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Key Points:

e CESM2-WACCM and CESM2-WACCM-FV2 models can generally capture the climate mean and standard deviation of the wintertime TP

TCO.

¢ El Nifio (La Nifa) corresponds to the TP TCO increase (decrease) by modifying the tropopause height in these two models, which is

consistent with observations.

® These two models can basically capture the impact of ENSO on the TP TCO and its potential process.
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Abstract: The ozone over the Tibetan Plateau (TP) plays an important role in protecting the local ecology by absorbing ultraviolet solar
rays. The El Niflo-Southern Oscillation (ENSO), recognized as the strongest interannual climate phenomenon globally, can create ozone
variations over the TP. Based on the historical experimental simulation results of two Community Earth System Models (i.e. CESM2-
WACCM and CESM2-WACCM-FV2) that include the coupling process of stratospheric chemistry-radiation-dynamics, this study analyzes
the impact of ENSO on the wintertime total ozone column (TCO) over the TP, as well as its physical processes, from 1979 to 2014. When
compared to observations, the results show that the two models can basically simulate the spatial distribution of the climate state and
standard deviation of the TP TCO. In the two models, CESM2-WACCM performs better. During the winter when the ENSO signal is
strongest, its warm phase, El Nifio, cools the tropospheric temperature over the TP by modifying the atmospheric circulation, which
induces a decrease in the tropopause height. Such decreases in the tropopause height are responsible for the TP TCO increase. The cool
phase La Niia is responsible for a TCO decrease over the TP, in a manner resembling the El Nifio but with the opposite signal. Our results
are consistent with previous observational analysis, and the relevant research provides valuable scientific insights for evaluating and
improving the Earth System Model that incorporates the coupling process of stratospheric chemistry-radiation-dynamics.
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1. Introduction

The Tibetan Plateau (TP), the highest and largest plateau on Earth,
is called the “Roof of the World” (Mo XX, 2010; Lu Q, 2021).
Because of the special dynamic and thermal interactions of the TP,
it has a profound influence on atmospheric circulation and
climate variability (Mo XX, 2010; Kuang XX and Jiao JJ, 2016).
There is the total column ozone (TCO) low centered over the TP,
which has deepened over recent decades (Zhou XJ et al., 1995;
Zou H et al., 2001; Bian JC et al,, 2006; Liu Y et al., 2007; Li YC et al.,
2023). Stratospheric ozone can effectively absorb harmful ultravi-
olet radiation ranging from 0.2 to 0.29 um, preventing them from
reaching the Earth'’s surface (Wang YQ et al., 2009; Chen XP et al.,
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2019). If the TCO over the TP diminishes, the amount of ultraviolet
radiation received by the plateau surface will increase, harming
the ecological environment and threatening human health (Zhu
LGN and Wu ZW, 2023).

El Nifo-Southern Oscillation (ENSO) is a phenomenon manifesting
in the equatorial central and eastern Pacific Ocean, characterized
by anomalous sea surface temperatures (SST) and quasi-periodic
fluctuations. It is the most prominent interannual variability signal
on Earth, with two distinct phases: the warm phase El Nifio, and
the cold phase La Nifa (Miralles et al, 2014). To the linkage
between ENSO and TP TCO, Zou H et al. (2001) and Chen P et al.
(2023) have pointed out that El Nifio events correspond to the
TCO increase (positive anomalies) over the TP, and vice versa for
La Nifa events. Recently, Li Y et al. (2024) emphasized that the
tropopause height change associated with ENSO contributes to
the TCO anomalies over the TP. Specifically, the decrease
(increase) of tropopause height during El Nifio (La Nifia) events
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could carry ozone-rich (ozone-poor) stratospheric (tropospheric)
air into the upper troposphere and lower stratosphere (UTLS)
regions, inducing the positive (negative) TCO anomalies over the
TP (Li Y et al., 2024).

