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Abstract—The impact of the Southern Oscillation on the structure and composition of the Arctic strato-
sphere is analyzed using sea-surface temperature, potential vorticity, air temperature, ozone mixing ratio, and
total ozone reanalysis data for 1980—2016. It is shown that El Nifio enhances the instability of the strato-
spheric circumpolar vortex and precedes sudden stratospheric warmings, thus leading to an increase in total

ozone over the Artcic during winter—spring.
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INTRODUCTION

The ocean—atmosphere interaction influences
atmospheric physical and chemical processes. These
processes determine the exchange of properties and
energy conversion. The Sun, which heats the upper
layer of the ocean, thus inducing temperature and
density gradients and, consequently, ocean currents, is
a major source of energy for them [1-3].

The most important is an eastern tropical Pacific
current which warms the ocean surface and is related
to El Nifio. The opposite phase of El Nifio is La Nifia,
cooling the ocean surface. The atmospheric compo-
nent tied to El Nifio is the Southern Oscillation. It is
an oscillation in surface air pressure between the east-
ern and western Pacific Ocean waters, which leads to
deep convection and high moistening [4].

The ocean—atmosphere interaction is a subject of
numerous scientific studies [1, 2, 5—7] in which vari-
ous models have been developed for the analysis and
prediction of the processes linked to this event. The
oceanic impact on the stratosphere and polar regions
has become an urgent problem over the last few years
[8—10].

One important dynamic process occurring in the
polar stratosphere is the circumpolar vortex, which has
a strong influence on the polar stratospheric tempera-
ture and composition. The stability of the circumpolar
vortex depends on the stability of the zonal flow, while
the meridional flow causes its instability [11]. Numer-
ical experiments have shown that average zonal winds
are weaker in the Arctic than in the Antarctic, while
interannual variations, on the contrary, are larger in
the Arctic than in the Antarctic [12]. A change in con-
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ditions at the lower boundary of the stratosphere is
sufficient for a distinction in the time variability of the
mean flow around the pole. Planetary waves are one of
the key factors in the existence of the circumpolar vor-
tex in the Northern Hemisphere. The vortex stability
also influences the amount of ozone and temperature:
theoretically, the longer the circumpolar vortex exists,
the longer the ozone hole will persist and the lower the
polar stratospheric temperature will be [13].

The temperature of the polar lower stratosphere is
the key factor in changing the magnitude of ozone
loss. The cold winter season of 1996—1997, which
resulted from weak wave activity, led to the enhance-
ment of ozone destruction by heterogeneously acti-
vated chlorine and bromine compounds and to a
weakening of planetary waves. The warm winter sea-
son of 1998—1999, on the contrary, was driven by high
wave activity [12]. The temperature inside the polar
stratospheric vortex determines the volume of polar
stratospheric clouds, which the rate of ozone destruc-
tion depends upon. The weaker planetary waves can
lead to a decrease in polar stratospheric temperatures
and to less transport of ozone, resulting in a warmer
tropical tropopause [12, 14].

Sea-surface temperature (SST) variations, produc-
ing a meridional SST gradient, can have a significant
influence on the stratosphere [13]. The meridional
SST gradient influences zonal circulation more con-
siderably than global SST variability. Hence, the SST
gradient has a strong influence on the circumpolar
vortex and ozone in the Northern Hemisphere. It has
also been hypothesized that ozone decline can influ-
ence the El Nino—Southern Oscillation, which redis-
tributes heat fluxes in the ocean and atmosphere,
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while ozone enhancement can favor La Nifna events
[15]. This can lead to a transport of the ozone-
absorbed ultraviolet radiation energy into the ocean,
thus increasing its heat capacity. Numerical modeling
has shown that the influence of El Nifio on the Euro-
pean surface climate occurs via a stratospheric path-
way [28].

The aim of this paper is to investigate the influence
of sea-surface temperature on Arctic stratospheric
processes (the circumpolar vortex, temperature
changes, and ozone changes). For this, periods from
December through March were considered for the
most illustrative years: 1996—1997, 1998—1999, 2009—
2010, 2010—2011, 2014—2015, and 2015—2016.

