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Abstract

Ground-level ozone pollution has negative impactfiuman health and vegetation
and has increased rapidly across China. Variousraare implicated in the
formation of ozone (e.g., meteorological factorgheopogenic emissions), but their
relative individual impact and the impact of inteltans between these factors
remains unclear. This study quantified the inflleen€ specific meteorological
conditions and anthropogenic precursor emissiodgtair interactions on ozone
concentrations in Chinese cities using the geogcagdtector model (GeoDetector).
Results revealed that the impacts of meteorologindlanthropogenic factors and
their interactions on ozone concentrations vargdificantly at different spatial and
temporal scales. Temperature was the dominantrdaivie annual time scale,
explaining 40%d = 0.4) of the ground-level ozone concentrationthAopogenic
precursors and meteorological conditions had coaipareffects on ozone
concentrations in summer and winter in northerm@hinteractions between all the
factors can enhance effects. The interaction betwesteorological factors and
anthropogenic precursors had the strongest impatimmer. The results can be used
to enhance our understanding of ozone pollutiompfrove ozone prediction models,
and to formulate pollution control measures.
Keywords: air pollution, tropospheric ozone, interactivecefs, GeoDetector model,

China
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Abbreviations: APE, anthropogenic precursor emissions; CO, canbomoxide; EC,
eastern coastal area; GeoDetector, geographicattdemodel; MDAS, daily
maximum 8-hour average; MEIC, multi-resolution intay of China; MUPR,

middle and upper reaches of the Pearl River aréfY R| middle and upper reaches
of the Yangtze River; MYR, middle reaches of thdofe River; NAAQS, National
Ambient Air Quality Standard; NC, northern coastada; NE, northeast area; NOX,
nitrogen oxides; @ ozone; PE, accumulated precipitation; PS, surd@cgressure;
QTP, Qinghai-Tibetan Plateau; RH, relative humidity2-m above the ground; SC,
southeast coastal area; SD, sunshine duratiorgil EEmperature at 2-m above the
ground; UYR, upper reaches of the Yellow River; \&)@olatile organic compounds;

WS, wind speed; XJ, Xinjiang.



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

1 Introduction

China has experienced rapid industrialization aménization in recent years,
resulting in large emissions of air pollutants &igh concentrations of ground-level
or tropospheric ozone ¢P(Liu et al., 2010; Wang et al., 2017a; Chengle819;
Chen et al., 2020). Several studies have repadnedchtreasing ozone trends in
Chinese cities over the past 20 years (Li et 811.92). Severe £pollution is mainly
concentrated, especially in summertime, in the INGtina Plain, Huanghuai Plain,
Central Yangtze River Plain, Pearl River Delta, &nhuan Basin in China (Cheng et
al., 2018). The ground-level ozone pollution ia@us threat to human health
(Goodman et al., 2015; Bonn et al., 2018; Moural e2018; Yang et al., 2019) as
well as vegetation (Tai et al., 2014; Feng et28l15; Gao et al., 2016; Mills et al.,
2016). Therefore, the government has placed incrg&mphasis on managing and
monitoring this pollution (Wang et al., 2017a; Xa018). Developing effective
emission control strategies and predicting ozomeentrations depends on accurate
and comprehensive understanding of the factordvedaand their interactions.

Ground-level ozone is mainly produced by complidgieotochemical reactions
among multiple precursors such as nitrogen oxibi€3x{, volatile organic
compounds (VOCs), carbon monoxide (CO), and metfanet al., 2007; Li et al.,
2018; Lu et al., 2018; Li et al., 2019b). In adulitito the anthropogenic precursors,
meteorological conditions have also been recograsegorimary factors driving
ground-level ozone production (Zhang et al., 2Q1 %t al., 2016; Li et al., 2017; Lu

et al., 2019). To understand how meteorologicallt@ns and anthropogenic
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precursors influence ozone concentrations, prestudies have investigated the
relationships between ozone concentrations andrhethorological conditions

(Wang et al., 2017a; Chen et al., 2019) and antigepic precursors (Wei et al., 2014;
Cheng et al., 2018a) across China (Wang et al7&20%hen et al., 2019) and in some
key regions such as Beijing-Tianjin-Hebei (Chealet2019), the Yangtze River delta
(Puetal., 2017; Tong et al., 2017), and the FRia®r delta (Zhang et al., 2013).
These studies revealed notable regional variatiotise predominant meteorological
factors affecting ground-level ozone.

