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Abstract. This study characterizes a prominent ozone intrusion event driven by stratosphere-to-troposphere
exchange (STE) that occurred on 18—19 October 2017. The analysis is enabled by high spatiotemporal resolu-
tion ozone profile observations from the USTC Ozone Lidar deployed at Yangbajing, Tibet (29°N, 99°E). The
high-spatiotemporal-resolution lidar observations resolve a series of short-lived, rapid ozone descent episodes
during the STE event. Temperature profiles independently retrieved from the simultaneously measured 387 nm
N> Raman signal further reveal a close temporal correspondence between these ozone descent episodes and
temperature variations in the tropopause region, with temperature gradients exceeding 8 Kkm™! for six of the
seven identified episodes. Based on Wei’s flux diagnostic and a sensitivity test of PV-based dynamical tropopause
thresholds, 3 PVU is adopted as the representative threshold for this event. ECMWF Reanalysis v5 (ERAS) is
then used to characterize the spatiotemporal evolution of cross-tropopause mass fluxes over 25-28° N, 95-99°E,
showing that the ozone variations observed by the lidar were modulated by gravity waves associated with the
tropopause fold. In addition, lidar-measured ozone profiles are incorporated into a cross-tropopause ozone flux
calculation framework, yielding an instantaneous peak STE ozone flux of about 3—4 x 10~ 19 kg s~ m~2, slightly
higher than the corresponding ERAS value, while maintaining strong agreement in overall flux magnitude and
temporal evolution throughout the event. These results show that high-resolution vertical ozone observations
and Raman-retrieved temperature profiles from the USTC Ozone Lidar, combined with wind field data, enable
accurate quantification of STE-related ozone fluxes. This approach facilitates in-depth investigation of coupled
atmospheric composition and dynamical processes.

ical structure, chemical processing, and microphysical evolu-

Stratosphere-Troposphere Exchange (STE) has been inves-
tigated for several decades and is recognized as a key pro-
cess controlling the budgets of ozone, water vapor, and other
trace constituents in the upper troposphere and lower strato-
sphere (UTLS) (Chen et al., 2006; Stohl et al., 2003). STE
exerts a strong influence on upper-tropospheric ozone and
plays an important role in the UTLS radiative budget, dynam-

tion (Lelieveld and Dentener, 2000). At the global scale, STE
is associated with the large-scale atmospheric circulation,
while individual exchange events occur over a wide range
of spatial and temporal scales and are strongly modulated by
synoptic-scale and mesoscale dynamical processes (Holton
etal., 1995; Stohl et al., 2003). In the extratropics, tropopause
folds, cutoff lows, upper-level jets, and wave-related distur-
bances have been identified as key mechanisms facilitating
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the transport of stratospheric air into the troposphere (Stohl
et al., 2003). In particular, tropopause folds are closely re-
lated to upper-level frontogenesis and jet-stream dynamics
and constitute an important pathway for cross-tropopause ex-
change. The subtropical jet is particularly relevant in this
context because its strong horizontal and vertical wind shear
favors tropopause deformation and folding. Global analyses
by Sprenger et al. (2003) showed pronounced stratosphere-
to-troposphere transport (STT) in the subtropical region and
demonstrated that tropopause folds occur preferentially in
the subtropics, with a substantial fraction of cross-tropopause
exchange events between 20 and 40° latitude being associ-
ated with such folds. Subsequent global climatological anal-
yses further demonstrated pronounced geographical and sea-
sonal variations in tropopause-fold occurrence and its re-
lationship with cross-tropopause transport (Skerlak et al.,
2015).

Ozone is a particularly effective tracer for investigat-
ing Stratosphere-to-Troposphere Transport (STT) due to the
strong contrast in ozone abundance between the stratosphere
and troposphere. Accordingly, cross-tropopause ozone trans-
port has been extensively studied using numerical models,
satellite observations, ozonesondes, aircraft measurements,
and ground-based remote sensing. For example, Olsen et
al. (2004) quantified the relationship between extratropical
cross-tropopause mass flux and ozone flux, demonstrating
that ozone transport depends on both mass exchange and
ozone concentration near the tropopause.

Internationally, a variety of observational and model-
ing studies have further advanced the understanding of
STE structure and its fine-scale variability. High-resolution
ground-based ozone lidar measurements are particularly
valuable for resolving thin and rapidly evolving ozone-
rich layers associated with stratospheric intrusions. Eisele
et al. (1999) demonstrated that high-vertical-resolution li-
dar observations can capture fine structures associated with
tropopause folds and stratospheric intrusion events. In addi-
tion, Kuang et al. (2012) combined ground-based ozone lidar
and ozonesonde observations with meteorological and poten-
tial vorticity analyses to characterize a stratospheric intru-
sion associated with a cutoff cyclone and tropopause fold,
highlighting the capability of integrated observational sys-
tems to diagnose STE processes. These studies collectively
demonstrate that high-resolution ozone profiling is essential
for resolving the fine-scale structure and temporal evolution
of STE events, which are often poorly represented in satellite
observations and coarse-resolution reanalysis datasets.

Despite these advances, the spatial and temporal charac-
teristics of STE exhibit pronounced regional variability. The
Tibetan Plateau lies within the subtropical latitude band and
is strongly influenced by the upper-level subtropical jet, mak-
ing jet-related tropopause deformation and folding particu-
larly relevant to cross-tropopause transport over this region.
Shaped by its distinctive topography and circulation sys-
tems, the Tibetan Plateau and its surrounding regions dis-
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play unique patterns of atmospheric composition and dy-
namical structure, imparting strong regional characteristics
to STE. As a result, this high-elevation domain serves as a
key corridor and observational window for energy and mass
exchange between the stratosphere and troposphere, with im-
portant implications for understanding coupled atmospheric
processes on the global scale (Yang and Lii, 2004; Chen et
al., 2010).

Given that STE is a major physical mechanism govern-
ing the distribution and variability of atmospheric trace con-
stituents in the UTLS, extensive observational and modeling
studies have been conducted over the Tibetan Plateau, with
particular attention to ozone and the mechanisms shaping
its distribution. For example, Zhou and Zhang (2005) used
TOMS satellite data to identify a summertime minimum in
total-column ozone over the Plateau, commonly referred to
as the Tibetan ozone valley, and related it to atmospheric
ascent over the elevated terrain. Subsequent studies further
demonstrated that both thermodynamic and dynamical pro-
cesses contribute to the formation and maintenance of this
summertime ozone minimum (Randel and Park, 2006; Ran-
del et al., 2010). Using TOMS observations and model simu-
lations, Tian et al. (2008) showed that the elevated summer-
time tropopause over the Tibetan Plateau modifies the ver-
tical distribution of ozone in the UTLS. In addition, based
on ozonesonde observations over the northeastern Tibetan
Plateau, Chen et al. (2012) identified signatures of strato-
spheric air intruding into the troposphere along the periphery
of the upper-tropospheric anticyclone. These studies collec-
tively demonstrate that the distinctive topography and circu-
lation of the Tibetan Plateau exert strong influences on re-
gional ozone distributions and STE processes.

