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Abstract

As one of the most important greenhouse gases, water vapor in the upper troposphere and lower
stratosphere (UTLS) has a significant impact on the global earth-atmosphere system. The Tibetan
Plateau (TP) is an important high terrain which exerts a profound impact on the change of weather and
climate, and mass exchange. Tropopause folds occur frequently over the TP due to the impact of the
subtropical westerly jet, which affects water vapor transport between the stratosphere and the
troposphere. In this paper, the spatial and temporal distribution characteristics of tropopause folds over
the TP are examined by applying an improved three-dimensional (3D) labeling algorithm to the ERA5
reanalysis data (1979 to 2019). The effects of different fold depths in various regions over the TP on the
variations of UTLS water vapor are further studied. The results of a case study (25 February 2008)
suggest that there is a good continuity in identification of the fold depth for the same fold event using the
improved 3D labeling algorithm. The fold depth and height are consistent with the results of radiosonde
data and ERAS reanalysis data. The fold frequency over the TP shows an increasing trend in the last 41
years, with slightly lower frequency of medium folds than that of shallow folds, and lowest frequency of
deep folds. There is increasing water vapor in the UTLS over the TP due to tropopause folds. The results
indicate that tropopause folds enhance the horizontal divergence of water vapor in the UTLS and
increase the vertical water vapor flux in the UTLS region. The folding over the plateau leads to increased
moisture in the UTLS. It is argued that vertical velocity anomalies in the vicinity of the fold and subgrid
perturbations have a significant impact on the increase of UTLS water vapor over the TP. The results of
this work provide a scientific basis for a better understanding of the stratosphere-troposphere exchanges
due to tropopause folds over the TP.

1 Introduction

There are significant differences in the dynamic and chemical characteristics of the troposphere and
stratosphere, with abundant water vapor and strong vertical mixing in the troposphere, while the
stratosphere is relatively dry and stable. The tropopause is not only a physical boundary connecting the
troposphere and stratosphere (Pan and Munchak 2011; Pan et al. 2018), but also a transition region
between the troposphere and stratosphere. The upper troposphere and lower stratosphere (UTLS) is a
coupled layer between the troposphere and the stratosphere, in which variations in the distribution and
concentration of radiologically active gases (water vapor, ozone, carbon dioxide, methane, nitrous oxide,
etc.) lead to changes in temperature and radiative forcing (Ramaswamy and Bowen 1994; Zeng et al.
2010; Checa-Garcia et al. 2018; Xia et al. 2018; Ruiz and Prather 2022; Daskalakis et al. 2022), thus affect
climate change (Solomon et al. 2007). Stratosphere-troposphere exchange (STE) across the tropopause
is an important bidirectional process affecting the distribution of material in the UTLS (Holton 1990;
Holton et al. 1995). The STE is associated with atmospheric processes at different scales (Gettelman et
al. 2011), such as residual circulation (Holton 1990; Fueglistaler et al. 2009; Boothe and Homeyer 2017),
cut-off low (Ebel et al. 1991; Sprenger et al. 2007), extratropical cyclone (Jaeglé et al. 2017), tropopause
fold (Ebel et al. 1991; Skerlak et al. 2014; Séder et al. 2021), gravity wave (Fritts 1984; Fritts and
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Alexander 2003; Hoffmann et al. 2013; Heller et al. 2017), convection (Tang et al. 2011; Sang et al. 2018;
Phoenix and Homeyer 2021) and turbulence (Soder et al. 2021; Dérnbrack et al. 2022). The tropopause
fold is an important mechanism affecting the STE, not only accompanied by upper-level frontogenesis,
but also through effective mixing (Pan et al. 2004, 200743, b). Tropopause folds are reported to contribute
up to 50%-70% of the cross-tropopause exchanges in the subtropics (Sprenger et al. 2003).

About 75% of atmospheric water vapor is concentrated in the lower troposphere. Although less water
vapor in the UTLS region, it is an important greenhouse gas (Held and Soden 2000; Solomon et al. 2010;
Dessler et al. 2013). It also has significant effects on global climate changes by affecting radiative
forcing processes, altering the energy balance of the earth-atmosphere system and the release of latent
heat of condensation (Forster and Shine 2002; Zhang et al. 2004; Schneider et al. 2010; Riese et al. 2012).

