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Abstract: By using ozonesonde measurements, European Centre for Medium-Range Weather

Forecasts (ECMWF) next-generation reanalysis ERA5 data, satellite-borne Moderate

Resolution Imaging Spectrometer data products, and backward trajectory calculations from

the chemical Lagrangian model of the stratosphere (CLaMS) model, this study analyzes

vertical ozone distributions and explores the influence of deep stratospheric intrusions and

wildfires on ozone variation in the northern Tibetan Plateau (TP) during the Asian summer

monsoon period. Large ozone partial pressures were observed between 20 and 30 km, with a

maximum of ~16 mPa at approximately 27 km latitude. The comparisons between the vertical

ozone profiles with and without the occurrence of stratospheric intrusions showed that their

relative ozone difference was up to 72.4% in the tropopause layer (15.8 km), and a secondary

maximum of 66.7% existed in the middle troposphere (10.1 km). The stratospheric intrusions

dried the atmosphere by 52.9% and enhanced the ozone columns by 26.1% below the upper

troposphere and lower stratosphere. A case study of deep stratospheric intrusion exhibited the

occurrence of large ozone partial pressure in the middle troposphere in detail, with an ozone

peak of ~6 mPa at 10 km, which was caused by a tropopause fold associated with the westerly

wind jet at the north flank of the Asian summer monsoon anticyclone. The stratospheric

intrusion processes effectively transported the cold and dry air mass with high ozone in the

stratosphere downward to the middle troposphere over the northern TP. This study also
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confirmed that by long-range transport processes, large wildfire smoke occurred around

central and eastern Russia on 19-26 July 2016 greatly caused ozone pollution in the

troposphere (6 km depth from the surface) over the northern TP.

Keywords: Enhanced tropospheric ozone, stratospheric intrusion, synoptic circulation,

wildfire smoke, northern Tibetan Plateau

1. Introduction

Atmospheric ozone can regulate the amount of incoming ultraviolet radiation on the Earth’s

surface and is thus important for the atmospheric environment and ecosystems (Staehelin et

al., 2001; Myhre et al., 2013). In the troposphere, ozone is a major greenhouse gas that

primarily originates from photochemical reactions (Monks et al., 2009). Previous studies have

indicated that there is an increasing trend in tropospheric ozone concentration in China, which

has experienced rapid economic development and urbanization over the last few decades

(Wang et al., 2012; Verstraeten et al., 2015). The increasing variation in tropospheric ozone

seems to be more remarkable since the implementation of the Clean Air Action plan in 2013

in China. This plan has resulted in a significant decrease in the concentration of surface

PM2.5 (particulate matter with a diameter less than 2.5 μm) as expected (Zeng et al., 2019;

Zhao et al., 2020), whereas an undesirable enhancement in ozone concentration occurs in the

troposphere (Xu et al., 2019; Wang et al., 2020). Currently, tropospheric ozone exacerbation

has received increasing attention from Chinese scholars since it is becoming a major pollutant

and is inducing complex air pollution problems (Wang et al., 2017; Ni et al., 2018).

Compared with the troposphere, ozone concentration is much higher in the stratosphere where

ultraviolet radiation is largely absorbed to prevent it from reaching the Earth’s surface. A

previous study suggested that the net infrared radiative cooling induced by CO2 and H2O in

the stratosphere is primarily balanced by radiative heating generated from ozone absorption in

ultraviolet radiation (Cañada et al., 2000).

Vertical ozone variations between the stratosphere and troposphere, i.e., transport of

stratospheric ozone into the troposphere and tropospheric ozone into the lower stratosphere,

have been widely deployed to study stratosphere-troposphere exchange (Dufour et al., 2015;

Neu et al., 2014). By using balloon-borne measurements collected over northeastern China, a

few studies have indicated that ozone-rich stratospheric air can be downward transported into

the troposphere due to tropopause folding associated with cut-off low pressure systems (e.g.,

Li and Bian 2015; Li et al., 2015; Song et al., 2016). In addition, stratospheric intrusions can
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also increase ozone concentrations in the troposphere and even the boundary layer (Kuang et

al., 2012; Lin et al., 2012; Li et al., 2018). Enhanced ozone concentrations in the middle

troposphere have been observed by balloon measurements in the Himalayas over the southern

Tibetan Plateau (TP), based on which the model simulations show that ozone-rich air masses

in the stratosphere are transported to the middle troposphere to contribute to the enhanced

ozone structure (Ojha et al., 2017). By analyzing 33 years of ERA-Interim reanalysis data

from the European Centre for Medium-Range Weather Forecasts (ECMWF), Škerlak et al.