Despite these studies, understanding of the vandlugences on ground-level
ozone production is neither complete nor comprakendlost previous studies
investigated the correlations between ozone coratgorts and meteorological factors
(Chen et al., 2020), without considering and intetipng the regional and seasonal
influence of anthropogenic precursors. Therefdre spatial and temporal variations
of meteorological and anthropogenic effects on gdelevel ozone concentrations
across China remain unclear. In addition, the ti@akl correlation analysis may
result in biased results because different metegrodl factors and anthropogenic
precursors interact closely with each other (Peared., 2011; Chen et al., 2017).
Therefore, advanced methods, such as Multiple LiRegression (Zhao et al., 2016;
Sharma et al., 2017), Quantile regression (Zhab. €2016), Principle Component
Analysis (Sharma et al., 2017), Convergent Crosppva (Chen et al., 2020), and
air quality models (Sanchez-Ccoyllo et al., 200&rfihs and de Fatima Andrade,

2008) were used to investigate meteorological amidrapogenic factors on
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ground-level ozone concentrations. However, evesdimethods have their
shortcomings, in that they mainly describe the cositp effects of multi-factors and
have limitations in quantifying the effects of imiual factors and their interactions.
Consequently, it is essential to assess the impéatslividual anthropogenic
precursors and meteorological factors and the@rattions on ground ozone
concentrations.

In this study, the geographical detector model (@ector) (Wang et al., 2010;
Wang et al., 2016), a spatial heterogeneity deteotihod, was adopted to quantify
influences of specific anthropogenic precursorsmaeteorological factors and of
their interactions on the ground-level ozone inamrbreas of China. The results
represent important specific information aboutrilative importance of the various
factors involved in ground-level ozone concentraian both time and space. This
information can be used by scientists to improwegérformance of ozone prediction

models, and by government entities to formulatessimn control measures..

2 Materials and methods

2.1 Study area and datasets

This study focused on the influences of meteorai@gionditions and
anthropogenic precursor emissions (APE) on groemdtozone concentrations in
366 cities of mainland China. Mainland China wasd#d into ten regions based on
economic development, climate, and topography &ig. These ten regions were:
eastern coastal area (EC), middle and upper reathis Pearl River (MUPR),

middle and upper reaches of the Yangtze River (MYUYiddle reaches of the
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124  Yellow River (MYR), northern coastal area (NC), thaast area (NE),

125  Qinghai-Tibetan Plateau (QTP), southeast coastal (8C), upper reaches of the
126  Yellow River (UYR), and Xinjiang (XJ) (Li et al.,019c). Regions of MYR, NC, NE,
127 and UYR were considered as northern China, whileMGPR, MUYR, and SC

128  were considered as southern China.

129 The National Ambient Air Quality Standard (NAAQ®Jeased by the China

130  Ministry of Ecology and Environment in 2012 definledits for the daily maximum
131  8-hour average (MDAS8) ozone concentration. Thetlfioi MDA8 ozone

132 concentration is 100g m* for Category | areas (e.g., natural protectionezpscenic
133 resorts, and other areas needing special prot¢céind 16Qug m* for Category |l

134  areas (e.g., residential areas, mixed commercdtramsportation residential areas,
135  cultural areas, industrial areas, and rural aréza)y observations of ozone

136  concentrations in 366 Chinese cities in 2016 (BRp) were obtained from the China
137  National Environmental Monitoring Center. The assasnt benchmark of annual

