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• Both anthropogenic and meteorological
factors favored recent ozone increases
in NCP and YRD.

• In NCP, higher temperature, regional
transport, and enhanced natural emis-
sions were major meteorological
drivers.

• In YRD, weaker wind speed and lower
humidity are major meteorological
drivers.

• Extreme ozone increasing trends are
more meteorology-induced than aver-
age conditions.
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Weapplied the global 3-D chemical transportmodel GEOS-Chem to examine the anthropogenic andmeteorolog-
ical contributions in driving summertime (JJA) surface ozone (O3) trend in China during the Clean Air Action pe-
riod 2012–2017. Themodel captures the observed spatial distribution of summertimeO3 concentrations in China
(R=0.78) and reproduces the observed increasing trends in twomost populated city clusters: North China Plain
(NCP) and Yangtze River Delta (YRD). Trend of simulatedmaximum daily 8-h average (MDA8) O3 concentration
is 0.58 ppbv yr−1 in NCP and 1.74 ppbv yr−1 in YRD in JJA 2012–2017. Sensitivity studies show that both changes
in anthropogenic emissions and meteorology favored the MDA8 O3 increases in these two regions with respec-
tive contributions of 39% and 49% in NCP, and 13% and 84% in YRD. In NCP, the 49%meteorology impact includes
a considerable contribution from natural emissions (19%). Changes in biogenic VOCs, soil NOx, and lightning NOx

emissions are estimated to enhanceMDA8O3 inNCPwith a rate of 0.14, 0.10, and 0.14 ppbv yr−1, respectively. In
YRD, natural emissions made small contributions to the MDA8 O3 trend. Statistical analysis shows that higher
temperatures and anomalous southerlies at 850 hPa in 2017 relative to 2012 are the two major meteorological
drivers in NCP that favored the O3 increases, while weaker wind speed and lower relative humidity are those
for YRD.We further examined the trend of fourth highest dailymaximum8-h average (4MDA8)O3 among a spe-
cific month that linked with extreme pollution episodes. Trends of simulated 4MDA8 O3 in NCP and YRD are
34–46% higher than those of MDA8 O3 and are foundmore meteorology-induced. Our results suggest an impor-
tant role of meteorology in driving summertime O3 increases in China in recent years.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Stringent Clean Air Action was initiated in 2013 by Chinese govern-
ment, aiming to improve PM2.5 air quality by 2017. However, whilst
PM2.5 concentrations decreased drastically, ozone (O3) pollution is get-
ting worse during the period, especially in the rapidly developed re-
gions such as the North China Plain (NCP) and the Yangtze River Delta
(YRD) (Dang and Liao, 2019, K Li et al., 2019, Shen et al., 2019). From
2013 to 2017, observed warm-season (April–September) mean maxi-
mum daily 8-h average (MDA8) O3 concentrations increased at a rate
of 3% yr−1 for 74 key cities over China (Lu et al., 2018), and the 90th per-
centile ofMDA8O3 evidently increased from65ppbv in 2013 to 78ppbv
in 2017 (Fu et al., 2019). Exposure to high concentrations of O3 is detri-
mental to human health (Cohen et al., 2017) and to vegetation growth
(Yue et al., 2017). Therefore, elucidating the increasing trend of O3 in
China is critical for development of air pollution control strategies.

Surface O3 is a secondary pollutant produced by photochemical oxi-
dation of volatile organic compounds (VOCs) and carbon monoxide
(CO) in the presence of nitrogen oxides (NOx = NO+NO2). These O3

precursors are intensively emitted from anthropogenic sources and
some natural sources such as VOCs from vegetation and NOx from soil
and lightning. Sensitivity of O3 production is nonlinearly dependent
on precursor concentrations, and can be categorized into photochemical
regimes such as NOx-limited or VOC-limited (Kleinman, 1994; Sillman,
1999). In VOC-limited regime, for example, reduction in VOCs emissions
can result in decreases in O3 concentrations, but NOx reduction has a
weak effect or even opposite. O3 formation in polluted urban areas is
generally reported as VOC-limited, while that in rural areas falls in
NOx-limited or transitional regime (Jin and Holloway, 2015, T Wang
et al., 2017, Xue et al., 2014).

In addition to emissions, variations of O3 are highly sensitive to
changes in meteorology. Hot, dry, stagnant conditions are often associ-
atedwith highO3 events, as these days typically favor the formation and
persistence of O3 (Gong and Liao, 2019; Han et al., 2020). Increased local
O3 levels can also be linked with long-range/regional transport of pol-
lutant air (Gao et al., 2020;Ni et al., 2018; Yang et al., 2014), orwith sup-
pression of dry depostion in extremely hot days (Lu et al., 2019). Besides
factors mentioned above, meteorology can influence O3 levels through
affecting natural emissions. Increases in ambient temperature can accel-
erate the emission rate of biogenic VOCs and soil NOx, and these two
sources are also influenced by soil moisture, light, and vegetation type
(Jacob and Winner, 2009; Porter and Heald, 2019). NOx from lightning
is influenced by parameters related to deep convection (Ott et al., 2010).

