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Editorial on the Research Topic
Physical and chemical processes within the planetary boundary layer and
their impacts on air pollution

1 Introduction

Air pollution is a critical environmental problem that arises from diverse natural and
anthropogenic emissions and poses significant threats to public health (Bu et al., 2021),
ecosystems (Hu et al.), and climate change (Bellouin et al., 2020). Despite some progress in
reducing emissions and improving air quality in certain regions, many parts of the world still
experience dangerous levels of pollution (Sicard et al., 2023).

The planetary boundary layer (PBL) forms the lowest layer of the troposphere and is a
key player in the complex dynamics of air pollution through various physical and chemical
processes (Stull, 1988). A comprehensive understanding of these processes is critical to
devising effective strategies to mitigate air pollution. This entails the optimization of
emission reduction measures, as well as the development of accurate air quality
forecasting models. Such knowledge can inform sound public policy decisions aimed at
reducing air pollution levels and safeguarding public health.

2 Physical processes

The PBL is a highly intricate and multi-scale system, involving a variety of physical processes
(Serafin et al., 2018; Miao et al., 2022), such as turbulence, convection, radiation, and advection.
The exchange of heat, moisture, and momentum between the surface and the atmosphere is
largely governed by the thermal stratification of the PBL and its underlying surface
characteristics (Stull, 1988). This exchange strongly influences the transport and dispersion
of air pollutants, including aerosols and trace gases, from the surface to the upper troposphere.
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TABLE 1 Main findings from the published research papers within the Research Topic on “Physical and Chemical Processes within the Planetary Boundary Layer and

Their Impacts on Air Pollution.”

PBL processes Main findings

Physical processes

Xiong et al. developed a new numerical method to isolate the direct and semi-direct effects of aerosols and compare their effects with the
indirect effect and found that the effects of aerosols through clouds, especially the indirect effect, play the dominant role in their feedback
processes on PBL structure and air quality under cloudy conditions.

Wei et al. summarized the current state of low-level jet (LLJ)-pollutant interactions from the perspectives of observations, models, and
mechanisms, and proposed to conduct high-resolution spatiotemporal observations of pollutants and turbulence to better understand their
interactions.

Li et al. combined the Kolmogorov-Zurbenko filter method and the multiple linear stepwise regression method to study the influence of
meteorological parameters on ozone concentration in Zibo and found that the overall meteorological influence was variable.

Chemical processes

Guo et al. conducted an online measurement of VOCs in the urban area of the city of Lhasa for the first time in May 2019 and observed a total
of 49 VOCs.

Wang et al. conducted a field observation lasting approximately 5 months, from 25 October 2021 to 22 March 2022, and found that most of the
PM, 5 pollution events occurred under conditions of low wind speed, temperature inversion, and high humidity, which favored the
accumulation and secondary transformation of pollutants.

Du et al. numerically found that the O;-sensitive regimes in the city of Chengdu were in a transition zone, while the other neighboring cities
were in the NOx-limited zone.

Hao et al. studied the interfacial partition constant of 2-chloroacetophenone by measuring the mass uptake vapor on various environmental
water films of different thicknesses and found that the adsorption partitioning ability of 2-chloroacetophenone at the air/water interface was
negatively correlated with the surface tension.

Hu et al. applied a remote sensing-based method to assess the impact of O3 on the net primary productivity (NPP) of China’s terrestrial
ecosystems by combining MODIS NPP and the latest ground-based observations of O concentration.

Ai et al. evaluated existing diesel pollution control policies in Beijing and proposed emission control measures taking into account air quality
improvement, emission reduction needs, diesel consumption characteristics, and existing emission reduction problems.

Wang et al. found that cloud cover can influence O; pollution in Beijing, Hangzhou, and Guangzhou.

Turbulence is the dominant feature of the PBL and is responsible
for mixing and transporting heat, moisture, and pollutants (Wei
et al.). Convection, on the other hand, is responsible for the vertical
transport of heat and moisture (Margairaz et al., 2020). Radiation
plays a significant role in determining the energy balance of the PBL
(Lee, 2018) and its interaction with aerosols (Xiong et al.).
Meanwhile, advection involves the transport of air masses
horizontally (Miao et al., 2022), and certain synoptic conditions
and PBL dynamics can result in the long-range transport of
pollutants (Colarco et al., 2004; Xiao et al., 2020).

The height and stability of the PBL determine the concentration
of pollutants at the surface (Miao and Liu, 2019) and regulate their
vertical distribution (Bourgeois et al., 2018; Banerjee et al., 2022).
Therefore, understanding the dynamics and physical processes of
the PBL is crucial in predicting air pollutant concentrations and
developing effective air pollution mitigation strategies. For example,
the interaction between aerosols and the PBL (Wang et al., 2022) is a
critical factor in air pollution formation and dispersion. High
concentrations of aerosols can enhance the stability of the PBL,
resulting in decreased PBL height and exacerbating pollution levels
(Petdja et al, 2016). Additionally, aerosols can affect cloud
adjustments and microphysical processes, leading to changes in
the PBL height and the concentration of pollutants (Xiong et al.).

3 Chemical processes

Chemical processes within the PBL are the critical drivers in
affecting the composition and concentration of atmospheric

Frontiers in Environmental Science

pollutants (Wang et al., 2017). Reactions between pollutants (Ma
et al,, 2012), including nitrogen oxides (NOy) and volatile organic
compounds (VOCs), with the involvement of sunlight and other
atmospheric compounds such as oxygen, can lead to the formation
of secondary pollutants such as photo oxidants and aerosols. One of
the most crucial processes is the photochemical production of ozone
(03) (Wang et al.), which occurs during the VOCs degradation
process with the presence of NOy and sunlight (Du et al).
Additionally, the transformation of primary gaseous pollutants,
including nitrogen monoxide (NO) and sulfur dioxide (SO,), into
secondary particle pollutants (Wang et al.) such as nitric acid
(HNO;) and sulfate aerosols (SO,) is another critical process.
The other category triggering this transformation is atmospheric
oxidants, including hydroxyl radicals (OH), O3, and nitrate radicals
(NOs), and heterogeneous reactions, which are generated through
various photochemical reactions (Brown and Stutz, 2012; Wang
et al,, 2017; Ye et al., 2022).

Meteorological conditions such as air temperature, humidity,
and wind speed influence these chemical processes (Li et al; Wang
et al). For example, higher temperatures and stronger solar
radiation accelerate the photochemical reactions, leading to a
higher production rate of O3 and other secondary pollutants, and
finally causing photochemical pollution. In contrast, increased wind
speed and turbulence can enhance the mixing and dispersion of
pollutants within the PBL, leading to lower concentrations of these
compounds distributed near the surface.

Thereby, understanding the mechanisms behind these PBL
chemical processes and their links with meteorological conditions
is crucial for predicting and mitigating air pollution.
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4 Summary

In short, the physical and chemical processes occurring within
the PBL have profound effects on air pollution (Table 1), and it is
essential to comprehend these processes thoroughly. To achieve this
goal, it is necessary to conduct extensive research, including field
measurements (e.g., Guo et al.), laboratory experiments (e.g., Hao
et al.), and model simulations (e.g., Ai et al.). Such research will
enable us to develop a comprehensive understanding of the sources,
transformations, and transport of atmospheric pollutants,
benefitting the development of future air pollution mitigation
strategies and further reducing adverse effects on human and

ecosystem health.
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Volatile organic compounds in
urban Lhasa: variations, sources,
and potential risks

Shuzheng Guo?, Yaru Wang?, Tiantian Zhang?, Zhigiang Ma?,
Chunxiang Ye?, Weili Lin'*, De Ji Yang Zong* and

Bai Ma Yang Zong*

'Key Laboratory of Ecology and Environment in Minority Areas (Minzu University of China), National
Ethnic Affairs Commission, Beijing, China, 2College of Environmental Science and Technology, Peking

University, Beijing, China, *Beijing Shangdianzi Regional Atmosphere Watch Station, Beijing, China,
“Tibet Meteorological Bureau, Lhasa, China

Lhasa is a typical high-altitude city with strong solar radiation and high
background ozone levels. With the rapid development and urbanization, the
emission of volatile organic compounds (VOCs) in Tibet has been increasing
annually. However, VOCs activity and the impact on air quality and human
health have scarcely been investigated. We conducted online measurement of
VOCs in urban Lhasa during May 2019. The mean mixing ratio (with one
standard deviation) of the total VOCs was 21.5 + 18.6 ppb. Of the total
VOCs, alkanes, alkenes, and aromatic hydrocarbons accounted for 57.7%,
20.9%, and 21.4%, respectively. On the basis of VOC atmospheric reactivity,
the ozone formation potential (OFP) and hydroxyl radical loss rate (Loy) were
91.7 ppb and 3.1 s, respectively. Alkenes accounted for the largest proportion
of the OFP and Loy, followed by aromatic hydrocarbons. The results of
correlation analysis on the benzene series (BTEX), and the similarity of the
diurnal changes in CO, NOy, BTEX, and TVOC mixing ratios indicated that Lhasa
city strongly affected by motor vehicle emissions. Source apportionments using
positive matrix factorization (PMF) model further confirmed that traffic related
emissions, including gasoline automobiles, diesel vehicles, and public
transportation vehicles fueled with liquid natural gas contributed the most in
total VOCs concentration (44.5%—-50.2%), Loy (41.6%—-46.8%) and OFP (47.4%—
52.3%). Biomass combustion, mainly from the traditional biomass fuel in the
plateau, was the second contributor to ambient VOCs (41.3%), Loy (26.4%), and
OFP (29.7%), and existed a less variation in diurnal changes with a feature of
regional background. Plants contributed only about 1.5% to the VOCs
concentration but a relatively high (approximately 14.6%) Loy The
noncarcinogenic risk of BTEX did not exceed the hazard quotient value, but
the carcinogenic risk of benzene was 4.47 x 107°, indicating a potential risk.

KEYWORDS

Tibet Plateau, benzene series, atmospheric reactivity, ozone formation potential,
health risk, VOCs
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1 Highlights

e Variations in volatile organic compounds were explored in
a highland urban city

e Air quality in urban Lhasa city was strongly affected by
motor vehicle emissions

e Benzene has a potential carcinogenic risk in urban
Lhasa now

2 Introduction

Volatile organic compounds (VOCs) in the atmosphere are
crucial precursors of ozone (O;) and secondary organic aerosols
(SOAs) (Tang et al, 2006; Santos et al.,, 2021). VOCs play a
critical role in tropospheric atmospheric chemistry, affecting the
atmospheric oxidation balance, greenhouse effect, and secondary
aerosol formation (Constable et al., 2001; Klinger et al., 2002).
They also have a definite impact on human health (Zhao et al,
2019; Lyu et al,, 2020). In China, emissions of anthropogenic
VOCs have been increasing annually (Li et al., 2019), especially in
economically developed and densely populated areas such as the
North China Plain (Liu et al., 2005; Song et al., 2007; Wang et al.,
20125 Li et al., 2020), Yangtze River Delta (Huang et al,, 2011a;
Huang et al., 2015; Dai et al., 2017), and Pearl River Delta (Liu
et al.,, 2007; Guo et al,, 2011; Han et al.,, 2019). However, few
studies are carried out on atmospheric pollutants, especially
VOCs, in the Tibetan Plateau, where the air is always
considered as clean background since it is far away from
polluted areas. Limited data have revealed that VOC
concentrations in the Tibetan rural regions were higher than
those in the Arctic and Antarctic regions but lower than those in
many remote rural areas of Asia (Xue et al., 2013; Li et al., 2017).
An early study suggested that VOCs in Lhasa mainly originate
from biomass combustion and plant emissions (Yu et al., 2001).
In recent years, anthropogenic VOC emissions from fossil fuel
combustion (motor vehicles and coal burning) and industry have
become increasingly prevalent (Ran et al., 2014; Bai et al., 2018;
Chen et al, 2018; Yin et al,, 2019). In 2019, 265,000 motor
vehicles have been reported to be owned by the
555,000 registered residents of Lhasa city, and approximately
65% of the residents lived in the urban area of less than 150 km*
(data from Lhasa Statistics Bureau), indicating a high density of
vehicles in the city. As the urban area of Lhasa city has continued
to develop and expand, the number of motor vehicles, including
vehicles from other provinces, and the emissions and ambient
levels of gaseous pollutants (e.g., NOx, CO, and SO,) have
increased significantly (Wei et al., 2011; Ran et al., 2014). The
Tibetan Plateau has strong solar radiation (Chen et al., 2015),
high background ozone levels (Lin et al, 2015), and high
atmospheric oxidation capacity (Lin et al, 2008), which
facilitates the formation of airborne particulates from the
organic precursors, such as polycyclic aromatic hydrocarbons
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(Qietal, 2003; Liuetal., 2013), but also increases a potential risk
of photochemical smog from the increasing photochemical
precursors in highland cities with dense populations (Ran
et al, 2014). The potential risks of air quality deterioration
and photochemical pollution have not yet evaluated by
measurement. Therefore, performing observational studies on
VOCs to determine their concentrations, composition and
variation characteristics, photochemical properties in the
atmosphere, and potential risks to human health in urban
Lhasa, a typical highland city, is vital. In this paper, we
presented the variations of VOCs, which were continuously
and firstly measured by on-line techniques, and then
discussed their sources implication and potential risks.

3 Measurement and analysis methods
3.1 Online measurement

From May 1 through 31 May 2019, VOCs were measured in
the yard of the Meteorological Bureau of the Tibet Autonomous
Region in Lhasa city (91.13°E, 29.65°N, 3,667 m above sea level).
The sample inlet was on the rooftop of a four-storey building.
The measurement site was adjacent to the Linkuo North Road in
the northern part of the city. The site was surrounded by office
and residential areas, and the famous Potala Palace was located
2 km to the west, as illustrated in Figure 1.

In this study, an online gas chromatograph analyzer (Syntech
Spectras GC955, Groningen, Netherlands) was used to measure
the ambient VOC concentrations. The ambient air sample
entered the analyzer after particulate filtering and Nafion tube
drying. The sampling flow rate was 0.5 L-min™". Cs-C,, and
C,-Cs compounds, with high and low boiling points,
respectively, were measured separately. C4-C;, compounds
were preconcentrated and enriched on a Tenax GR tube at
room temperature, heated, and quickly desorbed. The
compounds then entered a DB-1 chromatographic column
with a carrier gas for separation and were finally detected by
a photoionization detector (PID). C,~C5 compounds were cooled
and preconcentrated at a low temperature (5°C) on a Carbonsieve
SlIl tube. After heating and desorption, they were separated using
a porous layer open tubular chromatographic column and were
finally monitored using a PID and a flame ionization detector
(FID). 40-min cycles were set during the measurement. VOC
standard gases (55 VOC mixtures, ~1.0 ppm, Linde Spectra
Environmental Gases, Germany), namely 28 alkanes,
11 alkenes, and 16 aromatics, were used in qualitative and
quantitative analyses. Zero and span (~5ppb) calibrations
were performed in the early and late stages of field
observation. High purity N, (99.999%) was used as zero and
dilution gas. According to the order of peak areas and the
retention times of the standard spectrogram, the individual
VOCs compounds were determined and quantified. During
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FIGURE 1

Measurement site's location and nearby topography in Lhasa. Measurement was conducted in the central urban area.

the measurement, there were 49 species of VOCs identified and
quantified. In general, the precision for VOCs was below 15%.
The linear correlation coefficients of calibration curves were
mostly greater than 0.99 for individual VOCs compounds as
tested in the lab.

Surface CO mixing ratios were measured using a gas filter
correlation infrared absorption analyzer (48i trace level, Thermo
Fisher, Uinted States). Reactive nitrogen species (NOy) were
detected using a chemiluminescence analyzer (Model 42i-Y,
Thermo Scientific, Uinted States) equipped with an external
molybdenum converter heated to approximately 375°C.
data the Tibet
Meteorological Bureau.

Meteorological were obtained from

3.2 Data analysis methods

3.2.1 Calculation of mixing layer depth

The National Centers for Environmental Prediction and
National ~Center for Atmospheric Research reanalysis
meteorological data set (https://ready.arl.noaa.gov/archives.
php) was input into National Oceanic and Atmospheric
(http://ready.arl.noaa.gov/HYSPLIT.

php) software to calculate mixing layer depths (MLDs) during

Administration  Hysplit
the measurement period.
3.2.2 Calculation of ozone formation potential

The maximum incremental reactivity (MIR) method was
used to calculate the OFP of each VOC component to evaluate
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the contribution of VOCs to O; generation. The OFP calculation
formula is as follows:

OFP; = MIR; x [VOC], (1)

where MIR is the maximum incremental reactivity, and the value
of MIR is obtained from the California Code of Regulations, 2010
(Carter, 2010); [VOC]; is the concentration of each VOC
component in ppb.

3.2.3 Calculation of loss rate of hydroxyl radical
The OH radical loss rate (Loy) of VOC components was
calculated using the following formula:

LOHi = k?H X [VOC], (2)

where k°" is the reaction rate constant of VOCs and hydroxyl
radicals, and the data originate from reference (Atkinson and

Arey, 2003).

3.2.4 Positive matrix factorization analysis
Positive matrix factorization (PMF) model was first proposed
to factor analysis in 1994 (Paatero and Tapper, 1994) and it has
been widely used recently as a tool to resolve VOCs source-
receptor relationship and to evaluate the different sources
contributions. PMF is a receptor model which quantifies
contributions from various sources by mathematical statistics
according to the different chemical composition or source
fingerprint. In this paper, the EPA PMF 5.0 software with a
multiple linear engine version 2 (ME-2) platform (Norris et al,,
2014) is used for source analysis. Based on Eq. 3, PMF calculates
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the following parameters: 1) the number of VOCs source factors
p»> 2) the chemical composition of each source factor f, 3)
contribution g of each source factor to the sample, and 4)
residual e;; of each species to each sample. The constraint of
PMF is that the contribution g and source factor fin the equation
should be non-negative to have physical significance.

