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Abstract. China continues to experience severe ozone pollution, particularly over the North China 13 

Plain (NCP) during summer. Ozone pollution is generally considered to be associated with 14 

anticyclonic circulation. However, this study reveals that a previously underappreciated cyclonic-like 15 

circulation also plays a substantial role in ozone pollution over the NCP. Based on a systematic analysis 16 

of summertime observations from 2017 to 2022, we identify 209 ozone pollution days, 60 of which 17 

are associated with cyclonic-like circulation. Under cyclonic-like circulation, northwesterly winds 18 

prevail over the NCP. As the airflow crosses the Taihang Mountains, it undergoes adiabatic descent 19 

and induce foehn winds, leading to anomalous warming (+1.78 °C) and drying (−15 %) in the western 20 

NCP. Foehn-induced warming substantially enhances ozone photochemical production, resulting in 21 

severe ozone pollution over the western NCP, with MDA8 ozone concentrations exceeding 102.2 ppb. 22 

In addition, subsiding airflow transports ozone-rich air from the residual layer downward, leading to 23 

elevated nighttime ozone along the leeward foothills. Consequently, the impact of cyclonic-like 24 

circulation on ozone pollution exhibits pronounced spatial heterogeneity, with stronger ozone 25 

enhancement over the western than the central and eastern NCP, in contrast to the relatively uniform 26 

ozone increase over the NCP under anticyclonic circulation. More importantly, the frequency of 27 

cyclonic-like circulation exhibits an increasing trend during 1980-2024, suggesting its growing 28 

importance in modulating ozone pollution. We further demonstrate that emission control strategies 29 

should be tailored to different circulations. Under cyclonic-like circulation, local emission reductions 30 

within the NCP are most effective, whereas under anticyclonic circulation, reductions in the adjacent 31 
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southeastern region yield greater mitigation benefits. 32 

Keywords：Ozone pollution; cyclonic-like circulation; North China Plain; pollution control strategy  33 

1 Introduction 34 

China has been suffering from severe ozone pollution in recent years, despite the implementation of a 35 

series of stringent air pollution control measures (Liu et al., 2023a; Wang et al., 2022). Ozone has 36 

surpassed particulate matter to become the primary air pollutant in 339 cities in 2022 (MEE, 2023), 37 

posing serious threats to human health (Nuvolone et al., 2018; Fleming et al., 2018), ecosystem (Li et 38 

al., 2021a; Long et al., 2024), and climate (IPCC, 2023). The North China Plain (NCP), as the most 39 

severely ozone pollution area in China, frequently experiences ozone concentrations exceeding 160 40 

μg m-3, especially in summer (Lu et al., 2018; Wang et al., 2020; Wang et al., 2022; Qiao et al., 2024). 41 

For example, the monthly mean ozone concentration averaged across the 38 cities in the Beijing-42 

Tianjin-Hebei and surrounding areas even reached 220 μg m-3 in June 2024, far exceeding the national 43 

air quality standards (MEE, 2024). Elucidating the dominant factors contributing to ozone pollution in 44 

the NCP is essential for advancing the understanding of its occurrence mechanisms and developing 45 

effective control strategies. 46 

Ozone is a secondary air pollutant formed through photochemical reactions of volatile organic 47 

compounds (VOCs) and nitrogen oxides (NOₓ), and its levels are jointly controlled by precursor 48 

emissions, chemical processes, and meteorological conditions. Emissions of ozone precursors and their 49 

photochemical formation have been extensively investigated (Liu et al., 2023b; Wang et al., 2022; Xie 50 

et al., 2023). VOCs and NOx are emitted primarily from fuel combustion and industrial activities, with 51 

additional contributions from biogenic processes and agricultural soil emissions, respectively (Li et al., 52 

2022; Weng et al., 2020). The photochemical production of ozone is highly nonlinear, which is 53 

generally considered to be VOC-limited in urban areas and NOx-limited in rural regions (Li et al., 2024; 54 

Zhang et al., 2025). With the substantial reductions in NOx emissions in recent years, some urban areas 55 

have gradually shifted toward NOx-limited or transitional regimes (Wang et al., 2025; Xue et al., 2026). 56 

Beyond emissions and chemical processes, meteorological conditions also play a critical role in ozone 57 

pollution, which not only influence the rates of photochemical reactions and the magnitude of 58 

emissions but also govern the transport and dispersion of pollutants. 59 
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Previous studies have explored the role of meteorological conditions in ozone pollution from two 60 

perspectives: individual meteorological factors and large-scale circulation patterns. High temperatures 61 

have been shown to enhance both biogenic and anthropogenic VOC emissions (Tarvainen et al., 2005; 62 

