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Abstract: Understanding the impact of stratospheric intrusion (SI) is crucial for elucidating
atmospheric complexities and implications for ozone (O3) control. However, current
studies have not focused on the influence of SI on surface O3, thus limiting the
effectiveness of control strategies. This study delves into an SI event that occurred
from March 5 to 12, 2022, employing a comprehensive integration of the Weather
Research and Forecasting model coupled with Chemistry and multi-reanalysis data. A
distinctive spatial–temporal O3 distribution in Hong Kong elevated stratospheric O3 in
the lower troposphere, despite the absence of an SI in the upper troposphere. This
study employed a comprehensive methodology, integrating the use of a box model to
estimate the stratosphere–troposphere exchange (STE) O3 flux, integrated process
rate (IPR) analysis to quantify the contributions from individual physical and chemical
processes, and tracer methods to detect stratospheric O3. During the deep SI episode,
the STE flux peaked at −81.33×10-8 kg·m-2·s-1, surpassing the monthly average by
15.2-fold. The IPR results indicate that vertical transport within the 0–16 km range
contributes between 18.4 and 39.0 ppbv·hr-1 during the SI event, whereas horizontal
advection shows a negative contribution. Stratospheric O3 tagging revealed that SI
contributes 15.5–31.3 ppb (29.6–50.2%, respectively, of surface O3) when
stratospheric O3 mixes down. Five emission reduction paths were designed in
response to the negative impacts of SI. The “anthropogenic VOC (AVOC) only” path
was the most efficient; however, when SI contributed 31 ppb on March 9, the “NOx
only” path required a 69% reduction, while the “AVOC only” path required an 85%
reduction for efficiency. This research not only elucidates the complex interplay
between SI and surface O3 concentrations but also emphasizes the significance of
refining existing emission reduction paths.
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 A distinctive stratospheric intrusion (SI) event in Hong Kong was evidenced 

 Tagging method revealed that SI contributes 15.5–31.3 ppb to surface O3 

enhancement 

 It is crucial to offset the adverse effects of SI on emission reduction strategies 

 The optimal emission reduction path needs to be adjusted as the impact of SIs 

changes 
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Abstract 16 

Understanding the impact of stratospheric intrusion (SI) is crucial for elucidating 17 

atmospheric complexities and implications for ozone (O3) control. However, current 18 

studies have not focused on the influence of SI on surface O3, thus limiting the 19 

effectiveness of control strategies. This study delves into an SI event that occurred from 20 

March 5 to 12, 2022, employing a comprehensive integration of the Weather Research 21 

and Forecasting model coupled with Chemistry and multi-reanalysis data. A distinctive 22 
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spatial–temporal O3 distribution in Hong Kong elevated stratospheric O3 in the lower 23 

troposphere, despite the absence of an SI in the upper troposphere. This study employed 24 

a comprehensive methodology, integrating the use of a box model to estimate the 25 

stratosphere–troposphere exchange (STE) O3 flux, integrated process rate (IPR) 26 

analysis to quantify the contributions from individual physical and chemical processes, 27 

and tracer methods to detect stratospheric O3. During the deep SI episode, the STE flux 28 

peaked at −81.33×10-8 kg·m-2·s-1, surpassing the monthly average by 15.2-fold. The IPR 29 

results indicate that vertical transport within the 0–16 km range contributes between 30 

18.4 and 39.0 ppbv·hr-1 during the SI event, whereas horizontal advection shows a 31 

negative contribution. Stratospheric O3 tagging revealed that SI contributes 15.5–31.3 32 

ppb (29.6–50.2%, respectively, of surface O3) when stratospheric O3 mixes down. Five 33 

emission reduction paths were designed in response to the negative impacts of SI. The 34 

“anthropogenic VOC (AVOC) only” path was the most efficient; however, when SI 35 

contributed 31 ppb on March 9, the “NOx only” path required a 69% reduction, while 36 

the “AVOC only” path required an 85% reduction for efficiency. This research not only 37 

elucidates the complex interplay between SI and surface O3 concentrations but also 38 

emphasizes the significance of refining existing emission reduction paths.  39 

Keywords: Stratospheric intrusion; O3 pollution; Emission reduction path; Hong Kong 40 

 41 

1. INTRUDUCTION 42 

Although air pollution in China has significantly improved since the implementation of 43 

the Air Pollution Prevention and Control Action Plan in 2013, maintaining ozone (O3) 44 

levels has become an emerging and urgent task for policymakers in China. As a 45 

secondary air pollutant, tropospheric O3 is chiefly produced by photochemical reactions 46 

between O3 precursors, such as nitrogen oxides (NOx) and volatile organic compounds 47 

(VOCs), under favorable meteorological conditions (Westervelt et al., 2019; Zhao et al., 48 