The Tibetan Plateau (TP) has important thermal and dynamic effects on the Asian monsoon system,
atmospheric circulation and weather and climate (Yanai and Wu 2006; Wu et al. 2007; Son et al. 2019,
2020; Babaei et al. 2021; Ren et al. 2021; Yang et al. 2022). Processes of surface evaporation,
precipitation, and water vapor transport over the TP play important roles on the water cycle (Fu et al.
2006; Xu et al. 2008, 2014; Feng and Zhou 2012). Skerlak et al. (2014) revealed that the Tibetan Plateau
is a global hotspot for deep STE, primarily associated with stratospheric intrusion into the troposphere.
Multiple tropopauses were first detected by radiosonde temperature profiles in 2008, and were associated
with tropopause folds near the subtropical westerly jet (Chen et al. 2010). It was also reported that
turbulence at the top of the mixed layer can rise to the upper troposphere over the TP in winter (Chen et al.
2013, 2016). The interaction between tropopause folds and the deep boundary layer causes the ozone-
rich air from the stratosphere to mix down to the near surface (500-550 hPa) over the TP (Chou et al.
2023). Moreover, it was found that tropopause folds were generated due to intensified Asian summer
monsoon circulation and resulting intensified subsidence (Wu et al. 2018). These studies allow for a
better understanding of the tropopause structure, the stratospheric air intrusion processes over the TP
and the importance of the STE, but little is known about the quantitative spatial-temporal distribution of
tropopause folds over the TP and their contribution to water vapor transport in UTLS.

Sprenger et al. (2003) proposed a three-dimensional (3D) labeling algorithm to identify folds of
dynamical tropopause by distinguishing between positive potential vorticity (PV) anomalies (amplitude >
2 PVU) caused by stratospheric intrusions (> 2 PVU) and by diabatic and frictional processes in the
troposphere. Based on this, Skerlak et al. (2015) further refined the 3D labeling algorithm to correctly
identify stratospheric and tropospheric air in complex situations, and developed a Lagrangian filter to
ensure that only tropopause folds, not diabetically or frictionally produced PV, are detected.

Based on the study of (Skerlak et al. 2015), the criteria for defining the vertical extent of folds (the fold
depth) are improved in the 3D labeling algorithm. The improved 3D labeling algorithm is applied to the
ERAS reanalysis data for the period from 1979 to 2019 to investigate the climatology of tropopause folds
over the TP and the effect on water vapor in the UTLS. In section 2, the data used, the improved 3D
labeling algorithm and the calculation of the fold frequency are described. The identifications of a fold
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event using the 3D labeling algorithm, the spatial and temporal of tropopause fold distributions over the
TP are presented in section 3. The effects of the folds on water vapor in UTLS are further investigated in
section 4. Finally, we present the conclusions in section 5.

2 Data And Methods
2.1 Data

The data used in this paper are the ERA5 global reanalysis datasets from 1 January 1979 to 31
December 2019 from the European Centre for Medium-Range Weather Forecasts (ECMWF). These
datasets are available at a spatial resolution of 0.25° x 0.25° and a temporal resolution of Th with 37
pressure levels from 1000 hPa to 1 hPa. The data used includes potential vorticity, specific humidity,
temperature, horizontal wind speeds, vertical velocity, and surface pressure. To evaluate the identification
of the fold depth using the 3D labeling algorithm before and after the improvement, data on 25 February
2008 from the ERAS5 data set T639 (HRES) was used.

The Atmospheric Infrared Sounder (AIRS) was launched on the Aqua research satellite, a major
component of NASA's Earth Observing System, in May 2002. The specific humidity of the AIRS from 2002
to 2019, which is the standard retrieval monthly averages with a spatial resolution of 1° x 1°, was
compared with that from the ERAS reanalysis.

2.2 Methods
2.2.1 Definition of the tropopause

The tropopause is defined in various ways, among which the thermal and dynamical definitions are
common. The thermal tropopause was defined by the World Meteorological Organization (WMO) in 1957,
based on the lapse rate of temperature (WMO, 1957). The tropopause at mid-latitudes is discontinuous
and presents multiple tropopauses in the vicinity of the polar jet, although the thermal tropopause is easy
to be determined from a radiosonde profile. Given that the vertical temperature gradient is not a
conservative quantity, the definition of the thermal tropopause does not accurately describe air mass
characteristics of the stratosphere and troposphere (Wilcox et al., 2012). The dynamical tropopause is
defined in terms of potential vorticity, taking into account the effects of atmospheric stability,
atmospheric circulation and air density (Hoskins et al. 1985; Holton et al. 1995). In the northern
hemisphere, the dynamical tropopause is defined by PV values in the range of 1-4 PVU (1 PVU=1x107°
K-m?kg™1-s™1) (Kunz et al. 2011). A definition of the blended tropopause combines the characteristics of
both dynamical and thermal tropopause (Wilcox et al. 2012; Mateus et al. 2022). In this paper, the
dynamical tropopause is defined as the lower height of the isosurface of PV at 2 PVU and isentropic
surface at 8 = 380 K (Hoskins et al. 1985; Holton et al. 1995; Stohl et al. 2003; Sprenger et al. 2003;
Skerlak et al. 2015).