Qin et al., 2025) and to promote photochemical reactions (Lee et al., 2014; Fu et al., 2015), thereby 63 

exacerbating ozone pollution (Zhang et al., 2026). Strong solar radiation favors the photochemical 64 

formation of ozone (Chen et al., 2024; Jiang et al., 2025). In contrast, increased relative humidity can 65 

lead to a decrease in ozone concentrations in the lower troposphere (Kalabokas et al., 2015). Wind 66 

fields also play a critical role by transporting ozone and its precursors (Lu et al., 2019; Qu et al.,2024), 67 

while clouds can suppress ozone levels through liquid-phase chemistry and photochemistry, which 68 

reduces atmospheric oxidative capacity via oxidant removal (Lelieveld et al., 1990).  69 

Large-scale circulation patterns serve as the synoptic background driving the evolution of ozone 70 

pollution. Previous studies have generally reported that high-ozone episodes are primarily associated 71 

with anticyclonic systems, based on both synoptic classification and composite analyses (Hart et al., 72 

2006; Hegarty et al., 2007; Gong et al., 2019; Dong et al., 2020). For example, Pope et al. (2016) 73 

applied Lamb's (1972) approach to classify UK summer circulation patterns into three types, showing 74 

that ozone pollution is more severe under anticyclonic weather type. Dong et al. (2020) classified the 75 

circulation patterns in the NCP into four types using the T-mode Principal Component Analysis (T-76 

PCA) method, and demonstrated that anticyclonic circulation favors ozone pollution. Similar findings 77 

are also reported by Gong et al. (2019), who, based on composite analyses, found that the ozone 78 

pollution in the NCP is typically associated with anticyclonic circulation. Therefore, it is widely 79 

recognized that ozone pollution over the NCP predominantly occurs under anticyclonic conditions, 80 

which are typically accompanied by high temperatures, low humidity, and southerly transport, 81 

facilitating ozone chemical formation and accumulation.  82 

In this study, we show an underappreciated cyclonic-like circulation that drives high ozone levels in 83 

the NCP, based on a systematic analysis of summertime observations during 2017–2022. The 84 

characteristics of this cyclonic-like circulation and its impacts on ozone pollution are elucidated. In 85 

addition, the long-term trend of the cyclonic-like circulation and the implications for regional emission 86 

control are investigated. The remainder of this paper is organized as follows. Section 2 describes the 87 

data and methodology. Section 3 presents the results and discussion. Section 4 summarizes the main 88 

findings. 89 
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2 Data and methodology 90 

2.1 Research area and observational data 91 

The NCP is one of the largest plains in China, spanning 34–41°N and 113–119°E. It encompasses the 92 

Beijing-Tianjin-Hebei (BTH) metropolitan region and surrounding areas, with dense population and 93 

industry. This region consists of a vast flat plain surrounded by the Taihang Mountains to the west, the 94 

Yanshan Mountains to the north, and the Bohai Sea to the east (Fig. 1). This unique topographic 95 

configuration, with mountains on two sides and an open boundary toward the ocean, plays a crucial 96 

role in modulating atmospheric circulation and air pollution evolution. 97 

 98 

Figure 1. Topography of the research area and locations of ozone concentration observation stations 99 

Hourly near-surface ozone concentration data over the NCP were obtained from China's National Air 100 

Quality Monitoring Network (https://datacenter.mee.gov.cn/websjzx/queryIndex.vm, last access: 15 101 

Aug 2026), which was established by Ministry of Ecology and Environment (MEE) in 2012. O3 102 

concentrations were reported by the MEE in micrograms per cubic meter (µg m⁻³) under standard 103 

conditions (273 K, 1013 hPa) until 31 August 2018; this reference state was revised to 298 K and 1013 104 

hPa for gaseous species since 1 September 2018. In this study, ozone concentrations were consistently 105 

converted to parts per billion (ppb) and observations from 39 urban stations across the NCP were 106 

selected for analysis (Fig. 1).  107 
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The maximum daily 8-h average (MDA8) O3 concentration was calculated following the Ambient Air 108 

Quality Standards (GB3095-2012). To ensure data quality, the 8-h sliding average must contain more 109 

than 6 h of valid observations, and the number of valid MDA8 O3 days per month must be greater than 110 

