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Abstract. The Tibetan Plateau (TP, approximately 27.5–37.5°N, 75.5–105.5°E) is the highest and largest plateau on Earth 

with a mean elevation of over 4 km. This special geography causes strong surface solar ultraviolet radiation (UV), with 

potential risks to human and ecosystem health, and which is mainly controlled by the local stratospheric ozone concentration. 

The El Niño–Southern Oscillation (ENSO), the dominant mode of interannual variability on Earth, is characterized by the 15 

tropical Pacific Ocean sea surface temperature anomalies (SSTA) and sea level pressure change for the warm phase El Niño 

and cold phase La Niña events. Although some studies have suggested the existence of positive correlation between ENSO 

and the total column ozone (TCO) over the TP, the mechanism underlying this effect is not fully understood. 

Here we use the Copernicus Climate Change Service (C3S) merged satellite dataset, the Stratospheric Water and OzOne 

Satellite Homogenized (SWOOSH) dataset, and the TOMCAT 3–dimensional (3D) offline chemical transport model forced 20 

by ERA5 meteorological reanalyses from the European Centre for Medium–Range Weather Forecasts (ECMWF) over the 

period 1979–2021 to investigate the influence of ENSO on the TCO over the TP. We find that the El Niño (La Niña) events 

induce favour positive (negative) TCO anomalies over the TP from wintertime of its mature phase to springtime of its decaying 

phase. Through studying the ozone profile, we attribute the positive (negative) TCO anomalies mainly to the increased 

(decreased) ozone at the 200–70 hPa levels, i.e. in the upper troposphere and lower stratosphere (UTLS) regions. Our results 25 

suggest that the El Niño events impact the TP TCO via the following potential processes: (1) negative upper–level geopotential 

height anomaly associated with El Niño is responsible for a decrease in air column thickness; (2) the thickness decrease 

modulates reduced tropospheric temperature and thus favours a decrease in the tropopause height (TH); (3) such a TH decrease 

tends to cause induce a change in the relative amounts of ozone–poor tropospheric and ozone–rich stratospheric air in the 

profile, which increases the partial column ozone in the UTLS and hence correspondsntributes to the TP TCO increase. The 30 

La Niña events affect TP TCO in a manner resembling the El Niño events, except with anomalies of opposite sign. This work 

provides a systematic understanding of the influence of ENSO on ozone over the TP, which have implications for a better 

understanding of factors controlling the interannual variability of ozone.  
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1 Introduction 

The Tibetan Plateau (TP) broadly extends over the latitude–longitude domain of 27.5–37.5°N, 75.5–105.5°E (Li et al., 2020), 35 

with a size of about one–quarter of the Chinese territory (Wu et al., 2007). It is the highest and largest plateau on Earth, 

commonly termed the “Roof of the World” (Royden et al., 2008), and plays a key role in driving the atmospheric circulation 

in Asia through dynamical and thermal forcing (e.g. Yeh, 1950; Flohn, 1957; Yanai et al., 1992; Wu et al., 2012). Due to its 

high elevation (above 4 km), low air density, and clean air with low aerosol optical depth (Ahrens and Samson, 2011; Pokharel 

et al., 2019), the TP experiences strong sunlight and surface solar ultraviolet (UV) radiation, whose excess can cause harmful 40 

influences on the local biota (Liu et al., 2016). Atmospheric ozone absorbs most incoming solar UV radiation thereby 

protecting living organisms at the surface (Staehelin et al., 2001). Therefore, there is a strong interest in better understanding 

the processes controlling ozone concentration variability over the TP. 

Zhou et al. (1995) found that there is a significant total column ozone (TCO) low centered over the TP during summer from 

Total Ozone Mapping Spectrometer (TOMS) satellite measurements. Over the past decades, several studies have focused on 45 

TCO low over the TP during summer (e.g. Zou, 1996; Bian et al., 2006; Tobo et al., 2008). These studies have argued that 

summertime TCO low is caused by changes in mass exchange between troposphere and stratosphere due to the stratospheric 

variability, for example the synchronisation of the quasi–biennial oscillation (QBO) and seasonal cycle (Chang et al., 2022), 

and tropospheric changes, for example the high topography and thermal forcing of the TP (Ye and Xu, 2003; Kiss et al., 2007; 

Tian et al., 2008; Guo et al., 2012) and enhanced convective activity in summer (Liu et al., 2003; Bian et al., 2011). In 50 

comparison to the summertime TCO change, less attention was paid to the TP TCO variability during other seasons. It is worth 

highlighting that the interannual variability of TP TCO from wintertime to springtime is strongest (Figure S1 of the 

Supplement). The QBO, a significant natural mode of interannual variability (e.g. Fusco and Salby, 1999; Kiss et al., 2007), 

could not only contribute to the summertime TP TCO change via modifying the South Asian high (Chang et al., 2022), but 

also correlate with wintertime TCO variation (Zhang et al., 2014; Li et al., 2020). 55 

Apart from the QBO, the interannual variability of the TCO changes over the TP is closely linked with El Niño–Southern 

Oscillation (ENSO). ENSO represents a periodic fluctuation inof the tropical Pacific sea surface temperature (oceanic part: El 

NiñoSST) and sea level pressure of the overlying atmosphere (atmospheric part: Southern Oscillation) during the warmer 

phase (El Niño) and colder phase (La Niña) (e.g. Wallace et al., 1998; McPhaden et al., 2006; Li et al., 2017; Zhang et al., 

2019). As a prominent interannually varying natural phenomenon, ENSO has pronounced climate impacts around the globe 60 

