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Abstract: El Nifio Southern Oscillation (ENSO) invokes the release of a large amount of heat and
moisture into the tropical atmosphere, inducing circulation anomalies. The circulation response
to ENSO propagates both horizontally poleward and vertically into the stratosphere. Here, we
investigate the remote response of the polar stratosphere to ENSO using reanalysis data, along
with composite and regression analysis. In particular, we focus on inter-event variability resulting
from two ENSO types (the Eastern Pacific (EP) and the Central Pacific (CP) El Nifo) and the inter-
hemispheric difference in the ENSO responses. Consistent with previous results, we show that
ENSO is associated with a weakening in the stratospheric polar vortex but emphasize that the polar
stratosphere response strongly depends on the ENSO types, differs between the hemispheres, and
changes from the lower to middle stratosphere. The main inter-hemispheric asymmetry manifests in
response to the EP El Nifio, which is not significant in the Southern Hemisphere, while CP events
are associated with pronounced weakening in the polar vortex in both hemispheres. The weakening
in the stratospheric polar vortex arguably results from the intensification in the wave flux from the
troposphere into the stratosphere and is accompanied by increased heat transport. The latter causes
stratospheric warming in the Artic and Antarctic and slows zonal currents. The response of the lower
stratosphere circulation to ENSO is approximately the opposite to that of the middle stratosphere.

Keywords: ENSO; stratosphere circulation; tropics-high latitude teleconnection

1. Introduction

Sea surface temperature (SST) anomalies associated with El Nifio Southern Oscillation
(ENSO) lead to the release of a large amount of heat and moisture into the tropical atmo-
sphere. The circulation anomalies induced by anomalous heat sources are spread to mid-
and high latitudes through atmospheric pathways [1]. Noticeably, the ENSO circulation
response in the troposphere is asymmetric relative to the equator and manifests in different
ways in the Northern and Southern Hemispheres [2]. The ENSO impacts extend above the
troposphere, affecting the stratospheric polar vortex in both hemispheres, as well as the
composition and circulation of the tropical stratosphere.

The Arctic stratospheric polar vortex forms during the cold period, usually from
November to April, and is characterized by an area of low pressure, low air tempera-
tures, and intense cyclonic circulation over the pole. Previous studies have shown that
anomalies occurring in the stratosphere can descend and induce anomalous processes in
the troposphere [3-9]. In general, the positive phase of AO is associated with the intense
zonal stratospheric circulation, whereas the negative phase corresponds to a weak polar
vortex [5,6]. However, the relationship is complicated and experiences large interannual
variability. The possible link between the phases of ENSO and the Northern Annular Mode
(NAM) via the stratospheric pathway has been studied in Ref. [8]. They found that the
tropospheric anomalies have the same sign with the anomalies in the stratosphere only
in the case of El Nifio/weak vortex and La Nifia/strong vortex events. In contrast, the
surface patterns for the El Nifio/strong vortex and La Nifia/weak vortex combinations are
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not zonally symmetric but characterized by a tripolar pattern. The anomalies of the Arctic
Oscillation associated with the changes in stratospheric vortex intensity may also have the
opposite sign. Thus, in boreal winter 2015/16, the negative AO-like pattern established
over the Northern Hemisphere simultaneously with a stronger-than-normal stratospheric
polar vortex [9]. The diverse relationships between the AO and stratospheric polar vortex
may result from the contribution of other phenomena, such as quasi-biennial oscillation,
the Pacific-North American pattern, and others.

The strong stratospheric vortex usually entails lower temperatures in the Arctic strato-
sphere that favor the formation of polar stratospheric clouds involved in the activation of
ozone-depleting substances, resulting in greater ozone depletion [10,11].

Previous research showed the key element of the troposphere—stratosphere interac-
tion is the vertical propagation of planetary waves from the troposphere that modulate
the intensity of the stratospheric polar vortex [12]. Planetary waves with zonal wave
numbers 1 and 2 propagate most effectively into the stratosphere due to higher phase
velocity relative to shorter waves and, therefore, greater stability [13]. These waves transfer
heat in the direction of their propagation. As the amplitude of the wave increases with
height, the heat flux also increases from the troposphere to the stratosphere. The intense
wave activity flux from the troposphere into the stratosphere leads to an increase in Arctic
stratosphere temperatures and a slowdown in zonal circulation (due to the break of these
waves), which weakens the polar vortex. It should be noted also that an important con-
tribution to the formation of the stratosphere circulation is made by stationary planetary
waves, which propagate from the troposphere upward through the winter westerly zonal
wind current (e.g., Ref. [14]). These waves, especially with zonal wavenumbers 1 and 2,
have even larger amplitudes than westward/eastward-travelling planetary waves with
wavenumbers 1 and 2.

