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Abstract. Ozone variability over the Tibetan Plateau (TP) is complex, and our understanding of the factors
driving surface ozone variations on the plateau remains incomplete. We combine in-situ observations from the
Nam Co (NMC) and Nepal Climate Observatory-Pyramid (PYR) stations with the global atmospheric chemistry-
climate model EMAC to analyze the sources and spatiotemporal variations of surface ozone over TP. The three
ozone source regions, i.e., the Northern Hemisphere and Tropical Stratospheric Source (NTST), Northern Hemi-
sphere Mid-High Latitude Tropospheric Source (NHTS), and Tropical Tropospheric Source (TRTS), are consid-
ered. The results reveal strong seasonal and daily variability in the contributions of these sources to TP surface
ozone. Regulated by the changes in the position and intensity of the subtropical westerly jet, surface NTST-O3
is highest in spring, reaching a daily maximum contribution of 30 % at both stations. The efficient transport of
NHTS-O3 by zonal circulation from source areas, including Central Asia, West Asia, and Europe, results in a
summertime maximum of surface ozone in the northern TP, and even influences surface ozone on the central
and southern TP, with a daily maximum contribution of 62 % at NMC and 58 % at PYR in summer. During the
pre-monsoon period, enhanced TRTS-O3 in South and Southeast Asia leads to annual surface ozone peaks in the
southern and central TP, with a daily maximum contribution of 93 % at NMC and 98 % at PYR. With ongoing
changes in the emissions of ozone precursors from the aforementioned areas, impacts on surface ozone over TP
require continued investigation.

1 Introduction

Tropospheric ozone (O3) is an important greenhouse gas,
with a radiative forcing second only to carbon dioxide and
methane (Myhre et al., 2013; Ramanathan et al., 1987). It is
also a major source of hydroxyl radicals (OH), which con-
trols the oxidizing capacity of the atmosphere (Lelieveld et
al., 2016; Levy, 1971; Weinstock and Niki, 1972). As an oxi-
dant and pollutant, elevated surface O3 poses serious risks to
human health and terrestrial vegetation (Desqueyroux et al.,

2002; Lefohn et al., 2018; Shindell et al., 2012). Since the
Industrial Revolution, increased global pollutant emissions
driven by anthropogenic activities have resulted in a marked
rise in tropospheric O3 concentrations across many regions
(Hough and Derwent, 1990; Monks et al., 2015; Vingarzan,
2004).

Stratospheric intrusion constitutes a significant source of
tropospheric O3 (Cristofanelli et al., 2003; Holton et al.,
1995; Stohl et al., 2003; Tang et al., 2011). Typically, strato-
spheric intrusions are characterized by elevated O3 concen-
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trations at the tropopause and in the mid-troposphere, accom-
panied by high potential vorticity (PV) and low relative hu-
midity (RH) (James et al., 2003; Kim and Lee, 2010; Zhao et
al., 2021b). Stratospheric intrusion events are associated with
upper-level jet streams. Seasonal variations in the frequency
and intensity of these intrusions have been observed between
low-latitude and mid-latitude regions, where jet stream ac-
tivity is more pronounced (Ding and Wang, 2006; Ni et al.,
2019). Long-term climatological analyses have identified the
Tibetan Plateau as a global hotspot for deep stratosphere-to-
troposphere exchange events, particularly during the boreal
winter and spring (Škerlak et al., 2014). Due to its high el-
evation and correspondingly elevated boundary layer height,
the Tibetan Plateau is recognized as a region where strato-
spheric O3 intrusions exert a substantial impact on surface O3
concentrations (Ding and Wang, 2006; Ma et al., 2002a; Yin
et al., 2023).

Near-surface O3 pollution episodes frequently occur in
regions with substantial anthropogenic emissions of ozone-
precursors. However, O3 and its precursors can be trans-
ported over thousands of kilometers via atmospheric circula-
tion, reaching even remote regions and thereby significantly
altering the distribution of surface O3 (Jacob et al., 1999).
When O3 and its precursors are transported from the bound-
ary layer into the free troposphere by atmospheric circula-
tion, their lifetimes are extended, allowing pollutants to be
conveyed from sources in Europe, Asia, and North America
to hemispheric and even global scales (Lelieveld and Den-
tener, 2000). Studies have shown that pollutants from North
America can affect the central Atlantic within just 6 to 15 d,
especially in spring and summer, contributing 3 to 5 ppbv
and 10 to 13 ppbv to O3 concentrations in Europe, respec-
tively (Guerova et al., 2006). Trans-Eurasian pollutant trans-
port also exerts a significant impact on O3 concentrations
in China and East Asia (Yoshitomi et al., 2011); while pol-
lutants from India and the Middle East significantly affect
O3 concentrations in western China during the summer (Li
et al., 2014). Within the Chinese domain, the Asian Summer
Monsoon circulation transports pollutants from the southern
to northern regions in eastern China, resulting in elevated
regional background O3 concentrations (Liu et al., 2020).
Model simulations indicate that the Tibetan Plateau acts as
a net sink for tropospheric O3 in summer, with its surface O3
primarily transported from the regions outside China (Ma et
al., 2002a, c).

Due to its sparse population and low level of industrializa-
tion, the Tibetan Plateau ranks among the cleanest regions on
Earth, and the spatiotemporal distribution of tropospheric O3
over the plateau is primarily governed by dynamical transport
(Ma et al., 2022). Long-term in situ measurements of sur-
face O3 on the Tibetan Plateau began at the Waliguan base-
line station in 1994 (Ma et al., 2002b). Subsequent observa-
tions have shown significant differences in the seasonal vari-
ation characteristics of surface O3 across different latitudes
on the Tibetan Plateau, which have been categorized into two

types: the spring maximum type and the summer maximum
type (Ma et al., 2022; Yin et al., 2017). The Waliguan sta-
tion in the northeastern Tibetan Plateau is a typical summer
maximum type location, where surface O3 exhibits a sea-
sonal variation pattern with the maximum mostly occurring
in summer and the minimum in winter (Ma et al., 2002b; Xu
et al., 2016, 2018a; Zhu et al., 2004). In contrast, surface O3
at the Nam Co Comprehensive Observation Station, Dangx-
iong Station, and Lhasa Station in the central Tibetan Plateau
shows a regular seasonal cycle, with a maximum in spring
(Lin et al., 2015; Ran et al., 2014; Yin et al., 2017). At the
southern edge of the plateau, surface O3 concentrations at the
Nepal Climate Observatory-Pyramid (a global atmospheric
background station) and China’s Xianggelila Regional At-
mosphere Background Station have an annual maximum dur-
ing the pre-monsoon period (March–May),and a minimum
during the summer monsoon season. This pattern is closely
linked to the strong moisture transport and enhanced precip-
itation brought by the Asian summer monsoon (Cristofanelli
et al., 2010; Ma et al., 2014).

Numerous studies have been conducted, and various
mechanisms have been proposed to explain the causes of
surface O3 seasonal peaks at various stations on the Tibetan
Plateau. For example, the summer O3 peak at Waliguan has
been attributed by some studies to frequent stratospheric in-
trusion events (Ding and Wang, 2006; Liang et al., 2008),
while other studies suggest that it is influenced by air mass
transport from central-eastern China, South Asia, Central
Asia, and even Europe (Li et al., 2009; Xue et al., 2011;
Zhu et al., 2004). Still others argued that it results from the
combined effect of stratospheric intrusion and long-range
transport from outside the region .(Lee et al., 2007; Ma
et al., 2002c; Xu et al., 2018a). Additionally, some stud-
ies have shown that the increase in surface O3 at Waliguan
in late spring is due to enhanced tropospheric photochem-
istry (Zheng et al., 2011). Recent research indicates that
the monthly variability of surface O3 across the Tibetan
Plateau is largely controlled by stratospheric intrusion (Yin
et al., 2023). Observational studies at Xianggelila Station and
Nepal Pyramid Station have shown that abundant water va-
por from the South Asian Summer Monsoon increases cloud
cover and precipitation, significantly reducing surface O3
concentrations during the summer (Ma et al., 2014; Marinoni
et al., 2013; Putero et al., 2014).

While observational and modeling studies have confirmed
the importance of stratospheric intrusions and dynamic trans-
port to surface O3 over the plateau, debate persists over
the relative contributions of stratospheric intrusions versus
long-range tropospheric transport for different sites and sea-
sons. Furthermore, quantitative analyses of the sources of
surface O3 at individual stations lack consistent conclusions.
Therefore, research integrating both observational and mod-
eling evidence is needed to reduce these attribution uncer-
tainties. Given that the central and southern Tibetan Plateau
lies adjacent to the heavily polluted South Asian region and
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is significantly influenced by the South Asian monsoon, the
sources and variability of surface O3 in this area warrant fur-
ther investigation.

