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Abstract

:

The El Niño–Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO) are two major interannual variations observed in the tropics, yet the joint modulation of the ENSO and QBO on the ozone valley over the Tibetan Plateau (TP) in summer has not been performed. This study investigates the combined effects of the ENSO and the QBO on the interannual variations of the ozone valley over the TP using the ERA5 reanalysis data from 1979 to 2021. The results show that the ENSO leads the zonal deviation of the total column ozone (TCO*) over the TP by about 6 months. This means the TCO* in the summer of the following year is affected by the ENSO in the current year. This is consistent with the theory of recharge oscillation. In terms of dynamic conditions, the anomalous circulation resulting from the combined effect of El Niño and the easterly phase of the QBO (EQBO) lead to strengthened and upward anomalies of the South Asian high (SAH) over the TP, followed by reduced ozone valley with more negative anomalies over the TP in summer. As to thermodynamic conditions, affected by both El Niño and the EQBO, the atmospheric stability shows positive anomalies from the lower troposphere to the upper troposphere, and the positive anomaly areas are larger than those in other conditions. These findings indicate an unstable atmosphere, where convection is more likely to cause ozone exchange. The turbulent mixing of ozone at low levels and high levels leads to the ozone valley over the TP, with more negative anomalies in the upper troposphere and lower stratosphere (UTLS).
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1. Introduction


Ozone in the upper troposphere and lower stratosphere (UTLS) changes the thermal structure and components of the atmosphere, resulting in important impacts on weather and climate [1,2]. Ozone depletion not only exposes living things to harmful ultraviolet radiation but also modulates the Earth’s radiative heating budget through chemical–radiative–dynamic processes. Ozone depletion exists not only in the Antarctic stratosphere [3,4,5] but also in the Arctic ozone layer [6]. In 2020, Nature reported that the largest ozone hole in history had appeared over the Arctic. Research on ozone depletion has been a hot spot for a long period. With the development of sounding technology [7,8,9,10], many studies have confirmed an “ozone valley” in the boreal summer over the South Asian high (SAH) and its adjacent areas, including the Tibetan Plateau (TP), with different observational data [11,12,13]. The ozone valley shows a double-core structure over the TP. According to previous studies, there are both physical and chemical factors contributing to the formation of the ozone valley and atmospheric dynamics are considered to play a major role [13,14,15]. In 2021, Chang et al. used different sets of satellite and reanalysis data to study the formation of the ozone valley from the perspective of climatic states. The results show that the leading factor affecting the structure of the ozone valley in summer is the anomalous distribution of the SAH caused by the sea surface temperature (SST) anomaly associated with the El Niño–Southern Oscillation (ENSO) [13], but research on the physical process of the influence of the ENSO in the ozone valley over the TP has not been carried out. In this study, we focused on multiple factors rather than a single factor in the formation mechanism of the ozone valley over the TP and provide further research with a basis for the formation of the ozone.



The ENSO and the quasi-biennial oscillation (QBO) are two major interannual variations in the tropics. The ENSO is often closely associated with El Niño of the warm sea anomaly and La Niña with the cold anomaly in the tropical Pacific Ocean over a period of 2–8 years. The QBO is the reversal between easterly and westerly winds of the equatorial zonal wind from 10 hPa to 100 hPa, with an interval of about 28 months [16].



The ENSO can affect stratospheric circulation by regulating the propagation and dissipation of stratospheric ultralong Rossby waves [17,18]. Regarding the changes in stratospheric ozone in the northern hemisphere, studies have shown that the ENSO is one of the main factors controlling the interannual variability of stratospheric ozone [19,20]. During El Niño events, the total column ozone (TCO) increases in the Arctic and mid-latitudes [21], whereas the changes in polar stratospheric ozone are the opposite during La Niña events [22]. What is more, there is a lagging effect in the climate effects of the ENSO [23,24]. From the statistical point of view, the SST anomalies in the tropical Indian Ocean lag about 6 months behind those in the equatorial eastern Pacific Ocean. The peak of El Niño occurs around the end of the year [25,26]. The processes are consistent with the mechanism derived from the paradigm of the current theory of recharge oscillation and/or delayed oscillation theory [27]. Via a Matsuno–Gill-type circulation response, when the SST anomaly occurs in the Indian Ocean and the equatorial Pacific, the anticyclonic circulation anomaly is generated in the western Pacific and the South China Sea, which affects the variation of the western Pacific subtropical high in summer [28]. Will this lagging effect affect the double-core structure of the ozone valley over the TP in summer? This is the first question to be answered in this study.