Using a springtime tropopause-folding event over the
northeastern Tibetan Plateau, Zhang et al. (2010) showed that
an upper-level jet associated with an intruding low-pressure
trough played an important role in driving cross-tropopause
exchange, with both Troposphere-to-Stratosphere Transport
(TST) and Stratosphere-to-Troposphere Transport (STT) oc-
curring during the event evolution. Nevertheless, compared
with other regions where long-term ozonesonde, aircraft,
and ground-based remote sensing observations are available,
high-spatiotemporal-resolution observations of STE over the
Tibetan Plateau remain limited. This limitation makes it dif-
ficult to resolve short-lived and vertically confined ozone
structures and to quantify their relationship with rapid dy-
namical and thermal variability near the tropopause.

To address this observational gap, we developed a mo-
bile differential absorption lidar (DIAL) system (Fang et
al., 2019) capable of high-spatiotemporal-resolution, long-
duration profiling of ozone in both the troposphere and
stratosphere. Based on measurements from this platform, we
present a comprehensive analysis of an STE-related ozone
descent event over Tibet. Section 2 describes the datasets
used in this study, with emphasis on the mobile differential
absorption ozone lidar deployed at Yangbajing, Tibet, and
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presents intercomparisons and accuracy validation of the re-
trieved ozone profiles. In Sect. 3, we corroborate the STE-
related ozone descent detected by the lidar using ERAS re-
analysis fields; we then select an appropriate tropopause def-
inition and diagnose cross-tropopause mass fluxes over the
observational domain, quantifying the spatial distribution of
the mass flux across the tropopause. Building on these diag-
nostics, we combine the lidar-measured ozone profiles with
ERAS5 wind fields to estimate cross-tropopause ozone fluxes,
enabling a quantitative, observation-based assessment. Sec-
tion 4 summarizes the main conclusions and outlines direc-
tions for future work.

2 Data sources and lidar system overview

The data used in this study were acquired with a mobile dif-
ferential absorption lidar (USTC Ozone Lidar) system de-
ployed by our group at Yangbajing, Tibet (29°N, 99°E),
which enables simultaneous observations of ozone in both
the troposphere and stratosphere. The complete system con-
figuration, technical specifications and performance charac-
terization have been described in detail by Fang et al. (2019).
Here, we summarize only the key instrumental parameters di-
rectly relevant to the observations and analyses presented in
this study. Satellite imagery of the lidar site in Tibet and the
on-site layout of the ozone lidar system are shown in Fig. 1a
and b, respectively. After performance tuning and testing
in Huainan, Anhui Province, the mobile ozone lidar system
was transferred to Yangbajing for routine observations be-
ginning in October 2017. It is one of the few mobile DIAL
stations worldwide capable of simultaneously profiling tro-
pospheric and stratospheric ozone (McDermid et al., 1991;
Godin-Beekmann et al., 2003; Hansen et al., 2003; Baray
et al., 2013), and represents a distinctive example of such
a system operating at the highest altitude among comparable
platforms globally (approximately 4300 m above sea level).
Ground-based ozone lidar has also been extensively applied
to studies of stratosphere-to-troposphere transport (STT) and
stratospheric intrusions. Previous studies have demonstrated
the capability of ozone lidar to resolve ozone-rich layers
associated with cross-tropopause exchange and tropopause-
folding events (Ancellet et al., 1991; Eisele et al., 1999). Sub-
sequent lidar observations have been used to investigate the
descent, evolution, and mixing of stratospheric ozone intru-
sions in the free troposphere (Langford et al., 1996; Kuang
et al., 2012). More recently, long-term ozone lidar observa-
tions have further demonstrated the frequent occurrence and
substantial influence of stratospheric intrusion layers in the
free troposphere (Trickl et al., 2020). These studies demon-
strate the important role of high-resolution ozone lidar obser-
vations in characterizing the fine-scale structure and tempo-
ral evolution of STT.

The mobile differential absorption ozone lidar combines
the differential absorption technique with distinct backscat-
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tering mechanisms. Schematics of the mobile ozone DIAL
system and of the emission reception configuration for the
different detection wavelengths are shown in Fig. 1c and d,
respectively. Multiple wavelengths are employed to accom-
modate the large difference in ozone abundance between
the troposphere and stratosphere and the corresponding re-
quirements for differential-absorption sensitivity and detec-
tion range. For tropospheric ozone measurements, where
ozone abundance is relatively low, the system employs
the 289/299 nm DIAL pair to provide sufficient differen-
tial ozone absorption sensitivity. These two wavelengths
are generated through stimulated Raman scattering by sep-
arately pumping D> and H, Raman cells with 266 nm radi-
ation obtained from the fourth harmonic of a Nd: YAG laser,
producing the first-order Stokes wavelengths near 289 and
299 nm, respectively (Papayannis et al., 1999; Kourtidis et
al., 2002; Fang et al., 2019). For stratospheric ozone mea-
surements, where ozone abundance is substantially higher,
the system employs the 308/355 nm DIAL pair. The ozone-
absorbing wavelength at 308 nm is directly generated by
a XeCl excimer laser, whereas the reference wavelength
at 355nm is generated through third-harmonic generation
of the 1064nm fundamental output of a Nd:YAG laser.
This 308/355 nm configuration has been widely employed in
stratospheric ozone DIAL systems (McDermid et al., 1991;
Godin-Beekmann et al., 2003; Fang et al., 2019). In addi-
tion to the elastic backscatter signals at the transmitted wave-
lengths, N, vibrational Raman returns at 332 and 387 nm,
corresponding to excitation at 308 and 355 nm, respectively,
are simultaneously detected (McGee et al., 1993). These Ra-
man channels provide additional information for reducing
aerosol/backscatter-related effects on the ozone retrieval. In
the receiver subsystem, four independent telescopes, each
with a 1.25m aperture, are combined into a collecting ar-
ray with an effective diameter exceeding 2.2 m to detect sig-
nals at 308, 332, 355, and 387 nm, enabling ozone measure-
ments from the tropopause to the upper stratosphere over
an altitude range of 18-50 km. This array-based design en-
hances the signal-to-noise ratio for stratospheric observa-
tions. A separate 1 m aperture prime-focus telescope receives
the 289 and 299 nm signals for ozone detection over 8—19 km
above ground level (kma.g.l.), while two 0.21 m aperture
Newtonian telescopes receive the same wavelengths for mea-
surements over 5—10kma.g.l., thereby extending coverage
from the troposphere to the lower stratosphere across 5—
19kma.g.l. Together, the seven telescopes provide simulta-
neous ozone profiling from 5 to 50kma.g.l., spanning both
the troposphere and stratosphere.