Extensive in situ and satellite observations may provide in-
formation on the distribution and trends of tropospheric O3
(Archibald et al., 2020; Tarasick et al., 2019). However,
constrained by incomplete observational station coverage
and the limited ability of satellites to detect surface O3
(Hayashida et al., 2018), the understanding of the spatiotem-
poral distribution and variation mechanisms of O3 across
the globe is still incomplete, in particular over the Tibetan
Plateau (Ma et al., 2022; Oltmans et al., 1996). Global atmo-
spheric chemistry-circulation models can not only fill these
observational gaps, but also help interpret observational re-
sults, revealing key processes and factors influencing O3 dis-
tribution, variability and trends (Young et al., 2018).

This study aims to investigate surface O3 sources and
their variation characteristics in the central and south-
ern Tibetan Plateau using measurements from two sta-
tions and ECHAM/MESSy atmospheric chemistry-climate
model (EMAC) simulations. Section 2 presents basic infor-
mation on the two stations located in the central and southern
Tibetan Plateau and the EMAC model used in this study. Sec-
tion 3 evaluates the EMAC model’s simulation performance
in reproducing surface O3 variability at the two stations. Sec-
tions 4 and 5 present the contributions of stratospheric O3
and tropospheric O3 generated in different latitude bands
to surface O3 at the two stations, and examine the impacts
of stratospheric O3 intrusion and tropospheric O3 transport
from different source regions on surface O3 over the Tibetan
Plateau. Section 6 summarizes the conclusions of this study.

2 Observational stations and model description

2.1 Observational stations

The Nam Co Comprehensive Observation Station (30.77° N,
90.98° E, 4730 m a.s.l. (above sea level), and hereafter re-
ferred to as NMC) is located between the southeastern shore
of Nam Co Lake and the northern hills of the Nyainqêntan-
glha Mountains in the central and southern Tibetan Plateau
(Fig. 1). NMC experiences a dry and cold climate and is rep-
resentative of typical alpine regions. The station is primar-
ily influenced by three major synoptic systems: the South
Asian Anticyclone, the subtropical high-pressure system, and
southeastern warm and humid air masses. There are no con-
centrated industrial areas within a 100 km radius of NMC,
and even during the tourist peak season, local traffic is lim-
ited to a few vehicles passing through the area. Thus, the sta-
tion is not locally influenced by major anthropogenic pol-
lution sources (Xu et al., 2018b; Yin et al., 2017). For this
study, surface O3 was observed at NMC from 24 April 2011
to 14 July 2012.

The Nepal Climate Observatory at Pyramid (27.57° N,
86.48° E, 5079 m a.s.l., and hereafter referred to as PYR)
is situated at the confluence of the Lobuche and Khumbu
glacier valleys (Fig. 1). PYR is located on the southern edge
of the Tibetan Plateau, with tundra as its primary vegeta-
tion cover. The air masses at PYR are strongly influenced
by synoptic-scale circulations and local mountain winds, and
thus by the transition between the summer and winter mon-
soons. PYR is remote from major anthropogenic pollution
sources, with only small villages along the valley; the near-
est major urban area is Kathmandu, approximately 200 km
to the southwest (Bonasoni et al., 2008, 2010; Cristofanelli
et al., 2010). PYR is one of the 32 baseline stations within
the World Meteorological Organization (WMO) Global At-
mosphere Watch (GAW) programme. The surface O3 data for
PYR used in this study were obtained from the World Data
Centre for Reactive Gases (WDCRG), which serves as the
central repository and archive for reactive gas data under the
WMO/GAW programme (https://ebas-data.nilu.no, last ac-
cess: 12 November 2024). For this study, the surface O3 data
at PYR span from 1 January 2010 to 31 December 2012.

2.2 Model description

The EMAC (ECHAM/MESSy Atmospheric Chemistry)
model is an Earth system model that combines the fifth-
generation general circulation model (ECHAM5), with the
Modular Earth Submodel System (MESSy) (Jöckel et al.,
2006, 2010). This model incorporates numerous submodels
designed to simulate processes in the troposphere and mid-
dle atmosphere, as well as their interactions with the ocean,
land, and human activities (Jöckel et al., 2005, 2010, 2016).
EMAC has been widely applied in studies related to atmo-
spheric chemical and climatic effects. Numerous studies have
evaluated the EMAC model using observational data from
surface stations, aircraft, and satellite measurements of trace
gases and aerosols in both the troposphere and stratosphere
(Eckstein et al., 2017; Jöckel et al., 2006; Kluge et al., 2023;
Liu et al., 2020; Ma et al., 2019). By integrating processes
such as chemical integral, physical processes, parameteriza-
tion, and diagnostic calculations, the model system can effec-
tively simulate complex dynamical, cloud, radiation, chem-
istry, emission, and deposition processes in the troposphere
and stratosphere (Jöckel et al., 2005, 2010).

The EMAC model version used in this study is a combina-
tion of ECHAM5 version 5.3.02 and MESSy version 2.52.
Detailed information on the modules and operational pa-
rameter settings used in the simulation can be found in Ma
et al. (2019); only a brief overview is provided here. The
chemical kinetics module of EMAC employs the MECCA
(Module Efficiently Calculating the Chemistry of the At-
mosphere) gas-phase and heterogeneous chemical reaction
module, which includes various chemical reactions that com-
prehensively describe the variations of O3 and free radicals
in the stratosphere and troposphere. Emission sources from
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Figure 1. Location map of the NMC and PYR stations. The topographic background is provided by the ArcGIS World Imagery Map
(https://doc.arcgis.com/en/data-appliance/6.4/maps/world-imagery.htm, last access: 23 May 2025). The blue lines refer to the 3000 m terrain
height contour, highlighting the Tibetan Plateau. Sources: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGN, IGP,
UPR-EGP, and the GIS User Community |Powered by Esri.

fossil fuel combustion and biomass burning were simulated
based on the Representative Concentration Pathways sce-
nario 8.5 (RCP8.5) inventory (Jöckel et al., 2016). The RCP
emission inventories have been used within the global atmo-
spheric chemistry-climate model simulations in support of
World Meteorological Organization (WMO)/United Nations
Environment Programme (UNEP) ozone and International
Global Atmospheric Chemistry (IGAC) climate assessments
(Jöckel et al., 2016). The RCP8.5 global emission inventory
has a horizontal grid resolution of 0.5° by 0.5° at monthly
intervals and vertical distributions as described in Pozzer et
al. (2009), and it is a reasonable choice for anthropogenic
emissions over the period from 2000 to 2010 (Granier et al.,
2011; Pozzer et al., 2015). The monthly RCP8.5 emissions
in 2010 are used in this study.

The model spectral resolution used in this study was
T106L90, which corresponds to a horizontal grid resolu-
tion of approximately 1.125°× 1.125° and 90 vertical lay-
ers extending from the surface to an altitude of 0.01 hPa.
The model simulation period spans from 2010 to 2012, with
an integration time step of 6 min. In the simulation, the
meteorology was nudged by Newtonian relaxation towards
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) operational analysis data (including temper-
ature, vorticity, divergence, and surface pressure). This ap-
proach makes the simulation results closely match the actual
atmospheric state and facilitates comparison with observa-
tional data. The simulation results were output at one-hour
intervals for analysis.

We use the model lowest layer, which is approximately at
60 m a.g.l. (above ground level), for surface ozone analyses.
In the EMAC model, the nearest grid point to NMC is located
at 30.84° N, 91.13° E, with a topographic height of 4644 m,
which is 86 m lower than the observational site altitude. This
grid point is suitable for capturing the topographic character-
istics of NMC. PYR is located on the southern edge of the
Tibetan Plateau, where the terrain is steep and highly hetero-
geneous. At a model resolution of 1.125°× 1.125°, subgrid-
scale topographical features and local dynamics cannot be
fully resolved. The model grid cell closest to PYR (27.48° N,
86.63° E) has a terrain elevation of only 2307 m, resulting in
a discrepancy of 2772 m relative to PYR’s actual elevation,
and therefore cannot represent PYR. We instead selected the
neighboring grid cell at 28.60° N, 86.63° E, whose elevation
(4865 m) is much closer to the station altitude and better
captures the surrounding topographic setting. A comparison
among the nearby candidate grid cells shows that the lower-
elevation cell would produce even higher surface O3, which
would further increase the positive bias at PYR. We there-
fore regard the remaining PYR bias as a consequence of the
model’s limited ability to represent complex topography and
local meteorology, rather than as a problem that can be re-
moved by choosing a different nearby grid cell.