In the Northern Hemisphere (NH), the interaction between El Nifio and the strato-
spheric polar vortex takes place through the Aleutian low (e.g., Refs. [15-18]). Anomalous
warm temperatures in the eastern equatorial Pacific lead to heat being released into the
tropical troposphere and, as a consequence, formation of positive pressure anomalies in
the area of the Hawaiian high. This anomaly propagates poleward as a long Rossby wave,
resulting in negative pressure anomalies over the Northern Pacific (intensification in Aleu-
tian low) and Mexico and a positive anomaly over Canada [19,20]. The deepened Aleutian
low increases the amplitude of the stationary wave that is accompanied by intensification
in the planetary waves’ propagation into the stratosphere. Therefore, the temperature of
the polar stratosphere rapidly rises, while the westerly flow slows or even changes direc-
tion to easterly. Zonal mean wind anomalies may propagate downwards from the upper
stratosphere into the troposphere and surface in February-March, having a simultaneous
robust negative AO imprint in sea level pressure and surface temperature [21]. During a
cold La Nifa phase, the Aleutian low and wave activity fluxes into the stratosphere weaken
and, consequently, the stratospheric vortex intensifies [22-24].

The different stratosphere response to ENSO in the Southern Hemisphere (SH) is
mostly due to the different phase locking of the ENSO peak with the seasonal cycle of the
stratospheric polar vortex intensity and also due to the differences in the characteristics
between the Arctic and Antarctic stratosphere. The SH stratospheric polar vortex is more
intense than in the NH [25]. The temperature in the Antarctic stratosphere is lower, and
the zonal current is stronger than in the Arctic. Therefore, the ozone depletion in austral
spring significantly exceeds that observed in boreal spring in the Arctic [11]. Unlike in
the NH, the SH stratospheric polar vortex reaches its maximum intensity at the end of
austral winter, and the reverse direction of the zonal current appears in the late spring.
When both the El Nifio and polar vortex peak simultaneously in the NH, usually during
December and January, the maximum intensity of the SH stratosphere vortex matches
the period of maximum increase in SST anomalies in the equatorial Pacific during austral
spring [26]. Therefore, the relationship between El Nifio and the Antarctic stratospheric
polar vortex was evidenced primarily for the austral spring months preceding the peak
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of El Nifio (e.g., Refs. [27-30]). The mechanism of the El Nifio influence on the Antarctic
stratospheric circulation also differs from the NH. Like in the NH, the increased wave flux
weakens the polar vortex with maximum circulation anomalies associated with ENSO in
September and October. However, the source of wave flux intensification is debated. The
upward propagation of planetary waves is significantly suppressed in midlatitudes but
enhanced in high latitudes when the positive SST anomalies are observed in the tropical
Pacific [31]. It is implemented through the Pacific-South American pattern (SH analogue
of Pacific-North American pattern (PNA) in NH) forced by El Nifio [32]. Meanwhile, the
intensification and poleward extension of the South Pacific convergence zone is suggested
to be responsible for intensification in the wave activity flux from the troposphere into the
stratosphere [33].

Noticeably, the ENSO being the main mode of tropical variability on the interannual
timescale is not the only phenomenon affecting the stratospheric circulation of both hemi-
spheres. The impact of other variability modes may exacerbate or camouflage the ENSO
effect. The interference with the Indian ocean dipole is discussed in Refs. [34,35] for NH and
in Ref. [31] for SH, while the modulation of the ENSO teleconnections with the northern
winter stratosphere by the Pacific decadal oscillation is evaluated in Ref. [36].

Recent researches addressing the extratropical response to El Nifio highlight two
crucial factors influencing the strength of teleconnection: the intensity of the equatorial
SST anomaly and its longitudinal localization (e.g., Refs. [37-43]). The latter may differ
significantly, leading to the identification of two El Nifio types: the Eastern Pacific (EP) El
Nifio, characterized by maximum SST warming in the Eastern Pacific, and Central Pacific
(CP) El Nifio, with the highest anomaly located in the center of the tropical Pacific [44—46].
The amplitude of observed SST anomalies may also serve as a characteristic of ENSO
diversity: moderate versus extreme/strong events, where ‘strong’ El Nifio events are
usually of the EP type (e.g., 1982/83, 1997/98) and ‘moderate” are of the CP type [47].
However, during CP El Nifios, the SST maximum is located near or within the warm pool,
with well-developed deep convection. This results in intense heat and moisture release to
the atmosphere at the start of the event, while, during EP El Nifos, the deep convection
starts later, during the culmination phase, when the SST in the Eastern Pacific rises to 27 °C,
the threshold of deep convection development. Therefore, the teleconnection pattern of
moderate CP events can be as marked as during strong EP El Nifios [40,41,48,49].

It remains debated whether the location along the equator in the Pacific Ocean and the
amplitude of SST anomalies affect the magnitude of the stratospheric polar vortex. For the
NH, some note slight differences in the stratospheric response between the EP and CP El
Nifios [50], while other papers argue that only EP El Nifio events weaken the stratospheric
vortex [21,51]. In Ref. [52], it was shown that both phenomena contribute to weakening
the vortex; however, during EP El Nifios, it is more pronounced in the early boreal winter.
The stronger response of the Arctic stratosphere to EP events as compared to the CP El
Nifio is demonstrated in Ref. [53], suggesting a larger amplitude of the wave with zonal
wave number 1 associated with EP El Nifio based on the analysis of ensemble calculations
with the GEOS chemistry-climate model. The weaker response of the Arctic stratosphere
to CP events may result from less deepening in the Aleutian low following a CP El Nifio
compared to an EP El Nifio [1].