To ensure accurate ozone measurements, the laser beam
axis must be properly aligned with the receiving telescope,
and the telescope field of view must adequately overlap with
the laser emission field. As shown in Fig. 1c, a mechani-
cal chopper was placed in the optical path to reduce noise
from strong near-field backscatter. In routine operation, the
system records raw signal files at a 1 min output interval,
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Figure 1. (a) Satellite image of the radar observation site on the Tibetan Plateau (Map data © Google Earth 2026); (b) field layout of the
ozone lidar system; (c¢) schematic of the mobile ozone lidar system; (d) altitude ranges corresponding to different laser emission wavelengths.

with a vertical bin size of 61.44m and 2048 range bins.
For stratospheric ozone retrieval, the 1 min photon-counting
signals are accumulated to achieve an effective integration
time of 30 min, thereby ensuring sufficient signal quality in
the stratosphere. After saturation correction, the resulting
wavelength-dependent photon-count profiles and signal-to-
noise ratios are shown in Fig. 2a—d. As shown in Fig. 2, the
SNR is sufficient across the altitude ranges corresponding to
the different wavelengths presented in Fig. 1¢ and d.
Background noise, averaged over the altitude range of
115-125 km, was subtracted from the raw signals. After de-
noising the raw backscattered optical signals using wavelet-
transform-based signal processing (Fang and Huang, 2004;
Yin and Wang, 2006; Boggess and Narcowich, 2009), ozone
number-density profiles were retrieved using the differential
absorption lidar (DIAL) equation (Kovalev and Eichinger,
2004). The retrieval considers several important factors af-
fecting the retrieved ozone number density, including the
temperature dependence of the ozone absorption cross-
sections, absorption by interfering atmospheric species, and
wavelength-dependent molecular and aerosol backscatter
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and extinction (Gimmestad, 2005). Aerosols and clouds rep-
resent additional sources of uncertainty in ozone DIAL mea-
surements. Differences in aerosol backscatter and extinction
between the online and offline wavelengths can introduce
systematic errors, particularly in the presence of strong verti-
cal gradients in aerosol loading (Browell et al., 1985; Ko-
valev and Bristow, 1996). Additional wavelength and Ra-
man measurements can help constrain these aerosol-related
contributions. In the USTC Ozone Lidar, the Ny vibrational
Raman returns at 332 and 387 nm provide complementary
information for reducing aerosol/backscatter-related effects
in the upper-tropospheric and stratospheric ozone retrievals.
The retrieved ozone profiles are further evaluated in the
present study through comparisons with ERAS and indepen-
dent Aura satellite observations, as shown in Fig. 3.

The ozone number density profiles retrieved from the lidar
observations over five altitude intervals are shown in Fig. 3a.
Because differences in detection wavelength, laser pulse en-
ergy, and telescope field of view determine the effective re-
trieval range for each channel, the five profile segments were
merged using 3-bin overlap regions to produce a continu-
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Figure 2. Wavelength-dependent photon returns and corresponding signal-to-noise ratios for the mobile ozone DIAL system (USTC Ozone

Lidar).

ous ozone profile. The merged profile was then compared
with ERAS data at the corresponding time, and further cross-
validated against observations from the Ozone Monitoring
Instrument (OMI; Liu et al., 2010) and the Microwave Limb
Sounder (MLS; Waters et al., 2006) aboard the Aura satellite
(Schoeberl et al., 2006), as shown in Fig. 3b.

The results show that the ozone profile retrieved from
USTC Ozone Lidar agrees well overall with ERAS. It
should be noted, however, that satellite observations are con-
strained by orbital sampling and overpass timing. On this
day, the MLS overpass occurred at 18:50UT at 25.22°N,
105.20° E. Below 25 km, the observed ozone concentrations
were broadly consistent with the USTC Ozone Lidar mea-
surements, whereas above 25km, MLS showed systemati-
cally higher ozone concentrations at the same altitudes. This
discrepancy is likely related to the large spatial separation
between the satellite overpass location and the lidar site. By
contrast, the OMI overpass occurred at 07:10 UT at 27.07° N,
99.34° E. Above 25 km, the ozone concentrations agreed well
with the USTC Ozone Lidar retrievals, whereas below 25 km,
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OMI exhibited a certain positive bias relative to the lidar
measurements. Although the spatial distance between the
satellite footprint and the lidar station was minimized, the rel-
atively long temporal separation between the OMI overpass
and the lidar observations at the same location may still have
introduced appreciable differences in ozone concentration.
Overall, the ozone profiles retrieved from the USTC Ozone
Lidar exhibit good consistency in their overall trends with
ERAS, with the two datasets providing robust and comple-
mentary constraints. Moreover, the high spatial and temporal
resolution of the lidar allows it to resolve fine-scale structures
that are often missed by other datasets, since satellite pro-
file data typically contain only about a dozen vertical points
and ERAS records only slightly more than 30 levels. In par-
ticular, the lidar observations resolve short-lived ozone de-
scent structures occurring on sub-hourly to 1-2 h timescales,
as discussed in Sect. 3.1. This capability is particularly valu-
able for detecting and analyzing short-lived but dynamically
intense cross-tropopause ozone transport events.

Atmos. Chem. Phys., 26, 13139-13156, 2026
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Figure 3. (a) Retrieved ozone concentration profiles from the ozone lidar over different altitude ranges; (b) comparison of the merged
ozone profile with ERAS reanalysis and Aura/OMI and Aura/MLS satellite observations. The labels “MIE/RAYLEIGH,” “RAYLEIGH,”
and “RAMAN” in panel (a) indicate the different backscatter signals used for ozone retrieval: MIE/RAYLEIGH denotes the elastic Mie and
Rayleigh backscatter signals at 289 and 299 nm used for tropospheric ozone retrievals; RAYLEIGH denotes the elastic Rayleigh backscatter
signals at 308 and 355 nm used for stratospheric ozone retrievals; and RAMAN denotes the N, vibrational Raman backscatter signals at 332
and 387 nm, corresponding to excitation at 308 and 355 nm, respectively.

3 Methods and Results

3.1 Lidar observations and supporting evidence for a
STE-related ozone descent event

The USTC Ozone Lidar deployed at Yangbajing, Tibet
(29°N, 99°E) was developed in-house by the University of
Science and Technology of China. The system enables si-
multaneous profiling of ozone in the troposphere and strato-
sphere with high spatial and temporal resolution, providing a
particularly valuable observational constraint on ozone vari-
ability over the Tibetan Plateau, where in situ data remain
sparse. The lidar retrievals also allow us to identify clear
signatures of downward ozone transport. Influenced by its
unique high elevation topography and the Asian monsoon,
the Tibetan Plateau is recognized as one of the most ac-
tive regions for Stratosphere-Troposphere Exchange (STE)
(Chen et al., 2006). Under these conditions, ozone transport
from the stratosphere across the tropopause is likely to be
an important source of background tropospheric ozone over
Tibet, with potential implications for regional climate regu-
lation and for the global coupling of chemistry and climate
(Gettelman et al., 2002; Duan and Wu, 2005). In this section,
we use ERAS global reanalysis fields (0.25° x 0.25° spatial
resolution; 1h temporal resolution) as supporting evidence
to analyze the STE event captured by the ozone-profiling li-
dar and to provide an initial observational assessment of its
evolution.