(e.g. van Loon and Madden, 1981; Ropelewski and Halpert, 1987; Trenberth et al., 1998). Most studies about ENSO impacts 

on ozone interannual variability have focused on the tropical stratosphere (e.g., Shiotani, 1992; Hasebe, 1993; Randel et al., 

2009; Oman et al., 2011; Xie et al., 2014; Olsen et al., 2016), and on the polar region (e.g. Cagnazzo et al., 2009; Domeisen et 

al., 2019), as those two regions correspond to the highest production (tropics) and depletion (poles) on Earth (e.g. Staehelin et 

al., 2001). The effects of ENSO on ozone changes at the mid–latitude and in particular over the TP are less studied and 65 

discussed. Earlier studies by Zou et al. (2001) suggest the amplitude of ENSO signal in TCO over the TP to be of the order of 
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20 DU (their figure 3). However, their results are based on a very limited number of ENSO events (4 El Niño, 3 La Niña) since 

during the satellite era from 1979 to 1992. Positive correlations between ENSO index and TCO during winter, spring, and 

summer are supported by recent studies using longer ozone observations (Zhou et al., 2013; Zhang et al., 2015a; Li et al., 2020; 

Chang et al., 2022). However, a systematic understanding of how ENSO influences TCO over TP is still lacking. Here we use 70 

a longer period of ozone measurements over the period 1979–2021, along with the TOMCAT chemical transport model 

simulations (e.g., Chipperfield et al., 2017, 2018), to provide a first extensive examination of ENSO signal in TCO changes 

over the TP. 

The overall goal of this study is to provide a more accurate estimation of ENSO impacts on ozone interannual changes over 

the TP. After a brief description of the data, model, and methods in Section 2, Section 3 presents the findings of the work, 75 

focusing on addressing the two following key questions: (1) How long can the wintertime (peak season) ENSO signal persist 

in TCO changes over the TP? (2) How does ENSO impact ozone changes in this region? Finally, our summary and discussion 

are presented in Section 4. 

2 Data and methods 

2.1 Satellite observation 80 

The merged satellite TCO observation is from the Copernicus Climate Change Service (C3S) product during the satellite era 

(1979–2021). This data is created by combining total ozone data from 15 satellite sensors, including the Global Ozone 

Monitoring Experiment (GOME, 1995–2011), Scanning Imaging Absorption Spectrometer for Atmospheric Chartography 

(SCIAMACHY, 2002–2012), Ozone Monitoring Instrument (OMI, 2004–present), GOME-2A/B (2007–present), Backscatter 

Ultraviolet Radiometer (BUV-Nimbus4, 1970–1980), Total Ozone Mapping Spectrometer (TOMS-EP, 1996–2006), series of 85 

Solar Backscatter Ultraviolet Radiometers (SBUV, 1985–present), and Ozone Mapping and Profiler Suite (OMPS, 2012–

present). The horizontal resolution of C3S data is 0.5° latitude × 0.5° longitude. The long-term stability of the TCO product 

with reference to the ground–based monitoring networks is within the 1% per decade level, and its systematic error is below 

2%.  

The Stratospheric Water and OzOne Satellite Homogenized (SWOOSH) version 2.6 dataset (Davis et al., 2016) is used to 90 

study the ozone profiles. It is a merged record of stratospheric ozone and water vapour measurements and consists of data from 

the Stratospheric Aerosol and Gas Experiment (SAGE-II/III), Upper Atmospheric Research Satellite Halogen Occultation 

Experiment (UARS HALOE), UARS Microwave Limb Sounder (MLS), and Aura MLS instruments. The measurements of 

SWOOSH are homogenized by applying corrections that are calculated from data taken during time periods of instrument 

overlap (Davis et al., 2016). The merged SWOOSH record with 5° latitude × 20° longitude horizontal resolution spans from 95 

1984 to the present, and has 31 pressure levels from 316 to 1 hPa. 

2.2 Reanalysis, SST datasets, Niño 3.4 index, and QBO index 



4 
 

We use the monthly European Centre for Medium–Range Weather Forecasts (ECMWF) recent fifth generation reanalysis 

(ERA5) (Hersbach et al., 2020) to investigate the atmospheric circulation and temperature as well as tropopause height. Here 

we choose the ERA5 product at a resolution of 1.0° latitude × 1.0° longitude and over an altitude range from 1000 to 0.01 hPa 100 

(137 vertical levels). The monthly sea surface temperature (SST) from the Hadley Centre Sea Ice and SST dataset version 1 

(HadISST1) with a resolution of 1.0° latitude × 1.0° longitude (Rayner et al., 2003) is used. The monthly Niño 3.4 index from 

the National Oceanic and Atmospheric Administration's (NOAA) Climate Prediction Center (CPC) is used in this study to 

represent ENSO, which is based on the monitoring of area averaged of SST anomalies (SSTA) in the central and eastern 

equatorial Pacific (5°S-5°N, 120°W-170°W). The El Niño and La Niña events by seasons from NOAA’s CPC is used to 105 

classify cold and warm episodes of ENSO. The QBO index is provided by Freie Universität Berlin at their website. Except for 

SWOOSH, the overlapping period of all data is 1979–2021 and the anomalies represent the deseasonalised anomalies with 

respect to the period 1979–2021. As the SWOOSH data spans is used from 1984 to the present2021, its anomalies are with 

respect to the period 1984–2021. 