The EMAC model employs the O3 source-tagging tech-
nique (O3_ORIG) to conduct tagging simulations of O3 pro-
duced at 14 different latitude and altitude bands worldwide
(Grewe, 2006; Jöckel et al., 2016; Roelofs and Lelieveld,
1997). The 14 O3 tracer source regions defined in the model
are illustrated in Fig. S2. Each O3 tracer is generated ex-
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clusively within its corresponding source region but is sub-
ject to chemical loss and transport throughout the entire
simulation domain. Based on a quantitative analysis of the
relative percentage contributions of each source region to
surface O3 at NMC and PYR (Table S2), the 14 original
source regions were consolidated into three broader cate-
gories, i.e., the Northern Hemisphere and Tropical Strato-
spheric Source (NTST), the northern mid-high latitude tro-
posphere (NHTS), and the tropical troposphere (TRTS)
(Fig. S3).

3 Comparison between the model simulations and
site observations

Figure 2 presents the variations in the observed and sim-
ulated surface O3 mixing ratios as a function of time at
NMC (April 2011–July 2012) and PYR (January 2010–
December 2012). The observed surface O3 mixing ratio at
NMC exhibits significant interdaily variability, with a maxi-
mum of 24.7 ppbv and an average of 4.7 ppbv; this variability
is most pronounced in summer (Fig. 2a). The observed inter-
daily variation in surface O3 at PYR is relatively smaller than
at NMC, with a maximum interdaily difference of 17.9 ppbv
and an average of 3.4 ppbv; the interdaily variability is also
most pronounced in summer. One can see from Fig. 2a that
surface O3 simulated by EMAC shows interdaily variation
trends similar to the observations for both NMC and PYR.
As shown in Fig. S1 in the Supplement, the EMAC simu-
lated O3 mixing ratios exhibit strong daily correlations with
the observations at both NMC and PYR. The correlation co-
efficients (R) between the simulated and observed daily sur-
face O3 mixing ratios are 0.72 for NMC and 0.78 for PYR. It
can be concluded that the model performs well in capturing
the daily variability of surface O3 at the two sites, with a ten-
dency towards higher O3 levels in late spring/early summer.

Table 1 presents differences in the quantitative simula-
tion accuracy of the EMAC model for surface O3 mixing
ratios at the two stations. A statistical analysis of observa-
tional data shows that during the observation period, the sur-
face O3 mixing ratio at NMC has a mean and standard devia-
tion of 51.4±10.8 ppbv, which is consistent with the range of
47.6±11.6 ppbv reported for the region by Yin et al. (2017).
At PYR, the observed mean surface O3 mixing ratio was
47.8± 12.4 ppbv (Fig. 2b), which falls within the range of
historical observations (49± 12 ppbv) reported by Cristo-
fanelli et al. (2010). For the investigated period, the model-
simulated daily surface O3 mixing ratios at NMC have a
mean bias (MB) of 3.2 ppbv, a normalized mean bias (NMB)
of 6.1 %, and a relatively small simulation error (root-mean-
square error, RMSE= 10.9 ppbv). The simulated daily sur-
face O3 mixing ratios at PYR show an MB of 12.6 ppbv,
an NMB of 26.3 %, and an RMSE of 16.1 ppbv. This indi-
cates a significant overestimation of surface O3 at PYR by
the model.

Figure 2c and d displays the monthly variations in the sur-
face O3 mixing ratios at NMC and PYR, respectively. The
surface O3 mixing ratios at NMC exhibit a seasonal varia-
tion pattern characterized by the highest values in spring and
the lowest in winter, while those at PYR show a yearly cycle
with a maximum in spring and a minimum in summer. The
correlation coefficients between the simulated and observed
monthly surface O3 mixing ratios are 0.79 for NMC and
0.88 for PYR (Table 1), indicating that the model has a strong
capability to reproduce monthly-scale trends at the two sites.
For the monthly surface O3 mixing ratios, the EMAC model
exhibits an MB of 3.2 ppbv and an NMB of 6.6 % at NMC,
and an MB of 12.5 ppbv and an NMB of 26.2 % at PYR.
The RMSE at PYR (14.1 ppbv) is nearly twice as large as the
RMSE at NMC (7.7 ppbv).

The persistent positive bias at PYR indicates that the
model tends to overestimate surface O3 over the southern
Tibetan Plateau, particularly during late spring and early
summer when stratospheric influence and photochemical O3
formation are strongest. Because the model performance at
NMC is much better, the PYR bias is unlikely to arise from
a uniform overestimation across the entire Tibetan Plateau.
Instead, it likely reflects the difficulty of representing the
complex topography, local wind systems, precipitation, and
boundary-layer exchange at PYR, as well as potentially un-
derestimated dry deposition (e.g., due to underestimated veg-
etated surfaces, also because the bias is largest in the growing
season). While the bias affects the absolute magnitudes, the
simulated seasonal cycles and relative source contributions
remain robust. Consequently, we interpret the PYR source
contributions as physically meaningful within the current
model configuration, while noting that their absolute mag-
nitudes are subject to local terrain uncertainty.

4 Source attribution of surface ozone at NMC
and PYR

4.1 Contributions from ozone generated in the
stratosphere

Figure 3 presents the daily absolute contributions and relative
contributions of O3 generated from the three source regions
to surface O3 at NMC (30.77° N, located in the mid-latitudes
of the Northern Hemisphere and central Tibetan Plateau) and
PYR (27.57° N, located in the low latitudes of the Northern
Hemisphere and southern Tibetan Plateau). Table 2 summa-
rizes the average contributions of the three major sources to
surface O3 at NMC and PYR in different meteorological sea-
sons. The temporal variation characteristics of NTST-O3 at
NMC (Fig. 3a) are highly consistent with the seasonal cy-
cle of surface O3 at this site (Fig. 2a). Values of NTST-O3
at NMC are most prominent in spring, with a typical range
of 10–25 ppbv (a relative contribution range of 10 %–20 %)
and a maximum of 28 ppbv (a maximum relative contribu-
tion of 30 %). The interdaily variation amplitude of NTST-
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Figure 2. Comparisons between EMAC-simulated (blue) and observed (red) surface O3 mixing ratios (ppbv) at NMC (April 2011 to
July 2012; panels a, c) and PYR (January 2010 to December 2012; panels b, d), where panels (a, b) show daily time series and panels
(c, d) show monthly time series.

Table 1. Statistical comparison of observed and EMAC-simulated surface O3 at NMC and PYR (daily and monthly scales).

Station Observed Simulated Time r MB RMSE NMB
name mean± mean± scale (ppbv) (ppbv) (%)

standard standard
deviation deviation

NMC 51.4± 10.8 54.8± 14.7
daily 0.72 3.2 10.9 6.1
monthly 0.79 3.2 7.7 6.6

PYR 47.8± 12.4 60.3± 16.1
daily 0.78 12.6 16.1 26.3
monthly 0.88 12.5 14.1 26.2

Table 2. Average contributions of the three major sources to surface ozone at NMC and PYR stations in different seasons and monsoon
phases.

Season NMC PYR

NTST-O3 NHTS-O3 TRTS-O3 NTST-O3 NHTS-O3 TRTS-O3
(ppbv) (ppbv) (ppbv) (ppbv) (ppbv) (ppbv)

Spring 10.1 16.8 40.3 8.1 16.2 52.3
Summer 3.7 13.6 29.7 2.7 10.2 41.9
Autumn 2.7 12.4 33.2 2.6 10.6 43.2
Winter 4.9 9.6 33.4 4.7 8.8 39.7

O3 at NMC is large, with a maximum of 15 ppbv. NTST-O3
at NMC is notably smaller in summer than in spring. NTST-
O3 at NMC is lowest in autumn, with a maximum (and rel-
ative contribution) of only 7 ppbv (and 9 %). The interdaily
variation amplitude is also small in this season, with a max-

imum of 5 ppbv. In winter, NTST-O3 at NMC ranges from
1 to 18 ppbv, with a maximum relative contribution of 30 %.