As shown in Fig. 4, the USTC Ozone Lidar captures
pronounced temporal variations in the vertical distribu-
tion of ozone near the tropopause during the nights of 18
and 19 October 2017. To ensure an adequate signal-to-
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noise ratio, photon-counting returns were accumulated over
30 min and processed using a moving time-window method
(Duchnowski and Wyszkowska, 2025), yielding a continu-
ous ozone concentration distribution as a function of height
and time. It is worth noting that ozone DIAL measurements
are conducted only at night and are limited by weather
conditions. As a result, the ozone results typically appear
as banded segments separated by temporal gaps, shown in
Fig. 4. Figure 4a shows the evolution observed during 16:00—
21:00 UT on 18 October. An ozone-enhanced layer exhibits
a pronounced downward displacement in the time-height
cross-section, forming the tilted structure indicated by the
blue arrow. Figure 4b shows the subsequent evolution during
15:00-21:00UT on 19 October, when the ozone-enhanced
structure exhibits an overall upward displacement, as indi-
cated by the orange arrow. At this stage of the analysis, these
features are interpreted descriptively as vertical displace-
ments of ozone-rich structures near the tropopause; whether
they represent irreversible cross-tropopause transport or pri-
marily reflect tropopause displacement is examined using the
dynamical and flux diagnostics presented below.

Within these broader variations, the lidar resolves several
short-lived episodes of downward displacement of ozone-
enhanced structures, marked TO-T6 in Fig. 4. Some episodes
persist for 1-2 h, whereas others last for less than 1 h. Their
short duration highlights the capability of the lidar to re-
solve rapid variability in ozone structure near the tropopause
that may not be captured by satellite observations or lower-
resolution meteorological datasets. Previous studies have
given comparatively limited attention to such short-lived
ozone structures near the tropopause. Importantly, these fea-
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Figure 4. Temporal evolution of the ozone distribution near the tropopause observed by the USTC Ozone Lidar on (a) 18 October and
(b) 19 October 2017. The blue arrow in (a) indicates the downward displacement of the ozone-enhanced structure, whereas the orange
arrow in (b) indicates its overall upward displacement during the subsequent evolution. TO-T6 mark the short-lived downward-displacement

episodes discussed in the text.

tures should not necessarily be interpreted as individual
cross-tropopause transport events, since rapid tropopause 0s-
cillations or undulations may also produce apparent vertical
displacements of ozone-rich layers. Their repeated occur-
rence on sub-hourly to hourly timescales nevertheless pro-
vides a useful observational perspective on fine-scale ozone
variability and tropopause dynamics. The relationship of
these features to tropopause variability and cross-tropopause
transport is examined further using the temperature, dynam-
ical, and flux diagnostics presented below.

To corroborate the suspected STE-related ozone descent
observed by the ozone lidar in autumn 2017, we further
use ERAS global reanalysis fields as an independent line
of evidence. A prerequisite for diagnosing cross-tropopause
exchange during STE events is a robust identification of
the tropopause. For an initial ERA5-based screening of the
event (interpolate the ERAS data at uniform intervals of
0.5 hPa), the tropopause height is determined using the ther-
modynamic definition. Following the World Meteorological
Organization (WMO) lapse-rate criterion proposed in 1986
(Wei, 1987), the thermodynamic tropopause is defined as
the lowest level above the 500 hPa surface at which the at-
mospheric temperature lapse rate decreases to 2°Ckm™! or
less, provided that the mean lapse rate within the 2 km layer
above this level does not exceed 2 °Ckm™!. In this study, the
thermodynamic tropopause was determined independently at
each available ERAS5 time step. Specifically, the temperature
lapse rate was calculated from the corresponding ERAS ver-
tical temperature profile, and the WMO lapse-rate criterion
was then applied to identify the tropopause. Thus, both the
temperature lapse rate and the resulting tropopause height
were allowed to vary with time. Analysis of ERAS data dur-
ing the periods covered by USTC Ozone Lidar observations
reveals a pronounced cross-tropopause ozone descent event.
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We therefore focus on ERAS data at the Yangbajing site for
16-19 October 2017. The continuous temporal coverage pro-
vided by ERAS during this period allows the evolution of
the event to be captured more completely, as illustrated in
Fig. 5a. A strong STE-related ozone descent is evident dur-
ing 18—19 October 2017, in close agreement with the USTC
Ozone Lidar observations.

Both the USTC Ozone Lidar observations and ERAS cap-
ture the onset and recovery phases of this ozone descent
event. Differences between the lidar-retrieved ozone con-
centrations and those from ERAS are further quantified. As
shown in Fig. 5b, the ozone number density variations ob-
served by the USTC Ozone Lidar during the STE event are
compared with the corresponding ERAS values. To ensure
a consistent comparison, the analysis is performed at the
tropopause level (16.6km), and the 95 % confidence inter-
val of the lidar retrievals is also shown. Notably, ERAS pro-
vides hourly-resolution data, whereas the ozone lidar yields
full-profile ozone measurements with 1 min update intervals.
Figure 5b shows that the tropopause-level (16.6 km) ozone
number densities measured by the USTC Ozone Lidar dur-
ing 18-19 October 2017 agree closely with ERAS in both
absolute magnitude and temporal evolution. However, com-
paring Fig. 5a with Fig. 4b indicates that during the recov-
ery phase on 19 October 2017, the ozone number densities
retrieved by USTC Ozone Lidar below 15.5 km are system-
atically slightly lower than those in ERAS. Given the high
SNR of the lidar returns during this period, the discrepancy
is more likely to reflect a modest overestimation by ERAS
of the ozone number density associated with stratosphere-to-
troposphere transport at this stage.

Atmos. Chem. Phys., 26, 13139-13156, 2026
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Figure 5. (a) ERAS depiction of the STE evolution near the tropopause over Yangbajing during 16-19 October 2017; (b) comparison of
lidar-observed and ERAS ozone concentrations at the tropopause level (16.6 km) during 18—19 October 2017.

