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Abstract.The El Niño-Southern Oscillation (ENSO) and the distinctive topographic features of the Tibetan Plateau (TP)

exert a significant influence on the stratosphere-to-troposphere transport (STT) process. Their combined effects further15
amplify the spatiotemporal variability of tropospheric ozone (O3) concentrations. To investigate the impact of ENSO on total

column ozone (TCO) over the TP and the underlying mechanisms, this study employs the Weather Research and Forecasting

Model with Chemistry (WRF-Chem). Results demonstrate that the single-synthesis simulation using WRF-Chem

outperforms the multi-year simulation of the Whole Atmosphere Community Climate Model (WACCM) in capturing

tropospheric TCO, zonal wind, potential height, and temperature. Over the TP, except in autumn, the variations in TCO20
within the lower stratosphere and troposphere exhibit opposite phases during El Niño and La Niña years. Specifically, TCO

in the lower stratosphere is primarily regulated by the Brewer-Dobson circulation (BDC) and potential height. In contrast,

TCO in the troposphere is shaped not only by potential height but also by STT processes and regional vertical circulation.

The thermal effect of the TP plays a pivotal role in modulating the subtropical jet stream (STJ), potential height, and vertical

circulation—with notable phase reversals observed between El Niño and La Niña years. Furthermore, the thermal effect of25

the TP acts in synergy with the Hadley Circulation (HC) to drive changes in the STJ, thereby exerting a significant impact on

the spatiotemporal distribution of tropospheric O3 over the TP.

Short summary:30
This study employed atmospheric modeling simulations to demonstrate that El Niño-Southern Oscillation events modulate

spatial distribution patterns and temporal trends of ozone over the Tibetan Plateau. This modulation occurs primarily through

alterations in atmospheric wind fields, circulation systems, and the region's distinctive thermal forcing mechanisms.
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1 Introduction

Ozone (O3) in the atmosphere is predominantly concentrated in the stratosphere, with peak concentrations occurring at an35
altitude range of approximately 20–30 kilometers. In contrast, tropospheric O3 accounts for only ~10% of the total

atmospheric ozone burden. While stratospheric O3 plays a pivotal role in shielding life on Earth from harmful ultraviolet

(UV) radiation (WMO, 2022), elevated tropospheric O3 concentrations are recognized as a significant air pollutant, posing

substantial risks to human health and terrestrial ecosystems (Cooper, 2019). Tropospheric O3 is primarily generated via

photochemical reactions (Chen et al., 2024), but it is also modulated by stratosphere-troposphere exchange (STE) processes40
(Danielsen et al., 1977; Ding et al., 2006). STE comprises two core processes: stratosphere-to-troposphere transport (STT,

i.e., the transport of ozone from the stratosphere to the troposphere) and troposphere-to-stratosphere transport (TST, i.e., the

transport of ozone from the troposphere to the stratosphere). The occurrence and intensity of STE are regulated by multiple

dynamical factors, including the secondary circulation associated with jet streams (Akritidis et al., 2018), the formation of

upper-tropospheric/lower-stratospheric (UTLS) troughs, and the development of cut-off low-pressure systems (Li & Bian,45
2018).

Previous studies have shown that STT exerts a significant influence on tropospheric O3 concentrations in the midlatitudes of

the Northern Hemisphere (Cristofanelli et al., 2010), with particularly notable impacts at high elevations (Bracci et al., 2012;

Yin et al., 2017). Stratospheric O3 can be transported downward into the troposphere; under favorable atmospheric

circulation and meteorological conditions, this O3 can be further mixed down to the surface. This process alters surface O350
levels and directly impacts air quality (Schneidemesser et al., 2015; Wang et al., 2020; Zhang et al., 2022). The Tibetan

Plateau (TP) is widely recognized as one of the global hotspots for STT (Yin et al., 2023). STT processes over the TP are

modulated by strong land-sea thermal contrasts, as well as the thermal and dynamical forcing of the plateau itself. These

factors give rise to distinct regional characteristics of STT over the TP, which in turn makes important contributions to

hemispheric and even global STT. Consequently, the role of STT over the TP in regulating surface O3 concentrations cannot55
be overlooked.

The El Niño–Southern Oscillation (ENSO) is a major tropical ocean–atmosphere anomaly that can induce global climate

perturbations by propagating atmospheric teleconnections (Timmermann et al., 2018). While numerous studies have

explored the influence of STT on tropospheric O3 and its underlying mechanisms, recent evidence suggests that ENSO can

also substantially modulate STT and the associated stratospheric O3 influx into the troposphere (Bruckner et al., 2024).60
Specifically, ENSO affects both the location and intensity of STT by altering the position and strength of the jet stream

(Langford, 1999; Luo et al., 2019). Additionally, it further impacts lower stratospheric O3 by regulating the Brewer–Dobson

circulation (BDC)—a process that, in turn, modifies the amount of stratospheric O3 transferred to the troposphere during

STT events (Albers et al., 2018). Given that ENSO drives global-scale climate anomalies, many studies have utilized global

models for simulations (Albers et al., 2022; Lee et al., 2025). Although such models are effective for investigating global65
climate variability and long-term trends, they suffer from limitations including coarse spatial resolution and significant
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regional biases (Chen et al., 2012; Kendon et al., 2014; Wang et al., 2024). To address these constraints, the present study

employs the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) to examine the influence of

ENSO on STT processes over the TP.

This study focuses on the TP—a region characterized by unique atmospheric circulation patterns.As the “Asian water70
tower,” the TP plays a critical role in regulating regional ecology and climate. Notably, variations in tropospheric O3 over the

TP not only directly affect the local environment but also exhibit close links to STT processes. Despite ENSO being the most

prominent global air–sea coupled phenomenon,the mechanisms by which ENSO modulates STT over the TP and the

subsequent impacts on tropospheric O3 remain poorly understood. Key knowledge gaps include: (1) differences in STT

intensity and pathways under distinct ENSO phases (i.e., El Niño vs. La Niña) and (2) the quantitative relationship between75
STT and tropospheric O3 concentrations. To address these gaps, this study aims to elucidate the physicochemical processes

through which ENSO—driven by anomalous equatorial PacificSSTs—exerts remote effects on atmospheric circulation over

the TP. These circulation anomalies, in turn, alter the efficiency and pathways of STT, ultimately leading to spatiotemporal

variations in tropospheric O3. Furthermore, by quantifying the relative contributions of lower stratospheric O3 and STT

frequency to tropospheric O3 levels over the TP, this work clarifies the role of ENSO in modulating regional O3 dynamics80
and reveals potential regulatory mechanisms. Importantly, this study represents the first application of the WRF-Chem to

simulate these processes over the TP, enabling a detailed analysis of the STT response to ENSO and its associated impacts

on tropospheric O3.

2 Data and methods

2.1 Reanalysis and model data85

In this study, the fifth-generation ECMWF Reanalysis (ERA5) dataset—developed by the European Centre for Medium-

Range Weather Forecasts (ECMWF)—is utilized for two key purposes: driving simulations of the WRF-Chem and

evaluating the resulting simulation outputs. ERA5 integrates physical model constraints with global observational data to

produce a globally complete and internally consistent dataset, with a temporal coverage spanning from 1940 to the present.

