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Abstract: 31 

High-Mountain Asia (HMA) is a global hotspot of stratospheric intrusion, and elevated surface ozone were observed at 32 

ground monitoring sites. Still, links between the variability of surface ozone and stratospheric intrusion at regional scale remain 33 

unclear. This study synthesized ground measurements of surface ozone over the HMA and analyzed their seasonal variations. 34 

The monthly mean surface ozone concentrations peaked earlier in the south in April and later in the north in July over the 35 

HMA. The migration of monthly surface ozone peaks was coupled with the synchronous movement of tropopause folding and 36 

westerly jet that created a conducive conditions for stratospheric ozone intrusion. Such intrusion contributed ~65% of surface 37 

ozone at three typical sites across the HMA. We demonstrated that surface ozone over the HMA is mainly controlled by 38 

stratospheric intrusion, which warrants a proper consideration in understanding atmospheric chemistry and impacts of ozone 39 

over this highland region and beyond. 40 

 41 

1. Introduction 42 

Tropospheric surface ozone (O3) has attracted great attention during the last decades due to its impact on the oxidative 43 

capacity of the troposphere, the radiative forcing of the atmosphere, the detrimental effects on the vegetation and ecosystem, 44 

and human health (Crutzen, 1988). The tropospheric (surface) ozone is controlled by in situ photochemical production in the 45 

troposphere and by the intrusion of ozone-laden stratospheric air (Crutzen, 1988; Bracci et al., 2012). In contrast with other 46 

air pollutants, tropospheric ozone is significantly influenced by stratospheric intrusion, especially at high elevation (Bracci et 47 

al., 2012; Cristofanelli et al., 2010; Yin et al., 2017). 48 

High-Mountain Asia (HMA) is a geographic region centered at Tibetan Plateau, and includes surrounding cordillera and 49 

highland. The Tibetan Plateau (main body of HMA) is a vast plateau with an average elevation of ca. 4,500 m above sea level, 50 

making it the highest plateau in the world. It is thus often referred to as “the roof of the world” or “the third pole” (Yao et al., 51 

2012). With limited human accessibility and low levels of industrialization, HMA is one of the most pristine regions in the 52 

world in terms of most of the air pollutants (Yin et al., 2017) and is regarded as an ideal area for studying the atmospheric 53 

environment in the free troposphere. It can provide deeper insights into changing background concentrations of atmospheric 54 

pollutants (Kang et al., 2019). The HMA is recognized as a global hotspot of deep stratospheric intrusion, and elevated surface 55 

ozone has been observed at some ground monitoring sites and very high concentrations of surface O3 were reported 56 

(Cristofanelli et al., 2010; Yin et al., 2017; Zhu et al., 2004). At sites, it was reported that vertical ozone flux from vertical 57 

transport by convective and synoptic transport was prominent in the summer at Waliguan leading to high ozone levels (Ma et 58 

al., 2002; Ma et al., 2005). Studies at Shangri-La and Nam Co in HMA indicated that the input of ozone from the stratosphere 59 

had potential impacts on the seasonal variations of surface ozone at each site (Yin et al., 2017; Ma et al., 2014). Still, the link 60 
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between the variability of surface ozone and stratospheric intrusions at the regional scale remains unclear. 61 

2. Materials and Methods 62 

2.1. Surface measurements.  63 

This study synthesized ground measurements of surface ozone by analyzing the ground observation data collected at 16 64 

sites (Fig. 1 and Table S1 in Supplementary), including 3 background sites and 13 urban sites ranging in location from the 65 

southern flank of the Himalaya to the central and northeastern Tibetan Plateau. Surface ozone concentrations in 2012 at 3 66 

background sites were obtained from Putero et al. (2014) and ISAC (The Institute of Atmospheric Sciences and Climate, 67 

https://www.isac.cnr.it/en), Xu et al. (2020) and Yin et al. (2017). Surface ozone, nitrogen dioxide (NO2), and carbon monoxide 68 

(CO) concentrations in 2016 at 13 urban sites were provided by Geographic Data Sharing Infrastructure, College of Urban and 69 

Environmental Science, Peking University (http://geodata.pku.edu.cn) and the China National Environmental Monitoring 70 

