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Abstract: Tropical sea surface temperature (SST) variability, mainly driven by the El Niño–Southern 

Oscillation (ENSO), influences the atmospheric circulation and hence the transport of heat and 

chemical species in both the troposphere and stratosphere. This paper uses Met Office, ERA5 and 

MERRA2 reanalysis data to examine the impact of SST variability on the dynamics of the polar 

stratosphere and ozone layer over the period 1980 to 2020. Particular attention is paid to studying 

the differences in the influence of different types of ENSO (East Pacific (EP) and Central Pacific (CP)) 

for the El Niño and La Niña phases. It is shown that during the EP El Niño, the zonal wind weakens 

more strongly and changes direction more often than during the EP El Niño, and the CP El Niño 

leads to a more rapid decay of the polar vortex (PV), an increase in stratospheric air temperature 

and an increase in the concentration and total column ozone than during EP El Niño. For the CP La 

Niña, the PV is more stable, which often leads to a significant decrease in Arctic ozone. During EP 

La Niña, powerful sudden stratospheric warmings are often observed, which lead to the destruction 

of PV and an increase in column ozone. 

Keywords: atmosphere–ocean dynamics; sea surface temperature; polar vortex; air temperature; 

ozone concentration; zonal wind 

 

1. Introduction 

El Niño–Southern Oscillation (ENSO) is a phenomenon in the tropical eastern Pacific Ocean that 

causes sea surface temperatures (SST) to rise and is one of the most significant oceanic phenomena 

affecting the atmosphere not only locally but also globally. The opposite phase of El Niño, La Niña, 

causes a decrease in sea surface temperatures. The atmospheric component of ENSO is the Southern 

Oscillation, which results in differences in atmospheric pressure between the eastern and western 

parts of the Pacific Ocean, which leads to deep convection and increased humidity [1]. Various ways 

in which ENSO influences processes in regions around the world through so-called 

telecommunications have been identified [2,3]. 

Recent studies of the extratropical response to ENSO highlight two of the most important factors 

affecting the strength of the distance connection: the intensity of the equatorial SST anomaly and its 

longitudinal localization [4–9]. Longitudinal localization makes it possible to distinguish two types 

of El Niño: East Pacific (EP) El Niño, characterized by the maximum SST warming in the Eastern 

Pacific Ocean, and Central Pacific (CP) El Niño, with the highest anomaly located in the center of the 

tropical part of Pacific Ocean [10–12]. The amplitude of observed SST anomalies can also characterize 

the variety of ENSOs: moderate and extreme/severe events, where “strong” El Niño events are 

usually classified as EP-type events (for example, 1982/83, 1997/98) and “moderate” events, which 

belong to the CP type [13]. However, during the El Niño CP, the SST maximum is located near or 

inside a warm basin with well-developed deep convection. This leads to intensive release of heat and 

moisture into the atmosphere at the beginning of the event, and during the El Niño EP, deep 

convection begins later, in the climax phase, when the SST in the eastern part of the Pacific rises to 27 
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°C, i.e., to the threshold development of deep convection. Thus, the pattern of distant connection of 

moderate CP events can be as pronounced as during a strong El Niño EP [6,7,14,15]. 

Over the past decades, through observations and numerical modeling, it has been established 

that the ENSO impacts not only the troposphere, but also the stratosphere [16,17]. The ENSO affects 

the temperature and wind in the tropical stratosphere and, consequently, the radiation balance and 

chemical composition of the atmosphere [18]. The El Niño phase also leads to warming and 

weakening of the winter stratospheric polar vortex in the Northern and Southern hemispheres [18]. 

The weakening of the winter polar vortex, associated with a change in the direction of the westerly 

winds, is called a large sudden stratospheric warming (SSW). These events have been shown to affect 

surface weather and Northern Hemisphere (NH) winter climate for days after the event. Although 

the probability of SSW occurrence in El Niño and La Niña years is almost the same, in El Niño years 

it is even higher, and SSWs themselves are usually more powerful than in La Niña years [19,20], but 

this relationship remains ambiguous because for the sensitivity of both ENSO and SSW to their 

respective classification, large sample variability in observations, and possible model errors affecting 

relationships in models [21]. Because ENSO and SSW events have a significant impact on winter 

weather, understanding their interaction is important to improve forecasting. 

The Arctic stratospheric polar vortex (PV) is formed from November to April and is 

characterized by an area of low pressure, low air temperatures and intense cyclonic circulation over 

the North Pole. Previous studies have shown that anomalies that occur in the stratosphere can 

descend and cause anomalous processes in the troposphere [22–27]. On the whole, the positive phase 

of the Arctic oscillation (AO) is associated with intense zonal stratospheric circulation, while the 

negative phase corresponds to a weak PV [24,25]. However, this relationship is complex and 

experiences great interannual variability. A possible teleconnection between the ENSO and PV 

phases through the stratospheric path was studied in [27]. It has been established that the 

tropospheric anomalies have the same sign as the anomalies in the stratosphere, only in the case of 

the El Niño/weak eddy and La Niña/strong eddy phenomena. On the contrary, the surface patterns 

for El Niño/strong eddy and La Niña/weak eddy combinations are not zone-symmetric, but are 

characterized by a tripolar pattern. The anomalies of the Arctic AO associated with changes in the 

intensity of the stratospheric PV may also have the opposite sign. For example, in the winter of 

2015/16, a negative AO-like pattern was established over the northern hemisphere simultaneously 

with a stronger-than-usual stratospheric PV [27]. The different relationship between AO and 

stratospheric PV may be the result of contributions from other phenomena such as the Quasi-Biennial 

Oscillation, the Pacific-North American pattern, and others. 

A strong stratospheric PV leads to a decrease in temperature in the Arctic stratosphere, which 

contributes to the formation of polar stratospheric clouds involved in the activation of ozone-

depleting substances, which leads to greater ozone depletion [28,29]. In the NH, the El Niño 

interaction with the stratospheric PV occurs through the Aleutian depression [18,30,31]. Abnormally 

high temperatures in the eastern equatorial part of the Pacific Ocean led to the release of heat into the 

tropical troposphere and, as a result, to the formation of positive pressure anomalies in the region of 

the Hawaiian anticyclone. This anomaly propagates poleward in the form of a long Rossby wave, 

leading to negative pressure anomalies over the North Pacific Ocean (intensification in the Aleutian 

depression) and Mexico and a positive anomaly over Canada [32,33]. The deepening of the Aleutian 

Basin increases the amplitude of the stationary wave, which is accompanied by an increase in the 

propagation of planetary waves into the stratosphere. Therefore, the temperature of the polar 

stratosphere rises rapidly, and the western flux slows down or even changes direction to the east. 

Zonal mean wind anomalies can propagate downward from the upper stratosphere to the 

troposphere and to the surface in February–March, having a simultaneous stable negative AO 

imprint on sea level pressure and surface temperature [34]. During the cold phase of La Niña, the 

fluxes of the Aleutian Low and wave activity into the stratosphere weaken and, as a result, the 

stratospheric PV increases [35–37]. 

It remains controversial 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 NH, some 
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note small differences in the stratospheric response between the EP and CP El Niño [38], while other 

studies state that only EP El Niño events weaken the stratospheric vortex [34,39]. It was shown in [40] 

that both phenomena contribute to the weakening of the vortex; however, during the EP El Niño, it 

is more pronounced at the beginning of the boreal winter. A stronger response of the Arctic 

stratosphere to EP events compared to CP El Niño was demonstrated in [41], which indicates a higher 

amplitude of the wave with zonal wave number 1 associated with EP El Niño, based on the analysis 

of ensemble calculations with GEOS Chemical climate model. The weaker response of the Arctic 

stratosphere to CP events may be due to the smaller deepening of the Aleutian Basin after the CP El 

Niño compared to the EP El Niño [18]. 

Despite significant progress in understanding the ENSO teleconnections with the stratosphere 

over the past 10 years, our estimates of the influence of El Niño on the stratospheric polar vortex are 

often ambiguous and even contradictory for both the NH and the SH. In addition, little is known 

about the difference in the response of the stratosphere to the two phases of ENSO and, especially, 

about the differences between the influence of two types of CP and EP on the stability of the polar 

vortex and the ozone content for the El Niño and La Niña phases. The study [42] shows that the ENSO 

is associated with the weakening of the stratospheric polar vortex, but emphasizes that the response 

of the polar stratosphere strongly depends on the ENSO types, differs between hemispheres, and 

changes from the lower to the middle stratosphere. 

Regarding the impact of ENSO on atmospheric ozone, most previous studies have focused on 

tropical ozone [43,44] and some other studies on the impact of ENSO on the ozone layer in the polar 

region [45]. Some studies show [46] that ENSO events have a strong impact on the ozone layer in the 

North and South Pacific, Central Europe and the South Indian Ocean. The impact of ENSO on the 

ozone layer in the polar stratosphere is due to the impact of planetary waves and the Brewer-Dobson 

circulation. 