Community Earth System Model version 2 — the Whole Atmo-
sphere Community Climate Model (CESM2-WACCM) is a new
generation of Earth system model developed by the National
Center for Atmospheric Research (NCAR) in the United States
(Gettelman et al., 2019). CESM2-WACCM considers the atmo-
sphere, land, ocean, river, sea ice, land ice, as well as ocean waves,
with WACCM6 representing its atmospheric component (Danaba-
soglu et al, 2020; Davis et al., 2023). In addition to the CESM2-
WACCM model, there is another CESM2 as part of the Coupled
Model Intercomparison Project Phase 6 (CMIP6), which is based
on the CESM2-WACCM model and called CESM2-WACCM-FV2.
Although the horizontal resolution of the atmosphere and land in
the CESM2-WACCM-FV2 model has been reduced, the finite
volume method is used in the dynamic core part, which may help
to more accurately simulate the flow of the atmosphere and
ocean (Eymard et al., 2000; Keeble et al., 2021). Previous studies
have shown that the CESM-WACCM model can simulate the
ozone dynamics over the TP and the impact of SST on ozone
change well. For example, Zhang JK et al. (2015) demonstrated
that WACCM3 has a good simulated performance of mid-latitude
ozone change and its dynamic linkage with ENSO; Wan LF et al.
(2017) successfully simulated the double-core structure of the
summer ozone valley over the TP using WACCM3, and provided
good simulation results for the center location of the UTLS ozone
valley; Yu SY et al. (2022) utilized the historical simulations from
WACCM to effectively reproduce the wave pattern of the climato-
logical ozone; Li Y et al. (2024) used WACCM4 to analyze the
impact of ENSO on summertime TCO low over the TP.

WACCMS6 includes the coupling process of atmospheric chemistry-
radiation-dynamics in the stratosphere. It is one of the best
models in the CMIP6 for simulating the stratosphere and TCO
(Gettelman et al., 2019; Keeble et al., 2021; Rao J et al., 2023a).
Given the integration of the latest atmospheric chemistry-climate
model (WACCM6) involved in the CESM2, we choose all CESM2
models available in CMIP6, which includes WACCM6: CESM2-
WACCM and CESM2-WACCM-FV2. This study uses their historical
simulation results to analyze the impact of ENSO on TCO over the
TP and its potential physical processes during winter (December-
January-February; DJF), when the interannual variation of TP TCO
(Figure S1) and ENSO (Timmermann et al., 2018; Li Y et al., 2024)
are strongest.

This study focuses the following key questions: (1) What is the
performance of the CESM2-WACCM and CESM2-WACCM-FV2
models in simulating the climate mean and variability of winter-
time TP TCO? (2) Can these two models capture the statistical
correlation and physical linkage between wintertime ENSO and TP
TCO? These studies could not only help to deepen our under-
standing of the mechanisms underlying the interannual variation
of TP TCO, but also demonstrate the capabilities of the new gener-
ation of CESM models in reproducing ozone changes over the TP.

2. Data and Methods

2.1 Data

The TCO observational data utilized in this study originated from
merged satellite records provided by the Copernicus Climate
Change Service (C3S), with a horizontal resolution of 0.5° x 0.5°.
The satellite data merged 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 Ultravio-
let Radiometer (BUV-Nimbus4, 1970-1980), Total Ozone Mapping
Spectrometer (TOMS-EP, 1996—2006), a series of Solar Backscatter
Ultraviolet Radiometers (SBUV, 1985-—present), and Ozone
Mapping and Profiler Suite (OMPS, 2012—present). This dataset's
monthly gridded average TCO values exhibit long-term stability of
less than 1% per decade. The systematic and random errors of the
data are below 2% and 3-4%, respectively (Li YJ et al., 2020; Li Y et
al., 2024). The historical simulations of CESM2-WACCM and CESM2-
WACCM-FV2 models include mole fraction of ozone, air pressures,
temperatures, geopotential heights, and sea surface tempera-
tures. CESM2-WACCM model has a horizontal resolution of 0.9° x
1.25°, while the CESM2-WACCM-FV2 model has a resolution of 1.9°
x 2.5° (Keeble et al., 2021; Mmame et al., 2023). The simulations for
both models are provided by CMIP6, covering the pressure levels
from 1000 hPa to 1 hPa. Given that the satellite observation data
began in 1979 and the model's historical simulations ended in
2014, we select the overlapping period of all data in this study
(1979-2014). The anomalies represent the deseasonalised anoma-
lies with respect to the period 1979-2014. The monthly sea
surface temperature (SST) data is provided by the Hadley Centre
Sealce and SST dataset version 1 (HadISST1), which has a resolution
of 1.0° x 2.5° (Rayner et al., 2003). Following previous studies (e.g.
Li Y et al.,, 2024), we selected the latitude-longitude domain of
27.5-37.5°N, 75.5-105.5°E as the TP region. Furthermore, the
boundary of the TP region is based on the study by Zhang YL et al.
(2002). In addition, the Nifio 3.4 index from the National Oceanic
and Atmospheric Administration's (NOAA) Climate Prediction
Center (CPC) is used in this study to represent ENSO.

