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HIGHLIGHTS

e GEOS-Chem and CAMx commonly overestimated O3 concentrations in China.

e The correlation coefficient was over 0.5 and NMB was within +30% in most cases.

e Changed emissions were identified as the major driving force of long-term O3 growth.
o Industry, transportation and biogenic sources contributed almost 80% of O3 in China.
e Current NOx-focused control strategy resulted in a shift to more transitional regime.

ARTICLE INFO ABSTRACT

Keywords: China has experienced increasingly severe O3 pollution in recent years and air quality models (AQMs) have been

Air quality modeling widely used to understand it and to explore the possible solutions for it. Based on a thorough literature search,

8}21?"3 this review selected and investigated 212 AQM studies on Chinese O3 since 2010, with different models and
na

spatial scales. We evaluated the model performance of O3 simulation and analyzed the main factors influencing
the simulation. The correlation coefficients between simulation and observation were larger than 0.5 and the
mean normalized biases (NMB) were within £30% for nearly 80% of the cases collected from AQM studies.
GEOS-Chem and CAMx commonly overestimated the ambient O3 concentration, while the biases for CMAQ,
WRF-Chem and NAQPMS were less conclusive. More applications and better model performances were found for
the Yangtze River Delta and Pearl River Delta regions. Single-domain simulation provided the best model per-
formance at a horizontal resolution of 12-30 km, and the performance would improve further at 5-10 km with
the use of nested-domain and refined local emission inventory. Effective efforts for improvement of the O3
simulation included incorporating chloride reactions with reactive nitrogen species, better considering the
interaction with aerosols, and optimizing the parameterization schemes in meteorological processes and the
land-use data. AQMs have been mainly applied in interpreting major driving forces and factors influencing O3
level, understanding its source-receptor relationship, and evaluating its environmental impacts and policy
effectiveness. Based on the diagnosis and detection of various AQM methods, meteorology seemed to always play
a positive and, since the implementation of emission control strategy, increasingly important role on the growth
of O3 concentration, and thus should be taken more seriously in the future along with global warming. Source
apportionment studies revealed that industry, transport and biogenic sources contributed almost 80% of O3 in
China while only around 30% could be attributed to local contribution during O3 episodes in megacities. NOx-
focused control measures led to a growth of O3 in urban areas with VOC-limited regime, as well as a shift from
VOC-limited to transitional regime in heavily polluted areas of eastern China. VOCs emission control in areas
with VOC-limited regime and the negative effect of global warming should be of great concerns on O3 pollution
reduction in the future.
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1. Introduction

As a secondary air pollutant and also a climate forcer, ozone (O3) is a
key species of the photochemical cycle related deeply to the atmospheric
chemical property. It is generated through the complex nonlinear re-
actions between two main types of precursors, volatile organic com-
pounds (VOCs) and nitrogen oxides (NOx=NO + NOy) (Cohan et al.,
2005; FinlaysonPitts and Pitts, 1997). Briefly, in clean air, a photo-
chemical equilibrium exists between NO, NO; and Os, as shown in re-
actions (1)-(3), and reaction (3), mentioned as the titration reaction,
plays the role of ozone elimination:

NO, + hv(< 420nm) = NO;, = NO + O )]
O+0,+M—-> 03+ M (2)
N0+03 —>N02 +02 (3)

Once biogenic or anthropogenic VOCs are emitted into the atmo-
sphere, their oxidation products including HO5, RO, and other active
intermediate radicals will react with NO:

RO, +NO — NO, + RO “@

HO, +NO — NO, + OH 5)

The above two reactions trigger the conversion of NO to NO; and act
as competitive reactions with the titration reaction. The NO>-NO-O3
system under polluted environment, in the presence of excessive VOCs,
constantly consumes NO and supplements the loss of NO5 to promote O3
generation. The process destroys the dynamic balance in the absence of
VOCs and causes the gradual accumulation of Os to uncontrollable
concentration (Atkinson, 2000). The formation of O3 in the real atmo-
spheric environment is much more complex, and can be generally
classified into three regimes according to its varied nonlinear responses
to the precursors. A high ratio of VOCs/NOx contributes to a NOx-li-
mited regime, and the opposite is VOC-limited. O3 formation is
controlled by both VOCs and NOx under transitional regime. Never-
theless, the reaction paths of VOCs oxidization and other important
photochemical radicals involved in the formation of Os, like hydroxyl
radical (OH), still remain unclear. All the complexity in the formation
mechanism leads to a dilemma for O3 control.

High concentration of troposphere O3 exerts deleterious influences
on human health, agricultural production and ecosystem (Avnery et al.,
2011; Gryparis et al., 2004; Jerrett et al., 2009; Wittig et al., 2009). In
the last decades, China has experienced increasingly severe O3 pollution
(Xing et al., 2015). To improve the air quality over the country, the
National Air Pollution Prevention and Control Action Plan (NAPPCAP)
was issued in 2013, and a series of measures has been conducted on
energy conservation and emission abatement (Zhang et al., 2019).
However, the summertime daily maximum 8 h average (MDAS8) of O3
concentration kept growing at the rate of 1.9 ppb yr~! throughout China
during 2013-2019 (Li et al., 2020b). The official observation data from
China National Environmental Monitoring Centre (CNEMC) indicated
an average of 27 days per year, from 2013 to 2017, with the O3 con-
centration exceeding the Chinese Grade II Air Quality Standard, defined
as MDAS Os larger than 160 pg m™> or daily maximum 1 h (DM1) O
larger than 200 pg m™3 (Lu et al., 2018).

Air quality models (AQMs), also known as chemical transport
models, are computational numerical 3-D models built to simulate
realistic atmospheric chemical conditions. Based on a series of param-
eterizations and approximations, the observed physical processes,
chemical reactions and deposition processes are expressed as multiple
mathematical formulas and are integrated into specific models. Driven
by the meteorological field and emission inventory input, the mass
balance equations for atmospheric species in these models are solved
based on the principles of meteorology, atmospheric physics and
chemistry and mathematics (Brasseur and Jacob, 2017; El-Harbawi,
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2013; Zhang et al, 2011). These processes are conducted in a
geographically fixed framework with the modeling domain divided into
numerous grid cells, also known as the Eulerian approach. In this way,
AQMs estimate the controlling atmospheric processes (e.g., emissions,
advection, turbulent diffusion, chemical kinetics, and deposition) to
reproduce the formation, transport and fate of atmospheric pollutants,
thus estimating the spatial and temporal patterns of concentrations of
various atmospheric pollutants (Park and Kim, 2014). AQMs can be
classified into two categories as online models and offline models,
dependent on whether the model can generate meteorological field by
itself. The online (or two-way coupled) models integrate the chemistry
into the meteorological model and solve the chemical continuity equa-
tions and meteorological equations simultaneously. In contrast, the
offline models need to be driven by the meteorological field from
weather forecast models and require fewer computing resources. Both
types of models are widely used for different research purposes (Bras-
seur and Jacob, 2017).

AQMs demonstrate unique advantages in air quality studies,
including the simulation of pollution pattern at a high spatiotemporal
resolution to hour and kilometer level, the interpretation of physical and
chemical processes influencing the observed concentration, and the
analysis of response of air quality to emission change (Seinfeld and
Pandis, 1998; Brasseur and Jacob, 2017; Carmichael et al., 2008).
Therefore, AQMs are able to substantially support the scientific research
on the mechanisms of air pollution formation and alleviation, and the
policy making of cost-effective emission control measures and air
quality management. Researchers have applied AQMs to simulate O3
under the planetary boundary layer (PBL) for over two decades in North
America, Europe and East Asia (Derwent et al., 2001; Hogrefe et al.,
2004; Liu et al., 2005; Sokhi et al., 2006; Wild and Akimoto, 2001).

Given the increasingly severe pollution level, AQMs have been
employed by more and more studies to detect Os pollution and to
explore its solution in China. Given the large diversity of research pur-
poses, model selection, and targeted regions, it is difficult to compre-
hensively understand the capability of O3 simulation and the source and
impact of O3 pollution, based on limited individual studies. On the one
hand, the model performance indicates the ability to reproduce Oj3
concentration in the real atmosphere, which is fundamental for further
analysis. A summary of model performance could indicate the capabil-
ities of different AQMs to capture the spatiotemporal patterns of O3 by
region, and the information is useful for model selection and settings for
specific research purposes. On the other hand, the review of model ap-
plications could provide the research progress on modeling methods and
results for sources and impacts of O3 pollution. Through comparisons
between various studies, the common knowledge on O3 pollution could
be obtained, and the underlying reasons for any inconsistency could be
analyzed. Limitation of current studies, as well as the future research
need, can thus be stressed and revealed. In this paper, therefore, we
review the model performances on O3 simulation, and model applica-
tions in detecting O3 pollution and supporting its control in China.
Section 2 gives an overview of the literature investigation. Section 3
looks into the model performance, effects of different factors, and the
efforts made for model improvement. Section 4 reviews the applications
of O3 simulation for three aspects, including the major influencing fac-
tors on Og level, source-receptor relationship, and the environmental
impacts and policy effectiveness. Section 5 summarizes the review.

2. Literature investigation

A literature search was conducted using the electronic database Web
of Science Core Collection. With “ozone or O3 or 0-3”, “chemical
transport model or air quality model or CAMx or GEOS-Chem or WRF-
Chem or CMAQ”, and “China” as key words, 1520 records matched
the query in total published studies from 2000 to 2021. Based on careful
examinations of each paper, we found that totally 221 studies conducted
air quality modeling to simulate ambient O3 levels within China, and
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they were used for analyzing the growth of relevant research activities
and constructing the bibliometric network based on the VOSviewer
software (van Eck and Waltman, 2010).

As shown in Fig. 1a, the amount of related studies has kept growing
for the last two decades particularly since 2013 when the NAPPCAP was
issued. Regarding the research issues, Fig. 1b provides the bibliometric
analysis of the keywords co-occurrence structure, with the size of the
circle indicating the weigh of each keyword and the thickness of the
connecting lines representing the linking strength. A clear evolution can
be found for the issues related to O3 simulation in China during the last
two decades. Before 2010, the studies were more conducated at the
continental and intercontinental scales, and China was part of the
research focus. During 2010-2016, the research interets were switching
to the relationship between individual process (e.g., emissions and
chemistry) and O3 concentration. In more recent years, China has
experienced servere and complex air pollution, which has driven the
research issues to the interaction with aerosols, nonlinear response to
precursors and the health impact. The shifting of research interests in-
dicates a gradually deepening understanding on regional O3 pollution in
China with AQMs.