ENSO can impact tropical ozone through convection [43,47] and stratospheric ozone at high 

latitudes [48,49] due to the propagation and scattering of ultralong Rossby waves at mid-latitudes 

[50,51]. Because the polar warming associated with ENSO warming is a manifestation of enhanced 

Brewer-Dobson (BD) circulation, during the ENSO warm phase, more ozone can be transported from 

a source area in the tropics to high polar latitudes. In fact, interannual fluctuations in ozone and 

temperature in the northern polar stratosphere are associated with wave activity on a planetary scale 

[52–54]. In the arctic and middle latitudes [48], anomalous accumulation of ozone was reported 

during a strong and prolonged ENSO event in 1940–1942. At the same time, ozone changes occur 

with a delay of three months after ENSO and 20 months before ENSO [55]. To assess the effect of 

ENSO on the general circulation, and hence on the ozone content in the polar stratosphere, it is 

necessary to analyze the circulation processes, primarily the BD circulation. As is known, the 

circulation transfer of gaseous speciesbetween the lower and middle atmosphere has a significant 

effect on the distribution of ozone and other gases in the atmosphere [56]. The BD circulation [57,58] 

is set in motion by a force associated with upward propagating planetary and gravitational waves, 

as well as baroclinic waves [59]. Ozone molecules formed as a result of photochemical processes in 

the tropical middle and upper stratosphere are transported to the pole by the BD circulation. This 

study improves the understanding of the links between ENSO and processes in the Arctic 

stratosphere with a focus on the ozone layer. ENSO-related changes in stratospheric air temperature 

and ozone are also being studied and discussed. 

In this work, in development of previous studies, the differences in the influence of two types of 

ENSO—Central Pacific and Eastern Pacific—on the stability of the polar vortex, the temperature of 

the polar stratosphere and the ozone content in the winter-spring period are considered for two 

ENSO phases: El Niño and La Niña. 

2. Initial Data and Methods 

The ENSO phases—El Niño and La Niña—were identified based on the results of an analysis of 

sea surface temperature anomaly in the tropical part of the Pacific Ocean, in the region from 5S 

latitude up to 5N latitude and from 160E to 90W, which is wider than the zone corresponding to the 
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Niño index 3.4 [18,42], and covers both the eastern and central parts of the Pacific Ocean. To increase 

the reliability of determining the ENSO phases, data from two SST reanalyses were used: Met Office 

and ERA5. Monthly average SST data were considered, and ENSO phases were determined from six-

month averages from September to February. If the value of the SST anomaly for this period exceeded 

0.4 degrees, then this autumn-winter period was identified as the El Niño phase; if the SST anomaly 

was less than -0.4 degrees, then it was identified as the La Niña phase. SST anomalies in the range 

from -0.4 to 0.4 degrees were interpreted as corresponding to the neutral phase of ENSO. If the region 

of high or low temperatures was localized in the eastern part of the Pacific Ocean (from 150W to 90 

W), then this type of ENSO was defined as Eastern Pacific (EP), and if in the region from 160E to 150 

W—as the Central Pacific (CP) ENSO type [18,42]. 

Met Office SSTs were generated from the Met Office Marine Data Bank (MDB), including data 

received through the Global Telecommunications System (GTS). In order to expand data coverage, 

monthly median SSTs for 1871–1995 were also used from the Integrated Ocean and Atmosphere Data 

Set (COADS) (now ICOADS) where MDB data were missing. Met Office SSTs are reconstructed from 

measurements using a two-step space-reduced optimal interpolation procedure, followed by 

overlaying improved gridded observations onto the reconstructions to recover local details [60,61]. 

The SST ERA5 data is a combination of Met Office data and the Operational Sea Surface 

Temperature and Sea Ice Analysis (OSTIA) system [62]. These two products show broad agreement 

on the global mean SST, suggesting that the combined time series should be consistent over time. The 

differences are mainly in small-scale variability, where OSTIA better resolves tropical instability 

waves and sub-mesoscale eddies in the mid-latitudes. High-resolution features enable OSTIA to 

better match surface wind scatterometer observations in 4D-Var (DA) data assimilation, improving 

forecast estimates for up to 3 days. 

To assess the influence of ENSO phases and types on temperature and ozone in the Arctic 

stratosphere, ERA5 and MERRA2 zonal wind speed, temperature and ozone content were used. The 

zonal wind speed averaged over a circle of latitude at the Arctic border (in the latitude range from 60 

N to 68 N) in the lower stratosphere (15-25 km) was considered as an indicator of the stability of the 

polar vortex. When the eastern wind exceeded 15 m/s, the polar vortex was considered stable [63], 

which formed conditions for the isolation of the polar stratosphere, its cooling, the formation of polar 

stratospheric clouds and ozone destruction [19]. To estimate the degree of cooling of the polar 

stratosphere, temperatures north to 70 N, averaged over an altitudes from 15 to 25 km and correlated 

with ENSO phases and types and zonal wind at the polar boundary. Similarly, average values for 

total column ozone and its mixing ratio for the latitudes from 70 N to 90 N and altitudes 15-25 km 

were correlated with ENSO phases and types. 

The ERA5 Atmospheric Characteristics prepared by the European Center for Medium Range 

Weather Forecasts (ECMWF) is a global re-analysis of the atmosphere, available from January 1, 1980 

to the present [64]. It provides hourly estimates of a large number of atmospheric variables, including 

data on zonal wind, temperature, mixture ratio, and total ozone used in this paper. The data 

assimilation system used to derive ERA5 includes a 4-dimensional variational analysis (4D-Var) with 

a 12-hour analysis window. The spatial resolution of the data set is approximately 30 km with 137 

altitude levels from the surface to 80 km [64]. The National Aeronautics and Space Administration 

(NASA) Modern Age Retrospective Analysis for Research and Applications Version 2 (MERRA2) 

provides atmospheric data from 1980 to the present [65]. It uses the GEOS model with an assimilation 

system to perform long-term global re-analysis based on ground and space observations. 

Due to the fact that the polar vortex regulary exists mainly in winter, and the chemical 

destruction of ozone occurs in early spring, the analysis was based on changes in temperature and 

ozone from January to March. Another reason for special attention to the winter-spring period is the 

fact that the maximum SST changes during the Southern Oscillation occur at the end of the year and 

the beginning of the next year. At the same time, both the average values for January-March and the 

changes in temperature and ozone during each month during this period were considered, taking 

into account the possibility of a time lag between the maximum manifestation of the Southern 

Oscillation and the response of the Arctic stratosphere. 
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To assess the differences between the influence of different phases and types of the Southern 

Oscillation on the Arctic processes, we compared the average values of the zonal wind at the border 

of the Arctic, as well as the temperatures and ozone levels inside the Arctic region for winters 

corresponding to the El Niño and La Niña phases, the Central Pacific and East Pacific types. The 

interannual changes in the total ozone content and temperature of the lower stratosphere, as well as 

the altitudinal features of differences in temperature and ozone content from January to March for 

different ENSO phases and types, were analyzed. 

3. Results 

3.1. Analysis of Interannual Variability of Sea Surface Temperature in the Tropical Pacific, and Total 

Column Ozone and Air Temperature in the Arctic Stratosphere 

Although previous studies have repeatedly classified ENSO into phases and types (for example 

[19,66–69]), this work once again classifies them based on reanalysis data. To increase the validity of 

the conclusion, two sets of reanalysis data were used: MetOffice and ERA-5. The SST anomalies in 

the tropical part of the Pacific Ocean in the region of 5S–5N, 170 W–120 W (Nino 3.4 area), as well as 

at 160 E–150 W (Central Pacific) and 150 W–90 W (Eastern Pacific) for the period from 1980 to 2020 

are presented in Figure 1. Pronounced El Niño phases, according to the reanalysis data, were 

observed in 1983, 1987, 1988, 1992, 1995, 1998, 2003, 2005, 2007, 2010, 2016 and 2019, while La Niña 

phases were observed in 1984, 1985, 1989, 1996, 1999, 2000, 2006, 2008, 2009, 2011, 2012 and 2018. At 

the same time, the most powerful El Niño events occurred in 1982-1983, 1997-1998 and 2015-2016, 

when SST anomalies exceeded 2.5 K. The most powerful phases of La Niña were observed in 1988-

1989, 1999-2000, 2007-2008 and 2010-2011, when SST anomalies reached -1.5 K. It can also be noted 

that the pronounced SST anomalies for both El Niño and La Niña cases were reached during the 

period from December to February, i.e., during the winter months of the Northern Hemisphere. And, 

consequently, the El Niño and La Niña phenomena reach their maximum development in the winter 

months, so during these months the heat and mass flows into the upper tropical troposphere and 

stratosphere change most strongly compared to the neutral phase. 

Based on the analysis of SST anomalies and following to [18,42], El Niño and La Niña phases 

were classified into EP and CP types. The EP type includes such El Niño and La Niña events, when 

SST anomalies at 150 W–90 W region (blue line in the Figure 1) were above (in the case of El Niño) 

and below (in the case of La Niña) than SST anomalies at 160E–150 W region (red line on the Figure 

1). The Figure 1 demonstrates that the years 1983, 1987, 1988, 1998, 2007 and 2016 can be classified as 

EP El Niño, while the years 1985, 1996, 2006 and 2018 as EP La Niña. The CP type includes those El 

Niño and La Niña, at which SST anomalies at 160 E–150 W and at 150 W–90 W are close to each other. 