2.3 TOMCAT model 110 

Here we use the three–dimensional (3D) global offline chemical transport model (TOMCAT/SLIMCAT; hereafter TOMCAT) 

which is described in detail by Chipperfield (2006). The TOMCAT performs well in reproducing the observed ozone variations 

(e.g. Feng et al., 2005; Singleton et al., 2005; Rösevall et al., 2008; Kuttippurath et al., 2010; Chipperfield et al., 2017, 2018; 

Griffin et al., 2019; Bognar et al., 2021; Feng et al., 2021; Li et al., 2022). The TOMCAT model has a detailed stratospheric 

chemistry scheme (e.g. Feng et al., 2011; Chipperfield et al., 2018; Grooß et al., 2018; Weber et al., 2021), including the major 115 

ozone-depleting substances (ODSs) and greenhouse gases (Carpenter et al., 2018), aerosol effects from volcanic eruptions (e.g. 

Dhomse et al., 2015), and variations in solar forcing (e.g. Dhomse et al., 2013; 2016). In this study, the model was forced using 

winds and temperatures from the latest ECMWF ERA5 reanalysis product (Hersbach et al., 2020) to specify the atmospheric 

transport and temperatures and was used to calculate the abundances of chemical species in the troposphere and stratosphere. 

The TOMCAT simulations are performed at 2.8° latitude × 2.8° longitude and have 32 levels from the surface to 60 km. The 120 

overlapping period between model and observations (i.e. 1979–2021) is used for analysis.  

2.4 Methods 

In order to find out the months when there is a significant response of TP TCO to ENSO, we use lead–lagged correlation 

coefficient, which is calculated according to the cross correlation function (e.g. Trenberth et al., 2002Chatfield, 1982). The 

significant cross correlation between ENSO(t) and TCO(t+t) indicates that ENSO may influence the TCO when ENSO leads 125 

TCO at a lead of t. The statistical significance of the correlation between two auto–correlated time series is calculated using 

the two–tailed Student’s t–test and the effective number (Neff) of degrees of freedom (WMO, 1966; von Storch and Zwiers, 

1999; Pyper and Peterman, 1998; Li et al., 2013), as given by the following approximation: 
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where 𝑟!"  is correlation coefficient between two sampled time series (X and Y), and t value of 𝑟!"  follows Student’s t 130 

distribution with Neff; N is the sample size, and 𝜌!! and 𝜌"" are the autocorrelations of two sampled time series, X and Y, 

respectively, at time lag j. Based on the two–tailed Student’s t–test, the 𝑟!" can be tested for statistical significance by solving 

for t in equation (1) and comparing this with the t value at confidence level and Neff. 

In view of the fact that the relationship between the positive and negative ENSO phases may not be linear (An and Jin 2004), 

we consider El Niño and La Niña events should be analyzed separately. For this purpose, we perform composite analyses of 135 

ozone, SST, geopotential height, tropopause height, and air temperature during El Niño and La Niña events to further 

investigate the linkage between ENSO and TP TCO. The composite is calculated by the average of the variable during 

persistent ENSO events. The statistical significance of composite is tested by the two–tailed Student’s t–test (i.e. Kiladis and 

Diaz, 1989; von Storch and Zwiers, 1999). The persistent ENSO events are based on the definition of NOAA Climate 

Prediction Center and our lead–lagged correlation results. We identify persistent El Niño (La Niña) events if their anomalous 140 

Niño 3.4 index is greater (less) than 0.5 K (–0.5 K) from winter (December–January–February; DJF) to spring (March–April–

May; MAM). There are 7 and 9 events of persistent El Niño and La Niña (Tables 1–2), respectively. 

Table 1: List of persistent El Niño events and their anomalous Niño 3.4 index (K) over the period 1979–2021. The final row is the 
number of total events and the last column is the corresponding mean of Niño 3.4 index for total events. The DJF, JFM, FMA, and 
MAM indicate December–January–February, January–February–March, February–March–April, and March–April–May, 145 
respectively. 

El Niño 

Events DJF JFM FMA MAM Mean 

1983 2.2 1.9 1.5 1.3 1.7 

1987 1.2 1.2 1.1 0.9 1.1 

1992 1.7 1.6 1.5 1.3 1.5 

1998 2.2 1.9 1.4 1.0 1.6 

2015 0.5 0.5 0.5 0.7 0.6 

2016 2.5 2.1 1.6 0.9 1.8 

2019 0.7 0.7 0.7 0.7 0.7 

Total Events: 7     1.3 
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Table 2: Same as Table 1, but for La Niña events. The anomalous Niño 3.4 index (K) of these events is less than –0.5 K. 

La Niña 

Events DJF JFM FMA MAM Mean 

1985 -1.0 -0.8 -0.8 -0.8 -0.9 

1989 -1.7 -1.4 -1.1 -0.8 -1.3 

1999 -1.5 -1.3 -1.1 -1.0 -1.2 

2000 -1.7 -1.4 -1.1 -0.8 -1.3 

2008 -1.6 -1.5 -1.3 -1.0 -1.4 

2011 -1.4 -1.2 -0.9 -0.7 -1.1 

2012 -0.9 -0.7 -0.6 -0.5 -0.7 

2018 -0.9 -0.9 -0.7 -0.5 -0.8 

2021 -1.0 -0.9 -0.8 -0.7 -0.9 

Total Events: 9     -1.1 
 

For the tropopause height, we follow the same definition based on the World Meteorological Organization (WMO, 1957), 150 

which is identified by the temperature lapse rate. Following the hypsometric equation, the mean temperature of the atmospheric 

layer between the pressure p1 and p2 can be written as follows (Wallace et al., 1996; Holton and Hakim, 2013; Sun et al., 2017; 

Li et al., 2022):  