Several studies have investigated the drivers of O3 increases in China
in the past few years. By using a regional chemical transport model, N
Wang et al. (2019) found that 30% NOx reductions in 2012 could lead
to 3.0–8.3% increment in O3 levels in megacity clusters (eg. NCP, YRD)
where the formation of O3 is VOC-limited. In work of K Li et al. (2019),
they examined individual anthropogenic factor (including NOx/VOCs
emission changes, PM2.5 changes) in driving June–August 2013–2017
O3 trend in China, and PM2.5 reduction was reported as the dominant
anthropogenic driver because the decreases of PM2.5 led to a slowdown
of HO2 uptake and thus accelerated the O3 production. By taking advan-
tage of GEOS-Chem model, Lu et al. (2019) explored the sources of
May–August O3 in China over 2016–2017, and they found that the O3 in-
creases in 2017 relative to 2016weremainly caused by enhancement of
natural sources of soil NOx and biogenic VOC, as a result of hotter and
drier meteorological conditions in 2017. These studies show that rapid
reductions in anthropogenic emissions during the Clean Air Action pe-
riod could result in O3 increases in China, and changes in meteorology
could also play important roles. However, little is known yet about me-
teorological influences on O3 trend over 2012–2017, and so is the con-
trast between meteorological impact and emission impact.

In this study, our aim is to better understand the underlying factors
that facilitated the summertime (June–July-August) O3 increases in
China during 2012–2017, not only separating anthropogenic and
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meteorological influences, but further exploring contributions from in-
dividual natural emission changes and quantifying the relative impor-
tance of each meteorological variable. We interpret the increasing
trends of O3 using a global 3-D chemical transport model GEOS-Chem
together with a statistical model. We focus not only on the trends of
MDA8 O3, but also on those of fourth highest daily maximum 8-h aver-
age (4MDA8) O3.

2. Methods

2.1. Surface O3 monitoring network

Hourly surface O3 observations are obtained from the ChinaNational
Environmental Monitoring Center (CNEMC) (http://www.cnemc.cn/
en/). This network starts with 496 sites (in 74 major cities) in 2013
and quickly expanded to nationwide 1597 sites (in 454 cities) by
2017. We use the 2013–2017 observations to evaluate the model's per-
formance in simulating summertime surfaceO3. Quality controls are im-
plemented to remove unreliable measurements based on Lu et al.
(2018), and for each site, only the days with valid data more than 16 h
a day are reserved. Overall, we select 408 sites in 2013 and 713 contin-
uous sites for 2014–2017 that have sufficient measurements for more
than 80% availability each JJA. We average the site-monitored data on
the 0.5° latitude x 0.625° longitude model grid for model evaluation.

2.2. Model description

We simulate concentrations of O3 using the nested-grid version
(0.5° latitude by 0.625° longitude over Asia 11°S-55°N, 60–150°E) of
the GEOS-Chem model (version 11–01; http://acmg.seas.harvard.edu/
geos/) driven by MERRA-2 meteorological fields (Gelaro et al., 2017).
The model includes fully coupled HOx-NOx-VOC-O3-aerosol chemistry,
with approximate 300 chemical species participated in over 400 kinetic
and photolysis reactions (Bey et al., 2001; Mao et al., 2013; Park et al.,
2004). Photolysis rates are calculated based on Fast-JXv7.0 scheme
(Eastham et al., 2014). Dry deposition follows a standard resistance-
in-series model (Wesely, 1989), with multiple modifications from Y H
Wang et al. (1998).

Global anthropogenic emissions are from the Community Emissions
Data System (CEDS) (Hoesly et al., 2018), overwritten by year-specific
Multi-resolution Emission Inventory for China (MEIC) (Zheng et al.,
2018) over China and MIX inventory (M Li et al., 2017) over other re-
gions of East Asia. Natural emissions are calculated online based on
MERRA-2 meteorology. Soil NOx emissions are computed using an up-
dated version of the Berkeley-Dalhousie Soil NOx Parameterization
(BDSNP) scheme (Hudman et al., 2012). Lightning NOx emissions are
treated using the parameterization based on cloud top height (Price
and Rind, 1992) and are further constrained by climatological data
from the Lightning Imaging Sensor (LIS) and the Optical Transient De-
tector (OTD) satellite observations (Murray et al., 2012). Biogenic emis-
sions of VOCs are calculated following the Model of Emissions of Gases
and Aerosols from Nature (MEGANv2.1) as described in Guenther
et al. (2012).