2.2.2 Improved 3D labeling algorithm and Lagrangian filter
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The 3D labeling algorithm refined by Skerlak et al. (2015) has been used in many studies to detect
tropopause folds (Akritidis et al. 2016, 2019, 2021; Breeden et al. 2021; Dafka et al. 2021). In this work, we
further improve the determination of the fold depth based on the algorithm from Skerlak et al. (2015), as
shown in Fig. 1. Following the 3D labeling algorithm of Skerlak et al. (2015), the air in the troposphere
and stratosphere is first classified into five categories according to the isosurface of PV at 2 PVU (or 6 =
380 K) and specific humidity (0.1 g-kg™") (as shown in Fig. 1a). The categories are: tropospheric air (label
1), stratospheric air (label 2), isolated stratospheric air or diabetically generated cyclonic PV anomalies
(stratospheric cutoffs, label 3), isolated tropospheric air (tropospheric cutoffs, label 4) and frictionally
generated PV anomalies (label 5). If multiple tropopauses are determined for grid locations in the labeled
field (i.e., there are multiple crossings of the interface between stratosphere and troposphere), an
occurrence of fold is tentatively determined at that grid. The connectedness analysis is then used to
detect whether folds at various grids are spatially connected. To confirm that the identification of the fold
is not associated with PV anomalies produced by the diabatic processes (diabetically heating effects of
clouds) and friction, 24 h backward trajectories are performed for the grids inside a tropopause fold
detected by the 3D labeling algorithm. The grid points detected as tropopause folds are discarded if label
3, 4 or 5 is encountered along the trajectories, because PV anomalies are associated with diabatic or
frictional processes and not with a true stratospheric fold. In addition, the pressure difference AP between
the grid points accessing the dynamical tropopause (Fig. 1a) is applied to classify the tropopause fold
(Sprenger et al. 2003).

As the pressure difference between grids in the vertical column is used to identify the vertical extent of the
fold, there are various fold depths classified in a fold event. However, the pressures and physical
properties of the air mass of grid points are not identical at the same isosurface within the fold even if
there are grid points with the same pressure difference. Therefore, the maximum pressure difference of
the interconnected grid points at 2 PVU surfaces within the fold is calculated, and finally used to indicate
the vertical extent of the fold (as shown by the solid brown line in Fig. 1b). In this paper, the classification
of the tropopause fold given by (Tyrlis et al. 2014) is adopted, i.e. folds with 50 < AP <200 hPa, 200 < AP
<350 hPa and AP = 350 hPa are cataloged as shallow folds, medium folds, and deep folds, respectively.

2.2.3 Fold frequency

The improved 3D labeling algorithm is used to evaluate the occurrence of tropopause folds and to
classify the fold depth over the TP for the 41-year time period from January 1, 1979 to December 31,
2019. The fold frequency at each grid point, f.5, is defined as

?fivFi lat,lon
frr (lat,lon) = i J\(f ),# (1.)

where N is time, lat and lon are latitude and longitude, respectively, and Fi is the fold occurrence count,
which is determined by
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1,Crq < AP;

2
0, others 7 (2)

F; (lat,lon) = {

where AP;is the pressure difference, C'y is the threshold of the pressure difference for the classification
of tropopause folds. Following Tyrlis et al. (2014), fold structures with AP;less than 50 hPa are discarded,

and the threshold C'f4 of 50 hPa is used to define the total fold frequency. The thresholds C'¢4 for the
classification of tropopause folds are defined in section 2.2.2.