An important dynamic process in the tropical stratosphere, the quasi-biennial oscillation (QBO) is also the main factor affecting stratospheric ozone [29]. The meridional circulation caused by the QBO can drive TCO to appear as a quasi-biennial oscillation signal [30]. The easterly phase of the QBO (EQBO) induces upwelling in the lower tropical stratosphere and results in negative anomalies of TCO in the equator, while for the westerly phase of the QBO (WQBO), the circulation reverses, resulting in positive anomalies of TCO [31,32]. What is more, the seasonal variations of wind QBO causes the seasonal dependence of the ozone QBO in the equatorial region [33]. The ozone QBO lags behind the tropical wind QBO for about 1 to 3 months over the TP [34].



However, most research has focused on a certain factor in the formation mechanism of the ozone valley over the TP and there is a lack of comprehensive study on the formation mechanism of the double-core structure of the ozone valley. Multiple factors need to be integrated to better understand the formation mechanism. In recent years, studies have shown that the combined modulation of the QBO and ENSO will affect the Madden–Julian Oscillation (MJO) and Northern Hemisphere ozone in winter [35]. The second type of ENSO (the ENSO Modoki) is anomalous warming different from conventional El Niño events that occur in the central equatorial Pacific, which involves a unique tripolar sea level pressure pattern. Since Modoki events precede tropical ozone changes, it is possible they can serve as a predictor of tropical TCO variations [36]. During the EQBO phase, stratospheric ozone anomalies in the Northern Hemisphere are amplified during El Niño Modoki events but reduced during La Niña Modoki events. The response of ozone in the tropics to the ENSO together with the QBO has been investigated in previous studies [36,37]. However, few studies have been performed on the effect of the ENSO over the TP ozone in summer. In particular, the joint modulation of the two important interannual variability signals, the ENSO and QBO, on the ozone valley over the TP in summer has not been carried out yet. Therefore, this study focused on the ozone valley over the TP in summer and the joint impact of the ENSO and QBO on the ozone valley. Through this study, we can further understand the formation mechanism of the ozone valley over the TP in summer and provide a basis for the formation of the ozone valley.



The remainder of this paper is organized as follows. Section 2 briefly describes the data analysis and methodology. Section 3 explores the combined effects of the ENSO and QBO on the ozone valley over the TP. Section 4 investigates the possible impact mechanism of the QBO and ENSO on the ozone valley by composite analysis. Discussion and conclusions are presented in Section 5.




2. Data and Methods


2.1. Data


Compared with data on the ozone valley using different datasets, such as the European Center for Medium-Range Weather Forecasts Interim Reanalysis (ERA5), Modern-Era Retrospective Analysis for Research and Applications dataset version 2 (MERRA2) monthly data with a spatial resolution of 0.5° × 0.625°, and the Stratospheric Water and Ozone Satellite Homogenized observation dataset (SWOOSH) monthly data with a spatial resolution of 20° × 5°, the use of tree datasets to calculate the ozone valley yields similar results within the same magnitude [13]. Because ERA5 reanalysis data show high temporal and spatial resolution, ERA5 monthly reanalysis data on ozone mixing ratio, sea surface temperature (SST), temperature, atmospheric wind field, and geopotential height from 1979 to 2021 with a spatial resolution of 0.25° × 0.25° were used in this study (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, accessed on 10 September 2022). The heights of thermal tropopause and dynamical tropopause were obtained from MERRA2.