3.2 Tropopause definition and cross-tropopause flux
diagnostics

Mass and trace-constituent exchange between the strato-
sphere and troposphere is a central component of the coupled
troposphere—stratosphere system. In 1987, Wei proposed
a diagnostic framework for quantifying this exchange, in
which all physical processes contributing to cross-tropopause
transport can be expressed in an explicit mathematical form
(Reiter, 1975; Wirth and Egger, 1999). The general form can
be written as:

F(f)= [pJnf<d—n—8—n—U-Vzon>} , ey
dt 0ty "5

where F(f) is the air mass flux across the tropopause, p
is the air density near the tropopause, n is a generalized
vertical coordinate, J, = 0z/9dn is the vertical coordinate-
transformation factor between the generalized vertical coor-
dinate n and geometric height z, zo denotes the tropopause,
dn/dt is the vertical velocity in n coordinates, U is the hori-
zontal wind vector, and f is the constituent mixing ratio. In
pressure coordinates, this expression becomes:

0
F(p)=—g"! (w_U'VzoP_at_p)' 2)
20

A key advantage of Wei’s diagnostic formulation is that
it allows the upward and downward cross-boundary fluxes
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to be computed separately and can be applied to any at-
mospheric constituent across an arbitrary reference surface.
Given the large contrast in ozone mass mixing ratios between
the stratosphere and troposphere, and the common assump-
tion that an air mass becomes well mixed over a relatively
short timescale after crossing the tropopause, quantitative as-
sessments based on ozone profiles require the upward and
downward fluxes to be treated separately. As noted above,
we initially located the thermodynamic tropopause using
changes in the vertical temperature lapse rate. In some situa-
tions, however, particularly near jet streams, this tropopause
can be poorly defined. Because the following analysis exam-
ines lidar observations in detail and because the Yangbajing
site lies in the low-to-mid latitudes, where large-scale dy-
namics and strong disturbances can substantially perturb the
thermal structure, defining the tropopause solely from lapse-
rate criteria may introduce appreciable uncertainty.

Holton noted that the tropopause is better regarded as a
quasi-material surface (Holton et al., 1995). This perspec-
tive is well captured by the dynamical tropopause defined
in terms of potential vorticity (PV), and cross-tropopause
transport studies therefore commonly adopt a PV-based
tropopause, typically using thresholds in the range of 1.5-
4PVU (where PVU denotes the potential vorticity unit).
Moreover, Yang et al. showed that the choice of PV thresh-
old can substantially affect estimates of cross-tropopause ex-
change, and advocated selecting an optimal threshold based

https://doi.org/10.5194/acp-26-13139-2026
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Figure 6. Transport sensitivity to PVU threshold during 18-19 Oc-
tober 2017.

on its correlation with observations or diagnostic quanti-
ties (Yang and Lii, 2003). It should be noted that the PV
fields used here are derived from ERAS and therefore cannot
be expected to reproduce the fine-scale structures resolved
by the lidar on a point-by-point or event-by-event basis. In
this study, the ERAS5-derived PV is used primarily to char-
acterize the regional dynamical tropopause and the larger-
scale dynamical environment associated with the STE event,
rather than to reproduce the individual short-lived ozone
features observed by the lidar. The two datasets are there-
fore regarded as complementary: the lidar provides high-
spatiotemporal-resolution information on local ozone vari-
ability, whereas ERAS provides the dynamically consistent
three-dimensional meteorological fields required for diag-
nosing the tropopause structure and cross-tropopause trans-
port.

Following the approach of Yang et al., we conduct a sen-
sitivity analysis over a domain centered on the Yangba-
jing ozone lidar site (29°N, 99° E), spanning 25-32° N and
94-104°E, to assess how the choice of PV threshold in-
fluences the diagnosed cross-tropopause flux. As shown in
Fig. 6, we quantify the changes in cross-tropopause trans-
port on 18-19 October 2017 associated with different PV
thresholds within this region. The results indicate that the
estimated cross-tropopause flux is highly sensitive to the
choice of threshold. For PV thresholds below 3 PVU, both
upward and downward transports are relatively large, exhibit-
ing more tropospheric characteristics; for thresholds above
3PVU, both transports are markedly smaller, consistent with
more stratospheric behavior. With increasing PV threshold,
the total exchange in both troposphere-to-stratosphere trans-
port (TST) and stratosphere-to-troposphere transport (STT)
decreases. In addition, the magnitudes and temporal evolu-
tion of TST and STT suggest that, before and after the onset
and recovery of the descent event on 18—-19 October 2017,
the total cross-tropopause transport over the study region is
broadly consistent with mass conservation.

Furthermore, as shown in Fig. 7a and b, to ensure spatial
continuity and robustness of the tropopause definition, we

https://doi.org/10.5194/acp-26-13139-2026
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construct two PVU cross-sections from ERAS in the vicin-
ity of the lidar site: a zonal section along 90-110°E and
a meridional section along 24-34° N. These sections show
that, in some areas, tropopauses defined using lower PVU
thresholds become discontinuous in pressure coordinates. By
contrast, the continuity and stability improve markedly for
thresholds of 2PVU and above. Combining the sensitivity
results with the cross-section structures, we consider 3 PVU
(1PVU=10""m?s"'kg™") to be a reasonable dynamical
tropopause threshold for this event (highlighted with an or-
ange line in Fig. 7a and b). It should be noted that the 3 PVU
surface is not assumed to represent an exact tropopause
height with a prescribed absolute accuracy. Rather, uncer-
tainty associated with the dynamical tropopause definition is
evaluated through the PV-threshold sensitivity analysis de-
scribed above. The 3 PVU threshold is therefore adopted as
a physically reasonable regional-scale dynamical boundary
for this event based on both the sensitivity of the diagnosed
transport and the spatial continuity of the corresponding PV
surface.

Figure 7c and d shows the time evolution of the domain
mean transport components over 18—19 October 2017, diag-
nosed from ERAS. The wind fields used in this analysis are
obtained from the ERAS reanalysis, which assimilates a wide
range of atmospheric observations and provides observation-
constrained, dynamically consistent three-dimensional me-
teorological fields (Hersbach et al., 2020). Here, the ERAS
wind fields are used to characterize the regional-scale circu-
lation and to provide the dynamical quantities required for
the cross-tropopause flux diagnosis, rather than to reproduce
the individual short-lived structures resolved by the lidar. The
vertical wind contribution remains relatively steady over the
two days. The horizontal wind contribution is of comparable
magnitude but opposite sign, so that the net flux is controlled
to a large extent by variations in the tropopause. It should be
stressed that tropopause undulations mainly modify the ge-
ometric boundary used in the flux diagnosis and do not, by
themselves, generate strong and persistent local transport.