138 ground-level ozone pollution is based on the 9@tttentile of the MDA8 ozone

139  concentration throughout the year. It can be skeanh@ concentrations in most cities
140  of China exceed the limits of NAAQS in 2016 (Fig)1

141 Previous studies have shown that precipitationteanperature, relative humidity,
142 sunshine duration, surface air pressure, and wirddare the main factors impacting
143 the ground-level ozone concentrations (Tang eR@ll2). Therefore, the daily

144  meteorological data at 839 meteorological stat{&ing. S2b) from January 1, 2016 to

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



146  (http://data.cma.cn), including the daily accumediaprecipitation (PE, mm), the air
147  temperature at 2-m above the ground (TE,the relative humidity at 2-m above the
148  ground (RH, %), the sunshine duration (SD, h) siinéace air pressure (PS, hPa), and
149  the wind speed at 10-m above the ground (WS mThe spatial distributions of

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

151  monthly anthropogenic emissions of NOx, VOCs, adli€ 2016, which were the
152  precursors of the ground ozone, were from the me#olution inventory for China
153  (MEIC, http://www.meicmodel.org/). The highest esis of anthropogenic

154  precursors concentrated in regions of NC, MYR, BOYR, and SC (Figs. 1b, 1c,
155 and 1d). The MEIC dataset provides gridded emissimcluding sectors of

156  residential, industry, transportation, and powenf 2008 to present (Zhang et al.,
157  2009) and has been used in numerous air pollutiaties (Jin and Holloway, 2015).
158 2.2 GeoDetectoq statistic

159 This study adopted the GeoDetedjatatistic to quantify the influences of

160 meteorological and anthropogenic precursor emissama their interactions on the
161  ground-level ozone concentrations in China. Geofdetg statistic is a spatial

162  variance analysis model that can be used to assestnear associations between the
163  potential factor and target geographic phenomeran{)/ét al., 2010; Wang et al.,

164  2016; Wang and Xu, 2017). The core of the undeglgssumption of the model is
165 that if anX (explanatory variable) caus¥gexplained variable), then their spatial
166  distribution is consistent. Compared to the commaisked traditional linear methods,

167  GeoDetectoq statistic can handle categorical explanatory e detect the
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168  dominant driving factor, and investigate the intéikee effect between twi variables

169  onY without the restriction of linearity assumptiordamith immunity to the

170  collinearity.

171 The spatial association betweéite.g. meteorological and anthropogenic precursor
172 emissions in this study) an¢i(e.g. the ground-level ozone concentrations ig thi

173 study) can be measured by thstatistic, which can be defined as:

-1 Zio1 Nyoy’ _ 4 _S5W
q No? SST
SSW = Yji—y Nyoy” (D
SST = No?

174  whereh =1, ...,L is the categories of fact®t N, andN are the number of samples in
175  categoryh and across the entire study region, respecti® andSST are the sum
176  of variance and global variance in categlond over the whole study region,

177 respectivelys” ands” are the variance of sampleshiand the global variance ¥f

178  respectively, in the whole study region. The ingéwf q is [0, 1], which means that
179  factorX explainsg X 100% of the ground-level ozone concentrations. [&rger the
180 g value, the stronger the non-linear associatioh végard to ozone concentrations. If
181 the spatial distribution of ozone concentrationsaspletely determined by a factdy
182  theqgvalue is 1, and if ozone concentrations and afathave no spatial association
183  with each other, thg value is 0.

184 The interactive effect of twi factors on ground ozone concentrations also can be
185  quantified by they statistic. This index can be used to assess temutive effect

186  between twoX variables by comparing tltpvalues of twoX variables with the

187  values of a singl&X variable. The interaction types between Xveariables are
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described by Wang et al. (2016). To clarify theitis or negative effects of
impacting factors on ©£concentrations, we also analyzed correlations d&etw

ground-level @ concentrations and influencing factors at nati@mal regional scales.