According to the classification method proposed by Yuan (2020) [38], an El Niño event is identified if the 5-month running average of the Niño 3.4 index exceeds 0.5 for 5 months or more. According to this method, if the index greater than 0.5 is interrupted for 2 months or more, the two events are considered to be discontinuous. If the interruption is 1 month and the 3-month running average of the Niño 3.4 index for that month exceeds 0.5, the events before and after that month are considered one continuous event. Otherwise, they are separate events. Similarly, the La Niña event is defined by the 5-month running average of Niño 3.4 index less than −0.5. The Nino 3.4 index data used in this study were from the monthly SST anomalies (SSTA) made available by the Climate Prediction Center (CPC) (https://psl.noaa.gov/data/climateindices/list, accessed on 10 September 2022) for the period 1979 to 2021.



Several methods have been proposed in previous studies to identify the phases of the QBO. According to the classification method proposed by Ribera et al. (2004), the QBO index was set to be 30 hPa mean zonal wind in the equatorial region (5°S−5°N), and the westerly (easterly) phases of QBO were defined as greater (less) than 5 (−5) m/s [39]. The QBO index was provided by NOAA Physical Sciences Laboratory (PSL) (https://psl.noaa.gov/data/climateindices/list, accessed on 10 September 2022).




2.2. Methodology


As per the method proposed by Bian (2011) [40], we calculated the zonal deviation of the total column ozone (TCO*), which is defined as     TCO  ∗    =    O    −     O ¯    , where O is the ozone mass mixing ratio and is the zonal average of O. More detailed information can be found in Chang (2021) [13]. The ozone valley shows two prominent negative centers over the SAH and its adjacent areas.



Composite analysis was adopted and the t-test was used to evaluate statistical significance in this study. The anomalies mentioned in this paper refer to the difference between variables under different climatic backgrounds and those under averaged climatic backgrounds in summer for 40 years.



Lead–lag correlation, t-tests, and composite analysis are used in this study. First of all, the leading relationship between the ENSO and the ozone valley over the TP and between the QBO and the ozone valley were obtained based on lead–lag correlation. According to the area range where the double-core structure of the ozone valley appears at its maximum [13], the TCO* variation index (TCOI) is defined as the standardized average TCO* in the region from 35°E to 110°E and from 20°N to 45°N. Then, the time series of the Niño 3.4 index and QBO index were separately used to obtain their lead–lag correlations with the TCOI. The lagged correlation coefficient statistically describes the correlation between two variables at different times. The lagged correlation coefficient with lag length j is defined as    r  x y    ( j )   . Correlation coefficients with different lag lengths can help us to understand relationships between a variable at one time and another variable at a later time. For variables x and y, the correlation coefficient with lag length j is    r  x y    ( j )  =  1  n − j     ∑   i = 1   n − j    (     x i  −  x ¯     S x     )   (     y  i + j   −  y ¯     S y     )   , where    r  x y    ( j )    is the lagged correlation coefficient, n is the original length of the dataset, j is the lag length, and    x ¯   ,   y ¯  ,    S x   , and    S y    are the average and standard deviation of the variables x and y, respectively. When j = 0, this represents the simple correlation of two variables. Whether the lagged correlation coefficient is significant requires a significance test. We perform t-tests to determine the significance of    r  x y    . The results are shown in Figure 1.



The ENSO leads the TCO* by about 6 months with a correlation of 0.2 (yellow line). Although the correlation coefficient is below 0.25, the positive correlation is statistically significant. According to the theory of recharge oscillation and delayed oscillation theory, the peak of El Niño occurs around winter (December–February). The SST anomalies in the tropical Indian Ocean lag about 6 months behind those in the equatorial eastern Pacific Ocean. The TCO* lags about 6 months behind the ENSO, suggesting that the TCO* in the summer of the following year is affected by the ENSO of the current year. This is consistent with theory of recharge oscillation. The correlation coefficient was largest at lag 0. However, as the ozone valley does not usually appear in winter and the composite results of ozone in the same period show little difference, we only took 6 months into consideration.



The correlation with the QBO leading that with the TCO* by about 6–9 months is statistically significant (blue line). The EQBO induces upwelling in the lower tropical stratosphere and results in negative anomalies in TCO*, while the lead time of the QBO is almost the same as that of the ENSO. Will this circulation anomaly lead TCO* and can the two factors produce a resonance effect through a certain response? To answer these questions, we further analyze the corresponding results in the following sections.