Based on the bibliometric analysis, the studies have focused more on
the AQM performance of Os simulation and detection of O3 pollution
within China since 2010. We thus selected the publication period of
2010-2021 for further review, and 178 articles were included. In
addition, we further searched on the Chinese literature search engine
CNKI (China National Knowledge Infrastructure) and added another 34
studies published in Chinese. The number of all the researches added up
to 212, and will be presented in the remaining of this review. Fig. 2
provides the numbers of studies by model, spatial scale and region.
There were 17 studies conducted at global or continental scale, with
China included as a part of the modeling domain. The commonly applied
models included the Community Multiscale Air Quality model (CMAQ)
and Goddard Earth Observing System with Chemistry model (GEOS-
Chem), and other ones were also used like the Community Atmosphere
Model with Chemistry (CAM-Chem) and Model of OZone And Related
Tracers (MOZART). Seventy-five studies focused on the national scale,
accounting for 35% of the reviewed papers. CMAQ, GEOS-Chem and
Weather Research and Forecasting with Chemistry model (WRF-Chem),
were the mostly applied models, while the Nested Air Quality Prediction
Model System (NAQPMS) and other models were also used. Due to its
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relatively coarse horizontal resolution (mainly 0.5°-2°), in particular,
the global model GEOS-Chem was mainly applied at global, continental
and national scales. Eighty-seven studies (41%) were conducted at the
regional scale, and CMAQ, WRF-Chem and the Comprehensive Air
Quality Model with extensions (CAMx) were mainly used. Most of them
stressed the three developed urban agglomerations North China Plain
(NCP), Yangtze River Delta (YRD), and Pearl River Delta (PRD), and a
few focused on SiChuan Basin (SCB) and GuanZhong Plain (GZP) with
recent growth of severe O3 pollution. Limited by the reliabilities of local
emission inventory and air quality modeling at relatively high resolu-
tions, there are 34 city-scale studies (16%) mainly with CMAQ, WRF-
Chem and CAMx. Most of them were conducted for developed mega-
cities or provincial capital cities, such as Beijing, Shanghai, Wuhan and
Nanjing.

3. The model performance, influencing factors and efforts for
model improvement

To examine the overall AQM performance on O3 simulation, we
summarize the correlation coefficients (R) and mean normalized biases
(NMB) from different studies by model type and region (Fig. 3). Three
metrics are included (hourly, MDA8 and DM1 O3 concentration). The
median values of R and NMB were 0.73 and 3.6%, respectively, and
great diversities existed among studies for both statistics. The R values in
92% and 46% of cases were respectively larger than the “recommended
criterion” of 0.5 and the “goal” of 0.75 suggested by Emery et al. (2017).
The NMBs in 50% of studies were within the “recommended criterion”
of £15% (Emery et al., 2017), and 78% were within +30%. However,
the ability of models to capture DM1 O3 was poorer, with the mean of
NMB and R of —4.6% and 0.64. The results indicate that AQMs were able
to approximately reproduce the ambient level of O3 (with a slight
overestimation in all and a slight underestimation of peak Os) and to
capture its basic spatiotemporal variations (Huang et al., 2021). The
positive bias between simulation and observation is consistent with the
model evaluations across the world, e.g., North America and Europe.
The median of R (0.73) is closed to the average of four review studies
over the world at 0.72 (Colette et al., 2011; Emery et al., 2017; Sharma
et al., 2017; Solazzo et al., 2017).

CMAQ and WRF-Chem were the mostly used models for O3 simula-
tion in China and the model performances of multiple AQMs are shown
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in Fig. 3a and b. The medians of R ranged between 0.67 and 0.80, with
the lowest for GEOS-Chem and highest for CAMx (Fig. 3a). Out of all the
models, the biggest interquartile range (IQR) of R (0.28) was found for
GEOS-Chem, implying a diverse performance of the model applications.
Relatively small IQRs of R were found for CAMx and NAQPMS at 0.12
and 0.16, respectively. Such model performances, however, need further
confirmation as the application cases of the two models were much less
than CMAQ or WRF-Chem. As shown in Fig. 3b, GEOS-Chem and CAMx
commonly overestimated surface Os concentration in China, indicated
by the positive medians of NMBs at 14% and 7%, respectively. No

significant bias of overestimation or underestimation was found for
CMAQ and WRF-Chem. Positive and negative NMBs were more evenly
distributed and the medians of the two models were close to 0.

The medians of R ranged 0.66-0.79 for different regions in China
(Fig. 3c). Larger and more consistent R values were found for YRD and
PRD. The IQRs of R for the two regions were 0.14 and 0.15, respectively,
and the medians of R were 0.79. More diverse model performances
existed for NCP and GZP & NW with larger IQRs. No significant differ-
ence in NMB appeared between regions, with the medians within +10%
for all regions (Fig. 3d).
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Many factors (emission input, horizontal resolution and model
mechanisms) influence the model performance of O3 simulation, and
they are discussed below. The efforts for the model improvement are
correspondingly reviewed as well.

3.1. Emission inventory

Emission inventory is the fundamental input of AQMs. The uncer-
tainty of emission inventory, resulting from data availability and/or
development methodology, could be passed on to the O3 simulation (Ma
and van Aardenne, 2004).

At the national scale, Zhong et al. (2016) conducted WRF-Chem
simulations based on the Regional Emission inventory in ASia version
2 (REAS) and the Emissions Database for Global Atmospheric Research
version 4.2 (EDGAR). They found comparable O3 simulation perfor-
mances with the two inventories for July 2007, indicated by the R
around 0.8 and NMB around 19% between the simulation and obser-
vation. However, a moderate difference of 12-16 ppb was found in some
areas including NCP and YRD. Saikawa et al. (2017) used WRF-Chem to
assess the difference in O3 simulation for January and July 2008 with
REAS v2.1, EDGAR v4.2 and the widely-used Multi-resolution Emission
Inventory for China (MEIC). For January, a slight difference was found
between REAS and EDGAR simulations, while the Oz levels simulated
with MEIC were 31% and 25% lower than those with EDGAR for central
and eastern China, respectively. The relatively small VOCs but large NOx
emissions in MEIC were expected to result in a larger titration effect and
a more VOC-limited regime. For July, a maximum difference of 8.5 ppb
was simulated between the three inventories, and application of REAS
resulted in a larger high-O3-polluted area due to the high VOCs emis-
sions. With more observation data in 2013, Hu et al. (2017) compared
the WRF-CMAQ performance in O3 simulation, using REAS v2, EDGAR
v4.2, MEIC and another inventory from School of Environment in
Tsinghua University (SOE). All the simulations met the performance
criteria of mean normalized bias within £15% suggested by USEPA
(2001). Slight underestimations (less than 2 ppb) in the annual average
O3 concentration were found for the former three inventories, while
application of SOE yielded a bigger underestimation at 7.2 ppb. Larger
differences between inventories were found in specific regions, like NCP,
YRD and SCB. For example, SOE resulted in 5-10 ppb lower DM1 O3
than MEIC in SCB, while REAS predicted up to 10 ppb higher than MEIC
in some areas of NCP. Therefore, application of different national in-
ventories could yield more diverse simulations on regional O3 levels
than those for the whole country.

With more local emission information at finer horizontal resolution,
the model performance at the regional scale would be improved
compared to that with the downscaled national emission inventories
(Gan et al., 2016). For example, Zhang et al. (2018) updated the emis-
sions from coal-fired power plants in Jiangsu Province in YRD based on
the continuous online emission monitoring data. They achieved a better
model performance with WRF-Chem and corrected the underestimation
of O3 simulation, resulting from the higher VOCs and CO emissions and
lower NOy emissions for the VOC-limited region. Other studies analyzed
the uncertainty in Os simulation, attributed to application of the
downscaled national inventory at regional scale. Zheng et al. (2017)
found that application of the downscaled national inventory resulted in
12-30% lower Og in the densely-populated areas but 16-35% higher in
the less dense regions for Hebei Province, compared to the simulation
with a local inventory incorporating more detailed information of
emission sources. The NMBs for the two simulations were —17% and
—9%, respectively, indicating a better model performance with local
inventory. The difference could be attributed to the weakened associa-
tions between the actual emissions and the “spatial proxies” applied for
downscaling the national inventory. For example, more polluted in-
dustries were moved to suburban or less developed areas, due to the
need of air quality improvement for urban regions, while application of
the proxies (e.g., population and traffic flow) would allocate more NOx
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emissions to the urban region. Given this bias, Zheng et al. (2021)
expanded the point source database for China and developed a 1-km
resolution emission inventory. Better WRF-CMAQ performance of O3
simulation was obtained than that with MEIC. The spatial correlation
between the simulated and observed O3 concentrations was elevated
from 0.26 to 0.32 for the country for 2013.

3.2. Nested domains and resolution

The domain setting and horizontal resolution in AQMs would influ-
ence the meteorology prediction, emission allocation and pollution
transport simulation, and thereby the simulation of O3 concentrations
(Jiang and Yoo, 2018).

Zheng et al. (2017) investigated the resolution dependence of
WRF-CMAQ simulation for Hebei with a local emission inventory. They
found that the NMB between O3 simulation and observation for 2013
decreased from 21% to —3% and —9%, when the horizontal resolution
was changed from 36 to 12 and 4 km respectively. Tao et al. (2020)
applied the NASA UNified WRF (UN-WRF) for NCP 2010, and found that
the normalized standard deviation (NSD) decreased from 2.0 to 1.2
when improving the modeling horizontal resolution from 45 to 15 km.
With the resolution further improved from 15 to 5 km, little change was
found for NSD between simulation and observation. The fine-resolution
modeling was especially beneficial to capture high concentration of Os,
indicated by the improved capability of reproducing the days exceeding
air quality standard. However, limited impact of modeling resolution
was found for YRD with WRF-CMAQ simulations at the resolutions of 36,
12 and 4 km, as an emission inventory with relatively coarse resolution
of 25 km was uniformly applied for all the simulations (Wang et al.,
2021c). Based on a city-scale inventory, Liu et al. (2020) conducted a
series of simulations for Nanjing, a typical developed city in YRD, at the
resolutions of 36, 12, 4 and 1 km. The NMBs were within +15% and
NMEs were smaller than 25% (the criteria recommended by Emery et al.
(2017)) for all the simulations except at the resolution of 36 km, and the
best performance was achieved at 12 km.

To further explore the relation between domain setting and model
performance, Fig. 4 summarizes 82 studies that provided the R values
between simulation and observation out of all the investigated publi-
cations. We excluded the global model studies conducted usually at a
resolution coarser than 50 km. For single-domain simulations, the best
performances were obtained with the horizontal resolutions between 12
and 30 km. When the modeling grid was excessively large, the hetero-
geneous air quality might not be well reproduced within the grid, and a
weak correlation with the observations could be expected. At the reso-
lution under 10 km, application of the downscaled emission inventory
with coarse original resolution could bring large uncertainty to the
simulation, as discussed in Section 3.1 (Zheng et al., 2017). The
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Fig. 4. The correlation coefficients (R) between the simulated and observed O3
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coefficients were commonly larger with finer horizontal resolution for
nested-domain simulations, and the simulations with R larger than 0.7
can only be found for the resolutions below 12 km. However, the model
performances of different studies varied greatly at a high resolution of
1-5 km. One possible reason could be that current available emission
inventories were not all sufficiently precise to support the extremely
high-resolution simulation. Overall, the three or even four nested
domain setting with the boundary and initial field provided by the
mother domain could improve the model performance when the hori-
zontal resolution was below 10 km at the regional or city scale. Along
with the increased grid size, the advantages of nested-domain became
smaller, and the single domain setting should be appropriate for the
simulation at coarser horizontal resolution.

