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Abstract 24 

  Ground-level ozone pollution has negative impacts on human health and vegetation 25 

and has increased rapidly across China. Various factors are implicated in the 26 

formation of ozone (e.g., meteorological factors, anthropogenic emissions), but their 27 

relative individual impact and the impact of interactions between these factors 28 

remains unclear. This study quantified the influence of specific meteorological 29 

conditions and anthropogenic precursor emissions and their interactions on ozone 30 

concentrations in Chinese cities using the geographic detector model (GeoDetector). 31 

Results revealed that the impacts of meteorological and anthropogenic factors and 32 

their interactions on ozone concentrations varied significantly at different spatial and 33 

temporal scales. Temperature was the dominant driver at the annual time scale, 34 

explaining 40% (q = 0.4) of the ground-level ozone concentration. Anthropogenic 35 

precursors and meteorological conditions had comparable effects on ozone 36 

concentrations in summer and winter in northern China. Interactions between all the 37 

factors can enhance effects. The interaction between meteorological factors and 38 

anthropogenic precursors had the strongest impact in summer. The results can be used 39 

to enhance our understanding of ozone pollution, to improve ozone prediction models, 40 

and to formulate pollution control measures. 41 

Keywords: air pollution, tropospheric ozone, interactive effects, GeoDetector model, 42 
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Abbreviations: APE, anthropogenic precursor emissions; CO, carbon monoxide; EC, 46 

eastern coastal area; GeoDetector, geographical detector model; MDA8, daily 47 

maximum 8-hour average; MEIC, multi-resolution inventory of China; MUPR, 48 

middle and upper reaches of the Pearl River area; MUYR, middle and upper reaches 49 

of the Yangtze River; MYR, middle reaches of the Yellow River; NAAQS, National 50 

Ambient Air Quality Standard; NC, northern coastal area; NE, northeast area; NOx, 51 

nitrogen oxides; O3, ozone; PE, accumulated precipitation; PS, surface air pressure; 52 

QTP, Qinghai-Tibetan Plateau; RH, relative humidity at 2-m above the ground; SC, 53 

southeast coastal area; SD, sunshine duration; TE, air temperature at 2-m above the 54 

ground; UYR, upper reaches of the Yellow River; VOCs, volatile organic compounds; 55 

WS, wind speed; XJ, Xinjiang. 56 
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1 Introduction 58 

China has experienced rapid industrialization and urbanization in recent years, 59 

resulting in large emissions of air pollutants and high concentrations of ground-level 60 

or tropospheric ozone (O3) (Liu et al., 2010; Wang et al., 2017a; Cheng et al., 2019; 61 

Chen et al., 2020). Several studies have reported the increasing ozone trends in 62 

Chinese cities over the past 20 years (Li et al., 2019a). Severe O3 pollution is mainly 63 

concentrated, especially in summertime, in the North China Plain, Huanghuai Plain, 64 

Central Yangtze River Plain, Pearl River Delta, and Sichuan Basin in China (Cheng et 65 

al., 2018). The ground-level ozone pollution is a serious threat to human health 66 

(Goodman et al., 2015; Bonn et al., 2018; Moura et al., 2018; Yang et al., 2019) as 67 

well as vegetation (Tai et al., 2014; Feng et al., 2015; Gao et al., 2016; Mills et al., 68 

2016). Therefore, the government has placed increasing emphasis on managing and 69 

monitoring this pollution (Wang et al., 2017a; Xu, 2018). Developing effective 70 

emission control strategies and predicting ozone concentrations depends on accurate 71 

and comprehensive understanding of the factors involved and their interactions. 72 

Ground-level ozone is mainly produced by complicated photochemical reactions 73 

among multiple precursors such as nitrogen oxides (NOx), volatile organic 74 

compounds (VOCs), carbon monoxide (CO), and methane (Fu et al., 2007; Li et al., 75 