Section 1 describes initial data and methodology.
Section 2 presents the results. The conclusions follow
in Section 3.

1. INITIAL DATA AND METHODOLOGY

The data used in this study are the air temperature,
ozone mixing ratio, and potential vorticity from the
Modern-Era Retrospective analysis for Research and
Application (MERRA), the European Centre for
Medium-Range Weather Forecasts (ECMWEF)
interim ReAnalysis (ERA-Interim), the ECMWF
Twentieth Century ReAnalysis (ERA-20C), and
ERA5 [16, 17]. There are 25 vertical levels in MERRA
and 21 levels in ERA-Interim, ERA-20C, and ERAS.
Total column ozone data from these reanalyses were
also used. To examine the oceanic impact on the
atmosphere, SST data from Met Office [18], ERA-
Interim [17], ERA-20C prior to 2010, and ERAS for
2010—2015 [17] were used.

For data analysis, a period was chosen to be from
1980 through 2016, with monthly means being used.
Daily means of potential vorticity, air temperature,
and ozone mixing ratio were also used for 1997, 1999,
2010, 2011, 2015, and 2016.

The reanalysis data were reduced to a grid of the
chemistry—climate model developed at the Institute of
Numerical Mathematics, Russian Academy of Sci-
ences [19], and at the Russian State Hydrometeoro-
logical University [20], which was used in the previous
research [21]. The resolution of the grid is 4° X 5°; the
model domain extends from 180° W to 180° E in lon-
gitude, from 88° S to 88° N in latitude, and from the
surface to 0.003 hPa (from 0 to 88 km) in the vertical
(with 39 ¢ levels).

To analyze stratospheric processes, the following
projections and profiles were constructed:

Polar projections of potential vorticity on a surface
with a potential temperature of 550 K;

Polar projections of air temperature and ozone
mixing ratio at 24.5 km (30 hPa) in the Northern
Hemisphere;

Polar projections of total ozone in the Northern
Hemisphere;
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Polar projections of SST anomalies;

Vertical profiles of the annual variations in poten-
tial vorticity; air temperature; and ozone mixing ratio
in 1997, 1999, 2010, 2011, 2015, and 2016 at 84° N.

2. RESULTS
2. 1. Analysis of Oceanic Processes

The distribution of SST anomalies from the ERA-
Interim monthly means is shown in Fig. 1. The years
were chosen in which the influence of El Nifio and
La Nifia was most significant: 1996—1997 and 1998—
1999 (rows (a), (b)), because one of the severest
El Nifio events occurred in 1997—1998 [22]. The fig-
ure also shows 2009—2010 (row (c); El Nifio year),
2010—2011 (row d); La Nina year), and 2014—2015
and 2015—2016 (rows (e), (f); El Nifio years). The SST
anomalies are plotted for December—January (col-
umn (1)) and February—March (column (2)).

A strong warming is seen in the tropical Pacific in
El Nifio years (2010, 2015, and 2016; rows (c), (e), ().
Signs of warming are also evident in February—March
1997 (Fig. 1a—(2)). The SST anomalies in this region
were above 1 K, which indicates that SST exceeded
300 K (27°C). The region of the largest SST anomalies
(above 2—3 K) is in the south Pacific. In El Nifio years
(2010, 2015, and 2016), this region extends northward
beyond the equator and SST anomalies are greater
than 3 K. The warming is most pronounced in 2015
and 2016 (there was a region of high SST anomalies in
the equatorial Pacific in these years). In 2009—2010
from December through March, the warm Pacific
region shifts to the east toward the western American
coast, an indicator of the El Nifio event. This region
persists continuously from December 2015 through
March 2016, which suggests that the El Nifio in this
period was fairly strong. From December through
March 2014—-2015, the development of El Nifio is
more prominent than in 2009—2010. A region of low
SST anomalies (less than —1 K) exists in the equatorial
Pacific from December through March 1998—1999
(row (b)) and 2010—2011 (row (d)). This indicates that
El Nifio in these years was succeeded by an opposite
phase, La Nifa, which resulted in a cooling of the
eastern tropical Pacific. An analysis of the Met Office,
ERA-20C, and ERAS5 SSTs yields similar results.