3.3. Physical/chemical processes

The model performances for Oz simulation could also be influenced
by the diverse applications of physical and chemical mechanisms in
AQMs. The model inter-comparison studies evaluated the varied capa-
bilities of O3 simulation over China. Shen et al. (2011) compared the
performances of CMAQ and CAMx in PRD for October 2004, and similar
spatial patterns of O3 were simulated with a strong correlation with the
observations for both. The NMBs of CAMx and CMAQ were 8.8% and
—8.5% respectively, due to the higher boundary concentration in CAMx
and low O3 photolysis rate in CMAQ. In the Model Inter-Comparison
Study for Asia Phase III (MICS-Asia III), Li et al. (2019a) evaluated the
performances of 14 state-of-the-art AQMs in O3 concentration simula-
tion over East Asia and reported a considerable inter-model variability
by factors of 2-3. Most models were able to capture the diurnal and
monthly pattern in NCP, but failed in PRD. Significant overestimations
over NCP and PRD were noticed and attributed to the deviation in
modeled O3 photochemical production.

The uncertainty of simulation may come from multiple reasons
including the model inputs or the model mechanisms. For simulations
using GEOS-Chem, the coarse resolution, often at around 0.5°, could
lead to an artificial mixed condition of precursors. It might bring areas
under different regimes of O3 formation sensitivity into one grid and
thus overestimate the concentration under the transitional regime (Yu
et al., 2016). Besides, the stronger stratosphere-troposphere exchange
(STE), more rapid chemical conversion and less precipitation and cloud
cover than the actual were also reported to be the reason for over-
estimation (Dang et al., 2021; Ni et al., 2018; Sun et al., 2019). For the
regional models CAMx and CMAQ, the overestimated O3 was found to
often accompany with the underestimated NO,, indicating the insuffi-
cient consideration of the titration effect in urban areas in the model (Li
et al., 2012, 2013a; Xing et al., 2017). Failure to predict the low con-
centrations in night-time and winter in CMAQ was reported by Liu et al.
(2019a), Hu et al. (2016) and Shu et al. (2016). In contrast, an extremely
low level of nighttime O3 was simulated with WRF-Chem (Wei et al.,
2018), resulting from the difficulty in resolving the vertical profiles of
O3 and NOy at night. In addition, the uncertainties in the gas-phase
chemical mechanism, meteorological conditions, and outdated
land-use data were also considered to be responsible for the deviation of
CMAQ and WRF-Chem (Liu et al., 2018b; Shu et al., 2016; Zhang et al.,
2018). The biases in the simulated O3 concentration, resulting partly
from the above-mentioned model limitations, motivated researchers to
further improve the model performance in China. The efforts included
updating gas-phase mechanism, incorporating chloride reactions with
reactive nitrogen species, better considering the interaction with aero-
sols, and optimizing the parameterization schemes in meteorological
processes and the land-use data.

Firstly, gas-phase mechanism used in the model describes the
tropospheric chemistry of gaseous species, and it is influential on O3
simulation (Emmerson and Evans, 2009; Jimenez et al., 2003; Zhang
et al., 2012). Zhang et al. (2021a) modified the Statewide Air Pollution
Research Centre mechanism (SAPRC-11) gas-phase mechanism with
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updated reaction products of OH with ARO1 (aromatics with koy < 1.36
x 107! em® molec™! s71), resulting in a decrease of over 0.5 ppb along
the east coast of YRD and NCP. Zhang et al. (2017) incorporated
comprehensive chemistry of HONO and nitryl chloride in the Carbon
Bond Mechanism (CBMZ_ReNOM) mechanism in WRF-Chem, and the
daytime surface O3 concentration was elevated by 4.5 ppb, with the
NMB reduced from —12.2% to 0.4% across the country.

Secondly, heterogeneous and gaseous reactions of chlorine species
and nitrogen compounds could affect surface O3 concentration by
releasing Cl and NOs or destroying Os in the photochemical cycles
(Simpson et al., 2015; Wang et al., 2019f). These reactions have not been
fully incorporated in previous AQM gas-phase and aerosol mechanisms.
Li et al. (2016c) developed a chemistry option in WRF-Chem with the
heterogeneous uptake of N2Os and Cl activation, and investigated their
influence on O3 in the Hong Kong-PRD region. This improvement
elevated the PBL O3 level by 7.2 ppb (~16.3%) with the NMB of DM1 Os
reduced from —33.2% to —24.8%. With updated gaseous, heterogeneous
and aqueous chemistry of chlorine and nitrogen pentoxide in
WRF-Chem, the NMB of O3 simulation was slightly reduced from 25.3%
to 23.9% in eastern China (Zhang et al., 2021b). Moreover, based on the
local anthropogenic chloride emission inventory by Fu et al. (2018), the
heterogeneous reactions of nitrogen oxides and chlorides incorporated
in CMAQ were estimated to elevate the O3 concentration by up to 20%
for some regions in NCP (Qiu et al., 2019). Wang et al. (2020b) and Hong
et al. (2020) developed the chloride chemistry in GEOS-Chem and
CMAQ respectively, and both of the studies found significant enhance-
ment of O3 concentration in winter due to higher chlorine emissions and
adverse meteorological conditions.

Thirdly, aerosols influence the surface O3 level through several ways,
like feedback on meteorology and heterogeneous reactions. Efforts have
been conducted to improve the coupling of meteorology with chemistry
model and aerosol surface chemistry and thereby to optimize the model
performance under the complex air pollution in China. Lou et al. (2014)
found that the bias of O3 simulation with GEOS-Chem decreased from
33% to 9% for 2005 over China when considering the aerosol impact on
heterogeneous reactions and photolysis rate. With the two-way online
coupled WRF-CMAQ considering aerosol direct effect, the simulation
reproduced lower DM1 O3 level and reduced the NMB from 56% to 42%
in high PMs 5 polluted days over China in January (Xing et al., 2017).
The inclusion of heterogeneous reactions of gases in CMAQ reduced the
bias of simulated MDA8 O3 from 11.4 to 6.8 ppb compared to the
observation in summertime during 2013-2017 (Liu and Wang, 2020b).

Fourthly, improvement has been made on the meteorology fields,
parameterization schemes, and land-use data. Deng et al. (2018) applied
CMAQ to evaluate the impact of meteorological models on O3 simula-
tion in PRD and found a difference of 16% in NMB between the simu-
lations based on global/regional assimilation and prediction system
(GRAPES) and the fifth-generation Mesoscale Model (MM5). Zhao et al.
(2019) selected different PBL and surface schemes in WRF-Chem and
found that the simulated O3 concentrations varied from 43.2 to 50.5 ppb
in July 2015 over NCP. Zhang et al. (2016) redistributed the vertical
profile of emissions, modified the PBL scheme with wind speed bias
correction and complemented a new dust emission scheme of Zender
etal. (2003) in WRF-Chem. Based on those modifications, they found the
O3 simulation performance was improved with the NMB reduced from
—11.0-160.3% to —8.8-128.7% over east Asia. Xing et al. (2016)
modified the parameterization in STE in CMAQ and found that the STE
process contributed 7.4% of the background surface Os in east China. Li
et al. (2014a) applied the up-to-date land cover data with high resolu-
tion in GEOS-Chem and found the reduced O3 concentration up to 6 ppb
due to the changed dry deposition over China in July 2007. Tao et al.
(2018) incorporated the updated land use and land cover change of
2015 in WRF-CMAQ, resulting in a growth of 0.5-4.3 ppb in daytime O3
concentration for Beijing and a decline up to 3.4 ppb in noon Oj for
Tianjin in July. While the improved model performances were demon-
strated through the above-mentioned efforts, better understandings of
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the O3 formation and elimination processes are needed to further reduce
the uncertainty in the model mechanisms.

4. Applications of AQMs in detection and policy evaluation of O3
pollution

AQMs have been applied to detect the O3 pollution from many per-
spectives, including interpreting the driving forces and influential fac-
tors on Og level, understanding the source-receptor relationship, and
evaluating the impact and policy effectiveness (Brasseur and Jacob,
2017, Fig. 5). They will be reviewed and discussed separately in the
following sections.

4.1. Interpreting the major driving forces and influencing factors on Oz
level

AQMs could detect the underlying mechanisms and identify the
essential factors of the changed air pollutant levels through sensitivity
simulations and other specific methods (Brasseur and Jacob, 2017).
They acted as a tool for gaining scientific understanding of the observed
03 concentration variations for recent decades in China.

4.1.1. The roles of changed meteorology and anthropogenic emissions

The O3 concentration has been increasing in different regions of
China since 1990 (Shao et al., 2006; Wang et al., 2017). Anthropogenic
emissions and meteorological conditions are the two main drivers for the
long-term change in O3, and AQMs were commonly applied to figure out
their contributions through sensitivity experiments. The contribution of
one driver (emissions or meteorology) was quantified by fixing another
(meteorology or emissions) at constant during the research period and
then subtracting the simulated O3 concentration from the base simula-
tion under actual conditions. Table 1 summarizes the studies which
applied AQMs to separate and quantify the contributions of changed
emissions and meteorology to the growth of O3 before and during the
NAPPCAP.

From the 1980s till NAPPCAP started in 2013, the anthropogenic
emissions of O3 precursors (NOx and VOCs) kept increasing. Fu and Tai
(2015) separated the contributions of anthropogenic emissions, climate,
and land cover change to O3 level with GEOS-Chem. The result showed
an unsurprisingly dominant role of anthropogenic emissions, which
enhanced the summer time O3 by 2-25 ppb in East Asia between 1985
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and 2005, while the combined effect of climate and land cover changes
led to a change from —2 to 12 ppb between 1980 and 2010. The
importance of emissions was also emphasized by Fu and Liao (2014).
They reported that the increased emissions enhanced summer time Og
by 10-21 ppb, and meteorological parameters and land cover led to a
change of —4 to 6 ppb from the late 1980s to the mid-2000s. Sun et al.
(2019) conducted simulations with GEOS-Chem between 2003 and
2015 over central-eastern China, and the anthropogenic influence (4.0
=+ 1.9 ppb) in the regional average summertime MDAS8 O3 was found to
be larger than that of meteorology (3.1 + 4.9 ppb). Jeong and Park
(2013) estimated that the changes in emissions and meteorology jointly
led to a growth rate of O3 at 0.45 ppb yr~!, while the sole contribution
from meteorology was 0.13 ppb yr~! in East Asia from 1985 to 2006.
Therefore, meteorology was evaluated to contribute 30% to the overall
O3 growth. For almost the same period (1986-2006), Yang et al. (2014)
estimated an averaged emission-caused Os change of 5.3 ppb over
China. Besides, they applied the absolute percent departure from the
mean (APDM) to indicate the interannual variation of Oz, and found that
the changed meteorological conditions led to an APDM of 1-10% in
summertime O3 concentration over China. Lou et al. (2015) simulated
O3 concentration from 2004 to 2012, and found that the APDM of
tropospheric Og resulting from the changed meteorological fields was
slightly larger than that resulting from the changed emissions across
China. However, a larger influence of emissions than meteorology was
found in SCB. From a long-term perspective before substantial reduction
of precursor emissions in 2013, therefore, most current studies indicated
that the prominent growth of emissions played a more influential role on
the increased O3 concentration in China.