Xi= ) gfi+e ®3)

where, the data matrix Xj; represents the concentration of VOCs,
i represents the observed sample, j represents the species.

The target of PMF is to minimize the functional residual
Qin the Eq. 4, where n and m are the number of samples and
the number of species respectively, and u;; is the uncertainty
of Xjj.

p
& — 2o Bufy

u,-]-

n m p . f i
Q= Zi:IZj:I Rl * )

The input file consists of two matrices, observed species
concentration (Xj;) and uncertainty (u;).
Uncertainty calculation formula is:

\/(Error Fraction x Conc.)* + (0.5 X MDL]-) Conc.>MDL

10.3389/fenvs.2022.941100

Based on the extensively used principles, missing rates
greater than 25% or concentrations lower than MDL are
excluded (Han et al, 2021). Finally, 21 species were selected
and input into the PMF model calculation. Three to nine factors
were estimated to obtain the best resolution based on the Qe/
Qexpected AN Qirue/ Qrobust Value (Li et al., 2020). In this study, six
factors were determined with regard to the Quue/Qrobust =
1.06 and Quue/ Qexpected = 1.09. Around 95% of the scaled
residuals were between -3 and 3. Fpeak with the value
of —1 to 1at intervals of 0.1 was determined to investigate the
free rotation (Song et al., 2018). The results showed that Fpeak
values had no significant difference, indicating a good fit of the
modeled results.

3.2.5 Health risk assessment

To quantitatively describe the relationship between the
human exposure dose and adverse health reaction, according
to the carcinogenicity of substances, health risk assessments are
generally of two types: carcinogenic and noncarcinogenic risk
assessments (Xia et al.,, 2014; Cheng et al., 2019). In this study, the
assessment indexes were calculated using Eqs. 6-9.

5 EC:CXET><EF><ED ©)
Unc = = x Conc. Conc.< MDL AT
6 o Risk = IUR x EC (7)
4 x media conc. Missing da(t:) HQ = EC/RfC )
Qexpected~ =nXxm-— P X (” + m) HI= Z?:lHQi (9)
% 4/30 5/5 5/10 5/15 520 5/25 5/30
ggg:—"cg-C;Aflkﬁané ' SR AR B A R A A A A B
2 351 3 w 135
< 20f 1 A l f 420
('?/-\ 5L N%Vh. |"‘h/'\‘>. A M Fa H s ‘/ L RIS 5
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FIGURE 2

Time series variations in alkenes, C2-C5 alkanes, C6-C12 alkanes, and aromatics mixing ratios in the 2019 study.
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TABLE 1 Concentrations and ratios of the classification of VOCs in May
in urban Lhasa.

Species Mean Std Median Proportion
(ppb) (ppb)  (ppb) (%)

Alkanes 12.4 11.2 9.8 57.7

Alkenes 4.5 2.8 4.1 20.9

Aromatics 4.6 35 3.9 214

TVOCs 215 18.6 17.8 100

where EC is the exposure concentration in pg/m’, C is the
environmental concentration of pollutants in pg/m?, ET is the
exposure time, EF is the exposure frequency, ED is the exposure
duration (in years), AT is the average time, RfC is the inhaled
carcinogenic risk concentration in mg/m®, IUR is the US
Environmental Protection Agency (EPA) inhalation unit risk
in pg/m’ Risk is the value of carcinogenic risk, HQ is the
noncarcinogenic risk hazard quotient (HQ), and HI is the
noncarcinogenic risk index. EF was obtained from the US
EPA Integrated Risk Information System (IRIS, 365 d/y;
http://www.epa.gov/iris), and ET, ED, and AT were 3.68 h/day,
74.8 years, and 74.8 x 365 x 24 h, respectively (Cheng et al,
2019).

4 Results and discussion

4.1 Time series variation in VOC mixing
ratios

As illustrated in Figure 2, during the entire observation period,
the volume mixing ratios of C,—Cs alkanes, alkenes, C4—C;, alkanes,
and aromatics were 2.1-67.4, 0.39-16.8, 1.2-223, and
0.95-20.6 ppb, respectively. Regarding C,-Cs alkanes, higher
spikes were found from May 14-19, 2019, whereas Cs-Ci;

10.3389/fenvs.2022.941100

alkanes demonstrated higher concentrations on May 5-9 and
13-16, 2019 (maximum value: 22.3 ppb, daily average value:
7.4 ppb). Aromatics fluctuated more from May 7-18, 2019, with
a greater number of peaks (maximum value: 20.6 ppb, daily average
value: 8.7 ppb). Alkenes demonstrated fluctuations for the whole
measurement period. The daily mean concentrations of C,-Cs
alkanes only exhibited a significant correlation (R = 044, p <
0.05) with alkenes, and the daily mean concentrations of Cs-Ci,
alkanes only had a significant correlation (R = 0.65, p < 0.05) with
aromatics. This indicated a difference in sources and sinks between
C,-Cs and C4-C;, VOC compounds.

4.2 Statistics and comparison of VOC
mixing ratios

4.2.1 Concentration level of volatile organic
compounds

As detailed in Table 1, the hourly mean mixing ratio with +1
o of total VOCs in our measurement was 21.5 + 18.6 ppb
(median: 17.8 ppb), which was lower than the annual average
VOC mixing ratio of 37.4 ppb (sum of alkanes, alkenes and
aromatics) obtained in Lhasa city during 2019 through Summa
canister offline sampling (Yu et al, 2022). Leaving their
difference in sampling time and frequency aside, it indicated
that there have months with high VOCs at Lhasa than that in
May when we measured. The concentration was also lower than
those reported in large cities such as Beijing, Tianjin, Nanjing,
and Los Angeles (see Table 2) but higher than those reported in
clean rural sites such as Gonggar Mountain. The alkane volume
mixing ratio was 12.4 + 11.2 ppb, accounting for 57.7% of the
total VOCs, whereas the ratios of aromatics and alkenes were
4.6 £3.5and 4.5 + 2.8 ppb, accounting for 21.4% and 20.9% of the
total VOCs, respectively. The relative contribution of the four
types of VOCs here was similar to other cities, inferring
comparable emission inventory structure of VOCs. Much

TABLE 2 Comparison of atmospheric VOCs in Lhasa with other observation sites.

Site Period Site type

Lhasa 2019.05 Urban 49
Menyuan 2013.9.13-10.14 Background 38
Lanzhou 2013 Urban 53
Dushanzi 2015.09-2016.04 Urban 57
Tianjin 2019 Urban 56
Beijing 2016 Urban 99
Nanjing 2013.12-2014.02 Urban 56
Los Angeles 2010.05 Urban 26
Southwest of the U.S. 2017.4-2017.9 National Park 56
East Rongbuk Glacier 2009 Background 108
Gongga Mountain 2008.1-2011.12 Background 40

Frontiers in Environmental Science

No. of
species

Conc./ppb Method Reference

215+ 186 Online/GC This study

11.03 Offline/GCMS Bai et al. (2016)
38.29 Online/GC Jia et al. (2016)

17.05 + 13.61 Offline/ GCMS Zhang et al., (2019)
489 pgm™ Online/GC Gao et al,, (2021)
101.5 + 65.2 ug m™ Online/GCMS Liu et al,, (2021)

27 + 14 Online/GC An et al., (2017)

41.3 Online/PTRMS Warneke et al., (2012)
0.1~21 Offline/GCMS Benedict et al., (2020)
8.56~36.77 Offline/ GCxGC Wang et al., (2009)
8.75 + 5.76 Offline/GCMS Zhang et al., (2014)
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TABLE 3 Top 10 species ranked in terms of proportions of concentration, OFP, and Lop.

Species Conc. Ratio Species OFP Ratio Species Lon Ratio
(ppb) (%) in (ppb) (%) in Cy) (%) in
conc. OFP Lon
Ethane 2.86 13.3 Isobutene 14.47 15.8 Isoprene 0.52 16.6
Isobutene 2.34 10.9 m/p-Xylene 9.60 10.5 1-Hexene 0.41 13.0
Isobutane 1.97 9.2 Toluene 9.26 10.1 Propene 0.31 9.8
n-Butane 1.72 8.0 o-Xylene 8.21 9.0 n-Undecane 0.29 9.3
Bezene 1.65 7.7 Propene 8.07 8.8 cis-2- 0.23 7.4
Butene
n-Undecane 1.36 6.3 Hexene 6.08 6.6 m/p-Xylene 0.18 5.8
Toluene 1.21 5.6 cis-2- 4.82 53 n-Decane 0.15 4.7
Butene
2,2- 0.99 4.6 Isoprene 3.76 4.1 o-Xylene 0.12 39
Dimethylbutane
Propene 0.79 3.7 Isobutane 2.94 32 Styrene 0.12 3.7
n-Hexane 0.70 33 n-Undecane 2.70 29 Toluene 0.12 3.7
Total 15.6 725 Total 69.9 76.3 Total 2.4 78.0
originates from solvent use, fossil fuel and biomass
0l [ Jo-Xylene combustion, and it plays a pivotal role in atmospheric
[ m/p-Xylene photochemical smog and particulate pollution (Zhang et al.,
[ Ethylbenzene 2016; Yao et al., 2017).
2 8+ =;zll:;ee:l; Supplementary Figure SI depicts the time series
3' variations in benzene, toluene, ethylbenzene, m/p-xylene,
.§ 6 and o—xyllefle m1x%ng ratllos. from May 1 to 31 Ma).f 2019.
= BTEX mixing ratios exhibited day-to-day fluctuations of
%‘) 1.8-20.2 ppb. The average benzene, toluene, ethylbenzene,
g 4 m/p-xylene, and o-xylene mixing ratios with +1 o were 1.65 +
0.8, 1.21 + 1.02, 0.29 £ 0.25, 0.56 + 0.58, 0.49 + 0.48 ppb,
2 respectively, and BTEX accounted for 19.5% of the
total VOCs.
Figure 3 provides a comparison of BTEX mixing ratios in

0.3 NS
“‘bs 0O
WV 60‘50@ oY

" >
g,é\\\“z‘\%‘\‘?}‘%

FIGURE 3
Comparison of BTEX mixing ratios in the atmosphere
between Lhasa and other sites.

lower VOCs might be related to the relatively lower emission
strength in the city of Lhasa. According to mixing ratios, the top
10 VOC components were ethane, isobutene, isobutane,
n-butane, benzene, toluene, n-undecane, 2,2-dimethylbutane,
propylene, and n-hexane, respectively (Table 3).

4.2.2 Characteristics of BTEX mixing ratios
BTEX is a general term for benzene, toluene, ethylbenzene,

and three xylene isomers (m-xylene, p-xylene, and o-xylene);

it represents a key group among VOCs. BTEX mainly
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Lhasa with the ratios recorded in other cities. The BTEX mixing
ratios in Lhasa were much lower than those in Beijing (January
2014) (Lietal, 2015), Shanghai (January 2007-March 2010) (Cai
et al,, 2010), Guangzhou (November-December 2009) (Zhang
et al,, 2013), and the Dinghushan rural site in the Pearl River
Delta (April 2005) (Tang et al., 2007). However, it is worth noting
that the benzene to BTEX ratio was higher in Lhasa (39%) than
that in Beijing (24%), Shanghai (19%), and Guangzhou (30%).
The BTEX mixing ratio in Lhasa was higher than that at the rural
site in Changdao, Shandong province (March-April 2011) (Yuan
etal., 2013) and Waliguan, Tibet Plateau (April-May 2003) (Xue
et al.,, 2013).

4.3 Diurnal variations

Figure 4 shows the average diurnal variations in the
mixing ratios of various classes of VOCs, atmospheric
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FIGURE 4

Daily variations in (A) C2-C5 alkanes, (B) C6—-C12 alkanes, (C) alkenes, (D) aromatics, (E) TVOCs mixing ratios and mixing layer depths (MLD), and
(F) wind direction frequency and wind speed (shade and error bar indicate 1 o).

MLD, wind direction frequency, and wind speed. Easterly
winds were predominant at nighttime (19:00-6:00), whereas
westerly winds were more prevalent during daytime. Strong
winds were observed in the afternoon and reached a peak at
16:00-17:00.

The peak value of C,-Cs alkanes was found at 6:00 when the
wind speed was the lowest for the day. The concentrations then
gradually decreased; a trough value appeared at 14:00, and
another peak value appeared at 21:00. The mean value at 6:00
(11.3 ppb) was close to the median value (10.8 ppb), whereas the
mean value (11.5 ppb) at 21:00 was much higher than the median
value (8.2 ppb), which indicated the heavier influence of local
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emissions at night peak time. The concentration (6.9 ppb) of
C,-Cs alkanes in daytime was lower than that at night (9.3 ppb).

Alkenes exhibited two peaks at approximately 9:00 in the
morning (4.7 ppb) and 17:00 at night (6.7 ppb), and the morning
peak appeared at a time similar to that of the aromatics. Distinct
from C,-Cs alkanes, the mean value of alkenes in the daytime
(4.7 ppb) was slightly higher than that at night (4.0 ppb). This
shall be attributed to a stronger emission of them in daytime than
nighttime, since there are stronger dilutions and sinks in daytime
than nighttime.

Diurnal variation was found for the aromatics: an obvious peak
value (7.5 ppb) occurred at 8:00 in the morning, followed by a
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Average daily variation in CO, NOy, TVOC, and BTEX mixing
ratios (error bar indicates 1 o).

gradual decrease, reaching a trough (3.7 ppb) at 13:00-14:00 and
then increasing up to a second peak (5.5 ppb) at 17:00. The daytime
concentration of aromatics (4.8 ppb) was also slightly higher than
that (4.3 ppb) at night. The morning peak of C,-Cs alkanes
appeared earlier and lasted longer, whereas the morning peak of
aromatic hydrocarbons appeared sharply later on.

Generally, the diurnal variations were lower in C4-Ci,
alkanes and alkenes than in aromatics and C,-Cs alkanes, in
terms of their amplitudes in diurnal variations. For total VOCs
(TVOCs), diurnal variation was found: two peak values of
22.4 ppb at 8:00 and 21.9 ppb at 21:00, and two trough values
of 15.2 ppb at 2:00 and 15.0 ppb were found at 13:00. During the
day, the mixing ratios of TVOCs decreased and reached their
lowest values at approximately 13:00. The higher MLD and wind
speed in daytime would promote the convective and advective
dilution of the pollutants. Therefore, the timing of diurnal
variation of distinct VOC species differed slightly as a result
of the differences in emission sources, in addition to varied
species activity, and sink. Notably, freight vehicles have been
restricted on roads in urban Lhasa from 5:00 to 21:00 every day,
which may have affected the diurnal variations in some species of
VOC:s, for example the night peaks of them. This requires further
exploration.

Figure 5 depicts the average diurnal variations in CO,
NOy, BTEX, and TVOCs mixing ratios. The diurnal change
of BTEX exhibited a pattern consistent with that of TVOCs; a
significant correlation (R = 0.86, p < 0.01, Supplementary
Table S1) was observed. Except for a high peak at
approximately 17:00 for BTEX and TVOCs, a similar
variation pattern was observed for the BTEX (TVOCs),
CO, and NOy mixing ratios. CO mainly originates from
incomplete combustion (Shao et al., 2020) and is a tracer
of combustion emissions. The CO, NOy, and BTEX (TVOCs)
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FIGURE 6
Relative contributions of mixing ratios, OFP, and LOH
activities of alkanes, alkenes, and aromatics.

mixing ratios reached peaks during the morning rush hour
period at 8:00, which was likely due to vehicle exhaust
emissions. During the evening rush hours, a peak for
BTEX (TVOCs) was also observed at approximately 17:00,
but no peaks for CO and NOy were noticeable. Another
distinct nighttime peak appeared at 21:00 for CO, NOy, and
BTEX (TVOCs), which may be primarily due to high vehicle
emissions associated with the habits of local people and the
end of the driving restrictions on freight vehicles (Huang
et al., 2011b). The similarity of the CO, NOy, BTEX, and
TVOC mixing ratios during the 2:00-4:00 and 13:00-14:
00 periods indicated that the pollutants could not easily
accumulate in the Lhasa valley at night in May because
the geographical scale of urban Lhasa is small and the air
above is easily diluted and replaced by fresh and clean
surrounding air.

In addition to source emissions, meteorological factors also have
an impact on the diurnal change of pollutants. Pearson correlations
of meteorological parameters with the hourly mean NOy, CO, and
various classes of VOCs mixing ratios are showed in Supplementary
Table S2. In addition to Cs—C;, alkanes, other pollutant
including TVOCs,
negatively correlated with changes in wind speed, which

concentrations, were significantly and
indicated a feature of local emission. MLD seemed to have a
MLD

significant and negative correlations with NOy, C,—Cs alkanes

complex influence on different pollutants. showed
and TVOCs, significant and positive correlations with alkenes
and C¢—Ci, alkanes, but insignificant with CO, BTEX, and
aromatics. Air temperature were significantly and positively
correlated with changes in BTEX, aromatics, and NOy, but

insignificant with other pollutants.
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Ternary diagram of the normalized benzene, toluene, and
ethylbenzene mixing ratios. The wireframes include > 90% of the
scatter collected for the three lumped source categories of
industrial and solvent emissions, traffic emissions, biomass/
biofuel/coal burning (BM/BF/CB).