2018; Lu et al., 2018; Li et al., 2019b). In addition to the anthropogenic precursors, 76 

meteorological conditions have also been recognized as primary factors driving 77 

ground-level ozone production (Zhang et al., 2011; Li et al., 2016; Li et al., 2017; Lu 78 

et al., 2019). To understand how meteorological conditions and anthropogenic 79 



 

 

precursors influence ozone concentrations, previous studies have investigated the 80 

relationships between ozone concentrations and both meteorological conditions 81 

(Wang et al., 2017a; Chen et al., 2019) and anthropogenic precursors (Wei et al., 2014; 82 

Cheng et al., 2018a) across China (Wang et al., 2017a; Chen et al., 2019) and in some 83 

key regions such as Beijing-Tianjin-Hebei (Chen et al., 2019), the Yangtze River delta 84 

(Pu et al., 2017; Tong et al., 2017), and the Pearl River delta (Zhang et al., 2013). 85 

These studies revealed notable regional variations in the predominant meteorological 86 

factors affecting ground-level ozone. 87 

Despite these studies, understanding of the various influences on ground-level 88 

ozone production is neither complete nor comprehensive. Most previous studies 89 

investigated the correlations between ozone concentrations and meteorological factors 90 

(Chen et al., 2020), without considering and interpreting the regional and seasonal 91 

influence of anthropogenic precursors. Therefore, the spatial and temporal variations 92 

of meteorological and anthropogenic effects on ground-level ozone concentrations 93 

across China remain unclear. In addition, the traditional correlation analysis may 94 

result in biased results because different meteorological factors and anthropogenic 95 

precursors interact closely with each other (Pearce et al., 2011; Chen et al., 2017). 96 

Therefore, advanced methods, such as Multiple Linear Regression (Zhao et al., 2016; 97 

Sharma et al., 2017), Quantile regression (Zhao et al., 2016), Principle Component 98 

Analysis (Sharma et al., 2017), Convergent Cross Mapping (Chen et al., 2020), and 99 

air quality models (Sanchez-Ccoyllo et al., 2006; Martins and de Fátima Andrade, 100 

2008) were used to investigate meteorological and anthropogenic factors on 101 



 

 

ground-level ozone concentrations. However, even these methods have their 102 

shortcomings, in that they mainly describe the composite effects of multi-factors and 103 

have limitations in quantifying the effects of individual factors and their interactions. 104 

Consequently, it is essential to assess the impacts of individual anthropogenic 105 

precursors and meteorological factors and their interactions on ground ozone 106 

concentrations. 107 

In this study, the geographical detector model (GeoDetector) (Wang et al., 2010; 108 

Wang et al., 2016), a spatial heterogeneity detector method, was adopted to quantify 109 

influences of specific anthropogenic precursors and meteorological factors and of 110 

their interactions on the ground-level ozone in urban areas of China. The results 111 

represent important specific information about the relative importance of the various 112 

factors involved in ground-level ozone concentrations, in both time and space. This 113 

information can be used by scientists to improve the performance of ozone prediction 114 

models, and by government entities to formulate emission control measures.. 115 

2 Materials and methods 116 

2.1 Study area and datasets 117 

This study focused on the influences of meteorological conditions and 118 

anthropogenic precursor emissions (APE) on ground-level ozone concentrations in 119 

366 cities of mainland China. Mainland China was divided into ten regions based on 120 

economic development, climate, and topography (Fig. S1). These ten regions were: 121 

eastern coastal area (EC), middle and upper reaches of the Pearl River (MUPR), 122 

middle and upper reaches of the Yangtze River (MUYR), middle reaches of the 123 
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Yellow River (MYR), northern coastal area (NC), northeast area (NE), 124 

Qinghai-Tibetan Plateau (QTP), southeast coastal area (SC), upper reaches of the 125 

Yellow River (UYR), and Xinjiang (XJ) (Li et al., 2019c). Regions of MYR, NC, NE, 126 

and UYR were considered as northern China, while EC, MUPR, MUYR, and SC 127 

were considered as southern China. 128 

The National Ambient Air Quality Standard (NAAQS) released by the China 129 

Ministry of Ecology and Environment in 2012 defined limits for the daily maximum 130 