2.2 Methods
For the tropopause height, this study follows the thermodynamic
definition put forth by the World Meteorological Organization
(WMO). The tropopause height is defined as the lowest level at
which the lapse rate decreases to 2 K/km or less, provided that the
average lapse rate between this level and all higher levels within 2
km does not exceed 2 K/km (WMO, 1957). Based on the relationship
between altitude and air pressure, the average temperature T
between the two isobaric surfaces P, and P, is (Wallace et al,
1998; Holton and Hakim, 2013; Sun C et al., 2017):

=1
=7 x (ln ﬁ—;) x AZ,
where g and R represent 9.80665 m-s—2 and 287 J-kg~"-K-, respec-
tively. AZ represents the difference in geopotential height
between the two isobaric surfaces. If AZ in Equation (1) is the time-
averaged perturbation value AZ', then the perturbation value of
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the average temperature AT' is:

-1
AT' = % x(ln';—;) xAZ',

From Equation (2), the perturbation of the average temperature
between the two isobaric layers P, and P, is proportional to the
thickness of the perturbation. Specifically, if the perturbed layer
becomes thinner (thicker), the mean temperature within that
layer should decrease (increase). Consequently, Equation (2) is
used in this study to discuss the effect of atmospheric thickness
on tropospheric temperature (Wallace et al., 1998; Sun C et al.,
2017; Zhang YZ et al., 2022).

Pearson correlation coefficient is used to investigate the statistical
relationship between ENSO and TP TCO. This study utilizes the
two-tailed Student’s t-test to examine the significance of the
correlation coefficient (Pearson, 1894; Lomax and Hahs-Vaughn,
2013).

3. Results

3.1 Assessment of CESM2-WACCM, CESM2-WACCM-FV2
Models

Figure 1 shows the spatial pattern of the wintertime TCO climate
mean and its standard deviation over the TP in the C3S satellite
observations and simulations of CESM2-WACCM and CESM2-
WACCM-FV2 models. Comparing the three spatial patterns in
Figures 1a—1¢, it is suggested that the TCO climate mean from the
two models is basically consistent with that of observations.
Furthermore, all of them show significant latitudinal characteris-
tics, with a decreasing of TCO value from the northern to the
southern part of the TP. Figures 1d—1f show the standard deviation
of TP TCO during winter for both the satellite observations and
the two models. In addition to the climate mean, these two

(b) CESM2-WACCM
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models can capture the latitudinal characteristics of standard
deviation in observations (Figures 1d—1f). It can be seen from
Figure 1f that the standard deviation of CESM2-WACCM-FV2 is
larger relative to the observations, and also larger than that of
CESM2-WACCM (Figures 1d—1e). It is indicated that the CESM2-
WACCM-FV2 model has a larger wintertime interannual variability,
which may be due to its higher horizontal resolution. Comparing
the standard deviation in Figures 1d-1f, the simulation of the
CESM2-WACCM model seems to be closer to observations,
suggesting that CESM2-WACCM has a better simulation perfor-
mance in wintertime interannual variability of TP TCO. Further-
more, the spatial correlation coefficients for the TP TCO between
the models and observations are all greater than 0.9, while those
for the standard deviation exceed 0.8. In particular, the CESM2-
WACCM model exhibits higher spatial correlation compared to
CESM2-WACCM-FV2. Overall, these two models can basically
reproduce the latitudinal characteristics of wintertime climate
mean and standard deviation in the TP TCO, despite some biases
in the models. In particular, the CESM2-WACCM model better
captures the wintertime standard deviation of TP TCO.

3.2 Statistical Relationship Between ENSO and TCO over
the TP

Figure 2 shows the positive correlation between TCO anomalies
over the TP and ENSO during winter in the CESM2-WACCM and
CESM2-WACCM-FV2 models. Specifically, for El Nifo (La Nifa), a
significant increase (decrease) in SST in the equatorial east-central
Pacific Ocean corresponds to significant positive (negative) TCO
anomalies over the TP. These results from models (Figure 2) are
consistent with those of previous studies by Zou H et al. (2001)
and Li Y et al. (2024). To further validate the relationship, the
correlation of spatial pattern between the wintertime SST anoma-
lies in the tropical Pacific (30°N-30°S, 120°E—80°W) (Rasmusson