Center (http://106.37.208.233:20035/). The measurements of nitrogen dioxide (NO2) and carbon monoxide (CO) were carried 71 

out at the air sampling sites run by the state, and the operation of sites followed the technical regulation for selection of ambient 72 

air quality monitoring stations (National Environmental Protection Standards of the People's Republic of China, HJ 664-2013). 73 

Ozone was measured with the UV-spectrophotometry method, NO2 with the chemiluminescence method, and CO with the 74 

non-dispersive infrared absorption and the gas filter correlation infrared absorption method. The specifications and test 75 

procedures of NO2, CO, and O3 followed the Specifications and Test Procedures for Ambient Air Quality Continuous 76 

Automated Monitoring System for NO2, O3, and CO (National Environmental Protection Standards of the People's Republic 77 

of China, HJ 654-2013). 78 

 79 

 80 

Figure 1. Sixteen study sites (background sites in blue, and urban sites in purple) and their monthly mean 81 

surface ozone variations across the High-Mountain Asia used in this study. Map of yearly mean concentration of 82 
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surface ozone in 2106 at 543.75 hPa simulated with CAM-chem is shown with colored shadings. Surface ozone data at 83 

NCO-P, Waliguan, and Nam Co were obtained from ISAC (The Institute of Atmospheric Sciences and Climate, 84 

https://www.isac.cnr.it/en), Xu et al. (2020), and Yin et al. (2017). 85 

 86 

2.2. Reanalysis data.  87 

The ECMWF (European Centre for Medium-Range Weather Forecasts) ERA-5 data (0.28125° latitude × 0.28125° 88 

longitude horizontal resolution, and 137 vertical levels) (Hoffmann et al., 2019) were used to analyze the monthly mean 89 

meridional cross-section structures of troposphere and stratosphere over the HMA. Monthly mean tropopause fold was 90 

investigated in this study and was defined by 2 pvu (potential vorticity unit) iso-surface and identified by the method described 91 

in Luo et al. (2019).  92 

2.3. Model simulation.  93 

The Community Atmosphere Model with Chemistry (CAM-chem), a global model, was used for simulations of global 94 

tropospheric and stratospheric atmospheric composition (Lamarque et al., 2012) provided by University Corporation for 95 

Atmospheric Research (https://www.acom.ucar.edu/cam-chem/cam-chem.shtml). The horizontal resolution for CAM-chem is 96 

0.5° × 0.5°. CAM-chem uses the MOZART (Model for OZone And Related chemical Tracers) chemical mechanisms 97 

(Lamarque et al., 2012), with various choices of complexity for tropospheric and stratospheric chemistry. The O3S variable, a 98 

stratospheric ozone tracer that represents the amount of ozone in the troposphere originated in the stratosphere, in CAM-chem 99 

simulation was used in this study to indicate the intensity of the ozone transported from the stratosphere (Tilmes et al., 2016). 100 

O3S/O3 ratio was calculated to investigate the intensity of impacts from the stratospheric intrusion to ozone concentration in 101 

troposphere. 102 

3. Results and Discussion 103 

3.1. Surface ozone variations over HMA.  104 

The monthly mean surface ozone concentrations at 16 sites over HMA peaked in different months and moved gradually 105 

from May in the south to July in the north (Fig. 1). Specifically, 8 southern sites (site No. 9-16 in Fig. 1) witnessed the ozone 106 

peak in May, while the 8 northern sites (site No.1-8 in Fig. 1) have ozone peaks at June and July. It is noteworthy that such 107 

regular migration of monthly ozone peaks occurred at large geographical scale, and surface ozone concentrations peaked 108 

synchronously at sites in the same zone despite the differences in size of cities and baseline levels of surface ozone. 109 

3.2. Photochemical production is not likely the dominant of surface ozone.  110 
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The tropospheric ozone budget generally increases via two processes: influx of ozone from the stratosphere, and in-situ 111 

photochemical production. The local photochemical production of ozone is generated through a chain of photochemical 112 

oxidation of CO and VOCs (volatile organic compounds) catalyzed by HOx radicals (OH + H + peroxy radicals) in the presence 113 

of NOx and terminated by the loss of HOx radicals through the oxidation of NO2 by OH (NO2+OH+M→HNO3+M) and the 114 

self-reaction of HO2 (HO2+HO2→H2O2+O2). The monthly mean concentrations of surface ozone, NO2 and CO (Supplementary, 115 