Since 2013 when the NAPPCAP started, the emissions and concen-
trations of precursor NOx have decreased significantly while O3 has kept
growing (Fu et al., 2019). Inconsistent findings on the roles of emissions
and meteorology were obtained by different studies, and more studies
highlighted the importance of meteorological variation on O3z change.
Zhang et al. (2021b) applied CAM-Chem and estimated that the changes
in annual average MDA8 O3 due to emissions and meteorology were 1.0
and 8.1 ppb respectively between 2010 and 2017. Based on WRF-CMAQ
simulation, Ding et al. (2019) estimated the changes of MDA8 O3 due to
variation of emissions and meteorology at 0.4-3.7 and —3.5-8.5 ppb by
region, respectively, between 2013 and 2017. Liu and Wang (2020a)
found that the annual average changing rates in MDAS8 O3 resulting from
the meteorological and emission variation ranged between —1.5-1.5
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Table 1
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Studies on the influence of anthropogenic emissions and meteorological conditions on the changed Oj level in China. The influence is indicated as the changed O3

concentration (ppb), variation rate of O3 concentration (ppb yr ’1), or APDM (%).

Period Region Model Influence of anthropogenic emissions  Influence of meteorological condition  Reference
Before NAPPCAP 1980 vs. 2010 East Asia GEOS-Chem - 2-10 ppb Fu and Tai (2015)
1985 vs. 2005 2-25 ppb -
1985-2006 China GEOS-Chem  0.45 ppb yr !* 0.13 ppb yr! Jeong and Park (2013)
1986 vs. 2006  China GEOS-Chem 5.3 ppb - Yang et al. (2014)
1987 vs. 2005  China GEOS-Chem  10-21 ppb —4 - 6 ppb Fu and Liao (2014)
2003 vs. 2015  Eastern China  GEOS-Chem 4.0 + 1.9 ppb” 3.1 + 4.9 ppb” Sun et al. (2019)
2004-2012 China GEOS-Chem  1.79% 1.95% Lou et al. (2015)
2010-2017 China CAM-Chem 1 ppb” 5.4 ppb” Zhang et al. (2021b)
During NAPPCAP ~ 2012-2017 NCP GEOS-Chem  0.23 ppb yr 1" 0.28 ppb yr 1* Dang et al. (2021)
YRD 0.23 ppb yr 1" 1.47 ppb yr 1P
2013 vs. 2015  China CMAQ 18.3 ppb” —1.8 ppb” Wang et al. (2019d)
2013 vs. 2017  China WRF-Chem  0.4-3.7 ppb” —3.5-8.5 ppb” Ding et al. (2019)
2013 vs. 2017  Eastern China ~ WRF-Chem  —9.5-47.0 pg m =" -8.1-21.3 pgm Li et al. (2021)
2013-2017 China CMAQ —~1.4-3.2 ppb yr1° —~1.5-1.5 ppb yr* Liu and Wang (2020a)

 Joint influence from both emission and meteorological condition change.
b Changes of the MDA8 O5 concentration.

ppb yr~! and —1.4-3.2 ppb yr~! by region during 2013-2017, respec-
tively. Even imposing a smaller interannual change on O3 than emis-
sions, meteorology was identified to be more influential on the spatial
pattern of Os, indicated by the consistent variations between the overall
change of O3 and that derived from meteorology. A similar conclusion
was also made by Dang et al. (2021) that meteorology dominated the
spatiotemporal change of O3 concentration over the country from 2012
to 2017. Lu et al. (2019a) analyzed the contributing factors of the
increased O3 concentration from 2016 to 2017 with GEOS-Chem. They
found that changes in domestic emissions alone would decrease Og
levels, while the hotter and drier weather condition in 2017 offset the
anthropogenic efforts. The main reason was that background O3 (in the
absence of anthropogenic emissions) accounted for over 80% of total
surface Os at the national scale and it deeply relied on and driven by the
meteorology. Wang et al. (2019d) determined the Os change attributed
to meteorological conditions and biogenic emissions by fixing the
anthropogenic emissions from 2013 to 2015 in WRF-CMAQ, and the
change attributed to anthropogenic emissions was obtained through
subtracting the change due to meteorology and biogenic sources from
the observed Os change. They found that the reduced anthropogenic
emissions caused 16.7 and 18.3 ppb growth of O3 for provincial capital
cities in 2014 and 2015 compared to 2013, respectively, while the
contribution of meteorology to MDA8 O3 change was limited (—3.2 and
—1.8 ppb). At the regional scale, Dang et al. (2021) detected a similar
driving force to MDAS8 O3 of emissions in NCP and YRD (0.23 ppb yr 1)
but a much larger contribution of meteorology in YRD (1.47 ppb yr 1)
than in NCP (0.28 ppb yr™1).

The influence of meteorological changes on O3 could be a joint
contribution from multiple factors. For example, temperature influences
the natural emissions and the rate of photochemical reaction, while
wind fields, boundary layer turbulence and precipitation affect the
transport and deposition of O3 (Jacob and Winner, 2009; Li et al., 2017,
2019b; Lu et al., 2019a; Pu et al., 2017; Wang et al., 2017). Studies have
been conducted to evaluate the response of O3 to various meteorological
conditions in a relatively short term. Ni et al. (2019) applied WRF-Chem
to investigate the effect of extratropical cyclogenesis during the 2016
Group of Twenty Finance Ministers and Central Bank Governors (G20)
Hangzhou Summit. Abundant passive stratospheric tracers in the
low-troposphere along with observed high surface O3 and low CO and
humidity confirmed the significant influence of stratosphere intrusion.
Li et al. (2016b) investigated the impacts of thermal circulations on O3
formation in PRD with WRF-Chem and found that the urban heat island
enhanced turbulent mixing and modified local circulations, leading to a
1.3 ppb decline in daytime O3 and a 5.2 ppb growth around the night-
time rush-hours. Gu and Shu (2010) detected that meteorological con-
dition changes caused by urbanization raised the O3 level by 8.3 pg m™>

in urban Shanghai in 2007 with WRF-Chem. Wu et al. (2018) applied
WRF-Chem to evaluate the contribution of trans-boundary transport of
pollutants dominated by wind fields during the Asian summer monsoon.
They indicated that the emissions from the NCP region substantially
influenced the northern provinces with a percentage of 15.8-27.4% of
the local O3 concentration when the south wind prevailed. Besides,
summertime O3 was found to be positively correlated to East Asian
summer monsoon index (Yang et al., 2014). With a tagged method in
GEOS-Chem, Wang et al. (2011b) identified the monsoonal wind pattern
as an important factor in determining background Ogs in China. The
decreased summertime background O3 could be attributed to the
reduced transport of air pollutants from the Europe and North America,
which offset the increased transport from Southeast Asia.

To summarize, most studies suggested that China’s anthropogenic
emissions play a more influential role on long-term Os growth, while
meteorological conditions could also elevate the concentration before
the implementation of national air pollution control policies, and might
have prevented the O3 concentration declining when the emissions were
gradually reduced. The meteorological variation should be emphasized
when evaluating the necessity and benefit of emission reduction pol-
icies, especially in the context of global warming and climate anomalies
(Jacob and Winner, 2009; Lei et al., 2012; Lu et al., 2019b; Sun et al.,
2019).

4.1.2. The influencing factors and processes of Ogz pollution episode

Diagnosis of O3 episode is essential for the early warning of heavy
pollution. Based on AQM simulations, the favorable meteorological
conditions and the main processes contributing to O3 formation and
accumulation could be captured, and the following two main types of
studies were conducted:

(1) To obtain the special meteorological conditions of typical Os
pollution episodes compared to non-episode periods, based on
the simulated abnormal weather conditions with AQMs.

Gong and Liao (2019) conducted a study on northern China with
GEOS-Chem to investigate all the Os pollution events during
2014-2017. They found a typical weather pattern with high daily
maximum temperature, low relative humidity, anomalous southerlies
and divergence in the lower troposphere, and some atmospheric dy-
namic anomaly. Another four studies focused separately on Wuhan
(Zeng et al., 2018), SCB (Yang et al., 2020), and YRD (Shu et al., 2016,
2020) draw a similar conclusion that the occurrence of severe Os
pollution was associated with high temperature, strong solar radiation,
low wind speed, and low relative humidity. In addition, Hu et al. (2018)
reported a regional transport mechanism through nocturnal residual
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layer, which resulted in an O3 pollution episode in YRD in 2016. In
particular, the location of Wuhan on the periphery of tropical cyclones
led to high pressure and subsiding air, and brought surrounding polluted
air (Zeng et al., 2018). For PRD, Zeren et al. (2019) indicated that
tropical cyclones also played an important role. Weak winds and long
residence time for air pollutants, resulting from interactions of synoptic
winds and mesoscale breezes, enhanced intensive chemical production
of 03.

(2) To evaluate the relative contributions of individual processes to
Og3 pollution, (e.g., net chemical production, horizontal advec-
tion, vertical advection, dry deposition and diffusion), based on
the AQMs coupled with integrated process rate (IPR) analysis.

Net chemical production and vertical advection were generally
considered as the most dominant processes resulting in O3 episode (Ni
et al., 2019). Through GEOS-Chem modeling, the two processes were
estimated to cause a change of 3.3 and 8.1 Gg O3 d~! respectively
relative to the mean condition for northern China (Gong and Liao,
2019). Yang et al. (2020) applied WRF-CMAQ to simulate the O3 for-
mation in summer of Chengdu, a city in SCB, and found that the vertical
transport process accounted for most of the daytime O3 (74.7 + 5.8%)
and horizontal transport process (59.1 + 9.9%) in nighttime. Shu et al.
(2016) conducted WRF-CMAQ simulation for YRD, and estimated that
the contribution of vertical diffusion was up to 28.4 and 19.8 ppb O3
hr~! for Shanghai and Hangzhou, respectively, when the O3 concen-
tration was deeply enhanced by the subtropical high and typhoon sys-
tem. Xu et al. (2018) applied the WRF-Chem to evaluate the contribution
of vertical mixing to Oz concentration at different altitudes of an
observation station in Nanjing. They found that, during the episode
days, photochemical products were generated in the middle and upper
PBL and transported to the ground level by vertical mixing, elevating the
O3 concentration at a rate of 30 ppb h™L. The whole reaction cycle can be
explained as following. Abundant O3 production occurred in the upper
PBL and resulted in vertical physiochemical circulation in urban areas.
NO,, the reaction product of O3 and anthropogenic NO near the surface,
was transported vertically to the upper boundary layer where O3 was
generated by its photolysis, and then the regenerated O3 would be
transported downward to the surface (Tang et al., 2017).