3 Distribution Of Folds
3.1 Algorithm verification

To verify the algorithm, a tropopause fold event identified by 3D labeling algorithm before (Figure. 2a and
2c) and after (Figure. 2b and 2d) improvement are compared at 11 UTC on 25 February 2008. As can be
seen in Fig. 2, there is a good agreement in the identification of fold location and depth, but differences in
fold classification. Figure. 2a and 2c show that two fold categories (shallow and medium folds) are
identified at 11 UTC by the algorithm before improvement, but only a medium fold is determined after
improvement (Figure. 2b and 2d). Although the depth of the stratospheric intrusion varies in different
regions for a fold event (AP varies), the synoptic weather system that triggers a fold is unique. If a fold
event is categorized to different depths at the same time, it does not correspond well to the synoptic
system that initiates a tropopause fold (e.g., upper tropospheric frontogenesis or jet stream). Therefore,
the distribution of folds is hereafter determined by the improved 3D labeling algorithm in this work.

The distribution of potential temperature, zonal wind speed, potential vorticity (from the ERA5 reanalysis
data), fold depth (using 3D labeling algorithm) and the radiosonde profiles at Gerze (32.17°N, 84.03°E,
with the elevation of 4415 m) for the same case study shown in Fig. 2 are further presented in Fig. 3. The
radiosonde data is obtained from the first stage (IPO1) of the Sino-Japanese Center for Cooperation on
Meteorological Disasters research project (JICA) at Gerze. Figure 3a shows that the tropopause fold
develops in a high-level frontal zone along the subtropical jet stream on the southern TP. It grows to a
deep fold at 01 UTC on 26 February with the tropopause dipping down to 378 hPa (Figure S1, in the
supplement). Specific humidity and temperature decrease with the altitude near the tropopause at Gerze
(Fig. 3b). There is an inversion between the 340 hPa and 280 hPa layers, probably caused by the
stratospheric intrusion. Another tropopause can be seen at about 100 hPa, confirming the frequent
occurrence of multiple tropopause events over the TP (Pan et al. 2007a; Chen et al. 2011). The
radiosonde wind profiles show (Fig. 3c) that the jet stream occurs at 300 - 180 hPa, which is consistent
with the location and intensity of the jet stream analyzed using the ERAS5 reanalysis data. The green
shading in Fig. 3a indicates that the depth of the stratospheric intrusion identified by the improved 3D
labeling algorithm penetrates down to 375 hPa, which is generally consistent with the inversion at about
340 hPa from the radiosonde profile. Thus, the isosurface of PV at 2 PVU (or 6 = 380 K)determined using
this algorithm can describe the tropopause over the TP. The fold area (green shading) in Fig. 3a is
detached, which means that the tropospheric air mass in the discontinuous region does not fulfill the 2
Page 6/27



PVU criteria to be labeled the stratospheric intruding air. Further analysis indicates that the fold at the
lower latitude (30°N) is connected to the adjacent folds (Figure S2), therefore, the fold in Fig. 3a is
considered to be a fold event. PV anomalies occurring near the surface and in the lower troposphere (e.g.,
near 28°N in Fig. 3a) are distinguished from those inside the fold, which indicates that the algorithm is
able to accurately identify the fold event and its spatial distribution using high-resolution data.

3.2 Tropopause folds distribution
3.2.1 Seasonal distribution

There is a lack of quantitative studies of the temporal and spatial distribution of tropopause folds over
the TP, although considerable statistical analyzes of fold frequencies have been performed at global
(Sprenger et al. 2003; Skerlak et al. 2015; Akritidis et al. 2021) and regional scales (Chen et al. 2011;
Akritidis et al. 2016; Wu et al. 2018; Luo et al. 2019; Dafka et al. 2021; Borhani et al. 2022). In this study,
an improved 3D labeling algorithm is used to investigate the frequency of tropopause folds over the TP in
different seasons from January 1, 1979 to December 31, 2019. Figure 4 shows that folds occur along the
subtropical jet stream and follow the northward or southward migration of the subtropical jet stream, in
agreement with previous studies ((Wu et al. 2018; Luo et al. 2019). Tropopause folds occur mainly in the
southern Tibetan Plateau in winter and spring, and move westward from winter to spring. In summer,
folds are distributed primarily in the northwest TP, with the highest frequencies (greater than 12%) in the
Pamir region (60°E-80°E, 34°N-42°N), and a maximum frequency of about 16%. The region where summer
folds occur is adjacent to frequently occurring intense convective systems over the TP (Wu et al. 2016),
which is attributed to the decrease of static stability beneath the folds due to the stratospheric intrusion
(Skerlak et al. 2015; Séder et al. 2021). The fold frequency is low in autumn with relatively uniform
distribution within the subtropical jet stream. Overall, the fold frequencies in the south or northwest of the
TP are much lower in autumn than in other seasons.