Figs. S1 and S2) at urban sites in 2016 were analyzed to elucidate the contribution of in-site photochemical production. NO2 116 

and CO at several sites were negatively correlated with ozone, while there were sites with a positive correlation between ozone 117 

and NO2 (Guoluozhou, Nagqu, and Nyingchi), and between ozone and CO (Nagqu and Nyingchi). Even for the sites with 118 

monthly mean concentrations of ozone negatively correlated with NO2 and CO, the months with the highest concentration of 119 

monthly mean ozone did not correspond with the months with the lowest concentration of monthly mean NO2 and CO 120 

(Supplementary, Figs. S1 and S2). Furthermore, the net ozone photochemical production was found to be negative in the 121 

summer when surface ozone reached a maximum in the northeastern Tibetan Plateau (Zhu et al., 2004; Ma et al., 2002). In 122 

addition, the monthly variation in surface ozone at three different types of sites in the central Tibetan Plateau (Lhasa: urban 123 

site; Dangxiong: rural site; Nam Co: remote site) with varying conditions of ozone precursors were similar (Yin et al., 2017). 124 

Therefore, the monthly mean surface ozone peaks in HMA were not mainly attributed to the urban photochemical production 125 

of ozone. 126 

3.3. Impact of stratospheric intrusion evidenced by stratospheric ozone tracer.  127 

Rather than photochemical production, the stratospheric influx of ozone is likely a main contributor to the surface ozone 128 

over HMA. This is evidenced by analysis of a stratospheric ozone tracer of O3S (a stratospheric ozone tracer that represents 129 

the amount of ozone in the troposphere originated in the stratosphere in CAM-chem) at 3 remote sites (NCO-P, Nam Co, and 130 

Waliguan) across the south-north transection of HMA. At NCO-P in the southern Tibetan Plateau, surface ozone peaked in 131 

May (Fig. 1) and it was stated that the surface ozone mixing ratios at NCO-P were significantly increased by the stratospheric 132 

intrusions (+13 ppb during stratospheric intrusions) (Cristofanelli et al., 2010). At Nam Co in the central Tibetan Plateau, the 133 

monthly mean mixing ratio of surface ozone peaked (ca. 60 ppb) in May (Fig. 1), while it occurred later than those at NCO-P 134 

(Supplementary, Fig. S3). At Waliguan in the northern Tibetan Plateau, the monthly mean concentration of surface ozone was 135 

highest in June, later than those at Nam Co and NCO-P (Fig. 1). The previous studies stated that the peak of surface ozone in 136 

June at Waliguan was due to the downward transport of ozone from the upper troposphere and lower stratosphere (Ma et al., 137 

2005; Ding and Wang, 2006). We found that the high episodes of surface ozone at these 3 sites generally corresponded to high 138 

O3S at each site, especially during the periods with high surface ozone concentrations (spring for NCO-P and Nam Co; summer 139 

for Waliguan) (Supplementary, Fig. S4). O3S to O3 ratio (O3S/O3, indicating the contribution from stratospheric ozone to surface 140 

ozone) at NCO-P and Nam Co was higher in winter and spring than in summer and autumn. For Waliguan, the highest O3S/O3 141 
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was in July (Supplementary, Table S2). For the whole of 2012, the stratospheric intrusion of ozone contributed ~65% to the 142 

surface ozone at 3 three remote sites: 63.5% at NCO-P, 64.3% at Nam Co, and 68.4% at Waliguan, which was a dominant 143 

share. 144 

3.4. Additional evidences from reanalysis data and simulation.  145 

The dominant impact of stratospheric intrusion on the surface ozone can be further supported by the monthly averages of 146 

the total tropopause fold frequencies (tropopause fold was indicated by 2 potential vorticity unit iso-surface, in Luo et al., 147 