As shown in Fig. 3d, NTST-O3 at PYR also exhibits a
characteristic spring peak, with a maximum of 22 ppbv (cor-
responding to a relative contribution of 30 %). The interdaily
variation amplitude of NTST-O3 at PYR is large, with a max-
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Figure 3. Daily absolute (solid lines) and relative (shaded bars) contributions of O3 produced in the three source regions (TRTS: red, NHTS:
blue, NTST: green) to surface O3 at NMC (a–c) and PYR (d–f) during 2010–2012, simulated by the EMAC model.

imum interdaily difference of 11 ppbv. Under the influence
of the monsoon circulation, NTST-O3 at PYR drops to the
lowest level in summer and autumn throughout the year. In
winter, NTST-O3 at PYR ranges from 1 to 17 ppbv, with
a maximum relative contribution of 27 %. Comparison be-
tween NMC and PYR reveals that the contribution of NTST-
O3 to surface O3 features higher peaks and more pronounced
fluctuations at NMC than at PYR, indicating that the mid-
latitude location is more susceptible to stratospheric intrusion
events.

4.2 Contributions from ozone generated in the
troposphere

The NMC site is located in the Northern Hemisphere mid-
latitudes, falling within the latitude range of the NHTS for
O3 sources in the model. The PYR site is situated in the
low latitudes of the Northern Hemisphere, lying within the
latitude range of the TRTS for O3 sources in the model.
Compared to the stratospheric source (NTST-O3), the vari-
ations of O3 from the two tropospheric sources (NHTS-O3
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and TRTS-O3) are significantly influenced by the monsoon,
showing distinct characteristics across different monsoon
phases. Based on monsoon regularity, we divide the calen-
dar year into four phases, the pre-monsoon period (1 March
to 20 June), the monsoon period (21 June to 10 September),
the post-monsoon period (11 September to 30 November),
and the winter period (December to February of the follow-
ing year).

Figure 3b shows that NHTS-O3 at NMC ranges from
1 to 40 ppbv, with relative contributions ranging from 3 %
to 68 %. During the pre-monsoon period, NHTS-O3 at NMC
is most prominent with a maximum of 40 ppbv, and the rel-
ative contribution ranges from 4 % to 54 %. In the monsoon
period, NHTS-O3 at NMC is slightly lower than that in the
pre-monsoon period, but exhibits a large interdaily variation
amplitude, with a maximum of 22 ppbv. Notably, although
simulated O3 level is at its minimum (Fig. 2a and c), NHTS-
O3 at NMC has relatively high relative contributions (a peak
of 62 %) in the monsoon period. During the post-monsoon
period, the interdaily variation amplitude of the relative con-
tributions of NHTS-O3 at NMC is large, with a maximum of
40 %. In winter, NHTS-O3 at NMC ranges from 1 to 22 ppbv,
with a relative contribution range of 3 %–40 %. The inter-
daily variation amplitude of NHTS-O3 is much larger than
that of NTST-O3 at NMC, reflecting higher variability in
transport of O3 from the mid-to-high latitude tropospheric
sources than from the stratospheric sources.

Figure 3e shows that NHTS-O3 at PYR exhibits a large
interdaily variation amplitude, with a maximum of 22 ppbv
(and 38 %) for the absolute (and relative) contributions. Dur-
ing the pre-monsoon period, NHTS-O3 at PYR is most
prominent, with a maximum absolute contribution of 45 ppbv
and a relative contribution ranging from 2 % to 45 %. In
the monsoon period, NHTS-O3 at PYR decreases signifi-
cantly to the lowest level of the year, with a maximum of
28 ppbv. However, despite its low absolute values, NHTS-
O3 at PYR still exhibits relatively high relative contributions
(with a peak of 58 %) during this period. During the post-
monsoon period, NHTS-O3 at PYR ranges from 1 to 28 ppbv
(with a relative contribution range of 1 %–52 %). In winter, it
ranges from 1 to 27 ppbv (with a relative contribution range
of 2 %–45 %). Comparison between the two stations reveals
that NHTS-O3 at both sites exhibits large interdaily variation
amplitudes, but the overall interdaily difference is larger at
NMC than at PYR, indicating that transport of O3 from the
mid-high latitude tropospheric sources has a more prominent
fluctuating impact on the interdaily variations of surface O3
at NMC (mid-latitudes) than at PYR (low latitudes).

Figure 3c presents the variations in the contributions of
TRTS-O3 to surface O3 at NMC. The interdaily variation am-
plitude of TRTS-O3 at NMC is large, with a maximum of
22 ppbv (and 40 %) for the absolute (and relative) contribu-
tions. During the pre-monsoon period, TRTS-O3 at NMC is
significantly higher than that in other periods, ranging from
15 to 64 ppbv. During the monsoon period, it decreases to

12–46 ppbv, which is significantly lower than in other peri-
ods. However, the relative contribution of TRTS-O3 at NMC
reaches the annual peaks during the monsoon period, with a
maximum of 93 %. TRTS-O3 levels at NMC begin to recover
in the post-monsoon period and during winter.

Figure 3f presents the variations in the contributions of
TRTS-O3 to surface O3 at PYR. The interdaily variation am-
plitude of TRTS-O3 at PYR is large, with a maximum of
30 ppbv (and 43 %) for the absolute (and relative) contribu-
tions. During the pre-monsoon period, TRTS-O3 at PYR is
the highest, ranging from 22 to 77 ppbv. During the mon-
soon period, it decreases to 12–60 ppbv, which is signifi-
cantly lower than in other periods. However, the relative con-
tribution of TRTS-O3 at PYR reaches the annual peaks dur-
ing the monsoon period, with a maximum of 98 %. Com-
pared to NMC, TRTS-O3 at PYR is generally higher and ex-
hibits a greater peak contribution and a longer duration in the
pre-monsoon period, indicating that TRTS-O3 exerts a more
direct and sustained impact on the low-latitude region of the
Tibetan Plateau.

5 Surface ozone sources and variability at a larger
spatial scale

In the above section, we have examined the contributions
of O3 from different source regions (NTST, NHTS, and
TRTS) to the temporal variations of surface O3 at the two
stations (NMC and PYR). In this section, we conduct a de-
tailed analysis of how O3 from these three source regions in-
fluences surface O3 variations at the two stations and across
the Tibetan Plateau through dynamics and transport.

5.1 Influences of ozone from the stratospheric sources

5.1.1 Seasonal patterns of surface ozone from the
stratospheric sources

Figure 4 presents the regional distributions of surface NTST-
O3 and 200 hPa wind fields in different seasons averaged
from 2010 to 2012. The corresponding distributions of the
relative contribution of surface NTST-O3 to total mod-
elled O3 are provided in Fig. S4. For the spring 200 hPa
wind field (Fig. 4a), the high wind speed center over the
Tibetan Plateau is located within 29 and 35° N, with the
jet axis situated in the hinterland of the Tibetan Plateau. In
spring, there are two high-value centers of NTST-O3 with
concentrations exceeding 10 ppbv over the central (82–93° E,
30–34° N) and northeastern (95–99° E, 36–40° N) Tibetan
Plateau. This is consistent with the simulation results of Ye et
al. (2024) using the GEOS-Chem High Performance global
atmospheric chemistry model, which showed that the con-
tribution of stratospheric O3 to the background O3 over the
Tibetan Plateau exceeds 10 ppbv in spring (Ye et al., 2024).
In spring, the NMC station is located within the high-value
zone of surface NTST-O3 mixing ratios, which is consis-
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Figure 4. EMAC simulated regional distributions of surface NTST-O3 and 200 hPa wind field over the Tibetan Plateau in different seasons
during 2010–2012: (a) Spring, (b) Summer, (c) Autumn, (d) Winter. Color shading denotes NTST-O3 volume mixing ratio (units: ppbv), and
black arrows represent the wind field (units: m s−1). White lines refer to the 3 km terrain height contour, highlighting the Tibetan Plateau
area. White dots mark the locations of the PYR (circle) and NMC (triangle) stations.

tent with previous research findings (Lin et al., 2016; Yin
et al., 2017). The subtropical westerly jet is often accom-
panied by the eastward propagation of Rossby waves. Due
to the breaking of Rossby waves, large-scale downward mo-
tion occurs near the core of the subtropical westerly jet, gen-
erating strong vertical wind shear that is prone to inducing
tropopause folding, thereby promoting the downward trans-
port of stratospheric O3 to the troposphere (Chen et al., 2011;
Luo et al., 2019; Xu et al., 2018a, 2023; Yin et al., 2023; Zhao
et al., 2021a, b). To quantify dynamical transport processes
related to the stratosphere, we calculated the tropopause fold
frequency using the 3D labeling algorithm refined by Šker-
lak et al. (2015). The air masses were classified by detect-
ing multiple crossings of the dynamical tropopause inter-
face, defined by the 2 PVU isosurface and specific humid-
ity threshold (0.1 g kg−1). Folds are characterized by their
vertical extent (1P ). In this study, instances with a pres-
sure difference 1P ≥ 50 hPa within the interconnected fold
grids were cataloged as tropopause folding events to com-
pute the seasonal occurrence frequencies (Fig. S5). In spring,
the region of maximum tropopause fold frequency is concen-
trated within the 28–34° N latitudinal band, where the occur-
rence frequency exceeds 35 % and reaches a peak of 48 %
(Fig. S5a).