This dataset provides hourly observations of multiple atmospheric variables, including global wind fields, temperature,90
ozone (O3), and relative humidity, all of which are available at various isobaric surfaces. In terms of spatial and vertical

resolution, ERA5 features a horizontal resolution of 0.25° × 0.25° and a vertical domain consisting of 37 layers, ranging

from the Earth’s surface up to the 1 hPa pressure level.

To further assess the reliability of the WRF-Chem simulations, outputs from the Whole Atmosphere Community Climate

Model (WACCM)—developed by the National Center for Atmospheric Research (NCAR)—were also utilized. WACCM95
provides global atmospheric fields with three temporal resolutions: three-hourly, 5-day averaged, and monthly averaged.

These fields include key variables such as wind, temperature, and O3, covering a vertical range from the Earth’s surface up to
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approximately 4–10 hPa and resolved across 145 vertical layers. Owing to its comprehensive coverage of stratospheric

domains and high vertical resolution, this dataset is particularly well-suited for studies focusing on stratospheric processes

and O3 dynamics (Zhang et al., 2021; Thurairajah and Cullens, 2022; Wang et al., 2024).100

2.2 The definition of ENSO

To investigate the influence of the ENSO on STT events over the TP, the Niño-3.4 sea surface temperature (SST) anomaly

index—provided by the Climate Prediction Center (CPC)—was used to identify El Niño and La Niña years within the 2001–

2020 period. Specifically, ENSO years were determined by calculating the average of SST anomalies over five consecutive

autumn and winter months, with a threshold of ±0.5 °C (i.e., El Niño for ≥0.5 °C and La Niña for ≤−0.5 °C). Previous105
studies have demonstrated that STE-related O3 exhibits a positive correlation with ENSO, and this O3 response typically lags

behind ENSO by approximately six months (Zeng & Pyle, 2005; Koumoutsaris et al., 2008; Voulgarakis et al., 2011).

Furthermore, ENSO exerts impacts on East Asia through anomalous circulation in the Northwest Pacific, and this influence

also shows a similar lag effect (Wang et al., 2000; Wie et al., 2021). In light of these findings, the present study defines the

year following the ENSO event (as identified by the Niño-3.4 index) as the "ENSO event impact year" for analyzing STT110
and tropospheric O3 variations over the TP.

Given the close linkage between Indian Ocean SST and the ENSO, anomalously warm conditions in the central and eastern

Pacific are often accompanied by positive SST anomalies in the Indian Ocean (Yulaeva & Wallace, 1994; Enfield & Mayer,

1997; Kug & Kang, 2006). To minimize potential confounding effects of Indian Ocean variability on STT events over the

TP, strong events associated with the Indian Ocean Dipole (IOD)—where the IOD index exceeds ±1.0—were excluded from115
the composite analysis. The IOD index is formally defined as the SST difference between two key regions: the western

Indian Ocean (10° S–10° N, 50° E–70° E) and the eastern Indian Ocean (10° S–equator, 90° E–110° E). Specifically,

positive IOD phases correspond to index values above +0.4, while negative phases correspond to values below −0.4; values

exceeding ±1.0 are classified as strong IOD events. Indian Ocean SST data used in this study were obtained from the

HadSST dataset developed by the Met Office Hadley Centre. After applying the aforementioned criteria (i.e., excluding120
strong IOD events), four El Niño events and six La Niña events were identified within the study period. Among these, one

strong El Niño event and two strong La Niña events were further categorized—defined as events where the five-month

average of the Niño-3.4 SST anomaly exceeds +1.0 or falls below −1.0, respectively (see Table 1).

Table 1 the years affected by different phases of ENSO125

El Niño La Niña

Years The Niño-3.4 index

average(Oct-Feb)
Years The Niño-3.4 index

average(Oct-Feb)
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2003

2005

2007

2015

1.07

0.63

0.73

0.57

2001

2008

2009

2011

2012

2018

-0.75

-1.57

-0.67

-1.52

-0.97

-0.85

2.3 Patterns and simulation methods

In this study, the WRF-Chem V4.1.5 is employed to investigate the influence of the ENSO on STT events over the Tibetan

Plateau (TP), as well as the underlying mechanisms. Previous studies have successfully applied both the Weather Research

and Forecasting (WRF) model and its chemistry-coupled variant (WRF-Chem) to examine ENSO-related atmospheric and130
chemical phenomena (Evans and McCabe, 2010; Ratna et al., 2014; Xi and Sokolik, 2016; Manciu et al., 2023). Specifically,

WRF is a mesoscale numerical weather prediction model jointly developed by the National Center for Atmospheric Research

(NCAR), the National Centers for Environmental Prediction (NCEP) under the National Oceanic and Atmospheric

Administration (NOAA), and other collaborating institutions. WRF-Chem, building on the WRF/Advanced Research WRF

(ARW) framework, integrates an online chemistry module to simulate atmospheric chemical transport, transformation, and135
interactions (Grell et al., 2005). The initial and boundary conditions for both chemistry and meteorology in the WRF-Chem

simulations were obtained from the Community Atmosphere Model with Chemistry (CAM-Chem) (Buchholz et al., 2019).

Since the CAM-Chem boundary dataset is only available for the 2001–2020 period, this study restricts its focus exclusively

to ENSO events occurring within this time frame.

In this study, the WRF-Chem simulations are driven by the ERA5 dataset—consistent with the dataset introduced earlier for140
model evaluation. Specifically, ERA5 provides six-hourly atmospheric fields with a horizontal resolution of 0.25° × 0.25°,

which serve as the meteorological forcing for the simulations.​ For emission sources, anthropogenic emissions are

prescribed using the Emissions Database for Global Atmospheric Research (EDGAR) Version 8.1, a widely used global

anthropogenic emission inventory. In contrast, biogenic emissions are derived from the Model of Emissions of Gases and

Aerosols from Nature (MEGAN), which quantifies natural emissions of trace gases and aerosols based on ecological and145
environmental factors. Together, these two emission datasets ensure comprehensive coverage of both human-induced and

naturally occurring atmospheric emissions in the WRF-Chem simulations.

Following the method proposed by Kawase et al. (2009)—who using synthetic simulations, he assessed the impacts of

climate warming on variations in the Baiu rainband, and demonstrated that the multi-year average of simulation results can

be approximated by a single synthetic simulation, thereby substantially reducing computational costs—this study conducted150

synthetic simulations for three scenarios: El Niño, La Niña, and climatological states. This is the first known application of
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this approach to investigate ENSO-associated TCO variations. These scenarios correspond to the ENSO events and time

frame listed in Table 1. Specifically, to generate representative initial conditions for each scenario: (1) initial fields from the

4 identified El Niño years were averaged; (2) initial fields from the 6 identified La Niña years were averaged; and (3) initial

fields from the full climatological period (2001–2020, 20 years) were averaged. Each synthetic simulation was integrated155

for 14 months, with the first 2 months treated as the model spin-up period and excluded from subsequent analysis to ensure

the model reaches a stable state. To quantify the transport of stratospheric O3, a passive stratospheric tracer was released at

each time step of the simulations. This tracer exhibits three key properties: it does not participate in atmospheric chemical

reactions, has no external sources or sinks, and its spatial distribution is solely governed by atmospheric transport processes.