From Figure 1 it is clear that El Niño 1995, 2003, 2005, 2010 and 2019, as well as La Niña 1984, 1989, 

1999, 2000, 2008, 2009, 2011 and 2012, can be classified as CP type. A special case, as previously noted 

in [18], is the 1992 El Niño, which does not belong to any type—that is, it is an El Niño that changes 

from the CP type to the EP type. Figure 1 depicts that for this year the SST anomalies are largest at 

170 W–120 W (green line). 
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Figure 1. SST anomalies in the region of 5S–5N, 170W–120W (green), 160E–150W (red), 150W–90W 

(blue) according to ERA5 (left) and Met Office (right). The ENSO CP type is marked with a “+” sign, 

the EP type is marked with a “#” sign. 

Next, to assess the degree of ENSO phases and types impact on the processes in the Arctic 

stratosphere the monthly average MERRA2 and ERA5 total column ozone and temperature of the 

lower stratosphere (15-30 km) in the Arctic region (70-90 N) for the period from 1980 to 2020 were 

tested for consistence to ENSO phases and types. Interannual variability of Arctic total column ozone 

averaged over the period from January to March, as well as separately for January, February and 

March, is presented in Figure 2. Theoretically, during the El Niño phase, the total column ozone 

content in the Arctic should increase, since with an SST increase in the tropical zone, there is a mass 

and heat uplift there, following by meridional transport enhancement from the tropics to the polar 

stratosphere, while during the La Niña phase, the total column ozone content should decrease due 

to the weakening of this transport [70,71]. Figure 2, together with the summary data on the anomaly 

of total column ozone shown in Table 1, demonstrates that out of 22 cases of total column ozone 

above the average value (dashed lines in Figure 2), according to both reanalysis data, 7 cases 

correspond to the El Niño phase, 8 cases correspond to the El Niño phase La Niña and 7 cases 

correspond to the neutral phase. Of the 15 cases where, according to both reanalysis data, the total 

column ozone is below average, 5 correspond to the El Niño phase, 3 correspond to the La Niño 

phase, and 7 correspond to the neutral phase. In 1984, 1995, 2003 and 2008, different reanalyses depict 

anomalies from the average values in opposite directions, but these anomalies are small in 

magnitude. Overall, these results indicate that it is difficult to definitively say from this analysis that 

any phase of ENSO is more likely to contribute to a decrease or increase in Arctic ozone. 

If we consider significant anomalies from the average value of total column ozone (more than 

25 DU), then for such 8 cases of enhanced values, 3 belong to the El Niño phase, 4 belong to the La 

Niña phase and one case belongs to the neutral phase. For 7 low values, none belong to El Niño, 3 

cases belong to La Niña, 4 belong to the neutral phase. At the same time, for the neutral phase with 

low values in 1990 and 1997, SST anomalies are close to the boundary of the La Niña phase. Thus, 

from a formal analysis of total column ozone anomalies for the entire winter-spring period from 

January to March, one can definitely conclude that a significant decrease in Arctic ozone is more 

likely for the La Niña phase, or a neutral phase close to La Niña. 

If we consider the types of ENSO phases, it can be noted that a decrease in the total ozone column 

to the lowest values is most likely during the La Niña CP (January-March). In 2000 and 2011 total 

column ozone decreased to 320-365 DU, which is 15-65 DU below the long-term average total ozone. 

But at the same time, in 1984, 1999 and 2009, the total ozone column was 2-40 units. above average, 

indicating an increase in ozone due to previous strong El Niño (La Niña of 1984 and 1999 followed 

by strong El Niño of 1983 and 1998) as well as non-ENSO factors. On the EP La Niña, in most cases 
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(1985, 2006 and 2018), the total ozone column reaches from 400 to 460 DU. (12-48 DU above average). 

Although in 1996, despite the EP La Niña, the total ozone content was 50 DU less than the average. 

As shown earlier, the La Niña maximum occurs in December-January. 

 

Figure 2. Total ozone column in the Arctic (70-90 N latitude) on average for January-March (top left), 

January (top right), February (bottom left), March (bottom right) according to ERA5 (blue) and 

MERRA2 (red). At the same time, CP El Niño, EP El Niño, CP La Nina and EP La Nina are marked 

with the signs “+”, “#”, “$” and “@”, respectively. 

If we consider the January anomalies of total ozone content (Figure 2b), which are determined 

mainly by dynamic processes [10,20,42], then out of 13 cases of significant ozone reduction, 5 

correspond to CP La-Nina, 2—EP La-Nina, 2—EP El-Nino, 1 case—CP El-Nino and 3 cases 

correspond to the neutral phase. Moreover, in January, of all 8 cases of CP La Niña, only two (in 1999 

and 2009) occur in winters with high ozone content, and 6 correspond to cases of low total column 

ozone. SSWs often occur in February and disrupt the stability of the pole vortex, leaving only three 

significant ozone decreases for La Niña CPs (1984, 2000, and 2011) in this month. In February, the 

total ozone content in 1989 and 2012 becomes 10-20 DU. above average, and in 1999 the anomaly 

decreases—the total ozone column is above the norm by 20 DU. At the same time, in 1999 there are 

significant discrepancies between the reanalysis data. In other cases, the anomalies change little. In 

March, the polar vortex, most often, already begins to collapse as a result of the final warming, and 

at the same time, after the return of the sun, the chemical destruction of ozone is activated. As a result, 
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the role of dynamic factors is further reduced and only two episodes of significant ozone decrease 

remain for the La Niña CP (2000 and 2011).  

For the EP La Niña, in February and March, the total ozone column in all cases except 1996 is 

above the average by 20-60 DU, then, as in 1996, by 10-50 DU below the average. In January, the total 

ozone column is below the average not only in 1996, but also in 2018. This means that the main impact 

of EP La Niña appears in February-March (i.e., with a shift of 2-3 months after the event). The impact 

of CP La Niña has been controversial, since the residual heat of a powerful El Niño (1983-1984 and 

1998-1999), as well as processes not associated with ENSO, can impact stratospheric processes, 

although in most cases CP La Niña contributes to a decrease total ozone column. 

As for the El Nino phase, during the CP El Nino (2003, 2010, 2015 and 2019), the level of the total 

column ozone in January-March reaches values from 390 to 460 DU (4-50 units above average). At 

the same time, the data of the 1995 re-analysis gave contradictory estimates: the ERA5 data give a 

total content of 415 DU (30 DU above average), and the MERRA2 data give 370 DU (16 DU below 

average). Significant discrepancies in the reanalysis data are observed in 2015 and 2019, but in this 

case, the total values of the ozone column are higher than the average for all data. At the same time, 

in 2005 (CP El Nino), the ozone content was 24 DU below the average value. During EP El Niño, the 

situation with the total ozone column is ambiguous: in 1980, 1987 and 1998, the total ozone column 

was 5-45 DU above average, and in 1983 and 2007 it was by 8-14 DU below the average. In 2016, there 

is a discrepancy in the reanalysis data. At the same time, it can be seen that the main impact of EP El 

Niño manifests itself in February-March. In January, in all cases except 1987 and 1988, the total ozone 

column is either below average or close to it, and in February and 1988, the total ozone column 

anomalies became below average. Only in 1987 did ozone anomalies exceed the average values by 60 

DU. At the same time, in all cases, except for 2007 and 2016, there are significant discrepancies in the 

total ozone column between the reanalyses. The influence of CP El Niño starts to show up already in 

January and February, as can be seen from 2003, 2010 and 2019, when the total ozone column becomes 

higher than average by 20-60 DU. In 2005, the total ozone column was 10-30 DU below the average. 

In 1995, there is a significant discrepancy in the reanalysis data. Thus, El Niño contributes to an 

increase in ozone in February-March (that is, 2-3 months after the maximum of the El Niño 

phenomenon. 

In the neutral phase, the total ozone column is both above and below average, but it is worth 

highlighting the years in which the total ozone column decreased to the state of the ozone hole: 1997 

and 2020 (in these years, a stable PV was observed). At the same time, in 2020, the ozone content 

decreased by 78 DU, which is associated with the strongest and most stable for a long time (until 

April) PV. In addition, in 1997 the ozone content in February became below average, and in January 

it was above average. Possibly, the strong PV in 1997 and 2020 is associated with processes not related 

to the ENSO. 