Fig. 1 shows the emission difference in summertimeO3 precursors in
China between 2012 and 2017. As a result of clean air actions, anthropo-
genic emissions of CO and NOx decreased over most China, with largest
reductions found in NCP and YRD. Anthropogenic VOCs increased over
eastern China, except for Hebei, Shandong, and Shanxi provinces. This
increment of anthropogenic VOCs emissions is reported due to the
growth in solvent use and the absence of effective emission control
measures in this period (Zheng et al., 2018). VOCs from vegetation
and NOx from soil are strongly temperature dependent, and their
changes therefore spatially followed that of daily maximum 2-m tem-
perature (T-2 m) in 2017 with respect to 2012 (Fig. S1). The T-2 m in-
creases spread over northern China and some eastern coastal areas,
while decreases are found in southern provinces. Column-integrated
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Fig. 1. Emission changes in summertime (JJA)mean a) anthropogenic CO, b) anthropogenic NOx, c) anthropogenic VOCs, d) biogenic VOCs, e) soil NO, and f) lightning NOx between 2012
and 2017 (2017 minus 2012). Polygons in the topleft panel define the regions of the North China Plain (NCP: 35–41° N, 113.75–118.75° E) and the Yangtze River Delta (YRD: 29–33° N,
118.75–123° E). Note that for lightning NOx, the emission rate is column integrated.

R. Dang, H. Liao and Y. Fu Science of the Total Environment 754 (2021) 142394
lightning NOx shows widespread increases over eastern China, with
largest changes occurred in NCP and northeast China. Emissions over
NCP and YRD are summarized in Table 1.

2.3. Numerical experiments

To investigate the relative importance of individual anthropogenic/
meteorological factors in affecting the overall trend of surface O3 in
China during JJA 2012–2017, we conduct multiple sensitivity simula-
tions with the GEOS-Chem model (Table 2). The standard simulation
(Base) includes variations of both anthropogenic emissions and meteo-
rological fields over 2012–2017. In sensitivity simulations, we only
allow the variations in anthropogenic emissions (Anth)/meteorological
fields (Met) over 2012–2017 whilst fix the meteorological fields /an-
thropogenic emissions in 2012 conditions. O3 variations in Anth simula-
tion therefore represent the impact of changes in anthropogenic
emissions, and those inMet simulation represent the impact of changes
in all meteorology-related processes.

In Met simulation, meteorology can affect O3 variations through
influencing chemical reactions, transport, and depositions of pollutants,
and through influencing natural emissions of O3 precursors. To isolate
the impact of natural emissions, we further conducted a simulation by
fixing natural emissions (including biogenic VOCs, soil NOx, and
Table 1
Summertime (JJA) emissions from anthropogenic and natural sources over regions of
North China Plain (NCP) and Yangtze River Delta (YRD).

Emissions NCP YRD

2012 2017 Change 2012 2017 Change

Anthropogenic CO (Tg C) 3.32 2.19 −34.1% 1.39 1.03 −25.8%
Anthropogenic NOx (Tg N) 0.43 0.31 −28.3% 0.24 0.18 −23.7%
Anthropogenic VOCs (Tg C) 0.54 0.56 +2.2% 0.43 0.47 +10.2%
Biogenic VOCs (Tg C) 0.29 0.34 +17.3% 0.29 0.30 +4.4%
Soil NOx (Tg N) 0.042 0.044 +4.9% 0.008 0.007 −15.6%
Lightning NOx (Tg N) 0.019 0.033 +73.3% 0.006 0.007 +14.5%
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lightning NOx) at 2012 levels (Met_atm) as compared to Met simula-
tion. O3 variations in Met_atm simulation therefore represent the im-
pact of changes in atmospheric conditions alone. Effects of natural
emission changes are then estimated as the difference between Met
and Met_atm simulation.

Three additional sensitivity simulations are performed to identify
the impact of individual natural emission source. Based on configura-
tions in Met simulation, we further fix natural emissions of (1) biogenic
VOCs (Met_noBiog), (2) soil NOx (Met_noSoil), and (3) lightning NOx

(Met_noLight) at 2012 levels individually. Contribution from each natu-
ral source can therefore be identified as the difference between theMet
simulation and each sensitivity simulation.

3. Results and discussion

3.1. Simulated O3 in China over 2012–2017 and model evaluation

Fig. S2 evaluates the simulation for 2014–2017 with the summer-
time mean MDA8 O3 observations for the same period. The model re-
produces the spatial distribution of observed surface MDA8 O3 with
high spatial correlation coefficient R of 0.78. Observed high O3 spots in
NCP and YRD (>60 ppbv) arewell captured by the simulation. Observed
and modeled MDA8 O3 concentrations average 53.1 ± 11.3 and 68.3 ±
11.2 ppbv (mean ± standard deviation), respectively, for the sites in
Fig. S2. The overestimations at urban sites in our model (normalized
mean bias NMB = 28.6%) are also reported in other modeling works
using GEOS-Chem (Lu et al., 2019; Ni et al., 2018), and were largely at-
tributed to the deficiencies in representing small-scale emissions, rapid
chemical conversions, and complex meteorological conditions in urban
areas in the model (Sun et al., 2019; Young et al., 2018).