In summer (Fig. 4b), the subtropical westerly jet shifts
northward (Schiemann et al., 2009), with the jet core lo-
cated on the northern side of the Tibetan Plateau, and the fre-
quent tropopause folding zone migrates to the northern edge

of the plateau (Fig. S5b). Correspondingly, the high-value
center of NTST-O3 moves to the northwestern part of the
plateau, and the overall NTST-O3 mixing ratio is lower than
that in spring. Previous studies have indicated that the sum-
mer surface O3 peak at Waliguan in the northeastern Tibetan
Plateau is attributed to downward transport of O3 from the
upper troposphere and lower stratosphere (Ding and Wang,
2006; Ma et al., 2005). In autumn (Fig. 4c), with the south-
ward retreat of the jet stream and the significant decrease in
tropopause fold frequency over the plateau (Fig. S5c), the
surface NTST-O3 mixing ratio over the Tibetan Plateau drops
sharply to the lowest value of the year, with surface NTST-
O3 across the entire plateau being lower than 5 ppbv. For the
winter 200 hPa wind field (Fig. 4d), the jet stream exhibits
the strongest intensity during this season, and its center has
retreated to the southern Tibetan Plateau, leading to a resur-
gence of tropopause folding events along the southern edge
(Fig. S5d), and the NTST-O3 mixing ratio shows a slight in-
crease compared to that in autumn.

In summary, changes in the position and intensity of the
subtropical westerly jet constitute the key meteorological
background regulating the seasonal differences in the influ-
ence of NTST-O3 on the Tibetan Plateau. This background
also helps explain the inter-station differences. NMC is lo-
cated at the edge of the NTST-O3 high-value center, indicat-
ing a higher contribution of stratospheric sources to surface
ozone at NMC. In contrast, PYR is situated on the south-
ern edge of the plateau, affected by the topographic influ-
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ence of the Himalayas on the one hand, and by the monsoon
circulation in summer and autumn on the other. Thus, the
overall influence of NTST-O3 on PYR is smaller than that on
NMC. Previous studies on the influence of stratospheric O3
on the Tibetan Plateau often used screening methods de-
signed based on in-situ observational data (such as O3, RH,
CO, total column ozone, PV, etc.) to identify stratospheric
intrusion events (Chen et al., 2011; Cristofanelli et al., 2010;
Ma et al., 2014), and these screening methods have certain
limitations. Our tracer method clearly identifies the source
regions of O3 and can accurately reflect the impact of strato-
spheric source O3 on the study area.

5.1.2 Analysis of stratospheric intrusion events

The aforementioned analysis demonstrates the seasonal vari-
ation and regional distribution characteristics of surface
NTST-O3 over the Tibetan Plateau. However, it cannot ac-
count for the frequently observed interdaily variability in sur-
face NTST-O3 at the stations during spring, which occurs on
a shorter time scale, as presented in Sect. 4.1. To further re-
veal the physical mechanism underlying this rapid variation,
we select an event in spring (4–5 March 2010), which shows
a strong interdaily variability of NTST-O3 at the stations, for
case analysis (Fig. 5). The temporal variations in the relative
contribution of NTST-O3 to total modelled O3 during this
event are illustrated in Fig. S6. This event was specifically
chosen because both the absolute and relative contributions
of NTST-O3 at the sites exceeded the 95th percentile for the
2010–2012 period, representing a robust stratospheric intru-
sion.

On 4 March (Fig. 5a), at the 200 hPa level, distinct high-
NTST-O3 zones appear in the mid-latitude belts over the
northwestern (60–77° E, 33–39° N) and northeastern (89–
115° E, 40–45° N) Tibetan Plateau, adjacent to the northern
part of the westerly jet axis. The 200 hPa wind field shows
that the high-wind speed center is located between 25 and
33° N, and the wind direction shifts from southwest to north-
west over the southeastern Tibetan Plateau. On 5 March
(Fig. 5b), the high-NTST-O3 center over the northeastern re-
gion from the previous day is advected southeastward by the
westerly jet stream, moving to the area above the northern Ti-
betan Plateau (71–98° E, 33–40° N), and the NTST-O3 mix-
ing ratio above the southern plateau also increases compared
to the previous day. The 200 hPa wind field indicates that the
span of the jet stream expands compared to the previous day,
with the range of the jet axis extending to 23–35° N.

Figure 5c and e is the meridional vertical cross-section
of NTST-O3 mixing ratios at the two stations on 4 March.
Above 200 hPa, the high NTST-O3 mixing ratio center is lo-
cated over the northern part of the plateau. The NTST-O3
distribution in the upper atmosphere presents a tongue-like
structure sloping southward and extending to the middle tro-
posphere, with the NTST-O3 mixing ratios above 400 hPa
over both stations being higher than 30 ppbv, while the sur-

face NTST-O3 mixing ratio at the stations is relatively low.
A high potential vorticity (PV) tongue (marked by the 2 PVU
isopleth) exists in the cross-sections, and it basically overlaps
with the distribution of the NTST-O3 tongue-like structure.
The cross-section at NMC shows that the tip of the high PV
tongue near the station reaches approximately 260 hPa. The
cross-section at PYR shows that the tip of the high PV tongue
near the station reaches around 280 hPa. On 4 March, neither
the NTST-O3 tongue tip nor the high PV tongue tip is directly
above the stations, with NMC located north of the tongue tips
and PYR located south of them.

Figure 5d and f is the meridional vertical cross-section
of NTST-O3 mixing ratios at the two stations on 5 March.
It can be observed that a high NTST-O3 center appears at
200 hPa above the range of 33–38° N. The NTST-O3 distribu-
tion in the upper atmosphere has a tongue-like structure slop-
ing southward and extending to lower levels, with the NTST-
O3 mixing ratio down to 450 hPa over the stations reach-
ing approximately 40 ppbv, and the surface NTST-O3 mixing
ratios at both stations increasing by nearly 5–10 ppbv com-
pared to the previous day. The high PV tongue extends sig-
nificantly downward compared to the previous day, with the
cross-section at NMC showing the tip of the high PV tongue
near the station reaching 290 hPa, and the cross-section at
PYR showing the tip of the high PV tongue near the station
reaching around 300 hPa. Similar to the previous day, neither
the NTST-O3 tongue tip nor the high PV tongue tip is directly
above the stations, but both are closer to the stations than on
4 March.

Our analysis of the aforementioned case reveals that the in-
tensification and development of the jet stream promote the
transport of stratospheric air masses with high O3 from the
mid-high latitudes north of the Tibetan Plateau down to the
central and southern areas above the plateau. The interaction
between the jet stream and planetary waves facilitates the
occurrence of tropopause folding events, which correspond
to the emergence of PV tongues. When the developing high
PV tongue, i.e., the deepening of tropopause folding from
shallow to deep, is sufficiently close to the stations in both
horizontal and vertical dimensions, stratospheric air masses
can be effectively mixed into the lower troposphere, leading
to the occurrence of stratospheric intrusion events and sub-
sequently resulting in a significant increase in near-surface
NTST-O3.