Given the observed tropopause variations, a natural ques-
tion is whether they were driven by temperature fluctua-
tions in the tropopause region, and in particular whether such
temperature changes corresponded to the short-lived, rapid
ozone descent events shown in Fig. 4. As discussed above,
ERAS is used here to characterize the larger-scale dynamical
evolution of the event, but its hourly output cannot fully re-
solve the short-lived variability observed by the lidar. There-
fore, to examine whether the individual ozone-displacement
episodes are accompanied by rapid temperature variations
near the tropopause, we use the higher-temporal-resolution
temperature profiles retrieved from the 387 nm N, Raman
lidar signal. As described in Sect. 2, the USTC Ozone Li-
dar also recorded the N; vibrational Raman backscatter sig-
nals at 332 and 387 nm, corresponding to the 308 and 355 nm
emission wavelengths, respectively, and these signals exhibit
sufficient signal-to-noise ratio over the 14 to 30 km altitude

Atmos. Chem. Phys., 26, 13139-13156, 2026
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Figure 7. Potential-vorticity structure and cross-tropopause transport over the Tibetan Plateau during 18-19 October 2017. (a) Zonal
potential-vorticity cross-section over the Tibetan Plateau region; (b) meridional potential-vorticity cross-section over the Tibetan Plateau
region; (c) time evolution of the domain-mean transport components on 18 October; and (d) time evolution of the domain-mean transport

components on 19 October.

range, as shown in Fig. 8a. Because 332 nm remains within
the ozone absorption band, the 387 nm Raman signal was
used to retrieve the temperature profiles. The temperature
retrieval, shown in Fig. 8b, was initialized at 50 km using
the temperature from the U.S. Standard Atmosphere 1976
as the upper-boundary reference (Standard, U.S., 1976), and
the temperature profile was subsequently retrieved down-
ward from this reference altitude. Comparison with ERAS
at the same times shows that the two temperature profiles
are in close agreement. Figure 8c and d present the tem-
perature variations retrieved from the 387 nm return over
14.5 to 17 km, where the temperature enhancements at the
seven times TO to T6 correspond closely to those identified
in Fig. 4. These results indicate a strong association between
the short-lived, rapid ozone descent events and temperature
fluctuations in the tropopause region. Moreover, except for
T2, all six of the other descent episodes are associated with
temperature gradients exceeding 8 Kkm ™!, while T2 still ex-
hibits a pronounced gradient of 4.2 Kkm™!. They also repre-
sent the first detection of these descent features by the USTC
Ozone Lidar, together with the first identification of their re-
lationship to tropopause-region temperature variability using
lidar-derived temperature profiles.

Atmos. Chem. Phys., 26, 13139-13156, 2026

Turning back to Fig. 7c and d, the temporal evolution of
the domain-mean flux reveals pronounced stratosphere-to-
troposphere transport from 08:00 to 15:00 UT on 18 October
and from 21:00 UT on 18 October to 03:00 UT on 19 Octo-
ber. As the analysis here focuses on the descent event, STT
is defined as positive flux. The STE signal begins to recover
around 10:00 UT on 19 October, consistent with the features
in Fig. 5a, indicating that the dominant impact of this event
is confined to within roughly 24 h. We also note that, in a
domain-mean sense, the onset of the descent signal on 18 Oc-
tober precedes the STE timing inferred at the Yangbajing
site (29°N, 99°E) from both the lidar observations and the
ERAS-based diagnosis. This apparent lead suggests that the
event may have first intensified in a core region away from
the site, and then expanded to influence the vicinity of the
observation station. To identify the main source region of the
event and investigate its dynamical drivers, we further exam-
ine the spatial distribution of the cross-tropopause mass flux.

https://doi.org/10.5194/acp-26-13139-2026
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inversion on 19 October 2017.

3.3 Spatial Distribution of Mass Fluxes Through the
Tropopause

Using Wei’s diagnostic framework together with ERAS
meteorological fields, we quantify the cross-tropopause
mass exchange flux during 13:00-18:00 UT on 18 October.
The flux is decomposed into contributions associated with
tropopause motion, horizontal advection, and vertical mo-
tion, and we map the 6h mean of the instantaneous mass
flux over this period (Fig. 9). The red hexagon marks the
location of the Yangbajing ozone lidar site. As shown in
Fig. 9, the horizontal transport term exhibits a spatial dis-
tribution highly consistent with that of the total flux, with a
comparable magnitude. This suggests that the spatial struc-
ture of the flux during this STE event was controlled mainly
by horizontal transport. However, the flux estimates shown
earlier in Fig. 7a and b indicate that the actual downward
mass transport was induced by the tropopause motion term.
Moreover, Fig. 9c further indicates that downward transport
associated with the vertical transport term was also present
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at the Yangbajing lidar site. This behavior is consistent with
the dynamical picture of tropopause folding (Sprenger et al.,
2003; Skerlak et al., 2015). The regional PV structure indi-
cates a tropopause-folding system over approximately 25—
28°N, 95-99°E, characterized by a pronounced deforma-
tion and downward intrusion of stratospheric high-PV air to-
ward the troposphere. The corresponding structure can also
be identified in the PV cross-section near 26° N in Fig. 7a,
and its spatial extent closely overlaps the region of enhanced
cross-tropopause mass flux shown in Fig. 9. We note that
the shorter-timescale oscillations of the tropopause observed
during the evolution of the event do not contradict this re-
gional folding interpretation. Tropopause folds developing
in strongly sheared jet—front environments can be accom-
panied by inertia-gravity waves, wave breaking, and related
instabilities, which further modulate and locally deform the
tropopause and can contribute to irreversible mixing and STE
(Cho et al., 1999; Bertin et al., 2001; Stohl et al., 2003).
We therefore interpret the observed evolution as a regional

Atmos. Chem. Phys., 26, 13139-13156, 2026
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tropopause-folding system accompanied and modulated by
shorter-timescale wave-related tropopause variability.

As shown in Fig. 10, we use ERAS meteorological fields
together with Wei’s diagnostic to derive the spatiotemporal
evolution of cross-tropopause mass flux over the study region
during 18-19 October 2017. Eulerian diagnostics formulated
in pressure coordinates can be affected by numerical cancel-
lation among individually large terms, potentially introduc-
ing substantial uncertainty into estimates of cross-tropopause
fluxes (Wirth, 1995; Wirth and Egger, 1999). Lagrangian ap-
proaches, such as those developed and applied in previous
studies (Wernli and Bourqui, 2002; Skerlak et al., 2014), pro-
vide an alternative that is generally less susceptible to this
numerical-cancellation problem, particularly for global or
large-domain analyses. However, because the present study
focuses on the regional evolution of a specific STE event
rather than on global-scale transport, we retained Wei’s di-
agnostic framework but reformulated it in potential-vorticity
(PV) coordinates. The corresponding results are presented
in Fig. 10. Although this coordinate transformation does not
eliminate all sources of uncertainty, it alleviates the numeri-
cal sensitivity and reduces part of the noise associated with
cancellation among large terms. Each panel presents the 6 h
mean of the instantaneous mass flux for the corresponding
interval. From Fig. 10a—e, the tropopause-folding structure
over 25-28°N, 95-99°E evolves markedly with time, and
the associated mass flux field exhibits pronounced tempo-
ral non-stationarity and spatial heterogeneity. This sector lies
along the southeastern flank of the Tibetan Plateau, within
the transition zone between the entrance and exit regions of
the upper-tropospheric jet, where strong shear and dynamical
disturbances favor tropopause deformation, folding, and as-
sociated wave activity. Notably, the clearly identifiable fold-
ing band transitions from an approximately quasi-parallel,
banded morphology in Fig. 10a and b to a meridionally off-
set, interleaving structure in Fig. 10g and h, suggesting a shift
in the folding process from a stage modulated by near-linear
wave perturbations towards a more strongly nonlinear break-
ing regime, possibly associated with inertial gravity waves
induced by tropopause folding and their subsequent break-
ing. Given the fixed station location, the lidar measurements
do not continuously sample the core of the tropopause fold,
but more often reflect the downstream evolution and lateral
modulation of the folding system (Shangguan et al., 2019;
Zhang et al., 2024).