2021a; Zhao et al., 2022). Apart from local chemical reactions, stratospheric intrusion 49 
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(SI), the largest natural source of O3, can transport O3-laden air from the stratosphere 50 

downward to the troposphere, thus enhancing surface O3 concentrations at certain 51 

locations. 52 

 53 

Extensive observations and numerical simulations have been conducted to investigate 54 

the physical mechanisms that drive SI (Holton et al., 1995; Olsen et al., 2000; Stohl et 55 

al., 2003). Prior research has identified the dynamic mechanism driving SI at different 56 

latitudes, which is attributed to Brewer–Dobson circulation, extratropical cyclones, 57 

tropopause folding, wave breaking, and cut-off lows (Li et al., 2015). On a global scale, 58 

Brewer–Dobson circulation is believed to be the major process that transports 59 

tropospheric air upward into the stratosphere in the tropics and descends into the upper 60 

troposphere in the middle and high latitudes (Brewer, 1949; Dobson and Massey, 1956). 61 

From a regional perspective, the downwelling branches of the Hadley and Ferrel cells 62 

can transport accumulated O3-enriched air from the upper troposphere downward into 63 

the lower troposphere at middle and high latitudes (Lachmy and Harnik, 2014). At low 64 

to middle northern hemisphere latitudes, the subtropical jet stream (STJ) has been 65 

identified as a key mechanism of SI (Langford, 1999; Zhao et al., 2021b). Subsidence 66 

motion associated with the STJ can transport O3-enriched air down to the lower 67 

troposphere. In high-latitude regions, turbulent mixing caused by cut-off low systems 68 

can irreversibly mix stratospheric air with the troposphere (Li et al., 2015; Price and 69 

Vaughan, 1993). In these studies, the physical mechanisms of SI have been extensively 70 

investigated. 71 

 72 

As an irregular and uncontrollable natural event, the potential contribution of SI to O3 73 

has drawn less attention in the past. However, the lack of consideration of its impact 74 

would weaken the effectiveness of emission reduction strategies. Therefore, the extent 75 

to which SI exacerbates surface O3 pollution must be addressed. Few studies have 76 

attempted to quantify the impact of SI on the tropospheric O3 budget by calculating the 77 

stratosphere–troposphere exchange (STE) flux (Gettelman et al., 1997; Hsu et al., 2005), 78 

counting the parcel trajectories with the TRAJ3D trajectory model (Langford et al., 79 
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2012; Li et al., 2015), and tagging the stratospheric O3 tracer with a chemical transport 80 

model (Lin et al., 2015; Wang et al., 2020; Zhang et al., 2022). Various approaches have 81 

been used to calculate the STE flux; however, their results still have large uncertainties, 82 

varying from 400 to 600 Tg/yr (Hsu et al., 2005; Stevenson et al., 2006). Hegglin and 83 

Shepherd (2009 also used a box model to calculate the STE flux and demonstrated that 84 

the peak O3 flux occurred in spring during 1960–1970 and shifted toward late 85 

spring/early summer during 2090–2100. The three-dimensional trajectory model 86 

provides another method for investigating the motion of air masses by counting the 87 

trajectories of parcels (Langford et al., 2012; Li et al., 2015). They demonstrated that 88 

the trajectory model captured SI and contributed 3–6 ppbv to surface O3. The tagging 89 

stratospheric air mass method is a more direct method for quantifying the impact of SI 90 

on tropospheric O3. They estimated that the average contribution of SI was in the range 91 

of 1.5–10 ppb, which is closely related to altitude (Chang et al., 2023; Lin et al., 2015; 92 

Zhang et al., 2022). To the best of our knowledge, studies on the quantification of the 93 

contribution of SI have primarily focused on the Northeastern and mid-latitude regions 94 

in China, whereas the contributions of SI in Southeastern China have been less 95 

investigated.  96 

 97 

Hong Kong, which is located in a subtropical region, has suffered from O3 pollution 98 

during spring in recent years. Extensive studies have been conducted to elucidate the 99 

underlying mechanisms governing springtime O3 pollution using model simulations 100 

and collaborative observations from O3 sounding, surface samplers, and lidar remote 101 

sensing (Chan et al., 2000; Han et al., 2019; Jian and Fu, 2014; Zhao et al., 2021b). 102 

However, a consensus on the actual reasons for this is yet to be reached. Most studies 103 

claim that the long-range transport of biomass burning from Southeast Asia is 104 

responsible for the lower tropospheric O3 enhancement over Hong Kong during 105 

springtime (Chan, 2017; Oltmans et al., 2004). Both O3 and its precursor species can 106 

be transported to Hong Kong, thereby exacerbating surface O3 pollution and activating 107 

photochemical reactions. In addition to the transport of biomass burning, a few studies 108 

have reported that SI also plays an indispensable role in determining the tropospheric 109 