(2014) recognized the TP as a hotspot of deep stratospheric intrusion events, where

stratospheric air could be transported deep into the planetary boundary layer.

The TP is often referred to as the "roof of the world" or the "third pole of the Earth" in

view of its high altitude (average elevation >4 km above sea level: ASL) and broad area

(~2.5×106 km2). Due to the special terrain and harsh climate, few surface observation sites

exist on the TP (Zhao et al., 2020), over which ozone variation studies are mainly conducted

based on satellite observations. For example, space-borne Total Ozone Mapping Spectrometer

measurements have discovered a mini ozone hole during the Asian summer monsoon (ASM)

period (from May-June to August-September) over the TP (Zhou et al., 1995; Zou 1996),

which is very likely to harm terrestrial ecosystems and human health on the plateau (Ren et al.,

1997). A limited number of studies have endeavored to collect ozonesonde measurements to

illuminate the vertical ozone distributions (e.g., Shi et al., 2000; Zheng et al., 2000; Bian et al.,

2012) and downward transport from the stratosphere to the troposphere induced by

stratospheric intrusions (Li et al., 2018). However, such valuable studies were generally

conducted over the central and southern TP, in contrast to even fewer concerns in the northern

TP (Liu et al., 1997), where ozone features have not been well reported and urgently need to

be better understood. Based on this consideration, we have performed ozonsonde launches

over the northern TP during the ASM periods in the last three years. By using multiresource

data and model simulations, this study analyzes vertical ozone variations and explores the

characteristics of deep stratospheric intrusions in the northern TP. In addition, we also

confirm that the wildfires that occurred around central and eastern Russia on 19-26 July 2016

had an important influence on the enhancement of tropospheric ozone pollution over the

northern TP. The paper is organized as follows. The data and methods are described in

Section 2. Section 3 presents the main results of the study, and a conclusion is given in

Section 4.

2. Data and methods
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Ozonesonde, developed by the Key Laboratory of Middle Atmosphere and Global

Environment Observation at the Institute of Atmospheric Physics (IAP), Chinese Academy of

Sciences (hereafter referred to as the “IAP ozonesonde”) based on an electrochemical method

(Zhang et al., 2014a), was released in the northern TP during the ASM period in the last three

years. IAP ozonesonde measurements have indicated reasonable reliability (Zhang et al.,

2014b; Zheng et al., 2018) and have been widely used to elucidate regional ozone variations

(e.g., Zhang et al., 2020; Zhou et al., 2020; Tang et al., 2021). A total of 13, 9, and 12

ozonesondes were launched at Golmud (GLM, 36.48°N, 94.93°E; 2760 m ASL) in 2016, at

Qaidam (QDM; 37.74°N, 95.34°E; 3188 m ASL) in 2019, and at the QDM in 2020,

respectively, over the northern TP (Fig. 1). The balloon also payloads a radiosonde to transfer

observational data and detect temperature, pressure, wind field, and relative humidity (RH).

The radiosonde participated in the Eighth WMO International Radiosonde Comparison and

showed a reasonable performance (Nash et al., 2011), and a dry bias existed in the RH

measurements above the upper troposphere and lower stratosphere (UTLS) (Bian et al., 2011).

The vertical atmospheric profiles, including ozone partial pressure and the above four

conventional meteorological parameters, are measured at a 1-s temporal resolution, resulting

in a high vertical spatial resolution of ~5 m since the average ascent of the balloon is 5 m s-1.