15 days at each site. The ozone pollution day was defined as a day when the regional mean MDA8 O₃ 111 

concentration over the NCP exceeded 82 ppb. A total of 209 ozone pollution days were identified 112 

during the summers (June–August) of 2017–2022. 113 

Surface meteorological observations at 114 sites over the NCP were collected from the Chinese 114 

National Meteorological Center. Hourly meteorological variables included 10-m wind speed and 115 

direction, 2-m air temperature and relative humidity, which were used to evaluate the reliability of 116 

MERRA-2 in capturing foehn-related topographic effects. 117 

2.2 GEOS-Chem model 118 

The GEOS-Chem (Goddard Earth Observing System Chemical Transport Model) is a global three-119 

dimensional atmospheric chemistry model. In this study, GEOS-Chem v13.3.3 120 

(https://geoschem.github.io/, last access: 15 Aug 2026) was employed to simulate surface ozone over 121 

China during the summer months from 2017 to 2022. The model includes fully coupled tropospheric 122 

and stratospheric ozone-NOx-VOCs-HOx-aerosol chemical regimes (Dang et al., 2021). The wet 123 

deposition scheme was adopted from Liu et al. (2001) and the dry deposition scheme was adopted 124 

from the standard drag sequence model of Wesely (2007). Vertical mixing within the planetary 125 

boundary layer was modelled using a non-local mixing scheme. The simulations were performed in a 126 

nested domain (11-55°S, 60-150°E) with a horizontal resolution of 0.5° latitude by 0.625° longitude 127 

and 47 vertical layers. The boundary conditions were provided by the GEOS-Chem global simulation 128 

with a horizontal resolution of 2° latitude by 2.5° longitude. 129 

The GEOS-Chem simulations were driven by MERRA-2 reanalysis data (Modern Era Retrospective 130 

Analysis for Research and Application, Version 2). The anthropogenic source emissions were obtained 131 

from the MEIC (Multi-resolution Emission Inventory model for Climate and air pollution research) 132 

inventory. In terms of natural emissions, biogenic volatile organic compounds (VOCs), soils, and flash 133 

NOx were calculated online in the model following the methodology of Li et al. (2021b). The LIONZ 134 

programme was used for stratospheric ozone chemistry (McLinden et al., 2000). 135 
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In this study, we conducted simulations for June of 2017-2022 to investigate the impact of cyclonic-136 

like circulations on ozone pollution, in which anthropogenic emissions were fixed at 2017 levels to 137 

eliminate the influence of interannual variability of emission. June was selected because statistical 138 

analysis indicates that the impact of cyclonic-like circulation on ozone pollution is most pronounced 139 

during this month. In addition, emission reduction experiments were performed over three regions: the 140 

NCP, its adjacent northwestern region (NW, 34°N-42°N; 107°E-112.5°E, Fig. S1), and its adjacent 141 

southeastern region (SE, 28°N-33.5°N; 113°E-122°E, Fig. S1). In each region, anthropogenic VOC 142 

and NOₓ emissions were synergistically reduced by 10%, 30%, and 50%, respectively, to evaluate 143 

which region’s emission control is most effective in mitigating ozone pollution over the NCP under 144 

different circulation patterns. Different emission-reduction levels were designed to quantify the 145 

nonlinear response of ozone to precursor controls, based on actual emission-control practices ranging 146 

from routine mitigation measures to stringent controls implemented during temporary events (Guo et 147 

al.,2023; Zhao et al., 2026; Li et al., 2017; Yang et al., 2018). Such sensitivity simulations have been 148 

widely adopted in previous studies, which have demonstrated that chemical transport models can 149 

reasonably reproduce ozone responses to substantial changes in anthropogenic emissions (Wei et al., 150 

2019; Li et al., 2019; Huang et al., 2021; Mao et al., 2022; Zhang et al., 2024). 151 

2.3 Identification of cyclonic-like circulation 152 

Under large-scale cyclonic-like circulation, northwesterly winds typically prevail over the NCP, as 153 

reported by previous studies (Gu et al., 2023; Yan et al., 2024; Li et al., 2025). Therefore, northwesterly 154 

winds can serve as an indicator of cyclonic-like circulation. In this study, we follow Chen and Lu 155 

(2016), in which large-scale cyclonic-like circulation is diagnosed based on the anomalous 156 

northwesterly winds at 850 hPa along a transect from 42° N, 108° E to 38° N, 112° E. Considering 157 

that the selection of transect may affect the identification of circulation patterns, seven transects were 158 

designed and evaluated in this study (Fig. S2). Validation against manual identification indicates that 159 

transect 3 (from 40°N, 111.25°E to 37.5°N, 114.375°E) produces the most reliable results, 160 

outperforming the transect configuration used in Chen and Lu (2016). Accordingly, we adopted the 161 