The spatiotemporal variations of this passive tracer in the troposphere were then used to assess the relative influence of160
ENSO on tropospheric O3 concentrations over the TP.

During El Niño years, both the WACCM and the WRF-Chem successfully reproduce the variations in stratospheric O3.

Specifically, correlation coefficients between simulated and observed stratospheric O3 exceed 0.95 in most seasons, while

root mean square errors (RMSE) remain below 0.3 DU. In contrast, tropospheric O3 exhibits greater variability in simulation

performance across the two models. For tropospheric O3, correlation coefficients range from 0.2 to 0.95, and RMSE values165
fall between 0.3 DU and 1.2 DU. When comparing the two models, WRF-Chem outperforms WACCM in simulating

tropospheric O3 during spring and winter, shows slightly lower accuracy in autumn, and achieves comparable performance to

WACCM in summer (see Fig. 1a).

Consistent with the performance during El Niño years, both models (WACCM and WRF-Chem) also captured the variations

in stratospheric O3 well for La Niña years and the climatological state. For La Niña years: WRF-Chem simulations of170
stratospheric O3 yielded correlation coefficients greater than 0.9, with RMSE below 0.5 DU. In contrast, correlation

coefficients for tropospheric O3 simulated by WRF-Chem ranged from 0.6 to 0.9, and RMSE values fell between 0.5 and 1.1

DU (see Fig. 2a). For the climatological state (2001–2020): Stratospheric O3 simulated by WRF-Chem showed correlation

coefficients exceeding 0.9 and RMSE below 0.5 DU. For tropospheric O3, the model’s correlation coefficients ranged from

0.3 to 0.95, with RMSE values between 0.3 and 1.2 DU(see Fig. 3a). Overall, across both La Niña years and the175
climatological state, WRF-Chem demonstrated superior performance compared to WACCM in simulating tropospheric O3—

a finding further supported by the results presented in Fig. 2a and Fig. 3a.

For other key meteorological variables, WRF-Chem outperforms WACCM in simulating zonal wind, geopotential height,

and temperature within the 200–500 hPa pressure layer. That said, relatively large simulation errors persist for meridional

wind—an observation worth noting when interpreting the model results. Moreover, WRF-Chem demonstrates even greater180
skill in simulating atmospheric fields at higher altitudes (i.e., above 200 hPa, aligned with the vertical domain defined in this

study). Detailed comparisons of these meteorological variable simulations are presented in Supplementary Figs. S1–S12.

Overall, the single-synthetic simulation approach implemented with WRF-Chem can, to a certain extent, serve as a viable

substitute for multi-year WACCM simulations. Notably, this approach also offers superior performance in representing key
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tropospheric meteorological variables—specifically zonal wind, geopotential height, and temperature—consistent with the185
simulation results discussed earlier.

Figure 1. Taylor diagrams of total column ozone (TCO) in the stratosphere (100–200 hPa) and troposphere (250–500 hPa) during
spring (MAM), summer (JJA), autumn (SON), and winter (DJF) of El Niño years. (a) Spatial distribution performance of
stratospheric and tropospheric TCO compared with ERA5 reanalysis, with different seasons indicated by colors. Symbols denote190
Stratospheric WACCM (circle), Tropospheric WACCM (triangle), Stratospheric WRF-Chem (pentagram), and Tropospheric
WRF-Chem (square). (b) Spatial distribution performance of stratospheric and tropospheric TCO in WRF-Chem compared with
WACCM across different seasons, using the same symbol and color scheme.

Figure 2. The same as Fig. 1, but for La Niña year.195
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Figure 3. The same as Fig. 1, but showing the climate states from 2001 to 2020.

2.4 three-dimensional labelling algorithm

To identify the frequency and location of STT events over the TP, the three-dimensional (3D) labelling algorithm put

forward by Škerlak et al. (2015) was utilized. The process can be outlined as follows: Using 6 - hourly reanalysis data, an200
occurrence is categorized as a STT event at a specific location if three distinct atmospheric levels are detected. These levels

must meet two conditions simultaneously: the potential vorticity is equal to 2 potential vorticity units (PVU), and the specific

humidity is less than 0.1 g kg⁻¹. The pressures at the lowest, middle, and highest of these three levels are respectively

denoted as Pmax, Pme, and Pmin. As per the classification approach of Tyrlis et al. (2014), the folding type can be determined

by the pressure difference Δp = Pme - Pmin. However, in this study, no further subclassification of folding types was carried205
out; instead, only the total count of folding events was subjected to statistical analysis.

2.5 Calculation of the BDC

The BDC—a key stratospheric O3 transport process driven by planetary waves—redistributes stratospheric O3 and modifies

its spatial distribution. In atmospheric dynamics, residual circulation is widely used to characterize the dynamical behavior

of the BDC (Butchart, 2014), as it effectively isolates the slow, large - scale meridional and vertical transport components210
that dominate O3 redistribution in the stratosphere. To investigate the mechanisms governing stratospheric O3 concentration

changes under the influence of the ENSO, this study employed the method proposed by Edmon et al. (1980) for residual

circulation calculation. The formula used to compute the residual circulation is as follows:

, (1)
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, (2)215

Where represents potential temperature; a is the Earth’s radius; is the mean meridional wind; and is the mean vertical

velocity in the pressure coordinate system. The subscripts p and indicate derivatives with respect to pressure (P) and

latitude ( ), respectively. and denote the deviations of the meridional wind and potential temperature from their

regional averages.

2.6 Calculation of the Hadley circulation220

The Hadley Circulation (HC) is one of the most prominent large - scale atmospheric circulations in the global climate system.

It plays a pivotal role in sustaining the STJ, with the position and intensity of the STJ being closely tied to HC variability

(Duan et al., 2023). Notably, the location and strength of the STJ further exert a regulatory influence on the occurrence and

frequency of STT events (Albers et al., 2018; Yin et al., 2023). Through this cascading relationship—HC regulating STJ,

which in turn modulates STT—different phases of the ENSO alter the strength and location of the HC (Sun, 2018; Li et al.,225
2024). This HC adjustment, in turn, modulates the intensity and position of the STJ. Ultimately, this chain of effects impacts

the spatiotemporal distribution of stratospheric O3 entering the troposphere and, by extension, influences tropospheric O3

concentrations.

HC is typically quantified using the meridional mass streamfunction (MMS) (Qian et al., 2016), and the corresponding

equation calculated following Eq. (3):230

(3)

Where represents the meridional wind; denotes latitude; p is the pressure; ps is the surface pressure; a is the Earth’s radius;

and g is the gravitational acceleration.

3 Result

3.1 TCO impact of ENSO235

Consistent with the regulatory relationship between STJ and STT established earlier, STT is strongly influenced by the

STJ—with the spatiotemporal distribution of STT primarily controlled by the position and intensity of the STJ (Lamarque

and Hess, 1994; Holton et al., 1995; Stohl et al., 2003; Luo et al., 2019). To specifically identify STT events associated with

the STJ (and thereby isolate the jet stream-driven component of STT), this study adopted the methodological approach

proposed by Olsen et al. (2019) to determine the jet stream axis. On this basis, STT events occurring within a ± 20° latitude240
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range relative to this axis were selected for further analysis—this latitudinal constraint ensures that the selected events are

closely linked to STJ dynamics.