4.4 OFP and OH loss rate of VOC
components

The atmospheric lifetimes and reactivity of different
of VOCs the
concentration alone does not fully reflect the roles of these

species varied greatly. Therefore,
factors in the processes of atmospheric chemistry; this
by
considering the properties of chemical reactivity, such as
OFP and OH loss rate (Bufalini et al., 1976).

The total OFP of the observed species was 91.7 ppb during the
entire observation period, and the OFP of alkanes, alkenes, and
aromatic hydrocarbons was 189, 39.6, and 332ppb with
contributions of 20.6%, 43.2%, and 36.2%, respectively. The total
Lop was 3.1 7' for all observed species, with values of 0.9, 1.5, and
0.7s™ and contributions of 28.2%, 47.9%, and 23.9% for alkanes,

alkenes, and aromatic hydrocarbons, respectively. As illustrated in

shortcoming can be overcome to some extent

Figure 6, alkanes were the most abundant components (57.7%) in
the total VOCs but had the lowest contributions to OFP (20.6%) and
Logr (28.2%), whereas alkenes had the highest contributions to OFP
(43.2%) and Loy (47.9%), which indicated higher activity and hydroxyl
radical reaction rate for alkenes than for alkanes in Lhasa. Aromatics
contributed 36.2% to the OFP and 23.9% to Loy. The top 10 VOC
species were ranked in terms of concentration, OFP, and Loy,
respectively, and are shown in Table 3. Although ethane and
benzene had high concentration proportions, their OFP and Loy
were not ranked in the top 10 due to their relatively weak
reactivity. In terms of the control of ozone generation, the priorities
for controlling VOC species are isobutylene, m/p-xylene, toluene,
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o-xylene, propene, hexene, cis-2-butene, isoprene, isobutane, and
n-undecane, which accounted for 76.3% of OFP.

4.5 Source apportionments through BTEX
correlation ratios and positive matrix
factorization analysis

4.5.1 BTEX components ternary analysis

The main emission sources of benzene are combustion
processes, including biomass, biofuel, or coal burning (BM/
BF/CB). The proportion of benzene in BM/BF/CB sources is
higher than that of toluene, whereas the proportion of benzene in
motor vehicle emissions is generally lower than that of toluene
(Barletta et al., 2005). In this study, a ternary diagram of benzene,
toluene, and ethylbenzene mixing ratios was used to determine
the predominant emission sources (Zhang et al., 2016), and the
results are presented in Figure 7. In the diagram, the benzene,
toluene, and ethylbenzene mixing ratios are normalized. The
distribution of benzene, toluene, and ethylbenzene mostly
occurred in the biomass burning and transportation emission
areas, and the BM/BF/CB areas accounted for a larger proportion
of the emissions than the areas with industrial and solvent and
traffic emissions. However, most the scattering dots did not fall
within the wireframes, which indicated different emission
spectrums on the plateau from that in the area with low
altitudes. Studies on aerosols and other air pollutants in Lhasa
have demonstrated the considerable impact of biomass burning
related to religious activities and regional transport (Cui et al.,
2018; Duo et al,, 2018). As displayed in Figure 8, during rush
hours (7:00-9:00 and 17:00) and nighttime peak periods (21:00),
which were expected to be associated with higher traffic-related
emissions, the emission levels did not differ with those of other
time periods. Because the patterns of benzene, toluene, and
ethylbenzene distribution between BM/BF/CB and traffic
emissions should differ, traffic emissions were expected to
have been a dominant influence on ambient VOCs in Lhasa
since disorderly incense and biomass burning activities have been
greatly restrained in protecting the environment in recent years.

4.5.2 BTEX components correlation

The ratio of distinct VOC species can be used to determine
the predominant pollution sources on the basis of the difference
in the characteristic species of VOCs in the corresponding
sources. The toluene-to-benzene (T/B) ratio has often been
used to identify the sources of pollutants (Niu et al., 2012; Y.
Zhang et al., 2013). The T/B ratio of <2 indicates that the main
sources are vehicle exhaust emissions or biomass burning. A T/B
ratio of >2 indicates that the pollutants were emitted from other
sources, and a T/B ratio of 4.25-10.00 strongly implies the
influence of industrial emission sources (Barletta et al., 2008;
Niu et al,, 2012; Kumar et al,, 2018). A study on pollution sources
revealed that the T/B ratio for biomass combustion was
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Correlations between benzene and toluene at distinct time periods (p < 0.05)

approximately 0.5 or even lower, whereas that for motor vehicle
emissions was nearly 1.7 (Barletta et al., 2005).

The correlations between toluene and benzene mixing ratios
in distinct periods are depicted in Figure 8. All the correlations
were significant (R > 0.6 and p < 0.05), indicating that the
pollutants were emitted from the same or similar sources. The
slopes (T/B ratio) of the fitting curves were 1.52 at 7:00-9:00 and
1.85 at 21:00, both of which are higher than the T/B ratio values
of 1.24 at 17:00 and 1.12 during other periods. The emissions
from motor vehicles were associated with higher T/B ratios than
biomass combustion (Zhang et al, 2013); thus, the results
reflected more traffic-related emissions during the periods of
7:00-9:00 and 21:00.

4.5.3 Air mass age analysis

M/p-xylene and ethylbenzene usually have a common
source, but the reaction rate of m/p-xylene with hydroxyl
radicals is nearly three times higher than that of ethylbenzene,
and the ratio of m/p-xylene to ethylbenzene (X/E) gradually
decreases as the photochemical reaction proceeds; hence, the X/E
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can be used as an indicator of the degree of air mass aging (Huang
et al.,, 2015; Han et al., 2020).

Figure 9 displays the average diurnal variations in benzene,
toluene, m/p-xylene, and ethylbenzene mixing ratios, as well as in
T/B and X/E ratios. Benzene, toluene, ethylbenzene, and m/
p-xylene mixing ratios had peak values and high T/B and X/E
ratios were found from 7:00 to 9:00 in the morning, which
coincided with the morning rush hours. Similar patterns were
observed during other times of peak traffic at approximately 17:
00 and 21:00. Trough values were observed at 13:00-14:00, as
well as low T/B and X/E ratios. The peak and trough values of
toluene and m/p-xylene mixing ratios were more obvious than
those of benzene and ethylbenzene mixing ratios because toluene
and m/p-xylene have higher photochemical reactivity. The
average diurnal variation in T/B ratios was 0.5-0.9, which is
close to the values obtained at the rural site of Shangdianzi (Han
et al., 2020). The low T/B ratio indicates the crucial influence of
biomass combustion. The average diurnal variation in the X/E
ratio was 0.8-2.0, which was higher than the ratios obtained at
Shangdianzi and Beijing (Han et al., 2020).
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4.5.4 Volatile organic compounds source
apportionment by positive matrix factorization

The result of VOCs source apportionment by PMF model
analysis was shown in Figure 10 (left panel), in which six factors’
resolutions with a stable Q value were identified as the dominant
source of VOCs in urban Lhasa city. The average diurnal
variations in each source concentration were shown in
Figure 10 (right panel).

The first factor was characterized by the strong presence of
3-
methylpentan, aromatics like toluene, benzene, xylene. These

ethane, ethene, n-butane, butene, 2-methylpentan,

species are mainly from traffic emissions and gasoline
2020).
identified as gasoline automobile emissions. As can be seen in

evaporation (Li et al, Therefore, this source is
Figure 10 (right panel), the average diurnal variation in gasoline
automobile emissions presented peaks at 7:00-9:00, 17:00 and 21:
00, which peaks reflected the influences of traffic rush hours.
Factor 2 was distinguished by a high percentage of alkanes
with high carbon number, such as n-decane and n-undecane,
which were abundant in diesel vehicle exhaust (Zhang et al.,
2021). Ethane, ethene, propene and benzene, ethyl benzene and
xylene were also rich in this factor with high percentages. These
species are associated with diesel vehicular emissions. Thus,
Factor 2 was featured as diesel vehicle exhaust. Due to
restrictions in freight vehicles in the daytime, the VOCs
emissions contribution from diesel vehicles might be lower
during the day than at night. In addition, lower MLD also
increased the level of the corresponding VOCs mixing ratio at

night (Figure 10, right).
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Factor 3 was characterized by high levels of aromatics

(xylene, styrene, ethylbenzene, and benzene). Toluene,
ethylbenzene, xylene, and 1,3,5-trimethylbenzene are used as
organic solvents in various industries and can be regarded as
indicator species for solvent volatilization. Alkanes like
methylpentane, methylheptane, n-decane, n-undecane, are also
widely used as nonpolar solvents (Yuan et al., 2010; Song et al.,
2018). Therefore, source 3 was identified as solvents usage.
Because solvent usage often occurred in daytime and the
solvents have a more volatility under higher temperature,
VOCs concentrations from solvents usage contribution were
higher during the day than at night. The change of BTEX and
aromatics mixing ratios were significantly and positively
correlated with air temperature in Supplementary Table S2
also supported this conclusion.

Factor 4 was distinguished by high percentages of ethane,
ethene, butane and butene which could be emitted from
incomplete combustion of biomass (Ling et al., 2011; Li et al,
2020). In addition, benzene accounts for a high load with a
contribution of 44%. The concentration of benzene was higher
than toluene in this factor, which is consistent with the
characteristics of biomass combustion. There was high level of
VOCs from biomass burning in the morning (Figure 10, right),
which may partly be related to the more activities in incense
burning in the forenoon. There had a distinct feature with a flat
curve and with relatively high concentrations for its diurnal
change in this factor, which indicates that biomass burning in
Lhasa is still common since biomass fuel is the main traditional

fuel in the plateau. The less variation in diurnal changes might
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also tell us that the influence of biomass burning there is of
regional characteristics.

Factor 5 was distinguished by high percentages of C,-C,
alkanes, propane, i-butane, and n-butane are regarded as the
major compounds of liquid petroleum gas (LPG) and natural gas
(NG) (Shao et al., 2016; Han et al,, 2021). LPG and NG both play
important roles in domestic catering and traffic. Thus, source 5 is
assigned to LPG & NG usage. The diurnal variation of this source
was similar to motor vehicles, except no obvious peak at 21:00.
Public transportation in Lhasa has promoted the fuel conversion
from oil to natural gas since 2014. Since this diurnal variation
showed a similar pattern with factor 1, it reflected more
contribution from traffic emissions than others.

The source profile of factor 6 was dominated by isoprene,
which contributed 71% to the total isoprene. Isoprene is a typical
tracer for plant emission, but traffic emissions and combustion
also emit a small amount of isoprene (Borbon et al., 2001). Plants
emit more isoprene during the day with solar radiation and
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higher temperature than at night. Therefore, the diurnal variation
in plant emission showed typical feature with high values in the
daytime and low at night (Song et al., 2018; Li et al,, 2020). Our
result in factor 6 was consistent with this natural law.
Accordingly, factor 6 was identified as plant emission.

Figure 11 showed the contribution of each source to the
concentration, Loy and OFP. Traffic emissions contributed
44.5%, including gasoline automobile emissions (30.3%), diesel
vehicle exhausts (14.2%), to TVOCs; 41.6% to Loy and 47.4% to
OFP. In addition, LPG&NG related emissions contributed 5.7%
to TVOCs, including cooking fuel emissions, gas station
volatilization, natural gas bus and taxi emissions, and so on.
Biomass burning contributed 41.3% to TVOCs, 26.4% to Loy
and 29.7% to OFP. Overall, air quality in urban Lhasa city was
strongly affected by motor vehicle emissions now, exceeding the
biggest contribution of biomass burning from the result of Yu
et al. (2022). Plant emissions contributed only 1.5% to TVOCs,
but relatively high proportions to Loy (14.6%) and OFP (4.8%),
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TABLE 4 Health risks of BTEX in Lhasa.

Species EC (pg/m?) RfC (mg/m*)
Benzene 0.57 0.03

Toluene 0.49 5.00
Ethylbenzene 0.14 1.00

m/p-Xylene 0.26 0.10

o-Xyelene 0.23 0.10

BTEX - -

IUR (m*/pug) HQ Risk

7.80x10°° 1.91x10 4.47x10°°
- 9.88x10° -

- 1.38x10* -

- 2.63x10°

- 229107

- HI (0.02) 4.47x10°°

EC is the exposure concentration, RfC is the inhaled carcinogenic risk concentration, IUR is the inhalation unit risk.

due to the high reactivity of isoprene. The contribution of plant
emissions was similar with the other studies (Yu et al., 2001; Yu
et al., 2022).

5 Risk assessment on BTEX

Benzene is the most toxic compound among them and has
been listed as a class | carcinogen for human beings by the
International Agency for Research on Cancer. Other BTEX
compounds have also been identified as harmful air pollutants
(Yang et al,, 2017; Zhang et al., 2017; Abd Hamid et al., 2020). In
1983, the US National Academy of Sciences proposed a four-step
approach to health risk assessment, which consists of hazard
identification, dose-response assessment, exposure assessment,
and risk characterization (National Research Council Committee
on the Institutional Means for Assessment of Risks to Public
Health, 1983); this is now an internationally accepted approach.
Many of the VOCs recorded in this study have their own toxicity
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risks (Shu et al., 2019; Lyu et al,, 2020), and benzene also has a
carcinogenic risk.

The US EPA suggests that the acceptable carcinogenic risk
for adults is 1 x 107° (US EPA, 2009). For noncarcinogenic risk
assessment, an HQ of greater than 1 for a contaminant implies a
noncarcinogenic risk, and an HQ of less than or equal to
1 implies a small or negligible risk.

The EC, inhalation RfC, inhalation unit risk concentration
(IUR), noncarcinogenic risk HQ, noncarcinogenic risk HI, and
risk value of BTEX in Lhasa are detailed in Table 4. The HQ of
benzene was the highest, followed by those of m/p-xylene and
o-xylene. The total HI of BTEX was 0.02 during the observation
period, which was lower than the value of 1 determined by the US
EPA and lower than the noncarcinogenic risk index of Xianghe
(Yang et al., 2019). The benzene risk value was 4.47 x 10°%, much
lower than Xianghe in moderate pollution days and heavy
pollution days, however higher than Xianghe in clean days. The
US EPA recommended value is 1 x 107, indicating the potential
health hazard of benzene in the atmosphere of Lhasa city.
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6 Conclusion

In this study, online measurement of VOCs in urban Lhasa
city was conducted in May 2019 for the first time, and a total of
49 VOCs were observed. The mean mixing ratio of the VOCs was
21.5 + 18.6 ppb, of which alkanes accounted for 12.4 + 11.2 ppb
(57.7% of the total VOCs), aromatic hydrocarbons accounted for
4.6 + 3.5 ppb (21.4%), and alkenes accounted for 4.5 + 2.8 ppb
(20.9%). VOC mixing ratios showed a noticeable diurnal
variation, with two obvious peaks; one during the morning
rush hours (7:00-9:00) and another at approximately 21:00.
Another minor peak was observed at 17:00. A trough value
appeared at 13:00-14:00 under conditions of high MLD and
strong winds. TVOCs, BTEX, NO, and CO mixing ratios
exhibited similar diurnal variations, with two peak values
appearing at 7:00-9:00 and 21:00, each indicating a distinct
spike in traffic emissions.

The total OFP was 91.7 ppb, among which alkanes, alkenes,
and aromatic hydrocarbons accounted for 20.6%, 43.2%, and
36.2%, respectively. The total -OH loss rate was 3.1 s™, of which
alkanes, alkenes, and aromatic hydrocarbons contributed 28.2%,
47.9%, and 23.9%, respectively. From the viewpoint of ozone
generation control, the priorities for controlling VOC species
were isobutylene, m/p-xylene, toluene, o-xylene, propene,
hexene, cis-2-butene, isoprene, isobutane, and n-undecane,
which accounted for 76.3% of the OFP.

The PMF analysis resolved six source factors, including gasoline
automobile emissions, diesel vehicle exhaust, LPG & NG usage,
solvent usage, biomass combustion, and plant emission. Their
contributions to TVOCs were 30.3%, 14.2%, 5.7%, 7.0%, 41.3%
and 1.5%, respectively. Their contributions to Loy were 26.8%,
14.8%, 5.2%, 122%, 264% and 14.6%, respectively. Their
contributions to OFP were 34.5%, 12.9%, 4.9%, 13.2%, 29.7% and
4.8%, respectively. Overall, air quality in urban Lhasa city was
strongly affected by motor vehicle emissions now.

The total noncarcinogenic risk HI of BTEX was 0.02, which
was far below the hazard threshold of 1 recognized by the US
EPA. The carcinogenic risk of benzene was 4.47 x 10°°, which was
higher than the accepted carcinogenic risk threshold of 1 x 107,
indicating a potential risk that should be further considered.
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In recent years, the heavy ozone pollution events around the world have shown
a sudden frequently increase, which has aroused widespread concern in the
government and the public. It is well known that Os is driven by photochemical
reactions triggered by solar radiation (direct and indirect solar radiation), the Oz
concentration calculated by chemical mechanism is mostly significantly lower
than the actual Oz observation. Based on the study of the effect of
meteorological conditions on the “additional increment” of Oz in three
representative regions of Beijing, Hangzhou and Guangzhou from 2015 to
2020, an innovation diagnostic theory algorithm that the cross-cutting effects
of atmospheric clouds on the chemical pattern of Oz solar radiation is
established in this study. On this basis, a parametric evaluation method of
Os is established. The novelty of this study is 1) Comprehensive influence of the
meteorological conditions and photochemical reactions mechanisms on the
cross-cutting effects of Oz concentration are given. Especially low-level clouds
in the troposphere, which have significantly large variable effects on the
reflection and refraction of Oz through solar radiation. Theory quantitative
algorithm of cloud scattering, cloud height, cloud volume and cloud structure
changes, as well as feedback effects caused by water vapor condensation,
which closely related to the transformation of Oz precursors are given. 2) Based
on this, a parameterization method for quantitative Oz assessment and
monitoring, which is a Parameterization for Linking Ozone pollution with
Meteorological conditions. 3) Applying the theoretical algorithm and
parameterization method of this study, comparing the changes of Oz in
2018 with 2019, an objective quantitative distinction between emission
reduction and meteorological impact was made, showing that emission
reduction still played a leading role, with a contribution rate of about 27%.
This shows that the created quantitative algorithm of atmospheric cloud theory
and the innovative parameterization method can provide an objective
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quantitative basis for Oz pollution decision-making and public emission

reduction.
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meteorological conditions, parameterization method, solar zenith angle, cloud
scattering, Ozone pollution

Highlights

-O; concentrations vary with cloud reflections driven by O,
diurnal variations.