The Collection 6 Terra and Aqua Moderate Resolution Imaging Spectrometer (MODIS)

Fire and Thermal Anomalies products are used to denote the fire points and thermal anomalies

(Giglio and Justice 2015). The level 2 fire product has a 1-km spatial resolution and a daily

temporal resolution. The thermal anomalies are represented as points (approximately the

center of 1 km) in the data product.

The ECMWF next-generation reanalysis ERA5 data, with a horizontal resolution of

0.25°×0.25° and a temporal resolution of 1 hour (Hersbach and Dee 2016; Hoffmann et al.,

2019; Li et al., 2020), are used to display the synoptic situation at high altitudes. The ERA5

reanalysis is produced by using Integrated Forecasting System (IFS) cycle 41r2 with 4-D-Var

data assimilation. ERA5 is a high-resolution atmospheric dataset with a horizontal resolution

of ~31 km (TL 639 spectral grid). The data are provided on 137 hybrid sigma-pressure levels

in the vertical direction from the surface to 0.01 hPa.

The Chemical Lagrangian Model of the Stratosphere (CLaMS), which has been widely

employed to calculate the diabatic backward trajectory (McKenna et al., 2002, Pommrich et

al., 2014), is used to explore the transport processes around the ASM anticyclone (e.g., Vogel

et al., 2014, 2019; Li et al., 2017, 2018; Hanumanthu et al., 2020) for case analysis of air

parcels with high ozone partial pressure in this study. The ERA5 dynamic fields with a
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horizontal resolution of 1°×1° and a temporal resolution of 6 hours are used to drive the

trajectory model.

3. Results

3.1. Specificity of synoptic circulation and atmospheric structure over the northern TP

Figure 1 shows the mean geopotential height and wind vector at 200 hPa in August during

2016-2020 over the ASM anticyclone region. Some campaign locations, i.e., GLM, QDM,

Lhasa and Kunming, also show where we launched ozonesondes during the last few years.

The ASM anticyclone is a large circulation system in the UTLS that spans from the western

Pacific to northern Africa during boreal summer (Bian et al., 2020). Lhasa is located at the

eastern center of the ASM anticyclone, whereas Kunming is located at the southeast flank of

the ASM anticyclone (Bian et al., 2012) and is influenced by the air mass from the western

Pacific (Li et al., 2017) and from the inside of the ASM anticyclone. As stated in the

introduction, Bian et al. (2012) used ozonesonde measurements to explore the ozone

distributions over these two sites, and moreover, Li et al. (2018) reported that stratospheric

intrusions can transport air masses with high ozone from high latitudes into the troposphere in

Lhasa via long-range transport processes along the northeast edge of the ASM anticyclone.

Compared with Kunming and Lhasa, both the GLM and QDM are located at the northern TP

and are characterized by different synoptic circulations, i.e., GLM and QDM are located at the

north edge of the ASM anticyclone and are also impacted by the strong westerly wind in

addition to the ASM anticyclone. Given the specificity of synoptic circulations, it is

reasonable to expect distinct ozone variation features at the GLM and QDM over the northern

TP compared with previous literature, which is also the primary objective of this study.

The vertical distributions of atmospheric ozone, temperature and RH obtained during our

campaign periods are presented in Figure 2. Large ozone partial pressure was observed

between 20 and 30 km, with a maximum of ~16 mPa at approximately 27 km latitude. An

annual increase tended to be indicated by ozone in the UTLS during the three years.

Convective activities occurred in a few ozonesonde profiles, especially in 2016, when the air

masses in the low troposphere were elevated to induce low ozone amounts (Fig. 2a) and wet

air masses (Fig. 2c) in the UTLS. It has been indicated that the water vapor and ozone at the

UTLS have opposite radiative forcing, i.e., the water vapor generates a cooling effect,

whereas the ozone produces a heating effect by absorbing the longwave and shortwave
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radiations (Birner et al., 2006; Randel et al., 2007). The updrafts of ozone and water vapor in

the convective conditions seemed to result in a low temperature in the UTLS (Fig. 2b). In

contrast, a few ozonesonde profiles detected relatively higher ozone concentrations in the

middle and low troposphere where cold and dry atmospheres existed. As explained in the

following sections, these profiles are associated with 1) an intrusion of a filament of

stratosphere that transports dry atmosphere with high ozone concentration downward into the

troposphere and 2) Russian wildfires that transport the polluted air containing high ozone to

the northern TP.

