the upper to lower stra-
tosphere in high latitudes. The BD circulation completes the source-sink
cycle of ozone and water vapor in the stratosphere as it crosses the strato-
sphere and enters the troposphere over both poles*****,

The occurrence of SSW is modulated by several climate factors*'. The
stratospheric quasibiennial oscillation (QBO) is the dominant driving force
for the interannual variability in the tropical stratosphere, which is featured
by cycling alternations between easterly and westerly winds on average every
28 months***. The QBO can modulate the position of the zero wind speed
contour, thereby changing the waveguide that allows planetary waves to
propagate upwards in the troposphere® . During the eastern QBO, the
zero wind speed contour moves towards the subtropical region, and the
wave activity towards the Arctic increases, which leads to weakening of the
stratospheric polar vortex"**>*’. Changes in the thermal conditions in dif-
ferent ocean regions can trigger or amplify tropospheric planetary waves,
which then propagate upwards to modify the strength of the stratospheric
polar vortex>***¥’, Specific Madden-Julian Oscillation (MJO) phases and
increased MJO amplitudes are beneficial for triggering planetary wave
activities in subtropical regions™*"**. El Nifio-Southern Oscillation (ENSO)
exhibits asymmetry in affecting the intensity of stratospheric polar vortex,
with both El Nifio and La Nifa favorable for increased probability of
SSWs**¥. Sea ice changes in the Barents-Kara Sea (BK) can enhance climate
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planetary waves, and BK sea ice loss has a unique role in triggering dis-
turbance of the stratospheric polar vortex*~".

In early 2024, the Arctic stratospheric polar vortex experienced severe
disturbances, with two major SSWs and one minor SSW in quick succes-
sion, which were more intense than those in the 2022/23 winter. In the past
three decades, such frequent and violent changes in the Arctic stratospheric
polar vortex have been quite rare. The atmospheric and oceanic environ-
ment in the 2023/24 winter was also very different from that in 2022/23™.
Therefore, the SSW events in early 2024 merit thorough investigation. This
paper provides a detailed analysis from three perspectives: stratosphere-
troposphere coupling, tropics-Arctic coupling, and the background atmo-
spheric and oceanic environment.

Results

Stratosphere-troposphere coupling during three SSWs in

early 2024

Figure 1 shows the stratospheric polar vortex disturbances in the Arctic from
mid-December in 2023 to the beginning of April in 2024, with four noticeable
westerly decelerations, three of which shifted to easterlies, as marked by vertical
lines. During the first easterly disturbance, the average zonal wind speed at
60°N on 16 January was —1 m/s and lasted for only 2 days (Fig. 1a), while in
the Arctic circle, the temperature gradient turned positive (Fig. 1d), which is a
marginal major SSW. However, easterly anomalies at 80°N lasted for 8 days
from 13 January, and the zonal-mean air temperature at 80°N was 15 K higher
than that at 60°N. The second easterly disturbance occurred on 16 February,
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Fig. 1 | Spatiotemporal evolutions of the stratospheric circulation from 16
December 2023 to 6 April 2024. a Zonal-mean zonal winds at three latitudes (unit:
m s'). b Zonal-mean zonal wind anomalies at 10 hPa (unit: m s *). ¢ Zonal wind
anomalies at 60°N (unit: m s ). d Zonal-mean temperature difference between 80°N
and 60°N (unit: K). e Zonal-mean temperature anomalies at 10 hPa (unit: K). f Arctic

polar cap temperature anomalies (unit: K). g Normalized polar cap geopotential
height anomalies. h Eddy heat flux averaged from 45°N to 75°N at 100 hPa (unit: K m
s7).1As in (h), but for 300 hPa. The vertical lines indicate the date when the zonal-
mean westerlies reversed to easterlies.
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when the westerlies at three latitudes rapidly weakened simultaneously and the
westerlies at 70°N (4 days) and 80°N (8 days) turned to easterlies, and the
zonal-mean air temperature at 80°N was 14 K higher than that at 60°N.
The third easterly disturbance occurred on 4 March, with westerlies rapidly
weakening and reversing to easterlies at three latitudes. The easterlies lasted for
21 days at 60°N and 29 days at 80°N, and reached a maximum of 24 ms ' at
70°N. The zonal-mean air temperature at 80°N was 10 K higher than that at
60°N. The westerlies at 60°N reversed to easterlies, which persisted for more
than 5 days in late March. The third disturbance was a major SSW rather than
a spring final warming event'’. Three SSWs occurred unprecedently in one
winter, which has not been recorded in the last 30 years™. The frequent
stratospheric polar vortex disturbances may be attributed to a sustained strong
but intermittent dynamical forcing, which overwhelmed the diabatic cooling
effect this winter.