-High condensation under high humidity in the air is
conducive to a re-increase in O;

-Parameterize for quantitative assessment of impact of
meteorological conditions on O3

-PLOM constructs application of Os-value add theory based
on multi-factor contribution

1 Introduction

In recent years, the tropospheric (or near-surface) O;
concentration has significantly increased. High-resolution
synchronous observation revealed that the O; concentration
in the troposphere increased by —10%-40% when the nitrogen
oxide concentration decreased to a certain level during the period
of the Beijing 2008 Olympic Monitoring Campaign (Zhang et al.,
2009). China suffered from O; pollution during several
consecutive high-temperature weather periods during the
summers of 2017-2020. From July 17 to 20 July 2017, O;
pollution occurred in many places in the North China Plain
(NCP), Northeast China, and Northwest China, with a
particularly long period in Beijing, and the frequent
occurrences of heavy O; pollution in recent years. The
formation and control of O3 have become important issues of
concern to the government and public.

Although the impact of clouds and aerosols on climate has
been studied for decades, it remains a complex and unsolved
problem. The aerosol effect on enhancing cloud albedo, which is
often called the first aerosol indirect effect. For climate patterns
where uncertainties are mostly present, the impact of
atmospheric clouds is important, because it is difficult to
exclude the feedback of different surface fluxes on turbulence
dynamics, including the impact of cloud characteristics on the O3
concentrations, so the influence of meteorological conditions on
atmospheric tropospheric O; concentrations needs to be
carefully studied and diagnosed (Wang and McFarquhar,
2008). (Wang and McFarquhar 2008) Modeling aerosol effects
on shallow cumulus convection under various meteorological
conditions observed over the Indian Ocean and implications for
development of mass-flux parameterizations for climate models.

The effects of cloud cover, cloud height and cloud amount on
solar radiation are directly related. The cloud amount is defined
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as a percentage of the horizontal domain covered by the cloud
column at any level. The cloud amount continues to increase as
relative humidity (RH) increases. For example, in the clean
environment, the mean cloud amount increased from 6% to
11%, when RH increases from 49% to 80%. This indicates that
atmospheric clouds are closely related to humidity, condensation
rate, and super-saturation. These complex atmospheric cloud
problems affect the solar radiation and photochemical reaction
mechanism of Os.

It is well-known that O is driven by photochemical reactions
initiated by solar radiation (for sure including direct and indirect
solar radiation). A steady-state concentration of O3 is expressed
as follows (Madronich and Flocke, 1999; Textor et al., 2006):

_ JINO,]
~ k[NO]

[0s] 1
where j is the photolysis frequency of NO,, k is the rate coefficient
for the O3+NO->NO,+0, reaction and the brackets denote the
concentrations of O3, NO, and NO.

The above relationship of NO, NO, and Os is called a steady-
state relationship. Its dynamic equation is also given as (Tang
et al., 2006):

2

[04] = {[(é) +4£[Noz]0] —é}

where the basic photochemical cycle of NO,, NO, and O is the
fundamental source for O; genesis; j and k are constants of

2

transformation efficiency in chemical reactions. Then it also be
expressed as o = %z 0.01 x 107° as a coefficient for the
transformation efficiency (Textor et al., 2006; Wang et al., 2019).

However, in most cases, calculations of the chemical
mechanism given in expression (2), even including other
expression, are often underestimated compared to actual O;
observations (Textor et al,, 2006; Wang et al., 2019). Studies
suggest that it is because for use in photo-chemistry models, and
routinely include the effects of molecular absorbers and
scatterers, clouds, aerosols, and surface reflections. So that, for
different location and time of the year. Actual atmospheric
conditions needed as input to the calculation are often not
available (Madronich and Flocke, 1999).

So that the changes in tropospheric meteorological
conditions should be one of the important factors to consider.
In particular, the O; generation mechanism based on
photochemistry and optical radiation is closely related to
structural changes in the tropospheric low-layer cloud field
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and their variable influence on the reflection and refraction of
solar radiation. As mentioned above, the O3 chemical mechanism
is an approximation. Values j depend on molecular parameters
(absorption cross sections and photo-dissociation quantum
yields) that are specific to the photo-reaction of interest, and
on the availability of solar radiation at any specific location in the
atmosphere (Tang et al., 2006).

The quantifying the impacts of unfavorable meteorological
conditions on tropospheric O; variation is the key issue for the
Meteorological Forecasting Center to accurately assess of Os. Nor
can O; pollution prevention and control be decoupled from
meteorological impacts. Research on the severe O; pollution
events in the mega cities of China (Hangzhou, Guangzhou,
Chengdu, and Beijing) has shown that meteorological conditions
play a critical role in such phenomena (Wang and Chai, 2002; Li
et al,, 2015; Hu et al,, 2016; Wang et al., 2019). Wang et al. (2018)
selected two stations in the inland and ocean near Hong Kong to
simultaneously monitor the main and secondary pollutant (e.g., Os,
NO, NO,, and SO,) concentrations. The results demonstrate that
the O; concentration adjacent to the offshore point was much higher
than that at the land point, indicating that the entry of continental
high-pressure air mass into the sea, the tropical cyclone activities,
and the interaction of the land-sea breeze all contribute to O3
changes (Wang et al, 2018). Although there is some progress in
research on the influence of meteorological conditions on air quality,
it is still in the analysis stage and there is a lack of objective
quantitative model-based research on the possible impact of
meteorological conditions on O; pollution (Zhang et al, 2011;
Yang et al,, 2015; Hu et al, 2016). In this study, we try to adopt
the parametric method to introduce the effects of cloud scattering,
temperature, humidity, atmospheric density and other changes
under the condition of solar zenith angle change, and explore the
additional value-added effect of meteorological conditions on O;
concentration.

As mentioned above, in particular, the O; generation
mechanism based on photochemistry and optical radiation is
closely related to structural changes in the tropospheric low-layer
cloud field and their variable influence on the reflection and
refraction of solar radiation. As an important factor affecting
troposphere O3, the intensity of solar ultraviolet radiation, the
atmospheric channel of sunlight, and especially the impact of
near-surface atmospheric meteorological conditions is extremely
important. When the solar zenith angle changes, the reflection
path length of solar radiation passing through clouds with
different structures will naturally change; this affects and
changes the O; content in the atmosphere (Bohn et al., 2008).
All characteristics of skies with or without clouds, such as cloud
height, cloud shape, cloud amount, cloud thickness, and light
transmittance, affect and change the radiation path length, and
then influence solar radiation. Changes in the cloud and solar
zenith angle superimpose and offer feedback to further update
the temporal and spatial distribution and changes in O;
concentration. Data and research on these aspects are lacking.
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An increase in Oz concentration is closely related to the
interaction between solar radiation and cloud structure (Webb
and Steven, 1986; Zhao et al., 2019). Continuous cloud cover and
sunlight can be often observed when looking down from aircraft.
After reflection and scattering, the sky brightness increases. The
differences between the cloud structure and the density of upper
and lower clouds are related to the interaction between the
temperature (T), pressure (P), and relative humidity (RH).
The direct and feedback effects of meteorological conditions
change the photochemical radiation intensity to drive the
proliferation or reduction of Oz and then affect its temporal
and spatial redistribution (Bokoye et al., 2001).

Based on the principle of the PLAM index of pollution-
causing meteorological conditions (Yang et al., 2009; Zhang et al.,
2009, 2013, 2018), this study further investigated the relationship
between O; pollution and meteorological conditions by
parameterization, focusing on the meteorological conditions in
the sensitive areas with frequent high-concentration Oz and
high-concentration regions, including the NCP, Yangtze River
Delta (YRD), and Pearl River Delta (PRD). Through the analysis
of multi-regional temporal and spatial observational data, this
study identified the meteorological conditions affecting O;
pollution, including the contribution of cloud reflection and
the correlation between the cloud structure and solar zenith
angle. The objective method to describe the relationship between
Oj; pollution and meteorological conditions was quantified.

2 Data and methods
2.1 Data used in the study

Atmospheric observation data of 2015-2020 for the city areas
of Beijing, Hangzhou, and Guangzhou, the major pollution
influence areas of China, were supplied by the China
Meteorological Information Center. Real-time and historical
data of surrounding areas, including air temperature, dew
temperature, air pressure, wind direction, wind speed, and
visibility, were obtained from the observation stations and
Hour Resolution of Automatic Weather Station (AWS) and
the re-analysis data of the China Climate Center Figure
Forecasting System for 2015-2020.

The geographical distribution of the NCP, YRD, and PRD
regions, represented by Beijing, Hangzhou, Guangzhou, and
other cities, is shown in Figure 1. The analytical data on
condensation rate (f.), wet potential temperature (6.), and
super-saturation (S) were obtained from previous studies
(Zhang et al., 2009; Wang et al., 2017; Liu et al., 2019;
Wang et al., 2021). The atmospheric composition data,
including PM, 5, O;, NO,, SO,, and PM;, over Beijing,
Hangzhou, and Guangzhou in 2015-2020, were obtained
from the Ministry of Ecology and Environment (http://

www.zhb.gov.cn/hjzl/).
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FIGURE 1
The geographical distribution of the North China Plain (NCP), Yangtze River Delta (YRD) and Pearl River Delta (PRD) regions represented by
Beijing, Hangzhou, Guangzhou and other cities.

2.2 Methods

Because the levels of air pollutants, including Os, are
generally controlled by a combination of multi-meteorological
variables, the impacts of individual meteorological variables on
air pollution may not be significant and/or may cancel each
other, as they can hardly account for the interrelation between
the variables (Li et al., 2011; Wang et al.,, 2012). In this study,
multi-sensitivity meteorological parameters were analyzed with
regard to the influence of cloud scattering, solar heating, and
other factors on the mechanism of O; changes. The new
developing of the methods in this study are as follows:

2.2.1 The development of parameterization
method

At present, the understanding of some atmospheric
microphysical or atmospheric chemical processes related to air
quality growth is not very clear and needs to be further explored.
Some physical equations are inherently uncertain, or the
necessary observational information under current conditions
is unknown or difficult to measure precisely. For example, the
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physical processes of atmospheric clouds are closely related to the
increase of O3 concentration, the convection of cumulus clouds
in the atmosphere, and the instantaneous mixing and change of
temperature in the cloud and the ambient temperature. These
processes are often difficult to write deterministic equations. Guo
H-L’s famous series of studies on parameterization (Kuo, 1961;
Kuo, 1965; Kuo, 1974) pioneered the use of cloud microphysical
processes and large-scale observational information as
parametric schemes, which are widely used in numerical
weather prediction. The results of the research show that the
parametric method links the so-called “different magnitudes” and
“incomparable” atmospheric micro-scale physical processes with
large-scale processes. By parameterize and making connections
between some sensitivity factors, the solution of the physical

equations can be obtained.

2.2.2 The parameterization method

A parameterization method, that The Parameterization to Link
Ozone-pollution with Meteorological conditions (PLOM) is mainly
focused on the following sensitive influencing factors: 1) changes of
solar zenith angle (©,) in local time; 2) variation in and formation of
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s cloud layer* fraction f (H, * S)
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FIGURE 2

Physical model of the relationship between the reflection, refraction of solar and solar zenith angle by atmospheric clouds.

cloud scattering angle (0,), and contribution of cloud scattering
changes (I'p); 3) cloud structure (Hp), including cloud height,
cloud amount, and cloud shape; and 4) contribution of water vapor
condensation and humidification of precursor emissions to increases
in O; concentration (). The basic factors closely related to the
parameterization include the atmospheric condensation rate (f.),
temperature (T), pressure (P), and atmospheric density variation (p).

2.2.3 Contribution of solar zenith angle
parameter (©,) and cloud scattering (I's) to O3
concentration

The contributions of the solar zenith angle parameter (©,)
and cloud scattering (I'9) are inseparable. Figure 2 presents a
schematic diagram of the relationship between solar scattering/
reflection, refraction, solar zenith angle, and atmospheric clouds.
The results show that the solar reflection (diffuse reflection) rule
is also applicable to scattering (Webb and Steven, 1986; Zhao
et al,, 2019). The solar zenith angle (0,) is the angle between the
incident light and the normal on the ground.

T'e is the O3 comprehensive influence parameter under the
effects of meteorological conditions and different solar zenith angles;
it describes the impacts of clouds on reflection, refraction, and
scattering. The reflections of sunlight by fog and cloud, and the
variation in the reflection angle between air masses with different
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densities depend on the changes in the vertical gradient of the
atmospheric pressure (P), temperature (T), and relative humidity
(RH) (Zhao et al,, 2019). These changes will also depend on the
vertical difference in atmospheric density (p). They are expressed
using the classical theory of atmospheric optics (Humphreys, 1940):

I\ 172
9, = sin”! (P—> 3)
p

Where p = ﬁ represents the comprehensive influence of
pressure (P), temperature (T), and virtual temperature [T,
T, = (1 + 0.61w)]; w is the humidity parameter mixing ratio;
and Ry =2.8705 x 107" ] g°C™" is the gas constant. Considering the
air density difference above and below the cloud, the cloud scattering
angle replaces the zenith angle under the condition of clear skies and
no clouds. For a certain zenith angle during the day, the contribution
of cloud scattering to the increment in O; concentration is:
!

0, =0, =sin"' (%) % considering the density

T'o =y cos @, difference above and below clouds
©,when there are no clouds and the density

difference of the air layer is zero.

4
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Where y - single scattering albedo, the efficiency coefficient
associated with cloud structure (Sheng et al., 2019). Scattering
albedo () is related to the cloud height (Hy) of the reflected
clouds, the cloud layer is higher, the scattering rate of light is
higher, take 0.9-1.5. Conversely, the cloud layer is lower, the
scattering rate of light is lower, generally fluctuating between
0.75 and 0.85.

As shown in Figure 2, solar radiation is reflected and
scattered due to the atmospheric density difference above and
below the cloud, resulting in a change in the scattering angle. y is
the refraction angle of solar radiation below the cloud in Figure 2.

Eq. 3 implies that when solar radiation encounters the
influential cloud layer before reaching the ground, the density
difference between the cloud and the regions above and below the
cloud shall be considered; the relationship expression of I'g is
I'e = pcos®,, = y cos (sin”! (%)1/ 2). When there are no clouds and
the density difference of the atmospheric layer is zero, I'e =
Ucos®,,

2.2.4 Atmospheric cloud height

Atmospheric cloud structure is one of the important
meteorological parameters that affect O; concentration; clouds
play an important role in the energy balance of the earth system.
The structural differences in cloud height, shape, and amount have a
significant impact on the heating or cooling of different atmospheric
stratifications. When clouds reflect sunlight back into space, the level
above the clouds gets heated, whereas absorption of solar radiation
by clouds results in cooling of the atmosphere below them. In the
climate model, one of the sources of inaccuracy in prediction is the
uncertainty in the description of the impact of cloud structure in the
climate system, including the reflection of clouds, which is an
important meteorological parameter that affects O3 concentration
(Platnick et al., 2000; Qu and Chen, 2002; Ackerman et al., 2004;
Dunya et al, 2017). Under conditions that systematically affect
clouds, the cloud height (H,) is a fundamental parameter of
atmospheric clouds. Solar radiation is influenced by the
reflection, scattering, and refraction of clouds. H, can be
obtained from meteorological observation reports or the air-mass
lifting condensation level (LCL) (Wang et al., 2017).

To obtain the height of the cloud base of a low cloud, i.e., the
LCL of the atmosphere, the following equation can be used (Yang
et al., 1982; Wang et al., 2017):

0.622 +0.622 %
Hy € P =611 x 10> x | —————P=% (5)

0.622 P%‘es

where e represents saturated water vapor pressure. The
atmospheric low cloud base height is represented by the air
pressure (p). When the air pressure (p) of the air mass reaches the
saturated water vapor pressure (e), but has not yet caused a
raindrop to fall, there would be a layer of high water content in
the atmosphere (Wang et al.,, 2017). Such areas of high water
content in the atmosphere would be considered the influential
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atmospheric cloud systems. H is generally consistent with the
actual observed low cloud height (Hy).

2.2.5 Contribution of micro scale condensation
meteorological conditions to Oz growth

It is known that NOx/VOCs sources actually dominate the
generation of Oj; in the lower troposphere in large cities (Tang
et al,, 2006). When the VOCs/NOx ratio is appropriate, the
wetting drive of the atmospheric condensation rate can accelerate
and catalyze O3 precursors to form secondary pollution, and the
O; concentration increases exponentially (Wang et al., 2019):

80s =a(y) ¥ =¢ 6)

where y represents O3 precursors (NOx or VOCs), f§ = f is the
condensation function, and a = 10.0 x 10°.