Fig. 2 shows the simulated monthly mean MDA8 O3 trend for JJA
2012–2017 in the two regions highlighted in Fig. 1: NCP and YRD. The
trends are calculated based on O3 anomalies by substracting
2012–2017means for individual summer month. Also shown is the ob-
served O3 anomaly trend for 2013–2017whenmeasurements are avail-
able. Comparisons between observed and simulated trends over



Table 2
Configurations of GEOS-Chem simulations in this study.

Simulation Anthropogenic
emissions

Meteorological
fields

Biogenic VOC
emissions

Soil NOx

emissions
Lightning NOx

emissions

Base 2012–2017 2012–2017 2012–2017 2012–2017 2012–2017
Anth 2012–2017 2012 2012 2012 2012
Met 2012 2012–2017 2012–2017 2012–2017 2012–2017
Met_atm 2012 2012–2017 2012 2012 2012
Met_noBiog 2012 2012–2017 2012 2012–2017 2012–2017
Met_noSoil 2012 2012–2017 2012–2017 2012 2012–2017
Met_noLight 2012 2012–2017 2012–2017 2012–2017 2012
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2013–2017 show that the model well captures the increasing tenden-
cies of summertime surface MDA8 O3 in NCP and YRD, but underesti-
mates the observed trend, especially in NCP. Observed and simulated
MDA8 O3 trend in 2013–2017 is 1.82 and 0.45 ppbv yr−1, respectively,
for NCP, and 1.63 and 1.16 ppbv yr−1, respectively, for YRD. The
underestimated trend in NCP is partly due to the model's deficiencies
in capturing the extreme O3 pollution episodes in the summer of 2017
(especially June), as suggested by Fig. S3. Such under predictions of
peak values of O3 are also reported in other modeling works using
GEOS-Chem (Gong and Liao, 2019; Lu et al., 2019; Ni et al., 2018) and
regional models such as CMAQ or WRF-Chem (Chen et al., 2018; Gao
et al., 2020). Many factors may contribute to the under predictions of
O3 extremes, such as themissing of vegetation feedbacks on O3 concen-
trations in the model (Lin et al., 2020), the missing of nitrous acid
(HONO) sources (Tie et al., 2019; Zhang et al., 2019), and the represen-
tative issues of emissions, meteorology, and chemistry in themodel due
to the coarse resolution (Young et al., 2018 and references therein).This
underestimation of observed O3 trend is also reported by K Li et al.
(2019) and they speculated that was related to coarse spatial resolution
(50-km) in the GEOS-Chem model, thus unable to capture the strongly
VOC-limited conditions in urban areas. For 2012–2017 period, simu-
lated MDA8 O3 shows an increasing trend of 0.58 ppbv yr−1 in NCP
and 1.74 ppbv yr−1 in YRD.

3.2. Anthropogenic vs. meteorological contribution to MDA8 O3 trends in
2012–2017

Fig. 3 explores the effects of changes in anthropogenic emissions
and meteorology on the 2012–2017 MDA8 O3 trends. In the BASE
simulation, simulated MDA8 O3 increased in NCP, YRD, and western
China, and decreased in southwest China, northeast China, and
Xinjiang province. Simulated trends are in range of 0–1 ppbv yr−1

in NCP and 1–3 ppbv yr−1 in YRD. Changes in anthropogenic emis-
sions (Fig. 1a-c) are simulated to lead to MDA8 O3 increases in
urban areas of NCP, YRD, and the Pearl River Delta (0–1 ppbv yr−1),
while decreases elsewhere. This pattern is consistent with the ex-
pected distribution of VOC-limited and NOx-limited conditions in
China as suggested by previous studies (Jin and Holloway, 2015, T
Fig. 2. Time series of monthlymeanMDA8O3 anomalies (unit: ppbv) in summer (JJA) 2012–20
each region and month, and anomalies are calculated relative to the 2012–2017 means for that
CNEMC observations. Values inset in each panel are linear regression trends (unit: ppbv yr−1), a
(For interpretation of the references to colour in this figure legend, the reader is referred to th
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Wang et al., 2017). Changes in meteorology are found more impor-
tant than anthropogenic emission changes in dominating the spatial
variation and magnitude of MDA8 O3 trends in the BASE simulation.
The patterns in our study (Fig. 3a-c) are consistent with those in
work of Liu and Wang (2020a) (Fig. 2), who conducted similar simu-
lations for 2013–2017 MDA8 O3 concentrations in China by using a
regional model WRF-CMAQ.