According to the temporal evolution of the 10 hPa zonal-mean zonal
wind anomalies (Fig. 1b), it was observed that the easterly anomalies during
the first disturbance appeared in the North Pole and propagated southward
to 40°N, and the easterly anomalies reached the maximum of 35 m s on
January 16. The second easterly anomalies began to form on 16 February,
with a maximum value of 30 m s™". The third easterly disturbance began on
4 March and lasted until the end of March, with the largest easterly
anomalies of 40 m s~ The zonal-mean zonal wind anomalies at 70°N are
largest in the upper stratosphere (Fig. 1c). Two centers (~—40ms™")
appeared before and after the first disturbance, respectively, resulting in a
long time of easterly anomalies and propagation downward to 500 hPa. The
second easterly disturbance only propagated downward to 50 hPa, failing to
reach the troposphere. The third disturbance propagated downward to the
troposphere (500 hPa), reaching a maximum of —40 m s~ around 5 March
and lasting until the end of March.

Evolution of the temperature anomalies was similar to the change of
the easterly anomalies, and all the three disturbances showed corresponding
warm anomalies, with the latitude range from the North Pole to 60°N and
even more southward (Fig. le). During the first disturbance, the warm
anomalies had two maximum centers (~30 K) before and after the SSW
onset, respectively, resulting in a long impact period of more than 30 days.
The second disturbance was almost contiguous with the third disturbance,
while the anomaly magnitude was weaker than that of the first disturbance.
From the pressure-temporal evolution of the Arctic temperature anomalies
(Fig. 1f), it was found that the strongest warm anomalies center (~30 K)
appeared at 5-10 hPa before the first disturbance, and the temperature
anomalies during all the three disturbances propagated downward to the
troposphere. The zonal mean temperature anomalies of the first and third
disturbances (major SSW) developed to the ground, and the temperature
anomalies of the second disturbance mainly developed above 200 hPa.

As a representative of the NAM index, the standardized geopotential
height anomalies in the Arctic region exhibited obvious downward pro-
pagation to the near surface, especially during the first and third disturbance
periods (Fig. 1g). Positive height anomalies appeared in the stratosphere
14 days before the first SSW eruption, which propagated downward to the
near surface five days before the SSW eruption and then lasted for 10 days.
After the second and third SSW onsets, the stratospheric positive height
anomaly signals appeared almost simultaneously with the near sur-
face signals. The second positive height anomalies were short-lived, while
the third positive anomalies persisted until April. It can be seen that the
stratospheric signal had a relatively large impact on the near surface layer in
early 2024.

Previous studies have shown that tropospheric planetary wave activ-
ities can propagate upward and weaken the stratospheric polar vortex,
leading to onset of SSW events'*"’. Eddy heat fluxes almost proportional to
vertical component of the E-P flux are diagnosed in Fig. 1h, ifor 100 hPa and
300 hPa. During the first SSW disturbance, the wavenumber 1 rapidly
intensified, contributing the majority of the total eddy heat flux at the two
pressure levels, followed by the sudden dip in the eddy heat flux due to the
development of background easterly winds. During the second SSW, the
total eddy heat flux increased rapidly at 100 hPa, and the contributions of

wavenumber 1 and 2 were almost equal, while the contribution of wave-
number 2 was greater than the wavenumber 1 at 300 hPa. During the third
SSW disturbance, the eddy heat flux was dominated by wavenumber 1 and 2
at 100 hPa. At 300 hPa, the eddy heat flux was comparably contributed by
wavenumber 1, 2, and 3.