Day-by-day weather change is one of the important physical
processes of the atmosphere. This hysterics of radiant heating
under the influence of post-sunrise meteorological conditions is
related to the delay in O3 growth. In China, the YRD, the PRD,
the NCP, and the Sichuan Basin (SB), the increasing of O;
concentration in delayed power exponent effecting due to
heating on low-layer atmosphere by solar radiation have been
observed. As a response to the changing meteorological
conditions for the diurnal variation, it is maintained for 3-6 h
after sunrise, or even throughout the day, which plays an
important role in the increase and decrease of NO, and O;
concentrations. On the basis of multi-station data correlation
fitting statistical analysis, the power exponent law is as Eq. 6. The
mathematical algorithm of the power exponential growth is a
typical description of nonlinear variations. By coefficient of a and
B, the power exponent aptly describes the nonlinear variation of
the increasing in O3 concentration due to NO, reduction and its
regional and seasonal differences (see Table 1). This micro-scale
nonlinear contribution is combined with the cloud structure
changes discussed in the next section, along with the cross-
influence effect of meteorological conditions affected by the solar
the
comprehensively constructed (Wang et al., 2019).

zenith angle, and parameterization of PLOM is

The two coefficients & and f3 in Eq. 6 give the meteorological
characteristics that vary from region to region and from one
season to another respectively. The coefficient « represents the
contribution efficiency of the law of power exponent for
Study that the
magnitude of a for the Yangtze and Pearl River deltas was
10°-10° and that for the inland SB and NCP areas was 10"

The B denotes magnitude and sign of power, exponent and

transforming NO, into Os. indicated

negative sign means the NO, concentration is correlated to
the O; concentration decline after 3-6h as a negative power
exponent. The magnitude of  was 0.6-1.4, and the majority
number is 1.0 (Wang et al., 2019).

In summary, the dimensionless index of standardized O;
pollution meteorological conditions is expressed as:
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TABLE 1 The a and p characteristics of the delayed correlation power exponent in the equation.

a B
Beijing 42.8 x 101 0.9
Hangzhou 11.0 x 103 1.0
19.8 x 102 1.4
Guangzhou 10.5 x 103 1.7
36.4 x 102 1.4
Chengdu 67.0 x 101 1.0
22.6 x 101 0.8

Delayed time (hours) Time

December 2016
September 2016
September 2016
December 2015

(< TS B - S UC R 0N

December 2015
1 December 2015
3 December 2015

The stations of Beijing, Hangzhou, Guangzhou and Chengdu are the representative stations of the North China Plain, the Yangtze River Delta, the Pearl River Delta and the Sichuan Basin.

I\ 12
PLOM oc Hy (y cos (sin™" <%> )+ & (7)

3 Results and discussion

3.1 Quantitative description based on
parameterization method for severe O
pollution event

3.1.1 Observational facts and Parameterization
to Link Ozone-pollution with Meteorological
index of Oz pollution in beijing during July 2019

To quantify the influence of meteorological conditions on
O; pollution from multiple dimensions, typical O; pollution
events in recent years were analyzed. During the summers of
2017-2020, a rare high-temperature event accompanied by
severe O; pollution occurred in the NCP. The hottest month
in the past 20 years was July 2019, based on the reports of
the World Meteorological Organization (WMO) and the
National Aeronautics and Space Administration (NASA)
(http://www.CRNTT.com). 2019 was also the hottest year
in Europe in this century. The temperature in France
soared to 37.8°C and a new high-temperature record was
set in Britain.

The Beijing Meteorological Observatory issued a yellow high-
temperature warning on the afternoon of July 1. The temperature
in Beijing continued to rise in July, with the daily maximum
temperature going above 35-37°C for many days, and the
maximum temperature hovering close to 40°C, with strong
ultraviolet intensity and a sharp increase in O3 concentration.

Figure 3 shows the hourly variations in the PLOM index
calculated using the parameterization method in Eq. 7, as well as
the temperature, O; concentration, and NO, concentration. As
shown, high temperature and high O; pollution occurred
frequently in Beijing in July 2019. Temperatures above 35°C
and Os concentrations above 220 ug m™> were observed in the
periods shown in the yellow box of Figure 3. The peak values of
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temperature (above 37°C) and O; concentration (266 and
245 ugm™) were recorded on July 4 and 21. Moreover, the
temperature had a significant diurnal variation synchronized
with the O3 concentration. It is notable that the PLOM index
can describe the diurnal variation characteristics consistent with
the O; concentration for typical severe O; pollution cases in
Beijing. Figure 3 also shows that the concentrations of NO, and
O; changed in an inverse manner. This indicates that increases
in O; concentration can be captured under the meteorological
conditions of the micro-scale condensation (f,) described by the
PLOM index (see Eq. 7) (Wang et al, 2019). This is an
the O
concentration due to the impact of micro-scale meteorological

alternative  superimposed  contribution  to

conditions.

3.1.2 Ability of Parameterization to Link Ozone-
pollution with Meteorological index to express
seasonal and regional impact of Oz pollution in
China
Figure 4A

concentration and PLOM index in Beijing from July 1 to

shows the correlation between the Os;

31, 2019. For two consecutive summers in 2019 and 2020,
Beijing suffered from a severe heat wave. Under the high
temperature and high humidity “sauna” weather conditions,
severe Oz pollution was encountered in Beijing. Figure 4
indicates that the PLOM index has the important ability to
present the O pollution. The PLOM index also has consistent
and good expressive ability for O pollution in different years,
seasons, and regions. The Oj; concentration positively
the PLOM index; the
confirmation coefficients (R?) were 0.42, 0.53, 0.62, and
0.53 for Beijing for July 2019 and 2020, Hangzhou for
September 2015, and Guangzhou for July 2019, respectively,

correlated  with correlation

and the significance levels (p) were less than 0.01. Therefore,
the PLOM index has important expressive ability to diagnose
the influence of meteorological conditions on the change of
troposphere O3 pollution in three representative O; pollution
areas in China, and the physical mechanisms established by the
index are discussed below.
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FIGURE 3

Hourly series of PLOM index, temperature, Oz and NO, concentrations from 1 to 31 July, 2019.
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3.2 Contribution of cloud scattering to Oz
under the solar zenith angle changes—
driving mechanism based on daily weather
condition changes

3.2.1 Cloud scattering effects of different cloud-
layer density changes on increase in Oz
concentration

As shown in Figure 2, the zenith angle (0,) is the angle between
the sun’s incident light and the straight line perpendicular to the
ground. I'g is the impact on O5 concentration due to the effect of the
cloud structure on the reflection, refraction, and scattering of
sunlight under different zenith angles under a particular
meteorological condition. This depends on the reflection angle
(®,) due to the changes in the atmospheric vertical structure,
including changes in air pressure (P), temperature (T), and RH
distribution with variation in density between the air masses.

From the scattering angle of Eq. 3, the influence of
meteorological parameters on the scattering at a certain solar
altitude angle can be obtained. The difference in meteorological
attributes (temperature (T), pressure (P), water vapor mixing ratio
(w)) above and below the cloud is the key to the scattering/reflection
and refraction effect of sunlight, which has an effect on the O;
concentration. At the below-cloud level, solar radiation is refracted
through the cloud, and the radiation intensity decreases, whereas
scattering and reflection in the above-cloud level increase the solar
radiation intensity (irradiance). The change in radiation intensity
not only increases or decreases the tropospheric O; concentration
but also has an important feedback effect, because sunlight reflection
will change the densities of the upper and lower levels again.
According to Eq. 3, the scattering, reflection, and refraction
angles of sunlight entering the atmosphere can be distorted
again, and the scattering effect and radiation intensity can be
further changed to re-influence the cyclic feedback effect. The
parameterization method reveals the impact of meteorological
conditions on solar illumination and describes the quantitative
influence on the re-contribution to O; distribution by connecting
the atmospheric attributes (T, P, HR, and p) in and above the cloud.

The scattering angle can be calculated using Eq. 3; for the
convenience of comparison, the lower layer is assumed to have a
925 hPa height. When the cloud height corresponds to the
specified isobaric surface height of 850 (1,500 m) and
700 hPa (3,000 m), the changes in the scattering and
reflection angle of solar radiation caused by the change in
vertical density (p’/p) between the upper and lower clouds
can be calculated.

-~

Figure 5 indicates the change in scattering angle of solar
radiation due to the vertical density difference (p’/p) between the
upper and lower clouds with a cloud height of 1,500 and 3,000 m
calculated using Eq. 3. The atmospheric density difference above
and below clouds has a significant impact on the scattering of
solar radiation. When the density difference changes from 0.6 to

1, the scattering angle changes from 45° to 90°".
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There is no difference in density between the cloud and above-
cloud level, i.e., p’/p = 1, which indicates that the cloud has a similar
“mirror” reflection effect, the maximum scattering angle is 90°, and
the positive contribution to the increase in O; concentration is zero.
The density ratio (p'/p) decreases with an increase in the lower
atmospheric density. When the density ratio is halved, the reflection
angle decreases to 45°, and the contribution can reach the
maximum. As shown in Figures 5A,B, the smaller the reflection
angle, the greater the positive contribution to the increase in Os
concentration. This situation just corresponds to the dry and clean
meteorological conditions when cold air is inserted into the lower
atmosphere. Once the cloud structure changes and the density
above and below the cloud changes, the initial cloud reflection
changes the solar radiation intensity, as well as enhances radiation
above the cloud and increases the O; concentration. Changes in a
cloud environment and meteorological conditions lead to cooling
below the cloud, and p’/p further decreases (Figure 5A). Based on
Eq. 4, the cosine effect will provide feedback and the cloud effect will
increase the cloud reflection (I'e) contribution again, further
aggravating the increment in O; concentration. Cloud height has
an obvious impact on the density difference above and below the
cloud. Below 1,500 m, the density difference is typically —0.9-1 and
the scattering angle is —85-70". When the cloud height is 3,000 m,
the density difference is —0.7-0.9 and the scattering angle is —70-58".
A change in illuminance depends on the density difference of
reflective clouds. A smaller reflection angle corresponds to a
greater contribution to the increase in sky brightness and a
greater positive contribution to an increase in O; concentration.
It is also associated with the height of scattering and reflecting
clouds; when the cloud is higher, the reflection angle is smaller, and
the illumination increases. On the contrary, when the cloud is lower,
the reflection angle is larger, and the illumination decreases.

As mentioned above in the Section 2.2.3, when considering
the density difference above and below clouds, reflection from
fogs and clouds or at any surface of sufficient size (greater than
wave-length, dimensions) between masses of air at the same
pressure but of unequal density, namely variers from the angle of
the zenith (®;) to the reflection angle with clouds. The
contribution of O; of reflection effect due to reflection angle
(0, ) gives as (Humphreys, 1940; Tverski, 1954):

N\ 12

I[o=0,=0,sin" (P_ considering the density
p

difference above and below clouds

®)

Based on Eq. 8, the cosine effect will provide feedback and the
cloud effect will increase the cloud reflection (I'g) contribution again,
further aggravating the increment in O; concentration. Including the
cloud height has an obvious impact on the density difference above
and below the cloud. The feedback mechanism is as follows: during
the initial phase, cloud reflection can increase solar radiation
intensity above the cloud layer, causing O; concentration to
increase. It also causes cooling below the clouds. So that it is
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changes of sunlight reflection angle varies with the vertical density difference (p'/p) in above and below cloud with the heights of the clouds for

1,500 m and 3,000 m respectively.

further reduced by Eq. 8, resulting (p’/p)to be increased and the angle
of reflection getting increasing (Figure 5A). That is based on Eq. 8,
the cosine effect will provide feedback that will again increase the
contribution of cloud reflection through (I'g), further exacerbating
the increase in O3 concentration. So, the Eq. 8, as the first term in the
PLOM index, describes the direct and feedback contribution of the
scattering angle parameter. The second term in the PLOM index,
describes contribution of micro scale condensation meteorological
conditions to O3 growth (Wang et al., 2022).

In conclusion, these results show that when the cloud
structure changes, the densities of the upper and lower levels
change, the solar radiation intensity changes, the radiation
and the O3
increases. At the same time, cloud reflection has a dual

above the cloud increases, concentration
effect, which will provide feedback and aggravate the
increment in O; concentration again. The direct and
feedback contributions of scattering angle parameters are

comprehensively presented in the PLOM index.

3.2.2 Typical cases for contribution of cloud
height, cloud scattering, and precursor wetting
to increase in Oz concentrations

Figure 6 shows a typical case of O 5 pollution mentioned above.
The variations in various parameters based on the periodic change
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in the solar zenith angle during the typical peak period of Oj
concentration in Beijing from July 1 to 6, 2019 is given. The rise in
cloud height (HO) at daytime and the decrease at night (Figure 6A)
was closely linked to the diurnal variation in the solar zenith angle.
An increase in daytime 6O; was observed (Figure 6B). This is the
diurnal change of cloud height, the O; precursor conversion
complements the increment of Os; (803), ie. satisfies Eq. 6:
80; = ax ™ As shown in Figure 6B, the peak of the increment
in 803 is as high as 50-60 ug m . When the solar zenith angle is at
the zenith (indicated by “”), cloud scattering contributes the most to
the increment in Oj concentration (Figure 6C).

Combined with the impacts of the multi-sensitive
meteorological factors discussed herein, the observed O;
concentration finally increased. The peak value of O;
concentration was 266 ug m >, which appeared at 13:00 on
July 4. The increment in O3 concentration can be extended
from the zenith angle peak in the evening. The characteristics
of the contribution to the increase in O3 concentration by the
influences of precursors and cloud scattering are shown in
Figure 6.

Figures 7A,B show the time series of cloud height (H,) and
the contribution of precursor wetting process to O3 (803 =
ax ™), respectively during the period of 7-12 February, 2020 in
Beijing. Figures 7C,D ) show the correlation analysis of
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FIGURE 6

(A):Time series of cloud height (Hg), (B): the contribution of precursor wetting process to Os, (C): the contribution of cloud scattering on Oz

(I'e = pcosO7) and (D): the observed Oz concentration based on the diurnal variation of solar zenith angle during the Oz peak period in Beijing from
1 to 6 July, 2019.

atmospheric condensation rate (F.) with Oz concentration from the figure that in both summer and winter, it can be
changes for 1 to 6 July 2019 in Beijing corresponding to observed that with the increase of Fc, the O3 concentration
Figures 6A,B and for 7 to 12 February, 2020 in Beijing (d) shows a positive correlation of e-exponential growth, and the
corresponding to Figures 7A,B, respectively. It can be seen correlation confirmation coefficient (R,) significance level
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During period from February 7 to 12 2020 in Beijing, (A): for hourly the time series of cloud high (HO) in local time, and (B): the time series of
precursor wetting process of Oz in local time. (C): Correlation analysis of Fc with Oz for 1 to 6 July 2019 for Beijing, corresponding to Figure 6D and

(D): 7 to 12 February, 2020 for Beijing, corresponding to Figure 7B.

exceeds 0.001. This suggests that the increase in condensation
rate (F.) is conducive to accelerating and catalyzing the
formation of an increase in O3 concentration.

In summary, it can be seen that the influence of
meteorological conditions on the increase in O3 concentration
can aggravate O; pollution. The above evidence of the value-
added effect of changes in high-resolution meteorological
elements on O; concentration shows that although the
existing understanding based on the chemical mechanism of
O; formation is based on an approximation of an incomplete

Frontiers in Environmental Science

knowledge of photochemistry, the increase in O3 concentration
can be extended from the zenith angle peak described in PLOM,
which means that wavelength-dependent photochemistry is
linked to the influence of clouds on optical characteristics,
and the effects of cloud height (the height of the pollution
mixed layer) are also included in the design of PLOM. The
increase in condensation rate (F.) in the air is also conducive to
accelerating and catalyzing the formation of an increase in O;
concentration. Therefore, it is practical and necessary for this
study, to establish quantitative PLOM parameters, focusing on
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FIGURES

a(NO,)")with contributed by Os

(blue thin dotted line) in Beijing from 1 to 31 July, 2019. (B): Similar to (A), butin Hangzhou

(A): Time series of PLOM_O (blue dotted line), PLOM with scattering effect (red dashed line), PLOM_¢(805

precursors (yellow dashed line), as well as Oz concentration

from 1 to 30 September, 2015. (C): in Guangzhou from 1 to 31 July, 2019. The red fill circle and red dashed line represent the distributions of PLOM
and the outline of its maximum values, includes additional cloud scattering effects at daytime respectively. The filled circle with relative larger

(Continued)
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FIGURES8 (Continued)

light blue fill and blue dashed line represent the values of PLOM_0 and outline of its maximum values, respectively. Small rectangular icons with
green boxes and yellow fills, along with yellow dotted lines, represent the distributions of PLOM_E (803 = a(NO,) *)and the outline of its maximum
values, respectively. The blue small circle and thin dotted line represent the observed values of Oz and outline of its maximum values of Os,
respectively. The triangle describes the contributions of sunlight refraction to Oz weakening.

and supplementing the additional effect of meteorological
conditions on increasing more O3 values.

3.2.3 Diurnal variation characteristics of Oz
increases due to cloud scattering

In order to consider the PLOM parametric description based on
the effect of solar altitude angle diurnal changes on O; in the
establishment of the PLOM index, consider the contribution of
higher atmospheric condensation rate (f.) to fine particulate matter
and O; precursors, which is conducive to O; growth. This is because
the impact of changes in atmospheric condensation rate (f.) can also
cover the indirect contribution of clouds to O; growth, including the
contribution of diurnal variations in cloud height (height of the
mixed layer of pollution) to O3 growth (see Figures 6, 7). Based on
the describing ability of PLOM mentioned above, by using a kind of
the daily cycle synthesis profile analysis method (Wang et al., 2019),
an analyzing of the different regional differences in the hourly
distribution of cloud scattering effects of each parameter in NCP,
YRD and PRD during severe Os pollution was given as shown in
Figure 8.