850 hPa northwesterly winds averaged along the transect from 40° N, 111.25° E to 37.5° N, 114.375° 162 

E as the cyclonic-like circulation index.  163 

Among the 209 ozone pollution days during the summers of 2017-2022, 60 cyclonic-like circulation 164 

days were identified. We examined the absolute wind fields for all individual days identified by the 165 
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index (Fig. S3) and independently compared them with the cyclonic-like circulation days identified 166 

through manual inspection. Of the 60 index-identified cyclonic-like circulation days, 40 coincided 167 

with 44 manually identified days, reaching a detection rate of 91%. This high consistency indicates 168 

that the transect-averaged northwesterly wind provides a reasonable proxy for identifying the 169 

circulation conditions of interest. The remaining 20 days identified by the index were primarily 170 

associated with trough-like low-pressure systems rather than well-developed cyclonic circulation. 171 

Nevertheless, these days consistently exhibited prevailing northwesterly flow over the NCP and 172 

enhanced warming along the foothills of the Taihang Mountains, suggesting dynamical conditions 173 

similar to those of cyclonic circulation with respect to foehn development and the associated ozone 174 

response. Therefore, we refer to the circulation identified by the index as cyclonic-like circulation 175 

rather than well-developed cyclone. This type of circulation account for 29% of all ozone pollution 176 

days, which suggests that nearly one-third of ozone pollution are associated with cyclonic-like 177 

circulation, rather than being exclusively controlled by anticyclonic circulation, underscoring the 178 

necessity of investigating the influence of cyclonic-like circulation on ozone pollution. 179 

3 Results and discussion 180 

3.1 Characteristics of the cyclonic-like circulation 181 

The synoptic characteristics of cyclonic-like circulation associated with ozone pollution during the 182 

summers of 2017 to 2022 are revealed (cyclonic-like and anticyclonic circulations in this study refer 183 

specifically to conditions during ozone pollution days). Figure 2a and 2d present the wind fields at 184 

500 hPa and 850 hPa, as well as the surface temperature and relative humidity under cyclonic-like 185 

circulation based on the MERRA-2 reanalysis dataset. It can be observed that a counterclockwise 186 

circulation is evident at both 500 and 850 hPa across North China and Northeast China, indicating a 187 

well-developed cyclonic system. The NCP is located within the northwesterly wind quadrant of this 188 

circulation, with surface temperatures and relative humidity displaying positive and negative 189 

anomalies, respectively (regional means of +0.68 °C and −8.2 %). The most pronounced warming and 190 

drying signals occur in the western NCP and maximum anomalies reach +1.78 °C and −15 %, 191 

respectively. Surface meteorological observations exhibit similar spatial characteristics (Fig. S4), 192 

providing independent observational support for the MERRA-2 results. The above features are 193 

different from the well-known anticyclonic circulation accompanying ozone pollution (Fig. 2b and 194 
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2e), which is characterized by anomalous southerly winds, widespread elevated surface temperature, 195 

and decreased humidity over the NCP (regional means of +1.1 °C and −3.5 %), as widely reported in 196 

previous ozone studies (Gong et al., 2019; Dong et al., 2020). Although both circulation types induce 197 

surface warming and drying, the effects of cyclonic-like circulation are more spatially concentrated 198 

and pronounced in the western NCP.  199 

 200 

Figure 2. Spatial patterns of cyclonic-like circulation (CC, left) and anticyclonic circulation (AC, right) 201 

associated with ozone pollution days during the summers of 2017-2022. (a, b) Anomalous 500 hPa 202 

winds (vectors) and surface maximum temperature (filled colors) under CC and AC conditions. (c, d) 203 

Anomalous 850 hPa winds (vectors) and surface relative humidity (filled colors) under CC and AC 204 

conditions. Anomalies are calculated by subtracting the corresponding multi-year mean for June, July, 205 

and August, respectively. The green rectangles denote the NCP.  206 

To investigate the distinct warming characteristics induced by cyclonic-like circulation and their 207 

differences from those under anticyclonic circulation, vertical cross-sections of temperature and wind 208 

vector anomalies along 37°N from 105°E to 125°E are presented in Fig. 3. Under cyclonic-like 209 
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circulation, horizontal westerly winds prevail along the cross-section. As the flow passes over the 210 