O3 budget in Hong Kong (Zhao et al., 2020; Zhao et al., 2021a). However, the 110 

contribution of SI to surface O3 in this region remains insufficiently investigated and 111 

inadequately quantified, although it is directly related to the effective implementation 112 

of the O3 control strategy in Hong Kong. 113 

 114 

In this study, to address the literature gap and provide insight into effective O3 control 115 

strategies in Hong Kong, we applied a fully coupled “online” Weather Research and 116 

Forecasting model coupled with Chemistry (WRF-Chem) along with multiple datasets. 117 

This approach was used to quantify the impact of SI and explore an improved emission 118 

reduction path under the constraint of SI impact during a deep SI event. The objectives 119 

of this study were to 1) calculate the STE O3 flux, (2) quantify the contribution of SI to 120 

tropospheric O3, and (3) investigate an enhanced emission reduction pathway while 121 

considering the constraints imposed by the SI impact. 122 

2. METHODS 123 

2.1 WRF-Chem configurations 124 

WRF-Chem (v3.9.1) is a widely used regional numerical meteorological model with a 125 

chemistry component developed by the US National Center for Atmospheric Research 126 

(NCAR) that is capable of reproducing meteorological variables and chemical species. 127 

Three nested domains are conducted in the simulation with grid points of 140×130, 128 

130×118, and 118×106 from the outermost to the innermost domains, respectively. As 129 

shown in Figure S1, the outermost domain (D1) covers East Asia, Southeast Asia, and 130 

the northwestern Pacific with a grid spacing of 27 km, the middle domain (D2) covers 131 

most of the central and eastern regions of China with a spatial resolution of 9 km, and 132 

the innermost domain (D3) includes the Pearl River Delta with a resolution of 3 km. 133 

Vertically, 46 layers were set from the lowest vertical layer of 40 m to the 50-hPa level. 134 

 135 

The initial and lateral boundary meteorological conditions were driven by the US 136 
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National Centers for Environmental Prediction Final Analysis data, with a horizontal 137 

resolution of 1°×1°. Land use data in the WRF model were provided by the Moderate 138 

Resolution Imaging Spectroradiometer. Anthropogenic emissions were generated 139 

based on the 2020 Multi-resolution Emission Inventory for China 140 

(http://www.meicmodel.org) with a 1 ° ×1 °  resolution, published by Tsinghua 141 

University. The Model of Emissions of Gases and Aerosols from Nature was used to 142 

generate biogenic VOC emissions (Guenther et al., 2006). The initial chemical and 143 

lateral conditions were generated from the outputs of the Whole Atmosphere 144 

Community Climate Model (WACCM). In this study, the WRF-Chem simulation was 145 

driven by the Regional Acid Deposition Model Version 2 for gas-phase chemistry 146 

(Stockwell et al., 1990). The details of the model configurations are provided in the 147 

Supplementary Material (Table S1). 148 

 149 

Owing to the lack of consideration of the stratospheric chemistry, current regional 150 

atmospheric chemistry models are unable to reproduce the dynamic process of 151 

transporting O3 from the stratosphere to the troposphere, thus limiting the quantification 152 

of the impact of SI. To overcome this shortcoming, the upper boundary condition (UBC) 153 

scheme developed by Barth et al. (Barth et al., 2012) was applied to the simulation. The 154 

key chemical species (i.e., O3, NOx, nitric acid, methane, carbon monoxide, and nitrous 155 

oxide) are regulated by climatological means based on the outputs from the global 156 

atmospheric chemical model results between 50 hPa and the tropopause. When the 157 

UBC scheme is applied, the SI process is captured well by the WRF-Chem model 158 

(Chang et al., 2023; Zhao et al., 2021a). 159 

 160 

2.2 WACCM dataset 161 

The WACCM is a comprehensive chemistry–climate model developed by the NCAR. 162 

The meteorological fields of WACCM datasets are produced from the outputs of the 163 

NASA Global Modeling Assimilation Office Goddard Earth Observing System Model. 164 

Anthropogenic emissions are obtained from the latest Copernicus Atmosphere 165 
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Monitoring System inventory, and fire emissions are generated from the Fire INventory 166 

from NCAR v1 (Wiedinmyer et al., 2011). It has 88 vertical levels and a horizontal 167 

resolution of 0.9 latitude × 1.25 longitude. The stratospheric O3 tracer (O3S) is 168 

embedded into the WACCM, in which the stratospheric tracer is identical to the O3 169 

concentration above the tropopause, which is then removed at a tropospheric chemistry 170 

rate when it is transported into the troposphere. Stratospheric O3 tagging is widely used 171 

to evaluate the stratospheric contribution (Chang et al., 2023; Ni et al., 2019). 172 