We offer the following conceptual interpretation of the
dynamics. During the phase in Fig. 10a and b, PV anoma-
lies near the tropopause are characterized by quasi-parallel
PV contours, a relatively weak meridional gradient, and lim-
ited vertical extension. This structure suggests that fold-
ing is primarily modulated by disturbances, such as plane-
tary waves and inertial gravity waves, superimposed on the
shear environment of the upper-tropospheric jet (Mclntyre
and Palmer, 1983). In this stage, the lidar site (29° N, 99°E)
lies on the northern flank of the folding band, within a wave-
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dominated sector that mainly reflects perturbations associ-
ated with tropopause undulations and PV field oscillations,
while the net cross-tropopause transport remains limited. In
Fig. 10c—, as instability strengthens in the jet-exit region, the
PV gradient across the folding band sharpens markedly. An
ascending branch develops on the southern side of the fold,
whereas a quasi-stationary descending branch forms on the
northern side near the lidar site. The site then becomes inter-
mittently aligned with the downstream transport pathway of
the PV anomaly, indicating a transition from a fold evident in
morphology to one that enables effective transport (Sprenger
et al., 2003). In Fig. 10g and h, the fold exhibits clear PV
tongue breakup and meridional displacement. The sawtooth-
like offsets likely reflect wave breaking or nonlinear PV
mixing (McIntyre and Palmer, 1983, 1984). At this stage,
ascent-descent dipoles occur more frequently on smaller spa-
tial scales, and the vertical circulation becomes shorter-lived
and more localized. The previously coherent descending con-
duit weakens and becomes increasingly intermittent (Stohl et
al., 2003). In the vicinity of the site, this fragmented circu-
lation and enhanced mixing reduce sustained stratosphere-
to-troposphere transport (STT), manifesting as a weakened
or discontinuous downward flux. In addition, the ascending
branch structure to the south of the site can further interrupt
the local descent pathway.

Taken together, these results indicate that the short-lived,
rapid ozone descent observed during this STE event was as-
sociated not only with temperature variations, but also that
the onset and recovery of the event as a whole were modu-
lated by tropopause folding and gravity waves over the region
25-28°N, 95-99°E.

3.4 Cross-tropopause ozone flux estimation based on
lidar observations

Building on the mass-flux diagnostics, we further estimate
the cross-tropopause ozone flux by incorporating ozone pro-
files from the USTC Ozone Lidar. Specifically, we use
the lidar-retrieved vertical profiles of ozone number den-
sity to characterize ozone abundance in the troposphere and
stratosphere and, in combination with the diagnosed cross-
tropopause mass flux, to quantify ozone exchange across
a layer extending several kilometers above and below the
tropopause.

To ensure the robustness of the calculation, we assume
that the ozone number densities measured at the lidar site
(29°N, 99°E) are representative of the mean ozone level
within 28.75-29.25° N and 98.75-99.25° E. Consistently, the
mass flux is diagnosed from ERAS gridded fields over the
same spatial domain. Following Cui et al. (2004), the lidar-
derived, vertically varying ozone mixing-ratio profiles are in-
tegrated over the 3 km layers immediately below and above
the tropopause to obtain representative layer-mean mixing
ratios. Consequently, the measured vertical ozone gradients
within these layers are retained in the calculation rather than
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being replaced by a vertically uniform ozone concentration.
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In the equation, g(p) represents the uniform mixing ra-
tio of ozone at pressure p, My, denotes the upward flux
of substances through the tropopause, and Mgown denotes
the downward flux of substances. Positive and negative val-
ues indicate locations above and below the tropopause, re-
spectively. Thus, the observed vertical variation of ozone
within the 3 km layers above and below the tropopause is
retained in the integration rather than assuming a vertically
uniform ozone abundance. The two integral terms represent
the pressure-weighted layer-mean ozone mixing ratios on the
tropospheric and stratospheric sides of the tropopause, re-
spectively.

The instantaneous cross-tropopause ozone flux diagnosed
at the Yangbajing lidar site for 18—19 October 2017 is shown
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in Fig. 11. A clear STE-related ozone descent signal is evi-
dent from 13:00 UT on 18 October to 12:00 UT on 19 Octo-
ber, manifested as a positive ozone flux from the stratosphere
to the troposphere. In contrast, Aura satellite sampling near
the site is temporally sparse. MLS typically overpasses the
vicinity of Yangbajing only twice per day, whereas OMI pro-
vides at most one pass per day, which largely explains the
relatively low temporal resolution of the satellite products.
For 18—19 October, MLS provides three nearby footprints at
(29.66°N, 98.27°E), (25.22°N, 105.20°E), and (29.66° N
95.52°E) (red hexagons in Fig. 11). The first and third foot-
prints are closest to the Yangbajing site, and the ozone fluxes
inferred from MLS there agree well with the ERAS esti-
mates. By contrast, the second footprint is displaced substan-
tially in longitude and lies outside the Tibetan Plateau, and
its inferred ozone flux deviates more strongly from both the
ERAS and lidar results. Overall, the ozone flux derived from
the USTC Ozone Lidar measured profiles is broadly consis-
tent with the ERAS5-driven ozone flux. More specifically, on
18 October, the lidar observations mainly capture the intensi-
fication phase and yield slightly larger diagnosed fluxes than

Atmos. Chem. Phys., 26, 13139-13156, 2026



13152 R. Dong et al.: Multiple rapid stratosphere-to-troposphere ozone transport events

_MASS FLUX (01:00UT-06:00UT) 291

31H2) ~
Iq

_30F E

Z. 0.5 :n
o

g % 5

E ° 2

-g 28 ‘é’

—_ 05 &

27t ﬁ

L) 13

158
(=}

95 97 99 101 103
Longitude (°E)
. MASS FLUX (13:QOUT—18:OQUT) 291 .