Figure 8 shows the diurnal cycle synthetic sections of the
hourly distribution of the effects of cloud scattering and the
hourly distribution of O; precursor conversion with O;
concentration during the severe O; pollution period in Beijing
from July 1 to 31, 2019 (Figure 8A), in Hangzhou from
September 1 to 30, 2015 (Figure 8B), and in Guangzhou from
July 1 to 31, 2019 (Figure 8C).

The solar zenith angle has some different effect on the diurnal
variation in O3 concentration in the inland and coastal areas. The
solar zenith angle ©, = 0° represents noon (local time). Unlike the
near-coastal areas close to Hangzhou and Guangzhou, the
diurnal variation in O; concentration shows a significant
double peak in Beijing, which occurs at 03:00-08:00 (4-9h
and 14:30 (2.5h The O
concentration was as high as 250 ygm in the morning and

before noon) after noon).
266 ug m> at 14:00. The peak value of O3 was observed in the
afternoon only in Hangzhou and Guangzhou, at 17:30 and 16:00,
respectively, lagging behind noon by 4-5.5 h, 1.5-3 h behind that
in the NCP. The contribution of O3 precursors to the increase in
O concentration was 28% in Beijing, and 11% and 13% in
Hangzhou and Guangzhou, respectively (Table 2 and Figures.
8A-C). The bimodal distribution of Oz concentration in the
morning and afternoon in Beijing was 10 h ahead of and 4 h
behind noon. The Hangzhou and Guangzhou lag was 2.5-4.5 h.

Micrometeorological conditions had a greater influence on
the wetting process of Oj precursors, and the lag period and
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influence intensity were significantly different between the north
and south areas. In addition, the contribution of cloud scattering
to the increment in Oj concentration was 19%, 8%, and 4% in
Beijing, Hangzhou, and Guangzhou, respectively (indicated by
the red dotted line and red solid circle in Figure 8). The impact
intensity in the NCP was more than twice that in the YRD and
PRD, and the peak lagged about 2.5-4.5 h behind noon. The loss
rate of tropospheric O; concentration caused by cloud refraction
in Hangzhou was —6%, and the lag time was up to 6 h.

In summary, meteorological conditions, including the
scattering and refraction of sunlight by clouds and
atmospheric condensation, have an obvious effect on the
of O3

significant impact on the occurrence time and intensity of

wetting process precursors. They also have a
the tropospheric O; concentration peak, which shows that
the PLOM index is of great significance in the diagnosis and
prediction of the temporal and spatial distribution of severe O
pollution.

3.3 Quantitative comparative analysis of
application of Parameterization to Link
Ozone-pollution with Meteorological
index to meteorological conditions and
emission reduction during typical severe
pollution cases

Zhang et al. (2009; 2018b) proposed a quantitative and
objective evaluation method based on the PLAM index for the
contribution of meteorological conditions and emission to
aerosol pollution. This method can provide an important
objective basis for the government to assess and make
emission reduction decisions (Zhang et al., 2009; Wang
et al., 2018). For aerosol pollution, the objective and
quantitative discrimination of the rate of change of the
contribution of meteorological conditions is A = (ag - a4)/
ag. apg and a, represent the slope of the fitting curve between
the PLAM index and aerosol pollution concentration (e.g.,
PM, 5) during the different periods (B and A), respectively
(Zhang et al, 2018b). The PLAM index discrimination
principle is also applicable to the PLOM index in this
study. Figure 9 shows the comparison between PLOM
during severe Oj pollution in 2019 and the same period in
2018. For severe O; pollution in 2019, compared with
meteorological conditions in the same periods in 2018, the
discrimination is A = (0015 - %2019)/A2015.
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TABLE 2 Effects of @, on tropospheric ozone concentrations based on cloud scattering, refraction, and ozone precursors.

City Peak time Hours ahead of/ Contribution Hours behind Contribution Hours behind Contribution
of O3 behind O, = rate of 0, = rate of 0, = rate of
0 O; affected by 0° due to O; affected by 0° due to O; affected by
& (%) ¢ influences cloud cloud scattering  cloud reflections
scattering (%) influences

BJ 01:00/14:30  10/2.5 28 19 25 -
HZ  17:30 /5.5 11 8 25 -6%
GZ 1630 /4.5 13 4 45 —
TABLE 3 Comparison of contribution of meteorological conditions in 2019 and 2018.
Year Contrast studies a Average O; concentration
2018 Observation in 2018 2.16 90.8 ug m™’
2019 Observation in 2019 1.46 95.5 ugm™’
2019 If no emission reduction in 2019 — 119.9 pg m™

2019 to 2018 A = (02018 - a2019)/a2018

B 140 -

A 300
© O3 with PLOM July 2018
>80 | * O3 with PLOM Jjulv 2019
260
240
220
200
180
—
§ 160
S 140 .
S
120
100
80
o 3018:=2.1617x +8.0195
‘ % o R> = Q.6555 n=715
2 2 Yo =1.4611x +17.071
20 R?=0.4172 n=720
o & . . . . . .
o
EEEEEEEEER
PLOM
FIGURE 9

(A): Comparison analyses of contribution of meteorological conditions between typical severe Oz pollution in 2019 and 2018; (B): The
observational Oz concentration in 2018 and 2019 (left and medium), and regardless of emission reductions, Oz concentrations in 2019 (right).

Compared with the observed change in O; concentration in
2018, the O concentration was expected to increase by 32% due
to unfavorable meteorological conditions in 2019; however, the
actual observation only increased by —4.9%, indicating that the
emission reductions still contributed to a reduction in O
concentration by —27.1%.
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The variation rate of unfavorable meteorological conditions
for O3 concentration was 32% in 2019; under the same
of O3
concentration can be the higher value of 119.9 uygm™ in 2019

meteorological conditions, the average value
(see Figure 9B (right)). The monthly average observed value of O;

concentration was 95.5 ugm™, a decrease of 25-30%, which
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FIGURE 10

Conceptual diagram of the effect of meteorological conditions on ozone pollution.

indicates the importance of the contribution of emission
reduction measures (Table 3).

4 Conclusion

The relationship between tropospheric O; pollution and
meteorological conditions in the main sensitive areas in China
was analyzed and demonstrated, by using the atmospheric
component data for Beijing, Hangzhou, and Guangzhou. Based
on quantitative description theories of cloud scattering, cloud
height, cloud volume, and cloud structure changes, as well as
feedback effects caused by water vapor condensation, a parametric
PLOM index model for the analysis and diagnosis of O3 pollution
events was established. Clouds are representative parameters that
affect the multi-parametric variations of meteorological
conditions, and it covers both direct and indirect effects. The
design of the PLOM index introduces changes in cloud structure,
so that the effects of cloud shape, cloud height, solar zenith angle,
cloud scattering, etc. Are included. And a closer relationship with
water vapor condensation related to the transformation of Os
precursors, leading to the temporal and spatial variations in the
tropospheric O3 concentration is included also. The
comprehensive structure of the index puts forward a diagnostic
quantitative model and physical concept for the influence of
meteorological conditions on the variation in O; concentration,
as shown in the Figure 10. The major findings were as follows:

Frontiers in Environmental Science

(1) Under conditions with influence clouds, the incremental values
of O3 concentrations exhibit a process of cyclic feedback and
reinforcement. When the difference in the cloud scattering angle
(©,) above the cloud and in the cloud is smaller (e.g., 0-45"), the
solar radiation (luminance) increases, and the PLOM index and
O; concentration increase again.

(2) Under the condition of having influence clouds, feedback
effect is an important mechanism of O pollution due to
density decreases (increases) in the upper (lower) level over
(below) the cloud, which is associated with solar radiation
intensity over the clouds.

(3) The PLOM index diagnosis of typical severe O; pollution cases
shows the effect of cloud scattering significantly contributes to
the increase in tropospheric O3 concentration. The contribution
rates were 19%, 8%, and 4% in Beijing, Hangzhou, and
Guangzhou, respectively. The significant regional difference
in precursor wetting triggered by micrometeorological
impacts on the increase in O; concentration indicates that it
has a more obvious impact inland.

(4) The PLOM index has universality and expressive ability. The
correlation analysis of four typical cases of severe Oj
pollution in Beijing (0.42), Hangzhou (0.53), and
Guangzhou (0.62) revealed that the PLOM index
positively correlated with the change in O; concentration.

(5) The PLOM index established in this study can provide a
quantitative and objective basis, and decision-making
guidance, for the Meteorological Forecasting Center’s
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consultation to accurately assess the relative contribution of
emission reduction and meteorological conditions.
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Interactions between aerosols and meteorology have received increasing
attention in recent decades. Through interactions with radiation, aerosols
involve in thermodynamic processes and cause cloud adjustment, referred
to as the direct and semi-direct effects respectively. They also involve in cloud
microphysical processes by severing as cloud condensation nuclei or ice nuclei,
referred to as indirect effect. Aerosol direct effect is found to potentially
exacerbate air quality by stabilizing the planetary boundary layer (PBL).
However, their impacts through the interaction with clouds, including semi-
direct and indirect effect remain unclear. In this study, we conducted model
simulations to evaluate the direct, semi-direct and indirect effects of aerosols in
PBL structure and surface PM, 5 concentration during three heavy haze events
under overcast conditions. Overall, the aerosol-PBL feedback results in a 22%—
36% decrease of PBL height and 5%—28% increase of PM, 5 concentration. The
indirect effect always has the largest impact on PBL and PM, s pollution,
accounting for 59%-84% of the changes. The semi-direct effect is the
weakest on average, although it can exceed the direct effect at certain times
and locations. Black carbon aerosols play the vital role in both the direct and
semi-direct effects. Our findings promote the understanding of heavy haze
formation, and highlight the dominant role of aerosol-cloud interaction in the
feedback process of aerosols to PBL structure and air quality.

KEYWORDS

semi-direct effect, aerosol-radiation interactions, aerosol-cloud interactions, black
carbon aerosol, planetary boundary layer, WRF-Chem

Introduction

Rapid industrialization and urbanization in China have been accompanied by
frequent occurrence of heavy haze in the past decade (Chandran Govindaraju and
Tang, 2013; Li et al., 2016). High intensity of anthropogenic emissions (Chan and
Yao 2008; Huang et al., 2014a), fast formation of secondary aerosols (Huang et al., 2014b;
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Huang et al, 2021), as well as unfavorable meteorological
conditions are identified as the main causes of aerosol
pollution (Wu et al., 2013; Miao et al., 2017; Shu et al., 2017;
Zhangeta., 2018a; Ning et al., 2018). Specifically, as air pollutants
emitted from the ground are generally located within the
planetary boundary layer, the structure and process of the
PBL are critical in the formation of pollution events (Li et al.,
2017; Miao and Liu, 2019; Miao et al., 2021).

Aerosol pollutions, on the other hand, interact with the
atmosphere via complex mechanisms, which include the
direct, semi-direct and indirect effect (IPCC, 2013). These
interactions could in turn alter PBL height and structure, and
thus inducing feedbacks to the surface pollutions. By scattering
and/or absorbing radiation, aerosol direct effect may lead to
cooling at surface and warming aloft in the daytime, which
suppresses the development of PBL (Ding et al., 2013; Wilcox
et al,, 2016; Zhong et al, 2019; Su et al, 2020). This further
induces a positive feedback to air pollution through the
accumulation of primary pollutants as well as the acceleration
of secondary aerosols formation (Petdja et al., 2016; Tie et al,
2017; Liu et al., 2018a; Miao et al., 2019). More specifically, black
carbon (BC) has been identified as the key component in
exacerbation of air quality, due to its strong light absorption
and radiative heating effect (Bond et al., 2013; Wang et al., 2013;
Ding et al., 2016; Wang et al., 2018; Liu et al,, 2019). Previous
studies have estimated that magnitude of surface PM,5
concentration enhancement through aerosol direct effect vary
from a few percent to around 30% throughout severe haze events
over Northern China (Wang et al, 2014a; Wang et al., 2014b;
Wang et al., 2015; Wu et al., 2019; Li et al., 2020; Wang et al.,
2021). However, these studies mainly focus on the direct effect
under clear sky conditions. There is still lack of investigation of
the semi-direct and indirect effect when there are clouds.

Over Southern China, heavy pollution and clouds frequently
coexist during the winter season (King et al., 2013; Song et al,,
2017; Ye et al., 2018), which involves active interaction between
aerosols and clouds. It is therefore crucial to evaluate the
feedbacks of aerosols to PBL and surface pollution under
cloudy conditions. Previous studies have revealed that BC may
heat the cloud layer and promote cloud evaporation (semi-direct
effect; Hansen et al., 1997; Ackerman et al., 2000; Koch and Del
Genio, 2010). The reduction of cloud cover can increase the
shortwave flux reaching the surface, which may offset or even
dominate over the direct effect (Forkel et al., 2012; Liu et al,
2018b). Given its opposite impact through direct and semi-direct
effect, it is intriguing to know whether BC will enhance or reduce
pollution under cloudy conditions. In addition, Zhao et al. (2017)
also pointed out the critical role of indirect effect in aerosol-PBL
feedback, which increases cloud droplet number concentration
(CDNC) and liquid water path (LWP), decreases net shortwave
flux at surface and suppresses the development of PBL, therefore
resulting in an up to 25% enhancement of aerosol concentration.
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Although considerable efforts have been made to quantify
aerosol feedbacks, the relative effect of aerosol-cloud interaction
to the direct effect remain uncertain as previous studies give
different estimates (Zhang et al., 2015; Gao et al., 2015; Gao et al.,
2016; Zhang et al,, 2017; Zhang et al., 2018b; Gao et al., 2020).
Moreover, few studies have investigated the mechanism of
aerosol semi-direct effect on PBL and surface pollution, or
quantified its contribution. However, it is necessary to isolate
the direct and semi-direct effect as their impact on PBL become
much more complex when they coexist. In light of the above
discussion, here we aim to evaluate the individual contribution of
aerosol direct, semi-direct as well as indirect effects to PBL
structure and surface pollution during haze events under
cloudy conditions, and to identify the dominant effect.

Methods
Model configurations

In this study, we use Weather Research and Forecasting model
coupled to Chemistry (WRF-Chem) (Grell et al., 2005) to investigate
aerosol effects during the typical haze events in three megacities in
China characterized with high cloud fraction. This model fully
couples meteorology with chemistry, which simulates aerosol
radiative effect (including direct and semi-direct effect) as well as
indirect effect. We conduct the simulation with three nested domains.
The horizontal resolutions are 30 km, 6 km, and 3 km for domain 1
(outmost), domain 2 (middle), and domain 3 (innermost),
respectively. The outermost domain 1 covers most parts of China.
While the innermost nested domain 3 covers the studied city,
including Shanghai, Wuhan and Zhengzhou respectively, with
130 x 130 grid cells (Figure 1). The vertical grids include
47 layers from the surface to 100 hPa with denser layers within
the PBL. Meteorological initial and lateral boundary conditions are
obtained from the National Centers for Environmental Prediction’s
Final Analysis data at 1-degree horizontal resolution and 6-h
temporal intervals. Four dimensional data assimilation (FDDA) is
utilized during the model spin up period, which lasted for 3 days.
Surface and radiosondes observational weather data are also
assimilated in the simulations using WRF OBSGRID program,
which significantly improves the simulated cloud properties. Note
that all the assimilation is turned off in the innermost domain
throughout the experiment to allow full aerosol-cloud-radiation
interactions. Anthropogenic emissions in China are obtained from
the Multi-resolution Emission Inventory for China (MEIC) (Liu
et al, 2016). Daily biomass burning emissions in 2016 at spatial
resolution of 1 km are obtained from the Fire Inventory from NCAR
version-1.5 (FINNV1.5) (Wiedinmyer et al, 2011). Biogenic
emissions are calculated online in WRF-Chem using the MEGAN
algorithm version 2 (Guenther et al., 2006). Dust emissions follows
Shao. (2001).
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FIGURE 1

The WRF-Chem modeling domain for the case of (A) Shanghai, (B) Wuhan, and (C) Zhengzhou. The outmost region represents domain 1, while
the black rectangle in the middle represents domain 2, and the innermost black rectangle represents domain 3.

The Carbon-Bond Mechanism version Z (CBM-Z) gas-phase
chemistry mechanism (Zaveri and Peters, 1999) as well as the
Model for Simulating Aerosol Interactions and Chemistry
(MOSAIC 4-bins) aerosol module (Zaveri et al, 2008) are
employed in the model. For aerosol radiative effect, aerosol
optical properties are calculated based on the Mie theory
assuming internally mixing of chemical compositions (Barnard
etal., 2010), and passed to RRTMG radiation scheme (lacono et al.,
2008). For aerosol indirect effect, aerosol activations are
parameterized with the scheme of Abdul-Razzak and Ghan
(2002). CDNC derived according to the aerosol activations is
passed to the RRTMG radiation and Lin microphysics scheme
(Lin et al., 1983), to affect the optical properties of cloud and the
collision and coalescence rates of cloud droplets to form raindrops,
respectively. In addition, we increase the lower limit of the PBL
mixing coefficient for aerosols and gases in order to improve
model representation of vertical distribution as well as diurnal
variation of PM2.5 concentration, following Du et al. (2020). Main
physical and chemical parametrizations adopted in this study are
as summarized in Supplementary Table S1.