As most current emission inventories could not accurately capture
the daily variation in emissions, AQM studies on O3 episodes focused
mainly on the meteorology and physical and chemical process. Diag-
nosed by AQMs, high temperature, low relative humidity and high
pressure were typical weather conditions for O3 episodes. Vertical
diffusion and net photochemical production accelerated the formation
and accumulation of surface O3. More comprehensive causes of Og
episode can be expected with the improved dynamic emission in-
ventories used in AQMs.

4.1.3. The interaction with aerosols

Along with the implementation of NAPPCAP, the PM, 5 concentra-
tion has dropped sharply across the country while the O3 concentration
has kept growing (Chu et al., 2020; Fu et al., 2019). It has been proved
that aerosols have a remarkable effect on O3 concentration through
multiple pathways, including altering photolysis rates through light
scattering and absorption, suppressing the development of PBL, and
heterogeneous uptake of gases and peroxide radicals (Gao et al., 2018; Li
et al., 2011; Lou et al., 2014; Wai and Tanner, 2010). AQMs, especially
those with updated aerosol chemistry mechanisms and online coupled
with meteorology models (e.g., online WRF-Chem, two-way coupled
WRF-CMAQ, and WRF-GEOS-Chem), were applied to explain the rela-
tionship between O3 and aerosols under the complex air pollution in
China (Wang et al., 2020a; Xing et al., 2017; Feng et al., 2021).

Using NAQPMS, Li et al. (2011) reported that aerosols changed
photolysis frequencies and led to a 5% reduction in PBL Os in
central-eastern China for June 2006. The suppression from aerosols on
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O3 formation intensified when severe haze episodes occurred. Zhang
et al. (2015a) explored the aerosol radiation feedback on air equality in
January 2013 with online coupled WRF-Chem. They found that higher
aerosol loading resulted in less incoming solar radiation and lower
temperature and then reduced ground-level O3 up to 6.9 ppb. Similarly,
Wang et al. (2020a) found that the MDA8 O3 was reduced up to 2 ppb by
aerosol radiation feedback in most areas of SCB in January 2015. A more
significant impact was found in another study for the whole country
based on WRF-CMAQ simulation (Xing et al., 2017). Aerosol direct ef-
fects, causing changes in atmospheric dynamics and photolysis rates,
were estimated to reduce the surface DM1 O3 in January 2013 by up to
39 pg m~3. Feng et al. (2016) reported that the ground-level NO,
photolysis frequency was decreased by 30-70% during the daytime and
the DM1 O3 was reduced by 20-50 pg m ™~ from 22 to 24 August 2013 in
Xi’an, a city in northwestern China. Gao et al. (2020a) applied the IPR
approach and gave a comprehensive explanation on how aerosols
influenced the PBL Og through the changed photolysis rate, for the case
of October 2018 over central east China. Ozone production was weak-
ened by the light extinction of aerosol below the PBL, contributing to a
larger O3 vertical gradient, and more O3 was then entrained downward
from the top of PBL. Therefore, aerosols reduced the O3 not only at the
surface but also in the entire PBL. Moreover, black carbon, a typical
light-absorbing component of aerosol, could suppress PBL development
by heating the air over the PBL, and would then change surface Os
through multiple ways (Ding et al., 2016; Gao et al., 2018). Besides the
radiation effect, heterogeneous reactions are also an important factor.
With NAQPMS, Li et al. (2018a) reported that heterogeneous reactions
reduced more surface Oz concentration (10-20 ppb) than the pertur-
bations from aerosols in photolysis frequencies (1-5 ppb) for the
polluted regions of eastern China in 2013.

Since high-level PM; 5 suppressed the formation of Os for the early
years of NAPPCAP, whether and how the reduction of PM, 5 elevated O3
have been evaluated with sensitivity experiments based on AQMs. Li
et al. (2019b) analyzed the driving factors of inter-annual change in
summertime surface O3 of eastern China during 2013-2017, by
removing the effect of meteorological variability and conducting sensi-
tivity simulations with GEOS-Chem. The result showed that the
decreased PM; 5 played a more important role on the change of O3 than
NOy or VOCs emission change, as it slowed down the reactive uptake of
HO,, radicals that could react with NO and accelerate the O3 accumu-
lation. Liu and Wang (2020b) applied WRF-CMAQ and reported a
similar result that the heterogeneous chemical effect rather than the
radiative effect contributed most to the increased O3 levels driven by the
changed PM concentration. In addition, with more heterogeneous re-
actions incorporated in CMAQ, they found that the uptake of O3 on
aerosol surfaces was also important, following HO,.

However, the O3 and PMj 5 concentrations were not always nega-
tively correlated. The rising O3 concentration could raise the primary
source of OH (Jacob, 2000) and atmospheric oxidation capacity (AOC),
thus in turn enhanced the generation of secondary organic aerosols
(SOA). Feng et al. (2019) found consistent growth for the observed O3
and the ratio of organic carbon (OC) to elemental carbon (EC) during the
autumns in 2013-2015. They conducted a sensitivity experiment with
WREF-Chem to explore the extent to which AOC influenced SOA (repre-
sented by OC/EC) during an episode with high concentrations of both O3
and PMy5 in autumn 2015. They found that the SOA level and its
fraction in total organic aerosols would decline by 30% and 17%
respectively along with 31% reduction in O3 in NCP.

Overall, the complicated relationship revealed by the observed O3
and PM; 5 concentrations could be explained by a series of atmospheric
physical and chemical processes incorporated in AQMs. Briefly, a high
aerosol level suppresses O3 production. When PM; 5 concentration goes
down, O3 will increase and then enhance AOC and SOA formation (Feng
et al., 2016). This interaction calls for further understanding on aerosol
chemistry and more thoughts on cooperative control measures of mul-
tiple air pollutants (Chu et al., 2020; Zhu et al., 2019).



J. Yang and Y. Zhao
4.2. Understanding the source-receptor relationship of O3

The source-receptor relationship of O3 is complex due to the multiple
nonlinear and changing photochemical processes involved in the O3
formation. AQMs were applied to capture the key sources, intermediate
species, and dominate processes of O3 formation.

4.2.1. Source apportionment

The complex reactions of O3 formation involve the major precursors,
NOx and VOCs, from both local and regional sources of multiple cate-
gories (Atkinson, 2000; FinlaysonPitts and Pitts, 1997; Wild and Aki-
moto, 2001). Quantification of the contributions of both source
categories and regions to surface O3 helps better understand the
source-receptor relationship of O3 (Gao et al., 2016; Yang et al., 2019).

At present, there are mainly three types of O3 source apportionment
methods based on AQM simulations, i.e., factor separation approach
(FSA) based on sensitivity analysis, tagging method, and adjoint model.
FSA is usually taken to isolate the effect of one single factor and also its
interaction with each other by calculations (Wu et al., 2017). The
tagging method is more widely used as it could provide more detailed
and convincing information by tracking Os from different geographic
regions and source types through reactive tracer approach (Han et al.,
2018). One typical technique is the Ozone Source Apportionment
Technology (OSAT) module coupled with CAMx, by which O3 formation
is determined into NOx- or VOC-limited at each grid cell and time step
and then the contribution is identified by the proportion of specific
source to the total regional limiting precursors (Li et al., 2016a; Qiao
et al, 2019). Other tagging methods, like the Integrated Source
Apportionment Method (ISAM) within CMAQ (Kwok et al., 2015) and
3R approach (Wang et al., 2019c), are similar to OSAT or developed
based on it. Adjoint model is a computationally approach to calculate
the sensitivity of a scalar model response function with respect to
numerous model parameters, such as emissions (Lee et al., 2017; Zhang
et al., 2015b).

Utilizing the above methods, source apportionment studies have
been conducted at national and regionals scale. Gao et al. (2020b)
conducted a series of sensitivity analyses with WRF-Chem to explore the
nationwide O3 sources for 2013. They found that O3 formation was more
sensitive to industrial and biogenic sources in summer. However, in NCP
and YRD, O3 responded negatively to another two important source
categories, transportation and power in non-summer seasons due to the
VOCs-limited regime. Besides, Li et al. (2017) applied FSA in non-winter
seasons of 2015, and identified industry as the most important source in
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eastern China with the contribution over one fourth to the total O3
concentration in high-polluted days. The second important source was
biogenic source in PRD and transportation in other areas.

Given the clear regional difference (Li et al., 2012), a series of studies
focused on more targeted and detailed source contributions of O3 for-
mation for specific regions. Fig. 6 summarizes the source apportionment
results for four regions with a fast developing economy, i.e., NCP
(including specific studies for Beijing and Tianjin), YRD (including
specific studies for Shanghai), PRD (including specific studies for
Guangzhou and Guangdong Province) and SCB (including specific
studies for Chengdu and Chongging). All the studies applied the tagging
method except Gao et al. (2020b) with FSA. As shown in Fig. 6a, the
source apportionment results differed for the same region in various
studies, attributed to the different methods, research periods, AQM
settings, and source categories in the emission inventories. Gao et al.
(2020b) (represented by the outer laps for PRD, YRD and NCP in Fig. 6a)
yielded a larger contribution from biogenic sources to Oz (about
40-50%) compared to other studies. Another two studies for the PRD
region stressed the varied contributions from the same category at
different spatial scales. Transportation was estimated to account for 39%
of the O3 formation for the developed city Guangzhou (Yang et al.,
2019), while the proportion declined to 21% at the provincial level for
Guangdong. For Shanghai, Wang et al. (2019c¢) (the inner YRD lap) re-
ported a contribution of 47% from industry but much less (11%) from
transportation, while other studies found more comparable contribu-
tions between the two categories. The inconsistency resulted partly from
the different considerations of the domains of emissions sources when
estimating their contribution to a given area. Wang et al. (2019¢c)
included the sources within an excessively large domain, East Asia, but
others selected much smaller regions like YRD or eastern China.
Therefore, the contribution of transportation (mainly found in devel-
oped urban areas) could be weakened while that of other multiple in-
dustrial sources widely located in a broader region could be elevated for
the former.

On the whole, the tagging method could reduce the error caused by
the non-linearity (Zhu et al.,, 2017) and provide more reliable and
consistent source apportionment results. Fig. 6b provides the averaged
source contributions to O3 based on studies with the tagging methods by
region. In general, industry, transportation, and biogenic sources were
identified as relatively important sources in the four regions, accounting
collectively for 80% of the total Os, while power was estimated to
contribute around 10%. The result is similar to the national estimation
(Gao et al., 2020b; Li et al., 2017). Industry contributed most to O3

NCP YRD SCB PRD
[ industry [ IBiogenic [ ] Residential [ Others
[0 Transportation [ ] Power [ |Fire

Fig. 6. Summary of source apportionment results of ambient O3 for different regions in China (a) and the averaged source contributions to O3 with the tagging

method by region (b).
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formation with the proportions ranged 36-39% except for PRD, where
the contribution from transportation was larger (30%). Biogenic source
was another important factor of O3 formation, accounting for around
20% with a slight difference between regions.