〈𝑇〉 = 	
𝑔*
𝑅 6ln

𝑝)
𝑝%
:
+)
∆𝑍,

∆𝑍 = 	𝑍% − 𝑍)
														(2) 

where 〈𝑇〉 is the mean temperature of the atmospheric layer, ∆𝑍 is the thickness of layer, Z1 and Z2 are, respectively, the 155 

geopotential heights at p1 and p2, g0 = 9.80665 m s-2 is the global average of gravity at mean sea level, and R = 287 J kg-1 K-1 

is the gas constant for dry air. If we let 〈𝑇〉, and ∆𝑍,be the deviations or anomalies from their time average, then equation (2) 

changes to the perturbation hypsometric equation as follows: 

〈𝑇〉, =	
𝑔*
𝑅 6ln

𝑝)
𝑝%
:
+)
∆𝑍, 														(3) 

The above equation (3) suggests that the anomalous mean temperature of the layer is proportional to the anomalous thickness 160 

of the layer bounded by isobaric surfaces. Therefore, the mean temperature should decrease (increase) if the perturbed layer 

thins (thickens). Following previous studies (e.g. Wallace et al., 1996; Sun et al., 2017; Li et al., 2022; Zhang et al., 2022), we 

use this perturbation equation (3) to discuss the influences of atmospheric thickness on tropospheric temperature. 
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3 Results 

In this section, we first examine whether the TOMCAT can reproduce the TCO variability over the TP by the comparison with 165 

the merged satellite TCO from C3S dataset. Figure 1 shows the correlation coefficients between the time series of 3–month 

running averaged TCO anomalies over the TP (27.5–37.5°N, 75.5–105.5°E) for the C3S dataset and TOMCAT over the period 

1979–2021. This averaged TP region is identical to Li et al. (2020). All correlation coefficients between the C3S dataset and 

TOMCAT in Figure 1 are high (above 0.65) and are statistically significant at the 99% level based on the two–tailed Student’s 

t–test and the Neff of degrees of freedom defined in equation (1). In particular, from winter (DJF) to spring (MAM), the 170 

correlation coefficients are higher (above 0.95, Figure 1), indicating that the TP TCO variability of TOMCAT is consistent 

with that of C3S dataset. It is also noted that the correlation coefficient of monthly time series of TP TCO between C3S dataset 

and TOMCAT is about 0.92 and is statistically significant at the 99% level. These results indicate that TOMCAT reproduces 

well the observed TCO variability over the TP, especially from winter to spring.  

 175 
Figure 1: Correlation coefficients between the time series of 3-month running mean TCO anomalies over the TP region (27.5–37.5°N, 
75.5–105.5°E) for C3S dataset and TOMCAT simulation during 1979–2021. All correlation coefficients are statistically significant 
at 99% confidence level. The grey line represents the correlation coefficient equal to 0.95. 

 

3.1 Impacts of ENSO on the TCO and ozone profile  180 

ENSO events peak in winter (DJF) and then decays in the following spring (MAM) and summer (JJA). To investigate the 

linkage between ENSO and TP TCO, we now investigate the lead–lagged correlation coefficients between the TCO (C3S 
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dataset: blue line; TOMCAT result: red line) and the winter (peak season, DJF averaged) Niño 3.4 index (Figure 2a). Both 

the C3S dataset and TOMCAT results show that the significant ENSO signal appears in the TCO before the ENSO’s decay in 

MAM and the strongest ENSO signal appears in the late winter/early spring (Figure 2a). It is observed that the standard 185 

deviation (SD) in both the C3S dataset and TOMCAT results is greater pre–MAM than post–MAM (bars in Figure 2a) in 

spite of model’s overestimate, indicating that ENSO may make more contributions to the TCO variability from DJF to MAM. 

Although the TOMCAT overestimates the SD (Figure 2a) because of its biases (Li et al., 2022), it can be seen from Figure 

2a that TOMCAT matches well the SD variability and correlation coefficients with ENSO in the C3S dataset. These biases of 

TOMCAT simulation are likely due to (1) the incomplete representation of complex atmospheric process in the TOMCAT, or 190 

(2) the uncertainties in the TOMCAT’s meteorology (ERA5 reanalysis scheme) (Mitchell et al., 2020; Dhomse et al., 2021). 

Nevertheless, the high correlation (above 0.95, Figure 1) of TP TCO between C3S dataset and TOMCAT simulation from 

DJF to MAM give us confidence that the TOMCAT is able to capture the observed variability in TP TCO during these seasons 

and that we can thus use it to investigate the impact of ENSO on the TP TCO change. Overall, these results suggest that the 

significant response of TCO over the TP to ENSO may extend from winter of ENSO’s mature phase to spring of the decaying 195 

phase.  

Although sSome studies suggested there is a link between QBO and ENSO (Baldwin et al., 2001; Anstey et al., 2022) and the 

QBO is another potential important source of interannual variability., our results show that the QBO has a minor impact on 

the linkage between ENSO and TP TCO, which can be ignored. To clarify the robust linkage between ENSO and TP TCO, we 

first remove the QBO signal from TP TCO and then perform lead–lagged–lead correlation, shown in Figure 2b. The QBO 200 

index at 30 hPa and 10 hPa (QBO30 and QBO10) is usually used as the QBO signal (e.g. Baldwin et al., 2001; Li et al., 2020). 