8-hour average (MDA8) ozone concentration. The limit for MDA8 ozone 131 

concentration is 100 μg m-3 for Category I areas (e.g., natural protection zones, scenic 132 

resorts, and other areas needing special protection), and 160 μg m-3 for Category II 133 

areas (e.g., residential areas, mixed commercial and transportation residential areas, 134 

cultural areas, industrial areas, and rural areas). Daily observations of ozone 135 

concentrations in 366 Chinese cities in 2016 (Fig. S2a) were obtained from the China 136 

National Environmental Monitoring Center. The assessment benchmark of annual 137 

ground-level ozone pollution is based on the 90th percentile of the MDA8 ozone 138 

concentration throughout the year. It can be seen that O3 concentrations in most cities 139 

of China exceed the limits of NAAQS in 2016 (Fig. 1a). 140 

Previous studies have shown that precipitation, air temperature, relative humidity, 141 

sunshine duration, surface air pressure, and wind speed are the main factors impacting 142 

the ground-level ozone concentrations (Tang et al., 2012). Therefore, the daily 143 

meteorological data at 839 meteorological stations (Fig. S2b) from January 1, 2016 to 144 

December 31, 2016 were acquired from China Meteorological Data Network 145 



 

 

(http://data.cma.cn), including the daily accumulated precipitation (PE, mm), the air 146 

temperature at 2-m above the ground (TE,℃), the relative humidity at 2-m above the 147 

ground (RH, %), the sunshine duration (SD, h), the surface air pressure (PS, hPa), and 148 

the wind speed at 10-m above the ground (WS, m s-1). The spatial distributions of 149 

meteorological factors in China are described in detail by Li et al. (2019c). The 150 

monthly anthropogenic emissions of NOx, VOCs, and CO in 2016, which were the 151 

precursors of the ground ozone, were from the multi-resolution inventory for China 152 

(MEIC, http://www.meicmodel.org/). The highest emissions of anthropogenic 153 

precursors concentrated in regions of NC, MYR, EC, MUYR, and SC (Figs. 1b, 1c, 154 

and 1d). The MEIC dataset provides gridded emissions, including sectors of 155 

residential, industry, transportation, and power, from 2008 to present (Zhang et al., 156 

2009) and has been used in numerous air pollution studies (Jin and Holloway, 2015). 157 

2.2 GeoDetector q statistic 158 

This study adopted the GeoDetector q statistic to quantify the influences of 159 

meteorological and anthropogenic precursor emissions and their interactions on the 160 

ground-level ozone concentrations in China. GeoDetector q statistic is a spatial 161 

variance analysis model that can be used to assess non-linear associations between the 162 

potential factor and target geographic phenomena (Wang et al., 2010; Wang et al., 163 

2016; Wang and Xu, 2017). The core of the underlying assumption of the model is 164 

that if an X (explanatory variable) causes Y (explained variable), then their spatial 165 

distribution is consistent. Compared to the commonly used traditional linear methods, 166 

GeoDetector q statistic can handle categorical explanatory variables, detect the 167 

User
高亮

User
高亮

User
高亮

User
高亮

User
高亮

User
高亮

User
高亮

User
高亮

User
高亮



 