3.2. Deep stratospheric intrusions over the northern TP

The comparison of vertical averages between ozone profiles with and without stratospheric

intrusions is shown in Figure 3. Higher ozone partial pressure was detected through the

vertical profile when stratospheric intrusions occurred relative to their counterparts without

stratospheric intrusions (Fig. 3a). The relative ozone difference was a maximum of 72.4% in

the tropopause layer (15.8 km). A secondary maximum of 66.7% existed at 10.1 km. The

atmospheric temperature above 20 km was generally close between the two conditions,

whereas a higher temperature was detected by stratospheric intrusions between 12 and 20 km

(Fig. 3b). A closer look revealed that compared with no stratospheric intrusions, the

atmosphere under stratospheric intrusions was warmer by a maximum of 6.0 °C at

approximately 16 km, which was consistent with the location of the maximum relative ozone

difference. This significant temperature discrepancy in the UTLS should be caused by the

downward transport of warm air masses from the stratosphere and ozone radiative heating

effects (Birner et al., 2006; Randel et al., 2007; Kunz et al., 2009). Additionally, stratospheric

intrusions can further transfer the relatively cold and dry air mass in the upper troposphere

downward to the lower troposphere, leading to a colder atmospheric environment in the low

and middle troposphere than those conditions without the occurrence of stratospheric

intrusions. A more detailed investigation indicated that for stratospheric intrusion conditions,

the subpeak of ozone at ~10 km (Fig. 3a) corresponded to a noticeable temperature variation

(Fig. 3b). Relative to no stratospheric intrusions, the atmosphere was drier under stratospheric

intrusions from the surface to the UTLS, with a maximum difference of >30% in the middle

troposphere (Fig. 3c). To further understand the integrated influence associated with the

stratospheric intrusion, the integrated ozone columns and precipitable water were also

calculated from the vertical profiles below 20 km. These two calculated parameters were 47.4
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DU and 1.9 cm without the occurrence of stratospheric intrusions, respectively, which were

59.8 DU and 0.9 cm when stratospheric intrusions occurred. The above values indicated that

stratospheric intrusions could dry the atmosphere by 52.9% and enhance ozone columns by

26.1% below the UTLS.

Based on the above comparison, we further select typical processes to show the

formation mechanism of deep stratospheric intrusion over the northern TP in detail. The

vertical profiles of temperature, ozone, and RH in 2019 and 2020 at the QDM are shown in

Figure 4. The temperatures on 23 July and 7 August 2019 and 23 August 2020 demonstrated a

notable inverse temperature layer at ~10 km. The temperature in the middle troposphere on 23

July 2019 was clearly lower than that on the other profiles, with a maximum difference of ~10

°C at an altitude of approximately 10 km over the QDM (Fig. 4a). The ozone profiles

displayed enhanced ozone partial pressure on 23 July and 7 August 2019 and 23 August 2020

(Fig. 4b), with a thickness of 1.0-1.5 km and peak values close to 6 mPa around the

temperature inverse layer. The enhanced ozone layers in the middle troposphere accounted for

a positive ozone anomaly (66.7%) at 10.1 km for the average profile from stratospheric

intrusion events (Fig. 3a). The water vapor contents from the four profiles were generally

lower than those of other profiles without ozone anomalies in the troposphere at the QDM

(Fig. 4c).

The 200 hPa meteorological fields at the QDM on 22 July and 23 July 2019 are shown in

Figure 5a and 5c. The center of the cut-off low pressure system was located at approximately

60°N and 90°E. QDM was located at the bottom of the low pressure system and at the north

flank of the ASM anticyclone and was directly influenced by a strong northwesterly wind jet.