3 Results

3.1 Impacts on national ozone concentrations

There were large annual and seasonal variatioteiimpacts of driving factors on
O3 concentrations at the national scale (Fig. 2ajebt®logical conditions were the
major driving factors in the generation of the grdtdevel Q throughout the whole
year in urban areas of China (Fig. 2a). The tentperavas the dominant factay €
0.40) and had positive effects on thed@ncentration at the annual time scale (Fig. 2),
followed by SD ¢ = 0.25) and the PEjE 0.17) and show positive and negative
impacts on @concentrations, respectively.

The dominant factors impactings ©@oncentration in spring were meteorological
factors, such as S € 0.26), RH ¢ = 0.18), and TEq = 0.15) (Fig. 2a). In summer,
the meteorological conditions and APE showed smmigacts on @concentrations.
The two dominant factors in summer were RH=(0.29) and PEg(= 0.21). They
values of NOx, VOC, and CO in summer were 0.1930ahd 0.12, respectively. This
indicated that APE in summer played important ratethe Q generation in China.
Similar to spring, in autumn, meteorological coratis were the major driving factors
in the Q generation, and the primary impacting factor vegspgeratured = 0.48). In
winter, however, meteorological conditions and AR comparable effects o O

concentrations. In that season, the dominant matagpcal and anthropogenic factors
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were TE ¢ = 0.15) and COq = 0.12), respectively. SD and TE were positively
correlated with @concentrations across all the four seasons, buaf®HPE had
negative effects on{xoncentrations in both spring and summer (Fig. ABE
shows positive impacts on the ground-levelif®spring, summer, and autumn,
especially in summer, whereas it showed negatieetsfin winter.

3.2 Impacts on regional ozone concentrations

Regional and seasonal disparities were identifieitié impacts of meteorological
conditions and APE on ozone concentrations in Ctiig 3). Generally,
meteorological conditions were the primary influeigcfactors in all the ten regions.
TE and SD were dominant driving factors in Northana Southern China,
respectively, throughout the whole year.

Similar to the annual time scale, meteorologicadittons were also major factors
impacting Q generation in spring (Fig. 3). The dominant metagical factor was
TE in northern China, and SD in regions of MUYR, FIR, and EC. The dominant
influencing factor in spring was RHj € 0.37) in the SC region. In summer, SD was
the dominant factor in most regions, including UYK;, MYR, MUYR, MUPR, and
EC. However, the three precursor emissions weremaaivers in the @generation
in NE, followed by TE. TE was the dominant drivifagtor for the @ concentration
in autumn in regions of NC, NE, UYR, XJ, MYR, andJ¥R, but the dominant
factor was SD in regions of MUPR, SC, and EC. Intesi, SD was the dominant
influencing factor in most regions except for UYRJ, and QTP.

Figure S3 shows regional variations in correlatioesveen the ground-level ozone
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concentrations and influencing factors. Both anmauna seasonal TE and SD had
positive impacts on £concentrations in all regions, but PE and RH shibmegative
effects in most regions. APE can enhang@€nerations in most regions, but it
showed negative impacts on Gncentrations in XJ throughout the whole year and
some regions in winter such as MUYR, MYR, NC, Qai UYR.
3.3 Interactive effects of driving factors

In total, 36 pairs of interactions between the riaetors were detected. Figure 4
shows theg value of any two influencing factors and thealue of the interaction
between two factors. The interactions of SDE, SDNWS, PS1TE, and PEYTE
are bivariate enhancements and the interactiongeletthe remaining factors belong
to the nonlinear enhancements (Fig. 4). The intemadetween TE and RH) E 0.66)
was the strongest among all influencing factorgh&ninteraction between
meteorological factors and precursor emission factbe value o§f(NONTE) (NO
denotes NOx) was the largeqt< 0.47), indicating that the interaction betwed&Dx\
and TE is the strongest. There were large seasanations in the interactive effects
between the potential influencing factors (Fig..F4gure S4 shows that interactions
between meteorological conditions played leadingsran ozone production in spring,
autumn, and winter. The interactigrvalue between TE and SD was the largest
among all the interactions. However, the largegractionq value was between
VOCs and RH in summer.