The stratospheric response to different types of El Nifio in the SH was elaborated
in Refs. [27,28,54]. They found that EP El Nifio events did not have a significant effect
on the intensity of the stratospheric vortex, while the SST anomalies in the center of the
Pacific Ocean (CP El Nifio) led to enhanced planetary wave flux from the troposphere to
the stratosphere in the South Pacific. An increase in the planetary wave activity during
austral spring preceding El Nifio was noted both in reanalysis and in the chemistry-climate
model simulations [29]. This process leads to a slowdown in zonal circulation, warming in
the Antarctic stratosphere, and earlier breakdown of the polar vortex in austral spring [30].

Despite considerable progress towards understanding the ENSO teleconnections to
the stratosphere over the past 10 years, there is still much uncertainty in our estimates of
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the El Nifio effects on the stratospheric polar vortex, which are often ambiguous and even
contradictory both for the NH and the SH. Moreover, the difference in the stratosphere
response to the two types of El Nifio is poorly investigated, especially in the SH. This
study aims to improve our understanding of ENSO-associated stratospheric teleconnection,
taking into account the broad diversity of ENSO events and strong interhemispheric
asymmetry of ENSO teleconnections. The changes in the anomalous circulation patterns
associated with ENSO from the middle to lower stratosphere are also discussed.

The article is organized as follows: the data and methods are presented in Section 2.
Section 3 describes the stratospheric response to ENSO in the Northern and Southern
Hemispheres based on reanalysis data, and Section 4 is a discussion followed by concluding
remarks.

2. Data and Methodology
2.1. Data

The daily and monthly geopotential height, daily air temperatures, and zonal wind
speed on different isobaric levels were obtained from the NCEP/NCAR reanalysis [55]
for the period 1950-2017. The Hadley Centre Global Sea Ice and Sea Surface Temperature
(HadISST) archive was used to derive monthly SST anomalies [56].

2.2. Methods

Relationships between El Nifio and circulation of the Arctic and Antarctic stratosphere
were investigated using two approaches: (1) composite analysis of stratospheric character-
istics averaged over the period of EP and CP El Nifios and (2) linear regression analysis
between El Nifio indices and stratospheric circulation.

To select the EP and CP El Nifio events for composite analysis, the method proposed
in Ref. [57] was used based on the Nifio3 and Nifio4 indices. The indices are calculated
as monthly SST anomalies averaged over Nifio3 (5° S-5° N, 150° W-90° W) and Nifio4
(5° 5-5° N, 160° E-150° W) regions. If the Nifio3 index is greater than 0.5 °C and greater
than the Nifio4 index for three consecutive months or more from October to March, then
the EP El Nifio is occurring. If the Nifio4 index is greater than 0.5 °C and greater than the
Nifio3 index, then the CP El Nifio is occurring. Five CP events were identified from 1950
to 2017 (i.e., 1968-1969, 1990-1991, 1994-1995, 2004-2005, and 2009-2010), while seven
EP events were identified (i.e., 1965-1966, 1972-1973, 19761977, 1982-1983, 1991-1992,
1997-1998, and 2015-2016). The composite maps of temperature, zonal wind speed and
amplitude of planetary waves with zonal wavenumbers 1 and 2 were plotted for two types
of El Nifio between 300 and 10 hPa during the cold period (from November to April for the
NH and from May to October for the SH). The composites were calculated by averaging
the daily data over the 5 CP El Nifios and 7 EP El Nifos.

The amplitudes of planetary waves (Ay) were calculated by decomposition of geopo-
tential height averaged over 50 to 70° N (50-70° S) between 300 and 10 hPa into Fourier
series using the following formulas:

ZE) (1)

Cr = ZH*SI 21> , (2)

A =\/Bi +C} ®3)

H;—geopotential height at particular latitude and altitude,
i—node number of longitude,

I—number of longitudes,

k—zonal wave number,
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Ay—wave amplitude with zonal wave number k.

For the regression analysis, indices introduced in Ref. [58] were used. The SST anoma-
lies in the tropical Pacific (11° S-11° N, 120° E-80° W) were decomposed into empirical
orthogonal functions (EOFs), where the first EOF mode corresponds to the SST pattern
characteristics of EP El Nifio and the second to the CP El Nifio. The El Nifio indices
are expressed through a linear combination of the principal components of the first two
EOFs—PC1 and PC2—using the following formulas:

C index = (PC1+ PC2)/V/?2, (4)

E index = (PC1 — PC2)/V/2 (5)

These indices are independent by construction (i.e., their correlation is zero) and can
be conveniently used for regression analysis. In Ref. [58], it was shown that positive values
of the E index account for the variability associated with strong EP El Nifios, while negative
values of the E index are rarely observed. Positive C index values correspond to CP El
Nifios and negative C index values to La Nifia events. Therefore, the regression onto the
E index was used to analyze the response to EP El Nifios, while the regression onto the
positive C indices (C+) was used to analyze the response to CP El Nifios.