Using the 3D labeling algorithm, this study analyzed the distribution of STT events over the TP during El Niño and La Niña

years. The results reveal that STT anomalies exhibit an almost opposite north–south phase between the two ENSO phases,

with the frequency of STT events being significantly higher during El Niño years than during La Niña years (see Fig. 4).245
Consistent with previous findings, these STT anomalies are modulated by STJ anomalies and characterized by meridional

displacements (Luo et al., 2019; Yin et al., 2023). Further, the 200 hPa wind field anomalies simulated by WRF-Chem (see

Figs. 5e–h, 6e–h, and 7e–h) show that seasonal wind anomalies during El Niño and La Niña years also occur in opposing

phases. Specifically:

(1) During El Niño years: The STJ shifts westward and southward in spring, moves southward in summer, extends eastward250
in autumn, and retreats westward in winter. (2) During La Niña years: The STJ exhibits the opposite seasonal behavior.

This seasonal evolution of the STJ closely corresponds to the positive and negative STT anomalies shown in Fig. 4,

indicating that the ENSO exerts a significant influence on the frequency of STT events over the TP.As STT is a key process

influencing tropospheric O3 concentrations—with its occurrence location partially determining the spatial distribution of

tropospheric O3—the amount of stratospheric O3 entering the troposphere during STT events is further regulated by O3255
concentrations in the lower stratosphere. To comprehensively assess STT’s impact, this study considered both the anomalous

STT patterns during El Niño/La Niña years and the diffusion of stratospheric tracers in the troposphere (noting that Fig. 4

reflects only STT frequency, not intensity). The results show that stratospheric tracer anomalies simulated by WRF-Chem

(see Figs. 5i–l and 6i–l) are in good agreement with STT event anomalies (Fig. 4).​

Quantitatively, the mean stratospheric tracer flux into the troposphere exhibits the following seasonal differences relative to260
the climatological state:

Table 2 The Mean Stratospheric Tracer Flux Relative to the Climatological State

ENSO Phase Spring Summer Autumn Winter

El Niño 760% higher 13% higher 0.5% lower 31% higher

La Niña 120% higher 50% higher 44% lower 3.6% higher

Note: flux data are not shown in figures. These results indicate that, except in summer, the transport of stratospheric air into the troposphere is generally
greater during El Niño years than during La Niña years—suggesting that the TP is more susceptible to STT events under El Niño conditions.265
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Figure 4. Seasonal anomaly distributions of STT events in different phases of ENSO. (a-d) the anomalies in MAM, JJA, SON and
DJF during El Niño (Unit: %), respectively, and (e-h) the anomalies of La Niña (Unit: %). Black dots denotes statistically
significant anomalies at the 95 % confidence level according to the Student’s t-test.270

TCO in the lower stratosphere is strongly modulated by the ENSO. The peak magnitudes of these anomalies are documented

in Table 3. It indicates enhanced ozone concentrations in the lower stratosphere in El Niño years during spring and summer,

potentially exerting stronger downward influence on tropospheric systems compared to La Niña events. A seasonal analysis

reveals that during spring, summer, and winter, TCO anomalies in El Niño and La Niña years generally exhibit opposite-

phase patterns. In contrast, autumn shows no significant difference in TCO anomalies between the two ENSO phases (see275

Figs. 5a–d, 6a–d). ​ This seasonal dependence of TCO anomalies may be attributed to two key factors: First, ENSO

forcing weakens from late summer onward, which in turn leads to a concurrent attenuation of the associated BDC

anomalies— given that BDC dynamics play a critical role in regulating stratospheric ozone distribution. Second, the

influence of other dynamical factors (e.g., the QBO) may exceed or counteract ENSO’s effect during autumn. ​ Consistent

with this hypothesis, previous studies have demonstrated that stratospheric ozone is highly sensitive to both ENSO and QBO:280
their respective influences on ozone exhibit comparable amplitudes but opposite phases, and the combined effect of ENSO

and QBO on ozone can be approximated as the linear superposition of their independent contributions (Olsen et al., 2019;

Xie et al., 2020). This further supports the notion that QBO-induced variability may mask ENSO’s signal in autumn TCO

anomalies over the TP. Consequently, the response of TCO to the ENSO and QBO may either partially cancel out or

mutually reinforce one another, depending on the phase alignment of the two oscillations. Beyond ENSO and QBO, Sudden285
Stratospheric Warming (SSW) events can also modulate lower stratospheric O3: they increase lower stratospheric O3

concentrations and alter the stratosphere-to-troposphere O3 flux, introducing an additional layer of complexity to O3

variability (Tian et al., 2023; Lee et al., 2025). In addition to regulating the BDC, ENSO exerts a significant influence on the

geopotential height field over the TP, generating an anomalous east–west reversed pattern (see Figs. 5a–d, 6a–d, 7a–d).

Critically, positive (negative) geopotential height anomalies over the TP correspond to negative (positive) TCO anomalies—290

a key dynamical link through which ENSO affects regional TCO (Li et al., 2024; Yuan et al., 2025). The physical

mechanism underlying this relationship is as follows: a decrease (increase) in geopotential height induces a descent (ascent)
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of the tropospheric apex, which in turn leads to an increase (decrease) in TCO in the upper troposphere and lower

stratosphere (UTLS) region. Notably, significant negative O3 anomalies persist in the central TP (around 35° N) during both

El Niño and La Niña years—with the sole exception of summer in El Niño years. This persistence, despite the removal of295

QBO and SSW signals, suggests that these negative O3 anomalies may stem from systematic biases in the model simulations.

The underlying physical mechanisms driving these anomalies remain unclear and require further investigation; ideally,

future studies should validate and refine these findings using high-resolution observational datasets tailored to the TP region.

The response of tropospheric O3 over the TP to the ENSO is weaker than that of O3 in the lower stratosphere. The peak

magnitudes of these anomalies are documented in Table 4. In El Niño years, peak TCO anomalies in the lower stratosphere300
exceed those in corresponding seasons of La Niña years, while tropospheric TCO peaks likewise maintain higher magnitudes.

This demonstrates that lower stratospheric TCO indeed influences tropospheric TCO via STT events. Specifically,

significant ENSO-related signals in tropospheric O3 are spatially confined: they are mainly restricted to regions south of 32°

N during winter and spring, and south of 35° N during summer. Within these regions, tropospheric O3 anomalies exhibit

opposite-phase distributions between El Niño and La Niña events (see Figs. 5e–h, 6e–h). Notably, a key feature emerges:305

even in areas where STT shows positive (negative) anomalies, tropospheric O3 anomalies in some subregions still display

negative (positive) values. This seemingly contradictory pattern aligns with the corresponding O3 anomalies in the lower

stratosphere—suggesting that the O3 content in the lower stratosphere exerts a more dominant control on tropospheric O3

variations associated with STT than the frequency of STT events themselves, further validating the role of lower

stratospheric O3 content as a key modulator. To further emphasize the contrasting behavior of tropospheric O3 between El310
Niño and La Niña events over the TP, this study additionally conducted a comparison of composite O3 anomalies between El

Niño and La Niña years. This composite analysis helps isolate the ENSO-driven signal from other sources of variability,

providing clearer insights into the differential responses of tropospheric O3 to the two ENSO phases.