Figure 5 shows that there were large regional diffees in interactiog values of

impacting factors (the top 15 interactigiwalues are listed for each region). The
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interactive effects of meteorological factors wstt®ngest among all the interactions
in most regions, such as UYR, NC, MYR, MUYR, SCd &C (Fig. 5). The leading
interactive effects were between APE and meteorcddgonditions in regions of
MUPR (NON SD), NE (VON TE) (VO denotes VOCs), and XJ (NDTE).

Generally, the interactions between APE and TEgaay particularly important role

in northern China, while APE SD interaction played an important role in souther
China. Figures S5-S8 show the seasonal interagti@ues between potential
impacting factors over the ten regions, demonsigatiat there were large spatial and

seasonal variations in the interactive effects gigé€nheration.

4 Discussion

This study found that the effects of meteorologfeators and anthropogenic
precursors and their interactions on the groundtlezone concentrations
significantly varied with seasons and regions acfoiina. This is ascribed to the
spatial and temporal disparities in precursorsgeoreiogical conditions, and
photochemical reactions. These should be the neaisons for the spatial and
temporal differences in the ground-level ozone eotrations not only in China, but
also throughout the world (Wang et al., 2017b; Wanal., 2018b; Chen et al., 2019;
Maji et al., 2019).

At the national scale, meteorological conditiongemarimary impacting factors
throughout the whole year, which is consistent witimerous previous results that the
meteorological factors play leading roles in thedurction of the ground-level ozone

(Cheng et al., 2019; Ding et al., 2019; Chen et2820; Han et al., 2020). However,
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297

the main drivers of ozone formation varied sigrifidy across the four seasons. The
influences of meteorological conditions on grouadel ozone were stronger during
spring and autumn than in summer and winter. Thiedangs could also confirm
previous results that changes in aerosol chemastdyphotolysis rates caused by the
reduction of particulate matter has great impantbyaroperoxyl radicals and thus
significantly influences the ozone production (Laé, 2019a). The higher emissions
of biogenic NOx and VOCs may be the main driverthefgrowing ozone pollution
during summer under the high air temperature and sunshine duration and
generally stable anthropogenic emissions acrosoasgWang et al., 2008; Wang et
al., 2018a; Chen et al., 2019). In winter, the preors concentrations were highest,
but the ozone concentration was lowest (Cheng,e2@18b). The primary impacting
factors were TE and CO in wintertime, because Ki§hconcentrations can
significantly change the oxidation capacity of #imosphere and low temperature
and radiation can reduce the photochemical reaetddity compared to other seasons
(Wang et al., 2015; ). Moreover, the titration loé thitric oxide is another mechanism
of ozone destruction in wintertime (Yang et al.12D

We found that TE and SD were the main drivers aih@zconcentrations with
positive effects in most regions of northern (NE&,NVYR, XJ, MYR, and MUYR)
and southern (MUPR, SC, and EC) China in seasoastamn and spring,
respectively. In summer and winter, the main dgviactor was SD in most regions.
This is similar to previous studies which have fodimat TE and SD are the most

important and positively driving factors affectingone concentrations (Camalier et
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al., 2007; Chen et al., 2020; Han, et al., 2028)s Ts due to the high temperature and
low relative humidity in northern China (Li et a2019c), which provides ideal
meteorological conditions for accelerating the plbemical reactions that produce
ozone (Otero et al. 2016; Li et al., 2019a), therebreasing the ozone concentration.
In the SC region, the dominant impacting factor Wékin spring and summer. This

is because RH in SC was higher than in other regjbret al., 2019c). As higher RH
is frequently associated with greater atmosphestability and cloud abundance, the
photochemical reactions could be slowed and theigitbund ozone would be
depleted (Camalier et al., 2007; Chen et al., 202@yeover, the increasing RH can
greatly reduce the ozone concentration by pospitdeipitation scavenging, reduction
of photochemical production efficiency, decreasexygen atoms, and increase in
hydroxyl radicals (OH) (Jia and Xu, 2014; Gao et2018; Yu, 2019).