To obtain the atmospheric convection conditions, we present the atmospheric stability from the perspective of thermal conditions. Atmospheric stability can usually be determined by atmospheric temperature differences [41]. Since the troposphere is the inversion layer, the temperature difference between the upper layer and the lower layer can determine whether the atmosphere is stable. If the result of the upper-layer temperature minus the lower-layer temperature is positive, the atmosphere in this layer is not temperature-inversed and therefore unstable. On the contrary, negative results suggest a stable atmosphere. In this study, we chose the temperature at 700 hPa near the lower troposphere, 500 hPa near the middle troposphere, 300 hPa near the upper troposphere and 200 hPa near the tropopause to calculate the atmospheric temperature differences. The temperature at 500 hPa minus that at 700 hPa was chosen to represent the atmospheric stability in the lower troposphere, because the temperatures in both levels include the whole lower troposphere, and if we chose the temperature at 850 hPa as the lower troposphere, similar results could have been obtained. Using the same method, the temperature at 200 hPa minus that at 500 hPa represents the atmospheric stability in the middle troposphere, and the temperature at 200 hPa minus that at 300 hPa represents the atmospheric stability in the upper troposphere.





3. Combined Effects of the ENSO and QBO on the Ozone Valley over the TP


3.1. Division of the ENSO and QBO


Based on the definition of El Niño and La Niña events in Section 2, those that occurred from 1979 to 2021 were obtained. The correlation with the QBO leads that with the TCO* by about 8 months, which means TCO* in June, July, and August is affected by the QBO in the previous October, November, and December. Therefore, the averaged QBO index in October, November and December was used and the results are shown in Figure 2. The WQBO years and EQBO years are represented by red and blue circles, respectively. The white circles are neutral QBO years, which were not considered in this study. “E” denotes El Niño years and “L” stands for La Niña year.



Accordingly, thirteen El Niño years and fifteen La Niña years were identified from 1979 to 2021. The statistical results are shown in Table 1. According to the lead–lag correlation results obtained in Section 2, the years that affect the following summer ozone valley are called the impact years in this paper, as shown in Table 2.



To verify whether the selected ENSO positive- and negative-phase years are independent of the EQBO and WQBO years, a sample scatter distribution of the QBO index averaged in October, November and December and the Niño 3.4 index averaged in December, January and February of the following years was constructed (Figure 3). It can be seen that the samples present a nonuniformly dispersed distribution. The correlation coefficient between the two factors is only 0.12, so not significant. Therefore, the two factors are independent, and composite analysis can be used in further classification studies.




3.2. Responses of the Ozone Valley over the TP in the following Summer to the ENSO and QBO


The responses of the ozone valley over the TP in the following summer to the ENSO and QBO were studied based on a composite analysis with the years in Table 2. To test whether the mean values of a certain variable were significantly different during different the ENSO/QBO phases, two-tailed t-tests were performed. The results helped us to further explore whether the two factors can produce a resonance effect through a certain response. In this study, TCO* lagging behind the QBO by 8 months was selected (Figure 4), because in other months, TCO* response is not obvious (figures omitted). We took TCO* lagging behind the QBO by 9 months as an example (Figure 5), because the TCO* lagging behind the QBO by 9 months in Figure 1 was also statistically significant.



Figure 4 presents the TCO* anomalies (shaded) and the location of the SAH (12,520 gpm). The 12,520 gpm geopotential height isolines can determine the SAH area [42]. For comparison, the climatological location of the SAH region is given. The strengthening of the SAH moves air from the troposphere to the lower stratosphere. It causes negative TCO* anomalies over the TP in an extra period. It should be noted that the effect of the ENSO and QBO on the ozone valley was significant and the composite analysis years are shown in Table 2.



The TCO* anomalies over the TP in the following summer were negative for both the EQBO (Figure 4e) and El Niño (Figure 4g), and positive TCO* anomaly regions were larger than negative WQBO regions (Figure 4f) and La Niña (Figure 4h). Negative TCO* anomaly regions for EE (Figure 4a) were larger than those for EL (Figure 4b), WE (Figure 4c), WL (Figure 4d), EQBO (Figure 4e), WQBO (Figure 4f), El Niño (Figure 4g), and La Niña (Figure 4h). Thus, under the combined effect of EE, the ozone valley over the TP in summer showed more negative anomalies.