 173 

2.4 SI O3 flux calculation 174 

To quantify the SI net O3 flux, the box model approach developed by Appenzeller et al. 175 

(1996 was used in this study. Based on the continuity of the air mass, SI O3 flux was 176 

calculated using the following equation: 177 

𝐹𝑜𝑢𝑡 = 𝐹𝑖𝑛 −
𝑑𝑀

𝑑𝑡
                                                  (1) 178 

where 𝐹𝑖𝑛represents the downward O3 flux across the tropopause, calculated as the 179 

area-weighted integral of the hourly mean O3 concentration multiplied by the negative 180 

hourly mean vertical velocity over Hong Kong. In this study, 𝑀 denotes the total mass 181 

of O3 contained in the lowermost stratosphere (defined as the region between the 100 182 

hPa surface and 1 PVU), and dM/dt is the O3 mass changes in a pre-defined region in 183 

one hour. 184 

 185 

2.5 European Centre for Medium-Range Weather Forecasts Atmospheric 186 

Reanalysis Data 187 

The fifth generation of the European Centre for Medium-Range Weather Forecasts 188 

Reanalysis v5 (ERA5) products provides another method for investigating SI 189 

characteristics. Hourly ERA5 products, such as vertical velocity, relative humidity, 190 

potential vorticity (PV), and O3 concentration, with a horizontal resolution of 0.5° and 191 

137 levels from the surface up to 80 km, were collected to calculate the SI O3 flux, 192 
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diagnose SI occurrences, and evaluate the WRF-Chem model performance. 193 

3. RESULTS 194 

3.1 General characteristics of SI episode in March 2022 195 

Figure 1 depicts a comparison of the retrieved ERA-5, WACCM, and WRF-Chem-196 

simulated time cross-sections of O3 averaged over Southern China during March 5–12, 197 

2022.  198 

Overall, the temporal and spatial distributions of O3 simulated by WRF-Chem were in 199 

good agreement with the ERA5 and WACCM products, capturing two instances of 200 

stratospheric O3 intrusion. A statistical evaluation of O3, RH, wind speeds, and 201 

temperature is shown in Table S2. Overall, the model exhibited good performance of 202 

hourly O3, RH, wind speeds, and temperature simulation, with a correlation coefficient 203 

(R) of 0.58-0.96. As highlighted by the white arrow in the WRF-Chem simulation, O3-204 

enriched air descends to 700 hPa but is then blocked and does not further intrude the 205 

surface layer. Conversely, the ERA5 and WACCM simulations revealed that the O3-206 

enriched air from the stratosphere further penetrated the boundary layer and persistently 207 

mixed with the surface layer over the following days. 208 

As shown in Figure 1, a remarkable SI episode was observed in Southeastern China 209 

during March 7–8, 2022, which provided an opportunity to investigate the impact of SI 210 

on tropospheric O3 pollution. A tongue-shaped plume with high O3 concentrations 211 

extending from the stratosphere to the troposphere was observed on March 7. The 212 

magnitude of the O3 mixing ratio centered on the intruded tongue reached 100 ppb, with 213 

high O3 values (over 60 ppbv) extending to approximately 700 hPa. After the O3 214 

tongue-shaped plume reached 700 hPa, the strong downward motion further transported 215 

stratospheric O3-rich air injected into the boundary layer, with O3 reaching 60.0 ppbv 216 

on March 7–8. Accompanied by O3-laden air intrusions, the downward transport of the 217 

high PV area agreed well with the O3 distribution, providing evidence for a deep SI 218 

event penetrating the boundary layer level. One day later, the SI event concluded with 219 
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a strong downward air movement, transitioning to a weak upward motion. During 220 

March 10–12, a weak sinking flow transported a stratospheric air mass with relatively 221 

less O3 at 70 ppbv downward to 500 hPa. Previous studies have demonstrated that SI 222 

intensity is closely related to variations in large-scale circulation (Chang et al., 2023; 223 

Jiang et al., 2015; Zhao et al., 2020; Zhao et al., 2021a).  224 

 225 

 226 

Figure 1. Temporal cross-section of O3 (unit: ppb) averaged over the region (20°–35°N, 110°–118°E) 227 

during March 5–12, 2022. The black contour line indicates the dynamical tropopause of 1 PVU. 228 

The white arrow indicates the transport pathway of stratospheric O3 into the troposphere. 229 

 230 

Deep SI episodes are generally associated with favorable synoptic systems (Chang et 231 

al., 2023; Zhao et al., 2021a). On March 6, a cold front formed in northwestern Hong 232 