Across all seasons, a good correspondence is observed between lower stratospheric TCO anomalies and geopotential height

anomalies over the TP (see Fig.7a–d). However, north of 35° N, TCO anomalies during non-summer seasons cannot be315

fully explained by geopotential height anomalies alone. This residual variability likely reflects the regulatory influence of the

BDC, a mechanism that will be further discussed in Sect.3.2. In addition, lower stratospheric TCO anomalies exert an impact

on tropospheric TCO distributions through STT processes— this linkage is particularly pronounced in autumn and winter

(see Fig.7g, h). By contrast, seasonal discrepancies emerge in spring and summer: In spring:Tropospheric TCO anomalies

exhibit an opposite phase relative to both stratospheric TCO anomalies and stratospheric tracer signals. In summer:320
Tropospheric TCO anomalies also show an opposite phase compared with stratospheric tracer signals (see Fig.7e, f). These

contrasting patterns suggest that tropospheric TCO variations in spring and summer are modulated by additional processes

beyond STT. For instance, severe springtime and summertime air pollution over the TP is closely tied to South Asian (Yang

et al., 2023) and Russia (Zhang et al., 2021) biomass burning, and springtime burning activity itself is sensitive to ENSO

variability (Xue et al., 2021)— introducing an ENSO-driven anthropogenic/natural emission pathway for tropospheric O3.325
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Although summertime burning activity may not be related to ENSO, it is included in the synthetic analysis of El Niño. In

summer, under the enhanced South Asian High during La Niña years (see Fig.7b), increased transport of low-concentration

surface O3 to the upper troposphere occurs, leading to positive TCO anomalies south of 35° N. This transport mechanism

also represents a key contributor to the formation of the summertime O3 valley over the TP (Bian et al., 2011). To gain

deeper insight into these season-specific processes, Sect.3.2 will further examine two critical regions: the spring hotspot330

region (30–35° N, 80–92° E; red box in Fig.7e) and the summer key region (28–33° N, 80–92° E; blue box in Fig.7f).

TCO over the TP is markedly influenced by ENSO, with indications of a complex feedback between the two. The preceding

analysis highlights the important contribution of lower stratospheric O3 to tropospheric O3. Accordingly, the following

section focuses on how ENSO modulates lower stratospheric O3 via changes in the stratospheric BDC.

335
Figure 5. Anomalies in TCO and stratospheric tracers for MAM, JJA, SON, DJF seasons of El Niño years. (a–d) Stratospheric
(100–200 hPa) TCO anomalies (shading; DU). Contours denote 200 hPa geopotential height anomalies (solid: positive, dashed:
negative). (e–h) Tropospheric (300–500 hPa) TCO anomalies (shading; DU). Contours denote 200 hPa wind speed anomalies (solid:
positive, dashed: negative). (i–l) Ratio of stratospheric tracer anomalies entering the troposphere (300–500 hPa) to the
climatological mean (shading). Areas exceeding the color scale maximum (minimum) indicate regions where the climatological340
mean (El Niño) experiences negligible influence from STT.
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Figure 6. The same as Fig. 5, but for La Niña year.

Figure 7. TCO anomalies during El Niño and La Niña events for MAM, JJA, SON, and DJF seasons. (a–d) Stratospheric (100–200345
hPa) TCO anomalies (shading; DU). Contours denote 200 hPa geopotential height anomalies (solid: positive, dashed: negative). (e–
h) Tropospheric (300–500 hPa) TCO anomalies (shading; DU). Contours denote 200 hPa wind speed anomalies (solid: positive,
dashed: negative). (i–l) Ratio of stratospheric tracer anomalies entering the troposphere (300–500 hPa) to the climatological mean
(shading; unitless). Areas exceeding the upper (lower) bound of the color scale indicate regions where La Niña (El Niño)
experiences negligible influence from STT compared to El Niño (La Niña).350
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Table 3 The Peak Anomalies of TCO in the Lower Stratosphere under Distinct ENSO Phases355

ENSO Phase Spring (DU) Summer (DU) Autumn (DU) Winter (DU)

El Niño 2.79, -3.49 4.41, -1.96 1.44, -1.71 1.66, -4.20

La Niña 0.30, -4.03 1.01, -5.88 1.71, -0.83 2.55, -4.16

Note: as the winter ENSO-induced anomalies exhibit an east-west dipole pattern only south of 35° N, the peak magnitude of winter

anomalies is quantitatively assessed solely in this latitudinal belt.

Table 4 The Peak Anomalies of TCO in the Troposphere under Distinct ENSO Phases

ENSO Phase Spring (DU) Summer (DU) Autumn (DU) Winter (DU)

El Niño 2.70, -1.83 3.16, -1.71 1.71, -0.93 0.95, -1.55

La Niña 1.98, -1.58 2.65, -2.75 2.20, -0.55 0.60, -1.43

Note: as the winter ENSO-induced anomalies exhibit an east-west dipole pattern only south of 35° N, the peak magnitude of winter360
anomalies is quantitatively assessed solely in this latitudinal belt.

3.2 Driving mechanisms of O3 anomalies

Following the peak of the El Niño event, the deep branch of the BDC above the TP weakens. This weakening leads to two

key effects: (1) negative O3 anomalies in the upper stratosphere north of 35° N; and (2) reduced downward transport of upper

stratospheric O3, which in turn induces negative O3 anomalies in the lower stratosphere near 35° N. From April onward, the365
deep branch of the BDC strengthens slightly but remains weaker than its climatological state. During this period, the

negative O3 anomalies in the lower stratosphere around 35° N are largely attributed to the persistence of anomalies

established in March, rather than direct downward transport from the upper stratosphere. In May and June, positive O3

anomalies emerge in the upper stratosphere; however, the persistently weak deep branch inhibits the downward transport of

these positive anomalies, preventing them from propagating to the lower stratosphere. In May, the positive O3 anomalies in370
the lower stratosphere north of 35° N are influenced by the upper stratosphere, while the O3 anomalies in June are the

residuals of May’s anomalies, not directly affected by the upper stratosphere. Concurrently, the shallow branch of the BDC

intensifies in May, transporting tropospheric air with low O3 concentrations upward into the lower stratosphere—this upward

transport generates weak negative O3 anomalies in the lower stratosphere. From July to November, negative O3 anomalies

recur in the upper stratosphere north of ~35° N. Prior to October, the corresponding negative O3 anomalies in the lower375
stratosphere are primarily driven by the enhanced or weakened shallow branch and the persistence of anomalies established

in the preceding month. After October, the combined effect of a further weakened deep branch and a strengthened shallow

branch reinforces the negative O3 anomalies in the lower stratosphere near ~35° N. At this stage, O3 in the lower stratosphere

is influenced by the joint effects of both upper stratospheric and upper tropospheric O3. By December, the deep branch of the

BDC intensifies abruptly, triggering widespread positive O3 anomalies in the upper stratosphere— a pattern that persists380
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throughout winter. These enhanced upper stratospheric O3 concentrations are efficiently transported downward and affect the

lower stratosphere. But in February, despite the weakening of the shallow branch of the BDC, the lower stratospheric O3

forms negative anomalies due to the sudden emergence of negative O3 anomalies in the middle stratosphere (see Fig. 8).