In addition to analyzing changes in the total column ozone, changes in air temperature in the 

Arctic stratosphere were analyzed (Figure 3). The figure demostrates that during the CP La Niña, the 

air temperature is lower than the long-term average in 2000 by 6.2, in 2011 by 9.6, and in 1999 and 

2009 above average by 3.0-5.4 degrees. In 1989, 2008 and 2012, air temperatures were slightly higher 

than the long-term average. During CP La Niña, the probability of an SSW is minimal, although an 

SSW is still possible due to non-ENSO factors as well as residual heat from strong El Niño events 

(1984 and 1999). During the EP La Niña (1985, 2006 and 2018), the temperature exceeds the long-term 

average by 3.0-5.4, although in 1996 it is below the average by 5.8. During the CP El Niño (2003, 2010 

and 2019), the temperature in the Arctic stratosphere is 2.7-4.8 above the long-term average, although 

in 1995 and 2005 it was 1.2-3.0 below average. During the EP El Niño, air temperatures in 1983, 1987, 

1998 and 2016 were 0.4-7.4 above average (in 1998, during a powerful El Niño, it was 1.4 above 

normal, and in 1987—7.4 above the norm), although in 1988 and 2007 the temperature was 2.6-4.2 

below average. In the neutral phase, the air temperature in the Arctic stratosphere is both below and 

above average, but it is worth highlighting, as in the case of the total ozone column, 1997 and 2020, 

when the air temperature was below the long-term average by 9.3-11.0 degrees, which is associated 

with stable PV in these years due to processes not related to ENSO. 
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Figure 3. Air temperature in the Arctic stratosphere (70-90 N, 15-30 km on average for January-March 

(top left), for January (top right), for February (bottom left), for March (bottom right) according to 

ERA5 (blue) and MERRA2 (red), with CP El Niño, EP El Niño, CP La Nina and EP La Nina marked 

with “+”, “#”, “$” and “@” respectively. 

Thus, it turns out that both types of phases El Niño and EP La Niña contribute to the formation 

of SSW and an increase in ozone content in the Arctic stratosphere, and CP La Niña will lead to a 

decrease in air temperature and a decrease in ozone content. (although in some cases with La Niña 

CPs, SSWs and increased ozone levels are also observed). This is due to the fact that during the CP 

and EP phases of El Niño and EP La Niña, the transfer of heat and mass from the troposphere to the 

stratosphere and from the equator to the pole increases, which leads to an increase in air temperature. 

in the stratosphere. An increase in heat and mass transfer contributes to an increase in the residual 

meridional circulation and the flow of wave activity, which affects the zonal wind and destroys the 

PV. As a result, the Brewer-Dobson circulation intensifies, which leads to an increase in the total 

ozone column. 

According to previous studies [19,42,67,69] during the El Niño phase, in most cases, the PV 

weakens and becomes unstable. During the La Niña phase, the heat flux into the stratosphere 

decreases, which contributes to the stability of the PV, as a result of which the PV can exist until 

March-April. However, there are exceptions—in 1998-1999, the PV was very unstable, despite La 

Niña (perhaps this is due to the residual heat from El Niño 1997-1998, as well as other processes in 

the atmosphere) [19]. This means that the El Niño phenomenon contributes to PV instability, but does 

not necessarily lead to it, since PV is also affected by other processes such as solar activity, the Quasi-

Biennial Oscillation and the North Atlantic Oscillation [42]. The same applies to the La Niña phase. 
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The analysis carried out in this article showed that not only the ENSO phase, but also its type, plays 

a key role on the total ozone column and air temperature in the stratosphere, and, hence, on the PV, 

which confirms the conclusions in [42]. During the CP La Niña, heat and mass transfer to the Arctic 

stratosphere is attenuated, which contributes to a sustained PV and ozone depletion, although there 

are exceptions (1999 and 2009).  

It can also be seen that the impact of El Niño and La Niña manifests itself in February-March, 

that is, with a shift of 2-3 months after the maximum of the event. If in January the air temperature 

during El Niño can be both above and below the average (as can be seen from Figure 3), then in 

February the SSW associated with El Niño begins to manifest itself—the air temperature becomes 2-

20 above the average (before except for 1988 and 2005 when it was 5-10 below average). In March, 

the air temperature during El Niño is either close or above average. At the same time, during the CP 

El Niño, the SSW occurs earlier (i.e., in January-February) than during EP El Niño, as can be seen 

from the graphs. As for La Niña, its type plays the greatest role. In the CP La Niña, the air temperature 

is either close to or below average (in 2000 and 2011—5-10 below average), except for 1999 and 2009 

(in March—2008), when the air temperature was 5-10 above average. During the EP La Niña, in all 

cases except 1996, the air temperature was 5-15 degrees higher than the average, which indicates 

powerful SSWs. Only in 1996 was it below average. But even in the neutral phase, there may be years 

with a stable PV and an ozone hole (1997 and 2020). At the same time, in 1997 the air temperature in 

January was above average. It is possible that the steady decrease in PV and temperature in 1997 and 

2020 is associated with processes not related to the ENSO. 

Based on this analysis, as well as review [18,42], a table of ENSO phases was constructed by their 

types and values of SST anomalies, as well as anomalies of the total ozone column and air 

temperature in the stratosphere at 70–90 N, presented below in Table 1. The table of SST anomalies 

shows that in 1980, 1983, 1987, 1988, 1998, 2007 and 2016 EP El Niño was observed (marked in red in 

the table). CP El Niño was observed in 1995, 2003, 2005, 2010, 2015 and 2019 (marked in yellow in the 

table). EP La Niña were observed in 1985, 1996, 2006 and 2018 (marked in green in the table). CP La 

Niña were observed in 1984, 1989, 1999, 2000, 2008, 2009, 2011 and 2012 (marked in blue in the table). 

El Niño 1992 and La Niña 2001 were also observed, which do not belong to any type (marked in 

gray). The most powerful were EP El Niño of the 1983, 1998 and 2016 types (SST anomalies over 2 

degrees), and CP La Niña of the 1989, 2000 and 2011 types (SST anomalies over -1.1 degrees). The 

duration of the event also matters. The longest were EP El Niño 1982-1983 (16 months), EP El Niño 

1986-1988 (17 months), CP La Niña 1988-1989 (16 months), CP La Niña 1998-2000 (25 months), CP La 

Niña 2010-2012 (21 months), El Niño 2014-2016 (19 months, which started as CP but became EP) and 

CP El Niño 2018-2019 (16 months). At the same time, it is also worth paying attention to some years 

with a neutral phase: 1986 (for 3 months in Nino3 the SST anomaly was less than -0.5), 1997 and 2013 

(for 4 months in Nino4 the SST anomaly was less than -0.5), 2002 (during 5 months in Nino4 the SST 

anomaly was less than -0.5) and 2020 (in Nino3 the SST anomaly was more than 0.5 after El Niño 

2018-2019). The year 1980 is disputable—the SST reanalysis data give a neutral phase (exceeding 0.5 

degrees for no more than 3 months), but other studies give EP El Niño [18], so in the Table 1980 is 

still marked as EP El Niño. 

As for the total ozone column, the anomaly values below -25 DU are marked in blue in the table, 

while those above 25 DU are marked in pink. The table shows that the decrease in the total ozone 

column to the state of the ozone hole (anomalies less than -25 DU) was in 1990, 1993, 1997 and 2020 

(neutral phase), 2000 and 2011 (CP La Niña), 1996 (EP La Niña) and 2005 (CP El Niño, according to 

ERA5). Increases in ozone (anomalies over 25 DU) were in 2004 (according to MERRA2) and 2013 

(neutral phase), 1987 (EP El Niño), 2010 and 2019 (CP El Niño), 1985 and 2006 (EP La Niña), 1999 

(ERA5) and 2009 (CP La Niña) and 2001 (La Niña). Air temperature anomalies in the Arctic 

stratosphere, in general, correspond to the ozone content: with anomalies of the total ozone column 

of less than -25 DU, the temperature anomalies are less than -3.3 degrees, while with anomalies of 

more than 25 DU, the temperature anomalies are more than 3 degrees (except for 2019, where 

temperature anomalies are in the region of 2.1-2.4 degrees). 
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Thus, the decrease in the total ozone column and the formation of ozone holes are associated with 

a decrease in temperature in the Arctic stratosphere, which is a consequence of a stable PV. An increase 

in the total ozone column is associated with the warming of the Arctic stratosphere and SSW, which 

lead to the destruction of the PV and an increase in the Brewer-Dobson circulation, which increases the 

total ozone column. A decrease in air temperature in the Arctic stratosphere and a decrease in the total 

ozone column are most likely in years with a neutral phase and CP La Niña, while an increase in 

temperature, SSW, and an increase in ozone occur in years with EP La Niña and CP El Niño. However, 

in general, no direct significant relationship between ENSO and SSW and total ozone column was found 

when considering the entire time period from 1980 to 2020, since not all El Niño and La Niña phases 

observed during this period are strong enough to significant impact on the stratosphere; moreover, the 

Arctic stratosphere is also affected by processes not associated with ENSO [18]. 

Table 1. El Niño and La Niña types [18], SST anomalies and their duration in months in the regions 

160 E–150 W (Nino3), 170 W–120 W (Nino3.4), 150 W–90 W (Nino4), as well as anomalies in the total 

ozone content and air temperature in the Arctic stratosphere (70-90 N). 

