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ABSTRACT

Circulation anomalies in the stratosphere, and particularly sudden stratospheric warmings
(SSWs), have a strong impact on climate predictability at subseasonal-to-seasonal timescales.
Understanding the effects of El Nino-Southern Oscillation on the occurrence and typology of
SSWs remains a challenge. Here, we re-diagnose the three-dimensional structure of the
stratospheric polar vortex by analysing relative vorticity — the local spinning motion of the flow
—and show that it is characterised by strong positive (cyclonic) vorticity over the pole with two
regions of maximum rotation that can be traced as two columns down to the troposphere, one
over northern Canada and the other over Eurasia. During El Nifio, enhanced wave activity over
the eastern North Pacific acts as a source of negative (anticyclonic) vorticity in the upper
troposphere, weakening the Canadian maximum; hence, the polar vortex appears displaced
over Eurasia, favouring displacement-type SSWs. During La Niia, strengthened positive
(cyclonic) vorticity over northern Canada, reinforcing the Canadian column of rotation, results
in an elongated polar vortex with two well-separated centres of similar amplitude, facilitating
split-type SSWs. Our results offer a novel framework for interpreting troposphere-stratosphere

interaction and enhancing prediction skill of SSW events.
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The North American-European winter climate can be heavily affected by changes in the
stratospheric polar vortex (SPV), a cold air mass encircled by strong westerly winds that dominate
the extratropical atmosphere above 10-15 km?®. In particular, abrupt disruptions of the SPV,
called sudden stratospheric warmings (SSWs)?, occurring roughly every other winter, can lead to
cold air outbreaks, severe storms, and extreme weather conditions that can last for weeks with
dramatic economic and human damages3. The SPV and its variability, including SSWs, can, in turn,
be influenced by remote drivers such as El Niflo—Southern Oscillation (ENSO), a linkage that is
well-known but whose exact mechanisms are still not settled*. The traditional viewpoint of the
ENSO impact on the polar stratosphere is typically diagnosed in the zonal-mean framework and
described as increased wave propagation during El Nifio, which is triggered by the deepening of
the Aleutian Low and weakens the polar vortex; while the opposite—weakening of the Aleutian
Low and reduced upward wave propagation—would occur during La Nifia, which strengthens the

polar vortex*>.

Given this seasonal-mean effect of ENSO on the polar vortex strength, there is also an expected
impact on the frequency of SSWs®’. Although SSWs appear to be more likely during El Nifio in
climate models®?®, results from observations are inconclusive, and in the last seven decades, SSWs
have indeed occurred more frequently during La Nifia'®. Considering the time-dependence of the
ENSO influence on the stratosphere!®!?, and the full establishment of the ENSO-forced Rossby
wavetrain in the troposphere!3, it is not surprising that ENSO can modulate the timing of SSWs
even if the total, wintertime occurrence is unchanged. Moreover, previous studies have
highlighted that ENSO and SSWs should be considered as different sources of variability for the
SPV, given the longer, seasonal timescale of the ENSO signal as compared to the shorter, daily-

weekly SSW signal”-10:14,

ENSO could also favour certain types of polar vortex disruptions, in a way that SSWs during El
Nifio typically manifest as a displacement of the polar vortex away from the pole (wave-1),
whereas split-type events (wave-2) seem to be favoured during La Nifia'>. However, the proposed
mechanisms to explain the impact of ENSO on SSWs through changes in the upward wave

injection to the stratosphere are reduced to the zonal-mean framework, which makes it difficult
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to reconcile the different impacts of El Nifio and La Nifia on the polar vortex preconditioning of a

particular SSW type.

Earlier studies have made valuable contributions to characterize the two-dimensional structure
of the polar vortex using elliptical diagnostics in the potential vorticity field'®'7. Later, they were
explicitly used to define geometric moments to differentiate displacement and split SSWs'819, or
even using other simpler variables such as geopotential height?°. While the typical description of
the polar vortex is that of an area of low pressure and high rotation (vorticity) over the pole, two
main centres of maximum vorticity can actually be identified in the lower stratosphere, which
have not yet been documented in the literature. In this study, we thoroughly examine the vertical
structure of these two rotation centres, with a novel description in the three-dimensional relative
vorticity field, and put it into practice to diagnose and interpret the ENSO—polar vortex
relationship from a simple, innovative approach. A better understanding of this linkage is

essential to shed light on the triggering and dynamics of SSWs.