Before applying the regression analysis, the linear trend was removed from all data.
The regression was calculated separately for each month of the cold season. Firstly, the
geopotential height anomalies and El Nifio indices (E index and C+ index) were calculated
as a continuous row of monthly values from 1950 up to 2017. The anomalies were calcu-
lated by removing seasonal cycle averaged over 1950 to 2005. Further, the regression of
geopotential height anomalies onto ENSO indices was calculated for the specific months
(November, December, etc.). For example, regression in November is calculated between
the row of geopotential height anomalies and row of El Nifio indices that contains all
Novembers from 1950 up to 2017.

The significance of the regression coefficients was assessed with Student’s t-test.

3. Results
3.1. Stratospheric Circulation Response to Two Types of El Nifio in the Northern Hemisphere

To analyze the linear relationship between the two types of El Nifio and extratropical
stratospheric circulation, regressions of the geopotential height anomalies poleward of
20° N onto E and C+ indices were calculated for the lower (70 hPa~20 km) and middle
(10 hPa~30 km) stratosphere. Previous studies have shown that the stratospheric polar
vortex response to El Nifio is not homogeneous during the cold season [59]. Therefore, the
regression was calculated separately for each month of the cold season.

The distribution of the regression coefficients shows the relationship between the
change in the SST of the equatorial Pacific Ocean and geopotential height anomalies in the
stratosphere, with positive (negative) values of the coefficients corresponding to positive
(negative) geopotential height anomalies associated with El Nifio conditions. However, the
distribution of regression coefficients determining the correspondence of El Nifio indices
and geopotential height anomalies tendencies does not allow identification of whether
cyclonic or anticyclonic circulation occurs over the region. The latter requires comparison of
regression coefficient distributions with climatic mean geopotential height fields (Figure 1).
Combining the analysis of the regression and raw climate fields allows to document the
displacements and modifications in the polar vortex.

From Figure 1, we conclude that, during the cold period, low pressure encapsulates
the polar region and is surrounded by a higher-pressure belt over the mid-latitudes and
subtropics. The average geopotential height over the North Pole decreases from November
to January and increases from February to March. Thus, the negative (positive) values
of the regression coefficients in the near-polar regions can be interpreted as an increase
(weakening) in the cyclonic polar vortex during the El Nifio period (positive values of the
E and C indices).
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Figure 1. Mean geopotential height at 10 hPa over the period 1950-2005 for each month from
November to April. Contour interval is 200 gpm. The outermost latitude is 20° N.

Regression analysis revealed that an increase in the equatorial Pacific SST associated
with EP El Nifios is related to an increase in the geopotential height over Canada and the
Arctic Ocean in the middle stratosphere (10 hPa) starting in December (Figure 2b). During
the next two months, the area of positive regression coefficients expands and shifts to the
north, capturing the entire circumpolar region by February (Figure 2c,d). Simultaneously,
the area of negative regression coefficients forms over the North Atlantic and Europe with
a maximum over Iceland. In general, this distribution of geopotential height anomalies
coincides with the weakening in the stratospheric polar vortex.

In the lower stratosphere (70 hPa), the growth in the geopotential height over the high
latitudes associated with the growth in the E index begins one month later (in January).
At the beginning of the cold period (November and December), the location of high and
low pressure areas is similar to the mean climate conditions (i.e., low pressure over the
pole and higher pressure at subtropical latitudes, Figure 3a,b). However, the intensity of
the stratospheric polar vortex is higher than normal, as evidenced by negative regression
coefficients localized in the circumpolar regions. In contrast to the middle stratosphere, the
region of positive regression coefficients in January does not expand toward Eurasia but is
enclosed over North America and the Arctic Ocean, while negative regression coefficients
are observed over Eurasia, the Eastern Atlantic, and the Western Pacific (Figure 3c). In
February, this pattern persists, with a minimum forming over Kamchatka and the Okhotsk
Sea (Figure 3d). This may be interpreted as a shift in the low pressure center from the pole
toward the Pacific. Only in March is the maximum of the regression coefficients located
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over the pole, which corresponds to a significant increase in pressure in this region and,
consequently, a weakening in the polar vortex (Figure 3e).

November December January February March

E index

C index

-90 -70 -50 -30 -10 10 30 50 70 90
gpm

Figure 2. Regression of geopotential height anomalies at 10 hPa onto (a-e) E index and (f-j) C+ index
from November to March. Dotted areas represent statistically significant values at a 90% confidence
level. Contour interval is 20 gpm. The outermost latitude is 20° N.