Focusing on the differences in the SAH (12,520 gpm), the area of the SAH is different under different conditions. Under the EE (Figure 4a), with the TCO* anomaly regions being the largest, the SAH area is larger than those under other conditions and the climatological location. The east–west boundary can reach 30°E–120°E. The strengthening of the SAH moves air from the troposphere with lower ozone content to the stratosphere, enhancing the negative TCO* anomalies over the TP, which is consistent with the previous results [1]. Compared with the climatological location of the SAH region, the SAH area is smaller except under the EE (Figure 4b–h). The SAH area is the smallest under the WL and the climatological location. Although the TCO* anomaly regions were positive, they were not significant (two-tailed t-test).



Figure 5 presents the TCO* anomalies lagging behind the QBO by 9 months. Although the negative TCO* anomaly regions for EE (Figure 5a) are larger than those for other conditions, this difference was not significant (two-tailed t-test), especially over the SAH area. Compared with the results in Figure 4, it shows fewer differences.





4. Mechanistic Analysis


4.1. Dynamic Reasons


How does the combined EE affect the SAH and then affect the ozone valley over the TP in summer? For dynamic reasons, we present the composite wind anomalies at 850 hPa and 200 hPa and SSTA under different conditions from autumn and winter of the ENSO-developing years (Figure 6 and Figure 7) to spring and summer of the ENSO-decay years (following years) (Figure 8 and Figure 9). Here, we only present the results that exceeded the 95% confidence level (t-test).



In the autumn of the ENSO-developing years, under the EE, anticyclones at 850 hPa were weaker and eastward in the western Pacific Ocean. There was a cyclone at 200 hPa near the TP (Figure 6). Compared with under the ENSO and QBO, the circulation under the EE was stronger. Subsequently, the peak of El Niño occurred in winter (December–February). In winter, the TP was a cold source, and the SAH was not formed. It showed a cyclone anomaly at 200 hPa (Figure 7). In the following spring, the ENSO was in a decay phase and the circulation gradually changed into an anticyclonic anomaly (Figure 8).



In the following summer (Figure 9), the ENSO was still in a decay stage, but due to the capacitor effect, anticyclones at 850 hPa in the western Pacific were stronger and westward. Correspondingly, the SAH anticyclone over the TP at 200 hPa reaches its peak. Under the EE, on the one hand, the EQBO induced upwelling in the lower tropical stratosphere, which led to negative anomalies of ozone. On the other hand, because of the ENSO (Figure 9a), the SSTA in the western Pacific showed negative anomalies and the zonal SST gradient was weakened. The atmosphere can respond to this variation in ocean heat and a series of planetary waves can be simulated and travel westward. Cyclones at low latitudes strengthen the bypassing currents. This process is also known as a Matsuno–Gill-type response. At 200 hPa (Figure 9b), anticyclones over the south of the TP can be seen. Based on the wind fields at 850 hPa and 200 hPa over the southern TP, the strengthening of divergence at 200 hPa tended to move more air from the troposphere with lower ozone content to the stratosphere. Thus, the TCO* decreased under the EE.



We have analyzed the horizontal circulation above. The vertical circulations in the following summer are given in Figure 10. According to Chang (2021) [13], two prominent negative centers are near 50°E and 90°E, respectively. The height–latitude cross sections of the composite wind field and the ozone mixing ratios along 50°E and 90°E are presented in Figure 10 and Figure 11.



Figure 10 shows the composite wind field along 50°E. Under the EE (Figure 10a), from 20° N to 45° N, in the UTLS region, the ozone anomalies are negative. Combined with the composite wind anomalies (in Figure 9a), the strengthening of divergence at 200 hPa leads to divergence anomalies and upward anomalies. The wind field moves air across the tropopause from the troposphere to the lower stratosphere, causing the TCO* to decrease.