Climatological structure of the stratospheric polar vortex

Fig. 1 shows the life cycle of the stratospheric polar vortex climatology using relative vorticity at
several timesteps from October to March during ENSO-neutral years, April can be found in
Extended Data Fig. 1., and a complete animation on a daily timescale can be accessed in
Supplementary Video 1. In early winter, the strongest rotation begins in the middle-upper
stratosphere and the vortex penetrates deeper into lower levels as winter progresses. During
November—December, the maximum rotation at 10 hPa collocates over Siberia (Fig. 1, top-right
panels), but from January onwards, it shifts ~45° clockwise and expands westwards, forming a
distorted elliptical shape that elongates along the 90°W—-90°E longitudinal axis in the middle
stratosphere (10 hPa). This structure features two centres of maximum relative vorticity, which
vertically appear as two distinct columns of rotation (Fig. 1, left panels), consistent with previous
vortex visualisations'®. As these centres are located over Eurasia and northern Canada, they will

hereafter be referred to as the Eurasian and Canadian centres, respectively.
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This time evolution can also be tracked by the eddy geopotential-height field (10 hPa; Fig. 1,
bottom-right panels), illustrating zonal asymmetries of the background flow. During November—
December, the polar vortex projects on a purely wave-1 structure in the middle stratosphere,
with positive anomalies over the North Pacific (i.e. the Aleutian High?%??) and its negative
counterpart over Eurasia (i.e. the polar vortex). This dipole appears clockwise rotated in mid-
winter, with its negative centre further expanding westwards. Indeed, a secondary lobe of
cyclonic circulation, initiated in January, is fully settled in February over northern Canada,
representing the Canadian column of the polar vortex. These different structures are consistent
with the vertical evolution of the polar vortex through winter, when periods of coupling between
the stratosphere and the troposphere become evident (Supplementary Video 1). Interestingly,
while coupling through the Eurasian column can occur during the entire winter, the interaction

over northern Canada appears more restricted to mid-late winter, namely from January onwards.

The climatology of the main regions of upward wave propagation (i.e. wave injection) reveals
interesting features regarding the polar vortex structure and its evolution (Extended Data Fig. 2).
The largest wave injection from the lower stratosphere, measured by the eddy heat flux at 100
hPa, occurs over the Aleutian region??® and reaches its maximum in January—February (bottom
panel, red), concurrent with the westward shift of the polar vortex and the strengthening of the
Canadian column, thereby suggesting causality. In contrast, the other documented area of large
wave injection is over northern Europe—Siberia?*, right where the Eurasian column of the polar
vortex collocates throughout the winter, showing a climatological evolution that is mostly
constant from early winter to late winter (bottom panel, yellow). The latter is in agreement with

the more regular and continuous coupling observed for the Eurasian column, as discussed above.

ENSO modulation of the stratospheric polar vortex

Considering that the ENSO effect on the polar stratosphere is maximum during mid-winter
(January—February'¥?%), this two-month period represents the target season to explore the

ENSO—polar vortex relationship.
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When El Nifio and La Nifia winters are considered separately (Fig. 2, top), the most notable
difference in the polar vortex structure at 10 hPa lies in the strength of the Canadian centre,
which is weakened during El Nifio but reinforced during La Nifa. This impact is associated with a
displacement of the polar vortex towards Eurasia during El Nifio, whereas the opposite occurs
during La Nifia: the Canadian centre intensifies, causing the maximum rotation to elongate, and
the two centres to become comparable in amplitude. The strengthening of the Canadian centre
is also evident at lower levels (Fig. 2, middle), resulting in two similar columns of relative vorticity

during La Nifa (Extended Data Fig. 3).