5.2 Influences of ozone from the tropospheric sources

Figure 6 presents the regional distributions of seasonal mean
net photochemical ozone production rates within the plane-
tary boundary layer of Eurasia (30–140° E, 0–70° N) in dif-
ferent seasons averaged over the period 2010–2012. A stark
spatial contrast is evident across all seasons: the Tibetan
Plateau primarily acts as a pristine ozone receptor region,
whereas its surrounding densely populated and industrial-
ized areas serve as massive regional ozone sources. In spring
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Figure 5. Upper-level tracer distribution and vertical dynamical structure of a stratospheric intrusion event in spring 2010 simulated by the
EMAC model: Row 1 (a, c, e) corresponds to 4 March 2010, and Row 2 (b, d, f) corresponds to 5 March 2010. Column 1 (a, b) shows the
regional distributions of NTST-O3 at 200 hPa (color shading) overlaid with wind fields (arrows); White lines highlight the Tibetan Plateau
area, and white dots mark the locations of the PYR (circle) and NMC (triangle) stations. Column 2 (c, d) and Column 3 (e, f) present the
meridional cross-sections of NMC (Lon= 91.13° E) and PYR (Lon= 86.62° E), respectively; thick white solid lines denote 2 PVU isopleths,
red dots indicate the station locations, and color shading represents NTST-O3 volume mixing ratio (units: ppbv).

(Fig. 6a), intense net photochemical ozone production is con-
centrated in South Asia and Southeast Asia with rates com-
monly exceeding 20 ppbv d−1. In contrast, the net produc-
tion rate over the entire Tibetan Plateau, including the central
and southern plateau where NMC and PYR are located, hov-
ers near zero. In summer (Fig. 6b), the photochemical ozone
production over Eurasia reaches its annual peak, driven by
strong solar radiation and abundant precursor emissions. Ex-
tensive areas in southern Central Asia, further West Asia and
Europe, East Asia and South Asia exhibit prominent produc-
tion rates exceeding 15 ppbv d−1. Strikingly, while the sur-
rounding external sources peak, the Tibetan Plateau acts as a
weak chemical sink with negative net production rates (rang-
ing from −1 to 0 ppbv d−1), though its eastern and northern
peripheries show slightly positive values (1–2 ppbv d−1). In
autumn (Fig. 6c), the net photochemical production in the
external source regions begins to decline, but South Asia and
southern China remain active sources. In winter (Fig. 6d),
the high net production belt retreats to lower latitudes (South
and Southeast Asia), and the boundary layer over the plateau
acts predominantly as a weak sink. This persistent absence
of local net photochemical generation confirms that surface

ozone over the plateau is overwhelmingly transported from
external source regions.

5.2.1 Seasonal patterns of surface ozone from the
tropospheric sources

Strong convective activity and updrafts can lift boundary-
layer ozone and its precursors into the mid-troposphere over
the source and pollution-plume areas. Once lofted to the
mid-troposphere, these ozone-rich air masses are captured
by large-scale circulation systems at mid-to-high latitudes
and then horizontally advected toward the Tibetan Plateau
by broad “steering winds”, as shown in the 500 hPa wind
fields in Fig. 7. Upon encountering the massive topography
of the plateau, large-scale subsidence and terrain-following
downdrafts ultimately transport ozone generated from exter-
nal source regions down to the surface layer of the Tibetan
Plateau.

Figure 7 presents the regional distributions of surface
NHTS-O3 and 500 hPa mean wind field over parts of Eurasia
(35–125° E, 20–70° N) in different seasons averaged over the
period 2010–2012. The relative contributions of NHTS-O3
to total surface ozone are shown correspondingly in Fig. S7.
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Figure 6. EMAC simulated regional distributions of net photochemical ozone production rates within the planetary boundary layer over parts
of Eurasia (35–125° E, 20–70° N) in different seasons averaged over the period 2010–2012: (a) Spring, (b) Summer, (c) Autumn, (d) Winter.
Color shading denotes the net photochemical ozone production rate (units: ppbv d−1). White lines highlight the Tibetan Plateau area, and
black dots mark the locations of the PYR (circle) and NMC (triangle) stations.

The NHTS-O3 high-value belt is concentrated in the north-
central Eurasian region between 30 and 50° N, and its impact
on surface O3 over the Tibetan Plateau is mutually regulated
by source-region concentrations and the 500 hPa westerly
circulation. In spring (Fig. 7a), surface NHTS-O3 mixing ra-
tios over Eurasia are relatively low, typically below 40 ppbv.
Influenced by the split circulation of the westerly belt, strong
northwest winds dominate the northern Tibetan Plateau. At
the northern edge of the plateau (35–40° N) surface NHTS-
O3 mixing ratios reach 25–32 ppbv, larger than those of the
central and southern plateau where NMC and PYR are lo-
cated. In summer (Fig. 7b), surface NHTS-O3 mixing ra-
tios over Eurasia are largest annually, with several promi-
nent NHTS-O3 sources (mixing ratios exceeding 55 ppbv) lo-
cated in the upstream regions of the Tibetan Plateau. During
this season, the zonal circulation transports NHTS-O3 from
these external source areas, including southern Central Asia
and further West Asia and Europe, to the plateau, resulting
in an annual maximum of surface NHTS-O3 mixing ratios
in the northern plateau (reaching 40–50 ppbv). The southern
plateau, where PYR is located, is relatively less affected by
transport of NHTS-O3 from these source regions compared
to the central plateau, where NMC is located. In autumn

(Fig. 7c), NHTS-O3 in the aforementioned external sources
appears to decrease, and the transport effects on surface O3
over the plateau decrease. In winter (Fig. 7d), surface NHTS-
O3 mixing ratios over Eurasia are generally below 25 ppbv,
and those over the plateau drop to their annual minimum.

Figure 8 presents the regional distributions of surface
TRTS-O3 and boundary layer mean wind field over a larger
Tibetan Plateau, South Asia, and Southeast Asia area in dif-
ferent seasons, averaged over the period 2010–2012. For ref-
erence, the corresponding relative contributions of TRTS-O3
to total modelled O3 are presented in Fig. S8. TRTS-O3 mix-
ing ratios reach their annual maximum in spring (Fig. 8a).
During this season, frequent crop residue burning after har-
vest and wildfires occur in South Asia and Southeast Asia
(Xue et al., 2020), leading to strong emissions of O3 precur-
sors in this region (Lalitaporn, 2018; Lalitaporn and Boon-
mee, 2019) and subsequent substantial O3 production via
photochemical reactions (Li et al., 2025; Sukkhum et al.,
2022; Yang et al., 2022). Consequently, TRTS-O3 mixing ra-
tios exceed 60 ppbv in northeastern South Asia and northern
Southeast Asia, and the air masses with high TRTS-O3 can be
transported to the southern Tibetan Plateau by southwesterly
airflows, resulting in a spatial pattern where surface TRTS-
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Figure 7. EMAC simulated regional distributions of surface NHTS-O3 and 500 hPa wind field over parts of Eurasia (35–125° E, 20–70° N)
in different seasons averaged over the period 2010–2012: (a) Spring, (b) Summer, (c) Autumn, (d) Winter. Color shading denotes NHTS-O3
volume mixing ratio (units: ppbv), and black arrows represent the wind field (units: m s−1). White lines highlight the Tibetan Plateau area,
and white dots mark the locations of the PYR (circle) and NMC (triangle) stations.

O3 mixing ratios decrease progressively from the southern
to the northern parts of the plateau, with larger impacts on
PYR than on NMC. Surface TRTS-O3 mixing ratios over the
southern plateau (26–30° N) range from 45 to 60 ppbv. With
the northward advance of the Asian summer monsoon, the
summer boundary layer wind field (Fig. 8b) shows that South
and Southeast Asia are strongly influenced by southwesterly
winds. Abundant water vapor (through O(1D)+H2O) and
frequent precipitation reduce O3 production in South Asia
and Southeast Asia (Gao et al., 2020; Lu et al., 2018; Wang et
al., 2022), causing TRTS-O3 to drop to its annual minimum.
Surface TRTS-O3 mixing ratios in the southern plateau range
from 30 to 40 ppbv, decreasing progressively from the south
to the north. In autumn (Fig. 8c), the monsoon retreats south-
ward, accompanied by reduced precipitation and weakened
convection. This leads to increased O3 production in South
and Southeast Asia, and a subsequent rise in surface TRTS-
O3 mixing ratios over the Tibetan Plateau. In winter (Fig. 8d),
increased fire activity leads to a sharp rise in O3 production in
South Asia (Yang et al., 2022). However, surface TRTS-O3
over the Tibetan Plateau does not increase so significantly as
expected from its source variations, due to the wind fields in

this season that are unfavorable for the transport of air masses
to the plateau.