Global and regional climatology studies of tropopause folds have shown that most folds are vertically
shallow (Sprenger et al. 2003; Skerlak et al. 2015; Luo et al. 2019). However, this study using an improved
3D algorithm detects significantly increased frequencies of medium folds over the TR, reaching up to 7%
in summer. Seasonal cycles of three classes of tropopause folds are further investigated, and show
(Figure S3 in the supplement) that the peaks in shallow frequencies occur in spring, and the minima in
autumn with more even distribution within the jet stream. Medium folds are primarily distributed in the
south and southeast of the TP in DJF and MAM, which corresponds well with the subtropical jet stream.
In the summer months (JJA), high-medium fold frequencies are found in the northwest of the TR, but
outside of the jet stream. In winter, deep folds occur mainly over the south of the Himalayas with
occurrence frequency of up to about 49% of the total annual deep fold occurrence.

3.2.2 EOF analysis of fold frequencies

To further examine the interannual spatial-temporal variability of tropopause fold frequencies, the
empirical orthogonal functions (EOFs) of fold frequencies over the TP for a time period from 1979 to
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2019 are analyzed. The Mann-Kendall test (Kendall and Stuart, 1961) is used to detect the trend in
tropopause fold frequencies. The first mode, explaining 31.1% of total variance in tropopause folds,
shows (Fig. 5a) a north-south structure. The maximum correlation coefficient of 0.92 lies in the eastern
part of the TP. There is an upward trend in the occurrence of tropopause folds at the 95% confidence
level. The second EOF, which explains 13.2% of total variance, shows a dipolar structure (Figure S4a). The
first EOF of shallow folds explaining 23% of the total variance shows a dipolar frequency variability (Fig.
5b), with an increasing trend over the TP. The second EOF of shallow folds explains 15.5% of the variance
(Figure S4b). The spatial distribution of the first EOF of medium folds is characterized by a homogeneous
positive value, with the maxima at the southern edge of the TP. The first EOF of medium folds explains
almost half of the variance (45.7%), with a significant upward trend for the period from 1979 to 2019. The
first mode accounts for about 26% of the variance of the deep fold occurrence, with no significant upward
trend.

The zonally averaged maximum height of the tropopause folds is defined as the fold height in the present
work, and is further used to evaluate the altitude of the stratospheric intrusion over the TP. The fold
heights show (Figure S5, in the supplementary material) that the height of folds over the TP (20°N-50°N,
50°E-115°E) decreases with increasing latitude, more significantly north of 36°N, especially for deep
folds. This is consistent with the results that the tropopause height decreases gradually from the equator
to the poles (Wilcox et al. 2012). Overall, the fold heights are significantly larger in the southern part of the
TP than in the north.

4 Effect Of Tropopause Folds On Utls Water Vapor
4.1 Water vapor flux in the UTLS

To validate the accuracy of water vapor in the ERAS5 reanalysis datasets, the humidity derived from the
ERAS5 and the AIRS satellite observations are compared for a time period from 2002 to 2019. Due to the
various spatial-temporal resolutions of the data sets used, moisture at the same grid point and the same
time of both data sets are compared. Figure 6 shows that specific humidity derived from the ERAS is in
good agreement with that from the AIRS satellite observations, with R% = 0.98 and a slope of about 1.01.
Therefore, the water vapor from ERA5 reanalysis data is used to study the effect of the tropopause fold
on water vapor in the UTLS over the TP.