Taihang Mountains, descending motion occurs on the leeward side, where positive temperature 211 

anomalies present (Fig. 3a). The most pronounced warming is concentrated in the area adjacent to the 212 

mountains, with peak values exceeding 2.5 °C, while the positive temperature anomalies decrease 213 

significantly and even turn negative with increasing distance eastward from the mountains. This 214 

localized, subsidence-accompanied warming, points to the foehn phenomenon, which is induced by 215 

adiabatic heating and drying of airflow descending after crossing the mountains (M. Matějka, et al., 216 

2025). Taken together, cyclonic-like circulation makes northwesterlies prevail over the mountains, 217 

creating conditions conducive to the foehn effect and resulting in localized warming and drying over 218 

the western NCP. This contrasts with the widespread and uniform positive temperature anomalies 219 

under anticyclonic circulation, which extend eastward across the entire NCP to 120°E (Fig. 3b). 220 

 221 

Figure 3. Vertical cross-sections of anomalous temperature and wind vectors along 37°N from 105°E 222 

to 125°E under (a) cyclonic-like circulation and (b) anticyclonic circulation. The vertical wind 223 

component is multiplied by a factor of 300 when plotting the wind vector fields. Anomalies are 224 

calculated by subtracting the corresponding multi-year mean for June, July, and August, respectively. 225 

We further elucidate the monthly variability of cyclonic-like circulation and its induced warming over 226 

the western NCP. Cyclonic-like circulation occurs most frequently in June (38 days), accounting for 227 

63% of all cyclonic days (60 days) during summer, which leads to a significantly greater temperature 228 
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increase over the western plain compared with anticyclonic circulation (Fig. S5a). In July and August, 229 

cyclonic-like circulation occurred on 16 and 6 days, respectively, with temperatures comparable to or 230 

slightly lower than those under anticyclonic circulation (Fig. S5b-c). It can be concluded that June is 231 

the month during which cyclonic-like circulation exerts the most substantial warming effect.  232 

In summary, cyclonic-like circulation is characterized by prevailing northwesterly winds over the NCP, 233 

which favor the development of foehn effects, leading to pronounced localized warming and drying 234 

over the western NCP, particularly concentrated on the leeward side of the Taihang Mountains. This 235 

pattern contrasts with the widespread and uniform warming under anticyclonic circulation and is most 236 

pronounced in June. Based on these identified characteristics of cyclonic-like circulation, its impacts 237 

on ozone pollution are further investigated in the following section. 238 

3.2 Impacts of the cyclonic-like circulation on ozone pollution 239 

Figure 4 shows the spatial distribution of mean ozone concentrations under cyclonic-like circulation 240 

and their anomalies relative to the summer mean over 2017-2022, as well as the corresponding patterns 241 

under anticyclonic circulation for comparison. It can be found that under cyclonic-like circulation, 242 

ozone pollution is spatially heterogeneous over the NCP, with the most severe pollution mainly 243 

occurring in the western area along the Taihang Mountains, where concentrations exceed 102.2 ppb, 244 

while other regions experience relatively weaker pollution, yielding a regional mean of 90.3 ppb (Fig. 245 

4a). In contrast, under anticyclonic circulation, ozone pollution is more uniformly distributed, with a 246 

regional mean concentration of 92.0 ppb (Fig. 4b). The anomaly fields more clearly present the spatial 247 

heterogeneity of ozone pollution (Fig. 4c). Under cyclonic-like circulation, markedly enhanced 248 

positive ozone anomalies are primarily concentrated on the leeward foothills of the Taihang Mountains, 249 

reaching as high as +19.3 ppb, whereas increases at other stations are relatively modest. This spatial 250 

heterogeneity is in stark contrast to the widespread ozone enhancement under anticyclonic circulation 251 

over the NCP (Fig. 4d), which corresponds well to the spatial distribution of anomalous warming (Fig. 252 

2 and Fig. S6). 253 
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 254 

Figure 4. Spatial distribution of (a, b) mean MDA8 ozone concentrations under cyclonic-like and 255 

anticyclonic circulations and (c, d) their anomalies relative to the average over the summers of 2017-256 