Year 
ENSO 

phase 
CP/EP 

SST Anomaly (Duration of the Period with an 

SST Anomaly of More than 0.5 or -0.5, Months) 

TO3 Anomaly 70-90 N 

Jan-Mar 

T Anomaly 70-90 N 

15-30 km Jan-Mar 

160E-150W 170W-120W 150W-90W MERRA2 ERA5 MERRA2 ERA5 

1980 El-Nino EP 0.3 0.5 (4) 0.5 (4) 15 4 -0.9 -0.5 

1981 Neutral  0.1 -0.3 -0.1 13 3 0.7 1.0 

1982 Neutral  -0.3 -0.2 -0.1 11 4 -1.8 -1.5 

1983 El-Nino EP 0.5 (5) 2.0 (13) 2.2 (16) -14 -3 0.0 0.3 

1984 La-Nina CP -0.7 (12) -0.5 (12) -0.7 (3) -1 0 0.7 0.8 

1985 La-Nina EP -0.7 (17) -1.0 (14) -1.0 (9) 29 39 5.4 5.4 

1986 Neutral  -0.7 (3) -0.4 -0.4 -12 -19 -1.1 -1.0 

1987 El-Nino EP 0.5 (5)  1.1 (17) 0.9 (16) 39 43 7.4 7.3 

1988 El-Nino EP 0.7 (8) 0.9 (17) 1.1 (16) 3 12 -4.1 -4.0 

1989 La-Nina CP -1.5 (16) -1.5 (16) -1.6 (15) 12 8 1.6 1.7 

1990 Neutral  -0.3 -0.3 -0.3 -26 -33 -4.9 -4.6 

1991 Neutral  0.4 -0.1 0.2 20 13 2.5 2.4 

1992 El-Nino CP/EP 0.5 (7) 1.0 (8) 0.8 (9) -18 -12 2.7 2.9 

1993 Neutral  0.1 -0.2 0.0 -42 -30 -3.3 -3.0 

1994 Neutral  0.3 0.1 0.2 -18 -2 -3.2 -3.0 

1995 El-Nino CP 0.7 (6) 0.7 (6) 0.8 (5) -19 8 -1.2 -0.9 

1996 La-Nina EP -0.2 -0.6 (6) -0.6 (7) -53 -59 -5.8 -5.5 

1997 Neutral  -0.1 -0.4 -0.5 (4) -53 -42 -11.0 -10.3 

1998 El-Nino EP 0.7 (8) 2.0 (11) 2.2 (13) 5 1 1.4 1.4 

1999 La-Nina CP -1.0 (24) -0.6 (25) -0.7 (5) 23 32 3.0 3.0 

2000 La-Nina CP -1.1 (24) -1.1 (25) -1.2 (12) -46 -51 -6.2 -6.3 

2001 La-Nina EP/CP -0.6 (6) -0.7 (6) -0.6 (4) 32 30 3.7 3.4 

2002 Neutral  0.1 -0.3 -0.5 (5) 22 24 4.2 3.9 

2003 El-Nino CP 0.7 (10) 0.8 (10) 0.9 (5) 2 -9 2.7 2.5 

2004 Neutral  0.3 0.2 0.3 33 23 4.0 3.7 

2005 El-Nino CP 0.6 (7) 0.5 (6) 0.4 -24 -28 -3.0 -3.3 

2006 La-Nina EP -0.1 -0.7 (5) -0.7 (6) 41 34 5.2 4.8 

2007 El-Nino EP 0.5 (4) 0.6 (5) 0.7 (5) -11 -18 -2.6 -2.5 

2008 La-Nina CP -1.1 (11) -1.1 (11) -1.1 (12) 1 -8 1.6 1.7 

2009 La-Nina CP -0.6 (4) -0.5 (5) -0.5 (4) 35 26 5.4 5.3 

2010 El-Nino CP 1.0 (9) 1.0 (10) 1.0 (11) 34 28 4.8 4.7 

2011 La-Nina CP -1.4 (21) -1.5 (12) -1.5 (10) -52 -59 -9.6 -9.6 

2012 La-Nina CP -0.8 (21) -0.8 (8) -0.9 (5) 15 6 1.8 1.6 

2013 Neutral  0.2 -0.1 -0.6 (4) 31 25 3.9 3.6 

2014 Neutral  -0.1 -0.2 -0.2 -14 -17 -0.6 -0.7 

2015 El-Nino CP 0.5 (19) 0.5 (19) 0.5 (3) 14 22 -1.9 -2.0 

2016 El-Nino EP 1.2 (19) 2.1 (19) 2.0 (13) -15 -13 0.4 0.2 

2017 Neutral  -0.2 -0.3 -0.4 7 17 1.6 1.5 

2018 La-Nina EP -0.2 -0.7 (7) -0.7 (8) 8 14 3.1 2.9 

2019 El-Nino CP 0.6 (16) 0.5 (9) 0.6 (7) 42 54 2.4 2.1 

2020 Neutral  0.5 (16) 0.1 0.3 -70 -68 -9.3 -9.3 
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Anomalies of the total ozone column and air temperature in the Arctic stratosphere for January, 

February and March were also analyzed separately, the data are presented in Table 2. As shown 

earlier, the influence of ENSO is manifested in the Arctic stratosphere in February-March, while in 

January the ozone content and air temperature are influenced by factors not related to ENSO. 

Table 2. Total ozone content and air temperature in the Arctic stratosphere (70-90 N) for January, 

February and March according to ERA5 and MERRA2 reanalysis data. 

Year ENSO phase CP/EP 

TO3 anomaly 70-90 N Jan-Mar T anomaly 70-90 N 15-30 km Jan-Mar 

Jan Feb Mar 
Jan Feb Mar 

MERRA2 ERA5 MERRA2 ERA5 MERRA2 ERA5 

1980 El-Nino EP -5 -21 5 -8 46 41 -6.4 -4.0 7.9 

1981 Neutral  -14 -27 25 15 28 21 -6.7 5.2 3.6 

1982 Neutral  12 3 10 4 12 6 0.8 -2.0 -4.1 

1983 El-Nino EP -35 -14 -16 -6 8 10 -5.6 0.4 5.3 

1984 La-Nina CP -34 -32 -11 -8 43 39 -7.2 -1.0 10.6 

1985 La-Nina EP 42 45 13 27 33 44 13.2 0.8 2.3 

1986 Neutral  -11 -21 -34 -40 8 5 -1.5 -6.1 4.2 

1987 El-Nino EP 15 18 74 83 26 28 7.3 13.6 1.5 

1988 El-Nino EP 1 25 -22 -18 30 31 -3.6 -12.5 3.5 

1989 La-Nina CP -35 -35 14 2 58 56 -9.1 3.0 10.8 

1990 Neutral  -22 -29 -12 -21 -44 -48 -6.3 -1.1 -7.1 

1991 Neutral  8 -4 34 27 18 16 1.3 6.7 -0.6 

1992 El-Nino CP/EP -21 -1 -19 -14 -14 -20 3.5 2.2 2.4 

1993 Neutral  -42 -10 -44 -34 -39 -45 -7.8 -4.6 2.4 

1994 Neutral  -5 22 -29 -8 -20 -19 3.6 -7.9 -5.3 

1995 El-Nino CP 15 23 -17 24 -54 -21 0.1 2.3 -5.9 

1996 La-Nina EP -37 -49 -68 -71 -54 -57 -7.3 -9.2 -0.8 

1997 Neutral  -16 37 -46 -59 -98 -104 -3.8 -12.9 -16.2 

1998 El-Nino EP 11 3 -2 -1 5 0 5.7 0.1 -1.6 

1999 La-Nina CP 12 31 11 21 46 45 3.9 -2.4 7.4 

2000 La-Nina CP -53 -51 -49 -59 -34 -44 -8.7 -8.2 -1.6 

2001 La-Nina EP/CP -2 -7 57 55 40 41 -3.5 12.2 2.4 

2002 Neutral  30 32 29 38 9 5 9.2 4.5 -1.0 

2003 El-Nino CP 6 -5 -4 -16 2 -5 5.7 1.4 1.1 

2004 Neutral  57 51 35 22 6 -3 14.4 4.1 -6.5 

2005 El-Nino CP -27 -33 -42 -46 -2 -7 -8.7 -6.5 6.1 

2006 La-Nina EP 48 34 58 54 16 16 12.0 7.5 -3.9 

2007 El-Nino EP 2 -12 -6 -15 -28 -28 -3.0 -1.7 -3.0 

2008 La-Nina CP -6 -21 -2 -12 12 8 -4.0 2.8 6.1 

2009 La-Nina CP 11 -2 68 59 26 20 2.9 14.2 -0.7 

2010 El-Nino CP 15 3 55 48 32 31 0.2 11.1 3.2 

2011 La-Nina CP -8 -22 -52 -60 -96 -96 -4.6 -11.3 -12.7 

2012 La-Nina CP 10 -3 21 11 15 9 3.5 2.8 -0.8 

2013 Neutral  46 34 37 35 9 5 14.1 4.0 -6.5 

2014 Neutral  -6 -18 -24 -27 -13 -7 -3.8 -1.1 3.0 

2015 El-Nino CP 40 38 7 16 -4 13 5.1 -4.9 -5.8 

2016 El-Nino EP -29 -30 -43 -41 27 32 -8.0 -3.2 12.2 

2017 Neutral  3 11 11 22 7 18 -2.3 5.2 1.9 

2018 La-Nina EP -25 -19 15 23 32 38 -4.9 8.4 5.8 

2019 El-Nino CP 77 87 32 46 17 29 16.3 -0.5 -8.7 

2020 Neutral  -29 -31 -71 -68 -109 -105 -6.3 -11.0 -10.7 

A decrease in the total column ozone to extremely low values (anomaly less than -25 DU) was 