Thus, it can be concluded that El Nifio events
occurred in 1997, 2010, 2015, and 2016, while 1999
and 2011 were the La Nifia years.

2.2. Circumpolar Vortex and Oceanic Impact

The stratospheric circumpolar vortex (CPV) is an
area in the altitude range from the lower stratosphere
to the mesosphere with severe westerlies, having a
maximum around 60° N, and low pressures. Accord-
ing to [11—14], a stable CPV decreases stratospheric
temperatures and reduces the ozone concentration. In
Vol. 55
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Fig. 1. Distribution of the 2-month mean anomalies in sea surface temperature (in K) in the 40° S—40° N, 180° W—0° region from
ERA-Interim for (column (1)) December—January and (column (2)) February—March in (row (a)) 1996—1997, (row (b)) 1998—
1999, (row (c)) 2009—2010, (row (d)) 2010—2011, (row (e)) 2014—2015, and (row (f)) 2015—2016.
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late winter, a stable CPV leads to the more intense
destruction of ozone. In El Niflo years, more wave
activity propagates from the troposphere to the polar
stratosphere, weakening the CPV [29].

Figure 2 shows polar projections of potential vortic-
ity (PV) on the 550 K isentropic surface in the Northern
Hemisphere from the ERA-Interim monthly means.
The years were chosen to be the same as those for SST:
1996—1997 and 1998—1999 (rows (a), (b)), 2009—2010
and 2010—2011 (rows (c), (d)), and 2014—2015 and
2015—2016 (rows (e), (f)). The PV projections are given
for the following months: December and February
1996—1997; January and February 2010; and February
and March 1999, 2011, 2015, and 2016.

It can be seen that the CPV is most stable in 1997,
2011, and 2015 (rows (a), (d), (e)). In 1997 and 2011,
the CPV develops from December to February: the
values of PV over the Arctic increase from 0.4—0.6 X

B Km® 3 K m?
10~ to more than 1.3—1.5%10*
kgs kgs

K 2
in March (1.5 x 10~ m
kgs

, while PV

) is close to its February
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m . In 1999 (row (b)), the CPV is
kgs
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exceed 1.0 x 10~*

in December 1998 was about 1.0 x 10~

, it

2

K
decreased to 0.5 x 10~ m

in January and then it
kgs

2
increased again to 0.9 x 10~*

in February
kgs
(Fig. 2b—(1)), after which the CPV almost decayed in
March (Fig. 2b—(2)). In 2010 and 2016 (rows (c), (f)),
the CPV developed from December to January (with
2

PVvalues ofup to 1.0 x 10~* " ), but began to break
gs
down in March.
We also constructed vertical zonal-mean annual
PV profiles from the ERA-Interim daily means, which
are shown in Fig. 3. Profiles for 1997, 1999, 2010, 2011,

2015, and 2016 at 84° N are plotted in Figs. 3a—3f.

As can be seen from these figures, the CPV exists
during the period when PV values show large fluctua-
tions, while there is no CPV when fluctuations are
small. The most stable CPV was in 1997 (Fig. 3a),
existing from January to April in this year. Stable CPVs
were typical of 2011 (Fig. 3d) and 2015 (Fig. 3e), but
they lasted until the latter half of March. In 2010
(Fig. 3¢) and 2016 (Fig. 3f), the CPV was also decay-
ing during March. In 1999 (Fig. 3b), the CPV existed
only until mid-February, which indicates that it was
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unstable. For 60° N, where St. Petersburg lies, the
reanalysis data give similar results.

The results were similar in MERRA, ERA-20C,
and ERAS data.