Similarly, Figure 11 shows the composite wind field along 90°E. Compared with other conditions, under the EE (Figure 11a), from 10°N to 40°N, in the UTLS region, the ozone anomalies are negative. The low ozone content in the troposphere causes the TCO* in the UTLS to decrease. The wind anomalies (Figure 11) show an upward trend from 0 to 15°N in the low latitudes, but a downward trend in the middle latitudes 20°N–60°N. Normally the ozone content is lower in the low latitudes than in the middle and high latitudes. The wind field moves air from low latitudes with lower content to the middle and high latitudes, causing the TCO* to decrease.



Previous analysis for circulation has revealed the dynamic conditions. The combined effect of El Niño and EQBO makes the circulation anomalous, resulting in a strengthened SAH and upward anomalies over the TP, followed by a reduced ozone valley over the TP in summer with more negative anomalies. The results that exceed the 95% confidence level (t-test) are indicated.




4.2. Thermodynamic Causes


To obtain the atmospheric convection conditions, we further present the atmospheric stability from the perspective of thermal conditions. When the atmosphere is unstable, thermal turbulence develops vigorously, the convection is strong, and the gas components are easily exchanged, and vice versa. The atmospheric temperature differences at different levels are shown in Figure 12, Figure 13 and Figure 14.



In Figure 12, Figure 13 and Figure 14, the atmospheric stability under EE is about 0.4 K from the lower troposphere to the upper troposphere. Compared with other conditions, the positive anomaly areas are larger. Therefore, the atmosphere is unstable. Under such atmospheric conditions, convection is more likely to occur and result in ozone exchange. The turbulent mixing of ozone at low level and high level leads to the ozone valley over the TP with more negative anomalies in the UTLS.





5. Conclusions


Using the ERA5 reanalysis dataset from 1979 to 2021, we examined the combined effects of the ENSO and the QBO on the ozone valley over the Tibetan Plateau and drew the following conclusions.



(1) The ENSO leads the TCO* over the TP by about 6 months. From the onset to the peak of El Niño, the peak occurs around the winter of the year (December–February). The TCO* lags about 6 months behind the ENSO, suggesting the TCO* in the summer of the following year is affected by the ENSO of the current year, which is consistent with the theory of recharge oscillation.



(2) In terms of dynamic conditions, the combined effect of El Niño and EQBO makes the circulation anomalous, resulting in a strengthened SAH and upward anomaly over the TP, followed by a reduced ozone valley over the TP in summer with more negative anomalies. Through composite analysis of the wind field and SST, under the combination of El Niño and the EQBO, the atmospheric circulation pattern is found to be consistent with a Matsuno–Gill-type response. The EQBO induces upwelling in the lower tropical stratosphere, which leads to negative anomalies of ozone. Comparing the high- and low-level wind fields over the southern TP, it is apparent that with the strengthening of the southern trough at 850 hPa and the strengthening of divergence at 200 hPa, the wind field moves air from the troposphere to the lower stratosphere.



(3) In terms of thermodynamic conditions, under the combination of El Niño and the EQBO, the atmospheric stability shows positive anomalies from the lower troposphere to the upper troposphere. Compared with other conditions, the positive anomaly areas are larger. Therefore, the atmosphere is unstable. Then, convection is more likely to occur and result in ozone exchange. The turbulent mixing of ozone at low and high levels leads to the ozone valley over the TP, with more negative anomalies in the UTLS.