To achieve better representativeness, we adopt an
ensemble approach in our simulation of Shanghai case. The
initial ensemble is generated with the three-dimensional
variational data assimilation system of the WRF (WREF-
3DVAR) (Barker et 2004)
Perturbation standard deviations generated based on model

al, using cv5 option.
error covariance are approximately 1K for the potential
temperature, 1 g/kg for the water vapor mixing ratio, 0.5 m/
s for the horizontal wind components and 0.2 hPa for the
pressure. Perturbations are added to the initial field of the base
simulation (first member) in the innermost domain to form a
total of 10 ensemble members in our study. Our method in
generating ensemble initials using WREF-3DVAR follows

Barker (2005) and Meng and Zhang. (2008).
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Isolating the direct and semi-direct effect

In particular, we develop a novel scheme, as shown in
Figure 2, to separate the direct and semi-direct effect of
aerosols. A set of three model experiments are designed:
without aerosol radiative feedback (ExpA), with aerosols
radiative feedback (ExpC), and an intermediate experiment
(ExpB). Among them, the differences between ExpA and
ExpC represent total aerosol radiative effect. While in
ExpB, cloud properties are imported from ExpA and
aerosol optical properties are imported from ExpC, which
are the key procedures to isolate the direct and semi-direct
effect. As can be seen, the only differences between ExpA and
ExpB are the aerosol optical properties, which represent
direct effect. The only differences between ExpB and ExpC
are the cloud properties, which represent semi-direct effect.
Similar framework in isolating direct effect and cloud
response has been adopted in previous studies, in which
aerosol optical properties and clouds are imported into
multiple diagnostic radiation routines, in order to separate
the radiative forcing by these effects (Liu et al., 2018b; Ghan
et al, 2012). In our study, aerosol optical properties and
clouds are imported into the meteorology chemistry model
WREF-Chem to force the simulation, so that we can not only
evaluate changes of radiative flux from radiation module,
such as net shortwave flux at surface shown in this study, but
also evaluate changes of PBL structure and surface PM, s
concentration due to direct or semi-direct effect.

More specifically, our experiments are conducted in two
steps. In step one, ExpA and ExpC are conducted without and
with aerosol radiative feedback, respectively, during which
aerosol optical properties and cloud properties are exported
and saved. In step two, we perform ExpB with cloud properties
imported from ExpA and aerosol optical properties imported
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Schematic illustration of the experiment design in isolating aerosol direct and semi-direct effect using WRF-Chem. ExpA is conducted without
aerosol feedback, ExpC is conducted with aerosol feedback. While in ExpB, cloud properties are imported from ExpA and aerosol optical properties
are imported from ExpC. Therefore, the only differences between ExpA and ExpB are the aerosol optical properties, which represent the direct effect.
The only differences between ExpB and ExpC are the cloud properties, which represent the semi-direct effect.

from ExpC. We also re-run ExpA and ExpC with cloud and
aerosol optical properties imported from their respective
output from step one. All model settings are the same in
three experiments except for the imported variables during
step two.

Our imported variables of aerosol optical properties
include shortwave aerosol optical depth, single-scattering
albedo, and asymmetry factor at all four wavelengths, as
well as longwave aerosol optical depth at all sixteen
wavelengths in WRF-Chem. Our imported variables of
cloud properties consist of number concentrations of cloud
droplet as well as mixing ratios of water vapor and five
hydrometeors, including cloud droplets, cloud ice, rain,
snow and graupel. Note that microphysics latent heat is
also imported, since it is entirely dependent on cloud
properties (neglecting the influence of temperature change
on specific heat of vaporization, which is about 0.1% per
10°C).
properties are imported at an interval of 36s, which is

degree centigrade at Three-dimensional cloud
three times the integration time step, and aerosol optical
properties are imported at an interval of 5min, shorter
than the interval between radiation module calls. To reduce
the error induced by the time interval of data input, temporal
resolutions of the imported data are set sufficiently high, as
described above. These data require large computer storage.
Therefore, our experiment runs are shorter than 1 day due to
the limited storage.

Scenario design
Table 1 shows the scenarios in our study, and their

corresponding experiments in the above framework are shown
in Figure 2. For isolating the direct and semi-direct effects by all
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aerosols, ExpC represents the BASE300 scenario where all
aerosols radiative feedback is turned on. ExpA represents the
AeroRadoff scenario, in which aerosol radiative effect is turned
off (ie., aerosol optical depth are set to zero), and the
intermediate ExpB represents the AeroRadoff int scenario.
Therefore, direct and semi-direct effect by all aerosol species
can be calculated as AeroRadoff_int minus AeroRadoff and
BASE300 minus AeroRadoff_int, respectively. For isolating the
direct and semi-direct effects by BC, ExpC also represents the
BASE300 scenario, while ExpA represents the AeroRadexBC
scenario, in which only BC radiative effect is turned off
(i.e., mass, volume and number concentrations of BC are set
to zero in the Mie-scattering module), and the intermediate ExpB
represents the AeroRadexBC_int scenario. Therefore, direct and
semi-direct effect by BC can be calculated as AeroRadexBC_int
minus AeroRadexBC and BASE300 minus AeroRadexBC_int,
respectively. Note that CDNC is fixed at 300 cm™ in all five
scenarios for the evaluation of aerosol radiative effect, including
BASE300, AeroRadoff, AeroRadexBC, AeroRadoff int and
AeroRadexBC_int, in order to fix the indirect effect.

Indirect effect is calculated based on BASEprogn and
CDNC20 scenarios in which different settings of cloud droplet
number concentration (CDNC) are adopted, following Zhao et al.
(2017) and Zhang et al. (2018b). The first one is conducted with
prognostic CDNC, which represents indirect effect in actual
polluted conditions. While the second one is conducted with
of 20cm™, which
represents indirect effect in clean conditions. Aerosol radiative

prescribed spatially uniform CDNC
feedback is turned off (aerosol optical depth are set to zero) in the
above two scenarios in order to fix aerosol radiative effect. Total
aerosol effect (including direct, semi-direct and indirect effect) is
calculated based on the difference between BASEreal and
CDNC20 scenarios. The BASEreal scenario is conducted with
prognostic CDNC and aerosol radiative feedback.
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TABLE 1 Scenarios for modeling aerosol effects, and their corresponding experiment in the framework of isolating aerosol direct and semi-direct
effect illustrated in Figure 2. The first five scenarios, including BASE300, AeroRadoff, AeroRadexBC, AeroRadoff_int, and AeroRadexBC_int, are
designed to evaluate the direct and semi-direct effect. BASEprogn and CDNC20 scenarios are designed to evaluate the indirect effect. Total aerosol
effect is calculated based on the difference between BASEreal and CDNC20 scenarios.

Scenario name Scenario description Experiment
BASE300 With prescribed CDNC of 300 cm™, with aerosol radiative feedback ExpC
AeroRadoff The same as BASE300 except that aerosol radiative feedback is turned off ExpA
AeroRadexBC The same as BASE300 except that BC radiative feedback is turned off ExpA
AeroRadoff_int Intermediate scenario between BASE300 and AeroRadoff ExpB
AeroRadexBC_int Intermediate scenario between BASE300 and AeroRadexBC ExpB

BASEprogn
CDNC20
BASEreal

Process analysis scheme

From the original WRF-Chem model output variables, it is
difficult to quantify the contribution of each detailed physical
process. This brings obstacles to the analysis of how aerosols
affect changes of temperature and water vapor. Therefore in our
process analysis scheme, the temperature or water vapor change is
decomposed into contributions of individual physical process. To be
more specific, we first decouple the air masses and map factors from
the tendencies of each physical process in the original Runge-Kutta
3rd order scheme, and then integrate these tendencies over time
separately, so that they can be directly compared with the total
change of variables, including temperature and water vapor. Since
during each integration time step in the original WRF-Chem, the
change of temperature or water vapor mixing ratio is calculated as
the sum of each individual physical process, therefore total change of
model temperature or water vapor integrated over time is equal to
the sum of our integrated tendencies from each physical process.
Note that interaction between different processes may be possible
but is not considered in the model. Detailed analysis are given in

Section 3.3

Results
Model evaluations

We selected three cases in this study, including the case of
Shanghai on 19 Nov 2016, case of Wuhan on 4 Jan 2016 and case
of Zhengzhou on 12 Feb 2016. All three cases are characterized by
high cloud cover and heavy pollution. The model performances
are evaluated against the Level 2 Cloud product from the
Moderate Resolution Imaging Spectroradiometer (MODIS) on
the Aqua satellite, radiosondes as well as in-situ observations of
meteorological factors and PM,s concentration (Figure 3;
Supplementary Figures S1-53). Note that for the case of
Shanghai, observations are compared to model simulation of
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With prognostic CDNC, without aerosol radiative feedback —
With prescribed CDNC of 20 cm ™, without aerosol radiative feedback —
With prognostic CDNC and aerosol radiative feedback —

the first ensemble member, since all other ensemble members are
perturbed based on it. We can see from Supplementary Figure S1
that all three cases are characterized with heavy pollution and
high cloud fraction, yet with different amounts of LWP. From 7:
00 to 17:00 LT, mean LWP in the base simulation (BASEreal)
over the box region of Figures 3D-F are 128.1, 186.4 and 304.0 g/
m? respectively. Simulated mean PM,s concentrations
corresponding to in-situ sites are 120.3, 186.9 and 197.8 pg/
m?, respectively (Figures 3G-I). It can be seen that the model
simulations capture the mean PM, 5 concentration as well as the
spatial distribution of clouds very well. Note that most previous
model experiments of aerosol effects have substantially
underestimated the cloud fraction and LWP over China in
winter, by more than 30 and 50%, respectively. This has been
a common problem in chemical transport models (Chen et al.,
2015; Cai et al., 2016; Liu et al., 2016; Zhao et al., 2017), which can
result in considerable underestimation of semi-direct and
To address this

problem, we assimilated the radiosonde observational dataset

indirect effects in aerosol-PBL feedbacks.

in the simulations (see Section 2.1), which significantly improves
the simulated cloud properties.

Quantifying the aerosol effects

In all three cases characterized by heavy pollution and high
cloud fraction, aerosol total effect (BASEreal minus CDNC10)
results in significant decrease in surface net shortwave flux and
PBL height in the daytime (from 7:00 to 17:00 LT), which greatly
enhances PM, 5 pollution. Over the box regions of Shanghai,
Wuhan and Zhengzhou (Figures 3D-F), decrease of net
shortwave flux due to aerosol total effect are —106.9 + 25.7
(—48.4 + 11.7%), —96.6 (~62.2%) and —49.6 W/m> (~60.5%),
respectively. Decreases of PBL height due to aerosol total effect
are —187.1 % 53.0 (-=30.3 + 8.6%), —129.4 (~35.8%) and —78.3 m
(—21.5%), which increase surface PM, 5 concentration by +24.3 +
104 (+27.0 + 11.6%), +12.0 (+7.9%) and +8.5 pg/m® (+4.5%),
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FIGURE 3

Evaluation of model performance. Left, middle and right column represents the cases of Shanghai (2016.11.19), Wuhan (2016.01.04) and
Zhengzhou (2016.02.12), respectively. (A—C) Spatial distribution of corrected reflectance (true color) of MODIS/AQUA projected onto the simulation
domain. Black dots, circles as well as pentagrams mark the locations of the in-situ measurements for PM, 5 concentrations and meteorological
factors, as well as radiosondes observations, respectively. (D—F) Spatial distribution of simulated cloud optical depth (COD) at 14:00LT. (G-1)
Time series of simulated and observed PM, s concentrations at ground stations.

respectively (Figures 4A-C, Supplementary Figures S4A-C,
S7A—C). This considerable enhancement of PM, s pollution
highlights the importance of aerosol-PBL feedback under
cloudy conditions.

We mainly discuss the case of Shanghai in the following main
body part, while the detailed results of the other two cases are
shown in the Supplementary Material (Supplementary Figures
54-59). To be more specific, the direct effect is evaluated from the
AeroRadoff_int and AeroRadoff scenarios (Figures 4D-F). This
effect reduces net shortwave flux at surface and PBL height
by -31.0 + 12.6 W/m® (-14.0 + 57%) and —61.1 + 27.0m
(9.9 + 4.4%), respectively, leading to an increase of PM, 5
concentration by 5.9 + 2.1 pg/m’® (+6.6 + 2.3%), averaged over
the box region in Shanghai. The aerosol semi-direct effect is
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determined based on the BASE300 and AeroRadoff int
scenarios, which is generally opposite to and weaker than the
direct effect on average according to Figures 4G-I. Over the box
region in Shanghai, aerosol semi-direct effect changes surface net
shortwave flux, PBL height and PM, 5 concentration by +0.7 +
5.7 W/m? (+0.3 £2.7%), +10.4 + 9.3 m (+1.7 + 1.5%) and —0.14 +
1.1 pg/m® (=0.15 + 1.2%), respectively. However, note from
Supplementary Figures S7F,I that magnitude of semi-direct
effect exceed the direct effect locally in the case of Wuhan at
34.0°N, 112.4°E. Furthermore, it can be seen from Figures 4]-L
that the effect CDNC20)
dramatically alters net shortwave flux at surface and PBL
height by —82.5 + 32.9 W/m?* (-37.3 + 14.9%) and —140.8 +
69.1 m (-22.8 = 11.2%), respectively, thereby increasing PM, 5

indirect (BASEprogn minus
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FIGURE 4

Spatial distribution of ensemble mean aerosol effect on net shortwave flux at surface (left column), PBL height, (middle column),

PM2.5 concentration (right column) in the Shanghai Case, averaged from 7:00 to 17:00 LT. (A-C) The total effect, calculated as BASEreal minus
CDNC20. (D—F) The direct effect, calculated as AeroRadoff_int minus AeroRadoff. (G—I) The semi-direct effect, calculated as BASE300 minus
AeroRadoff_int. (J—L) The indirect effect, calculated as BASEprogn minus CDNC20. Stilted grids indicate significant differences at the 5%
significance level. The box regions in the city center are used for calculating mean values in the horizontal direction.

concentration by 18.5 + 9.9 pg/m’ (+20.6 + 11.1%) over the box
region of Shanghai, largely exceeding the changes induced by the
direct and semi-direct effect. It is also noted that the spatial
pattern of aerosol total effect is closely related to that of the
indirect effect. Therefore, indirect effect plays the dominant role
in decreasing surface net shortwave flux and PBL height, as well
as in increasing PM, 5 concentration in the Shanghai Case.
Figure 5 compares the time series of ensemble mean and
standard deviation of aerosol effects over the box region of
Shanghai. The indirect effect, scaled by a factor of 0.5 in this
figure, again turns out to be the dominant effect on surface
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shortwave flux, PBL height and PM, 5 concentration, which also
has the largest spread. Direct effect by all aerosol species has
greater impact and uncertainty than the semi-direct effect on the
whole, and their signs are generally opposite. Still, magnitude of
semi-direct effect can exceed direct effect at certain times. For
example, magnitude of PM, 5 concentration change due to semi-
direct effect (-3.6 pg/m’* —3.9%) exceeded the direct effect
(+3.2 pug/m’ +3.5%) at 10:00 LT in ensemble member 10
(figure not shown).

Because BC is previously indicated as an important
contributor of aerosol radiative effect (e.g., Bond et al, 2013;
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Wang et al,, 2013; Ding et al., 2016), we separately examine the
radiative effect of BC by switching its radiative feedback on
and off in BASE300 and AeroRadexBC scenarios, respectively.
Similarly, the differences between AeroRadexBC_int and
AeroRadexBC scenarios represent BC’s direct effect, and
the the BASE300
AeroRadexBC_int scenarios represent its semi-direct effect.

differences between and
Although mass concentration of BC only accounts for about
5% of PM, s, its direct effect on net shortwave flux at surface,
PBL height and PM, s concentration reaches ~30% of all
aerosol species (Figure 5). Its semi-direct effect is also
roughly equal to that of all aerosol species, indicating that
BC played the dominant role in semi-direct effect, which is in
accordance with Fan et al. (2008). We also notice that semi-
direct effect by BC is generally opposite to its direct effect. It is
noted that although semi-direct by BC is weaker than its direct
effect on surface net shortwave flux, PBL height as well as
PM, 5 concentration on average, the spreads of its semi-direct
effect are greater than its direct effect. Ensemble mean
magnitude of increase of PBL height by BC semi-direct
effect (+25.6 m; +2.6%) even exceeded the decrease by its
direct effect (-13.2 m; —1.3%) at 14:00 LT. The reduction of
PM, 5 concentration due to BC semi-direct exceeded its direct
effect at 14:00 LT in ensembles 1, 2 and 6 (figure not shown).

The time for the maximum ensemble mean reduction of
PM, 5 concentration due to the semi-direct effect is 14:00 LT for
BC (~1.4 pg/m? —2.0%) as well as all aerosol species (—1.0 ug/m?
—1.4%), which roughly correspond to the time for the maximum
increase of PBL height, but is an hour after the maximum
increase of surface shortwave flux. The cause of this delay is
that surface shortwave flux largely determines the growth rate of
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PBL (Stull, 1988), while the height of PBL is determined by its
integral.

The direct and semi-direct effect of BC as well as all aerosol
species, together with the indirect effect in all three cases, are
compared in Figure 6. The indirect effect, scaled by a factor of 0.5,
has the largest impact on average among all aerosol effects,
highlighting its dominant role under cloudy scenes (increasing
PM, 5 concentration by +3% ~ +21%). Direct effect exhibits the
second largest impact on average, increasing PM, 5 concentration
by +1% ~ +7% (+1% ~ +2%) due to all aerosol species (only BC).
Both direct and indirect effects reduce surface shortwave flux,
suppress the development of the PBL and enhance PM,s
pollution. The semi-direct effect shows the least impact in
these cases, which either decreases or slightly increases PM, 5
concentration by -0.2% ~ +0.02% (—0.3% ~ —0.07%) for all
aerosol species (BC only), caused by the complex responses of
clouds with either decreased or slightly increased LWP.