Thus, it can be concluded that the most stable
CPVs occurred in the years before the onset of a severe
El Nifo, in 1997 and 2015, and also in 2011, a La Nina
year. In 1999, when the La Nifia began after the severe
1997—98 El Nifio, the CPV was most unstable. In a
weak El Nifio year (2010) and the year of a mature
El Nifno (2016), the CPV was fairly stable, but began to
break down in March. This suggests that the stability
of the CPV can be an indication of the onset of
El Nifio, while instability can be a consequence of it.

2.3. Stratospheric Temperature and Oceanic Impact

The stratospheric temperature depends on the CPV
stability; it influences the atmospheric composition
and, hence, ozone [12, 23].

Polar projections of air temperature at 24.5 km
(30 hPa) over the Northern Hemisphere from the
ERA-Interim monthly means are shown in Fig. 4. The
years were taken to be the same as those for SST and
PV: 1996—1997 and 1998—1999 (columns (a), (b)),
2009—-2010 and 2010—2011 (columns (c), (d)), and
2014—2015 and 2015—2016 (columns (e), (f)). The
projections of air temperature are given for the follow-
ing months: January and February 2010, January and
March 2016; December and January 2014—2015; and
February and March 1997, 1999, and 2011.

As can be seen, the polar region of low temperatures
with values below 200 K was most stable in 1997 and
2011 (columns (a), (d)), which corresponds to the most
stable CPV in these years (see Fig. 2, columns (a), (d)).
The low-temperature region in these years is the largest
from December through February (temperatures below
200 K over the Arctic Ocean) and then decreases and
remains only over the North Pole. In 2015, the low-
temperature region is less stable: although the zone with
temperatures below 200 K was large in December 2014
(Fig. 4e—(1)), it disappeared almost entirely in January
2015 (Fig. 4e—(2)), but reemerged in February. In 2010
and 2016 (columns (c), (f)), low-temperature regions
with values below 200 K existed only in December and
January, after which they disappeared (warm zones
with temperatures above 230 K appeared in their place).
In 1999 (the most unstable CPV; column (b)), there was
a fairly stable low-temperature region with values of
205—210 K, although it dissipated in March (Fig. 4b—
(2)).

Vertical zonal-mean annual air-temperature pro-
files were also constructed from the ERA-Interim
daily means; they are shown in Fig. 5. The profiles for
1997, 1999, 2010, 2011, 2015, and 2016 at 84° N are
plotted in Figs. Sa—5f.

Cool temperatures (below 200 K) persist in the
lower stratosphere (up to 35 km) from January to
Vol. 55
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(a)—(1) 12.1996 (b)—(1) 02.1999 (c)—(1) 01.2010

(e)—(1) 02.2015

(H—(2) 03.2016

—1.5 —1.0 —0.5 0 0.5 1.0 1.5 2.0 2.5

Km2

s
at 24.5 km (30 hPa) from ERA-Interim for (column (a)) December and February 1996—1997, (column (b)) February and March
1999, (column (c¢)) January and February 2010, (column (d)) February and March 2011, (row (e)) 2015, and (row (f)) 2016.

Fig. 2. Monthly mean distribution of potential vorticity (in 104

) over the Northern Hemisphere in the 40° N—90° N region
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(c) 2010, (d) 2011, (e) 2015, and (f) 2016.

March and from October to December. Warm tem-
peratures (above 260 K) occur at altitudes above 30 km
from May to September, which is consistent with the
seasonal cycle. However, low-temperature periods are
disrupted by sudden stratospheric warmings (SSWs),
in which the stratospheric temperature rises by several
tens of degrees above normal [23, 24]. In the Northern
Hemisphere, SSWs occur nearly every winter because
of wave activity [24—26]. These SSWs may be forced
by El Nifio or by the quasi-biennial oscillation of zonal
wind [23—26] and are able to influence the stability of
the CPV. An examination of 53 years of reanalysis data
with major SSWs, affecting the tropospheric circula-
tion, has shown that they occur with nearly equal
probability during warm and cold phases of the
El Nino—Southern Oscillation [30].