Atmospheric convection, the South Asian High, and atmospheric temperature play a significant role on
the water vapor content of UTLS over the Tibetan Plateau and surrounding areas (Wu et al. 2015; Son et
al. 2020; Ren et al. 2021). However, variations of water vapor in UTLS are initiated by tropospheric
processes. Tropopause folds and their impact on the UTLS water vapor over the TP are studied in this
work, which presents the dynamic transport from the stratosphere to the troposphere. Figure 7b is a
comparison of the water vapor content in the UTLS (300-50hPa) over the TP (shaded area in Fig. 7a)
between the situations with no fold and the various folds. The water vapor content in the UTLS is clearly
seen to increase due to tropopause folds, with a greater increase in shallow and medium folds, and a
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lower increase in deep folds, largely consistent with the frequency of folds over the TP. The UTLS water
vapor flux on the boundaries of the TP shows that folds increase the outward transport of water vapor on
the northern boundary of the TP, while reducing the transport of water vapor from the southern boundary
into the TP (Fig. 7c). Meanwhile, folds weaken the water vapor transport of the westerlies, but enhance
the outward transport from the eastern boundary of the TP. This indicates that stratospheric intrusion
induces a significant increase in horizontal divergence over the TP (Figure S6 in the supplementary
material), which leads to an increase in horizontal transport of UTLS water vapor to the outside of the TP,
However, the vertical flux of water vapor in the UTLS increases due to tropopause folds, as shown in Fig.
7d. This not only compensates the reduction of water vapor in UTLS owing to the increase of horizontal
divergence, but also leads to a net increase of water vapor in the UTLS over the TP (Fig. 7b).

Since the distribution of the folds over the TP is characterized by the north-south belt and the height of
folds decreases sharply with height in the northern part of the TP (about 36°N), we further analyze the
effect of fold locations on water vapor in the UTLS over the TP. The TP is partitioned into three regions
along latitudes 44°N, 36°N and 30°N (Fig. 8a). Here the location of folds is determined by where the fold
dips to its lowest point. Figure 8b shows that the water vapor content in the UTLS increases with
occurrence of folds. The increase of water vapor decreases with folds moving from the northern zone | to
the southern zone Il over the TP. Figure 4c suggests that the highest frequency of folds in summer occurs
in the northwest of the TP. Therefore, the increase in water vapor due to folds in the zone | is not only
associated with abundant water vapor in summer but also with the transport of deep convection around
this region (Wu et al. 2016).

4.2 Effects of secondary circulation and subgrid mixing on
water vapor

The upward transport of water vapor in the UTLS of the TP increases with the occurrence of tropopause
folds (Fig. 7d). It is interesting to investigate the changes in vertical circulation anomalies and water
vapor anomalies around the fold. The three-dimensional vertical velocity anomalies, water vapor mixing
ratio anomalies and horizontal velocity anomalies at different pressure levels corresponding to different
folds over the TP are shown in Fig. 9. Note that (0°N, 0°E) corresponds to the deepest point that the
folded tropopause intrudes to, which means that all folds have moved to the same location. Figure 9
shows that the occurrence of folds is also accompanied by vertical velocity anomalies (circulation
anomalies). It is worth noting that it is a secondary circulation associated with the tropopause folds
which is not directly related to circulation fields over East Asia. There are positive anomalies of water
vapor in updrafts, and negative anomalies in downdrafts. Cyclonic anomalies appear in shallow, medium,
and deep folds at 200 hPa. Since tropopause folds over the TP are generally associated with the
subtropical westerly jet (Chen et al. 2011), vertical velocity anomalies in the vicinity of tropopause folds
are also related to the vertical motion caused by the convergence or divergence at the jet entrance or exit.
Secondary circulation anomalies and cyclonic anomalies are most significant in deep folds extending
even to the TP surface (Figure S7 in the supplementary material) while higher water vapor anomalies are
seen in shallow and medium folds. Figure 9 also shows that vertical velocity anomalies are most
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significant in deep folds but weakest in shallow folds. This is because deep folds occur primarily in
winter and spring when there is a stronger subtropical westerly jet, and corresponding stronger
convergence or divergence at the jet entrance and exit. Moreover, it has been reported that the tropopause
becomes folded during upper tropospheric frontogenesis (Hoskins 1982). The anomalous vertical
velocity enhances the temperature gradient, thereby strengthening the frontal zone and increasing
isentropic slopes. It results the transport of stratospheric dry air into the troposphere along isentropic
surfaces and tropospheric water vapor into the UTLS.

It has been reported that turbulent mixing in the vicinity of tropopause folds has a significant impact on
the STE (Shapiro 1980; Chen et al. 2013, 2016; Yin et al. 2017; Soder et al. 2021). The transport of water
vapor caused by subgrid eddies (w/g/) in the UTLS over the TP (the shaded area in Fig. 7a) for different
folds are shown in Fig. 10. It shows that the subgrid perturbation increases the upward transport of water
vapor and the downward transport of dry air (W > () with the occurrence of shallow and medium
folds, especially significant in medium folds. The subgrid water vapor flux W is negative in deep folds,
maybe related to the relative dry air in winter when deep folds occur frequently. Water vapor flux W is
also negative when there is no fold occurrence. This indicates that small scale mixing (turbulent mixing)
in the vicinity of a fold also contributes to the increase of water vapor in the UTLS of the TR, which is
more significant for the vertical mixing in the vicinity of frequently occurring folds. Therefore, the increase
of water vapor in the UTLS of the TP is also related to vertical circulation anomalies associated with the
subtropical westerly jet and upper-level frontogenesis on one hand, and to turbulent mixing due to folds
on the other hand.