The PV value inside the cut-off low systems was high. The pressure-latitude cross section of

the potential temperature gradient passing through 62°E and the QDM showed an intense fold

structure in the mid-troposphere (Figs. 5b and 5d). The 2-PVU tongue, marked as the

dynamical tropopause, extended downward from 200 to 350 hPa (9–11 km), where the ozone

profile showed subpeak values between 9 and 11 km on 23 July 2019 at the QDM. Most air

parcels lie in the middle troposphere around the fold structure at the QDM on 23 July, while

most air parcels lie in the lower stratosphere one day before. The 30-hour backward trajectory

confirmed that the fold structure horizontally transported cold and dry air with high ozone

from high latitudes to low latitudes (Fig. 6a-b), contributing to the low temperature and high

ozone structure at the QDM on 23 July 2019. The formation mechanism for the other profiles

with high ozone values in the mid-troposphere on 7 August 2019 and 23 August 2020 over the

QDM (not shown) is generally similar to that on 23 July 2019. The occurrences of tropopause
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folding were clearly observed during the ASM period in 2019 and 2020 and induced a strong

ozone-positive anomaly in the troposphere over the northern TP. Previous studies have

suggested the frequent occurrence of tropopause folding along the jet and low pressure

systems over the TP and Northeast China (e.g., Zhang et al., 2010; Li and Bian 2015), which

is also verified in this study, as demonstrated the fact that the 2-PVU isoline of the dynamical

tropopause has a fold structure between 200 hPa and 350 hPa (9–11 km) at approximately

43°N at the north edge of the jet. These findings illuminate the formation mechanism of

enhanced ozone events over the northern TP characterized by distinct synoptic circulation

relative to that in the above literature, which is expected to help us better comprehend the

features of stratospheric intrusions based on those events detected in other mid-latitude

regions (e.g., Lin et al., 2012; Li et al., 2015).

3.3. Russian wildfires induce tropospheric ozone pollution over the northern TP

Figure 7 shows the vertical profiles of temperature, ozone, and RH between 3 and 12 km in

2016 at the GLM. The temperature measurements on 25 July, 27 July and 29 July 2016

displayed a strong inverse temperature layer at 8.2, 9.0 and 7.3 km compared with the other

measurements (in gray) in 2016 (Fig. 7a). Coincidentally, the ozone profiles showed a high

partial pressure on 25 July, 27 July and 29 July 2016 below the temperature inverse layer (Fig.

7b). The RH variations were similar to the temperature variations, which exhibited low values

against other profiles in the troposphere at the GLM (Fig. 7c). Different control processes

have been proposed to explain ozone variations in the troposphere, such as photochemistry

(radiation and chemistry reactions), biomass burning (Oltmans et al., 2010) and dynamic

transport (Holton et al., 1995; Stevenson et al., 2013). As specified below, our results indicate

that wildfire smoke and dynamic transports dominate the enhanced tropospheric ozone

pollution over the northern TP during our campaign periods in 2016.

To understand the synoptic background for the high ozone partial pressure over the

northern TP, the ERA5 map of geopotential height (GPH) and horizontal wind speed at 500

hPa (an altitude of approximately 6 km) on 20 July, 22 July, 23 July, and 25 July 2016 over

Asia is shown in Figure 8a-d and superimposed with the backward locations of air parcels

with high ozone between 6–8 km at that time. The trough over Siberia at approximately

60-90°E extended from east-northeast towards west-southwest to a maximum of 45°N and

60°E, with strong wind on the north side of the trough on 20 July at 00:00 UTC (Fig. 8a); a

blocking high pressure system occurred at the north side of the trough. At this time, the air

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



9

parcels with high ozone concentrations generally lie between the blocking high pressure and

the trough. The GLM was located on the south side of the trough. Later, the trough moved

eastward and began to decay (Fig. 8b), and air parcels moved southwestward following the

east-northeast wind. On 23 July, a weak low pressure system appeared at approximately 50°N

and 75°E and moved southward (Fig. 8c), which is weaker than the low pressure system at the

QDM in 2019 (Fig. 5a). Air parcels moved to the bottom of the low pressure system following

the weak low pressure system. On 25 July, the GLM was located on the south side of the

westerly wind jet, and air parcels arrived at the GLM site.