According to Fig. 5, SSWs are almost missing at
polar latitudes in 1997 (Fig. 5a) and 2011 (Fig. 5d): a
stable cold zone with temperatures below 200 K exists

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

m ) at 84° N from ERA-Interim daily means in (a) 1997, (b) 1999,

from January to April. At that time, SSWs were fre-
quent at 60° N but had no influence on the CPV sta-
bility because they developed outside the polar region.
The SSWs were most often observed at polar latitudes
from January through April 2010 (Fig. 5¢) and 2015
(Fig. 5e), when the temperature periodically rose to
230 K. These SSWs led to the instability of the cold
region over the North Pole in those years. There was a
low-temperature region at polar latitudes from Janu-
ary to March 2016 (Fig. 5f), after which came a series
of SSWs. A similar situation was in 1999 (Fig. 5b).

The analysis of MERRA, ERA-20C, and ERAS
yields analogous results for air temperature and SSWs.

Thus, the CPV and the low-temperature region
related to it were most stable in 1997 and 2011. With a
stable CPV in 2015, the series of SSWs resulted in the
instability of the low-temperature region, and the
CPV also lost stability. In 1999, when the CPV was
most unstable, the situation with SSWs was close to
Vol. 55
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(a)—(1) 02.1997 (b)—(1) 02.1999 (c)—(1) 01.2010

200 205

Fig. 4. Monthly mean distribution of air temperature (in K) over the Northern Hemisphere in the 40° N—90° N region at 24.5 km
(30 hPa) from ERA-Interim for February and March (column (a)) 1997 and (column (b)) 1999, (column (c)) January and Feb-
ruary 2010, (column (d)) February and March 2011, (column (e)) December and January 2014—2015, and (column (f)) January
and March 2016.
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Fig. 5. Vertical annual profiles of air temperature (in K) at 84° N from the ERA-Interim daily means in (a) 1997, (b) 1999,

(c) 2010, (d) 2011, (e) 2015, and (f) 2016.

that observed in 2016. Hence, SSWs can be a conse-
quence of El Nifo, while the lack of SSWs can indicate
the occurrence of La Nifia or no Southern Oscillation
in those years.

2.4. Ozone Layer and Oceanic Impact

The state of the ozone layer depends on a variety of
factors, but a key one is the stability of the CPV and
the cold core, particularly over the polar region. A sta-
ble CPV results in a stable low-temperature polar
zone, which, in turn, may cause the appearance of
polar stratospheric clouds; the activation of heteroge-
neous processes on their surface; and, hence, a reduc-
tion in the ozone concentration [12, 15, 26, 27].

Polar projections of the ozone mixing ratio at
24.5 km (30 hPa) over the Northern Hemisphere from
the ERA-Interim monthly means are shown in Fig. 6.
The years are the same as those for other data: 1996—
1997 and 1998—1999 (columns (a), (b)), 2009—2010
and 2010—2011 (columns (c), (d)), and 2014—2015
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and 2015—2016 (columns (e), (f)). Projections of the
ozone mixing ratio are given for January and February
1997 and 2010, December and January 1998—1999,
February and March 2011, December and February
2014—2015, and January and March 2016.

As can be seen in the figure, in 1997 (column (a))
over the North Pole, there was a stable zone of the low
ozone mixing ratio (far below the long-term means)

with values of 4 x 10~° % (2.4 ppm), which matches a
g
stable CPV and a low-temperature region, although

this value increased to 7 x 10~° lli_g (4.2 ppm) in March.
g

There was a less distinct ozone decline (6—7 X 10~° %,

g
or 3.6—4.2 ppm) in 2011 (column (d); this year was
also noteworthy for a stable CPV and a stable low-
temperature region), with a significant ozone decline
beginning in March, which was caused by chemical
processes [11]. In 2010 (column (c)), 2015 (column (e)),
2019
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(a—(1) 02.1997 (b)—(1) 12.1998 (c)—(1) 01.2010