5 Conclusion

This study presents the climatology of tropopause folds over the Tibetan Plateau, determined using an
improved 3D labeling algorithm based on the ERA5 data set from 1979 to 2019. The spatial and temporal
distribution characteristics of tropopause folds over the TP are first investigated. The effects of the
tropopause fold over the TP on water vapor variations in the UTLS is then discussed. Water vapor
transport mechanisms in the UTLS are explained by investigating the secondary circulation associated
with the subtropical jet stream and the upper level frontogenesis as well as subgrid water vapor flux for
different folds. The major conclusions of this work are as follows.

The 3D labeling algorithm improves the detection of horizontal connectedness of the different folds and
modifies the identification of fold depth. The occurrence time and location of the tropopause folds
determined by the 3D labeling algorithm are consistent before and after the improvement, but the
improved algorithm improves the continuity in the determination of the vertical extent of folds. In a case
study, the identification of fold location and fold depth are consistent with radiosonde profiles. The
seasonal distribution of fold frequencies over the TP during the past 41 years is consistent with that of
the subtropical jet stream, which moves poleward as the season progresses. Tropopause folds occur

Page 10/27



primarily at the southern edge of the TP in winter and spring, and in the northwest in summer. The
maximum fold frequency is found in the western edge of the TP in summer. Relatively low and even fold
frequencies are found in the autumn. A north-south structure of tropopause folds over the TP is
confirmed by the EOF analysis and show a significant upward trend for medium and shallow folds during
1979-2019. It is also found that the fold height over the TP decreases with increase in latitude, most
significantly north of 36°N.

Water vapor comparisons in the UTLS between situations with and without tropopause folds reveal that
folds increase the horizontal divergence in the UTLS, which leads to an outflow of water vapor at the
northern boundary of the TP and a reduction of water vapor transport at the southern boundary. The
vertical transport of water vapor in the UTLS varies significantly due to tropopause folds, with increased
upward transport of shallow, medium and deep folds. Folds are accompanied by secondary circulation
anomalies associated with the subtropical jet stream and frontal zone system. Anomalous updrafts
transport water vapor from the troposphere to the UTLS. Meanwhile, the stratospheric dry air mixes down
into the troposphere along the isentropic surface. Water vapor content increases in the UTLS with the
occurrence of folds. The most significant increase of water vapor is found at the location of tropopause
folds in the north of the TP (zone ), maybe related to frequent deep convection in the north-west of the
TP in summer. The concentration of water vapor increases when folds occur in the TR, with a more
pronounced increase in water vapor when the folds occur in the northern TP compared to the southern
region. In addition, the subgrid perturbation associated with the tropopause fold also increases the
transport of UTLS water vapor of the Tibetan Plateau. The results of this work provide a scientific basis
for a better understanding of the stratosphere-troposphere exchanges due to tropopause folds over the
TP
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Panel a: Schematic diagram of the improved 3D labeling algorithm. The labels are assigned by the 3D
labeling algorithm according to 2 PVU surfaces (thin black line) (or 8 = 380 K) as follows (a, taken from
Skerlak et al., (2015), their Figure 1): label 1 for tropospheric air, label 2 for stratospheric air, label 3 for
isolated stratospheric air or cyclonic PV anomalies formed by diabatic processes (stratospheric cutoffs),
label 4 for isolated tropospheric air (tropospheric cutoffs), label 5 for cyclonic PV anomalies generated by
surface friction. Black shadings represent orography and thick black lines indicate cutoffs. Label 2 and 3
are separated according to the specific humidity (threshold 0.1 g-kg™). If frictionally formed PV
anomalies are connected to the stratospheric PV anomalies, such as label 2 and 5, they are separated in
height with minimal horizonal cross sections. The pressure difference AP is used to classify the
tropopause fold. Finally, a Lagrangian filter is applied for the grid points inside the fold to further exclude
the air mass with PV anomalies formed by diabatic and frictional processes. The solid pink lines indicate
the path traced by the backward trajectory, the green circles stand for the air that passes the Lagrangian
filter (intruded air from the stratosphere) and the red cross for the air that does not (diabetically and
frictionally generated PV anomalies). Panel b: Improvement of connectedness with and representing
folding events, solid brown lines for pressure differences, dashed lines for connectedness detection and
brown crosses for failure connections.
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Figure 2