November December January February March

80°

E index

C index

55 45 -35 25 -15 -5 5 15 25 35 45 55
gpm

Figure 3. Regression of geopotential height anomalies at 70 hPa onto (a—e) E index and (f-j) C+ index
from November to March. Dotted areas represent statistically significant values at a 90% confidence
level. Contour interval is 10 gpm. The outermost latitude is 20° N.
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During CP El Nifios, the distribution of the regression coefficients drastically differs
from the one observed during EP El Nifios. The area of positive regression coefficients
appears earlier than during EP events (in November) over the Arctic Ocean and adjacent
continents in the middle stratosphere (Figure 2f) and over the Pacific and Northern Europe
in the lower stratosphere (Figure 3f). Simultaneously, negative regression coefficients are
observed over Eurasia and east of Canada. It corresponds to the growth in the geopotential
height over the Pacific and Northern Europe and decrease in the geopotential height over
Eurasia and Canada associated with the growth in the C+ index. In the meantime, on
the map of mean geopotential height for November, we see the geopotential minimum
centered over the pole (Figure 1). The decrease in the geopotential height over Eurasia
and Canada that occurs simultaneously with increase in the geopotential height over the
Pacific and Northern Europe may result from the polar vortex splitting into two centers
in the lower stratosphere, with two minimums located over the continents separated
by the areas with increased geopotential height over the Pacific and Northern Europe.
In December and February in the middle stratosphere (Figure 2g,i), the area of positive
regression is centered almost over the pole. The positive regression of the geopotential
height with the C+ index suggests weakening in the stratospheric polar vortex associated
with CP El Nifio conditions. In contrast, during January, the regression corresponds to the
strengthening in the polar vortex in response to the CP El Nifio; in both the middle and
lower stratosphere, negative regression coefficients appear over the pole (Figures 2h and 3h)
but are not statistically significant. This may result from the weakening in the wave activity
flux in January during the CP events (Figures 4b and 5b). This fact is in accordance with the
decreased polar stratosphere temperature (Figure 6b) and accelerated westerly zonal flow
(Figure 7b) observed in January of CP El Nino years. In the lower stratosphere, the positive
geopotential height anomalies in the circumpolar regions responding to the CP El Nifio
appear only in February (Figure 3i). During the rest of the cold period, no weakening in the
polar vortex in the lower stratosphere in response to CP El Nifios is observed. At moderate
latitudes in the lower stratosphere, the belt of negative regression forms in February and
corresponds to negative geopotential height anomalies in this area (Figure 3i). The opposite
patterns of circulation anomalies associated to EP and CP El Nifios emerge in the lower
stratosphere in March (Figure 3e,j), with positive (negative) regressions centered over the
North Pole during EP (CP) El Nifio conditions. This indicates delayed spring restructuring
of stratospheric circulation into summer anticyclone after CP events. Note, this feature is
less pronounced in the middle stratosphere (Figure 2e,j).

Previous studies showed that the weakening in the stratospheric polar vortex during
El Nifio events is due to intensification in wave activity flux into the stratosphere [16-18].
El Nifio leads to the deepening of the Aleutian low, which results in increased wave activity
and stronger upward wave activity flux into the stratosphere [15].

To analyze these changes in wave activity, the composites of the amplitude of planetary
waves with zonal wave numbers 1 and 2 averaged over 50 to 70° N during EP and CP El
Nifio events as well as the difference between them were plotted for the boreal cold season
(Figures 4 and 5). The cold season is identified in accordance with the typical period of
polar stratospheric vortex occurring from November to April. Figure 4 shows that a higher
amplitude in the wave with zonal wave number 1 is associated with EP El Nifios compared
to the CP events in December and late February to early March. Near 10 hPa, the difference
between the composites reaches 120 gpm. In the rest of the cold season, the difference is
negligible.

The amplitude of the wave with zonal wave number 2 is greater during EP events in
November to December and lower in March, with less difference between the CP and EP
composites as compared to the wave with zonal wave number 1 (Figure 5).
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Figure 4. Composite vertical sections of amplitude of wave with zonal wave number 1 averaged
between 50 and 70° N for (a) Eastern Pacific and (b) Central Pacific El Nifio events and (c) difference
between composites of EP and CP EI Nifio events. Values are smoothed with a 15-day running mean.
Contour interval is 50 gpm. Black bold line indicates zero isoline.
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Figure 5. Composite vertical sections of amplitude of wave with zonal wave number 2 averaged
between 50 and 70° N for (a) Eastern Pacific and (b) Central Pacific El Nifio events and (c) difference
between composites of EP and CP El Nifio events. Values are smoothed with a 15-day running mean.
Contour interval is 25 gpm. Black bold line indicates zero isoline.

These results are consistent with Ref. [53] and demonstrate the larger amplitude of the
wave with zonal wave number 1 during EP events, leading to enhanced weakening in the
stratospheric vortex compared to CP El Nifios.

The intensification in the wave activity flux during El Nifio contributes to larger heat
flux from the troposphere into the stratosphere that, in turn, increases the polar stratosphere
temperature. The warmer stratosphere leads to a slowdown of the westerly current and
the weakening in the polar vortex. To show the imprint of El Nifio on the stratosphere
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meteorological parameters, the composites of the Arctic stratosphere daily temperature
anomalies averaged between 70 and 90° N and zonal mean wind speed anomalies at 60° N
during EP and CP El Nifio events as well as the difference between them were plotted
(Figures 6 and 7). The chosen latitudinal belt corresponds to the area of maximum intensity
of the analyzed meteorological parameters.

k. T N
S
2/ /

01/Feb 01/Mar

01/Dec 01/Jan

Figure 6. Composite vertical sections of daily anomalies in Arctic stratospheric temperatures averaged
between 70 and 90° N for (a) Eastern Pacific and (b) Central Pacific El Nifio events and (c) difference
between composites of EP and CP El Nifio events. Values are smoothed with a 15-day running mean.
Contour interval is 1K. Black bold line indicates zero isoline.