0 0.5 1.0 1.5 2.0

Fig. 6. Monthly mean distribution of the ozone mixing ratio (in 10° %) over the Northern Hemisphere in the 40° N—90° N region

g
at 24.5 km (30 hPa) from ERA-Interim for (column (a)) February and March 1997, (column (b)) December and January 1998—
1999, (column (c)) January and February 2010, (column (d)) February and March 2011, (column (e)) December and February

2014—2015, and (column (f)) January and March 2016.
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Fig. 7. Vertical annual profiles of the ozone mixing ratio (in %) from the ERA-Interim daily means at 84° N in (a) 1997, (b) 1999,
g

(c) 2010, (d) 2011, (e) 2015, and (f) 2016.

and 2016 (column (f)), a significant decrease in ozone
(about 6 x 10~ % or 3.6 ppm) was recorded in

December and January, but then the amount of ozone
began to increase dramatically (up to a mixing ratio of

no less than 8 x 10-° %, or 4.8 ppm), which may have
g

been due to a series of SSWs in those years. In 1999
(column (b)), when the CPV and the low-temperature
zone were most unstable, the amount of ozone slightly

decreased to a mixing ratio of ~8 x 10~° % (4.8 ppm),
g

although there were values of ~6—7 x 10° % (3.6—
4.2 ppm) in December 1998 (Fig. 6b—(1)).

The vertical zonal-mean annual profiles of the
ozone mixing ratio were also constructed from the
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ERA-Interim daily means. Profiles for 1997, 1999,
2010, 2011, 2015, and 2016 at 84° N are shown in
Figs. 7a—7e.

It is clear from these figures that low ozone mixing
ratios (4—6 x 10 %, or 2.4—3.6 ppm) were observed
g

at 25—30 km from January to April 1997 (Fig. 7a) and
2011 (Fig. 7d), although values of no less than 6—8 x

10-° % (3.6—4.8 ppm) were also noted, but a signifi-
g

cant decline in ozone occurred in March to April 2011.
In 2010 and 2015 (Figs. 7c, 7¢), the amount of ozone

decreased to 6—8 x 10~ lli—g (3.6—4.8 ppm) only until
g

February, while in 2016 (Fig. 7f), it decreased until
March. In 1999 (Fig. 7b), the ozone mixing ratio at
2019
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that time did not drop below § x 10~° % (4.8 ppm). In
g
all years, the low amount of ozone with values less

than 5 x 10° % (3.0 ppm) is observed in September—
g

October and less than 3 x 10~ lli—g (1.8 ppm) in
g

December 1999.

The ERA-20C and ERAS data analysis produces
similar results for the ozone mixing ratio. The
MERRA analysis shows a steady ozone decline in
1997 until late March, but in other respects the results
are close to those of ERA-Interim.

Thus, it can be concluded that the most persistent
ozone decline was in 1997, when the CPV and the low-
temperature region were most stable. The 2011 ozone
decline is less distinct in January and February, but
more prominent in March. In 2010, 2015, and 2016,
the amount of ozone dropped dramatically in Febru-
ary and March, which may have been caused by a
series of SSWs. In 1999, the amount of ozone was
hardly reduced at all, which may be due to an unstable
CPV. This indicates that El Nifio can lead to an ozone
increase, because, as was shown above, it can initiate
SSWs. Hence, the lack of ozone decline can be indic-
ative of the El Nifo effect.

2.5. Total Ozone and Oceanic Impact

Total ozone is defined as being equal to the number
of ozone molecules contained in the entire atmo-
spheric column. It also depends on ocean heat fluxes,
which can be linked to El Nifio and La Nifia events
with their influence on the general circulation of the
atmosphere and on the stability of the circumpolar
vortex [15, 26, 27].