Numerous studies have reported that APE is alsoiitapt factors affecting ozone
concentrations (Cheng et al., 2018b; Li et al.,.20Wang et al., 2019). This study
found that the influence of precursor emission®zoone concentrations in
summertime is stronger than in other seasons atatienal scale and in most regions
of northern China. In summer, APE is the dominargacting factor of ozone
formation due to the high precursor emissions aatearological conditions suitable
for ozone generation. In cities of QTP, PS wagptivaary factor impacting ground
0zone concentrations during summer, autumn, antewi@iven the QTP’s high
elevation, PS gradient might result in some exchargtween stratosphere and

troposphere, which could contribute to troposph@gconcentrations (Lin et al.,



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

2015; Xu et al., 2016).

Interaction detectors reveal the effects of inteoas between influencing factors
on ozone concentrations. We found that most intiera& between impacting factors
belong to the nonlinear enhancement type, indigahat these interactions clearly
enhance ozone concentrations. The interactionsdegtweteorological factors and
anthropogenic precursor emissions play a leadilgginssummer. This may be due to
the higher temperature in summer, which is condutovthe accelerated
photochemical reaction between the precursorsitiggin an increase in the
ground-level ozone concentration. The dominategraution between anthropogenic
precursor emissions and meteorological factorsheaseen APE and SD over most
regions in summer. This is due to the longer surgsturation in summertime, which
can provide suitable conditions for photochemiealctions. In southern China,
interactions between APE and factors of RH and &daminant in spring and
winter. This dominance may be due to the high pitation and relative humidity and
shorter sunshine hours in Southern China (Li e2él19c).

While important results were identified in thisdyuthere were some limitations
need to be improved and addressed in the futueares. First, our results still have
some uncertainties due to the uncertainty of MEt@ssion inventory. Second, we
did not consider other unavailable meteorologiaatdrs that can affect ground-level
O3 concentrations such as planetary boundary layghhand total cloud area
fraction. Third, the land use, socioeconomic fagttwpography, and elevation were

also not included to quantify their effects on grddevel ozone concentrations. In
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order to develop more accurate control measurthibabatement of thez@ollution,

it is essential to quantify the contribution of kaector’'s APE to ©@concentrations in
the future. In addition, the results of this stubed to be validated and applied in the
development of ground-level ozone control strategie using the atmospheric

chemical transport model.

5 Conclusions

Results of this study showed large regional and@®a variations in the effects of
meteorological and anthropogenic factors and th&ractions on ground-level ozone
concentrations throughout China. At both the nati@md regional scales,
meteorological conditions are the dominant drive#rszone production. At the
seasonal time scale, for all seasons, SD and REhammain drivers of ground-level
ozone concentrations in southern China while T#eesmajor driver in northern
China. However, anthropogenic precursors are tha@rhnt factors in NE during
summer. Interactions between all influencing fax®mhance ozone concentrations.
The interaction between meteorological factors amtiropogenic precursors has a
stronger impact in summer than in the other thessaens.

Due to the complicated formation mechanisms aretactions between various
factors of meteorology and ozone precursors, iaremchallenging to understand the
relative importance of potential impacting factarsl their interactions in the
ground-level ozone generation. This study comprgiety quantifies the influences
of meteorological conditions and anthropogenic prears and their interactions on

ground-level ozone concentrations. Consideringdtfieulty in understanding
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guantitatively the association and the interacbietween ozone and its impacting
factors, these findings could help us understaadrtachanism of ozone pollution,
can help scientists improve the performance of ezoediction models, and help

government entities devise measures to manage gudngon.
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Highlights

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

e Maeteorologica conditions were dominant drivers of the ground ozone
concentrations.

e Impacts of precursors on 0zone were comparable to meteorology in summer and
winter.

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