Through this study, we can further understand the formation mechanism of the ozone and provide further research with a basis for the formation of the ozone.
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Figure 1. Lead correlation between the monthly ENSO (red solid lines)/QBO (blue solid lines) indices and summer TCOI; the TCOI is a time series of TCO* averaged over the region 20°N–45°N at 35°E–110°E based on ERA5. The negative months on the x-axis refer to the ENSO/QBO leading the TCO*; the dashed red lines denote the 95% confidence level, and the dashed orange lines denote the 90% confidence level. 
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Figure 2. The averaged QBO index in October, November, and December for the period of 1979–2021. The green dotted line represents ±5m/s. The WQBO years and EQBO years are represented by red and blue circles, respectively, and the white circles are neutral QBO years. E: El Niño years; L: La Niña years. 
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Figure 3. Sample scatter distribution of the QBO index averaged in October, November and December and the Niño 3.4 index averaged in December, January and February of the following years. 
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Figure 4. Composite TCO* anomaly (shaded, unit: DU) and the SAH region (solid black lines, 12,520 gpm geopotential height isolines) averaged between June and August in (a) east phase + El Niño (EE), (b) east phase + La Niña (EL), (c) west phase + El Niño (WE), (d) west phase + La Niña (WL), (e) EQBO, (f) WQBO, (g) El Niño, (h) La Niña. The dashed purple lines indicate the climatological location of the SAH region. The black dotted regions are statistically significant at the 95% confidence level (t-test). 
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Figure 5. Same as Figure 6, but lagging behind the QBO by 9 months. (a) east phase + El Niño (EE), (b) east phase + La Niña (EL), (c) west phase + El Niño (WE), (d) west phase + La Niña (WL), (e) EQBO, (f) WQBO, (g) El Niño, (h) La Niña. The dashed purple lines indicate the climatological location of the SAH region. 
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Figure 6. Composite wind anomalies at 850 hPa and 200 hPa (arrows, unit: m/s) and SSTA (shading, unit: K) in autumn. (a) East phase + El Niño (EE) at 850 hPa, (b) east phase + El Niño (EE) at 200 hPa, (c) east phase + La Niña (EL) at 850 hPa, (d) east phase + La Niña (EL) at 200 hPa, (e) west phase + El Niño (WE) at 850 hPa, (f) west phase + El Niño (WE) at 200 hPa, (g) west phase + La Niña (WL) at 850 hPa, (h) west phase + La Niña (WL) at 200 hPa, (i) EQBO at 850 hPa, (j) EQBO at 200 hPa, (k) WQBO at 850 hPa, (l) WQBO at 200 hPa, (m) El Niño at 850 hPa, (n) El Niño at 200 hPa, (o) La Niña at 850 hPa, (p) La Niña at 200 hPa. The results that exceed the 95% confidence level (t-test) are indicated. 
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Figure 7. Same as Figure 6, but in winter. (a) East phase + El Niño (EE) at 850 hPa, (b) east phase + El Niño (EE) at 200 hPa, (c) east phase + La Niña (EL) at 850 hPa, (d) east phase + La Niña (EL) at 200 hPa, (e) west phase + El Niño (WE) at 850 hPa, (f) west phase + El Niño (WE) at 200 hPa, (g) west phase + La Niña (WL) at 850 hPa, (h) west phase + La Niña (WL) at 200 hPa, (i) EQBO at 850 hPa, (j) EQBO at 200 hPa, (k) WQBO at 850 hPa, (l) WQBO at 200 hPa, (m) El Niño at 850 hPa, (n) El Niño at 200 hPa, (o) La Niña at 850 hPa, (p) La Niña at 200 hPa. 
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Figure 8. Same as Figure 6, but in the following spring. (a) East phase + El Niño (EE) at 850 hPa, (b) east phase + El Niño (EE) at 200 hPa, (c) east phase + La Niña (EL) at 850 hPa, (d) east phase + La Niña (EL) at 200 hPa, (e) west phase + El Niño (WE) at 850 hPa, (f) west phase + El Niño (WE) at 200 hPa, (g) west phase + La Niña (WL) at 850 hPa, (h) west phase + La Niña (WL) at 200 hPa, (i) EQBO at 850 hPa, (j) EQBO at 200 hPa, (k) WQBO at 850 hPa, (l) WQBO at 200 hPa, (m) El Niño at 850 hPa, (n) El Niño at 200 hPa, (o) La Niña at 850 hPa, (p) La Niña at 200 hPa. 
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Figure 9. Same as Figure 6, but in the following summer. (a) East phase + El Niño (EE) at 850 hPa, (b) east phase + El Niño (EE) at 200 hPa, (c) east phase + La Niña (EL) at 850 hPa, (d) east phase + La Niña (EL) at 200 hPa, (e) west phase + El Niño (WE) at 850 hPa, (f) west phase + El Niño (WE) at 200 hPa, (g) west phase + La Niña (WL) at 850 hPa, (h) west phase + La Niña (WL) at 200 hPa, (i) EQBO at 850 hPa, (j) EQBO at 200 hPa, (k) WQBO at 850 hPa, (l) WQBO at 200 hPa, (m) El Niño at 850 hPa, (n) El Niño at 200 hPa, (o) La Niña at 850 hPa, (p) La Niña at 200 hPa. 
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Figure 10. Composite wind field (arrows, unit: m/s) along 50°E in the (a) EE, (b) EL, (c) WE, (d) WL, (e) EQBO, (f)WQBO, (g) El Niño, and (h) La Niña. The shadows denote the ozone mixing ratio anomaly (ppmv). The purple lines and blue lines are the height of thermal tropopause and dynamical tropopause derived from MERRA2, respectively. The results that exceed the 95% confidence level (t-test) are indicated. 
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Figure 11. Same as Figure 10, but along 90°E in the (a) EE, (b) EL, (c) WE, (d) WL, (e) EQBO, (f) WQBO, (g) El Niño, and (h) La Niña. 
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Figure 12. Atmospheric stability anomalies in the lower troposphere in the following summer (shading, unit: K). (a) east phase + El Niño (EE), (b) east phase + La Niña (EL), (c) west phase + El Niño (WE), (d) west phase + La Niña (WL), (e) EQBO, (f) WQBO, (g) El Niño, (h) La Niña. Black dotted regions are statistically significant at the 95% confidence level (t-test). 
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Figure 13. Same as Figure 12, but in the middle troposphere. (a) east phase + El Niño (EE), (b) east phase + La Niña (EL), (c) west phase + El Niño (WE), (d) west phase + La Niña (WL), (e) EQBO, (f) WQBO, (g) El Niño, (h) La Niña. 
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Figure 14. Same as Figure 12, but in the upper troposphere. (a) east phase + El Niño (EE), (b) east phase + La Niña (EL), (c) west phase + El Niño (WE), (d) west phase + La Niña (WL), (e) EQBO, (f) WQBO, (g) El Niño, (h) La Niña. 
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Table 1. Years categorized by the relationship between QBO and the ENSO.
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	Patterns
	Years