The TCO associated with QBO (TCOQBO) and TCO after removing QBO signal (TCOremoveQBO) can be written as follows: 

𝑇𝐶𝑂-./(𝑡) = 𝐶 + 𝑎 ∙ 𝑄𝐵𝑂30(𝑡) + 𝑏 ∙ 𝑄𝐵𝑂10(𝑡)           (4) 

𝑇𝐶𝑂012341-./(𝑡) = 𝑇𝐶𝑂(𝑡) − 𝑇𝐶𝑂-./(𝑡)                      (5) 

where t is corresponding to months, C is a constant, a and b are the time–dependent regression coefficients of QBO30 and 205 

QBO10, respectively. 

Figure 2b shows lead correlation coefficients between ENSO index and the TP TCO without QBO signal. Both lead correlation 

with and without QBO signal are significant from DJF to MAM (Figure 2). Meanwhile, the lead correlation without QBO 

signal (Figure 2b) is stronger than raw correlation (Figure 2a), which may be related to exclude interference of QBO signal. 

Our results indicate that the linkage between ENSO and the TP TCO is robust with or without the QBO signal. Therefore, the 210 

following composite TCO anomalies are averaged from DJF to MAM to maximize the signal, while we should note the general 

relationship between ENSO and TCO is not sensitive to the chosen period as one could expect from the positive correlation 

from DJF to MAM. 
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Figure 2: (a) Lagged–lLead–lagged correlation between the time series of averaged TCO anomalies over the TP region (27.5–37.5°N, 215 
75.5–105.5°E) and winter (DJF) Niño 3.4 index for the period 1979–2021. Blue (red) line indicates C3S dataset (TOMCAT result). 
In the top X-axis, pPositive leads indicate that ENSO is leading. Lead values of 0, 3 and 6, indicate DJF, MAM, and JJA, respectively. 
Thicker lines indicate statistical significance at the 99% confidence level. Bars (C3S: blue; TOMCAT: red) are standard deviations 
(DU) of TCO to measure its variability. (b) Same as (a), but without considering the QBO signal on the TP TCO. 

 220 

Figure 3 shows composite anomalies of the TCO associated with the El Niño and La Niña events in Tables 1–2. The TCO 

spatial patterns between El Niño and La Niña events are generally opposite despite some differences (Figure 3), which may 

be related to the asymmetric features in ENSO itself and its climate impacts (Hoerling et al., 1997; An and Jin 2004; Gao et 
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al., 2019). Although the spatial pattern and also the values of anomalies of C3S and TOMCAT are consistently different 

(Figure 3) due to the model’s biases (Dhomse et al., 2021), Nevertheless, the El Niño (La Niña) events correspond to the 225 

significantly positive (negative) TCO anomalies over the whole TP in both the C3S dataset and TOMCAT results (Figure 3). 

This result is consistent with that of correlation coefficients (Figure 2), highlighting the potential influence of ENSO on TCO 

over the TP. On average, the ENSO events correspond to about ±31.52% DUpercentage change  of TP TCO anomaly as 

evaluated in the C3S dataset. To further clarify the influence of ENSO on TP TCO, we use regression method to remove the 

ENSO signal from TP TCO and then perform composite TCO during El Niño and La Niña years. Without considering the 230 

ENSO signal on the TP TCO, both C3S data and TOMCAT simulation show that there is no significant TCO anomalies over 

the whole TP during El Niño and La Niña years (not shown). Comparing the TP TCO with and without ENSO signal supports 

that ENSO has an influence on TP TCO. Although the TOMCAT overestimates the composite TCO anomalies during ENSO 

events because of biases (Dhomse et al., 2021), the spatial patterns of C3S dataset are similar to that of TOMCAT simulation 

(Figure 3). As the response of TCO over the TP to ENSO is consistent from DJF to MAM (Figure 2), it is worth noting that 235 

the composite results of TCO are not sensitive to the length of composite seasons from DJF to MAM. On the whole, both the 

C3S measurement–based dataset and TOMCAT model results show that ENSO has an potential effect on the TCO over the 

TP. To be specific, it is likely a prolonged impact from DJF of the ENSO’s mature phase until MAM of the decaying phase, 

and the El Niño (La Niña) events favour the positive (negative) TCO anomalies. To better understand the effect of ENSO on 

the TCO, it is necessary to investigate the vertical ozone changes associated with ENSO. 240 

 

Figure 3: Composite anomalies of the TCO (DU) for (a, c) El Niño and (b, d) La Niña events from DJF of ENSO’s mature phase to 
MAM of decaying phase. Panels (a–b) are derived from the C3S dataset, and (c–d) are derived from TOMCAT results. Shaded 



11 
 

Coloured regions indicate statistical significance at the 90% confidence level,. The coloured region indicates the main body of the 
TP, and the black line represents the boundary of the TP.  245 

 

Figure 4 shows composite percentage change (i.e., anomaly divided by climate mean) of the ozone profiles for the El Niño 

and La Niña events. To make a direct and convenient comparison, here we interpolate the TOMCAT model level (sigma–

pressure coordinate) results to the same SWOOSH vertical resolution (pure pressure level). From the SWOOSH dataset and 

TOMCAT results, Figure 4 depicts that the El Niño (La Niña) events correspond to the remarkable increase (decrease) of 250 

ozone percentage change (about ±6%) at 200–70 hPa, which is in the upper troposphere and lower stratosphere (UTLS) region. 

Such the ozone increase (decrease) in the profile (Figure 4) is in good agreement with the downward (upward) shift of ozone 

profile compared to the climate mean (Figures 5a and 5d). To further amplify the differences between the composite ozone 

profiles and climate mean, we zoom in on the ozone profile at 200–100 hPa (Figures 5b and 5e) and 100–50 hPa (Figures 5c 

and 5f), whose results are consistent with Figures 5a and 5d. These changes in ozone profiles further contribute to the positive 255 

(negative) TCO anomalies over the TP during the El Niño (La Niña) events. Although there are disagreements between the 

TOMCAT and SWOOSH dataset due to the model’s biases (Dhomse et al., 2021), the ENSO events correspond to the 

significantly ozone change at 200–70 hPa in both the TOMCAT simulation and SWOOSH dataset. 