2022. The black rectangles denote the NCP.  257 

The above analysis indicates that, although the regionally averaged ozone pollution levels are 258 

comparable under the two circulations, their spatial patterns differ markedly. According to the 259 

distribution characteristics of ozone pollution, the stations are classified into two categories: those 260 

located along the leeward foothills of the Taihang Mountains in the western NCP ( named as western 261 

sites), and those situated over the central and eastern plains ( named as central and eastern sites, the 262 

locations of the two types of stations are shown in Fig. 1). This classification enables a more detailed 263 

investigation of the impacts of cyclonic-like circulation on ozone pollution, as well as its differences 264 

from anticyclonic circulation. As shown in Fig. 5, ozone concentrations at western sites increase by 265 
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19.3 ppb under cyclonic-like circulation relative to the summer mean, which is larger than the increase 266 

under anticyclonic circulation (15.9 ppb). In contrast, at central and eastern sites, the ozone increases 267 

under cyclonic-like circulation (15.7 ppb) is smaller than that under anticyclonic circulation (18.6 ppb). 268 

This suggests that cyclonic-like circulation exerts a stronger influence on ozone enhancement over the 269 

western NCP, whereas its effect over the central and eastern plain is weaker than that of anticyclonic 270 

circulation. 271 

 272 

Figure 5. Ozone concentration anomalies at two types of stations under cyclonic-like and anticyclonic 273 

circulations relative to the summer mean during 2017–2022. The western sites are located along the 274 

leeward foothills of the Taihang Mountains, including XT, HD, AY, HB, XX and ZZ. The central and 275 

eastern sites include BJ, BD, TJ, CZ, HS, DZ, BZ, JN and ZB, which are situated over the central and 276 

eastern plains. The locations of these stations are shown in Fig. 1.  277 

On the basis of multi-year composite analysis, we select a typical case to conduct a detailed illustration 278 

of ozone pollution evolution under the cyclonic-like circulation and its associated meteorological and 279 

chemical processes. On 5 June 2022, the NCP was under the control of a cyclonic-like circulation, 280 

characterized by prevailing northwesterly winds (Fig. S7), during which the MDA8 ozone 281 

concentration over the western NCP reached up to 103.2 ppb. Figure 6 illustrates the vertical cross-282 

sections of temperature and wind vectors along 37°N from 110°E to120°E and the spatial distribution 283 

of surface ozone concentration over the NCP. About 12:00 LT, northwesterly winds begin to develop 284 

over the NCP, inducing weak descending motion on the leeward side of the Taihang Mountains (Fig. 285 

6a). The adiabatic descent of airflow leads to enhanced warming over the western plains, with a greater 286 

vertical extent of influence, as evidenced by isotherms tilting downward from the western part near 287 



 

13 
 

the mountains toward the more distant eastern plains (Fig. 6a). The largely elevated temperatures at 288 

the foothills enhance ozone photochemical production, resulting in significantly higher ozone 289 

concentrations at western stations compared with other stations across the NCP (Fig. 6e). By 15:00 290 

and 18:00 LT, the westerly winds, the downslope flow after crossing the mountains, and the associated 291 

warming become more pronounced (Fig. 6b-c), making ozone concentrations at foothill stations 292 

remain at elevated levels. Meanwhile, ozone concentrations at downwind stations also increase (Fig. 293 

6f-g), which is partly attributable to northwesterly transport, in addition to the local chemical formation 294 

(Fig. S7). At 21:00 LT, the subsiding airflow over the Taihang mountains remains evident (Fig. 6d), 295 

which facilitate the downward transport of ozone-rich air from the residual layer aloft to the surface. 296 

This process sustains relatively higher ozone concentrations at foothill stations compared with other 297 

stations, where ozone is effectively depleted by NO titration at night (Fig. 6h). 298 

 299 

Figure 6. Vertical cross-sections of temperature and wind vectors along 37°N from 110°E to120°E 300 

(upper panel) and spatial pattern of surface ozone concentration (lower panel) on 5 June 2022 at (a, e) 301 

12:30 and 12:00, (b, f) 15:30 and 15:00, (c, g) 18:30 and 18:00, (d, h) 21:30 and 21:00. The vertical 302 

cross-sections of temperature and wind vectors are obtained from MERRA-2 data, while the surface 303 

O3 concentrations are from hourly observations, with a 30-minute time offset between the two datasets. 304 
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Both the composite analysis and the case study consistently demonstrate that cyclonic-like circulation 305 

plays a crucial role in ozone pollution over the NCP, exhibiting pronounced spatial heterogeneity with 306 

particularly strong impacts over the western plain. This is primarily attributed to foehn-induced 307 

warming and drying as northwesterly flow crosses the Taihang Mountains, which enhances ozone 308 

photochemical production. In addition, descending motion associated with foehn transports ozone-rich 309 

air from the residual layer downward, resulting in higher nighttime surface ozone concentrations than 310 

in other regions. Further, prevailing northwesterly winds can transport ozone pollution to downwind 311 

areas, contributing to a moderate increase in ozone concentrations across other parts of the NCP. 312 