Kong (Figure 2a), leading to the development of maximum precipitation following the 233 

evolution of the maximum low-level convergence ahead of the cold front. Consequently, 234 

the upward air motion associated with the low-level convergence in Hong Kong was 235 

not conducive to the downward transport of stratospheric air from the free troposphere 236 

into the surface layer. One day later, as the cold front passed through Hong Kong, the 237 

interaction between the upper-level convergence and low-level divergence resulted in 238 
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a vertical downward motion, facilitating the descent of the O3-laden air mass from the 239 

top of the atmospheric boundary layer (ABL). On March 8, a high-pressure system 240 

situated over the East China Sea influenced Hong Kong by subsiding air at the 241 

periphery of the system, leading to a vertical downward movement. By March 9, the 242 

center of the high-pressure system had shifted to the Korean Peninsula, gradually 243 

exerting control over Hong Kong. Figure 3 further illustrates the cloud coverage 244 

(shaded area) and upper-level divergence in the 300-150 mb layers. During March 7–8, 245 

a distinct absence of cloud cover (darker area in the satellite imagery) and pronounced 246 

divergence were observed in the upper troposphere within 20°N–30°N and 110°E–247 

120°E. These observations indicated the occurrence of a dry intrusion of air flowing 248 

from the lower stratosphere. 249 

 250 

 251 

Figure 2. Surface weather charts provided by the Hong Kong Observatory for March 6–9, 2022. 252 

The red triangle indicates the location of Hong Kong. 253 

 254 



 255 
Figure 3. Japanese Geostationary Meteorological Satellite 5-retrieved cloud coverage (shaded area) 256 

and divergence (contour) at the 300–150 mb layers (provided by the Japan Meteorological Agency) 257 

at 1300 LST for March 6–9, 2023. 258 

 259 



3.2 Quantification of the impact of SI on tropospheric O3 260 

 261 

Figure 4. Hourly STE O3 flux (blue solid line) and daily tropopause height (red solid line) during 262 

March 5–12, 2022 (yellow dashed line: monthly mean STE O3 flux). The deep SI episodes are 263 

highlighted in the red areas. 264 

 265 

Figure 4 depicts the time series of hourly STE O3 fluxes across the tropopause from 266 

March 5 to 12. Tropopause height was determined using a PV threshold of 1 PVU. The 267 

hourly STE O3 fluxes significantly increased from 9.37×10-8 kg·m-2·s-1 on March 6 to 268 

−81.33×10-8 kg·m-2·s-1 on March 7, which is 15.2-fold higher than the monthly mean 269 

O3 flux of 5.7×10-8 kg·m-2·s-1. Strong negative STE O3 fluxes were observed during the 270 

deep SI episode, suggesting the intrusion of stratospheric O3-enriched air deeply into 271 

the troposphere. Associated with the strengthened O3 flux, the tropopause height 272 

decreased rapidly from 14.3 km to 9.5 km. The close co-evolution of the STE O3 flux 273 

and tropopause height provides convincing evidence for a deep SI event. After the SI 274 

episode, the STE O3 flux returned to the monthly mean level with an increase in 275 

tropopause height. Overall, our findings revealed that the downward O3 flux across the 276 

tropopause during this deep SI event was an order of magnitude greater than the 277 



monthly mean average, potentially contributing substantially to tropospheric O3 278 

enhancement. 279 

 280 

 281 

Figure 5. Three-dimensional structure of the stratospheric O3 tracer transported to the surface, 282 

averaged along 114.2°E. The blue isosurface represents the pathway of O3S at 50 ppbv. The location 283 

of Hong Kong is highlighted by the orange area. 284 

 285 

To characterize the SI process, the three-dimensional structure of the stratospheric O3 286 

tracer during the deep SI episode is shown in Figure 5. O3S plumes with concentrations 287 

exceeding 150 ppb were injected into the troposphere from the stratosphere at high 288 

latitudes. After crossing the tropopause, the O3-enriched air extended from 200 hPa 289 

over the mid–high latitude region downward to Hong Kong at 700–800 hPa. A pool of 290 

high O3S concentrations of up to 60 ppbv was observed over 20°N–24°N, indicating a 291 

non-negligible role of the contributions of SI in tropospheric O3 enhancement. Upon 292 

reaching the lower troposphere in Hong Kong, the downward intrusion of the O3 293 

channel rapidly sets upright during March 7–8 within one day of downward transport 294 

to the surface layer. Influenced by the synoptic-scale deep SI following a north-to-south 295 
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transport pathway, O3-enriched air transported to the ground may aggravate surface O3 296 

pollution. The contribution of SI to surface O3 in Hong Kong was approximately 40 297 

ppbv. During March 10–11, stratospheric O3 with high momentum was blocked from 298 

penetrating the boundary layer, which had a limited impact on the surface O3 budget. 299 

 300 

 301 

Figure 6. Temporal evolution of vertical distributions of the ratio of O3S/O3 in Hong Kong during 302 