 
Figure 4: Composite percentage change (%) of the ozone profiles with standard deviation (shaded areas) for (a) El Niño and (b) La 260 
Niña over the TP region (27.5–37.5°N, 75.5–105.5°E) from DJF inof ENSO’s mature phase to MAM inof decaying phase. Red lines 
are derived from TOMCAT, and blue lines are derived from the SWOOSH dataset; thick lines indicate values which exceed the 
90% confidence level. 
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 265 
Figure 5: Composites and climate means of the ozone profiles from (a) the TOMCAT result and (d) SWOOSH dataset over the TP 
region (27.5–37.5°N, 75.5–105.5°E) from DJF of ENSO’s mature phase to MAM of decaying phase. (b-c) as in (a), but for a zoom on 
the 200–100hPa and 100–50hPa domains of (a), respectively; (e-f) as in (b-c), but for the TOMCAT result. Green lines indicate 
climate means of ozone profiles, red lines indicate composite ozone profiles of El Niño events, and blue lines indicate composite ozone 
profiles of La Niña events. 270 
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3.2 Potential mechanism for the impact of ENSO on the TCO  

Approximately 90% of ozone in the atmospheric column resides in stratosphere; the ozone concentration is much lower in the 

troposphere with a gradual transition at the tropopause height (TH). Therefore, thea increasing (decreasing)e of tropopause 

height (TH) will tend to replace carry ozone–poor (ozone–rich) tropospheric (stratospheric) air by ozone–rich stratospheric air 275 

into the UTLS region, and thus decrease (increase) the partial column ozone, which in turn contributes to the TCO decrease 

(increase), and vice versa for an increase of TH (e.g. Schubert and Munteanu, 1988; Salby and Callaghan, 1993; Steinbrecht 

et al., 1998; Chipperfield et al., 2003; Varotsos et al., 2004; Tian et al., 2007). Figures 6a–6b show composite anomalies of 

the tropopause pressure for the El Niño and La Niña events. The El Niño (La Niña) events generally correspond to a positive 

(negative) tropopause pressure anomalies over almost the whole TP, where the significant anomalies are located broadly 280 

between 30° to 35°N (Figures 6a–6b). These results indicate that the El Niño (La Niña) events may induce a sinking (lifting) 

TH above the TP. Considering that the area–averaged climate mean of TH over the whole TP is about 150 hPa from winter to 

spring, Figures 6c–6d show the composite anomalies of the partial column ozone at 150 hPa. Their spatial patterns (Figures 

6c–6d) are in good agreement with the composite TH anomalies (Figures 6a–6b), highlighting the good coherence between 

the ozone changes and the tropopause changes.  285 

Figures 6e–6f show latitude–height section averaged in longitude (from 75.5°E to 105.5°E) of the composite partial column 

ozone anomalies and tropopause height. During the El Niño events (Figure 6e), the sinking TH (green line) compared to its 

climate mean (purple line) corresponds to the significantly positive anomalies of partial column ozone at about 200–70 hPa, 

which is consistent with composite percentage change of the ozone profile associated with El Niño events in Figure 4a. Such 

positive partial column ozone anomalies related to El Niño events further contribute to the positive TCO anomalies (Figures 290 

3a and 3c). The La Niña events corresponds to opposite sign in comparison to the El Niño events (Figure 6). Specifically, the 

lifting TH (green line in Figure 6f) relative to its mean (purple line) favours the negative partial column ozone anomalies, 

further contributing to the negative TCO anomalies during the La Niña events (Figures 3b and 3d). 
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 295 
Figure 6: Composite anomalies of tropopause pressure (hPa) for (a) El Niño and (b) La Niña events from ERA5 dataset over the TP. 
(c–d) as in (a–b), but for partial column ozone anomalies (DU) at 150 hPa. Latitude–height section of the composite partial column 
ozone anomalies (DU, averaged from 75.5°E to 105.5°E) for (e) El Niño and (f) La Niña from TOMCAT. All variables are averaged 
from DJF of ENSO’s mature phase to MAM of decaying phase. Stippled regions indicate statistical significance at the 90% 
confidence level. Purple lines in (e–f) indicate the climate mean of tropopause;, and green lines with standard deviation (shaded 300 
areas) indicate the composite tropopause for (e) El Niño and (f) La Niña, respectively; thick green lines indicate the composite 
tropopause which exceed the 90% confidence level. The grey shading indicates the topography.  
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According to equation (3), the anomalous tropospheric upper–level geopotential height can induce the tropospheric 

temperature change via modifying the air thickness (e.g. Wallace et al., 1996; Sun et al., 2017; Li et al., 2022). As the TH is 305 

closely related to tropospheric temperature change (e.g. Seidel and Randel, 2006), it is suggested that the anomalous upper–

level geopotential height could influence the TH change. Given that the SSTA associated with ENSO plays a vital role in 

geopotential height anomalies (e.g. Trenberth et al., 1998), Figures 7a–7b show composites of SSTA from DJF of ENSO’s 

mature phase to MAM of decaying phase. It can be clearly seen the maximum SSTA in the central and eastern tropical Pacific 

for the El Niño and La Niña events. Aside from the signal over the tropical Pacific, there is also a significant signal over the 310 

tropical Indian Ocean, where the El Niño (La Niña) events correspond to a basin–wide warming (cooling) SSTA. Previous 

studies have demonstrated that the basin–wide warming (cooling) over the tropical Indian Ocean is a response to surface heat 

flux changes induced by El Niño (La Niña) (e.g. Alexander et al., 2002; Lau and Nath, 2003; Yang et al., 2007; Schott et al., 

2009). 