Figure 2 shows the 10 hPa polar vortex during six 100 hPa eddy heat
flux peak periods. From 10 to 18 January 2024, due to the effect of wave-
number 1, the polar vortex was deformed and elongated. The polar vortex
center (~29,000 gpm) was located near the Barents Sea, and the northwest
European and North American continents showed correspondingly nega-
tive geopotential height anomalies. The high center (~31,500 gpm) was
located over the Bering Strait, with corresponding positive geopotential
height anomalies near the North Pole (Fig. 2a). From 28 January to 2
February, due to the combined effect of planetary wavenumber 1 and 2, the
polar vortex was circular with a low center (~28,500 gpm) near the Sever-
naya Zemlya. Elongated negative height anomalies appeared in northern
Eurasia and positive anomalies occurred over Greenland (Fig. 2b). From 11
to 19 February, the total eddy heat flux was enhanced compared to the
previous stage, with equal contributions from wavenumber 1 and 2. The
polar vortex evolved into an elliptical shape near the Kara Sea, and the
negative geopotential height anomalies appeared accordingly (Fig. 2c).
From 26 February to 2 March, the polar vortex became circular, with its
center almost unchanged (Fig. 2d). From 3 to 8 March, with the onset of the
third SSW, the polar vortex weakened and changed into an elliptical shape.
The positive geopotential height anomalies were enhanced and occupied the
polar region (Fig. 2e). From 9 to 14 March, the polar vortex continued to
weaken and moved westward, with the high center and positive anomalies
occupying the polar vortex (Fig. 2f). In short, all the three SSW events were
displacement type, although the wavenumber 2 showed intermittent pulses.

Similarly, the 500 hPa height anomalies in the six peak periods with
eddy heat flux pulses are shown in Fig. 3. During the first SSW from 10 to 18
January 2024, the geopotential height anomalies at mid- and high latitudes
showed a wavenumber 2 pattern (Fig. 3a). From 28 January to 2 February,
the geopotential height anomalies in midlatitudes were fairly large, showing
awavenumber 3 pattern (Fig. 3b). During the second minor SSW from 11 to
19 February, the geopotential height anomalies in midlatitudes weakened
compared with the previous two periods, but the wavenumber 2 pattern and
the climatological wavenumber 2 pattern were in sync (Fig. 3c). From 26
February to 2 March, the height anomalies in midlatitudes were very strong
and showed a wavenumber 3 pattern. The positive anomalies in the Urals
and the climatological wavenumber 1 and 2 were in sync, which amplified
the tropospheric planetary waves (Fig. 3d). During the third SSW from 3 to 8
March, the high anomaly center in Urals moved towards the North Pole and
intensified (Fig. 3e). From 9 to 14 March, the geopotential height anomalies
in midlatitudes were very weak, presenting a wavenumber 1 pattern,
accompanied by a weakening of tropospheric planetary wave activ-
ities (Fig. 3f).

Previous studies have shown that both following the elongation of the
stratospheric polar vortex and after the SSW onset, large-scale cold air
outbreaks may occur subsequently especially in North America>**. The
evolution of 2-m temperature anomalies in six subperiods during the three
stratospheric disturbances is depicted in Fig. 4. From 2 to 12 January, cold
anomalies appeared in northern Eurasia (center: ~—12 °C) and northern
North America, and most of Eurasia was covered by the warm anomalies
(Fig. 4a). From 13 to 23 January after the first SSW onset, strong cold
anomalies (center: ~—12 °C) appeared in the North American continent,
which were related to the polar vortex elongation during the SSW (Fig. 4b).
From 24 January to 3 February, North America and northern Eurasia were
covered by large warm anomalies, implying little downward impact from
the stratosphere (Fig. 4c). From 4 to 14 February, warm anomalies persisted
over most of North America and western Eurasia (Fig. 4d). From 15 to 25
February after the second SSW onset (albeit minor), central Eurasia was
covered by cold anomalies (center: ~—10 °C), while North America was
dominated by warm anomalies (Fig. 4e). From 26 February to 7 March,
northwestern North America and central Eurasia were invaded by cold
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Fig. 2 | Synoptic maps of the 10 hPa geopotential heights (contour; unit: gpm)
and their anomalies (shadings; unit: gpm) averaged in several subperiods. a The
average from 10-18 January 2024. b The average from 28 January-2 February 2024.