(c) CESM2-WACCM-FV2
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Figure 1. (a—c) Climate mean state and (d—f) standard deviation of total column ozone (TCO, Unit: DU) over the Tibetan Plateau (TP) during
winter (December-January-February; DJF), from 1979 to 2014, for C3S satellite observation, CESM2-WACCM model, and CESM2-WACCM-FV2

model.
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Figure 2. The correlation pattern between the TCO anomalies over the TP and the Nif03.4 index during winter from 1979 to 2014 for the (a)
CESM2-WACCM and (b) CESM2-WACCM-FV2 model simulations. Dotted regions indicate statistical significance at the 90% confidence level.

and Carpenter, 1982; Li Y et al., 2019) and the time series of
anomalous TP TCO is plotted (Figure 3). Figure 3a shows the
correlation between SST anomalies and TP TCO anomalies, and
we find that there is a strong positive correlation in the eastern
tropical Pacific. Compared with Figures 3a—3c, it is found that the
simulations are roughly consistent with observations. Particularly,
the CESM2-WACCM model seems to perform a better simulation,
because the significantly positive correlation of CESM2-WACCM-
FV2 extends to the western tropical Pacific. As shown in Figures
3b-3¢, these two models have a significant positive correlation
between the tropical Pacific SST anomalies and TCO anomalies
over the TP during winter. In addition, the significant spatial distri-
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Figure 3. The correlation pattern between the sea surface
temperature (SST) anomalies and the time series of TP TCO anomalies
during winter from 1979 to 2014, for (a) observations, and the (b)
CESM2-WACCM and (c) CESM2-WACCM-FV2 model simulations.
Dotted regions indicate statistical significance at the 90% confidence
level.

bution shows a "seesaw" pattern of warming and cooling
between the eastern and western tropical Pacific (Figure 3), which
is similar to the spatial pattern of ENSO. When the TCO anomalies
over the TP increase (decrease), it corresponds to the warming
(cooling) of the tropical east-central Pacific (Figure 3). This indicates
that the linkage between the TCO anomalies over the TP and the
ENSO is consistent with that of observations (Li Y et al., 2024).

3.3 Physical Linkage Between ENSO and TCO over the TP

The TCO is the sum of the partial column ozone (PCO) from the
surface to the top of the atmosphere (Ziemke et al., 2001). To
better understand the influence of ENSO on the TP TCO, Figure 4
shows the correlation coefficients between PCO over the TP and
ENSO at different pressure levels for the CESM2-WACCM and
CESM2-WACCM-FV2 simulations. With the increasing altitude, the
correlation coefficients between PCO and ENSO exhibit an
upward trend until 50 hPa. It is noted that their correlation peaks
at 150 hPa, at an altitude is consistent with the wintertime mean
tropopause height over the TP (Li Y et al., 2024). In addition, the
correlation between PCO and ENSO is significant within the pres-

(a) CESM2-WACCM (b) CESM2-WACCM-FV2
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Figure 4. The correlation between partial column ozone (PCO)
anomalies over the TP and the Nif03.4 index during winter from 1979
to 2014 for the (a) CESM2-WACCM and (b) CESM2-WACCM-FV2 model
simulations. The horizontal gray dashed line represents 150 hPa
pressure layer, the vertical gray dashed line represents the correlation
coefficient zero line, and the red curve represents the correlations that
exceed the 90% confidence level or the probability value that is less
than 0.1 (p < 0.1).
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sure range from 250 to 50 hPa in CESM2-WACCM model (p < 0.1,
red area in Figure 4a). Similarly, it is significant within the pressure
range from 200 to 50 hPa in CESM2-WACCM-FV2 model (Figure
4b). The pressure layers that pass the significance test are essen-
tially the same for both models, concentrated in the UTLS region
of TP. In addition, we investigated the vertical profile of the corre-
lation between the percentage change in ozone concentration
over the TP and ENSO (Figure S2), which is consistent with that of
PCO (Figure 4). In the CESM2-WACCM and CESM2-WACCM-FV2
models, these results indicate that ENSO could affect the PCO
change in the UTLS region and thus contribute to the TCO anoma-
lies over the TP. This is consistent with analysis of the observations
(Li Y et al., 2024), and further demonstrates the ability of these two
models to simulate the influence of ENSO on the TP TCO.