In La Niña years, the phase characteristics of the BDC are largely opposite to those observed during El Niño years. However,

stratospheric O3 anomalies do not exhibit a strictly opposite-phase response across all seasons and regions (see Fig. 9)—a385

finding that suggests the ENSO is not the sole driver of stratospheric O3 variability (Tian et al., 2023; Zhang et al., 2025). In

March, negative O3 anomalies persist in the upper stratosphere north of ~35° N and extend continuously through November.

During this period, the concurrent negative O3 anomalies in the lower stratosphere at the same latitude (north of ~35° N)

reflect the combined regulatory influence of both the deep and shallow branches of the BDC. In April, negative O3 anomalies

in the lower stratosphere emerge under the influence of negative O3 anomalies in the upper stratosphere and the enhanced390
shallow branch. In May, the lower stratosphere is primarily influenced by the negative O3 anomalies in the upper

stratosphere. From June to September, the deep branch of the BDC remains neutral, showing no significant weakening, but

negative O3 anomalies persist in the upper stratosphere. In June and July, the negative O3 anomalies in the lower stratosphere

are mainly the residuals of May’s negative anomalies, with minimal influence from the upper stratosphere. In August, the

positive O3 anomalies in the middle and upper stratosphere, along with the weakened shallow branch, jointly affect the lower395
stratospheric O3, causing it to exhibit positive anomalies. In September, the shallow branch strengthens, but the lower

stratosphere’s O3 is primarily influenced by the residual positive O3 anomalies from the middle stratosphere in August. After

October, the deep branch strengthens, and although the shallow branch continues to influence lower stratospheric O3

concentrations, the O3 anomalies in the upper stratosphere play a dominant role in influencing the lower stratosphere.

In conclusion, the ENSO exerts a pronounced regulatory influence on lower stratospheric O3 over the TP. From a seasonal400

perspective, the BDC— a key mediator of this ENSO-O3 linkage— exhibits distinct branch-dominant patterns: from late

autumn to early spring, lower stratospheric O3 is modulated by both the deep and shallow branches of the BDC, with the

deep branch playing the dominant role; whereas during other periods, it is primarily dominated by the shallow branch of the

BDC. Overall, the BDC weakens during El Niño years and strengthens during La Niña years—a phase-dependent response

that directly modulates O3 transport efficiency in the stratosphere. This BDC-mediated mechanism accounts for the marked405
seasonal discrepancies between stratospheric O3 anomalies and geopotential height anomalies north of 35° N, with the

exception of summer (see Fig. 7a–d). These findings collectively reflect the strong control of BDC transport processes on

stratospheric O3 variability over the TP, highlighting the critical role of the BDC in bridging ENSO forcing and regional O3

responses.

To further unravel the mechanisms underlying the differences between tropospheric and lower stratospheric O3 anomalies410
over the TP, detailed follow-up analyses will be conducted targeting two key regions: the red-framed region in Fig. 7e

(spring focus: 30–35° N, 80–92° E) and the blue-framed region in Fig. 7f (summer focus: 28–33° N, 80–92° E). These

targeted analyses will systematically examine the regulatory roles of three critical atmospheric factors: the temperature field,
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vertical circulation, and geopotential height field. By quantifying the contributions of each factor to O3 variability across the

troposphere and lower stratosphere, the analyses aim to clarify why O3 anomaly patterns differ between these two415
atmospheric layers—addressing the unresolved questions raised by the seasonal discrepancies observed in previous results.

The O3 anomalies over the central TP are strongly regulated by local thermodynamic and dynamic processes. Specifically,

surface cooling (or heating) induces anomalous descending (or ascending) air currents, which are accompanied by

corresponding decreases (or increases) in geopotential height. Anomalous descending motion facilitates the downward

transport of stratospheric O3—sourced from regions with low potential height—into the troposphere, thereby leading to420
positive tropospheric O3 anomalies. Conversely, anomalous ascending motion transports O3-poor air from the lower

troposphere to the upper troposphere, resulting in negative tropospheric O3 anomalies. This regulatory pattern is clearly

evident during specific periods, such as 10–29 May and 26 March–1 April (see Fig. 10). It should be noted, however, that

not all STT events exert a strong influence on near-surface O3. For instance, in Fig. 10a, the negative tropospheric potential

vorticity (PV) anomaly does not extend below 400 hPa—indicating limited downward penetration of stratospheric signals—425
yet substantial negative O3 anomalies (with magnitudes up to 42.8 ppbv) are still observed in the troposphere. Given that

vertical transport over this region is predominantly downward in spring, the contribution of upward transport of O3-poor air

from the lower troposphere to these negative anomalies can be ruled out. Furthermore, a temporal discrepancy emerges:

following 7 March, 11 April, 6 May, and 16 May, negative tropospheric O3 anomalies appeared earlier than the

corresponding negative PV anomalies at the tropopause (a key indicator of STT activity). Together, these two lines of430
evidence—the limited vertical penetration of PV anomalies and the temporal asynchrony between O3 and PV anomalies—

suggest that negative tropospheric O3 anomalies over the central TP are not solely controlled by STT processes. Additional

factors, including biomass burning emissions and regional horizontal transport, may also play important regulatory roles in

shaping these O3 anomalies.

In summer, the thermal forcing of the TP intensifies—this enhancement increases the region’s sensitivity to ENSO435
variability, thereby driving pronounced adjustments in both the geopotential height field and the vertical circulation structure

(see Fig. 11). Within the target area (28–33° N, 80–92° E), a prevailing downward motion characterizes the vertical

circulation during both El Niño and La Niña years, though distinct ENSO-phase differences emerge in the strength of this

motion and associated atmospheric anomalies. During La Niña summers, anomalous tropospheric warming weakens the

downdraft and elevates the geopotential height; this elevation of geopotential height further causes the dynamical tropopause440
to rise, which in turn suppresses the effective downward transport of stratospheric air into the troposphere. In contrast,

during El Niño summers, substantial positive O3 anomalies develop in the troposphere, with magnitudes reaching up to 38.7

ppbv between 1 June and 2 August. Notably, the negative tropospheric temperature anomalies associated with El Niño onset

as early as May and persist through most of the summer—this early and prolonged cooling likely contributes to the

maintenance of favorable conditions for positive O3 anomalies.445
In summary, the TP exerts a strong regulatory effect on local dynamical processes through its topographic thermal forcing.

This thermal-driven modulation of dynamics further influences tropospheric O3 anomalies via dynamical feedback
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mechanisms—creating a clear "topographic thermal forcing → dynamical process adjustment → tropospheric O3 response"

linkage. ​ This regulatory mechanism is particularly prominent in summer: during this season, the ENSO plays a critical role

in modulating the TP’s thermal state, thereby amplifying or modifying the plateau’s influence on local dynamical processes450
and, in turn, on tropospheric O3 anomalies. This underscores ENSO’s role as a key external driver that interacts with the

TP’s intrinsic thermal forcing to shape regional O3 variability.