400 600 800 1000 1200 1400

¢ The average from 11-19 February 2024. d The average from 26 February-2 March
2024. e The average from 3-8 March 2024. f The average from 9-14 March 2024. The
letters H and L denote the high and low centers, respectively.

anomalies, while northern Eurasia and southeastern North America were
covered by warm anomalies (Fig. 4f). From 8 to 18 March during the third
SSW period (it lasted for longer time than the other two disturbances), most
of Eurasia and North America showed warm anomalies (Fig. 4g). From 19 to
31 March, cold anomalies developed in central and northern North
America, while warm anomalies appeared in Eurasia (Fig. 4h), consistent
with the temperature anomaly patterns following SSW onset in previous

studies®”.

Tropics-Arctic coupling during stratospheric disturbances
in 2024
The BD circulation is a giant meridional circulation in the stratosphere,
rising in the tropics and descending in the polar region® . With the BD
circulation, stratospheric traces such as water vapor and ozone can complete
tropics-pole transport and source-sink cycles”*. In the lower stratosphere
of the tropics, the zonal winds were in the QBO easterly phase in early 2024.
Easterly anomalies (center: ~—14 ms™") appeared from 70 to 20 hPa, while
westerly anomalies (center: ~16 m s") appeared from 10 to 5 hPa. After the
third SSW onset, the westerly anomalies intensified and propagated
downwards (Fig. 5a). The zonal wind anomalies following the third major
SSW onset are depicted in Fig. 5b. Over the Arctic large easterly anomalies
were observed throughout the entire stratosphere with the anomaly center
around 20-5hPa (~—12ms™"). Corresponding to the easterly anomaly
center, the lower stratosphere (center: ~—4K) and upper stratosphere
(center: ~—8XK) in the tropics were covered by cold anomalies (Fig. 5¢).
After the third SSW onset, the upper stratosphere in the polar region was
covered by cold anomalies, while the middle and lower stratosphere were
covered by warm anomalies (Fig. 5d).

The tropics is the main source region where water vapor enters the
stratosphere from the troposphere. With the ascending branch of BD

circulation, a large amount of water vapor is transported upward from
the troposphere®*. After freezing due to the lowest temperature layer
near the tropopause, lots of water vapor falls back to the troposphere, and
only a small part of water vapor enters the stratosphere”*. In other
words, the intensity of BD circulation dynamics and the tropopause cold
point temperature affect the variation of tropical water vapor. The tro-
pical water vapor content was higher in upper than lower stratosphere in
early 2024. Following the third major SSW eruption, the water vapor
content was lower than 2.2ppm in lower stratosphere (Fig. 5e).
According to the relative change of water vapor, the water vapor content
in lower stratosphere began to decrease after the first SSW onset,
explained by the drying effect of colder temperature. In contrast, the
water vapor content in upper and middle stratosphere increased as
compared with the climatology. This increase was related to the
enhancement of the BD circulation, which overwhelmed the drying effect
of colder temperature in regions where cold anomalies were relatively
weaker than the tropopause. Following the third major SSW eruption, the
water vapor at 70 hPa decreased by 8% relative to the climatology,
whereas in mid- and high-latitudes, the lower stratospheric water vapor
was about 8% higher than the climatology (Fig. 5g).

The stratospheric ozone content also shows similar variability to the
water vapor in the tropics. The ozone was mostly localized in the upper
stratosphere around 20-2 hPa, whereas the ozone content in the lower
stratosphere was much lower (Fig. 5h). In terms of the relative ozone change
in the tropics, the ozone was 7.5% less in the lower stratosphere than the
long-term mean because the low temperature in the lower stratosphere was
not conducive to the generation of ozone photochemical reaction™, and the
enhancement of the BD circulation during the SSW further amplified the
negative ozone anomalies via vertical advection. The upper stratospheric
ozone content was higher than the climatology with the maximum center
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Fig. 3 | The 500 hPa height anomalies (shadings; unit: gpm) and climatological
wavenumber 1 and 2 patterns (contour; unit: gpm) averaged in six subperiods.
The green contours represent planetary wavenumber 1, and the purple contours

represent planetary wavenumber 2. a The average from 10-18 January 2024. b The
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average from 28 January-2 February 2024. ¢ The average from 11-19 February 2024.
d The average from 26 February—2 March 2024. e The average from 3-8 March 2024.
f The average from 9-14 March 2024.