The mechanism underlying the modulation of the Canadian lobe of the polar vortex appears to
be in the troposphere, triggered by the extratropical response to ENSO, which results in a Rossby
wavetrain crossing the North Pacific—American sector into the North Atlantic?®2728, Fig. 2
(bottom) shows this ENSO-forced wavetrain in the lower stratosphere (200 hPa; shading)
together with the background, stationary wave pattern (i.e. composite full-field eddy; red/blue
contours) for El Nifio and La Nifia; superimposed with black contours is the polar vortex based on
relative vorticity at 10 hPa (also in Fig. 2, top). Over North America—Canada, El Nifio yields high-
pressure anomalies (red shading), which collocate with the lowermost part of the Canadian
column, providing anticyclonic torque and thus contributing to the polar vortex weakening from
below. In contrast, La Nifa displays low-pressure anomalies (blue shading) and cyclonic
circulation, which reinforces the Canadian column of rotation and strengthens the polar vortex

in the lower-middle stratosphere.

ENSO modulation of SSWs: displacement vs split

To explore the evolution of the polar vortex structure during SSWs, the analysis is now focused
on daily timescales. According to previous studies, SSWs in El Nifilo winters resemble a
displacement from the pole towards Eurasia and project onto a wave-1 pattern, while they show
a split-type signal with a larger wave-2 component for La Nifia®*>?°. In our framework, the

dynamics leading to such distinct behaviours can be further diagnosed by examining the 10-hPa
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relative vorticity during the preconditioning phase of SSWs (Fig. 3, top). For El Niflo winters, the
10-day period before SSWs shows an isolated vortex of rotation clearly displaced from the pole.
The time evolution of the polar vortex in the [-20, 5]-day period around the SSW central date
(Supplementary Video 3) depicts the progressive weakening of the polar vortex and its
confinement over Eurasia. This SSW pattern is reminiscent of an extreme state of the seasonal-
mean effect of El Nifio (Fig. 2, top left). On the other hand, the seasonal-mean strengthening of
the Canadian column during La Nifia (Fig. 2, top right) results in a more elliptical, elongated polar
vortex, and when sufficient intraseasonal instability is reached3%3!, the polar vortex ultimately
divides into two cyclonic vortices, leading to a split. This other SSW pattern is also evident at
lower levels (Fig. 3, middle; Extended Data Fig. 4, and Supplementary Video 3). The results
illustrate how different ENSO preconditioning via the strength of the Canadian column likely
determines the type of SSW finally occurring during El Nifio/La Nifia winters. Note that this
preconditioning might not necessarily translate into a different frequency of occurrence, as most
of the intraseasonal wave activity reaching the middle stratosphere is unrelated to
ENSQ7/10:23,29.30,31,3233; hare evidenced by similar eddy heat-flux anomalies over the Aleutian and

Eurasian regions (Fig. 3, bottom).

Implications of the SPV structure

The three-dimensional analysis of relative vorticity provides a detailed description of the
stratospheric polar vortex rotation and its evolution through the winter. While in the middle-
upper stratosphere, the polar vortex is centered over the pole, rotation in the middle-lower
stratosphere can be traced to particular locations, mainly occurring over Eurasia throughout the
winter, with a second centre establishing over Canada in mid-winter (Fig. 1). The distinction
between these two columns of rotation sets the basis for our interpretation of how El Nifio and
La Nifia modify the morphology of the polar vortex by modulating its Canadian maximum (see

the schematic diagram in Fig. 4).



162
163
164
165
166
167
168
169
170
171
172
173
174
175

176
177
178
179
180

181
182
183
184
185
186
187
188
189

The modulation of the tropospheric Aleutian Low associated with ENSO is currently the most
common dynamical explanation for its impact on the polar vortex®. However, earlier studies had
pointed at the centre of action over Canada as a key factor instead343>3%37 which becomes the
stratospheric Aleutian High?%38. The crucial role of this anomalous circulation over Canada, which
for El Nifio is opposite in sign to the polar vortex, was highlighted in later studies?>3%4° and
recently revamped by Mezzina et al.*!. Our study supports the hypothesis that the Canadian
centre of action plays a dominant role in the ENSO—polar vortex teleconnection and provides a
straightforward interpretation for its mechanism. By accounting for the three-dimensional
structure of the polar vortex in mid-late winter—specifically the location of its two low-level
centres of positive vorticity—it is plausible that the ENSO-forced wavetrain over that region
directly modulates the strength of the polar vortex on that flank (Figs. 2 and 4). Although this
linear approach is consistent with the well-documented zonal-mean response to ENSO*, we
additionally identify northern Canada as a key location for troposphere—stratosphere coupling at

interannual timescales.