Composites for Arctic stratosphere temperature show that the temperature in the
middle and lower Arctic stratosphere is higher in the years of EP compared to CP El Nifio
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(Figure 6a,b). The maximum difference, up to 7 to 8 °C, is observed near 10 hPa from
mid-December to mid-January (Figure 6c) when the strong positive anomalies are observed
during EP El Nifio and negative anomalies during CP events. However, in February, the
situation is the opposite: higher temperatures are observed during the years of the CP El
Nifo (Figure 6¢), with the positive temperature anomalies during CP El Nifio being twice
as high as during the EP event (Figure 6a,b).

01/Feb 01/Mar

250

01/Nov
(C) 10 vv

evj’

O1/Dec 01/Jan 01/Feb 01 / ar 01/Apr 30/Apr

\v\ i

L]

AA

01/Nov

O1/Dec 01/Jan O‘I/Feb 01/Mar 01/Apr 30/Apr

Figure 7. Composite vertical sections of daily anomalies in zonal mean wind at 60° N for (a) Eastern
Pacific and (b) Central Pacific El Nifio events and (c) difference between composites of EP and CP El
Nifio events. Values are smoothed with a 15-day running mean. Contour interval is 1 m/s. Black

bold line indicates zero isoline.
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The composite analysis for zonal wind coincides with polar stratospheric temperatures.
The negative anomalies of westerly winds are observed during the whole winter of EP El
Nifo years and since mid-January of CP El Nifio years, which corresponds to the weakening
in the zonal flow associated with ENSO. The anomalies have a larger magnitude for EP
events (Figure 7a), indicating the zonal wind is weaker during the EP El Nifio (with the
maximum difference in December and January by 6 to 8 m/s) compared to CP El Nifios
(Figure 7a—c), confirming the lower intensity in the stratospheric polar vortex associated
with EP El Nifios.

3.2. Stratospheric Circulation Response to Two Types of El Nifio in the Southern Hemisphere

An analysis of the stratospheric circulation anomalies associated with the two types of
El Nifio analogous to the NH was carried out for the SH.

Firstly, note the difference in the mean climate conditions in the northern and southern
polar stratospheres. The stratospheric polar vortex formed during the cold period in the
SH is much more intense and isolated than its counterpart in the NH. The air temperatures
in the Antarctic stratosphere are lower than those in the Arctic, and the zonal wind speed
is about twice as high as in the Arctic. The stratospheric polar vortex in the SH, unlike
its counterpart, reaches its maximum intensity not in the middle of boreal summer but in
August, and the change in the zonal current direction from westerly to easterly occurs in
November (Figures 1 and 8).

May June
- .

[0)

July

180°

27,000 27,400 27,800 28,200 28,600 29,000 29,400 39,800 30,200 31,600 31,000
gpm

Figure 8. Mean geopotential height at 10 hPa over the period 1950-2005 from May to October.
Contour interval is 200 gpm. The outermost latitude is 20° S.

Previous investigations showed that, in the SH, the maximum circulation anomalies
and increased wave activity associated with ENSO occur in September and October preced-
ing the peak of El Nifio [27,29,30]. This is due to two reasons: (1) the Antarctic polar vortex
reaches its highest intensity in August; (2) despite the fact that El Nifio commonly peaks in
December—January, the maximum growth of SST anomalies in the equatorial Pacific during
El Nifio occurs during austral spring [26]. For these reasons, we performed the regression
and composite analysis for the winter—spring period preceding the peak of the Eastern and
Central Pacific El Nifio events.
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The linear relationship between El Nifio and the circulation of the middle and lower
stratosphere was analyzed based on synchronous regressions of geopotential height anoma-
lies at 70 and 10 hPa onto El Nifio indices for the cold season of the SH (June-October).

The middle stratospheric circulation changes that are related to the two types of El
Nifio are dramatically different (Figure 9). During EP El Nifio development (June-September),
the weak negative regression coefficients appear in the near-polar regions but are not statisti-
cally significant (Figure 9a-d). This suggests that there is no weakening in the stratospheric
polar vortex in response to the EP El Nifio in the SH. The area of positive regression coeffi-
cients corresponding to the geopotential growth appears in June over the Pacific, persists
in July, and shifts toward South America in August-September (Figure 9a—d). Only during
October (Figure 9e) does it move toward the South Pole; however, it is most likely associ-
ated with the spring restructuring in the stratosphere to the summer form of circulation
than to polar vortex weakening in response to the EP El Nifio.

August September October

0

Figure 9. Regression of geopotential height anomalies at 10 hPa onto (a—e) E index and (f-j) C+ index
from June to October. Dotted areas represent statistically significant values at a 90% confidence level.
Contour interval is 20 gpm. The outermost latitude is 20° S.