~7.5%, mainly due to the transport of lower stratospheric ozone to this
region (Fig. 5i).

The Arctic ozone and water vapor in the stratosphere are primarily
sourced from the tropics where water vapor and ozone are rich”. Water
vapor, ozone, and the BD circulation over the Arctic during the strato-
spheric disturbances are depicted in Fig. 6. Arctic water vapor was higher in
the upper than lower stratosphere, showing similar distribution to the
tropics. The water vapor content in the Arctic was much higher than in the
tropics (Fig. 6a vs Fig. 5e). According to the relative water vapor change in
the Arctic region, the lower stratospheric water vapor was 8% higher than
the climatology below 50 hPa. Following the SSW eruption, the strato-
spheric water vapor anomaly center in the Arctic region descended. Fol-
lowing the third SSW, upper stratospheric water vapor was 4% less than the
climatology, mainly due to the enhanced BD circulation during the SSW
(Fig. 6b). According to 10 hPa water vapor anomalies, the tropical water
vapor was higher than the climatology and exhibited enhanced poleward
propagation especially after the SSW onset (Fig. 6¢).

The high concentration of ozone in the Arctic region was mainly
concentrated around 20-2 hPa, which was consistent with tropical regions,
but Arctic ozone was lower than that in tropical regions (Fig. 6d). Following
the SSW eruption (especially the third SSW), in middle and lower strato-
sphere, Arctic ozone exceeded the climatology. The ozone in the lower
stratosphere was >20% higher than the climatology, which was attributed to
the enhancement of the BD circulation. It was worth noting that after the
first and third SSW, the upper stratospheric ozone content increased a lot,
which was mainly attributed to the enhanced meridional advection of ozone
from ozone-richer regions’>** (Fig. 6e). Due to the short interval between
the second and the third SSW, the BD circulation was almost continuously
enhanced during the two SSWs (Fig. 6g, h). From the spatial distribution of

BD circulation (Fig. 61), it was also obviously seen that there was a strong
downdraft in the Arctic, and ozone was transported to the middle and lower
stratosphere without staying in the upper stratosphere. After the first and
third SSWs, the strengthening of BD circulation was followed by a weak-
ening period, when the ozone transported to the Arctic was able to stay in
the upper stratosphere. The high concentration of ozone in the tropics could
gradually move to high latitudes, leading to subseasonal variability of ozone
over the Arctic (Fig. 6f).

The intermittent enhancement of the poleward transport of water
vapor and ozone was consistent with the BD circulation variations during
the SSW onset. The residual circulation’s vertical component in the polar
regions showed obvious positive anomalies, indicating the sinking was
accelerated when the SSW occurred (Fig. 6g). At the same time, the
residual circulation’s vertical component in the tropics clearly showed
negative anomalies, indicating an enhanced upwelling (Fig. 6h). It was
observed that the downwelling anomalies in the Arctic are 2 or 3 times
larger than the upwelling anomalies in the tropics. A few days before the
first SSW, enhanced wave forcing denoted by a strong eddy heat flux
pulse (Fig. 1h) drove the strengthening of the BD circulation. The time
average distribution of BD circulation anomalies from 9 February to 9
March is shown in Fig. 6i, which further indicates an enhanced tropics-
Arctic coupling (Fig. 6i).

The background environment in the 2023/24 winter

Changes in the background environment can trigger or amplify tropo-
spheric planetary waves, which propagate upwards and weaken polar vortex
in the stratosphere. Arctic sea ice, ENSO, and some specific MJO phases are
all likely factors that weaken polar vortex in the Arctic stratosphere™*"***".
Holton and Tan found that the polar vortex weakens (strengthens) when the
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Fig. 4 | Synoptic maps of the 2-m temperature anomalies (unit: °C) averaged in
eight subperiods. a The average from 2-12 January 2024. b The average from 13-23
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4-14 February 2024. e The average from 15-25 February 2024. f The average from 26
February-7 March 2024. g The average from 8-18 March 2024. h The average from
19-31 March 2024.

tropical stratosphere is in the easterly (westerly) QBO phase®™**. All those
potential factors controlling the stratospheric disturbances are analyzed.