The complicated chemical reactions of O3 formation are likely to
take a few hours, thus long-range transport could be an important source
of O3 (Li et al., 2012; Sharma et al., 2017; Wild and Akimoto, 2001). Li
et al. (2014b) evaluated the influence of air pollutants transported from
Eurasian areas to O3 concentration in western China in 2000, and the
result from sensitivity experiments with MOZART-4 suggested an
elevation of 10-15 ppb in 2000. Fu et al. (2012) reported that biomass
burning in Southeast Asia could be long-range transported to southern
China and even YRD with a contribution of 8-18 ppb in 2006. As a
whole, Ni et al. (2018) found that the total foreign anthropogenic
emissions contributed 2-11 ppb of O3 over China with several ap-
proaches incorporated with GEOS-Chem simulation.

In a regional study based on CAMx-OSAT, the O3 concentration in
PRD was found to be more influenced by the sources outside the region
for low O3 seasons, while local emissions contributed 50-70% in O3
episodes in autumn and summer 2006 (Li et al., 2013a). Liang et al.
(2014) found that under the adverse weather in August 2008, reduction
in local emissions without joint control was insufficient for MDAS8 Os in
Shenzhen to reach 120 pg m~3. With more stringent pollution control
measures adopted in megacities, precursors from regional transport
played an increasingly important role in recent years. Wang et al.
(2021b) conducted adjoint modeling with GEOS-Chem and found that
O3 was both sensitive to local and surrounding emissions in the heavily
polluted days, while mostly sensitive to local emissions within NCP in
other situations. Wu et al. (2017) applied FSA and analyzed that the
local and regional emissions independently contributed 22% and 37% to
the O3 formation for an O3 pollution episode in July 2015 in Beijing, and
that the remaining was attributed to the interaction between the local
and regional emissions. Liu et al. (2019a) applied ISAM incorporated in
CMAQ and made a similar estimation that the contribution from the
boundary condition was up to 77% for the same episode. For another
metropolitan Shanghai, Li et al. (2019¢) applied OSAT and found that
the local emissions contributed 30% to the hourly O3 concentration and
that non-Shanghai emissions, mostly from Zhejiang and southern
Jiangsu, accounted for the rest in August 2015. Shu et al. (2019)
revealed the great importance of super-regional (out of eastern China)
transport, with the contributions of 29-51% to several O3 episodes over
the whole YRD for 2016, and the contribution was even larger in
Shanghai. For Guangzhou, a megacity in PRD, Yang et al. (2019) applied
the NAQPMS coupled with an on-line source-tagged module and esti-
mated that the regional transport contributed 73-86% to Os formation
by season in 2015. It can be summarized that regional or super-regional
transport accounted for a large proportion of O3 pollution and the local
contributions were only around 30% in megacities. The joint prevention
and control of regional O3 pollution should be emphasized.

4.2.2. The contribution of natural sources

Major natural sources of Oz formation include biogenic VOCs
(BVOCs), soil and lightning NOx, and biomass burning emissions (Lu
et al., 2019a, 2019b). The natural emissions could be calculated with
specific modules like Model of Emission of Gases and Aerosols from
Nature (MEGAN, Guenther et al., 2006), and the impact of natural
emissions on O3 could be evaluated through sensitivity experiments in
AQMs.

From a national perspective, Lu et al. (2019a) found that the BVOCs
emissions enhanced more than 15 ppb of MDA8 O3 over central eastern
China in summer of 2016-2017. Limited by topographical and
geographical factors, influences of other natural sources were mainly
found in some particular areas. Lightning and STE, soil emissions, and
biomass burning emissions were estimated to collectively contribute
over 20 ppb, over 5 ppb, and up to 10 ppb O3 in western China, northern
China and Yunnan Province in southwestern China, respectively. Those
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natural sources were incorporated in GEOS-Chem and some of them
were calculated online in the model. With the BVOCs emissions calcu-
lated with MEGAN, Wu et al. (2020) reported that the peaked BVOCs
emissions in summer greatly enhanced DM1 Os in eastern and south-
western China up to 47 pg m™>. Moreover, influenced by the southerly
wind, high BVOCs emissions in southern China were transported to
central China and the NCP, and elevated the O3 level in those areas with
smaller BVOCs emissions. For the long-term estimation, Fu and Liao
(2014) applied GEOS-Chem and found a change of —0.5-0.5 ppb in O3
concentration over China from the late 1980s to the mid-2000s, attrib-
uted to the changed land cover and thereby BVOCs emissions. A global
study with GEOS-Chem simulation reported that the changed leaf area
index and soil NOx emissions due to nitrogen deposition elevated surface
O3 by 2 ppb in north-central China and decreased it by 1 ppb in north
China from 1990 to 2010.

Regarding specific regions, Ma et al. (2019) applied WRF-CMAQ and
investigated the influences of different factors on BVOCs and then the
impact on O3 formation for NCP. They estimated that BVOCs emissions
driven by high vapor pressure deficit, land cover change and urban
landscape brought an extra 3.1, 2.8 and 4.7 ppb MDAS8 Og, respectively.
Lu et al. (2021) applied GEOS-Chem and evaluated the roles of soil NOx
on Og pollution in July 2017. Even though it enhanced the average O3
concentration by only 2.9 ppb, soil NOx significantly suppressed the
sensitivity of O3 to the changed anthropogenic NOx emissions and
thereby weakened the maximum benefit of domestic emission abate-
ment on Oz concentration by 30%. In YRD with abundant forests in the
south (Wang et al., 2019e), Liu et al. (2018b) applied WRF-CMAQ and
found that the central region was more affected by biogenic emissions
with the maximum contribution to hourly O3 at 18-36 pg m™° in July
2014, resulting from the abundant NOy transported from upwind urban
and coastal regions here. They indicated that O3 concentration in rural
areas would be more likely to be influenced by BVOCs emissions than
urban. Wang et al. (2020c) made a consistent judgment that the
contribution of BVOCs to O3 formation was more restricted by NOyx
emissions, as similar spatial distributions were found for them. For PRD,
Situ et al. (2013) found that BVOCs contributed to a 10-ppb growth of
average O3 concentration in summer 2010, with the peak reaching 34
ppb. Besides, heat wave in 2017 was evaluated to elevate the BVOCs
contribution to 19.4 pg m~3, which was nearly 10 pg m~ higher than
the common level (Wang et al., 2021a). For GZP, the most developed
region with severe air pollution in northwestern China, abundant BVOCs
from the Qinling Mountains interacted with the anthropogenic NOx,
yielding 14.4 ppb Os in urban Xi’an (Li et al., 2018b). Those results all
emphasized the combined impact of anthropogenic and natural sources
on Os pollution.

Given the process of global warming and implementation of stricter
controls on anthropogenic sources, the natural emissions would be more
important on Os formation, no matter for regions with large local
emissions like PRD and YRD or regions strongly influenced by regional
transport like NCP. More efforts on interaction between the changed
natural and anthropogenic emissions are further needed for better policy
making of Os pollution alleviation.

4.2.3. 03-NOx-VOCs sensitivity

As mentioned in the introduction, O3 generation and elimination rely
on its nonlinear response to the two types of precursors, briefly sum-
marized as NOx-limited, VOC-limited and transitional regime (Cohan
et al., 2005; Jin and Holloway, 2015; Xing et al., 2011a). Three main
methods with AQMs have been widely used to determine the photo-
chemical regime of O3 formation in China: photochemical indicators (e.
g., P(H202)/P(HNO3), Hy05/(03+NO5), and HCHO/NOo; Sillman and
He, 2002), comparison of the O3z response to the emission change of
individual precursor (mentioned as Brute-force method; Sillman and
West, 2009), and Os isopleth. Summarized in Table 2 are the results on
O3 formation sensitivity from various studies.

At the national scale, Liu et al. (2010) identified the O3 formation
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Table 2
Studies on the O3 formation regime at national scale (China) and regional scale (NCP, YRD and PRD). The photochemical indicator with P means the ratio of production
rate.
Period Target area Model Method Regime (area/time) Reference
Jan. 2008 China CMAQ P(H,0,)/P(HNO3) VOC-limited Liu et al. (2010)
Jul. 2008 Mainly NOx-limited
Mar. 2010 China CALGRID Brute-force VOC-limited (urban centers and developed areas) Xie et al. (2014)
NOx-limited (northern and western areas)
Aug. 2013 Eastern China CMAQ (P(H;0,)+P (ROOH))/P(HNO3) Mainly NOx-limited and transitional regime Wang et al. (2019b)
Jul. 2014 East Asia WRF-Chem Brute-force VOC-limited and transitional regime (urban areas) Li et al. (2018¢)
2016 Eastern China CMAQ Brute-force VOC-limited and transitional regime (NCP, PRD, YRD) Wang et al. (2019a)
NOx-limited (other areas)
2017 China CMAQ Brute-force VOC-limited and transitional regime (eastern areas) Shen et al. (2021)
NOx-limited (western areas)
Jun. 2008 NCP CMAQ P(H,0,)/P(HNO3) VOC-limited (urban areas) Tang et al. (2017)
Transitional regime (suburban and rural areas)
NOx-limited (mountainous areas)
Jul. 2010 Beijing WRF-Chem H>0,/HNO3 VOC-limited (urban areas) Wei et al. (2018)
2012 NCP CMAQ Brute-force Mainly VOC-limited Wang et al. (2019a)
Jun. 2015 NCP CMAQ Brute-force VOC-limited (urban areas) Han et al. (2018)
Transitional regime (suburban areas)
NOx-limited (remote areas)
Sep. 2009 Shanghai WRF-Chem Brute-force VOC-limited Xu et al. (2019)
2012 YRD CMAQ Brute-force Mainly VOC-limited Wang et al. (2019a)
Jul. 2013 YRD CAMx CAMx-OSAT Mainly VOC-limited Li et al. (2016a)
Period Target area Model Method Regime (area/time) Reference
Sep. 2004 PRD CMAQ O3 isopleth NOx-limited Wei et al. (2012)
Jan. 2004 PRD CMAQ NOx/NOy VOC-limited (central and coastal areas) Wang et al. (2010)
NOx-limited (rural areas)
Jan. 2004 PRD CMAQ Brute-force VOC-limited (central and southern areas) Wang et al. (2011a)
NOx-limited (western, eastern and northern areas)
Nov. 2006 PRD CAMx P(H,05)/P(HNO3) VOC-limited (morning) Li et al. (2013b)
NOx-limited (afternoon)
2010 PRD CMAQ P(H,0,)/P(HNO3) VOC-limited (daily averaged) Wang et al. (2016)
NOx-limited (most areas in the afternoon)
2012 PRD CMAQ Brute-force Mainly VOC-limited Wang et al. (2019a)

regime in 2008, using the production rate ratio of P(H202)/P(HNO3)
with the criterion of 0.2. They estimated that NOx-limited regime
dominated almost the whole country in summer except some megacities,
and that eastern China was under VOC-limited regime in winter. Xie
et al. (2014) applied the Brute-force method and determined the
VOC-limited regime for urban centers and NOx-limited regime for
northern and western China in March 2010. Shen et al. (2021) found
that VOC-limited and transitional regimes covered eastern China while
most part of western China was dominated by NOx-limited regime. With
rapid decline in NOx emissions between 2012 and 2016, Wang et al.
(2019a) evaluated the changing O3 formation regime by comparing the
decreased Og levels when emissions of the two precursors were reduced
separately in WRF-CMAQ. Noticeable changes from VOC-limited to
transitional regime were found in the developed NCP, YRD and PRD
regions, with the areas of transitional regime increasing from an average
of 29%-48% for all the three regions, and other areas in eastern China
kept NOx-limited. Similarly, transitional regime was found to cover a
wide area over eastern China, while VOC-limited regions were mostly in
YRD, PRD and a few other urban centers in August 2013 (Wang et al.,
2019b).