 315 

 
Figure 7: Composites of SSTA (K) for (a) El Niño and (b) La Niña from HadISST1 dataset from DJF of ENSO’s mature phase to 
MAM of decaying phase. (c–d) as in (a–b), but for geopotential height (gpm) anomalies at 150 hPa from ERA5 dataset. Stippled 
regions indicate statistical significance at the 90% confidence level. The black lines represent the boundary of the TP. 

 320 
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Figures 7c–7d display the composites of upper–level geopotential height at 150 hPa (GH150) for the ENSO events derived 

from ERA5 dataset from DJF of ENSO’s mature phase to MAM of decaying phase. The spatial pattern of GH150 over the 

tropical Pacific and Indian Ocean is in agreement with previous studies focused on atmospheric response to ENSO (e.g. 325 

Matsuno, 1966; Gill, 1980; Wallace and Gutzler, 1981; Jin and Hoskins, 1995; Xie et al., 2016). The possible mechanism for 

the ENSO teleconnection over the TP has been discussed by previous studies, including excited Rossby wave from tropical 

Pacific and Indian Ocean to extratropical regions (e.g. Jin and Hoskins, 1995; Trenberth et al., 1998; Zhang et al., 2015b), and 

enhanced land–sea temperature contrast between tropical Indian Ocean and TP (e.g. Chen and You, 2017; Zhao et al., 2018). 

The latter has been supported by our findings showing a cold 2–m surface air temperature anomaly over the TP during El Niño 330 

and vice versa for La Niña (not shown). These results highlight the important role of ENSO in the upper–level geopotential 

height over the TP. That is, the El Niño (La Niña) events favor negative (positive) GH150 anomalies (Figure 7). 

Based on equations (2–3), such anomalous GH150 associated with ENSO can induce air thickness anomalies and thereby 

influence the tropospheric air temperature. Over the TP, we calculated the monthly time series of tropospheric mean 

temperature and temperature associated with air thickness that is estimated via the layer from 700 to 150 hPa thickness 335 

according to equation (3). Basically, their values are about the same (Figure 8) and their correlation coefficient is close to 1.0, 

indicating that tropospheric mean temperature is closely related to the air thickness. That is, the increased (decreased) air 

column thickness associated with the rising (falling) GH150 favours the warming (cooling) tropospheric temperature will 

warm (cool) when the rising (falling) GH150 causes the increased (decreased) air column thickness. Although the TH can be 

influenced by both stratospheric and tropospheric processes, here we show that the TH over the TP associated with ENSO is 340 

dominated by the tropospheric air thickness. We will address this finding by tracing the ENSO signal to the tropospheric air 

thickness and associated tropospheric temperature. Figures 8a–8b shows map of the composites of temperature associated 

with air thickness. Significantly negative temperature anomalies associated with thickness occur during the El Niño events 

(Figure 8a), and vice versa for La Niña (Figure 8b). It is not surprising that these composite pattern and magnitude (Figures 

8a–8b and S2) are generally the same as that of tropospheric mean temperature (Figures 8c–8d and S2) because of their close 345 

relationship. According to equation (3), this implies that the El Niño (La Niña) events favour the decreased (increased) air 

thickness and thus contributes toassociated with the cooling (warming) tropospheric mean temperature (Figures 8). 
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Figure 8: Composite anomalies of the temperature (K) anomalies estimated via the layer (700–150 hPa) thickness (Tthickness) for 
(a) El Niño and (b) La Niña events derived from ERA5 dataset from DJF of ENSO’s mature phase to MAM of decaying phase. (c–350 
d) as in (a–b), but for the tropospheric mean temperature (K) anomalies (Ttroposphere_mean). Note that we calculate the 
tropospheric mean temperature from 700 hPa to 150 hPa because of the altitude of the TP (about 700 hPa) and the mean TH (about 
150 hPa). Stippled regions indicate statistical significance at the 90% confidence level. The black lines represent the boundary of the 
TP. 

 355 

To further show the relationship between ENSO and the tropospheric air thickness and temperature, we plotted in Figure 9a 

the temperature associated with air thickness (calculated from equation 3) as a function of the ENSO index (Niño 3.4). From 

the scatter diagram, there is a strong negative correlation (–0.56) between Niño 3.4 and temperature associated with air 

thickness. The relationship is significant (p < 0.01 or above the 99% confidence level), meaning the changes of ozone during 

the majority of ENSO events are coherent with the composite anomalies (Figure 8). Another ENSO index (Niño 3; area–360 

averaged SSTA in 5°S-5°N, 90°W-150°W) has about the same correlation as Nino 3.4 index. Meanwhile, the correlation 

coefficient between non–ENSO events (Niño 3.4 index is less than 0.5 K and greater than –0.5 K) and their corresponding 

temperature associated with air thickness is about –0.12 (p > 0.1), suggesting that there is no relationship between them. Theise 

results further indicates that the cooling (warming) temperature associated with air thickness is closely related to the El Niño 

(La Niña) events (Figure 9a). In addition, Figure 9b shows the tropopause pressure as a function of the temperature associated 365 

with air thickness for ENSO events. The significantly strong negative correlation (–0.85, p < 0.01) between them implies that 
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TH over the TP associated with ENSO is dominated by the tropospheric air thickness. The good separation between El Niño 

and La Niña groups are also coherent with composite results, with most El Niño (La Niña) events corresponding to a cooler 

(warmer) tropospheric temperature and a lower (higher) TH. In sum, these results suggest that the El Niño (La Niña) events 

can modulate upper–level geopotential height (Figure 7), induce thinning (thickening) atmospheric thickness over the TP 370 

(Figures 8 and 9a), contribute to the cooling (warming) tropospheric temperature (Figures 8 and 9a), and finally favour the 

sinking (lifting) of TH (Figure 9b). 