During 2-15 January, a dozen days before the first SSW except for a few
days, MJO was active in 3-4 phases with amplitudes exceeding one o.
During 1-15 February, two weeks before the second stratospheric dis-
turbance, MJO appeared in 6-7 phases with an amplitude greater than 1.5¢.
Before the third SSW onset, the MJO rapidly retreated from phase 6-7 to
3-4, and the amplitude exceeded one ¢ one week before the SSW onset. In
other words, the two major SSWs occurred in the 3-4 phases of MJO and
their amplitudes exceeded one o (Fig. 7a).

The 3-year La Nifia state ended in the 2023/24 winter”, and the ENSO
started a transition to an El Nifo state, with the Nifio 3.4 index reaching
2.0°C. It can be seen that the sea surface temperature (SST) in the eastern
and middle Pacific equatorial regions has undergone a rapid transition from
cold to warm (Fig. 7b). On average, the warm SST in the tropical middle and
eastern Pacific can trigger negative height anomalies in the troposphere over
the North Pacific, which were also observed in January 2024 (the pattern

correlation or PCC = 0.44, Fig. 8b) but weaker in February (PCC=0.11,
Fig. 8e). This strong Pacific-North American pattern response was bene-
ficial to trigger and amplify the tropospheric climatological planetary waves,
which propagated upward and weakened the stratospheric polar vortex.

Previous studies have reported Arctic sea ice loss especially in the
Barents-Kara Sea can enhance the upward propagation of planetary waves
and subsequently affect the intensity of the stratospheric polar vortex**”*.
Table 1 shows the statistical relationship between detrend normalized BK
sea ice index and major SSWs in winter from 1979/80 to 2023/24. SSW's
occur in both years with sea ice growth and loss. No evidence shows that sea
ice variability is related with increased SSW frequency, although models
diverge in the stratospheric circulation responses to the BK sea ice
loss**"*. The stratospheric signals associated with sea ice variability in
several modeling studies are negligible’~*’. The statistics from the obser-
vations show that the SSW frequency for sea ice growth and loss is com-
parable (Table 1). The weak sea ice growth in early 2024 was possibly not the
responsible factor for the enhanced wave activities (Fig. 7c).
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Fig. 5 | Spatiotemporal evolutions of zonal-mean or area-averaged (20°S-20°N)
zonal winds, temperature, water vapor, and ozone in the tropics. a Zonal wind
anomalies from 100-1 hPa (unit: m s '). b Zonal-mean zonal wind anomalies
averaged from 4 March to 5 April (units: m s'). ¢ Air temperature anomalies from
100-1 hPa (unit: K). d Zonal-mean air temperature anomalies averaged from 4

March to 5 April (unit: K). e Water vapor from 100-1 hPa (unit: ppm). f Relative
change in water vapor compared to its climatology from 100-1 hPa (unit: %).

g Zonal-mean relative change in water vapor averaged from 4 March to 5 April (unit:
%). h, i As in (e, f), respectively, but for ozone.

The final potential factor that possibly contributed to the circulation
variation analyzed is the QBO. The QBO was in the easterly phase in the
2023/24 winter when the 50 hPa QBO index is adopted (Fig. 7d). The
composite height anomalies in QBO easterly winter revealed that the QBO-
related circulation anomalies in January and February are positively asso-
ciated with the height anomalies in January 2024 (PCC = 0.21, Fig. 8¢) and
February (PCC =0.55, Fig. 8f) in 2024. Comparing the QBO with other
controlling factors, the QBO easterly phase can explain more the three
stratospheric disturbances in early 2024.

Conclusions

This study used ERA5 reanalysis, MJO index, sea ice and SST to analyze the
primary characteristics of the stratosphere-troposphere and the tropics-
Arctic couplings during three stratospheric disturbances in early 2024. In
addition, the atmospheric and oceanic environments in the 2023/24 winter
were also diagnosed. The main findings are as follows.