often observed in years with a neutral ENSO phase: in January these were 1981, 1990, 1993 and 2020, 

in February—1986, 1993, 1994. Of these, we can highlight the years 1990, 1993 and 2020, when the 

overall ozone column anomaly was consistently below -25 DU throughout the winter period, 

indicating stable PV in these years. In January 1997, the total ozone column was high (an anomaly of 

more than 25 units), but in February it changed to more than -25 units, which is associated with a 

stable PV. In terms of ENSO phases, total ozone was lowest in in 1996, 2000 and 2011 (CP La Niña), 
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and 2005 (CP El Niño) from January to March (in 2011 from February to March). That is, the decrease 

in the total ozone column to extremely low values during the La Niña CP is more frequent than 

during other ENSO phases and types. Therefore, during the CP La Niña the PV is more stable and 

the SSW is less likely than during other ENSO phases. It should be noted that the La Niña CPs of 2000 

and 2011 are the longest, lasting more than 20 months, which can also affect the stability of the PV 

and the total column ozone, leading to the formation of extremely low values. 

As for the increase in the total ozone column to high values (an anomaly of more than 25 DU), 

in this case the relationship with ENSO appears to be more significant. In January, the teleconnection 

with the ENSO is insignificant—the excess of the ozone anomaly by more than 25 DU was noted in 

the years with the neutral phase—1997, 2002, 2004 and 2013, as well as in 1988 (EP El Niño), 2015 and 

2019 (CP El Niño), 1985 and 2006 (EP La Niña) and 1999 (CP La Niña). In February, the situation 

began to change—the total ozone column increased in 1981 and 1991 (neutral phase), but decreased 

in 1997 to the state of the ozone hole. Possibly, the situation in 1997 (the ozone anomaly is higher by 

25 DU in January) is related to the residual influence of the 1996 EP La Niña, although there may be 

factors not related to the ENSO. At EP El Niño, the total ozone column increased in 1987, at CP El 

Niño, in 2010, and at CP La Niña, in 2009 (while decreasing in 1999). In March, the ENSO influence 

is quite significant: during EP El Niño, the total ozone column increased in 1980, 1987, 1988, and 2016; 

during CP El-Nino—in 2010 and 2019; during EP La-Nina—in 1985 and 2018; during CP La-Nina—

in 1984, 1999 and 2009, and only in 1981—in the neutral phase. It should be noted that El Niño 1987-

1988 and 2016 are quite long—more than 15 months, which also leads to an increase in the SSW and 

an increase in the total ozone column. 

Thus, it turns out that an increase in the total ozone column to high values (an anomaly above 

25 DU), and, consequently, an SSW, is most likely during the El Niño phase and the EP La Niña (as 

can be seen from the total ozone column anomalies in March). A decrease in the total ozone column 

to the state of an ozone hole (an anomaly less than -25 DU), and, consequently, a stable PV and a 

decrease in temperature in the Arctic stratosphere, are most likely during the neutral phase. The 

impact of the CP La Niña phase is ambiguous—it gives both a decrease in the total ozone column to 

the state of the ozone hole (2000 and 2011) and an increase in the total ozone column (1999, 2009), 

which may be associated with the duration of La Niña—more than 20 months in 2000 and 2011, and 

less than a year otherwise. Based on the analysis of graphs and tables, a final table of the number of 

years was constructed depending on the anomalies of the total ozone column and ENSO phases for 

the period from January to March, as well as for each of these months. 

Based on the analysis of SST anomalies, the total ozone column, and air temperature, the years 

with the most characteristic SST values for the ENSO phase and its type and the impact on dynamic 

and chemical processes in the Arctic stratosphere were selected. For EP El Niño, these are 1982-1983, 

1997-1998 and 2015-2016; for CP El Niño, 2002-2003, 2009-2010 and 2018-2019; for EP la-Nina—1984-

1985, 2005-2006 and 2017-2018, for CP La Niña—1988-1989, 1999-2000 and 2010-2011. Over the years, 

the average values for the zonal wind, ozone concentration, and air temperature were calculated, 

which makes it possible to analyze the processes in the Arctic stratosphere associated with the state 

of the PV, which is presented later in the article. 
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Table 3. Selection of years with low (anomaly less than -25 DU) and high (anomaly more than 25 DU) 

total ozone at 70-90 N. for the period from January to March, as well as for January, February and 

March, depending on the phase of the ENSO. 

Month 
Total Ozone Column 

Anomaly on 70-90 N 
Neutral EP El-Nino CP El-Nino EP La-Nina CP La-Nina 

Jan-Mar 

<-25 DU 
1990, 1993, 1997, 2020  

4 years 
0 years 

2005  

1 year 

1996  

1 year 

2000, 2011  

2 years 

>25 DU 
2004, 2013  

2 years 

1987  

1 year 

2010, 2019  

2 years 

1985, 2006  

2 years 

1999, 2009  

2 years 

Jan 

<-25 DU 

1981 (ERA5), 1990 (ERA5), 

1993 (MERRA2), 2020  

4 Years 

1983 

(MERRA2), 

2016 

2 years  

2005 

1 year 

1996, 2018 

(MERRA2) 

2 years 

1984, 1989, 2000 

3 years 

>25 DU 
1997 (ERA5), 2002, 2004, 2013 

4 years 

1988 (ERA5) 

1 year 

2015, 2019 

2 years 

1985, 2006 

2 years 

1999 (ERA5) 

1 year 

Feb 

<-25 DU 

1986, 1993, 1994 (MERRA2), 

1997, 2014, 2020 

6 years 

2016 

1 year 

2005 

1 year 

1996 

1 year 

2000, 2011 

2 years 

>25 DU 

1981 (MERRA2), 1991, 2002, 

2004 (MERRA2), 2013 

5 years 

1987 

1 year 

2010, 2019 

2 years 

1985 (ERA5), 

2006 

2 years 

2009 

1 year 

Mar 

<-25 DU 
1990, 1993, 1997, 2020 

4 years 

2007 

1 year 

1995 (MERRA2) 

1 year 

1996 

1 year 

2000, 2011 

2 years 

>25 DU 
1981 (MERRA2) 

1 year 

1980, 1987, 

1988, 2016 

4 years 

2010, 2019 

(ERA5) 

2 years 

1985, 2018 

2 years 

1984, 1999, 2009 

(MERRA2) 

3 years 

3.2. Analysis of Telecommunications and ENSO Impacts on the Stratosphere and Ozone Layer 

For a detailed analysis of the processes of interaction between the troposphere and stratosphere 

in different phases of El Niño and La Niña, average values were calculated for years with EP and CP 

El Niño, EP and CP La Niña. Figure 4 shows the zonal average profiles of zonal wind speed at 64 N 

latitude. Differences in El Niño and La Niña ozone concentrations for EP and CP types, as well as 

differences between EP and CP types for El Niño and La Niña (ozone concentration anomaly) at 80-

90 N, shown in Figure 5. Figures 6 and 7 show the average zonal air temperature profiles at 70-90 N 

latitude, and ozone concentration at 80-90 N latitude. 

To explain the reasons for changes in the concentration and total column ozone depending on 

ENSO, dynamic and thermal processes in the stratosphere were studied. To do this, the zonal wind 

speed at the boundary of the polar region and the air temperature inside it were analyzed. Figure 4 

demonstrates that in the El Niño phase, the zonal wind reaches 20 m/s from November to January on 

the El Niño VP and until December on the El Niño CP, after which it decreases to values less than 10 

m/s and changes sign in the opposite direction, which is a sign of destruction of the PV. During the 

CP La Niña phase, the zonal wind in the winter months has large positive values (more than 30 m/s), 

which indicates a stable PV and westerly transport of air mass. Only in April the zonal wind change 

to the opposite direction. However, during the La Niña EP, the zonal wind from January weakens to 

values less than 10 m/s and changes sign, which indicates the destruction of the EP. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 November 2023                   doi:10.20944/preprints202311.1229.v1

https://doi.org/10.20944/preprints202311.1229.v1


 15 

 

 

Figure 4. Zonal average daily vertical profiles of zonal wind speed at 64 N according to MERRA2 

reanalysis for years with EP El Niño (top left), for years with CP El Niño (top right), for years with EP 

La Niña (bottom left), over the years with CP La Niña (bottom right). 