Polar projections of Northern Hemisphere total
ozone from the ERA-Interim monthly means are
shown in Fig. 8. The years are chosen to be the same
as those for other data: 1996—1997 and 1998—1999
(columns (a), (b)), 2009—2010 and 2010—2011 (col-
umns (c), (d)), and 2014—2015 and 2015—2016 (col-
umns (e), (f)). The projections of total ozone are given
for January and February 2010 and 2015 and for Feb-
ruary and March 1997, 1999, 2011, and 2016.

In 1997 and 2011 (columns (a), (d)) over the North
Pole, there was a region of the lowest total ozone val-
ues (less than 280 DU), which appeared in February—
March. This agrees with the existence of the most sta-
ble CPV and the most persistent low-temperature
zone and with ozone decline in those years. The total
ozone around this region is above 400 DU. In 2010
and 2015 (columns (c), (¢)), a region with ozone val-
ues less than 280 DU existed over the North Pole from
December to January, but the amount of ozone
increased to 444 DU in February. The situation in
2016 was similar (column (f)), but the total ozone
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increased only in March (Fig. 8f—(2)). This could be a
consequence of a series of SSWs in those years. In 1999
(column (b)), there was a region of higher than normal
ozone values over the Arctic (above 444 DU over
Scandinavia and up to 460 DU over northern Canada)
with no ozone decline, which may have been due to
the most unstable CPV in that year.

Thus, it can be concluded that the total column
ozone depends on the CPV stability and on the stabil-
ity of the low-temperature region in the stratosphere.
In 1997 and 2011, there was a decline in total ozone in
February, while its increase in that month occurred in
2010, 2015, and 2016. High values of total ozone were
observed in 1999. Therefore, it can be suggested that
El Nifio may lead to a series of SSWs and to an
increase in total ozone, while La Nifia may result in a
decrease in total ozone.

CONCLUSIONS

The analysis of the ERA-Interim, MERRA,
ERA-20C, and ERAS5 air temperature, potential vor-
ticity, ozone mixing ratio, and total ozone datasets
over the period from 1980 through 2016 allows the fol-
lowing conclusions:

(1) El Nifo events were in 1997, 2010, 2015, and
2016, while La Nifa events occurred in 1999 and 2011.
The SST was above 27°C across the tropical Pacific in
1997, 2010, 2015, and 2016 and only in its western part
in 1999 and 2011.

(2) A stable CPV, as a rule, precedes an El Nifio
event, and an unstable CPV can be its consequence.
The most stable CPV was in 1997, with the 1997—1998
El Nifio being one of the strongest events. The CPV in
1999, after this El Nifio, was most unstable.

(3) El Nino can initiate SSWs, which lead to the
instability of the CPV-related region of low tempera-
ture (less than 200 K). In El Nifo years (2010, 2015,
and 2016) and after El Nifio (1999), series of SSWs fol-
lowed, resulting in the instability of the cold region.

(4) El Nifio can lead to an increase in ozone, which
is evident in 2010, 2015, and 2016, when the low-ozone
region begins to shrink rapidly after February (the
ozone mixing ratio increases from 3.6 to 4.8 ppm).

(5) El Nino can lead to an increase in total column
ozone over the North Pole, which is evident in 2010,
2015, and 2016 (the total ozone increases from 280 to
420—444 DU during February—March).

Thus, the Southern Oscillation has a global impact
on the atmosphere by inducing the instability of the
CPV through a greater propagation from the tropo-
sphere to the stratosphere of wave activity, which initi-
ates SSWs, and by leading to the filling of the ozone-
depleted region and to an increase in total ozone.

The conclusions are based on the reanalysis data
covering a period from 1980 through 2016, during
which only several strong El Nifio—Southern Oscilla-
Vol. 55
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Fig. 8. Monthly mean distribution of total ozone (in Dobson Units) over the Northern Hemisphere at 40° N—90° N from
ERA-Interim for February and March (row (a)) 1997 and (row (b)) 1999, (row (c)) January and February 2010, (row (d)) Feb-
ruary and March 2011, (row (e¢)) January and February 2015, and (row (f)) February and March 2016.
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