Three strong stratospheric disturbances occurred in the 2023/24 winter
under special background conditions. On 16 January, a marginal major
displacement SSW occurred in the stratosphere due to the high eddy heat
flux pulse caused by planetary wavenumber 1. Although the easterlies at
60°N lasted for only two days, the positive geopotential height anomalies
during this SSW propagated downward to the ground and exhibited the
negative NAM pattern. On 16 February, a minor displacement SSW erupted
because of the strong pulse of combined wavenumber 1 and wavenumber 2.
Although the 80°N zonal-mean temperature was greater than 60°N, the
60°N zonal-mean zonal winds were still westerlies. The positive height
anomaly signals propagated downward to the ground immediately after the
minor SSW onset, but the duration period was very short. On 4 March, a
major displacement SSW occurred in the stratosphere, which lasted for
21 days, due to the continuous upward propagation of planetary wave-
number 1 and 2. The positive height anomaly signal propagated downward
to the near surface immediately following the major SSW, and then the
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Fig. 6 | Spatiotemporal evolutions of zonal-mean or area-averaged (60°-90°N)
water vapor, ozone, and the residual circulation. a Arctic water vapor from
200-1 hPa (unit: ppm). b Relative change in water vapor from 200-1 hPa compared
with the climatology (unit: %). ¢ Relative change in water vapor at 10 hPa. d, e,f Asin

(a, b, ¢) but for the polar cap ozone. g Polar cap mean vertical component of the
standardized residual velocity. h As in (g) but for tropical residual velocity. i The
residual circulation averaged from 9 February to 9 March (the vertical component is
also highlighted in shadings).

positive anomalies covered the stratosphere and troposphere until
early April.

The SSW disturbances in the stratosphere were closely related to the
2-m temperature anomalies variation on the near surface. Within ten days
of the first SSW during 13-23 January, widespread cold anomalies with a
center of —12 °C occurred over the North American continent, which were
likely associated with downward propagation of the stratospheric dis-
turbance signal. From 24 January to 14 February two weeks after the first
SSW and before the second SSW when the stratospheric downward control
seemed absent, North America and western Eurasia were covered by strong
warm anomalies. From 15 February to 7 March after the second minor SSW
onset, cold anomalies invaded northwestern North America and central
Eurasia. From 19 to 31 March during the late stage of the third SSW, cold
anomalies invaded the northern North American.

The QBO and strengthened BD circulation together directly affected
ozone and water vapor in tropical regions. Although the 50 hPa QBO was
in the easterly phase, the tropical zonal winds were characterized by
easterly anomalies both in upper and lower stratosphere, and westerly
anomalies in middle stratosphere, exhibiting a sandwich pattern. As a

consequence, the corresponding temperatures were characterized by
cold anomalies both in the top and bottom stratosphere. With the
strengthened BD circulation during SSWs, more water vapor in the
troposphere was transported to the stratosphere, leading to a rise in
stratospheric water vapor in comparison to climatology. However, the
tropical lower stratospheric temperature was colder following SSW
onset, and corresponding local water vapor showed negative anomalies
in the tropics. Because ozone was mainly concentrated in the strato-
sphere, both the strengthened BD circulation and colder temperature
anomalies in lower stratosphere led to increased tropical ozone in upper
stratosphere and decreased ozone in lower stratosphere.

Water vapor and ozone in the Arctic were mainly transported from the
tropics with the enhanced BD circulation. During three observed strato-
spheric disturbances, the residual circulation was enhanced, exhibiting
strengthened tropical upwelling and the accelerated Arctic downwelling.
With the strengthened BD circulation, tropical ozone and water vapor were
obviously transported poleward, explaining the positive change of ozone
and water vapor in the Arctic. The downwelling over the Arctic further
transported more traces from upper to lower stratosphere.
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Frequent stratospheric disturbances in the 2023/24 winter was possibly
related to different driving forcings, including the warm tropical Pacific SST,
the easterly QBO, and the active MJO. The SST in the equatorial east and
middle Pacific changed rapidly from the La Nifa to El Nifo state, and the
Nifo 3.4 index even reached 2.0 °C in December 2023. The 50 hPa equa-
torial zonal winds was in the easterly QBO phase. A composite analysis
reveals that the composite 500 hPa height anomalies both in January and in
February for El Nifio were present in the positive Pacific-North American
pattern, highly resembling observed 500 hPa height anomaly pattern in
January and February 2024. Before the two major SSW's onset, the MJO was
active in the phase 3-4 with the amplitudes exceeding one ¢. These climatic
factors together triggered and enhanced the planetary wave activities in the
troposphere, which finally propagated upward and weakened the strato-
spheric polar vortex.