March 5–12, 2022. 303 

 304 

As discussed above, stratospheric air intruded from the upper level in the 30°N–40°N 305 

region and was transported downward to the lower troposphere in Hong Kong. Next, 306 

we quantified the contribution of SI to tropospheric O3 in Hong Kong.  307 

 308 

As observed in Figure 6, the center of the high stratospheric O3 pool, with an O3S to 309 

O3 ratio larger than 0.7, appeared in the lower troposphere during March 7–8, which 310 

was transported from the mid–high latitude region. This O3S pool contributed to an 311 

increase in surface O3 concentrations through fumigation and vertical mixing in the 312 



morning. One day later, the O3S to O3 ratio rapidly decreased to 0.2 due to the 313 

diminished SI process in the upstream region (Figure 1).  314 

 315 

During March 10–12, a relatively weak SI event occurred in the mid–high latitude 316 

region, resulting in the transport of relatively limited stratospheric O3 to the Hong Kong 317 

region. These inputs only account for 4%–8% of the O3 in the middle troposphere. 318 

Owing to unfavorable meteorological conditions, stratospheric O3 was blocked from 319 

entering the boundary layer. However, the accumulated O3S during the previous deep 320 

SI event continuously mixed into the near ground, which could explain up to 40%–50% 321 

of the surface O3. 322 

 323 

In contrast to previous studies, the O3 enhancement was not directly transported 324 

downward from the stratosphere along the upright column over Hong Kong (Chang et 325 

al., 2023; Wang et al., 2020). No SI events were observed in Hong Kong during the 326 

study period. Because the O3S pool is disconnected from stratospheric O3, lower 327 

tropospheric O3 was misdiagnosed as a contributor to the long-range transport of 328 

biomass burning. Consequently, the contribution of biomass burning was excessively 329 

amplified, whereas the role of SI was underestimated. Our results highlight that 330 

stratospheric O3 can still modulate the surface O3 budget even though no SI was 331 

detected over Hong Kong and underscore the significance of characterizing the 332 

behaviors of SI in middle latitudes to gain insight into natural sources leading to O3 333 

pollution over subtropical regions. 334 

 335 

 336 



 337 

Figure 7. Contribution of individual process to O3 changes during the (a) deep SI event and (b) non-338 

SI events. (CHEM, chemical reaction; ADVH, horizontal advection; ADVZ, vertical advection) 339 

 340 

To better understand the contributions of individual processes, the integrated process 341 

rate (IPR) approach was used to retrieve the horizontal advection, vertical advection, 342 

and chemical contributions to the O3 increase during deep SI events (Figure 7a). We 343 

observed that, overall, vertical advection contributed predominantly to O3 enhancement 344 

over the pre-defined region during the deep SI event. This contribution gradually 345 

decreased as the altitude decreased. The evident positive contribution from vertical 346 

transport was caused by the subsidence of air from the stratosphere downward to the 347 

surface layer with average contributions of 39 ppbv·hr-1 in 14–16 km and 18.4 ppbv·hr-348 

1 below 2 km. Conversely, horizontal transport played a negative role in O3 349 

enhancement, with contributions ranging from −16.0 to −19.4 ppbv·hr-1. 350 

 351 

For comparison, the contributions of vertical and horizontal transport and chemical 352 

reactions to O3 changes during non-SI events are depicted in Figure 7b. Through IPR 353 

analysis, the accumulated O3 through vertical transport averaged in the range of 12.8 354 

ppbv·hr-1–32.0 ppbv·hr-1 between 8 km and 16 km, whereas it showed a negative 355 

contribution below 8 km. Notably, chemical reactions contributed 1.8 ppbv·hr-1 and 1.1 356 

ppbv·hr-1 to the surface O3 budget during the SI and non-SI events, respectively. 357 



3.3 Contributions of SI to surface O3 358 

 359 

Figure 8. Time series of surface O3 (red line), carbon monoxide (CO, blue line), stratospheric O3 360 

tracer (orange line), and the ratio of O3S/O3 (grey bar) from March 5 to 12, 2022, in Hong Kong. 361 

 362 

As discussed above, SI transports O3-enriched air downward to the lower free 363 

atmosphere, leading to substantial O3 enhancement within the layers from the top of the 364 

ABL to a height of 3–4 km above ground level (Figure 7). We further restricted our 365 

focus to assessing the impact of SI on surface O3 concentrations. 366 

 367 

Previous studies have characterized SI as O3-rich (Browning, 1997; Danielsen, 1968; 368 

Holton et al., 1995) with CO-poor (Fischer et al., 2000; Knowland et al., 2017) air, 369 

which increases the O3S/O3 ratio and dilutes the surface CO concentration. Therefore, 370 

we further investigated the co-evolution of O3, O3S, and CO in Hong Kong during the 371 