We next separate the overall meteorological impacts into: effect of
changes in atmospheric conditions (referred to as atmospheric effect),
and effect of changes in natural emissions (referred to as natural emis-
sion effect). The pattern of simulated 2012–2017 MDA8 O3 trends
resulting from atmospheric effect alone (Fig. 3d) is in good agreement
with the pattern from the combined impacts of atmospheric conditions
and natural emissions (Fig. 3c) and therefore identified as the main
driver as compared to natural emission effect (Fig. 3e). Changes in nat-
ural emissions are estimated to elevate summertime surface MDA8 O3

in northern and southeastern China, but decrease O3 levels in central
China such as Jiangsu, Anhui, Hunan, and Hubei provinces. Simulated
2012–2017 MDA8 O3 trends from natural emission changes range
from −0.5 to 0.5 ppbv yr−1 over China.

Contributions of individual natural emission source to the MDA8 O3

trends are further identified in Fig. 3f-h. The patterns of simulated
MDA8 O3 trends from biogenic VOCs and soil NOx changes roughly fol-
low the patterns of emission changes themselves (Fig. 1d-e), but with
slight inconsistencies found between them. These inconsistencies are
possibly due to the varied sensitivity of O3 formation to NOx/VOCs
changes, or the transport impact on precursor distributions. The largest
biogenic VOCs impacts are spatially centered in NCP, Shanxi, and
Shannxi provinces, with contributions in range of 0.1–0.4 ppbv yr−1.
Trends from soil NOx changes are highest over Inner Mongolia, with
values in range of 0.1–0.5 ppbv yr−1. Although lightning NOx enhance-
mentmainly distributed at upper troposphere around 300 hPa, stronger
subsidence in 2017 relative to 2012 has brought the upper-formed O3

down to the ground and enhanced the surface O3 (Fig. S4). Lightning
NOx effect is largest over the Tibet Plateau (0.4–0.7 ppbv yr-1) due to
the high elevation. In eastern China, lightningNOx changes have a larger
impact in the northern areas (0.1–0.4 ppbv yr−1) than in the southern
areas (0–0.1 ppbv yr−1).
17 for the two highlighted regions of Fig. 1: NCP and YRD.MDA8O3 values are averaged for
month of the year. Lines in red/green represent the results from GEOS-Chem simulations/
nd thosemarkedwith ** and * are statistically significant at 0.05 and 0.1 level, respectively.
e web version of this article.)



Fig. 3. Trends of simulated JJA MDA8 O3 concentrations in China (unit: ppbv yr−1) driven by changes in a) anthropogenic emissions and meteorology, b) anthropogenic emissions,
c) meteorology, d) atmospheric conditions, e) natural emissions, f) biogenic VOCs emissions, g) soil NOx emissions, and h) lightning NOx emissions over 2012–2017. See Table 2 for de-
tailed experimental design. Trends that are statistically significant above 90% confidence level are marked with dots.
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We now focus on two most populated city clusters: NCP and YRD
and investigate the contribution of individual anthropogenic and mete-
orological driver on regional 2012–2017 MDA8 O3 trends (Fig. 4a-b).

3.2.1. NCP
SimulatedMDA8O3 inNCPhas an increasing trendof 0.58 ppbv yr−1

over 2012–2017, with combined changes in anthropogenic emissions
andmeteorology. Both changes in anthropogenic emissions andmeteo-
rology favored O3 increases in NCP, with comparable contributions of
0.23 ppbv yr−1 (39%) and 0.28 ppbv yr−1 (49%), respectively. Note
that the sumof 0.23 and 0.28 is unequal to 0.58 because of the nonlinear
relationship between the simulations. For the 49% part resulting from
meteorological changes, atmospheric effect alone is estimated to lead
to a trend of 0.18 ppbv yr−1 (30%) for MDA8 O3, and natural emission
changes further facilitated the increase with a contribution of 0.11
ppbv yr−1 (19%). Simulated 2012–2017 MDA8 O3 trends resulting
from changes in biogenic VOCs, soil NOx, and lightning NOx is 0.14,
0.10, and 0.14 ppbv yr−1, respectively, in NCP. It should be noted that
the total impact of separate natural source is not equivalent to the im-
pact of total natural sources, which is mainly due to the nonlinear rela-
tionship between O3 concentration and its precursors.

3.2.2. YRD
Simulated 2012–2017 MDA8 O3 trend is 1.74 ppbv yr−1 in YRD in

the BASE simulation. Similar to NCP, changes in anthropogenic emis-
sions and meteorology jointly facilitated the increases of MDA8 O3 in
YRD, while the different thing is that in YRD, meteorological impacts
contributed a larger share of 1.47 ppbv yr−1 (84%). Anthropogenic
emission changes alone are estimated to lead to a MDA8 O3 trend of
0.23 ppbv yr−1 (13%). The 1.47 ppbv yr−1 MDA8 O3 trend from both
changes in atmospheric conditions and natural emissions is mostly con-
tributed by the atmospheric effect (1.54 ppbv yr−1, 89%) that far offset
the negative effect brought by natural emission changes (−0.07 ppbv
yr−1, −4%). Changes in individual natural source show small contribu-
tions to the overall trend of MDA8 O3 in YRD over 2012–2017.