Large wildfires occurred around central and eastern Russia during the period of 19-26

July 2016, leading to widespread smoke, as shown by the MODIS true color figure (Fig. 9a).

The red dots on the map show the fires and thermal anomalies, where the fires were active on

20 July 2016. The continuously backward trajectories between 19 July and 25 July 2016 from

the CLaMS model are shown to trace the source of the high ozone concentration at the GLM

(Fig. 9b–c). Air parcels, originating from the central Russia boundary layer where fires

occurred, were transported along the east-northeast wind (Fig. 9b) on the northwest side of the

trough (as seen in Fig. 8). Then, the polluted air parcels entered the westerly wind jet on the

northern TP (Fig. 9b) with weak uplift around 23 July 2016 (Fig. 9c). Two days later, the

polluted air parcels from high latitudes arrived at the GLM site via long-range transport,

contributing to high ozone partial pressure from the surface to 8.2 km on 25 July, and uplift

processes contributed to the low temperature. Backward trajectory calculations indicated

wildfires in central Russia as possible sources for the enhanced ozone partial pressure (6 km

depth) in the low troposphere at the GLM on 25 July 2016. High ozone concentrations were

also measured on 27 July and 29 July 2016 (Fig. 7). According to the MODIS satellite

products and trajectory calculations from the CLaMS model, Russian wildfire smoke

primarily accounted for the high ozone partial pressure in the troposphere over the northern

TP, as shown in Figure 7. Wildfire smoke has been identified as polluting the surface ozone

and vertical ozone profiles over North America (e.g., McClure and Jaffe 2018; Moeini et al.,

2020). However, due to the limitations of observational samples, information on wildfire

influence on vertical ozone variation is still insufficient for most parts of the world, including

a large territory of China where such studies have seldom been conducted. By accidentally

encountering wildfire cases during our campaign periods, we confirmed that by long-range

transport processes, Russian wildfire smoke greatly caused ozone production in the

troposphere (6 km depth from the surface) over the northern TP.
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4. Conclusions and discussion

Accurate ozone measurements are fundamental to investigate the varying trend of ozone and

its climatic and environmental effects, especially over the TP where a mini ozone hole occurs

during the ASM period and ozone photochemical production is facilitated by strong

ultraviolet radiation. Given the high elevation and unique geographical location of the TP,

previous ozone studies have mainly focused on the analysis of total ozone columns from

satellite observations. In situ vertical ozone measurements are extremely scarce over the TP,

except that few atmospheric campaigns have endeavored to collect ozonesonde measurements

over the central and southern TP, meaning there has been less concern in the northern TP that

needs to be better reported and understood. To fill this gap, we performed 13, 9, and 12

ozonesonde launches over the northern TP during the ASM periods in 2016, 2019, and 2020,

respectively. By using ozonesonde measurements, ERA5 reanalysis data, satellite-borne

MODIS products and backward trajectory calculations from the CLaMS model, this study

analyzes vertical ozone variations and explores the influence of deep stratospheric intrusions

and wildfires on the ozone variation in the northern TP. The main findings are summarized as

follows.

Large ozone partial pressure was observed between 20 and 30 km, with a maximum of

~16 mPa at approximately 27 km. An annual increasing trend was exhibited by ozone at the

UTLS during our campaign periods. Deep stratospheric intrusions effectively transported dry

and cold air with high ozone concentrations downward into the troposphere. The precipitable

water and integrated ozone columns below the UTLS were 0.9 cm and 59.8 DU when

stratospheric intrusions occurred. Compared with no stratospheric intrusions, the stratospheric

intrusions dried the atmosphere by 52.9% and enhanced the ozone columns by 26.1% below

the UTLS. A case study confirmed that stratospheric air with high ozone and low water vapor

was transported downward to the middle troposphere at ~10 km altitude due to tropopause

folds along the strong westerly wind jet associated with the cut-off low pressure system over

the northern TP. Compared with previous studies focused on the UTLS region in the ASM

anticyclone, this study investigated the high ozone features in the troposphere by