Although only urban sites are analyzed in this study because ozone observation stations operated by 313 

MEE are predominantly concentrated in urban areas, the influence of cyclonic-like circulation on 314 

ozone pollution in rural areas is expected to be broadly consistent with that observed at urban sites, as 315 

this synoptic-scale circulation exerts a coherent regional-scale modulation over the western NCP. 316 

3.3 Long-term trends and implications for emission reduction 317 

Given the important role of cyclonic-like circulation in ozone pollution, we further investigate its long-318 

term trend from 1980 to 2024. As shown in Fig. 7, the frequency of cyclonic-like circulation on days 319 

with temperatures exceeding 32 °C in the NCP exhibits a significant increasing trend of 0.24% yr-1 320 

(p<0.05) during the past 45 years. The focus on days with temperatures above 32 °C (the average 321 

temperature of ozone pollution days) is motivated by the lack of long-term ozone concentration 322 

observations. Nevertheless, the strong association between high temperatures and ozone pollution  323 

 324 

Figure 7. Long-term trends of the proportion of cyclonic-like circulation on days with temperatures 325 

exceeding 32 °C in the NCP in summer from 1980 to 2024. The dash line indicates the linear fitting 326 

trend, with a slope of 0.24% yr⁻¹. 327 
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allows temperature to serve as a reasonable proxy for assessing long-term changes (Li et al., 2024; 328 

Xing et al., 2026; Xu et al., 2025). In contrast, the fraction of anticyclonic circulation days exhibits a 329 

significant decreasing trend (Fig. S8). This contrasting trend indicates that cyclonic-like circulation is 330 

becoming an increasingly important driver of ozone pollution in the NCP, highlighting the urgency of 331 

developing ozone pollution control strategies tailored to this circulation pattern. 332 

To investigate which region’s emission control is most effective in mitigating ozone pollution over the 333 

NCP under cyclonic-like and anticyclonic circulations, respectively, we conduct a series of sensitivity 334 

experiments using the GEOS-Chem model with precursor emission reductions within the NCP as well 335 

as in the adjacent regions to its northwest (NW) and southeast (SE) (Fig. S1). The model performance 336 

is first assessed through a comparison between the base simulation and observations. The simulated 337 

ozone concentrations show good agreement with observations, with correlation coefficients (R) of 0.87 338 

and 0.91 (P<0.05) and normalized mean biases (NMBs) of −9.4% and 15.5% under cyclonic-like and 339 

anticyclonic circulations, respectively (Fig. S9). More importantly, the model captures the distinct 340 

spatial patterns of ozone pollution, including the pronounced heterogeneity with high concentrations 341 

over the western NCP under cyclonic-like circulation, and the comparatively uniform distribution 342 

under anticyclonic circulation. These evaluations suggest that the model can reliably simulate ozone 343 

pollution, providing a solid basis for further analysis of the emission reduction simulation experiments.  344 

Figure 8 illustrates the reductions in ozone concentrations resulting from 50% decreases in both 345 

anthropogenic NOx and VOCs emissions over the NCP, NW, and SE regions, respectively. It can be 346 

observed that under the cyclonic-like circulation, anthropogenic emission reductions within the NCP 347 

itself yield the largest decrease in ozone concentrations (approximately 5.6 ppb, Fig. 8a), while 348 

reductions in the NW and SE regions result in a decrease of about 2.8 and 4.8 ppb of ozone 349 

concentration over the NCP, respectively (Fig. 8b-c). Given that the northwesterly winds under 350 

cyclonic-like circulation pass over the mountainous region, we additionally conducted a sensitivity 351 

experiment by setting mountain BVOC emissions to zero to investigate their influence on ozone 352 

pollution over the NCP. As shown in Fig. S10, ozone concentrations over the NCP decreased by only 353 

0.75 ppb under this scenario, further demonstrating that ozone pollution is primarily driven by 354 

enhanced local photochemical production associated with foehn-induced anomalous warming and 355 

drying. In contrast, under anticyclonic circulation, the mitigation of ozone pollution over the NCP is 356 

most strongly influenced by anthropogenic emission reductions in the SE region, leading to a decrease 357 
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of 7.2 ppb (Fig. 8f), because ozone pollution is usually accompanied by southerly transport. 358 