The tropopause serves as the boundary between the stratosphere
and the troposphere. Many studies have found that there is a
strong correlation between the tropopause height and TCO
(Zhang JK et al, 2015; Li Y et al, 2024). Atmospheric ozone is
mainly concentrated in the stratosphere and less in the tropo-
sphere. When the tropopause rises (descends), the atmosphere of
the troposphere will become thicker (thinner) and the atmosphere
of the stratosphere will become thinner (thicker), corresponding
to adecrease (increase) in TCO (Tung and Yang H, 1988; Steinbrecht
etal., 1998; Li GH et al., 2003). Based on the results in Figure 4, this
study finds that the significant correlation between ENSO and
PCO occurs in the UTLS region, with the strongest correlation
observed at 150 hPa. Given that the wintertime average
tropopause height over the TP is about 150 hPa, this further
suggests the potential influence of tropopause height variations
on the TP TCO. Figure 5 shows the correlation between ENSO and
tropopause pressure over the TP during winter. This result indicates
that the two models exhibit a significant positive correlation
between ENSO and tropopause pressure, with the significant
anomaly roughly located between 30°-35°N (Figure 5). The posi-
tive correlation suggests that the El Nifio (La Nifia) events corre-
spond to the increasing (decreasing) tropopause pressure over
the TP, which is consistent with the results of the observational
analysis (Li Y et al., 2024).

Based on the results in Figures 2-5, it is known that the TCO
anomalies associated with ENSO are linked to the tropopause
height change over the TP. It has been pointed out that tropo-

(a) CESM2-WACCM
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sphere air temperature could induce changes in tropopause
height (Seidel and Randel, 2006; Peethani et al., 2014). ENSO can
affect the tropopause height via modulating the tropospheric
temperature over the TP (Li Y et al., 2024). How, then, does ENSO
induce the change of tropospheric air temperature over the TP?
According to Equation (2), the upper-level atmospheric circulation
can change the tropospheric air temperature by modifying atmo-
spheric thickness. Specifically, an increase (decrease) in the
geopotential height of the upper troposphere leads to warming
(cooling) of the tropospheric air temperature (Wallace et al., 1998;
Sun Cetal., 2017; Zhang YZ et al., 2022).

Since the wintertime climate mean of tropopause height over the
the whole TP region is roughly located at 150 hPa, we will investi-
gate the correlation between the 150 hPa geopotential height
anomalies and ENSO in the two models (Figures 6a—6b). There is a
significant negative correlation in the two models, indicating that
the El Nifio events corresponds to negative geopotential height
anomalies over the TP, and vice versa for the La Nifia. The anoma-
lous geopotential height of 150 hPa associated with ENSO could
be attributed partly to atmospheric teleconnections from the
tropical Pacific and Indian Oceans, and partly to the thermal
dynamics between the Indian Ocean and the plateau. (Li Y et al.,
2024). Based on equation (2), if upper level geopotential height
cause the increasing air thickness, the tropospheric air temperature
associated with thickness (Tthickness) will warm. In this study, the
Tthickness over the TP at 700-150 hPa for the CESM2-WACCM
and CESM2-WACCM-FV2 models is calculated by using equation
(2). As shown in Figures 6c—6d, there is a significantly negative
correlation between Tthickness and ENSO. In the simulations
provided by the two models, it is noted that these negative corre-
lations are stronger in the southern region of the TP (Figures
6c—6d). These patterns are consistent with the distribution of the
correlation results of the tropopause heights. This indicates that
150 hPa geopotential height anomalies play a key role in the
Tthickness, which is modulated by the upper atmospheric circula-
tion.

From the above analysis, it is evident that the CESM2-WACCM and
CESM2-WACCM-FV2 models could reproduce the physical linkage
between ENSO and TP TCO. In cases where the geopotential
height of 150 hPa associated with El Nifio (La Nifa) decreases
(increases), the atmospheric thickness decreases (increases) and

(b) CESM2-WACCM-FV2
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Figure 5. The correlation pattern between the tropopause pressure anomalies over the TP and the Nifno3.4 index during winter from 1979 to
2014, for the (a) CESM2-WACCM and (b) CESM2-WACCM-FV2 model simulations. Dotted regions indicate statistical significance at the 90%

confidence level.
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Figure 6. The correlation pattern between the wintertime Nifio3.4 index and (a—b) 150 hPa geopotential height anomalies over the TP, as well as
(c—d) the air temperature associated with the thickness of the TP from 1979 to 2014 for the CESM2-WACCM and CESM2-WACCM-FV2 model
simulations. Dotted regions indicate statistical significance at the 90 % confidence level.

thus cools (warms) the tropospheric temperature, which in turn
induces a lowering (raising) of the tropopause height. Such
tropopause height decrease (increase) is responsible for the
increase (decrease) in the TP TCO. This is consistent with the
results of Li Y et al. (2024), which are based on observations, indi-
cating that the CESM2-WACCM and CESM2-WACCM-FV2 models
could effectively capture the influence of ENSO on TCO over the
TP and its associated potential process.