 

dominant driving factor, and investigate the interactive effect between two X variables 168 

on Y without the restriction of linearity assumption and with immunity to the 169 

collinearity. 170 

The spatial association between X (e.g. meteorological and anthropogenic precursor 171 

emissions in this study) and Y (e.g. the ground-level ozone concentrations in this 172 

study) can be measured by the q statistic, which can be defined as: 173 
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2
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��
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                   (1) 

where h = 1, …, L is the categories of factor X. Nh and N are the number of samples in 174 

category h and across the entire study region, respectively. SSW and SST are the sum 175 

of variance and global variance in category h and over the whole study region, 176 

respectively. σh
2 and σ2 are the variance of samples in h and the global variance of Y, 177 

respectively, in the whole study region. The interval of q is [0, 1], which means that 178 

factor X explains q × 100% of the ground-level ozone concentrations. The larger the 179 

q value, the stronger the non-linear association with regard to ozone concentrations. If 180 

the spatial distribution of ozone concentrations is completely determined by a factor X, 181 

the q value is 1, and if ozone concentrations and a factor X have no spatial association 182 

with each other, the q value is 0. 183 

The interactive effect of two X factors on ground ozone concentrations also can be 184 

quantified by the q statistic. This index can be used to assess the interactive effect 185 

between two X variables by comparing the q values of two X variables with the q 186 

values of a single X variable. The interaction types between two X variables are 187 
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described by Wang et al. (2016). To clarify the positive or negative effects of 188 

impacting factors on O3 concentrations, we also analyzed correlations between 189 

ground-level O3 concentrations and influencing factors at national and regional scales. 190 

3 Results 191 

3.1 Impacts on national ozone concentrations 192 

There were large annual and seasonal variations in the impacts of driving factors on 193 

O3 concentrations at the national scale (Fig. 2a). Meteorological conditions were the 194 

major driving factors in the generation of the ground-level O3 throughout the whole 195 

year in urban areas of China (Fig. 2a). The temperature was the dominant factor (q = 196 

0.40) and had positive effects on the O3 concentration at the annual time scale (Fig. 2), 197 

followed by SD (q = 0.25) and the PE (q = 0.17) and show positive and negative 198 

impacts on O3 concentrations, respectively.   199 

The dominant factors impacting O3 concentration in spring were meteorological 200 

factors, such as SD (q = 0.26), RH (q = 0.18), and TE (q = 0.15) (Fig. 2a). In summer, 201 

the meteorological conditions and APE showed similar impacts on O3 concentrations. 202 

The two dominant factors in summer were RH (q = 0.29) and PE (q = 0.21). The q 203 

values of NOx, VOC, and CO in summer were 0.19, 0.13, and 0.12, respectively. This 204 

indicated that APE in summer played important roles in the O3 generation in China. 205 

Similar to spring, in autumn, meteorological conditions were the major driving factors 206 

in the O3 generation, and the primary impacting factor was temperature (q = 0.48). In 207 

winter, however, meteorological conditions and APE had comparable effects on O3 208 

concentrations. In that season, the dominant meteorological and anthropogenic factors 209 



 

 

were TE (q = 0.15) and CO (q = 0.12), respectively. SD and TE were positively 210 

correlated with O3 concentrations across all the four seasons, but RH and PE had 211 

negative effects on O3 concentrations in both spring and summer (Fig. 1b). APE 212 

shows positive impacts on the ground-level O3 in spring, summer, and autumn, 213 

especially in summer, whereas it showed negative effects in winter. 214 

3.2 Impacts on regional ozone concentrations 215 

Regional and seasonal disparities were identified in the impacts of meteorological 216 

conditions and APE on ozone concentrations in China (Fig. 3). Generally, 217 

meteorological conditions were the primary influencing factors in all the ten regions. 218 

TE and SD were dominant driving factors in Northern and Southern China, 219 

respectively, throughout the whole year. 220 

Similar to the annual time scale, meteorological conditions were also major factors 221 

impacting O3 generation in spring (Fig. 3). The dominant meteorological factor was 222 

TE in northern China, and SD in regions of MUYR, MUPR, and EC. The dominant 223 

influencing factor in spring was RH (q = 0.37) in the SC region. In summer, SD was 224 

the dominant factor in most regions, including UYR, NC, MYR, MUYR, MUPR, and 225 

EC. However, the three precursor emissions were major drivers in the O3 generation 226 

in NE, followed by TE. TE was the dominant driving factor for the O3 concentration 227 

in autumn in regions of NC, NE, UYR, XJ, MYR, and MUYR, but the dominant 228 

factor was SD in regions of MUPR, SC, and EC. In winter, SD was the dominant 229 

influencing factor in most regions except for UYR, XJ, and QTP. 230 

Figure S3 shows regional variations in correlations between the ground-level ozone 231 