SI events. Before the stratospheric air mass reached the surface (i.e., March 5–6), the 372 

CO concentration was within the range of 331.3–546.2 ppbv, with averaged relative 373 

contributions of SI of approximately 6%–15%. During the deep SI period (March 7–8), 374 

the daily averaged O3S level increased from 5.7 ppbv on March 6 to 13.0 ppbv on March 375 

7 and further to 24.4 ppbv on March 8. In contrast, a significant decreasing trend in CO 376 

from 593.9 ppbv to 164.2 ppbv was observed, with corresponding ratios of O3S/O3 377 

being 8.7% on March 7 and 41.8% on March 8. Following the continuous mixing of 378 

the accumulated stratospheric air mass into the surface layer (March 9–12), the 379 

jianping.huang
Highlight



contribution of SI explained up to 50% of the surface O3 budget associated with a more 380 

rapid decrease in surface CO, which was substantially reduced to 122.3 ppbv. 381 

 382 

Overall, such an abnormal percentage of O3S/O3 and low CO level provided 383 

observational evidence for a deep SI event of O3-enriched air originating in the 384 

stratosphere and penetrating the surface in Hong Kong, which may potentially affect 385 

the effectiveness of emission reduction strategies. 386 

 387 

Figure 9. Extra emission reductions to offset the negative impact of SI following five different 388 

emission reduction paths in Hong Kong from March 5 to 12, 2022. The red shading highlights the 389 

period of stratospheric O3 reaching the surface. 390 

 391 

As discussed above, SI, the largest natural source of tropospheric O3, exacerbates 392 

surface O3 pollution, which may partly weaken the effectiveness of emission reduction 393 

strategies. To offset the negative contribution of SI, we conducted a set of sensitive 394 

simulations to obtain additional emission reductions in Hong Kong, following the five 395 

emission reduction paths.  396 

As shown in Figure 9, different emission reduction pathways exhibited significant 397 
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differences in effectiveness when addressing the impact of stratospheric O3 intrusion. 398 

Before the deep SI event, the extra emission reduction ratio was the lowest for the 399 

“AVOC only” reduction path, followed by the “AVOC/NOx = 2:1,” “NOx only,” 400 

“AVOC/NOx = 1:2,” and “AVOC/NOx = 1:1” paths. During the deep SI event, the 401 

effective emission reduction path was re-ordered as the “AVOC only,” “NOx only,” 402 

“AVOC/NOx = 1:2,” “AVOC/NOx = 2:1,” and “AVOC/NOx = 1:1” paths. Within the 403 

five reduction paths considered, the “AVOC only” path showed the highest capacity to 404 

offset the contribution of SI, with approximately 14.0%–64.0% emissions reduction 405 

throughout the entire period, except for March 9. Considering that stratospheric O3 406 

reached its peak value on March 9, it is evident that the “NOx only” reduction pathway 407 

holds a higher potential for offsetting the negative impact of stratospheric O3 increase. 408 

In Hong Kong, the contribution of the stratospheric O3 increase could be effectively 409 

mitigated by a 69.0% reduction in NOx emissions, surpassing the efficacy of an 85.0% 410 

reduction in AVOCs. In addition, equally reducing NOx and VOC emissions might be 411 

the least efficient method for offsetting the negative contribution of SI when the total 412 

reduction ratio was within the range of 80%–142%.  413 

 414 

Overall, additional anthropogenic emissions reductions must be conducted when O3-415 

enriched air is transported downward from the stratosphere and penetrates the surface. 416 

When the contribution of SIs is minimal, it is imperative to prioritize AVOC controls. 417 

Conversely, in cases where SIs have a significant impact, emphasis should be placed 418 

on NOx control. 419 

 420 

4. DISCUSSION 421 

China is currently facing severe O3 pollution despite significant efforts to reduce 422 

anthropogenic emissions. Although substantial strides have been made in emission 423 

reduction initiatives, O3 concentrations in major urban clusters have shown a troubling 424 

trend of increasing rather than decreasing. In addition to the complexities of the non-425 

jianping.huang
Comment on Text
Is one-case study sufficient to provide such "percentage numbers" to policy-makers to enhance their control strategies? 



linear relationships between O3 and its precursors, a critical oversight in the formulation 426 

of reduction strategies is the impact of stratospheric O3 intrusion into the troposphere. 427 

Failure to consider the influence of SI on ground-level O3 concentrations hampers the 428 

effectiveness of control strategies. 429 

 430 

In this study, a typical deep SI event from March 5 to 22, 2022, was investigated using 431 