More detailed information of O3 formation regime could be found in
the AQM studies at the regional scale. For NCP, Han et al. (2018) con-
ducted CMAQ simulation with the Brute-force method and suggested the
VOC-limited regime in the urban and other most Os-polluted regions,
while the suburban and remote areas were dominated by transitional or
NOx-limited regime in summer 2015. The reduced NOx emissions from
power plants were thus not helpful for O3 pollution alleviation in the
urban. Besides the difference between urban and rural areas, Tang et al.
(2017) found a NOx-limited regime for the mountainous areas of NCP in
2008, based on the indicator of P(H202)/P(HNO3) from MM5-CMAQ
simulation and the criteria of 0.06 and 0.2 to distinguish VOC-limited,
transitional and NOx-limited regimes (Tonnesen and Dennis (2000).
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Specifically, Beijing was the research hotspot in NCP. According to the
ratio of HoO5 to HNOj3 concentration simulated with WRF-Chem and the
criteria of 0.35 and 0.65, Wei et al. (2018) implied VOC-limited,
NOx-limited and transitional regimes in urban, northern and western
rural, and southern and eastern rural areas for July 2010, respectively.
Regarding the inter-annual change, Wei et al. (2019) reported that the
O3 formation in Beijing changed towards more VOC-limited regime from
2010 to 2013, while it reverted to the 2010 chemistry nature in 2015.

For YRD, Li et al. (2016a) applied the CAMx-OSAT and estimated
that VOCs contributed 47-71% to the total O3 in summer 2013. The
result suggested that VOC-limited regime occupied most YRD. Based on
the WRF-Chem sensitivity experiments, Xu et al. (2019) found a clear
VOC-limited regime in urban Shanghai. Both the reduced NOx and
increased VOCs emissions significantly would enhance the O3 concen-
tration from 2009 to 2015.

In PRD, Wei et al. (2012) conducted a series of MM5-CMAQ simu-
lations and obtained the O3 isopleth for September 2004. It was shown
that PRD was under NOg-limited regime, and that the VOC-limited
regime would occur with the NOx emissions increasing about 4 times.
However, application of one isopleth for the whole PRD region might
ignore the spatial heterogeneity in O3 formation regime. Wang et al.
(2010) compared the O3 levels between base and emission-reduction
cases for October 2004 using MM5-CMAQ, and found that the central
and coastal areas of PRD were dominated by VOC-limited regime and
the surrounding rural areas in the southwest were NOx-limited. During
the same period in central and western PRD, moreover, a temporal shift
from VOC-limited regime in the morning to NOx-limited regime in the
afternoon was detected by Wang et al. (2011a). Li et al. (2013b) also
found a VOC-limited regime in the morning but a NOx-limited regime in
the afternoon for November 2006, based on the MM5-CAMx modeled
indicator of P(H205)/P(HNO3) and a threshold of 035. Wang et al.
(2016) applied the same indicator from WRF-CMAQ simulation to
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identify the photochemistry in 2010 based on the threshold of 0.4 sug-
gested by Sillman (1995). The regime was generally VOC-limited judged
by the daily average ratio, while NOx-limited regime dominated in the
afternoon except for some highly-polluted megacities. Scenario analysis
suggested that cutting VOCs emissions would decrease overall Og but
cutting the afternoon NOx emissions would reduce the peak Os levels.

In general, the AQM studies at different spatial scales suggested a big
diversity of Os formation regime by region and a clear change along with
the progress in precursor emission control. VOC-limited and NOx-
limited regimes were commonly found in urban centers and rural areas,
respectively, and the transitional regime was in surrounding areas of the
urban agglomeration. Along with the NOx control, the VOC-limited re-
gion was gradually shifting to the transitional regime in eastern China,
and this change could inspire the control strategy adjustment in the
future.

4.3. Evaluating the environmental impacts and policy effectiveness

AQMs were applied to provide ambient Og data with large spatio-
temporal coverage, which could be further used in environmental
impact analysis. They also served as a fundamental tool for policy
making, through simulations based on different air pollution control
strategies and emission scenarios.

4.3.1. Environmental impact analysis with AQM-derived Oz pattern

Along with the rapid industrialization of China and the continuous
global warming, reproducing the long-term historical Os level helped
better understand the impact of human activities on the environment.
Based on EDGAR, for example, Xing et al. (2015) obtained the temporal
trend in O3 concentration over 1990-2010 with WRF-CMAQ simulation.
They found that the MDA8 O3 had been increasing at a rate of 2.57 pg
m3 yr’1 (1.49% yr’l) in eastern China, attributed to the growth in NOx
and VOCs emissions by 4.3% yr~! and 2.3% yr~! respectively.

High O3 concentration is supposed to cause inflammatory response
and to be related to some cardiovascular and pulmonary diseases
(Gryparis et al., 2004; Xie et al., 2019). The exposure assessment is of
great importance for improving public awareness and urging policy
making. Based on a national-scale simualtion with NAQPMS, Wang et al.
(2020d) estimated the annual averages of respiratory and cardiovascu-
lar deaths attributed to O3 exposure at 186,000 (129,000-237,000) and
125,000 (42,000-204,000) during 2013-2017, respectively. Liu et al.
(2018a) simulated the O3 concentration and exposure for 2015 at the
national scale with WRF-CMAQ. They estimated that a cumulative
population of 816 million were exposed to MDA8 O3 over 100 pg m >,
The estimated mortality from chronic obstructive pulmonary disease
attributed to Os exposure was in the range of 55,341-80,280, mainly
distributed in Beijing, Shandong, Henan, Hubei, Sichuan, and the YRD
and PRD regions. Gu et al. (2018) conducted a similar simulation for
2010, showing that O3 caused approximately 271,000 premature mor-
talities and industrial sector was the most important contributor. Besides
anthropogenic sources, Fu and Tai (2015) applied GEOS-Chem and
found that climate change resulted in 2-10 ppb growth of summer Os in
the most regions of East Asia and thereby about 6000 more premature
deaths annually between 1980 and 2010. At the regional scale, Lu et al.
(2016) estimated the health effect in PRD from 2010 to 2013 with
WRF-CMAQ simulation and indicated that the four-year average of
all-cause mortality associated with O3 was 1271 for Guangzhou and the
peak in premature mortality caused by O3 occurred in March. Liu et al.
(2020) applied WRF-CMAQ for Nanjing, and estimated that about 300
premature deaths (0.42-0.51 deaths per 10,000 people) were attribut-
able to O3 exposure throughout 2016. Regarding the health benefit of O3
pollution control, Madaniyazi et al. (2016) designed two scenarios of
“current legislation” and “maximum technically feasible reduction”
based on the air pollution control in 2005. In the former scenario, the
Os-attributable premature death would increase over 40,000 in east
China between 2005 and 2030, while up to 260,000 premature deaths
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would be avoided due to the restrained O3 concentration in the latter.
Zhang et al. (2020) applied WRF-CMAQ simulation and indicated that
more than 1.5-2% of the emergency hospital admissions for cardio-
vascular and respiratory diseases resulting from NO, and O3 exposure
could be avoided in PRD, with a cooperative control strategy from 2015
to 2020.

O3 is also harmful to vegetation due to its phytotoxicity when
absorbed by leaf tissues, and a substantial reduction in crop yield and
quality could be caused (Ashmore, 2005; Lin et al., 2018). Based on the
simulated O3 concentration with WRF-CMAQ, Qiao et al. (2019) re-
ported a fraction of more than 75% of the forests over the country with
O3 exposure higher than the threshold of foliar injuries for 2013. Mills
et al. (2018) evaluated the global ozone-induced crop production losses
with the model of European Monitoring and Evaluation Programme,
Meteorological Synthesising Centre-West (EMEP MSC-W), and China
was found to be one of the countries suffered most severely from wheat
rice and maize losses. Tang et al. (2013) conducted O3 simulation with
WRF-Chem and evaluated Os-induced wheat production loss in China.
They estimated that the relative wheat yield loss in 2000 was 6.4-14.9%
and would increase by 8.1-9.4% in 2020. Miao et al. (2017) quantified
the national crop yield losses due to O3 exposure at 9.0, 4.6, 0.44 and
0.34 million metric tons for wheat, rice, maize and soybean for 2006,
respectively. Lin et al. (2018) applied WRF-CMAQ and calculated a
national production loss from all crops at 78.4 million metric tons
caused by O3 exposure for 2014.

In general, AQM simulations revealed that China’s high and
continuously increasing O3 level resulted in harmful effects on human
health and vegetation for the past decades. It should be noted that the
uncertainty in the simulated O3 concentration would be passed to the
impact analysis, thus the evaluation of model performance should be
emphasized when interpreting the impact of Os pollution based on
AQM.

4.3.2. The effectiveness of emission control and climate policies

AQM simulations help evaluate the effectiveness of emission control
measures. Under the NAPPCAP since 2013, the toughest-ever clean air
policy in China, the NOx emissions have declined sharply for the target
of reducing PMj; 5 concentration (Chu et al., 2020; Zhang et al., 2019).
The annual average O3 concentration was simulated to increase by 12%
over eastern China from 2012 to 2017 with GEOS-Chem, and the growth
rates were 0.58 and 1.74 ppb yr ! for summer MDAS8 O3 in NCP and
YRD, respectively (Dang and Liao, 2019; Dang et al., 2021). Based on
WRF-CMAQ simulation, Liu and Wang (2020a) showed a similar result
that the MDAS Oj in urban areas increased by 0.46 ppb yr~! from 2013
to 2017. In contrast, in rural areas with much fewer monitoring stations,
MDA8 O3 was simulated to decline slightly by 0.17 ppb yr~?, resulting
mainly from the NOx emission reduction under the NOx-limit regime.
The continuous growth of O3 required more stringent measures of
anthropogenic VOCs emission control in the future policy making. At the
regional scale, Yu et al. (2019) applied WRF-CMAQ to assess the effect of
emission reduction during 2014-2016 for PRD, and the O3 was simu-
lated to be reduced by 12.0 pg m ™ (7.7%) in central Guangzhou.