 

 

concentrations and influencing factors. Both annual and seasonal TE and SD had 232 

positive impacts on O3 concentrations in all regions, but PE and RH showed negative 233 

effects in most regions. APE can enhance O3 generations in most regions, but it 234 

showed negative impacts on O3 concentrations in XJ throughout the whole year and 235 

some regions in winter such as MUYR, MYR, NC, QTP, and UYR. 236 

3.3 Interactive effects of driving factors 237 

In total, 36 pairs of interactions between the nine factors were detected. Figure 4 238 

shows the q value of any two influencing factors and the q value of the interaction 239 

between two factors. The interactions of SD∩TE, SD∩WS, PS∩TE, and PE∩TE 240 

are bivariate enhancements and the interactions between the remaining factors belong 241 

to the nonlinear enhancements (Fig. 4). The interaction between TE and RH (q = 0.66) 242 

was the strongest among all influencing factors. In the interaction between 243 

meteorological factors and precursor emission factors, the value of q(NO∩TE) (NO 244 

denotes NOx) was the largest (q = 0.47), indicating that the interaction between NOx 245 

and TE is the strongest. There were large seasonal variations in the interactive effects 246 

between the potential influencing factors (Fig. S4). Figure S4 shows that interactions 247 

between meteorological conditions played leading roles in ozone production in spring, 248 

autumn, and winter. The interaction q value between TE and SD was the largest 249 

among all the interactions. However, the largest interaction q value was between 250 

VOCs and RH in summer. 251 

Figure 5 shows that there were large regional differences in interaction q values of 252 

impacting factors (the top 15 interaction q values are listed for each region). The 253 



 

 

interactive effects of meteorological factors were strongest among all the interactions 254 

in most regions, such as UYR, NC, MYR, MUYR, SC, and EC (Fig. 5). The leading 255 

interactive effects were between APE and meteorological conditions in regions of 256 

MUPR (NO ∩ SD), NE (VO ∩ TE) (VO denotes VOCs), and XJ (NO ∩ TE). 257 

Generally, the interactions between APE and TE played a particularly important role 258 

in northern China, while APE ∩ SD interaction played an important role in southern 259 

China. Figures S5-S8 show the seasonal interaction q values between potential 260 

impacting factors over the ten regions, demonstrating that there were large spatial and 261 

seasonal variations in the interactive effects on O3 generation. 262 

4 Discussion 263 

This study found that the effects of meteorological factors and anthropogenic 264 

precursors and their interactions on the ground-level ozone concentrations 265 

significantly varied with seasons and regions across China. This is ascribed to the 266 

spatial and temporal disparities in precursors, meteorological conditions, and 267 

photochemical reactions. These should be the main reasons for the spatial and 268 

temporal differences in the ground-level ozone concentrations not only in China, but 269 

also throughout the world (Wang et al., 2017b; Wang et al., 2018b; Chen et al., 2019; 270 

Maji et al., 2019). 271 

At the national scale, meteorological conditions were primary impacting factors 272 

throughout the whole year, which is consistent with numerous previous results that the 273 

meteorological factors play leading roles in the production of the ground-level ozone 274 

(Cheng et al., 2019; Ding et al., 2019; Chen et al., 2020; Han et al., 2020). However, 275 



 