An area of positive zonal wind values with values greater than 15 m/s over the Arctic is a sign 

of the presence of a stable PV, so its decrease below this threshold indicates instability of the PV. Of 

particular importance are the values of the zonal wind at the boundary of the polar region (about 64 

N), which can be considered as a characteristic of the degree of isolation of polar latitudes from the 

exchange of heat and mass with mid-latitudes. If the values of the zonal wind over the Arctic and 

especially 64 N change sharply, then the PV becomes unstable. Zonal wind patterns can be influenced 

by atmospheric processes, most notably the Quasi-biennial Oscillation, North Atlantic Oscillation 

and ENSO. The impact of ENSO is due to the transfer of heat and mass from the troposphere to the 

stratosphere [20,72,73]. During El Niño, the lower troposphere warms, causing the Aleutian Low to 

deepen. As a result, the vertical transfer of heat and mass into the upper troposphere, as well as into 

the lower stratosphere, increases. This leads to an increase in temperature in the stratosphere and 

SSW. Since warm air is less dense than cold air, the values of pressure and geopotential change, and, 

consequently, the values of pressure gradients. An increase in temperature in the stratosphere and in 

the SSE leads to a decrease in the temperature contrast between the Arctic and tropical stratosphere, 

which leads to a decrease in pressure gradients. A decrease in pressure gradients leads to a 

weakening of zonal transport in the stratosphere and, as a consequence, to a weakening of PV. 

Therefore, during strong El Niño years, the zonal wind over the Arctic weakens, leading to PV 

instability. In addition, the type of El Niño is also important: with a CP El Niño, the PV is destroyed 

in January, and with a EP El Niño—in February. Therefore, during an EP El Niño, the PV is more 

stable than during an EP El Niño. In years with the CP La Niña phase, the transfer of heat and mass 

into the stratosphere weakens, the Aleutian Low fills, which contributes to a decrease in temperature 

in the stratosphere, so the temperature contrast between the Arctic and tropical stratosphere 
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increases. As a result, pressure gradients increase and, as a consequence, the zonal wind intensifies, 

which leads to a weakening of the SSW and a stable PV. However, during the EP La Niña, the zonal 

wind weakens and changes sign, leading to PV instability, indicating an increase in heat and mass 

fluxes in the atmosphere and the EP. Thus, it turns out that the CP La Niña contributes to a weakening 

of heat and mass fluxes into the atmosphere, while the CP La Niña contributes to its increase. This 

may be due to an increase in temperature and pressure contrast between the western and eastern 

Pacific Ocean during the La Niña EP. It is also known that in 1999 there was an increase in 

temperature in the stratosphere and a powerful SSW, as a result of which the PV turned out to be 

unstable, despite the fact that in 1999 the CP La Niña phase was observed. This may be due to residual 

heat from the powerful El Niño of 1998, as well as the influence of non-ENSO processes [74]. 

To assess the impact of changes in PV on the ozone layer due to changes in ENSO phases and 

types, the relative percent differences in ozone concentrations between the two ENSO phases and 

between the two types for each ENSO phase were calculated (Figure 5). As can be seen from the 

figure, in the case of the EP type, the ozone concentration during La Niña exceeds the concentration 

during El Niño by 20% in January and by 20-40% in February, and in other months the anomalies are 

insignificant. But in the case of CP type, the ozone concentration during El Niño is higher than the La 

Niña concentration from January to March by 30-40%, while in September-October it is lower by 20%, 

and in April it is lower by 30%. than in La Niña. During the El Niño phase, it is seen that with the EP 

type, the ozone concentration is lower than with the CP type by 20-30% in January-February, and in 

March-April it is 10-20%. higher. During the La Niña phase, the ozone concentration in the EP type 

is higher than in the CP type by 20–40% from December to March and lower by 10–20% in September–

October and April. 

It is also clear that the difference in ozone concentration anomalies between the El Niño types, 

as well as between the El Niño and La Niña WP types is generally insignificant: only negative 

anomalies are noticeable (by 20-40% in January-February). in certain periods of time (approximately 

10-20 days) and not at all altitudes. However, if we compare the La Niña CP type with the La Niña 

CP or El Niño CP, then a significant anomaly is observed in the winter months, amounting to 20-40% 

in the winter months throughout the entire thickness of the atmosphere. This means that the La Niña 

CP contributes to a significant decrease in ozone concentrations in the Arctic stratosphere during the 

winter months, which is associated with a stable PV and the absence of SSW. In other cases, SSWs 

occur in the stratosphere, which leads to a weakening of the PV and an increase in ozone 

concentration. At the same time, in the case of EP El Niño, the SSW occurs later (in February) than 

during EP El Niño and EP La Niña, therefore, the ozone concentration during EP El Niño is lower 

than during EP El Niño and EP La Niña, but higher than CP La Niña. 
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Figure 5. Zonal average daily vertical profiles of ozone anomalies in % at 80-90 N according to 

MERRA2 reanalysis. At the top left are the relative differences in ozone concentrations between years 

with the El Niño and La Niña phases with the EP type, at the bottom left are the relative differences 

between the years with the El Niño and La Niña phases with the CP type, at the top right are the 

relative differences between years with the El Niño phase of the EP and CP types, at the bottom right 

are the relative differences between the years with the La Niña phase of the EP and CP types. 

An analysis of the variability of ozone concentration demonstrates (Figure 6) that at low 

temperatures and stable PV in the Arctic stratosphere, extremely low ozone concentrations of less 

than 4.0 ppm or 6.7 * 10−6 kg/kg were registered. Analysis of zonal wind and air temperature found 

that only CP La Niña conditions contribute to a decrease in air temperature in the stratosphere, which 

reduces the probability of SSWs by weakening vertical heat fluxes into the stratosphere and leads to 

the depletion of stratospheric ozone. During the El Niño phase, conditions are formed that contribute 

to an increase in air temperature in the stratosphere and an increase in the probability of SSW, which 

leads to instability of PV and an increase in ozone concentration in the Arctic stratosphere. However, 

low ozone concentrations can also be observed during the El Niño phase, but with the EP type. This 

is due to the fact that the decrease in ozone concentration occurs due to the fact that during the EP El 

Niño period the PV is destroyed later (in February) than during the CP El Niño (in January). In 

addition, the decrease in ozone concentration occurs not only due to heat flows from the troposphere 

to the stratosphere and dynamical processes, but also as a result of photochemical processes initiated 

by heterogeneous processes on polar stratospheric clouds involving chlorine and bromine. During 
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the EP La Niña, strong SSWs and weakening PVs occur more often, as shown by analysis of zonal 

wind speed and temperature, and, therefore, the EP La Niña contributes to an increase in ozone 

concentrations in the stratosphere of the Northern Hemisphere. The Figure 6 also depicts that during 

the EP-type El Niño and La Niña in the autumn months, the ozone concentration is lower than during 

the CP-type, which may be due to the intensification of the chemical processes of ozone destruction 

on polar stratospheric clouds in the autumn months. 

 

Figure 6. Zonal average daily vertical profiles of ozone mixing ratio at 80-90 N according to MERRA2 

reanalysis for years with EP El Niño (top left), for years with CP El Niño (top right), for years with EP 

La Niña (bottom left), over the years since CP La Niña (bottom right). 

An analysis of air temperature variability, which characterizes the degree of stability of air 

pollution and ozone depletion, is presented in Figure 7. As can be seen from the figure, during the El 

Niño phase, powerful SSWs are observed in February-March in the case of EP El Niño and in January-

February in the case of CP El Niño. After the SSW, the region of low temperatures in the Arctic 

stratosphere quickly disappears, and if it is restored, it is in a weak and unstable form. During the CP 

La Niña, SSWs are rare and weaker than during El Niño, which leads to a fairly stable region of low 

temperatures in the Arctic stratosphere, a stable PV and a decrease in ozone concentration. However, 

during the EP La Niña in January-February, powerful SSWs are registered, which, as in the case of El 

Niño, lead to warming in the Arctic stratosphere. 
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Figure 7. Zonal mean daily vertical air temperature profiles at 70-90 N according to MERRA2 

reanalysis data for years with EP El Niño (top left), for years with CP El Niño (top right), for years 

with EP La Niña (bottom left), for years since CP La Niña (lower right). 

In years with strong SSWs, the PV destabilizes and weakens, and in years without SSWs it exists 

stably. It follows that El Niño and La Niña CP, which contribute to strong SSWs, also contribute to 

the destabilization of the PV, and the La Niña CP contributes to the weakening of the SSW and the 

stabilization of the PV. Thus, El Niño and EP La Niña contribute to an increase in ozone content, and 

CP La Niña—to a decrease. Similar results were obtained from the ERA 5 reanalysis data for air 

temperature, zonal wind speed and ozone concentration. 

The lowest values of air temperature are typical for years with stable PV. Whereas high values 

of temperature correspond to a weakened or unstable PV, especially if SSW occur in January-

February. This is due to the fact that after the formation of PV, the stratosphere cools, resulting in the 

formation of a low-temperature region, and a temperature gradient appears that maintains PV. If the 

PV is weakened or unstable, then the region cools slightly. If the temperatures in the Arctic 

stratosphere are sufficiently high (more than 200 K), then there is no temperature gradient, as a result 

of which the PV is formed only due to dynamical factors and will be less stable. In this case, periods 

of low temperatures, as is well known, can be interrupted by SSW, which can impact the stability of 

the PV. As mentioned earlier, the increase in temperature in the stratosphere and SSW can be caused 

by El Niño, which lead to the deepening of the Aleutian minimum and the vertical flux of heat into 

the stratosphere [20,72,73].  
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At the same time, the type of El Niño also influences SSW formation: during the CP El Niño, the 

SSW is observed in January, and during EP El Niño, in February. Therefore, during EP El Niño, the 

PV is more stable than during CP El Niño. However, SSWs can also be observed during EP La Niña 

[20,72,73], which may be associated with an increase in the heat flux into the stratosphere due to the 

contrast between the eastern and western parts of the Pacific Ocean. The more intense and longer the 

SSW, the less stable the PV. It can also be seen that the impact of ENSO on stratospheric processes 

does not appear immediately, but with a delay of approximately 1-3 months, which is associated with 

the inertia of atmospheric processes (for example, the deepening of the Aleutian Low) and the need 

for heat flux to overcome different layers of the atmosphere, including inversion layers. 