In contrast to the EP El Nifio, the weakening in the polar vortex appears to respond to
CP events in August-September (Figure 9h,i). However, the maximum is not centered over
the pole but rather shifted toward the South Pacific and Western Antarctica. In October, the
area of positive regression coefficients during CP El Nifios captures the entire polar region;
however, the values of the regression coefficients are not statistically significant. This is
likely due to the fact that remote El Nifio forcing in October does not play a significant role
in the stratospheric circulation. The radiation factors dominate, affecting the restructuring
of the stratospheric circulation from winter to summer.

The response of the lower stratosphere (70 hPa) polar circulation to EP El Nifio is
similar to the middle stratosphere, where no weakening in the stratospheric polar vortex is
observed (Figure 10a—e). Meanwhile, the anomalies associated with CP El Nifio are almost
the opposite to those observed in the middle stratosphere. In August and September,
intensification in the polar vortex occurs (negative regression coefficients between C+ index
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E index

C index

and geopotential height anomalies) and positive regressions are located over the South
Pacific.

July August September October

()

-65 -45 -35 -256 -15 -5 5 15 26 35 45 55
gpm

Figure 10. Regression of geopotential height anomalies at 70 hPa onto (a—e) E index and (f-j) C+ index
from June to October. Dotted areas represent statistically significant values at a 90% confidence level.
Contour interval is 20 gpm. The outermost latitude is 20° S.

An analysis of the amplitudes of planetary waves with a zonal wave number 1 showed
that their intensity is higher in the seasons of CP El Nifio (Figure 11). The maximum
differences are observed in early August (100 gpm) and September (more than 200 gpm).
This coincides with the more important weakening in the polar vortex in the middle
stratosphere occurring under CP El Nifio conditions in the SH (Figure 9h,i).

In contrast, the higher amplitude of the wave with zonal wave number 2 is associated
with EP El Nifios (Figure 12a), with the maximum difference observed in July and August
exceeding 100 gpm (Figure 12c).

The main differences in the Antarctic stratospheric temperatures between the two
types of El Nifio are observed from August to October (Figure 13). The temperature in the
middle stratosphere is higher during CP El Nifios as compared to EP El Nifios, with the
maximum difference occurring in early October (more than 8 °C). This is in accordance
with planetary wave activity that is greater during CP events.

Consistent with the difference in polar vortex weakening, the zonal mean wind speed
at 60° S in the middle stratosphere is lower during CP El Nifios than during EP El Nifios
over the entire cold season of the SH, with the negative anomalies observed in CP years
and small positive anomalies during EP (Figure 14a,b). The difference between the com-
posites amounts to 4-6 m/s, with the maximum observed in late September—early October
(Figure 14c).
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Figure 11. Composite vertical sections of amplitude of wave with zonal wave number 1 averaged
between 50 and 70° S for (a) Eastern Pacific and (b) Central Pacific El Nifio events and (c) difference
between composites of EP and CP El Nifio events. Values are smoothed with a 15-day running mean.
Contour interval is 50 gpm. Black bold line indicates zero isoline.
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Figure 12. Composite vertical sections of amplitude of wave with zonal wave number 2 averaged
between 50 and 70° S for (a) Eastern Pacific and (b) Central Pacific El Nifio events and (c) difference
between composites of EP and CP El Nifio events. Values are smoothed with a 15-day running mean.
Contour interval is 25 gpm. Black bold line indicates zero isoline.
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Figure 13. Composite vertical sections of daily anomalies in Antarctic stratosphere temperature
averaged between 70 and 90° S for (a) Eastern Pacific (EP) and (b) Central Pacific (CP) El Nifio events
and (c) difference between composites of EP and CP El Nifio events. Values are smoothed with a
15-day running mean. Contour interval is 1K. Black bold line indicates zero isoline.
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Figure 14. Composite vertical sections of daily anomalies in zonal mean wind at 60° S for (a) Eastern
Pacific (EP) and (b) Central Pacific (CP) El Nifno events and (c) difference between composites of EP
and CP El Nifio events. Values are smoothed with a 15-day running mean. Contour interval is 1 m/s.

Black bold line indicates zero isoline.

4. Discussion and Conclusions

Based on reanalysis data, we investigated the remote response to ENSO in the mid-
to high latitude stratosphere, focusing on the inter-event variability likely resulting from
the existence of two ENSO types—the Eastern and Central Pacific El Nifios. Moreover,
considering previous results that highlight the clear interhemispheric difference of ENSO
teleconnection in the troposphere [2], we analyzed the ENSO response in the stratosphere of
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mid- to high latitudes for the Northern and Southern Hemispheres. Our study complements
previous research (e.g., Refs. [16-18,22-25,31-34,36]) that showed a weakening in the
stratospheric polar vortex associated with El Nifios and inhomogeneity in the NH polar
vortex response to El Nifios during the cold season [59]. We emphasize that both of these
features of polar stratospheric response strongly depend on the ENSO types and differ
between the hemispheres as well as the lower to middle stratosphere.