 

the main drivers of ozone formation varied significantly across the four seasons. The 276 

influences of meteorological conditions on ground-level ozone were stronger during 277 

spring and autumn than in summer and winter. These findings could also confirm 278 

previous results that changes in aerosol chemistry and photolysis rates caused by the 279 

reduction of particulate matter has great impacts on hydroperoxyl radicals and thus 280 

significantly influences the ozone production (Li et al., 2019a). The higher emissions 281 

of biogenic NOx and VOCs may be the main drivers of the growing ozone pollution 282 

during summer under the high air temperature and long sunshine duration and 283 

generally stable anthropogenic emissions across seasons (Wang et al., 2008; Wang et 284 

al., 2018a; Chen et al., 2019). In winter, the precursors concentrations were highest, 285 

but the ozone concentration was lowest (Cheng et al., 2018b). The primary impacting 286 

factors were TE and CO in wintertime, because high CO concentrations can 287 

significantly change the oxidation capacity of the atmosphere and low temperature 288 

and radiation can reduce the photochemical reaction ability compared to other seasons 289 

(Wang et al., 2015; ). Moreover, the titration of the nitric oxide is another mechanism 290 

of ozone destruction in wintertime (Yang et al., 2019). 291 

We found that TE and SD were the main drivers of ozone concentrations with 292 

positive effects in most regions of northern (NC, NE, UYR, XJ, MYR, and MUYR) 293 

and southern (MUPR, SC, and EC) China in seasons of autumn and spring, 294 

respectively. In summer and winter, the main driving factor was SD in most regions. 295 

This is similar to previous studies which have found that TE and SD are the most 296 

important and positively driving factors affecting ozone concentrations (Camalier et 297 



 

 

al., 2007; Chen et al., 2020; Han, et al., 2020). This is due to the high temperature and 298 

low relative humidity in northern China (Li et al., 2019c), which provides ideal 299 

meteorological conditions for accelerating the photochemical reactions that produce 300 

ozone (Otero et al. 2016; Li et al., 2019a), thereby increasing the ozone concentration. 301 

In the SC region, the dominant impacting factor was RH in spring and summer. This 302 

is because RH in SC was higher than in other regions (Li et al., 2019c). As higher RH 303 

is frequently associated with greater atmospheric instability and cloud abundance, the 304 

photochemical reactions could be slowed and thus the ground ozone would be 305 

depleted (Camalier et al., 2007; Chen et al., 2020). Moreover, the increasing RH can 306 

greatly reduce the ozone concentration by possible precipitation scavenging, reduction 307 

of photochemical production efficiency, decrease in oxygen atoms, and increase in 308 

hydroxyl radicals (OH) (Jia and Xu, 2014; Gao et al., 2018; Yu, 2019). 309 

Numerous studies have reported that APE is also important factors affecting ozone 310 

concentrations (Cheng et al., 2018b; Li et al., 2019a; Wang et al., 2019). This study 311 

found that the influence of precursor emissions on ozone concentrations in 312 

summertime is stronger than in other seasons at the national scale and in most regions 313 

of northern China. In summer, APE is the dominant impacting factor of ozone 314 

formation due to the high precursor emissions and meteorological conditions suitable 315 

for ozone generation. In cities of QTP, PS was the primary factor impacting ground 316 

ozone concentrations during summer, autumn, and winter. Given the QTP’s high 317 

elevation, PS gradient might result in some exchanges between stratosphere and 318 

troposphere, which could contribute to tropospheric O3 concentrations (Lin et al., 319 



 

 

2015; Xu et al., 2016). 320 

Interaction detectors reveal the effects of interactions between influencing factors 321 

on ozone concentrations. We found that most interactions between impacting factors 322 

belong to the nonlinear enhancement type, indicating that these interactions clearly 323 

enhance ozone concentrations. The interactions between meteorological factors and 324 

anthropogenic precursor emissions play a leading role in summer. This may be due to 325 

the higher temperature in summer, which is conducive to the accelerated 326 

photochemical reaction between the precursors, resulting in an increase in the 327 

ground-level ozone concentration. The dominated interaction between anthropogenic 328 

precursor emissions and meteorological factors was between APE and SD over most 329 

regions in summer. This is due to the longer sunshine duration in summertime, which 330 

can provide suitable conditions for photochemical reactions. In southern China, 331 

interactions between APE and factors of RH and SD are dominant in spring and 332 

winter. This dominance may be due to the high precipitation and relative humidity and 333 

shorter sunshine hours in Southern China (Li et al., 2019c). 334 

While important results were identified in this study, there were some limitations 335 

need to be improved and addressed in the future research. First, our results still have 336 

some uncertainties due to the uncertainty of MEIC emission inventory. Second, we 337 

did not consider other unavailable meteorological factors that can affect ground-level 338 