Also, beyond the stationary, seasonal-mean impact of ENSO on the polar vortex strength, our
approach provides a straightforward interpretation of the preference for wave-1 SSWs during El
Niflo and wave-2 SSWs during La Nifa (Figs. 3 and 4). It is to note that this is the first dynamical
view reconciling the apparently counterintuitive evidence* that La Nifia can strengthen the polar

vortex while simultaneously boosting the occurrence of SSWs.

Finally, rather than attempting to establish a new methodology for characterising the polar
vortex and its variability, this study offers a simpler perspective on the polar vortex structure that
complements the traditional zonal-mean paradigm. It offers a new path towards assessing and
(possibly) improving the representation of the stratospheric polar vortex in climate models. For
instance, a poor representation of the Canadian column of rotation may lead to a misrepresented
polar vortex response to ENSQ, even if the tropospheric ENSO response is realistic, as found in
recent studies*#?. Likewise, the persistent challenge that models face in simulating the wave-2
component of the flow as well as vortex splits**** may stem from the same misrepresentation of

the Canadian column of rotation, considering its major role in setting the wave-2 SSW pattern.
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Our approach expands the diagnosis and understanding of the processes involved in
stratospheric circulation variability, particularly SSWs, as in other recent studies®. As such, it may
eventually contribute to enhanced prediction of the occurrence of SSWs, and ultimately their

impact on tropospheric circulation and surface climate.
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Methods

Atmospheric fields from the ERAS5 reanalysis! have been analysed, using hourly data to calculate
daily values and also monthly data. This includes relative vorticity to represent the stratospheric
polar vortex, geopotential height at 200 hPa, zonal-mean zonal wind at 10 hPa to detect Sudden
Stratospheric Warmings (SSWs), and the product of meridional wind and temperature (v*T*) at
100 hPa to derive the meridional zonal-eddy heat flux. El Nifio and La Nifia events are identified
using the Relative Oceanic Nifio Index (RONI2) when the December—January—February (DJF) mean
index reached or exceeded 1 °C for El Nifio or fell to or below -0.9 °C for La Nifa, to include the
same number of events in each category. This results in the following El Nifio winters: 1963, 1965,
1968, 1972,1976, 1977, 1982, 1986, 1991, 1994, 1997, 2009 and 2015; and La Nifa winters: 1970,
1973, 1975, 1988, 1995, 1998, 1999, 2005, 2007, 2008, 2010, 2017 and 2020. SSWs are defined
as reversals of the zonal-mean zonal wind at 10 hPa to easterlies at any latitude between 55°N
and 70°N3 from the 1 November to 11 March with at least 21 days of westerly-wind separation
between consecutive events. For this analysis we only consider SSWs from January onwards,
which yields 8 SSWs during El Nifio and 9 during La Nifia. Statistical significance is evaluated using
a 1,000-trial Monte Carlo tests. Three-dimensional visualizations were generated using

ParaView? (v2.3) in combination with the pv_atmos code*>.
Data availability

The ERAS dataset used in this study is publicly available from the European Centre for Medium-
Range Weather Forecasts (ECMWF) via the Copernicus Climate Change Service (C3S). The data
can be accessed via the Copernicus Climate Data Store (CDS)1 under the terms and conditions
provided on the CDS website. The RONI index can be found at the NOAA Climate Prediction