	El Niño
	1982, 1983, 1987, 1992, 1994, 1997, 1998, 2002, 2004, 2009, 2015, 2016, 2019



	La Niña
	1980, 1981, 1984, 1985, 1988, 1989, 1990, 1999, 2000, 2007, 2008, 2010, 2011, 2020, 2021



	East phase
	1980, 1982, 1985, 1987, 1990, 1992, 1997, 1999, 2006, 2008, 2010, 2013, 2015, 2016, 2020



	West phase
	1979, 1981, 1983, 1984, 1986, 1989, 1991, 1993, 1996, 1998, 2000, 2003, 2005, 2007, 2009, 2011, 2012, 2014, 2017, 2021



	East phase + El Niño
	1982, 1987, 1992, 1997, 2015, 2016



	East phase + La Niña
	1980, 1985, 1990, 1999, 2008, 2010, 2020



	West phase + El Niño
	1983, 1998, 2009



	West phase + La Niña
	1981, 1984, 1989, 2000, 2007, 2011, 2021










[image: Table] 





Table 2. Impact years on ozone defined by the categories of the relationship between the QBO and the ENSO.
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	Patterns
	Years





	El Niño
	1983, 1984, 1988, 1993, 1995, 1998, 1999, 2003, 2005, 2010, 2016, 2017, 2020



	La Niña
	1981, 1982, 1985, 1986, 1989, 1990, 1991, 2000, 2001, 2008, 2009, 2011, 2012, 2021



	East phase
	1981, 1983, 1986, 1988, 1991, 1993, 1998, 2000, 2007, 2009, 2011, 2014, 2016, 2017, 2021



	West phase
	1980, 1982, 1984, 1985, 1987, 1990, 1992, 1994, 1997, 1999, 2001, 2004, 2006, 2008, 2010, 2012, 2013, 2015, 2018



	East phase + El Niño
	1983, 1988, 1993, 1998, 2016, 2017



	East phase + La Niña
	1981, 1986, 1991, 2000, 2009, 2011, 2021



	West phase + El Niño
	1984, 1999, 2010



	West phase + La Niña
	1982, 1985, 1990, 2001, 2008, 2012
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