Our result is similar to those by Liu andWang (2020a) for Beijing (in
NCP) and Shanghai (in YRD) between 2013 and 2017, both suggesting
positive roles of anthropogenic emissions and meteorology in driving
recent O3 increases. On the other hand, our result differs from theirs
that reflects a considerable contribution of meteorological changes to
O3 increasing trends in NCP and YRD. Many factors might cause the re-
sult differences, such as the scale we concerned (regional or city scale),
5

the treat of boundary conditions in simulations (global or regional
model), or the selected period.

3.3. Comparisons between MDA8 and 4MDA8 O3 trends

Previous study pointed out that at Chinese sites between 2013 and
2017, metrics that focus on high O3 concentrations (e.g. 4MDA8) exhib-
ited more evident increases, as compared to average conditions (Lu
et al., 2018). Therefore in this section, we further investigate the trends
of 4MDA8 O3 in China over 2012–2017 and explore the underlying fac-
tors that led to faster increases of 4MDA8 O3 in comparison with
monthly mean MDA8 O3. Here, we define 4MDA8 O3 as the 4th highest
MDA8 O3 concentration in a month (approximately 90th percentile),
which represents the high end of O3 distribution and is likely related
to extreme pollution episodes.

Fig. 5 examines the effects of changes in anthropogenic emissions
and meteorology on the 2012–2017 4MDA8 O3 trend. Simulated
4MDA8 O3 trends in BASE, ANTH, and MET simulation generally follow
the patterns of MDA8 O3 trends in Fig. 3 but having larger magnitudes.
Trends of 4MDA8 O3 from BASE simulation range from 0 to 2 ppbv
yr−1 in NCP and from1 to 5 ppbv yr−1 in YRD, indicating a faster growth
rate in tail of O3 distribution. Like that inMDA8 O3, the spatial pattern of
4MDA8 O3 trends in BASE simulation (Fig. 5a) is largely defined by me-
teorological effects over 2012–2017 (Fig. 5c), other than changes in an-
thropogenic emissions. One obvious difference is found in natural
emissions effect. Other than showing non-uniform contribution in east-
ern China for MDA8 O3 trends, changes in natural emissions are esti-
mated to lead to widespread 4MDA8 O3 increases in eastern China
during 2012–2017, with resulted trends in range of 0–1 ppbv yr−1. Of
the three natural emission sources, changes in biogenic VOCs emissions
are foundmostly responsible for this spatial difference between Figs. 3e
and 5e. Contributions of biogenic emissions are estimated to range from
0.2 to 0.8 ppbv yr−1 in eastern China for 4MDA8O3 trends,much higher
than those of −0.3 to 0.4 ppbv yr−1 in the same area for MDA8 O3. En-
hanced biogenic contributions is likely associated with the larger and
broader increases in extreme temperature values over eastern China be-
tween 2012 and 2017 (Fig. S5). Results on regions of NCP and YRD
(Fig. 6) are discussed below.

3.3.1. NCP
Considering both changes in anthropogenic emissions and meteo-

rology, trend of simulated 4MDA8 O3 in NCP is 0.78 ppbv yr−1 over



Fig. 4. Trends of simulated MDA8 O3 concentrations in summertime (JJA) 2012–2017 for the two highlighted regions of Fig. 1 (unit: ppbv yr−1). Decomposed O3 trends resulting from
individual driver in Fig. 3 is presented in colored bars. Values inset each panel are percentage contributions of each driver to the overall O3 trends in the BASE simulation (marked as
black star).
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2012–2017, 34% larger than the trend ofMDA8O3. This increasing trend
of 4MDA8 O3 is largely contributed by meteorological changes (0.60
ppbv yr−1, 76%), and is further enhanced by anthropogenic emission
changes (0.18 ppbv yr−1, 22%). Of the 76% contribution from combined
changes in atmospheric conditions and natural emissions, natural emis-
sion changes played a dominate role of 0.50 ppbv yr−1 (65%). Model re-
sults suggest that biogenic VOCs is themost important natural emission
driver than soil and lightning NOx in facilitating the larger 2012–2017
4MDA8 O3 trend in NCP. Simulated 4MDA8 O3 trend from biogenic
emission changes is 0.34 ppbv yr−1, more than twice the trend for
MDA8 O3. Impacts of soil and lightning NOx changes on 4MDA8 O3

trend are 0.11 and 0.19 ppbv yr−1, respectively, showing small increases
as compared toMDA8 O3. Results fromMa et al. (2019) also highlighted
the role of enhanced biogenic emissions during severe O3 pollutions in
NCP in the summer of 2017.
3.3.2. YRD
Simulated 4MDA8 O3 in YRD exhibited a trend of 2.54 ppbv yr−1 in

2012–2017 in the BASE simulation, about 46% larger than that of
MDA8 O3. Changes in meteorology dominated the 4MDA8 O3 increases
in YRD with a contribution of 2.18 ppbv yr−1 (86%). Evident increase is
found in natural emission contribution from−4% forMDA8 O3 to 7% for
4MDA8O3 trend. Of the three natural emission sources, biogenic VOCs is
Fig. 5. Same as Fig. 3 excep
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identified as the most important natural emission driver with a contri-
bution of 0.21 ppbv yr−1.