Figure 8. Anomalies in stratospheric O3 (shading; ppbv) and residual circulation (Vector, magnified 500; mm s⁻¹) during El

Niño years.455

Figure 9. The same as Fig. 8, but for La Niña years.
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Figure 10. Anomalies in O3, potential vorticity, residual circulation, vertical velocity, horizontal velocity, temperature, and
geopotential height during El Niño and La Niña events at 30° N–35° N and 80° E–92° E in spring. The thick grey solid line denotes460
the dynamical tropopause (2 PVU). (a) O3 anomalies (shading; ppbv) and potential vorticity anomalies (contours; PVU). (b)
Residual circulation anomalies (shading; normalized) above the dynamical tropopause and vertical velocity anomalies (shading;
normalized) below it. Contours denote horizontal velocity anomalies (m s⁻¹). (c) Temperature anomalies (shading; K) and
geopotential height anomalies (contours; gpm).

https://doi.org/10.5194/egusphere-2026-2146
Preprint. Discussion started: 4 May 2026
c© Author(s) 2026. CC BY 4.0 License.



20

465
Figure 11. The same as Fig. 10, but at 28° N–33° N and 80° E–92° E in summer.

3.3 ENSO impact on the STJ over the TP

The position and intensity of the STJ are key factors regulating the location and frequency of STT events—and by extension,

they exert a notable influence on the spatial distribution of tropospheric O3. As discussed in Sect. 3.1, STT anomalies during

El Niño and La Niña years are significantly modulated by STJ anomalies at the 200 hPa level. Specifically, the spatial470
distribution of STT anomalies exhibits clear variability that aligns with the seasonal meridional or zonal displacement of the

STJ—reflecting a tight dynamical linkage between the jet stream’s seasonal movement and STT’s spatial pattern. To further

elucidate this STJ-STT-O3 linkage and address the mechanisms driving STT differences across ENSO phases, this study

analyzed the underlying causes of discrepancies in the 200 hPa STJ (e.g., in position, intensity, or seasonal evolution)

between El Niño and La Niña years. This analysis aims to clarify how ENSO-induced STJ anomalies ultimately shape STT’s475
spatial-temporal characteristics and, consequently, tropospheric O3 distribution.

Compared with El Niño years, the STJ exhibits a more northerly displaced position across all seasons during La Niña years

(see Fig. 12). Based on the thermal wind balance theory, this inter-ENSO-phase difference in STJ position can largely be

attributed to the contrasting thermal anomalies over the TP. During El Niño years, negative temperature anomalies prevail

above the TP in spring and summer. This thermal pattern exerts two key effects on meridional temperature gradients: (1) it480

https://doi.org/10.5194/egusphere-2026-2146
Preprint. Discussion started: 4 May 2026
c© Author(s) 2026. CC BY 4.0 License.



21

enhances the equator–TP meridional temperature gradient; and (2) it reduces the TP–polar meridional temperature gradient.

Together, these gradient adjustments drive a southward shift of the STJ, accompanied by the emergence of a positive STJ

anomaly south of the TP. In contrast, La Niña years are characterized by positive temperature anomalies above the TP—an

opposite thermal signature to that of El Niño years. These positive anomalies weaken the equator–TP meridional temperature

gradient while strengthening the TP–polar meridional temperature gradient. Consequently, the STJ shifts northward relative485
to its El Niño-year position, with a positive STJ anomaly forming north of the TP instead.

For the STJ anomalies in autumn and winter during El Niño years, their partial similarity to some STJ anomalies in La Niña

years cannot be fully explained by the thermal wind balance theory alone. An analysis of local HC anomalies reveals that the

HC plays a key regulatory role in mediating these STJ patterns—serving as a critical complementary mechanism to the TP-

related thermal forcing. In autumn, the HC exhibits a marked southward shift during El Niño years relative to La Niña years.490
This southward displacement of the HC effectively counteracts the northward shift of the STJ that is induced by the positive

temperature anomaly over the TP in El Niño autumns. Conversely, during La Niña autumns, the northward-displaced HC

reinforces the northward shift of the STJ driven by TP thermal anomalies, further amplifying the inter-ENSO-phase

difference in STJ position. In winter, the HC exhibits contrasting intensity variations across ENSO phases: its intensity

weakens during El Niño years but strengthens during La Niña years. This intensity difference partly offsets the influence of495
TP-related temperature anomalies on the STJ: specifically, the weakened HC in El Niño winters reduces the extent of the

STJ’s northward shift (which would otherwise be driven by the positive TP temperature anomaly); meanwhile, the enhanced

HC in La Niña winters counteracts the southward displacement of the STJ that would result from the negative TP

temperature anomaly in La Niña winters. In addition, during summer and autumn, the HC in La Niña years is generally

located further north than in El Niño years—a spatial feature that reinforces the northward displacement of the STJ. It is500
worth noting that although the HC in El Niño springs also shifts slightly northward, the STJ in La Niña springs remains

primarily controlled by the positive TP temperature anomaly. This dominant TP thermal signal compensates for the HC

phase difference between the two ENSO phases, resulting in the STJ remaining slightly further north in La Niña springs than

in El Niño springs.

The unique topographic features of the TP—particularly its pronounced thermal effect—play a crucial regulatory role in505
modulating STT and its associated atmospheric processes over this region. Our analysis further indicates that, over the TP,

the plateau’s thermal effect exerts a stronger influence on the STJ than the local HC. This dominant thermal control on the

STJ, in turn, governs the location and frequency of STT events—underscoring the TP’s thermal effect as a key driver of

regional STT variability. Moreover, the thermal state of the TP is closely regulated by ENSO variability (Nie and Li, 2022;

Yong et al., 2023). This linkage implies that ENSO can indirectly modulate STT processes over the TP by altering the510
plateau’s thermal conditions: ENSO-induced changes in the TP’s thermal state first adjust the STJ’s position and intensity,

which then further shape the spatiotemporal characteristics of STT events.
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Figure 12. Anomalies in horizontal wind speed and temperature during each season of El Niño and La Niña events. (a–d)515
Temperature anomalies (shading; K) and horizontal wind speed anomalies (contours; m s⁻¹) for MAM, JJA, SON, and DJF in El
Niño years, respectively. (e–h) Temperature anomalies (shading; K) and horizontal wind speed anomalies (contours; m s⁻¹) for
MAM, JJA, SON, and DJF in La Niña years, respectively. Black contours denote terrain elevation.