4. Conclusion and Discussion

Based on the latest generation of Earth system models CESM2-
WACCM and CESM2-WACCM-FV2, which incorporate the coupling
process of stratospheric chemistry-radiation-dynamics, this study
evaluated their simulation capabilities in modeling the impact of
ENSO on TCO over the TP. Our conclusions are as follows:

(1) The CESM2-WACCM and CESM2-WACCM-FV2 models can basi-
cally simulate the latitudinal characteristics of wintertime climate
mean and standard deviation in the TP TCO, despite some biases
in the models. Both models exhibit a decreasing zonal pattern
from north to south. Particularly, CESM2-WACCM performs better
in capturing the wintertime standard deviation of TP TCO, which
may be due to its higher resolution than CESM2-WACCM-FV2 (Rao
J et al,, 2023a, b). Additionally, the CESM2-WACCM model better
reproduces the QBO signal than CESM2-WACCM-FV2, which may
be responsible for the TCO variability through the influence of the
QBO on TCO (Randel et al., 2011; Zhang JK et al., 2021; Wang WK
et al,, 2022; Rao J et al,, 20233, b). In addition, ENSO is a global-
scale interannual variability, affecting not only TP TCO but also
TCO in the East Asian and Pacific regions (Figures S3-57).

(2) In the CESM2-WACCM and CESM2-WACCM-FV2 models, there
is significant positive correlation between the TCO anomalies over
the TP and ENSO during winter. Specifically, El Nifio (La Nifa)

corresponds to significant positive (negative) TCO anomalies over
the TP. In addition, compared with other areas at the same lati-
tude, the ozone over the TP is significantly lower, indicating the
presence of an ozone low center over the TP (Rao J and Garfinkel,
2020; Li Y et al., 2024). We found that there is a positive correlation
between the zonal TCO anomalies over the TP and ENSO in both
models (Figure S8). The larger the zonal TCO anomalies, the
weaker the ozone low center, which suggests that El Nifio (La
Nifia) weakens (strengthens) the ozone low center (Figure S8).

(3) The significant correlation between ENSO and PCO occurs in
the UTLS region, with the strongest correlation observed at 150
hPa, which is the wintertime average of tropopause height over
the TP. Both models exhibit a significant positive correlation
between ENSO and tropopause height, suggesting that the El
Nifio (La Nifa) events correspond to the increasing (decreasing)
tropopause height over the TP.

(4) Based on the historical experimental simulation results of two
Community Earth System Models, CESM2-WACCM and CESM2-
WACCM-FV2, the main physical mechanism behind the positive
correlation between ozone over the TP and ENSO is as follows: If
an El Niflo (La Nifa) event occurs, the geopotential height of 150
hPa decreases (increases), and the atmospheric thickness
decreases (increases), thereby causing the cooling (warming)
tropospheric temperature, which in turn induces a decreasing
(increasing) of the tropopause height. The decrease (increase) in
tropopause height leads to the increasing (decreasing) TCO over
the TP. The results of the two models are basically consistent with
observations (Li Y et al.,, 2024), indicating that these two models
can basically capture the impact of ENSO on the TCO over the TP
and its potential process. In addition, Shen L et al. (2024) explored
the possible reasons for the positive correlation between ozone
over the TP and ENSO from stationary transport. They pointed out
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that the stationary transport has a larger impact on the ozone
valley formation than the transient transport (Shen L et al., 2024).
The eddy-driven stationary ozone transport flux significantly
impacts the development of low ozone centers over the TP, which
shows the significance of such eddies in the formation of the
ozone valleys over high-terrain regions (Shen L et al.,, 2024). This
further indicates that the physical mechanism of the linkage
between ENSO and TP TCO may be also related to the influence of
eddy-driven ozone transport (Shen L et al., 2024). Considering that
we focus on the potential impact of tropopause change associated
with ENSO on TP TCO, future work is needed for a better under-
standing of TP TCO change, through investigating the synergistic
impact of eddy-driven ozone transport and tropopause change.
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