O3 concentrations such as planetary boundary layer height and total cloud area 339 

fraction. Third, the land use, socioeconomic factors, topography, and elevation were 340 

also not included to quantify their effects on ground-level ozone concentrations. In 341 



 

 

order to develop more accurate control measure for the abatement of the O3 pollution, 342 

it is essential to quantify the contribution of each sector’s APE to O3 concentrations in 343 

the future. In addition, the results of this study need to be validated and applied in the 344 

development of ground-level ozone control strategies by using the atmospheric 345 

chemical transport model. 346 

5 Conclusions 347 

Results of this study showed large regional and seasonal variations in the effects of 348 

meteorological and anthropogenic factors and their interactions on ground-level ozone 349 

concentrations throughout China. At both the national and regional scales, 350 

meteorological conditions are the dominant drivers of ozone production. At the 351 

seasonal time scale, for all seasons, SD and RH are the main drivers of ground-level 352 

ozone concentrations in southern China while TE is the major driver in northern 353 

China. However, anthropogenic precursors are the dominant factors in NE during 354 

summer. Interactions between all influencing factors enhance ozone concentrations. 355 

The interaction between meteorological factors and anthropogenic precursors has a 356 

stronger impact in summer than in the other three seasons. 357 

Due to the complicated formation mechanisms and interactions between various 358 

factors of meteorology and ozone precursors, it remains challenging to understand the 359 

relative importance of potential impacting factors and their interactions in the 360 

ground-level ozone generation. This study comprehensively quantifies the influences 361 

of meteorological conditions and anthropogenic precursors and their interactions on 362 

ground-level ozone concentrations. Considering the difficulty in understanding 363 



 

 

quantitatively the association and the interaction between ozone and its impacting 364 

factors, these findings could help us understand the mechanism of ozone pollution, 365 

can help scientists improve the performance of ozone prediction models, and help 366 

government entities devise measures to manage ozone pollution. 367 
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 568 

Fig. 1. Maps of 90th percentile of daily maximum 8-hour average O3 concentrations 569 

(a), CO emissions (b), NOx emissions (c), and VOCs emissions (d) in China in 2016 570 

with resolution of 0.25° × 0.25°.  571 



 

 

 572 

Fig. 2. Annual and seasonal q values (a) of driving factors for ozone concentrations and 573 

correlations (b) between ozone concentrations and impacting factors at the national scale (China). 574 

NO denotes NOx; VO denotes VOCs.   575 
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 578 

Fig. 3. Annual and seasonal q values of driving factors in 10 regions of China. NO denotes NOx; 579 

VO denotes VOCs. 580 
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 582 

Fig. 4. Annual interactive q values and original q value of each pair of factors. Note that X1 583 

donates the first factor, X2 donates the second factor, and X1∩X2 is the interaction between the 584 

two factors. For example, in the pair of (TE, RH), X1 donates TE, X2 donates RH, and X1∩X2 is 585 

the interaction between TE and RH. NO denotes NOx; VO denotes VOCs. 586 
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 588 

Fig. 5. Annual interaction q values between influencing factors over the 10 regions of China. NO 589 

denotes NOx; VO denotes VOCs. 590 
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Highlights 

� Effects of meteorology and precursors on ozone had spatial-temporal variations. 

� Meteorological conditions were dominant drivers of the ground ozone 
concentrations. 

� Impacts of precursors on ozone were comparable to meteorology in summer and 
winter. 

� Interactions between impacting factors had enhanced effects on ozone 
concentrations. 
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