WACCM, ERA-5 data, and the WRF-Chem model. Overall, the WRF-Chem model 432 

effectively captured stratospheric O3 intruding into the troposphere through tropopause 433 

folding. However, compared to the ERA5 and WACCM data, the WRF-Chem model 434 

failed to reproduce the impact of SIs on surface O3. Therefore, studying the influence 435 

of SIs on near-surface conditions using the WRF-Chem model has limitations. With the 436 

passage of a cold front and the influence of a high-pressure system, elevated 437 

concentrations of tongue-shaped O3 coupled with high PV values extend downward 438 

from the stratosphere to the lower troposphere.  439 

 440 

It is crucial to clarify that, unlike typical cases of SI, the SI event investigated in this 441 

study in Hong Kong did not occur as a local-scale vertical descent from the stratosphere 442 

to the lower troposphere. Instead, it involved a cross-latitudinal transport process from 443 

mid-latitude regions to lower-latitude areas. Stratospheric O3 was injected into the 444 

troposphere through the tropopause folding process in mid-latitude regions and 445 

subsequently transported to the lower troposphere in lower-latitude areas. The results 446 

from the stratospheric O3 tracer further confirmed that despite the absence of SI in the 447 

upper troposphere in the local Hong Kong region, elevated concentrations of 448 

stratospheric O3 were still observed in the lower troposphere, extending downward to 449 

the near-surface layer. Our results underscore the significance of considering the 450 

influence of SI from upstream regions when formulating strategies for O3 control. 451 

While addressing local impacts is essential, a comprehensive approach to developing 452 

O3 control strategies and selecting monitoring protocols for SIs should incorporate an 453 

understanding of the effects of higher latitudes.  454 

 455 
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To quantify the intensity of the deep SI event, we calculated the STE O3 flux. Our 456 

findings revealed that the STE flux reached a maximum of −81.33×10-8 kg·m-2·s-1, 457 

which was equivalent to 15.2-fold the monthly average STE flux. IPR analysis further 458 

indicated that vertical transport processes exhibited a positive contribution to O3 levels 459 

from 16 km to the surface during SI events. The contribution from vertical transport 460 

diminished from 39 ppbv·hr-1 at 16 km to 18.4 ppbv·hr-1 below 2 km, whereas the 461 

horizontal processes played a negative role in O3 production. In comparison, during 462 

non-SI periods, vertical transport exhibited positive contributions within the range of 463 

8–16 km, whereas below 8 km, it had a negative impact. This suggests that their 464 

influence is relatively limited to the lower troposphere and near surface layer. 465 

 466 

By performing stratospheric O3 tagging, our research delved into the temporal and 467 

spatial distribution of stratospheric O3 tracers, providing a comprehensive 468 

understanding of the temporal variability and regional impact of SI on O3 469 

concentrations. Our investigation highlights the impact of SIs on near-surface air quality, 470 

as stratospheric O3 accumulated within the lower troposphere penetrated the boundary 471 

layer and reached the surface layer. SI contributed approximately 5.5–31.1 ppbv to 472 

ground-level O3 concentrations, with the maximum contribution reaching up to 50%. 473 

Concurrently, as stratospheric air descends to the surface, there is a pronounced dilution 474 

effect on surface CO concentrations. 475 

 476 

Although SI is an inevitable natural process, proactive measures are essential to prevent 477 

further exacerbation of O3 pollution. This key strategy involves a substantial reduction 478 

in anthropogenic emissions to counteract the negative impacts of SI. Our sensitive 479 

simulations demonstrated that, except for March 9, the “AVOC only” path was the 480 

optimal emission reduction path. Emission reductions within the range of 14.0% to 64.0% 481 

in AVOCs were identified as capable of offsetting the adverse impacts of SI. Therefore, 482 

in circumstances where the contribution of SI is notably high, it is recommended to 483 

shift the focus of control strategies from the “AVOC only” path to the “NOx only” path.  484 

 485 



Although this study only focused on investigating a SI event, our results have important 486 

implications for the prevention and control of O3 pollution in the southern China. On 487 

one hand, when developing exceptional events rule for SI events, in addition to 488 

considering the local SI events, the contribution of stratospheric O3 transport from mid- 489 

to high-latitudes to low-latitudes also needs to be taken into account. On the other hand, 490 

the significant exacerbation of near-surface O3 concentration levels during this 491 

particular deep SI has led to changes in the optimal path for O3 control. 492 

 493 

This study aims to enhance the effectiveness of mitigation efforts in response to the 494 

challenges posed by the negative impacts of SI. Addressing China's current O3 pollution 495 

crisis necessitates a comprehensive approach that acknowledges the complexities of O3 496 

generation and considers the impact of stratospheric O3 intrusions. When focusing on 497 

reducing anthropogenic emissions, it is equally crucial to address and mitigate the 498 

adverse effects of SI on emission reduction strategies. Establishing clear criteria for the 499 

detection of SI and implementing adaptive measures within regulatory frameworks are 500 

essential steps toward achieving O3 attainment. 501 

 502 
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