As is known, the Brewer-Dobson circulation has a significant impact on the ozone content. 

During the El Niño phase, the heat flux into the atmosphere increases, which leads to a positive PNA 

phase and an increase in the eastward jet stream towards North America [42]. As a result, pressure 

increases in the area of the Hawaiian Islands, and decreases over the Aleutian Islands (deepening of 

the Aleutian Basin). This leads to an increase in the meridional heat and mass transfer, which leads 

to an increase in the meridional residual circulation, which impacts the zonal wind and leads to PV 

instability. As a result, the PV weakens, which leads to an increase in the exchange of air masses 

between the equatorial and polar latitudes. This process enhances the Brewer-Dobson circulation, 

which transports ozone produced in the tropical stratosphere as a result of photochemical processes 

to the polar latitudes. Thus, El Niño contributes to an increase in the concentration and total content 

of ozone in the Arctic stratosphere. At the same time, the intensification of the residual meridional 

circulation and the Brewer-Dobson circulation occurs both during the EP El-Nino and during the CP 

El Niño, which means that both types of El Niño contribute to an increase in the ozone concentration 

in the Arctic stratosphere. At the same time, during EP El Niño, the impact on the zonal wind is 

weaker than during CP El Niño, since the SSW during EP El Niño occurs later than during CP El 

Niño, so the ozone content due to increased BD circulation will increase faster during CP El Niño 

than during EP El Niño. 

During the CP La Niña phase, the transfer of heat and mass from the troposphere to the 

stratosphere weakens, which leads to an increase in pressure over the Aleutian Islands (filling of the 

Aleutian depression) and a decrease in pressure over the Hawaiian Islands, and a negative PNA 

phase (the jet stream is directed to the west, in side of Asia). As a result of all this, the temperature 

contrast between the Arctic and the tropics increases in the stratosphere, which leads to an increase 

in the zonal wind and PV stability. In this case, the meridional transfer between high and low 

latitudes is weakened. As a result, the meridional transfer of air masses from the equator to the pole 

in winter is insignificant, while the PV and zonal transfer are stable. Thus, the CP La Niña phase 

contributes to the weakening of the BD circulation, as a result of which the concentration and total 

content of ozone in the Arctic stratosphere decreases to the state of an ozone hole. However, during 

the EP La Niña phase, on the contrary, there is an increase in the BD circulation. It is possible that the 

increase in temperature contrast between the western and eastern parts of the Pacific Ocean during 

the EP La Niña leads to a deepening of the Aleutian Low, which contributes to an increase in the heat 

flux into the stratosphere and SSW. As a result, during the EP La Niña, the zonal wind and PV 

weaken, while the residual meridional circulation increases, which leads to an increase in the BD 

circulation and an increase in the concentration of ozone in the Arctic stratosphere. 

4. Discussion 

Based on the MERRA2 reanalysis data, the response of the Northern Hemisphere stratosphere 

to ENSO was studied, which differs depending on the two types of El Niño and La Niña: East Pacific 

and Central Pacific. In addition, taking into account previous results [42,75], the connection and 

response of ENSO in the stratosphere of middle and high latitudes for the Northern Hemisphere was 

analyzed. Our study complements previous studies [18,30,31,35–37,42,76–81] showing the 

weakening of stratospheric PV associated with El Niño and the heterogeneity of the Northern 

Hemisphere PV response to El Niño and La Niña. in the cold half-year [82]. We emphasize that both 
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of these features of the response of the polar stratosphere strongly depend on the types of El Niño 

and La Niña. 

It is shown that the weakening of PV in the Arctic is observed in the stratosphere in February in 

response to the EP El Niño, and during the CP El Niño in November and December, the PV is weaker 

than during the EP El Niño and sharply weakens in January, although other studies [42] during the 

CP El Niño show an increase in PV in January. Thus, the response of the stratospheric circulation is 

the same for the two types of El Niño in February and opposite in January. These differences may be 

related to the later SSW in EP El Niño, while the SSW occurs earlier in CP El Niño. According to the 

MERRA2 data, during the EP El Niño the SSW occurs in February, although in 1997-1998 the SSW 

was in January; at the same time, it is considered in [83] that there was no SSW during the EP El Niño 

at all. At the same time, during EP El Niño, the spring warming of the stratosphere occurs earlier 

than during La Niña, especially in the 2015-2016 season [18]. Consequently, the destruction of the PV 

during El Niño, especially during the CP El Niño, is associated primarily with the SSW. 

During the La Niña phase, the circulation processes in the Arctic stratosphere during the winter 

months strongly depend on the type of La Niña. Previous studies [18,26,84–88] have shown an 

increase in the probability and number of SSWs during the winter months during the El Niño phase, 

while the relationship with the La Niña phase is ambiguous. This study shows that during the CP La 

Niña phase, there are practically no SSWs, and the PV persists until April. During EP La Niña in 

January, powerful SSWs are observed, which leads to the weakening and destruction of PV. Although 

there are exceptions: in 1999, when observing the CP La Niña, a powerful SSW was observed, which 

led to the destruction of the PV [19], which may be associated with heat fluxes into the stratosphere 

from El Niño 1997-1998 and other processes not related to the ENSO. 

With regard to stratospheric ozone, previous studies have focused mainly on the effect of ENSO 

on dynamic and thermal processes in the stratosphere, with little attention paid to remote 

communication and the impact on ozone. This study shows that ozone concentration increases 

during the El Niño phase in the winter months, which confirms the data [69]. In this case, the type of 

El Niño plays a certain role. During EP El Niño, the ozone concentration rises in February, and during 

CP El Niño, as early as January. The increase in ozone concentration is primarily associated with 

increased BD circulation. The difference between the types of El Niño in January-February is due to 

the fact that during EP El Niño the SSW occurs later than during CP El Niño, and, therefore, during 

EP El Niño the PV is more stable. As a result, the influx of ozone through the Brewer-Dobson 

circulation increases during EP El Niño in February, while during CP El Niño it increases in January. 

It is also shown that in the autumn months the ozone concentration during the EP El Niño is lower 

than during the CP El Niño, which may be due to the intensification of the chemical processes of 

ozone destruction. 

During the La Niña phase, as in the case of dynamic and thermal processes, the ozone 

concentration strongly depends on the type of La Niña. During the CP La Niña, the ozone 

concentration in the Arctic stratosphere during the winter months decreases to the state of an ozone 

hole, which is associated with a stable PV, the absence of SSWs, and a weak BD circulation. Therefore, 

ozone does not enter the Arctic stratosphere. During EP La Niña, ozone concentrations increase 

significantly during the winter months. This is due to powerful SSWs in January, which leads to a 

weakening of the PV. The BD circulation is also increased, resulting in an increase in ozone during 

the EP La Niña. At the same time, in the autumn months, the ozone concentration at EP La Niña is 

lower than at CP La Niña, which, like during EP El Niño, may be due to increased chemical processes 

of ozone destruction. 

5. Conclusion 

An analysis of the ERA5 and Met Office reanalysis data on SST, as well as the ERA5 and 

MERRA2 reanalysis data on air temperature, ozone concentration, and the zonal wind speed 

component, allows us to make the following assumptions about the teleconnections and impacts of 

the ENSO on stratospheric processes and the ozone layer: 
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1. The El Niño phase leads to an increase in heat and mass fluxes into the stratosphere, which 

contributes to an increase in the SSW and a weakening of the PV. At the same time, it has been 

shown that during the CP El Niño, the SSW is stronger and occurs earlier than during the EP El 

Niño. As a result, the PV in the CP El Niño is weaker than in the EP El Niño. 

2. The circulation processes during the La Niña phase depend on the type of La Niña. With CP La 

Niña, there is no SSW, as a result of which the PV is stable. During the EP La Niña, powerful 

SSWs are observed, which lead to a weakening of the PV. 

3. The largest increase in ozone occurs during CP El Niño and EP La Niña. During these phases, 

the SSWs are the most powerful and occur in January, leading to the destruction of the PV, which 

leads to an increase in the BD circulation. During EP El Niño, the SSW occurs in February, so the 

PV is more stable than during CP El Niño and EP La Niña, and the ozone concentration increases 

later and not as much as during CP El Niño and EP La Niña. At CP La Niña, there are no SSWs, 

the PV is stable, so the BD circulation is weak, and the ozone concentration decreases to the state 

of the ozone hole. 
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