5.2.2 Surface ozone from the tropospheric sources at
different monsoon phases

The Asian summer monsoon has a large impact on the
changes of surface ozone over the Tibetan Plateau (Ma et
al., 2022). Here, we further investigate variations of sur-
face NHTS-O3 and TRTS-O3 over the Tibetan Plateau dur-
ing different monsoon phases, using 2012 as an example.
Figure 9 presents the time series of daily surface NHTS-
O3, TRTS-O3, specific humidity (qv), and precipitation at
88.88° E (the midpoint of the longitudes of NMC and PYR,
spanning the zonal extent of the Tibetan Plateau) at differ-
ent latitudes throughout 2012. The relative contributions of
tagged O3 from these two sources to total modeled ozone
along the same cross-section are detailed in Fig. S9. Spe-
cific humidity and precipitation data are also analyzed here,
considering that their variations are useful indicators for dif-
ferent monsoon phases (Fig. 9c and d). Figure 9a shows
that, within the Tibetan Plateau domain, the NHTS-O3 mix-
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Figure 8. EMAC simulated regional distributions of surface TRTS-O3 and boundary layer average wind field over a larger area covering
the Tibetan Plateau, South Asia, and Southeast Asia in different seasons averaged over the period 2010–2012: (a) Spring, (b) Summer,
(c) Autumn, (d) Winter. Color shading denotes TRTS-O3 volume mixing ratio (units: ppbv), and black arrows represent the wind field
(units: m s−1). White lines highlight the Tibetan Plateau area, and white dots mark the locations of the PYR (circle) and NMC (triangle)
stations.

ing ratio high-value belt is stably distributed north of 35° N.
NHTS-O3 mixing ratios in this high-value belt reach their an-
nual maximum (exceeding 60 ppbv) in June-August. The fig-
ure shows that within the NHTS domain (the region north of
29.3° N, marked by the black dashed line), the summer mon-
soon has negligible influence; the distribution of NHTS-O3
is only regulated by the seasonal variation of source-region
concentrations and mid-high latitude circulation. In contrast,
from 29.3° N to the southern boundary of the Tibetan Plateau
(marked by the thick black dashed line), NHTS-O3 mix-
ing ratios remain low during the summer monsoon period,
due to weakened transport and precipitation scavenging. Fig-
ure 9b shows that the distribution of TRTS-O3 mixing ra-
tios exhibits a distinct spatial pattern of progressive decrease
from the southern boundary of the plateau to its northern
part, directly reflecting the transport attenuation pattern of
TRTS-O3 to the Tibetan Plateau. During the pre-monsoon
period, TRTS-O3 mixing ratios south of 29.3° N reach their
annual peak (exceeding 60 ppbv in some periods). There is
strong transport of TRTS-O3 from the southern boundary

of the plateau to its northern interior, with TRTS-O3 mix-
ing ratios near 33° N reaching 45 ppbv. During the monsoon
period, TRTS-O3 mixing ratios south of 29.3° N decrease
significantly. Meanwhile, specific humidity and precipita-
tion in this region increase synchronously. This suppresses
TRTS-O3 production in the source regions, thereby leading
to lower TRTS-O3 mixing ratios over the plateau. During
the post-monsoon period, the monsoon exerts less influence
on the source regions, and TRTS-O3 mixing ratios rebound.
This process clearly demonstrates the regulatory effect of the
monsoon on the production of O3 in the TRTS source regions
directly, and its subsequent impact on surface O3 levels over
the plateau through the transport.

5.2.3 Analysis of tropospheric ozone transport events

Based on the interdaily variability of surface NHTS-O3 at
the two stations presented in Sect. 4.2, we selected a typical
event of strong NHTS-O3 transport to the central and south-
ern Tibetan Plateau, which occurred from 3 to 4 June 2012,
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Figure 9. Time series of daily average surface (a) NHTS-O3 mixing ratio (units: ppbv), (b) TRTS-O3 mixing ratio (units: ppbv), (c) specific
humidity (qv , units: g kg−1), and (d) precipitation (units: mm d−1) over the Tibetan Plateau at 88.88° E longitude (the midpoint of the
longitudes of the two stations, NMC and PYR) in 2012, simulated by the EMAC model. The latitude 29.3° N (the boundary between the
NHTS and TRTS source regions) is marked by a black dashed line, and dashed gray lines with numbered labels indicate the latitudes of the
two stations (with “1” for NMC and “2” for PYR). The thick black dashed line indicates the southern boundary of the Tibetan Plateau at this
longitude.

for in-depth analysis. Figure 10 presents the regional dis-
tributions of surface NHTS-O3 and boundary layer mean
wind field over the Tibetan Plateau on 3 and 4 June 2012.
The spatial patterns of the relative contribution of NHTS-
O3 to total modelled O3 during this episode are provided
in Fig. S10. This episode corresponds to a predominant-
contribution period (above the 95th percentile) for NHTS-O3
on the southern plateau. Figure 10a shows that a high-mixing
ratio center of NHTS-O3 (exceeding 50 ppbv) existed over
the western area adjacent to the Tibetan Plateau (75–85° E,
30–34° N) on 3 June. The surface NHTS-O3 mixing ratio
was 19 ppbv at NMC and was 21 ppbv at PYR. The boundary
layer mean wind field indicates strong westerly winds over

the western Tibetan Plateau, with southwest winds prevailing
at both PYR and NMC. Driven by the strong westerly winds
transporting high-concentration NHTS-O3 from the western
plateau to its central part, the high-value center of NHTS-
O3 (> 50 ppbv) over the Tibetan Plateau shifted eastward to
89° E on 4 June (Fig. 10b). Surface NHTS-O3 mixing ra-
tios over the plateau increased significantly compared to the
previous day, to build up by 36 ppbv at NMC and 43 ppbv
at PYR. This event demonstrates that intense transport pro-
cesses can deliver high-concentration NHTS-O3 from out-
side the plateau into its central and southern regions, causing
a rapid increase in surface NHTS-O3 mixing ratios in these
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Figure 10. EMAC simulated changes in the regional distribution of surface NHTS-O3 (color shading, units: ppbv) and the boundary layer
average wind field (arrows, units: m s−1) during a typical NHTS-O3 transport event over the Tibetan Plateau: (a) corresponds to 3 June 2012,
and (b) corresponds to 4 June 2012. White lines highlight the Tibetan Plateau area, and white dots mark the locations of the PYR (circle) and
NMC (triangle) stations.

areas. A similar event occurring from 4 to 5 June 2011 is
shown in Fig. S12.

To examine the interdaily variation characteristics of sur-
face TRTS-O3 at the two stations during the monsoon period,
we selected a typical event of strong TRTS-O3 transport to
the central and southern Tibetan Plateau, occurring from 8 to
9 August 2012, for in-depth analysis (Fig. 11). The relative
contribution of TRTS-O3 during this transport event is pre-
sented in Fig. S11 to contextualize its impact. This episode
corresponds to a predominant-contribution period (above the
95th percentile) for TRTS-O3 at the southern plateau. On
8 August (Fig. 11a), a strong precipitation belt existed in the
central (82–93° E, 33–37° N) and southwestern (78–93° E,
26–32° N) Tibetan Plateau, with the daily accumulated pre-
cipitation reaching 5 mm d−1 at NMC and 17 mm d−1 at

PYR. The boundary layer average wind field shows a low-
level vortex structure in the central and southern Tibetan
Plateau (west of NMC, north of PYR), while the wind di-
rection was weak westerly at PYR and strong southerly at
NMC. On 8 August (Fig. 11b), surface TRTS-O3 mixing ra-
tios in the southern Tibetan Plateau (25–30° N) ranged from
20 to 40 ppbv, with 22 ppbv at NMC and 36 ppbv at PYR.
For the boundary layer wind field on 9 August (Fig. 11c),
the low-level vortex observed on the previous day moved
westward to the northwestern Tibetan Plateau, and strong
southerly winds prevailed at both NMC and PYR. Precipi-
tation at NMC disappeared, while the daily accumulated pre-
cipitation at PYR decreased to 8 mm d−1. Due to the strong
and dry low-level southerly winds and weakened wet deposi-
tion caused by reduced precipitation, surface TRTS-O3 in the
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Figure 11. EMAC simulated changes in the regional distribution of surface TRTS-O3 for a typical TRTS-O3 transport event during the
2012 Asian summer monsoon: Row 1 (a, b) corresponds to 8 August 2012, and Row 2 (c, d) corresponds to 9 August 2012. Column 1
(a, c) shows the regional distributions of daily accumulated precipitation (color shading, units: mm d−1) overlaid with the boundary layer
average wind field (arrows, units: m s−1). Column 2 (b, d) presents the regional distributions of surface TRTS-O3 (units: ppbv). Black lines
highlight the Tibetan Plateau area, and black dots mark the locations of the PYR (circle) and NMC (triangle) stations.

central and southern Tibetan Plateau increased significantly
on 9 August compared to the previous day, rising to 39 ppbv
at PYR and 31 ppbv at NMC (Fig. 11d). This event indicates
that during the monsoon period, surface TRTS-O3 on the
central and southern Tibetan Plateau can change rapidly from
day to day with variations in atmospheric circulation and pre-
cipitation. A similar event occurring from 6 to 7 June 2012 is
shown in Fig. S13.