comprehensively considering the linkage between the tropopause fold structure over the

northern TP and the westerly wind jet at the northern flank of the ASM anticyclone. Moreover,

by encountering Russian wildfires that occurred during our campaign periods, we originally

confirmed that through long-range transport processes, wildfire smoke could greatly enhance

ozone production in the troposphere (6 km depth from the surface) over the northern TP. The
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results in this study should be beneficial to better understand the formation mechanism of

stratospheric intrusions over the TP during the ASM period, especially the influence of

wildfires on ozone variation, which has rarely been reported in China. Further in situ

measurements are still needed for climate research to comprehensively quantify the ozone

variation in the troposphere and the boundary layer over the northern TP.
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Figures

Figure 1. The ERA5 5-year (August 2016-2020) mean geopotential height (black contour)

and wind vector (black arrow) at 200 hPa and campaign locations (black circles). The ground

elevation (above sea level: km) is noted by the shaded area, as shown by the bottom color bar.

Figure 2. Vertical distributions of ozone partial pressure (a), temperature (b) and RH (c) over

the northern TP in 2016, 2019 and 2020. The black rectangles denote the evident occurrence

of high ozone, cold and dry air masses in the troposphere caused by deep stratospheric

intrusions, whereas the white rectangles denote the wet atmospheric environment

accompanied by low ozone in the UTLS associated with convective updrafts.
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Figure 3. Comparison of vertical averages for ozone partial pressure (a), temperature (b) and

RH (c) between ozonesonde profiles with (line color: red) and without (line color: green)

occurrence of stratospheric intrusions. The purple lines in the three panels denote the relative

ozone difference ( ) and the temperature and RH differences ( ),

respectively.

Figure 4. Vertical profiles of (a) temperature, (b) ozone partial pressure, and (c) RH in 2019

and 2020 at Qaidam, with highlights for typical stratospheric intrusions that occurred on 23

July and 7 August 2019 and 23 August 2020. The number in the bracket in the legend denotes

the China standard time (in hours, UTC+8) of ozonesonde release.
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Figure 5. Left panels: the potential vorticity (1 PVU=10−6 m2 s−1 K kg−1), geopotential height

(×103 gpm, black contours), and horizontal wind speeds (m s−1, arrow) at 200 hPa on 22 July

(a) and 23 July (c) 2019 at 00:00 UTC over Asia; the red square marks the location of the

QDM. Right panels: the pressure-latitude cross section of the potential temperature gradient

(K km−1), PV (2, 4, 6, and 8 PVU, brown line), potential temperature (310 K, 330 K, 350 K,

360 K, 370 K, and 380 K, dashed line), and zonal wind (m s−1, black line) at 62°E (c) and

95.25°E (d); the white vertical dashed line in (d) marks the latitude of the GLM site.

(a) (b)

(c) (d)
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Figure 6. (a) The 30-hour backward trajectories projected on the map colored by hours. (b)

Temperature as a function of altitude and date along the backward trajectories of air parcels in

the altitude range of 9-11 km at Qaidam on 23 July 2019.

Figure 7. Vertical profiles of (a) temperature, (b) ozone partial pressure, and (c) RH in 2016

at Glomud, with highlights for Russian wildfires occurring on 25 July, 27 July, and 29 July

2016.
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Figure 8. The geopotential height (×103 gpm) and horizontal wind speeds (m s−1, arrow) at

500 hPa on 20 (a), 22 (b), 23 (c), and 25 (d) July 2016 at 00:00 UTC over Asia. The black

square marks the location of the GLM. The asterisks mark the location of air parcels with high

ozone pressure at that time.
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Figure 9. (a) Smoke across Russia on 20 July 2016. Red dots show fire/thermal anomalies

detected by the MODIS instrument. (b) The 5-day backward trajectories projected on the map

colored by days, and superimposed by fires or thermal anomalies (red asterisk) on 20 July

2016 from MODIS data. (c) Temperature as a function of altitude and date along the

backward trajectories of air parcels in the altitude range of 6-8 km at the Golmud on 25 July

2016.
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