 

 

Figure 9: (a) The temperature associated with air thickness (Tthickness, unit: K, calculated from equation 3) as function of Niño 3.4 375 
(K) for El Niño (purple circles) and La Niña (green circles) events. (b) The tropopause pressure (hPa) as function of Tthickness for 
El Niño (purple circles) and La Niña (green circles) events. The averaged values for El Niño and La Niña events are shown as pluses, 
and the linear regression lines are shown as dashed black lines. The color bar shows the intensity of El Niño and La Niña events. 

4 Summary and discussion 

This study aims to investigate the influence of ENSO on the TCO over the TP and its associated potential dynamical 380 

mechanism by using merged satellite, TOMCAT model output, ERA5 reanalysis, and HadISST1 datasets. Our results show 

that the correlation coefficient between the monthly TP’s TCO time series of TOMCAT results and the merged satellite TCO 
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from C3S dataset is high (about 0.92) over the period 1979–2021 and that the correlation coefficient is statistically significant 

at the 99% level based on the two–tailed Student’s t–test and the Neff of degrees of freedom. In particular, for the DJF, JFM, 

FMA, and MAM, the TOMCAT results and C3S data are highly correlated (above 0.95, Figure 1), indicating that the TCO 385 

variability over the TP in the TOMCAT and C3S dataset are very similar from winter (DJF) to spring (MAM). Therefore, we 

use them to investigate the impact of ENSO on the TCO over the TP. 

Through analysis of lagged–lead–lagged correlation between ENSO and TP TCO and composite of TP TCO with and without 

ENSO QBO signal, both C3S dataset and TOMCAT results show that the significant response of TCO to ENSO is from DJF 

inof its mature phase to MAM inof decaying phase (Figure 2). In its positive phase (El Niño) events from DJF to MAM, it 390 

corresponds to positive TCO anomalies over the TP, with conditions reversed for the negative phase (La Niña) events (Figure 

3). The TCO variability associated with the El Niño and La Niña events is closely related to the ozone profile change. The 

SWOOSH dataset and TOMCAT results show that the El Niño (La Niña) events mainly influence modulate the level of ozone 

centered at 200–70 hPa (Figure 4) and therefore favour contribute to the positive (negative) TCO anomalies (Figures 3). 

We highlight the potential mechanism for the impact of ENSO on the TCO over the TP from DJF to MAM. Regarding the El 395 

Niño events, its linkage with TP TCO is as follows: El Niño ® negative upper–level geopotential height anomaly ® thickness 

decrease ® reduced tropospheric temperature ® TH decrease ® TCO increase, where the arrows show the cause-and-effect 

relationships. It isOur results suggested that El Niño can trigger the TP TCO change via the following potential processes. 

Firstly, the El Niño events tend to exert the negative upper–level geopotential height anomaly (Figure 7) via the El Niño 

teleconnection and land-sea temperature contrast associated with El Niño, thus leading corresponding to the decreasing air 400 

thickness (Figures 8a–8b) based on equation (2) and previous studies (e.g. Wallace et al., 1996; Sun et al., 2017). Secondly, 

according to equation (3), the thickness decrease could reduce the tropospheric temperature over the TP (Figures 8c–8d), 

which further induces a decrease of TH (Figure 6) in terms of the tropopause definition of WMO (1957) and our results 

(Figure 9). Thirdly, such a TH decrease tends to cause induce a change in the relative amounts of ozone–poor tropospheric 

and ozone–rich stratospheric air in the profile, which increases the partial column ozone in the UTLS (Figures 4 and 6) and 405 

thus contributes to the TCO increase (Figure 3). The linkage between La Niña events and TP TCO as well as its associated 

processes resembles the El Niño events, except with anomalies of opposite sign. Our results suggest the El Niño (La Niña) 

events play an important role in the TCO variability over the TP, which have implications for a better understanding of factors 

controlling the interannual variability of ozone. 

In this study, we provided a systematic explanation to the impacts of ENSO on the TCO over the TP via the TH. Although 410 

Figure 9 is in good agreement with our study and shows that there are significant correlations between samples of ENSO 

events and air thickness as well as TH, it is also apparent a few samples deviate from the regression line and have the limited 

change. This implies that in addition to ENSO, there may be other factors contributing to the air thickness and TH variability 

and thus contributing to the TCO variation. Recently, Duan et al (2023) stated that the tropical Indian Ocean SSTA could cause 
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a vertical shift of the ozone profile over the TP and thus contribute to the TCO variation. Their study is different from ours, as 415 

we focus on ENSO with the strongest interannual SSTA. Considering the close relationship between ENSO and tropical Indian 

and Atlantic Oceans, it will be interesting to study their individual and combined effects on the TP’s TCO. Our study focuses 

on the diagnosed ozone changes over the TP during ENSO episodes using both observations and a chemistry transport model 

TOMCAT as well as several statistical methods, which will have some uncertainties due to large internal variability of ozone 

and limited ENSO events. Future work is needed for a better understanding of ENSO impacts with more observed ENSO 420 

events and a full-chemistry climate model. 
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