To sum up, we find larger increasing trends in 4MDA8 O3 in NCP and
YRD during JJA 2012–2017 than in MDA8 O3 on the basis of model re-
sults. When compared to MDA8 O3, trends of 4MDA8 O3 are more
meteorology-induced, indicating a high dependency of extreme O3 pol-
lution episodes on conducive meteorological conditions (eg. extremely
high temperature, persistent transport, weak ventilation). Additionally,
natural emission changes are playing a more important role in 4MDA8
O3 trends than in MDA8 O3 trends, mainly due to the high sensitivity
of vegetation emissions (eg. isoprene, monoterpenes) to hot and dry
weather conditions. The above results suggest that more strict emission
controls are required for limiting extreme O3 values due to the coher-
ence with unfavorable meteorological conditions.
3.4. Relative contribution of each meteorological parameter

So far we have discussed the impact of anthropogenic and meteoro-
logical changes on recent O3 trends by taking advantage of modeling
simulation, and the results indicate a significant role of meteorology.
However, it is hard to examine the key meteorological parameter in
this process by using chemical transport model. Here we apply a
t for 4MDA8 O3 trends.



Fig. 6. Same as Fig. 4 except for 4MDA8 O3 trends.
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statistical model to quantify the relative importance of each meteoro-
logical parameter in the atmospheric effect.

We apply stepwisemultiple linear regression (MLR) model for daily
MDA8 O3 concentrations in NCP and YRD from theMet_atm simulation,
by considering a number of candidatemeteorological variables from the
MERRA-2 reanalysis. The MLR model is in the following form:

y ¼ β0 þ
X8

k¼1

βkxk þ interaction terms

where y is the daily MDA8 O3 concentrations, and (x1,…,x8) are the
eight meteorological variables (Table S1) that selected by a stepwise
method featuring the best model fit (Han et al., 2020; Tai et al., 2010).
All data for y and xk are normalized for use by substracting 2012–2017
means for that day of the year and dividing by standard deviation. The
coefficients of determination (R2) for the MLR model in fitting MDA8
O3 anomalies in NCP and YRD are 0.49 and 0.57, respectively, and are
all statistically significant at 0.01 level. The MLR estimated regression
coefficients βk are summarized in Table S1.

We next use the LMG (Lindeman, Merenda, and Gold) method
(Groemping, 2006) to quantify the relative importance of each of the
eight meteorological variables in explaining the atmosphere-driven O3

increases in NCP and YRD in 2012–2017. The LMGmethod can partition
the MLR model-explained total R2 into non-negative individual R2 con-
tribution fromeach correlated regressor. This approach has been used in
many previous studies in examining the relative importance of model
predictors in variations of PM2.5 concentrations (Yang et al., 2016a),
clouds and radiative forcing (Xu et al., 2015; Yang et al., 2016b). Fig. 7
shows the LMG decomposed contribution of eight meteorological vari-
ables (Table S1) in fitting MDA8 O3 variations in NCP and YRD from
the Met_atm simulation.

3.4.1. NCP
Increases in 2-m temperature (Fig. 8a) between 2012 and 2017 is

the top driver for O3 increases in NCPwith a contribution of 31%. Hotter
conditions can accelerate the chemical production of O3 and thermal de-
composition of peroxyacetyl nitrate (PAN), and the latter process can
provide additional NOx to produce O3 (Doherty et al., 2013; Porter and
Heald, 2019; Zhang et al., 2015). Followed that is the meridional wind
at 850 hPa (NS) with a contribution of 30%. The positive regression co-
efficient for NS predictor (Table S1) and the southerly anomalies be-
tween 2012 and 2017 (Fig. 8b) together indicate a favourable role of
southerly regional transport to the enhancement of local O3 concentra-
tions in NCP. Other thermodynamic meteorological parameters includ-
ing lower relative humidity, lower cloud fraction, and less
precipitation all indicate a dryer condition in 2017 relative to 2012,
which altogether accounted for 27% contribution.
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3.4.2. YRD
In YRD, the increases of O3 is mostly driven by decreases in 10-m

wind speed (WSPD, Fig. 8c) with a contribution up to 40%. Weaker
wind speed can lead to less outflow of O3 and its precursors to the
downwind areas and end with more pollutants holding in YRD.
Followed that is relative humidity (RH, 29%) and zonal wind (EW,
13%). Decreasing humidity (Fig. 8b) can be linkedwith lower cloud frac-
tion and stronger solar radiation, therefore enhance the photochemical
production of O3 (Pu et al., 2017). The positive regression coefficient for
EWpredictor indicates a positive impact of westerly pollutant transport
to the 2012–2017O3 increases in YRD. Overall, our results show that the
atmosphere-driven O3 increase in YRD is more contributed by wind
field changes (WSPD+NS + EW + UP, about 60%), while that in NCP
is more determined by thermodynamic field changes
(T2M+ RH+ CLD + PREC, about 60%).