Center website (https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/enso/roni/#).
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Fig. 1: The stratospheric polar vortex life cycle. Snapshots of the climatological stratospheric
polar vortex evolution from October to March for the first day of each month during non-ENSO
years. For each panel, left: surface contour of relative vorticity (1.8x107 s), quasi-transparent
layers correspond to 100, 10 and 1 hPa pressure levels; upper-right: relative vorticity at 10 hPa;
bottom-right: zonal-eddy-component of full-field geopotential height at 10 hPa. A complete

visualization of the vortex evolution can be accessed in Supplementary Video. 1.
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Fig. 2: Modulation of the stratospheric polar vortex structure during El Nifio and La Niiia.
Composite of relative vorticity during El Nifio (left) and La Nifia (right) winters at 10 hPa (a, b)
and 70 hPa (c, d). Bottom panels: geopotential height anomalies at 200 hPa (shading), zonal-
eddy component of full-field geopotential height at 200 hPa (coloured contours, red: positive -
blue: negative; c.i. 50 m), and relative vorticity (black contours: 2.5x10° and 3.5x10°s? ; same
as in panels a,b) during El Nifio (e) and La Nifa (f) winters. Statistically significant areas at 95%

confidence level according to a 1,000-trial Monte Carlo test are stippled in panels (e, f).
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Fig. 3: Preconditioning of the sudden stratospheric warming structure during El Nifio and La
Nifia. Composite of relative vorticity averaged over the week before SSWs during El Nifo (left)
and La Nifa (right) winters at 10 hPa (a, b) and 70 hPa (c, d). Bottom panels: eddy heat flux at 100
hPa averaged over the Aleutian region 135°E-135°W / 55°N-85°N (red) and the Eurasian region
55°N-75°N / 0°E-135°E (orange). An animated version of (a,b) during the SSW occurrence can be

accessed in Supplementary Video 2.
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Fig. 4: Schematic of the ENSO impact on the stratospheric polar vortex during El Niiio and La
Nifa. The polar vortex is depicted in grey, with dashed lines representing its
climatological/neutral state and the grey arrow indicating the cyclonic rotation of the Eurasian
columns. The red and blue circles represent anomalous anticyclonic and cyclonic vorticity in the
upper troposphere — lower stratosphere, over the Canadian column, associated with El Nifio and
La Nifia, respectively. The red dashed arrow in (a) indicates the weakening of the Canadian
column related to El Nifio, which results in the polar vortex being displaced over Eurasia (red thick
line) and favoured displacement-type SSWs. The thick blue arrow in (b) indicates that
the Canadian column of rotation is reinforced during La Nifia, resulting in an elongated polar

vortex (blue thick line) and favoured split-type SSWs.
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394  Extended Data Fig. 1. Same as in Fig. 1 but for April.
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Extended Data Fig. 2. Climatological zonal-eddy heat flux from October to April at 100 hPa.

Bottom Panel: climatological zonal-eddy heat flux averaged over the Aleutian region 135°E-

135°W / 55°N-85°N (red) and the Eurasian region 55°N-75°N / 0°E-135°E (orange).
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400
401  Extended Data Fig. 3. Composite of relative vorticity during (a) El Niflo and (b) La Nifia, surface

402  contour of relative vorticity is at 2x10s?, quasi-transparent layers correspond to 100, 10 and 1
403  hPa pressure levels.

404
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Extended Data Fig. 4. Snapshots of the SSW composite in the days, -2, 0, 2 and 4 of its occurrence;
during El Nifio (top) and La Nifia (bottom) winters. Surface contour of relative vorticity (1.8x10
s1) is plotted, quasi-transparent layers correspond to 100 and 10 hPa pressure levels. A complete

visualization of the SSW evolution can be accessed in Supplementary Video. 3.
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Captions of Supplementary Videos

Supplementary Video 1. Climatological stratospheric polar vortex evolution from October to
March during non-ENSO years. Surface contour of relative vorticity (1.8x10°s!) is plotted, quasi-

transparent layers correspond to 100, 10 and 1 hPa pressure levels.

Supplementary Video 2. Composite of relative vorticity from 20 days before the SSW to 5 days
after, during El Nifio (left) and La Nifia (right) winters at 10 hPa.

Supplementary Video 3. Time evolution of the SSW composite from 20 days before the SSW to

5 days after during El Nifio (left) and La Nifia (right) winters. Surface contour of relative vorticity

(1.8x10°s?) is plotted, quasi-transparent layers correspond to 100 and 10 hPa pressure levels.
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