6 Conclusions

Based on a comprehensive analysis of in situ observational
data and EMAC model simulations of ozone tagged for dif-
ferent stratospheric and tropospheric regions, this study sys-
tematically reveals the sources and spatiotemporal distribu-
tion characteristics of surface O3 at the NMC and PYR sta-
tions and in the surrounding areas of the Tibetan Plateau. The
main conclusions are as follows:

The EMAC model can reproduce the seasonal and
synoptic-scale variation and tendencies of surface O3 at the
two stations in the central and southern Tibetan Plateau, but
exhibits significant differences in simulation accuracy be-
tween the two stations. For the NMC station in the central
plateau, the model shows high simulation accuracy with an
MB of 3.2 ppbv and an RMSE of 10.9 ppbv for daily sur-

face O3 mixing ratios. However, the model exhibits a sys-
tematic overestimation at the PYR station over the southern
plateau, with an MB of 12.6 ppbv and an RMSE of 16.1 ppbv.
This discrepancy mainly reflects the difficulty of represent-
ing the steep and highly heterogeneous terrain, the complex
underlying surface conditions, and the associated local trans-
port processes over the southern Tibetan Plateau at the cur-
rent model resolution. The positive bias is most pronounced
during late spring and early summer, when stratospheric in-
fluence and photochemical O3 formation are both strong, but
this does not necessarily imply a unique overestimation of
any single tagged source. Instead, we interpret the PYR bias
as a model limitation that affects the absolute magnitudes of
surface O3, while the simulated seasonal cycles and relative
source contributions remain physically meaningful and ro-
bust within the current model configuration. Therefore, we
interpret the source-attribution results at PYR as physically
meaningful representations of regional-scale transport within
the current model configuration, while noting that their abso-
lute values are subject to local topographical uncertainties.

This study has analyzed the spatiotemporal variability
of O3 over the Tibetan Plateau transported from the three
source regions, namely the Northern Hemisphere and Trop-
ical Stratospheric Source (NTST), the Northern Hemisphere
Mid-High Latitude Tropospheric Source (NHTS), and the
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Tropical Tropospheric Source (TRTS), which are treated by
EMAC using the ozone source tagging technique. Surface
NTST-O3 is highest in spring annually at both stations (with
a maximum daily average mixing ratio of 28 ppbv at NMC
and 22 ppbv at PYR). It exhibits a strong interdaily variability
during springtime stratospheric intrusion events, with a max-
imum interdaily difference of 15 ppbv at NMC and 11 ppbv
at PYR. Surface NHTS-O3 is highest in summer, with a max-
imum daily average mixing ratio of 40 ppbv at NMC and
45 ppbv at PYR, and it also exhibits an intense interdaily
variability, with a maximum of 22 ppbv at both stations. Sur-
face TRTS-O3 is highest during spring, especially during the
pre-monsoon period, and it exhibits a spatial pattern of be-
ing higher in the south and lower in the north over the Ti-
betan Plateau, with a maximum daily average mixing ratio
of 77 ppbv at PYR and 64 ppbv at NMC.

The seasonal and daily variations of NTST-O3 over the
Tibetan Plateau are primarily regulated by the changes in
the position and intensity of the subtropical westerly jet.
In spring, the jet axis is located in the hinterland of the
plateau, and its interaction with planetary waves induces fre-
quent tropopause folding events, which promote the down-
ward transport of stratospheric O3 to the troposphere, leading
to the spring peak and strong interdaily variability of NTST-
O3 at the surface. The relative contribution of NTST-O3 to
surface O3 can reach a daily maximum of 30 % at both NMC
and PYR. Surface NHTS-O3 on the Tibetan Plateau is mu-
tually regulated by variations in NHTS-O3 concentrations in
the source regions and the westerly circulation indicated by
the 500 hPa wind field. Since surface NHTS-O3 in Central
Asia, West Asia and Europe are highest in summer, efficient
transport of NHTS-O3 by zonal circulation from these source
regions results in a summertime maximum of surface O3 over
the northern plateau. The relative contribution of NHTS-O3
to surface O3 can reach a daily maximum of 62 % at NMC
and 58 % at PYR in summer, although the absolute contribu-
tions are relatively small due to limited southward transport
of NHTS-O3 over the plateau.

Surface TRTS-O3 over the Tibetan Plateau is controlled
by the TRTS-O3 concentrations in the South and Southeast
Asian source areas and monsoon circulation. In addition to
biomass burning activities, the Asian summer monsoon regu-
lates surface TRTS-O3 by modifying the environmental con-
ditions, such as total water content and precipitation in the
tropical source regions. During the pre-monsoon period, en-
hanced TRTS-O3 in South and Southeast Asia can be trans-
ported to the plateau, resulting in annual surface O3 peaks
over the southern and central Tibetan Plateau. The relative
contribution of TRTS-O3 to surface O3 can reach a daily
maximum of 93 % at NMC and 98 % at PYR in this period.
During the monsoon period, O3 production is suppressed in
the source regions, and transport of TRTS-O3 to the plateau
is limited, leading to annual minimums of surface TRTS-O3
over the southern and central Tibetan Plateau, as observed at
NMC and PYR. During monsoon breaks, when precipitation

weakens, and TRTS-O3 concentrations increase in the source
regions, short-term TRTS-O3 enhancement events can occur
over the central and southern plateau under favorable trans-
port conditions.

By analyzing ozone variations across multiple spatial and
temporal scales, this study elucidates the key roles of mon-
soon and zonal circulation as well as subtropical westerly
jet in the dynamics and transport of O3 from the TRTS,
NHTS and NTST source regions to the Tibetan Plateau. Al-
though several areas, including South, Southeast, Central and
West Asia, and further Europe, have been identified as ma-
jor sources of surface O3 over the Tibetan Plateau, additional
studies, including model simulation are needed to quantify
the contributions of these important sources to the seasonal
and daily variations of O3 over the Tibetan Plateau. Addi-
tional measurements, especially in the western, southwest-
ern and northwestern parts of the plateau, are suggested to
evaluate and improve the model simulations and reveal the
sources and transport pathways of O3 to the plateau. It should
be noted that the present analysis is limited to the observa-
tionally available period of 2010–2012. According to his-
torical sea surface temperature data, this period was charac-
terized by persistent La Niña conditions (Feng et al., 2015).
Previous studies have shown that the El Niño–Southern Os-
cillation (ENSO) and the stratospheric quasi-biennial oscil-
lation (QBO) can strongly influence cross-tropopause trans-
port and tropospheric ozone anomalies (Han et al., 2001; Li
et al., 2023, 2024), while the 11-year solar cycle contributes
to longer-term ozone variations (Xu et al., 2016, 2018a). Fu-
ture studies employing long-term transient simulations are
essential to quantify the impacts of these climate modes on
the interannual variability of ozone sources over the TP. Spa-
tiotemporal variations of O3 over the Tibetan Plateau, as well
as associated influencing factors, are complex, and with on-
going changes in the emissions of ozone precursors in the
major source areas and enhanced climate variabilities, the
influences on surface O3 over the Tibetan Plateau through
transport and photochemistry need continued investigation.

Data availability. Ozone measurements from NMC can be made
available on request. The ozone dataset of PYR used in this
study were accessed from EBAS (https://ebas.nilu.no, last access:
12 November 2024; https://doi.org/10.48597/ASM8-VJYZ, Cristo-
fanelli and Bonasoni, 2026) hosted by NILU and affiliated with the
GAW-WDCRG framework. The data comprise hourly ozone mix-
ing ratios for 2010–2012. The usage of MESSy (Modular Earth
Submodel System) and access to the source code is licensed to all
affiliates of institutions which are members of the MESSy Con-
sortium. Institutions can become members of the MESSy Con-
sortium by signing the “MESSy Memorandum of Understanding”.
More information can be found on the MESSy Consortium website:
http://www.messy-interface.org (last access: 3 November 2025).
The code used in this study has been based on MESSy version 2.52.
The data produced in the study are available from the authors upon
request.
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