The stratospheric disturbances have been observed to be anomalously
more frequent in the past two winters. However, the question whether the
global warming has reached a tipping point when the stratosphere is more
easily disturbed is still not answered, left for a future study based on the
model outputs.

Methods

Datasets

The European Centre for Medium Range Weather Forecasts provided the
5th Generation Reanalysis (ERA5) data, which covered the period from
January 1979 to April 2024. The data had a latitude-longitude resolution of
1° x 1°and 37 vertical isobaric levels ranging from 1000 to 1 hPa™. The time
resolution of the ERA5 reanalysis data we use is daily, calculated as the
average of hourly data per day. Variables used include geopotential height,
meridional and zonal winds, specific humidity, vertical velocity, and ozone
mixing ratio at multiple isobaric levels, and 2-m temperature on the single
level is also used.

The Met Office Hadley Centre (HadISST) provides monthly SST and
sea ice concentration data from December 1979 to April 2024, with 1°
(latitude) x 1° (longitude) horizontal resolution”. The Madden Julian
Oscillation (MJO) index for January to March 2024 is provided by the
Australian Bureau of Meteorology™.

Methodology

The long-term mean for the period from 1979 to 2023 is used to compute the
climatology. The difference between the daily climatology and the daily raw
data is referred to as the anomaly for a certain variable.

In this study, the eddy heat flux (v'T') is calculated using daily air
temperature and meridional wind. The overbar shows the zonal average,
while the prime shows the zonal deviation'. The intensity of planetary waves
propagation in the vertical direction is represented by the weighted average of
the transient eddy heat flux over 45-75°N at 300 hPa and 100 hPa, where the
vertical component of the Eliassen-Palm (E-P) flux (F,) is nearly proportional
to the transient eddy heat flux. Because only planetary waves have the ability
to travel higher into the stratosphere”, the eddy heat flux component gen-
erated by the wavenumbers 1-3 of the planetary wave is diagnosed.

The residual circulation’s vertical and meridional residual velocities are
calculated as follows:

v v — i (W>
oP o,

& _ 9 v cos ¢
7 COS POQ 6, ’

In the equation, v represents the zonal wind component, w is the
vertical wind component at p coordinates, 6 denotes potential temperature,
¢ signifies latitude, r, stands for Earth’s radius, and p indicates pressure. The

I
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Table 1| Relationship between detrend normalized BK seaice
index and major SSW in winter from 1979/80 to 2023/24

BK ice-SSW relationship

BK ice phase Winter no. SSW no. SSW frequency
BK ice growth (>0.50) 15 8 0.53
BK ice loss (<—0.50) 18 10 0.56
Neutral (|BKI| < 0.50) 12 9 0.75
Total 45 28 0.62

prime denotes zonal deviations, the overbar denotes zonal averaging, and

the subscript p indicates differentiation with respect to pressure’.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data that support the findings of this study are included within the
article or provided by the third parties. The data utilized in the study
include 2-meter temperature data (https://doi.org/10.24381/cds.
adbb2d47), circulation and temperature data (https://doi.org/10.24381/
cds.bd0915¢6) provided by the European Centre for Medium Range
Weather Forecasts (ECMWF), sea ice and sea surface temperature dis-
tributed by the UKMO (https://www.metoffice.gov.uk/hadobs/hadisst/
data/download.html), and the MJO RMM index provided by the BoM

(http://www.bom.gov.au/clim_data/ITDCKGEMO000/rmm.
74toRealtime.txt).

Code availability

The data in this study were analyzed and plotted with the NCAR Command
Language (NCL) Version 6.6.2 (available at https://www.ncl. ucar.edu/). All
relevant codes used in this study are available in the Zenodo repository™
(https://doi.org/10.5281/zenodo.13925641).
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