Figure 13. Anomalies in MMS and temperature during each season of El Niño and La Niña events. (a–d) Temperature anomalies520
(shading; K) and MMS anomalies (contours; 10-8 m s⁻¹) for MAM, JJA, SON, and DJF in El Niño years, respectively. (e–h)
Temperature anomalies (shading; K) and MMS anomalies (contours; 10-8 m s⁻¹) for MAM, JJA, SON, and DJF in La Niña years,
respectively. Black contours denote terrain elevation.
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4 Conclusions

Based on WRF-Chem simulations and synthetic experiments conducted over the 2001–2020 period, this study systematically525
investigated the impacts of ENSO events on TCO over the TP, as well as the underlying physical mechanisms driving these

impacts.​ Model evaluation results indicate that WRF-Chem effectively captures the seasonal variations of lower

stratospheric TCO under El Niño, La Niña, and climatological states. In contrast, the model’s simulation accuracy for

tropospheric TCO is slightly lower than that for stratospheric TCO—reflecting the greater complexity of tropospheric O3

processes (e.g., emissions, chemical reactions, and boundary layer transport) compared to stratospheric O3 dynamics. When530
compared to WACCM, WRF-Chem exhibits superior performance in reproducing both tropospheric TCO and key

meteorological fields (including zonal wind, geopotential height, and temperature). This advantage is particularly

pronounced during El Niño springs and winters—periods characterized by strong ENSO-induced anomalies over the TP.

These results collectively highlight WRF-Chem’s suitability for conducting multi-year ENSO-related studies on TCO and

associated atmospheric processes over the TP.535
The ENSO significantly modulates TCO in the lower stratosphere through the combined effects of TP geopotential height

anomalies (Li et al., 2024; Yuan et al., 2025) and BDC variability. During El Niño years, lower stratospheric TCO is

generally higher than that in La Niña years during spring and summer, a pattern associated with negative correlations

between TCO and TP geopotential height anomalies. In winter, lower stratospheric TCO anomalies exhibit spatial

heterogeneity, while autumn TCO is largely decoupled from ENSO variability— this decoupling is likely driven by other540

atmospheric processes such as the QBO or SSW events (Xie et al., 2020; Lee et al., 2025). Moreover, the BDC changes

further control lower stratospheric O3. Specifically, from late autumn to early spring, lower stratospheric O3 is modulated by

both the deep and shallow branches of the BDC, with the deep branch playing the dominant role; whereas during other

periods, it is primarily dominated by the shallow branch of the BDC. El Niño events weaken the BDC deep branch and

modulate the shallow branch in a seasonal manner, thereby shaping the timing and persistence of lower stratospheric O3545
anomalies; conversely, La Niña years exhibit nearly opposite BDC patterns (e.g., strengthened deep branch and contrasting

seasonal adjustments of the shallow branch). These results collectively highlight that ENSO-driven TP dynamical anomalies

(e.g., geopotential height variations) and BDC variability jointly determine the seasonal and spatial patterns of lower

stratospheric O3 over the TP region.

Our analysis reveals that the ENSO strongly modulates STT over the TP by driving displacements of the STJ: specifically,550
El Niño years are characterized by southward STJ displacements, while La Niña years exhibit northward STJ displacements,

accompanied by nearly opposite north– south phase patterns of STT anomalies. Except for autumn in El Niño years,

positive STT anomalies generally occur farther south in El Niño years than in La Niña years—this spatial pattern confirms

the regulatory role of the STJ in shaping STT frequency, which is consistent with previous findings (Luo et al., 2019; Yin et

al., 2023). ​ While STT anomalies directly impact tropospheric O3, tropospheric TCO exhibits inverse-phase characteristics555
relative to STT anomalies only in specific regions and seasons (e.g., south of 32° N in winter and spring, and south of 35° N
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in summer). In contrast, autumn tropospheric TCO is largely controlled by lower stratospheric O3, with weak linkage to STT

variability. Interestingly, a notable decoupling emerges: positive (negative) STT anomalies sometimes correspond to

negative (positive) tropospheric O3 anomalies. This phenomenon highlights that lower stratospheric O3 content exerts a more

dominant influence than STT frequency in shaping tropospheric O3 variability. Seasonal deviations in tropospheric O3 that560
cannot be explained by STT processes are largely driven by additional atmospheric and emission-related mechanisms. In

spring, South Asian biomass burning and regional transport processes enhance tropospheric O3 over the TP, and this

enhancement is consistent with ENSO-modulated emission patterns (Xue et al., 2021). In summer, La Niña-induced thermal

anomalies over the TP weaken local downdrafts and elevate geopotential height, which in turn suppresses the downward

transport of stratospheric O3; by contrast, El Niño years lack this suppression, leading to the formation of positive565
tropospheric O3 anomalies. These results collectively demonstrate that ENSO governs the spatial and seasonal variability of

tropospheric O3 over the TP through three intertwined pathways: STJ-induced shifts in STT, the thermal effect of the TP, and

ENSO-modulated emission processes.

The thermal effects of the TP not only modulate the geopotential height field and vertical circulation above the region, but

also play a key role in regulating the latitudinal position of the STJ. During the spring and summer of El Niño years, negative570
temperature anomalies prevail above the TP; according to the thermal wind principle, these anomalies drive the STJ

southward relative to its climatological position. Conversely, La Niña years exhibit the opposite thermal and dynamical

characteristics: positive TP temperature anomalies induce a northward shift of the STJ relative to the climate state. This

finding aligns with the conclusions of Ji et al. (2016) and Bharati et al. (2025) but contrasts with the observations reported by

Albers et al. (2018), highlighting the regional specificity of TP thermal forcing in modulating large-scale circulation. We575
therefore propose that the regional phase differences in the STJ (i.e., disparities in its latitudinal position across different

ENSO phases and seasons) are closely tied to the local thermal conditions over the TP. Furthermore, the phase of the STJ (in

terms of its meridional displacement) is jointly modulated by the intensity of the HC, which exerts a compensating effect on

the thermal-driven STJ shifts. In El Niño springs, the HC shifts significantly northward compared to La Niña years—this

northward displacement of the HC partially offsets the southward pull of the STJ induced by TP negative temperature580
anomalies, ultimately resulting in STJ positions that are relatively similar to those in La Niña years. A analogous

compensating effect emerges in autumn and winter: during these seasons, positive TP temperature anomalies in El Niño

years would inherently favor a northward STJ shift, but concurrent HC anomalies (e.g., weakened intensity or southward

displacement) mitigate this thermal-driven tendency. As a result, the meridional displacement of the STJ between El Niño

and La Niña years becomes minimal during autumn and winter, with little apparent difference in their latitudinal positions.585
In summary, the unique topographic features of the TP, acting through its pronounced thermal effects, interact with the BDC

and the HC to jointly modulate three key atmospheric components: the latitudinal position of the STJ, the distribution of

lower stratospheric TCO, and the structure of vertical circulation. This integrated regulatory mechanism—linking TP

topography, thermal forcing, and large-scale circulation systems—exerts a profound influence on the spatiotemporal

variability of tropospheric TCO over the TP, underpinned by the cascading effects of circulation adjustments on STT and O3590
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exchange across atmospheric layers. This study has a notable limitation: the chemical initial fields of the WRF-Chem model

restrict the scope of analysis to ENSO events occurring on or after 2001, precluding investigations of earlier ENSO cycles.

To address this gap and enhance the robustness of conclusions regarding long-term ENSO-TCO relationships over the TP,

future work should extend the simulation dataset to incorporate ENSO events prior to 2001. Additionally, integrating multi-

source observational data (e.g., satellite retrievals and in-situ measurements) into model validation could further refine the595
understanding of regional O3 dynamics under ENSO forcing.
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