Anthropogenic emission reductions within the NCP also result in a 6.9 ppb decrease in ozone 359 

concentrations, underscoring the necessity of regional cooperative emission control under anticyclonic 360 

circulation. Simultaneous anthropogenic reductions of NOx and VOCs by 10% and 30% also exhibit 361 

similar patterns of ozone concentration decreases (Fig. S11-S13). These results imply that emission 362 

control strategies should be tailored to different circulation patterns. Under cyclonic-like circulation, 363 

local anthropogenic emission reductions are the most effective in the NCP, whereas under anticyclonic 364 

circulation, coordinated emission reductions in both the NCP and the SE region are required to achieve 365 

more effective ozone mitigation. 366 

 367 

Figure 8. Response of MDA8 ozone concentration to 50% reductions in both NOx and VOCs 368 

emissions in the (a, d) NCP, (b, e) NW, and (c, f) SE regions under cyclonic-like circulation (upper 369 

panel) and anticyclonic circulation (lower panel). The black rectangles denote the NCP. The NW and 370 

SE regions are indicated in Fig. S1. 371 

The cyclonic-like circulation identified in this study represents a mid-latitude synoptic-scale baroclinic 372 
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system rather than a locally thermally driven circulation. Similar synoptic systems occur across other 373 

mid-latitude regions, including Europe, North America, and Japan (Shibata et al., 2010; Colle et al., 374 

2015; Catto, 2016). Previous studies have reported foehn development under such cyclonic conditions 375 

when airflow crosses the Alpine in Europe, the Appalachian Mountains in northeastern North America, 376 

and Backbone Mountain Range in Japan (Seaman and Michelson, 2000; Zängl et al., 2007; Kusaka et 377 

al., 2021). Therefore, the cyclonic-like circulation and the associated physical and chemical processes 378 

have broader implications for understanding ozone pollution and developing effective emission control 379 

strategies worldwide and warrant further attention. 380 

4 Conclusions 381 

This study reveals a previously underrecognized cyclonic-like circulation pattern that contributes to 382 

ozone pollution over the NCP, based on a systematic analysis of summer ozone pollution during 2017-383 

2022. The distinctive meteorological patterns associated with cyclonic-like circulation are analyzed. 384 

The spatial heterogeneity of their impacts on ozone pollution and the underlying mechanisms are 385 

further elucidated. Additionally, the long-term trend of cyclonic-like circulation and the effectiveness 386 

of emission control strategies under different circulation patterns are also investigated. 387 

During the summers of 2017–2022, a total of 209 ozone pollution days are identified, of which 60 388 

occur under cyclonic-like circulation, while the remaining days are dominated by anticyclonic 389 

circulation. Under cyclonic-like circulation, the NCP is dominated by northwesterly airflow. As the 390 

air mass crosses the southwest–northeast-oriented Taihang Mountains, it undergoes adiabatic descent 391 

and warming, inducing foehn winds. This process leads to localized and pronounced warming and 392 

drying over the western NCP, particularly along the leeside foothills of the Taihang Mountains. This 393 

contrasts with the spatially uniform warming and drying associated with anticyclonic circulation.  394 

The influence of cyclonic-like circulation on ozone pollution is spatially heterogeneous, with the 395 

strongest concentration enhancement occurring over the western NCP (with anomalies up to 18.6 ppb), 396 

while impacts over the central and eastern plain remain comparatively weak. This pattern is mainly 397 

attributed to the foehn-induced anomalous warming that promotes photochemical ozone production, 398 

as well as subsidence airflow that transports ozone-rich air from the residual layer downward. As a 399 

result, ozone pollution tends to be most serious along the foothills of the Taihang Mountains in the 400 

western NCP. Further, the prevailing northwesterly winds transport ozone downstream, exerting a 401 
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regional influence on ozone pollution across the plain. 402 

From a long-term perspective, the frequency of cyclonic-like circulation exhibits an increasing trend, 403 

with 0.24% yr-1 (p<0.05) from 1980 to 2024, suggesting its growing importance in modulating ozone 404 

pollution. Regional emission reduction experiments show that, under cyclonic-like circulation, local 405 

precursor controls within the NCP are most effective for mitigating ozone pollution, with a 50% 406 

reduction in NOx and VOCs leading to an ozone decrease of 5.6 ppb. Under anticyclonic circulation, 407 

emission controls in the southeastern region are more effective in controlling ozone pollution over the 408 

NCP due to the southerly transport. These results reveal the important role of cyclonic-like circulation 409 

in driving ozone pollution over the NCP and highlight the need for developing circulation-dependent 410 

emission control strategies. 411 
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