(2019)) over the HMA (Fig. 2). In April, the highest frequencies of total tropopause fold were concentrated in ca. 25-30N 148 

latitude band covering parts of South Asia, the southern Tibetan Plateau, and southern China (Fig. 2). The band of high total 149 

tropopause fold frequencies kept migrating northward in May, June and July, with the largest spatial coverage over the Tibetan 150 

Plateau and surrounding regions in June (Fig. 2). It was found that the displacement of the tropopause fold in the Tibetan 151 

Plateau was controlled by the movement of the westerly jet Luo et al. (2019). The monthly mean meridional cross-section of 152 

westerly jet (indicated by the maximum speed of the U component of winds), potential vorticity, and the transport of ozone 153 

from the stratosphere to the troposphere was calculated and visualized using the monthly mean ERA-5 data from April to July 154 

2016 (Fig. 2). In April, the westerly jet was mainly above the Himalayas and the southern Tibetan Plateau (25-30°N), and the 155 

tropopause folding mostly occurred above the southern Tibetan Plateau (Fig. 2). Both kept moving northward in May, June 156 

and July, being above the southern and central Tibetan Plateau in May, above the central and northern Tibetan Plateau in June, 157 

and above the northern Tibetan Plateau (~40°N) in July. The position of tropopause folding over HMA helped further 158 

investigate the instruction of stratospheric air masses with high ozone concentrations to the lower troposphere and surface 159 

level. The distribution of monthly mean O3S at 543.75 hPa in 2016 over HMA obtained from CAM-chem simulations indicated 160 

that O3S in the southern Tibetan Plateau reached its maxima in May, whereas O3S in the northern Tibetan Plateau was higher 161 

in both June and July than in April and May (Supplementary, Fig. S5). The pattern of O3S simulated with CAM-chem supported 162 

with the analysis of tropopause fold and meridional cross-section using the ERA-5 data. Therefore, CAM-chem clearly 163 

demonstrated that the westerly jet and the tropopause fold moved from the southern Tibetan Plateau to the northern Tibetan 164 

Plateau from April to July, and the meridional transition of the tropopause fold from south to north led to the migration of 165 

stratospheric intrusions of ozone progressively from south to north affecting the concentrations of surface ozone at various 166 

sites across HMA.  167 

 168 
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 169 

Figure 2. Monthly average of total tropopause fold frequencies (a) in April, May, June, and, July in 2016. 170 

Monthly mean meridional cross-section of ERA-5 data at 91°E (~ the central Tibetan Plateau) showing the potential 171 

vorticity (b), zonal winds c), and ozone mass mixing ratio(d) in April, May, June, and, July in 2016. The location of 172 

the Tibetan Plateau (main body of High-Mountain Asia, 3 km elevation) is shown with black contour in the maps. 173 

 174 

4. Conclusions.  175 

The ground measurements of surface ozone at 16 sites (3 remote and 13 urban sites) spread across the Tibetan Plateau, 176 

the main body of HMA, were used for the first time in this study, as opposed to previous studies which focused mostly on 177 
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individual sites. Simulation results from CAM-chem and analysis of ERA-5 reanalysis data were used to investigate the 178 

influence of the downward influx of ozone from the stratosphere on the variation in surface ozones. Results showed that the 179 

peak in monthly mean surface ozone concentration occurs first over the southern Tibetan Plateau in April. The peak then moves 180 

progressively northwards in later summer in conjunction with the similar northward movement of the tropopause folds and 181 

westerly jet, which act as the two main control mechanisms. The position of tropopause folds was controlled by the position 182 

of the westerly jet and created the conditions conducive for the influx of ozone rich air from the deep stratosphere to the 183 

troposphere. The migration of the folds led to a similar migration from south to north of stratospheric intrusions. This lead to 184 

a dominant contribution of stratospheric intrusions to the surface ozone (~65% at remote background sites), elevating the 185 

baseline (background) ozone concentrations as well as peak concentrations during high-ozone episodes. We suggest that the 186 

transport of stratospheric ozone to the surface is a regionally coherent dominant contributor to surface ozone across the HMA, 187 

which needs a proper consideration in understanding the atmospheric chemistry and the impacts of ozone over this highland 188 

region and beyond. 189 

 190 
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