We show that weakening in the stratospheric polar vortex in the Arctic is observed in
the middle stratosphere throughout the winter months in response to EP El Nifios, while
the circulation patterns associated with CP El Nifio show the polar vortex weakening in
November, December, and February and strengthening in January. Thus, the response of
the middle stratospheric circulation is similar for the two types of El Nifio in December
and February and is the opposite in November and January. The difference in November is
due to polar vortex weakening beginning later during EP events. In January, it is due to
weakened wave activity flux and the associated decrease in stratosphere temperature and
strengthening in the westerly current associated with CP El Nifios. In the lower stratosphere,
the weakening in the polar vortex is less evident than in the middle stratosphere and starts
in January of EP El Nifio years, while, during CP events, it manifests only in February.
Therefore, the middle and lower stratospheric circulation response is similar for EP events
in the second part of the cold season and is almost the opposite for CP events except for
January.

In the SH, the relationship between El Nifio and the stratospheric polar vortex was
investigated for the austral late winter and early spring months before the peak of El Nifio.
During this period of the year, the growth rate of SST anomalies in the equatorial Pacific
Ocean is maximum and the influence of radiation processes in the restructuring of the
stratospheric circulation within the seasonal cycle is still weak. We found that the influence
of El Nifio on the stratospheric polar vortex occurs only in the case of the CP El Nifio in
August and September before the peak of El Nifio. Another important difference in the
SH stratosphere response to EP and CP El Nifios is the opposite circulation patterns in the
middle and lower stratosphere during CP events and similar structure during EP events.
The main stratosphere interhemispheric asymmetry manifests in the response to EP El
Nirios that is not significant in the SH, while the CP events are associated with enhanced
weakening in the polar vortex in both hemispheres.

To illustrate the diversity of the polar stratospheric circulation response to two types
of El Nifio, we present maps of the differences between the geopotential height regression
onto the E and C+ indices in the lower and middle stratosphere of the Northern and
Southern Hemispheres (Figure 15). As the response changes during the cold season, we
chose the months when the maximum polar vortex weakening was observed: February in
the NH and August in the SH. Noticeably, the difference between the events is the opposite
for the middle (Figure 15a,b) and lower (Figure 15c,d) stratosphere as well as for the NH
(Figure 15a,c) and SH (Figure 15b,d). The weakening in the polar vortex in the middle
stratosphere is more pronounced during the EP El Nifio in the NH and CP El Nifio in the
SH. The opposite structure is observed in the lower stratosphere, where the strengthening
in the SH vortex in August of CP El Nifio years is observed.

The results of this study, combined with previous investigation [2], allow to highlight
the dramatic difference between the ENSO/polar circulation relationships in the tropo-
sphere and the stratosphere. The boreal winter stratospheric and tropospheric responses
to CP events in the NH and both types of ENSO in the SH may be approximated by an
annular mode centered over the polar and subpolar regions, while the wave pattern ema-
nating from the tropics poleward in December to February is associated with EP El Nifios
and is confined within the troposphere. The wavetrain in the SH manifests only in the
troposphere during austral winter [31,32]. Therefore, the stratospheric response is likely
due to vertically rather than meridionally propagating waves. The question as to why the
wave response is not observed in the NH troposphere after CP events and after both ENSO
types in the SH during austral summer remains open.
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Figure 15. Top panel: difference between geopotential height regression onto E and C+ indices in the
middle stratosphere (a) for February in the Northern Hemisphere and (b) for August in the Southern
Hemisphere. Bottom panel: the same but in the lower stratosphere (c,d). Contour interval is 20 gpm
in panels (a,b) and 10 gpm in panels (c,d).

Another open question concerns the possible modification of the ENSO/ stratosphere
teleconnection in the future climate. This issue was addressed in several studies (e.g.,
Refs. [1,60]) that suggest the weakening in the stratospheric response to ENSO in the future
climate. Meanwhile, in Ref. [2], it was showed that, in the troposphere in the warmer
climate, the circulation response in the high latitudes to both types of events in the opposite
is amplified in both hemispheres. However, it is difficult to analyze the projected changes
in the ENSO/stratosphere teleconnection in the future climate using the CMIP5 model
ensemble, taking into account the strong intermodel discrepancy in the simulation of the
stratosphere circulation response to El Nifio as well as significant differences between the
teleconnection patterns for CP El Nifio simulated by CMIP5 models in a “historical” run
(experiment that covers the period from 1916 to 2005 and consists of simulations where the
observed changes in air composition (including CO,) were due to both anthropogenic and
volcanic impacts [61]) and NCEP/NCAR reanalysis (Figures S1 and S2, Supplementary
Materials [2,61-63]). The further investigations using the improved models of the CMIP6
project may address this issue.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/atmos13050682 /s1, Figure S1: Regression of geopotential height
anomalies at 10 hPa onto E index (first two columns) and C+ index (second two columns) from
November to March in NCEP-NCAR reanalysis (first and third columns) and in ensemble mean
of the selected CMIP5 models (second and fourth columns). Dotted areas represent statistically
significant values at a 90% confidence level. Contour interval is 20 gpm. The outermost latitude
is 20° N; Figure S2: Regression of geopotential height anomalies at 70 hPa onto E index (first two
columns) and C+ index (second two columns) from November to March in NCEP-NCAR reanalysis
(first and third columns) and in ensemble mean of the selected CMIP5 models (second and fourth
columns). Dotted areas represent statistically significant values at a 90% confidence level. Contour
interval is 20 gpm. The outermost latitude is 20° N.
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