Vertical distribution of a tropopause fold over the TP as detected by the 3D labeling algorithm before (a
and c) and after (b and d) algorithm improvement on February 25, 2008 at 06 UTC (a and b are aligned
along 83.25°E from 50°N to 20°N, ¢ and d along 29.25°N from 60°E to 110°E). Purple and blue shading
represent shallow (50 < AP < 200 hPa) and medium (200 < AP < 350 hPa) folds respectively. The red line
indicates the 2 PVU isosurface. The green line indicates the 380 K isosurface. The black area represents
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the topography and white shading represent PV anomalies. Filled color indicates tropospheric (light
brown) and stratospheric air (dark brown) as identified by the 3D labeling algorithm.
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Figure 3

Latitudinal section of the tropopause fold (green shading: area between the first tropopause and the
second tropopause) over the TP at 11 UTC on February 25, 2008 (84.25 °E). (a) Isentropic (in K, red

contours), potential vorticity values of 2~5 PVU, and zonal wind speed (m-s™', black contours); (b) specific
humidity, temperature; and (c) wind speed components of the GPS sounding profiles.
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Figure 4

Seasonal averages of the tropopause fold frequencies identified by the improved 3D labeling algorithm in
(a) December, January, and February (DJF), (b) March, April and May (MAM), (c) June, July and August
(JJA), and (d) September, October and November (SON) over the Tibetan Plateau during 1979-2019. The

black contours are the zonal wind at 200 hPa (m-s™). The Tibetan Plateau is delineated by blue contour
lines (3 km elevation).
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Figure 5

Spatial patterns and temporal amplitudes of the first EOF modes of tropopause fold frequencies over the
TP during 1979-2019. First EOF modes of total folds (a), shallow folds (c), medium folds (e), and deep
folds (g), respectively. Time series of the first EOF of total folds (b), shallow folds (d), medium folds (f),
and deep folds (h) with trend (black lines, at a 95% confidence level). Explained variances of the first EOF
patterns of the fold frequencies are listed on the right corner of each panel.
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Figure 6

Scatter plot of specific humidity of the ERA5 reanalysis data and the AIRS at the same grid point and the

100 hPa. The solid line
are also shown in the upper left corner.

same time. Ranges are 20.5-49.5°N, 60.5-109.5°E, and height is 300 hPa

represents the regression, and the regression equation and R?
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Figure 7

(b) Water vapor content (kg-m?), (c) Average water vapor flux (gecm™shPaes™) at the north, west, east

and south boundaries and (d) mean vertical water vapor flux (mgem?2es™) in the UTLS (300-50 hPa) over
the TP (shaded area in a) for no fold and different classes of folds. Blue is for no fold, orange for shallow
folds, green for medium folds, and red for deep folds.
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Average amount of water vapor in a column of UTLS (kgem™) corresponding to folds in different regions
of the Tibetan Plateau from 1979 to 2019. (a) Regions | (44°N-36°N), Il (36°N-30°N) and Il (30°N-26°N)
represent the northern, central, and southern TP, respectively. (b) Gray, orange, green, red and blue
represent UTLS water vapor of total folds, shallow folds, medium folds, deep folds, and no folds,
respectively.
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Page 25/27



Height (hPa)

Height (hPa)

~0.135 ~0.090 ~0.045 0.000 0.045 0.090 0.135 0.180
w(Pa-s-1)

Figure 9

Distributions of vertical velocity anomalies (colored), water vapor mixing ratio anomalies (contours,
ppmv) and wind vector anomalies (arrows) at the pressure levels of 150 hPa, 200 hPa, and 300 hPa in
UTLS of the Tibetan Plateau during 1979-2019. The latitude and longitude of the grid points correspond
to the deepest points of the fold (0°N, 0°E) in (a) shallow, (b) medium and (c) deep folds.
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Figure 10

Vertical profiles of the subgrid perturbed water vapor flux in the UTLS over the TP during 1979-2019. The
blue, orange, green, red and purple line represents the shallow, medium, deep fold, no fold and all fold,
respectively.
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