8 . ] 15
_ P @ i
_ - _ 0.5
g ] 0
! . ] 0.5
g “ae B

%)

—~ 30 'TE
g )
9 B
32 2
=28 ~
< E
— =]
27 2
s
26
95 97 99 101 103
Longitude (°E)

MASS FLUX (01:00UT-06:00UT) 292 s
31He) -
30f =

2 05 '»
<99 b4 Nfao
E 0 g
£28 @® e
3 L) 05 2
27t 2

<

-1
261 L J >
" ! " " " 15
95 97 99 101 103
Longitude (°E)

MASS FLUX (13:00 UT-18:00UT) 292 s
31 H) R
30} 2 =

Z 05 '»
<29 bES &
g 28 ‘é—’
= 05 2
27f 2

<

-1
sl e s
- - . . . -1.5
95 97 99 101 103
Longitude (°E)

_MASS FLUX (07:00UT-12:00UT) 291

L5
31H(b) .
30F F

Z 05 '@
<29 X Z
5} &
E ° &
E28 v
E E
— ° 05 &
27¢ ° ‘2%
-1
26
. : : : : -15
95 97 99 101 103
Longitude (°E)

MASS FLUX (19:00UT-24:00UT) 291 s
31 H(d) W, ~
30F . ] TE

Z 05 ‘=

: % 2

i h'e 0 s

E28 1 >

5 . 05 2
27F ] 2

<
-1
261 ' 0 ] =
. . - - - L5
95 97 99 101 103
Longitude (°E)

MASS FLUX (07:00UT-12:00UT) 292 s
31E(D) M -
30F ) _IE

z 05 '=»

<29 X Z

5} a

E ° 8

=28 1 hvi

E 5

_1 -0.5
. -9 g

<
-1
26 F \ ° =
. ) . . ; L5
95 97 99 101 103
Longitude (°E)

MASS FLUX (19:00UT-24:00UT) 292 s
31 H(h) W, -~
30F F

Z 05 '@

<29 X 2

5} &

E ° &

£28 =

3 ® 05 &2

27 2
<
26 1 A 1=
- - : : : 15
95 97 99 101 103
Longitude (°E)

Figure 10. Spatiotemporal evolution of the cross-tropopause mass flux during 18-19 October 2017, diagnosed using Wei’s formulation and
ERAS meteorological fields. Each panel shows the 6h mean of the instantaneous cross-tropopause mass flux for the corresponding time
interval. The red asterisk marks the location of the USTC Ozone Lidar at Yangbajing (29°N, 99°E).

ERAS, whereas on 19 October, during the recovery phase,
the two estimates closely agree.

In this study, we present an initial detection and analysis of
a stratosphere—troposphere exchange (STE) event captured
by ozone lidar observations. The ozone flux associated with
stratosphere-to-troposphere transport derived from the USTC

Atmos. Chem. Phys., 26, 13139-13156, 2026

Ozone Lidar exhibits an instantaneous peak of approximately
3-4 x 107 0kgs~ " m~2, slightly exceeding the correspond-
ing estimate derived from ERAS for the same period. De-
spite this difference, the overall agreement between the lidar-
derived and ERAS5-derived ozone fluxes supports the robust-
ness of the flux-calculation framework. Although ozone lidar

https://doi.org/10.5194/acp-26-13139-2026
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Figure 11. Instantaneous cross-tropopause ozone flux during 18-19 October 2017.

provides ozone concentration measurements with high spa-
tial and temporal resolution, the lack of time-continuous in
situ wind observations necessitates the use of ERA5 wind
fields at 1 h resolution in the flux diagnosis. Despite this lim-
itation, our analysis demonstrates that ozone-profiling lidar
can not only resolve the fine vertical structure of ozone but
also, when combined with wind information, enable quanti-
tative observation and flux estimation of STE-related down-
ward ozone transport, thereby broadening the potential of li-
dar for studies of coupled atmospheric composition and dy-
namics.

4 Conclusion

This study uses vertical profiles of ozone density observed
by our mobile differential absorption ozone lidar (USTC
Ozone Lidar) located at Yangbajing, Tibet (29°N, 99°E).
The system provides synchronous observations of tropo-
spheric and stratospheric ozone over 5-50 km, offering high-
spatiotemporal-resolution profile evidence for STE studies
over the Tibetan Plateau. By combining 30 min signal ac-
cumulation with a moving-window procedure, the dataset
maintains a high effective temporal sampling while ensuring
an adequate signal-to-noise ratio and showing strong consis-
tency with ECMWF Reanalysis v5 (ERAS) and independent
satellite observations.

To corroborate the STE-related ozone descent event iden-
tified from the lidar retrievals on 18—19 October 2017, ERAS
global reanalysis was used as an independent constraint.
Near the tropopause, the ozone number densities observed
by the USTC Ozone Lidar agree closely with ERAS in both
magnitude and temporal evolution, lending confidence to the
event identification and the subsequent quantitative diagnos-
tics. For the rapid ozone descent features resolved by the li-
dar, temperature profiles retrieved from the 387 nm Nj vi-
brational Raman return reveal a strong correspondence with

https://doi.org/10.5194/acp-26-13139-2026

temperature fluctuations in the tropopause region. In six of
the seven identified descent episodes, the associated temper-
ature gradient exceeds 8 Kkm™!, and even in the remaining
case the gradient still reaches 4.2 Kkm™!. These results rep-
resent the first detection of such rapid descent features by
the USTC Ozone Lidar, together with the first identification
of their close relationship to tropopause-region temperature
variability using lidar-derived temperature profiles. In addi-
tion, the ozone descent observed at Yangbajing generally lags
the broader descent over the study region (25-32°N, 94—
104°E). The spatial distribution of cross-tropopause mass
flux was diagnosed using the Wei formulation, with the PV-
threshold sensitivity analysis supporting 3PVU as a phys-
ically reasonable dynamical tropopause threshold for this
event. The diagnosed flux fields further suggest that this STE
event was closely linked to tropopause folding within the
study region (25-32°N, 94-104° E), with the ozone variabil-
ity observed at the lidar site modulated by gravity waves as-
sociated with the evolving fold.

Building on the mass-flux diagnosis, we directly incor-
porate lidar-measured ozone profiles into a cross-tropopause
ozone-flux framework to quantify the downward ozone flux
and validate the estimates against ERAS5-driven results and
Aura/MLS observations. The results show that the instan-
taneous peak ozone flux associated with stratosphere-to-
troposphere transport, measured by the USTC Ozone Lidar,
is approximately 3—4 x 10719 kgs~! m~2, slightly exceeding
the corresponding ERAS5-derived estimate for the same pe-
riod. Because time-continuous in situ wind measurements
are not available, the flux calculation still relies on ERAS
wind fields. Even with this limitation, the results demon-
strate that ozone-profiling lidar can resolve fine-scale verti-
cal ozone structures and, when combined with wind infor-
mation and dynamical diagnostics, contribute to the quanti-
tative assessment of STE-related ozone transport and cross-
tropopause ozone fluxes. Looking ahead, we will further de-
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velop and deploy a high-accuracy, high-temporal-resolution
vertical wind profiling lidar to strengthen observations of
coupled composition-dynamics processes over Tibet and to
extend the utility of ozone lidar in such studies.
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