4. Conclusions

In this study, we explored the underlying factors contributing to
2012–2017 trends in summertime (June–July-August) surface O3 in
China by taking advantage of the GEOS-Chem model. We show that
the model captures the spatial distribution of summertime mean O3

concentrations (R = 0.78), and reproduces the observed increasing
trends in two target megacity clusters: North China Plain (NCP) and
Yangtze River Delta (YRD) fairly well.

Multiple sensitivity studies were conducted to quantify the respec-
tive impact of 2012–2017 changes in anthropogenic emissions and me-
teorology on the overall trend of O3. Meteorological impact is further
separated into atmospheric effect and natural emission effect, with indi-
vidual natural source contribution identified. Additionally, stepwise
MLRmodel together with a LMGmethod were used to examine the rel-
ative importance of each meteorological parameter in the atmospheric
effect.

In NCP in the baseline simulation, simulatedmaximum daily 8-h av-
erage (MDA8) O3 concentration shows a trend of 0.58 ppbv yr−1 during
JJA 2012–2017. Both changes in anthropogenic emssions andmeteorol-
ogy favored theO3 increase in NCPwith comparable contribution of 39%
and 49%, respectively. The meteorology impact includes a considerable
contribution from natural emission effect (19%). Of the three natural
sources, biogenic VOCs and soil NOx enhanced MDA8 O3 in NCP by
0.14 and 0.10 ppbv yr−1, mainly driven by higher temperatures in
2017 relative to 2012; lightning NOx elevated surface MDA8 O3 with a
trend of 0.14 ppbv yr−1, due to larger lightning emissions between
2012 and 2017 and favourable vertical transport. Further analysing
the atmospheric effect, we find that the increases in 2-m temperature
and southerly anomalies at lower troposphere are two main meteoro-
logical drivers for O3 enhancement in NCP.



Fig. 7. The LMG method estimated relative importance (unit: %) of each meteorological variable in explaining the 2012–2017 variation of simulated summertime surface MDA8 O3

concentrations over NCP and YRD from the Met_atm simulation. Predictors selected in MLR are wind speed at 10 m (WSPD), north-south direction indicator sin θ at 850 hPa (NS),
east-west direction indicator cos θ at 850 hPa (EW), vertical pressure velocity at 850 hPa (UP), daily maximum 2-m temperature (T2M), relative humidity (RH), total cloud area
fraction (CLD), and total precipitation (PREC).
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In YRD in the baseline simulation, simulatedMDA8O3 concentration
increased at a rate of 1.74 ppbv yr−1 in JJA 2012–2017. Changes in me-
teorology dominated theMDA8 O3 increases in YRDwith a contribution
of 84%, followed by anthropogenic emissions (13%). Natural emissions
made small contribution to MDA8 O3 trend in YRD. The LMG method
suggested that weaker wind speed and lower relative humidity in
2017 relative to 2012 are two leading factors in explaining the
atmosphere-driven MDA8 O3 variations in YRD.

We further explored the trend of fourth highest daily maximum 8-h
average (4MDA8) O3 in JJA 2012–2017, which is linked with extreme
pollution episodes. Simulated 4MDA8 O3 trends in NCP and YRD are
34–46% larger than those of MDA8 O3, and are more meteorology-
induced when compared to MDA8 O3 analysis. Natural emission
changes played a more important role in 4MDA8 O3 trends than in
MDA8 O3 trends, with contributions rose to 65% in NCP, and to 7% in
YRD. The larger impact of natural emissions is found contributed by en-
hanced biogenic VOCs emissions under hotter conditions during severe
O3 pollutions. These results reflect a high dependency of extreme O3

pollution episodes on conducive weather conditions such as extremely
high temperature, persistent transport, and weak ventilation.

In conclusion, our results suggest that besides the anthropogenic
drivers as revealed by previous studies (K Li et al., 2019, Liu and
Wang, 2020b), meteorological conditions also played favourable roles
in driving recent summertime O3 increases in NCP and YRD, China, par-
ticularly for extremeO3 pollutions. This poses a challenge for O3 control,
asmore chances of extremely high temperatures in the future under cli-
mate change. Therefore, more strict and effective emission controls are
required to counteract the meteorological impact in the upcoming 14th
Five-Year Plan of China. Our results also highlight the significant role of
biogenic VOCs emissions in O3 increases, which indicates the necessity
of controls on anthropogenic VOCs sources during the warm seasons.
Fig. 8. Difference distributions of summertime (JJA) meteorological variables used in MLR m
temperature (T2M), b) relative humidity (RH), and c) 10-m wind speed (WSPD) with 850 hPa
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harvard.edu/geos/.
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