Short-term measures for air quality improvement were conducted for
important events, providing a good opportunity to explore the
maximum reduction potential of O3 pollution. With MM5-CMAQ simu-
lation, Xing et al. (2011b) found a 47% and 57% reduction of NOx and
non-methane VOCs emissions respectively within Beijing during the
2008 Olympics, resulting in a decline of DM1 O3 concentration by
—11%. However, the emission control strategy, with a 42% and 40%
reduction of NOx and VOCs respectively, was less effective on Og
pollution alleviation in PRD during the 2010 Asian Games (Liu et al.,
2013). Guo et al. (2016) investigated the different impacts between joint
and separate emission control measures during the Asia-Pacific Eco-
nomic Cooperation (APEC) summit in 2014 with WRF-Chem. Compared
to the uncontrolled scenario, they found a 41% growth of the simulated
O3 concentration (from 15.9 to 22.4 pg m~3) due to the NOx emission



J. Yang and Y. Zhao

control for PMj; 5 reduction. A smaller growth of 1.5%, representing the
effect of local emission control, was estimated with WRF-CMAQ simu-
lations for the 2014 Youth Olympic Games in Nanjing (Huang et al.,
2017). The situation seemed to be improved by the control strategy
during the campaign of 2016 G20 summit, but the O3 concentration
remained high and the reduction was still smaller than other pollutants
(Ni et al., 2020). To examine the effectiveness of the control measures
during G20 summit, Wang and Liao (2020) conducted a series of
sensitivity experiments with GEOS-Chem and found a reduction in
MDAS8 O3 in Hangzhou by 6.8%, 8.9%, and 11.7% resulting from the
implementation of control measures in the core area, Zhejiang province,
and the whole YRD, respectively.

To design more effective policies of precursor emission control,
AQMs were applied to examine the O3 response to different VOCs/NOx
emission reduction schemes. Lou et al. (2010) conducted a series of
GEOS-Chem simulations and concluded that reduction of anthropogenic
VOCs (AVOCs), both BVOCs and AVOCs, and both NOy and VOCs would
be effective in eastern-northern, eastern-central and eastern-southern
China, respectively. With the response surface methodology (RSM)
based on CMAQ modeling for July 2005, Xing et al. (2011a) revealed
that NOx control was more effective than VOCs control for reducing O3
episodes for the megacities of Beijing, Shanghai and Guangzhou. Xu
et al. (2019) implied that the downtown Shanghai would likely change
into the transitional regime and other areas to NOx-limited regime after
2020 if a further 20% reduction in NOx emissions could be achieved
compared to 2015. For a manufacturing city in PRD, Foshan, Chen et al.
(2019) conducted WRF-CMAQ simulations for different emission sce-
narios based on the situation in October 2015, to determine the O3
response to precursor emission reduction in the VOC-limited region.
They found that the VOCs to NOx emission abatement ratio greater than
1:1 would help effectively reduce O3 concentration without increasing
the NO; level. Based on the Ogs isopleth in 2010, however, Ou et al.
(2016) indicated that NOx controls would be more promising in reach-
ing Os attainment in a long term when NOx-limited occupied in urban
PRD, while AVOCs control was more efficient for reducing the peak O3
level in a short term. Besides the eastern developed regions, studies have
also been conducted for inland cities suffering severe O3 pollution. Sun
etal. (2021) suggested a transitional regime of summer O3 formation for
Luoyang, a city in the western edge of NCP, by plotting the O3 isopleth
with WRF-Chem simulation. They found that NOx reduction only would
not decrease Os level until the emissions were cut down by 45%. When
the ratio of reduced AVOCs to NOx mass concentration reached 3:1, the
best O3 control effect would be achieved. Li et al. (2020a) conducted
WRF-Chem simulation with a series of emission control scenarios for
Lanzhou, the largest industrialized city in northwest China, and found
that VOCs control was more effective on O3 pollution alleviation than
NOx control.

Forecasting future Os level under different scenarios projected by
Intergovernmental Panel on Climate Change (IPCC) could reveal the
influence of climate change and human response on surface O3 and
guide policy making to overcome the climate penalty (Racherla and
Adams, 2006; Wu et al., 2008). Zhu and Liao (2016) conducted a series
of GEOS-Chem simulations for 2000-2050 under the Representative
Concentration Pathways (RCPs, Moss et al., 2010) to evaluate the effect
of emission changes on O3 over the polluted regions. The average
number of days with MDA8 Ogs exceeding 74.7 ppb was 3 for the four
developed regions (NCP, YRD, PRD, and SCB) in 2000, while it would
increase to 48 and 103 in 2030 and 2050, respectively, under RCP 6.0
emission scenario and the meteorological field of 2010. Similarly, Wang
et al. (2021d) quantified the impact of future emission change on na-
tional Og level, and the relative changes between 2010 and 2050 would
range from —13.3% to 3.7% for different RCP scenarios. Wang et al.
(2013) found that climate change would increase O3 concentration in
eastern China but decrease in the west, under the IPCC A1B scenario
with GEOS-Chem simulation for 2000 and 2050. Based on the IPCC
Special Report Emissions Scenarios (SRES, Nakicenovic et al., 2000), Lee
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et al. (2015) applied CMAQ and identified the emission change as a key
factor of future surface Og level for China. In contrast, the O3 would be
more greatly influenced by climate change in the developed country
Japan. Besides, the influences of enhanced natural emissions and
changed weather conditions have also been evaluated, by means of
downscaling the results of global model as initial and boundary condi-
tions for meteorological fields. Liu et al. (2019b) found that the
climate-driven BVOCs changes under the RCP 8.5 scenario would
enhance O3 by 0.9% in eastern China in the 2050s compared to 2015,
and the enhancement would account for 32% of the total O3 changes.
Xie et al. (2017) conducted a similar study for YRD with WRF-CALGRID
model under IPCC A1B scenario between 2008 and 2050. They found
that the variation of meteorological fields could significantly alter the
spatial distribution of O3, with a change of 5-15 ppb and —5 to —15 ppb
in the north and south YRD, respectively. Moreover, the changes in
BVOCs and soil NOx would account only for approximately 20% of the
surface O3 change caused by climate change. Hong et al. (2019) reported
that climate would increase population-weighted average O3 concen-
tration by 4% and then lead to an additional 8900 death under RCP4.5 in
2050. The growth in O3 and health exposure calls for more strict control
policies to offset the climate penalty. Fig. 7 illustrates the projection of
future Og level changes by various AQM studies. In general, the emission
changes were predicted to enhance Og level under RCP scenarios with
high temperature growth, but to restrain it under more stringent climate
scenarios. The results emphasized that aggressive actions against
climate warming will bring co-benefits to ozone pollution control.

To summarize, with an improved understanding on the mechanism
of O3z production, both the long-term and short-term policies on O3
alleviation have gradually taken effect detected by AQM, despite the
NOx-focused strategy increased the Og level in VOC-limited regions. In
the future, VOCs control should be emphasized and the negative effect of
climate change should be taken into consideration for policy making.

5. Conclusion

This paper reviews the AQM performance and application of Og
simulation in China. The major conclusions are summarized as below.

(1) AQMs provided a satisfactory capability in capturing the Og
concentration and its variation in China, with the correlation
coefficients over 0.5 and NMBs within +30% in most of the
reviewed studies, compared with available observations. Emis-
sion input, domain settings and model mechanisms played great
roles on the AQM performance. For single-domain simulations,
the best performance was found at the horizontal resolution of
12-30 km, while it would be improved at finer resolution in
nested-domain simulations that applied regional models and
refined local emission data. Given varied physical and chemical
mechanisms built in models, overestimation in Oz level was
commonly provided by GEOS-Chem and CAMzx, while the bias
was less conclusive for WRF-Chem, CMAQ and NAQPMS. The
efforts for further improvement of model performance contained
the parameterized settings of surface schemes and inclusions of
chloride reactions with nitrogen species and heterogeneous re-
actions on aerosols.

(2) AQMs were applied to identify the driving forces of O3 growth,
factors and processes for Os pollution episode, and the in-
teractions with aerosols. The changes in anthropogenic emissions
were expected to dominate the long-term O3 growth in China,
while meteorological conditions got increasingly important along
with recent emission controls. High temperature, low relative
humidity, strong vertical transportation and photochemical pro-
duction were diagnosed as the main contributors to the short-
term Og episodes. The suppression effect of PMs 5 on O3 forma-
tion included aerosol radiation feedback and heterogeneous
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uptake of gases and radicals, and has been weakened along with
reduced aerosol pollution.

(3) AQMs were applied to explore the source-receptor relationship of
Os. In general, industry, transportation, and biogenic sources
accounted collectively for 80% of Os and power contributed
about 10%. For the four developed regions, industry was esti-
mated to contribute most in the NCP, YRD and SCB regions, while
transportation was more important in PRD. Local emissions were
analyzed to account for only 30% of O3 formation in several
megacities, emphasizing the importance of regional transport and
joint prevention and control of Os. With various AQM techniques,
a shift from VOC-limited to transitional regime has been detected
in heavily polluted areas of eastern China, benefiting from the
sharp reduction of NOx emissions.

(4) The AQM-derived O3 concentration data with large spatiotem-
poral coverage supported environmental impact analysis and
policy effectiveness evaluation. In the past two decades, China
has experienced high and continuously increasing O3 level, which
in turn resulted in human health and vegetation damage. The
annual deaths of tens of thousands were estimated attributed to
the O3 exposure. Both the long-term and short-term policies have
gradually taken effect in limiting O3 while reduction in NOx
emissions has elevated the Og level in VOC-limited regions. In the
future, more efforts should be conducted to control VOCs emis-
sions along with continuous abatement of NOx. Attentions should
also be paid to restraining the rising O3 levels caused by global
warming.

Based on the reviews, recommendations are provided for simulating
ozone in China. First, the quality of AQM input should be ensured. For
example, the meteorology conditions need to be well predicted, espe-
cially temperature, relative humidity and wind speed. Local emission
inventory with high horizontal resolution and accurate temporal vari-
ation is a better choice at regional and city scale, instead of downscaling
the large scale emission inventories. Improvement on biogenic VOCs and
soil NOx emissions also helps for warm seasons. Second, proper model
resolution and initial and boundary conditions should be chosen. For
national simulation, we recommend that the grid width to be around 30
km and the initial and boundary chemical conditions from the output of
global chemical transport models, instead of clean air. For regional and
city scale simulation, the inner domain of 9-15 km with 2 nest domains
and inner domain of smaller than 5 km with 3-4 nest domains are more
suitable respectively. Third, updating the chemical mechanisms in the
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model is encouraged in response to the changing atmospheric environ-
ment. For example, adding new heterogeneous chemical reactions and
updating radical uptake coefficients will be beneficial, as the reduced
PM, 5 concentration may have raised Og level recently.

Furthermore, unresolved issues still exist in developing local
photochemical indicator thresholds to better capture O3 formation
sensitivity shift for policy making, and diagnosing how O3 will respond
to climate change and emission reduction in the future. In addition,
future efforts on O3 modeling improvement should focus on developing
emission inventories with dynamic and accurate information, applying
halogen emissions into model, and adding or revising chemical schemes
with updated observation information on OH reactions and VOCs
oxidizations.
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