Analyzing aerosol-PBL feedback through
semi-direct effect

Next, we examine detailed changes of the physical processes
caused by the semi-direct effect, which refers to the impact of
cloud response to aerosol-radiation interactions on PBL structure
and PM, s concentration. Two key questions are: 1) How aerosol-
radiation interactions affect the cloud? 2) How cloud response
affects PBL structure and PM, 5 concentration? We give a special
emphasize on BC, since in the last section we have demonstrated
that BC dominates in the semi-direct effect. The time-height
cross section of the variables related to BC and cloud in Shanghai
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Bar plot of aerosol effect in cases of Shanghai (left column), Wuhan (middle column) and Zhengzhou (right column). (A—C) Aerosol effect on net
shortwave flux at surface. (D—F) Aerosol effect on PBL height. (G—I) Aerosol effect on surface PM2.5 concentration. All variables are averaged from 7:
00 to 17:00 LT over the box regions marked in Figure 3. For the case of Shanghai, bars and error bars represent ensemble means and standard
deviations, respectively. Note that the indirect effect is scaled by a factor of 0.5 in this figure.

case are analyzed in Figure 7. For the base simulation (BASE300),
clouds reside below 1,000 m near the PBL top in the morning and
extend to about 2,000 m in the afternoon (Figure 7A). On the
other hand, BC aerosols are mostly located within the PBL, with
only a small portion above its top (Figure 7D). Due to the
radiative effect of BC, cloud fraction reduced in the morning
(before 13:00 LT) but increased in the afternoon (after 14:00 LT)
(Figure 7B). This pattern corresponds to the change of RH,
caused by the rise of temperature in the morning and increase of
water vapor in the afternoon (Figures 7C,E,F).
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We further use the process analysis scheme described in
Section 2.4 to investigate the underlying causes of temperature
and water vapor change. Figure 8A shows the temperature
change due to the radiative effect of BC. Figures 8B-F shows
the contribution of each detailed physical process, the sum of
which is equal to the total temperature change. We can see that
the increase in temperature above the PBL is mainly caused by
shortwave heating of BC, which leads to the reduction of cloud
fraction in the morning. On the other hand, change of water
vapor mixing ratio is also isolated in Figure 9, showing that the
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change of advection results in the increase of water vapor above
the PBL, which serves to increase cloud fraction in the afternoon.

Cloud responses could further influence PBL structure and
PM, s concentration. In the morning, the reduction of cloud
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fraction gives rise to the increase of surface shortwave flux,
together with latent heat cooling near PBL top (Figure 5A,
Figure 8D), both of which promoted the development of PBL
and reduced PM, 5 concentration (Figures 5B,C). However, the
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Process analysis of ensemble mean water vapor change by BC radiative effect in time-height section in the Shanghai case, averaged over the
box region shown in Figure 3D. (A) Simulated water vapor change. (B—D) Simulated accumulated water vapor change due to advection, PBL scheme
(including surface evaporation and vertical turbulent mixing) and microphysics process, respectively. The sum of each individual process (B—D)
equals to the total temperature change in (A). Black solid lines represent PBL height in the simulation with aerosol radiative feedback (BASE300).
Blue crosses represent PBL height in the simulation with aerosol radiative feedback except BC. (AeroRadexBC). Stilted grids indicate significant

differences at the 5% significance level.

increase of cloud fraction in the afternoon induces a decrease of
surface shortwave flux, which inhibits the further development of
PBL and enhances PM, 5 pollution (Figure 5). The opposite
impact of semi-direct effect in the morning and afternoon, as
described above, weakens the magnitude of its average impact
throughout daytime (from 7:00 LT to 17:00 LT), which also
partly explains why influences of semi-direct effect are small on
average (Figure 6).

Analyzing aerosol-PBL feedback through
the indirect effect

Previous studies showed that the indirect effect could
CDNC which
suppresses precipitation and increases LWP (Twomey, 1977;
Albrecht, 1989). Both increased CDNC and LWP could result
in a dramatic increase of COD, far exceeding the change caused
by the aerosol radiative effect (Figure 10). This increased COD
decreases net shortwave flux at surface, suppresses the

increase in warm clouds, subsequently

development of the PBL and consequently enhances PM, s
increased LWP
precipitation could promote cloud chemistry and weaken wet

pollution.  Furthermore, and reduced

scavenging of pollutant particles, both contributing to the growth
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of PM, 5 concentration. To evaluate the effect of these processes,
we turn off cloud processing of aerosols (including cloud
chemistry and wet scavenging) in the BASEprogn and
CDNC20 scenarios and compare the differences. Without
cloud processing of aerosols, mean changes of net shortwave
flux at surface, PBL height and PM, 5 concentration induced by
the indirect effect are -79.7 334 W/m?* (-36.1
15.1%), —137.4 = 71.0 m (-22.2 + 11.5%) and +9.0 + 6.0 ug/
m?® (+10.1 * 6.7%), respectively. This increase in PM, 5 is much

+

+

lower than that with cloud processing of aerosols (Section 3.2),
indicating the important role of the latter process. Although large
uncertainties in cloud processing of aerosols with model
simulations exist (Gong et al, 2011; Lu and Fung, 2018),
simulated indirect effect without this process is still larger
than direct and semi-direct effect, which further confirmed
the dominant role of indirect effect on PBL structure and
PM, 5 pollution.

Conclusion and discussions
In this study, we investigate the relative contributions of

direct, semi-direct and indirect effects of aerosols in PBL-aerosol
interaction under cloudy skies. We develop a new method to

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002412

Xiong et al.

Accumulated Precipitation

Liquid Water Path

10.3389/fenvs.2022.1002412

Cloud Optical Depth

A  Total mm C tal
= 200 0 100
"_’_ 160 : : 80
= 120 ’ ? o' 60
32°N o 80 b oy a0
= 40 i = e 20
oy 0 X =49 |0
| 0 sl g i
a0 20 1 M -e0
30°N sy T Pl :;gg 30°N ol :?80
119°E 120°E  121°E 122°F 119°E 120°E  121°E 422°F
D Semi-direct by Al mm F Semi-direct by All
v 50 TR BT 5
wp, o e 40 8 4
&0 30 3
32°N g : . 3™ 20 32°N|LFE 2
i N 10 i 1
30' . 30 =
N 0 . : 0
aeNf =R A0 gpenf oo -1
3 g -20 P 2
30' A 2= A .30 0] g Xk 4
soNfe 3{ Tl s . :;‘6 30°N g A, 128 aoNfE - WA Al 12
1M°E 120°E 121°E 122°F 119°E 120°E 121°E 122°F 119°E 120°E 121°E 122°E
G Semi-direct by BC mm H Semi-direct by BC g/m? | Semi-direct by BC
O 2 0K 0K : 50 T g 5
oMt 1.6 ol g % 40 a2, 4
e 1.2 . 5 30 : 3
32°Nfe o 3y 0.8 32°N} o ,.'. K. e Sk 20 . : 2
a0 N 8.4 | 3 so 1 (1)
seNET 2o {04 men =< %] |{-10 : 1
. . P P -0.8 . e g -20 2
0T g de = W12 @ X -2t | -30 -3
30°N pHEEFE=RT . ';‘6 30°N - 'gg : £ "5‘
119°E 120°E 121 122°F ) 119°E 120°E 121°E  122°F ) MP°E 120°E 121°E 122°F )
J Indirect mm K Indirect L Indirect
-~ 2 'ﬂ 200 7 : L 100
30 = 1.6 30 Mg 160 30 80
. 1.2 120 60
32°N[ e . 0.8 32N 8o 32N 40
0.4 40 20
{0 & . (0 SL 0"
307 .; 0 3 [ 0 30 0
31°N -0.4 31°N -40 31°N -20
; 08 -80 -40
30' 5y 42 30' -120 30 -60
_— 48 o 60 3 -80
ST e R -2 -200 o, -100
119°E 120°E  121°E  122°F 1M9°E 120°E 121°E 119°E 120°E 121°E 122°E
FIGURE 10

Spatial distribution of ensemble mean aerosol effect on accumulated precipitation (left column), liquid water path, (middle column), cloud
optical depth (right column) in the Shanghai Case, averaged from 7:00 to 17:00 LT. (A—C) The total effect. (D—F) The semi-direct effect by all aerosol
species. (G-I) The semi-direct effect by BC only. (J—L) The indirect effect. Stilted grids indicate significant differences at the 5% significance level. The
box regions in the city center are used for calculating mean values in the horizontal direction.

isolate the direct and semi-direct effect of aerosols in WREF-
Chem, and compare their impacts with the indirect effect. Three
haze events characterized with high cloud cover but different
amounts of LWP are investigated. Our results show that the
indirect effect have the dominant impact, which substantially
increases COD, decreases surface net shortwave flux and PBL
height and increases PM, 5 concentration by as much as +3% ~
+21%. Enhanced cloud chemistry and weakened wet scavenging
due to the indirect effect also elevate PM, 5 pollution level. Direct
effect generally shows the second largest impact, which also
decreases surface shortwave flux and PBL height, thereby
increasing PM, 5 concentration by +1% ~ +7%. Semi-direct
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effect has the least impact on average, but can still exceed
direct effect at certain times and locations, which alters PBL
structure through changes of COD and latent heat release and
changes PM, 5 concentration by —0.2% ~ +0.02%. In addition, we
found that BC’s direct effect is about 30% of all aerosols
(changing PM, s concentration by +1% ~ +2%), and its semi-
direct effect is roughly equal to that of all aerosols (changing
PM, 5 concentration by —0.3% ~ —0.07%), indicating its unique
role in aerosol radiative feedbacks.

Our study suggests that the impacts of aerosols through
clouds, especially the indirect effect, play the dominant role in
their feedback processes to PBL structure and air quality under
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cloudy conditions. Note that most previous studies may
substantially underestimate the indirect effect due to the
underestimation of cloud fraction and LWP (see Section
3.1). Short-term aerosol indirect effect on surface pollution
under persistent cloud cover were not compared to direct
effect in these studies, so that the dominant role of aerosol-
cloud interaction has not been pointed out. Some studies also
showed that semi-direct effect could dominate over the
indirect effect. However, these studies mainly focused on
cloud fraction, convective available potential energy
(CAPE) or precipitation (Ackerman et al, 2000; Koren
et al., 2008; Rosenfeld et al., 2008; Fan et al., 2015),
whereas in terms of the change of PBL structure and PM, 5
pollution, COD should be considered as a more influential
factor, because change in COD is directly associated with the
surface shortwave flux change which drives the development
of PBL. Other studies also showed different results from ours
that semi-direct effect may either dominate over or be
overtaken by the direct effect through long-term model
experiments (Forkel et al., 2012; Zhang et al., 2018b). These
discrepancies may be attributed to differences in the temporal
and spatial modeling scales, average cloud cover during the
experiments, aerosol species and their vertical distributions.
Therefore, further research on the sensitivity of PBL-aerosol
interaction to different BC fractions, aerosol and cloud
vertical distributions, as well as different cloud cover
conditions is needed for more generalized conclusions. So
far, the interactions between aerosols and clouds still
represent the largest uncertainty in climate models. More
observational studies are also needed to verify and to

evaluate these aerosol feedbacks.
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Responses of ozone
concentrations to the synergistic
control of NO, and VOCs
emissions in the Chengdu
metropolitan area

Xiaohui Du®??, Wei Tang*, Zhongzhi Zhang®, Junhui Chen?,
Li Han?, Yang Yu?, Yang Li%, Yingjie Li%, Hong Li*, Fahe Chai and
Fan Meng?

*Atmospheric Environment Institute, Chinese Research Academy of Environmental Sciences, Beijing,
China, State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research

Academy of Environmental Sciences, Beijing, China, *College of Water Sciences, Beijing Normal
University, Beijing, China, “Sichuan Academy of Environmental Sciences, Chengdu, China

Simulations of 108 emission reduction scenarios for NO, and VOCs using
Comprehensive Air Quality Model with Extensions (CAMx) were conducted for
eight cities in the Chengdu metropolitan area (CMA). The isopleth diagrams were
drawn to explore the responses and differences of ozone (O3) concentrations to
NO, and VOCs emission changes under Chengdu, CMA and Sichuan Province
emission reduction scenarios. The results show that the Os-sensitive regimes of
eight cities may change under different emission reduction scenarios. Under
Chengdu emission reduction scenario, the Chengdu city is in the transition
regime and Oz formation will shift from transition to VOC-limited when the
VOCs emissions decreased by 50%, and the decreases in Os concentrations
caused by VOCs emission reductions are small. For the CMA and Sichuan
Province emission reduction scenarios, all cities are NO,-limited in the baseline
cases and with at least a 66% and a 77% reduction in NO, emissions, respectively,
the daily maximum 8-h average Oz (MDAS8) can attain the O3 standard (160 pg m=).
Although reductions in VOCs emissions can also lessen the Oz concentration, the
effectiveness is relatively small. The changes in Oz concentrations under different
VOCs to NO, emission reduction ratios indicate that all cities achieve a relatively
high Oz concentration decrement with low VOCs to NO, emission reduction ratios
and that the decreasing Oz concentrations caused by non-local emission
reductions are much higher than those achieved by local emission reductions.
In addition, the decreases in Oz concentrations in Chengdu are quite close when
the total NO, and VOCs emissions reduction percentages are less than 30% under
the CMA and Sichuan emission reduction scenarios.

KEYWORDS

ozone modeling, emission reduction scenarios, O3-sensitive regimes, empirical kinetic
modeling approach, Chengdu metropolitan area
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1 Introduction

High ozone (Os)concentrations threaten human health and
shorten human life (Amann et al, 2008). The mechanism of Os
formation and destruction is very complex. O can be generated via a
series of complex chemical reactions between nitrogen oxides (NOy)
and volatile organic compounds (VOCs) under sunlight conditions
(Haagen-Smit, 19525 Yu, 2019; Li et al,, 2022). Therefore, it is useful to
study the relationship between the changes of NO, and VOCs
emissions and O; pollution in oreder to develop mitigation
strategies that effectively reduce O; concentrations. The Chengdu
metropolitan area (CMA) has become a large urban agglomeration in
southwestern China due to its rapid industrial development and
population growth (Yang et al., 2020), leading to a significant increase
in air pollutant emissions and air pollution problems (Zhou et al,
2019). O concentrations in CMA have gradually increased from
2015 to 2019. The number of days when the daily maximum 8-h
average O concentration (MDAS) in CMA exceeded the secondary
standard of the Ambient Air Quality Standard (GB3095-2012)
increased by 95 days, and the total number of exceeding days for
2019 reached 331 days in CMA. The number of days with excessive
05 concentrations in Chengdu accounted for 1/6 of the polluted days
in 2019. Therefore, it is essential to control regional O; pollution in
the CMA region.

Studies show that when NO, emissions are at very high level,
the reaction of NO, with OH radicals will inhibit the formation of
Os. However, when VOCs emissions increase concurrently, O3
concentrations increase. At very high VOCs emissions, the rate of
self-reaction of HO, is much greater than its reaction with NO,
and increasing NO, emissions will enhance O5 formations as well
(Zhang, 2013; Itahashi et al., 2015, 2020; Kim et al., 2017;
Wickham et al, 2019). This indicates that the relationships
among O3-NO,-VOC need to be considered in conjunction
with NO, and VOCs emission reductions to prevent O;
pollution. The ‘Ozone Pollution Prevention and Control
2017 in Chengdu
demonstrated that scientific emission reduction ratio of VOCs

Action Program’ implemented in
to NOy could reduce the O; concentration in Chengdu more
effectively (Wu and Xie, 2017). Other studies conducted in
different regions also revealed that appropriate VOCs to NOy
ratios could enhance the reduction of O3 concentrations (Chen
et al,, 2019; He et al., 2019; Wang et al., 2019).

The response of O; to NO, and VOCs emissions can be
determined by setting different NO, and VOCs emissions
the in O;
concentrations, and the sensitivities of O3 to VOCs and NO,

abatement scenarios to simulate changes
emissions can be explored by plotting empirical kinetic modeling
approach (EKMA) curves based on various emission reduction
scenarios (Qu et al., 2014; Ou et al., 2016; Tan et al., 2018; Cui
et al, 20215 Jiang et al, 20215 Liu et al, 2021). Although the
contributions from local emissions play an important role in O;
foramtion in CMA (Yang et al., 2020; Yang et al., 2021), studies

investigating the separate effects of local and regional emissions
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on Oj concentrations in the CMA region have not been widely
conducted.

In this study, 108 emission reduction scenarios for NOy
and VOCs emissions, including 36 scenarios for the Chengdu
city, 36 scenarios for the CMA region and 36 scenarios for
Sichuan Province are conducted using the Comprehensive
Air Quality Model with Extensions (CAMx) model, to
explore the different effects of local and regional emissions
on Oj concentrations and to develop a more refined O;
abatement policy for the Chengdu city. The effects of
changes in NO4 and VOCs emissions from different source
regions on the O; concentrations are compared and
discussed. The results provide the scientific supports for
developing O; control measures at municipal and regional
levels in the CMA region.

2 Method and material
2.1 Model description and settings

CAMX, version 7.1 (ENVIRON, 2020), is a third-generation
three-dimensional (3D) air quality model and can be applied to
multi-scale integrated simulation studies of photochemical smog
and fine particulate matter in a 3D nested grid. It can provide
several extensions, such as source apportionment techniques,
sensitivity analysis, process analysis, efc. These extension
modules have been widely used in China and abroad (Chatani
et al., 2020; A. M. Dunker, 2015; Alan M. Dunker et al., 2015;
Yarwood et al., 2013).

In this study, the horizontal resolution of the master grid is
36 x 36 km (Figure 1A), covering the whole China, Northeast
Asia and some parts of Southeast Asia. The nested grid is 12 x
12 km, covering Sichuan Province and its surrounding areas
(Figure 1B). The model is divided into 20 layers vertically. The
Weather Research and Forecasting (WRF v3.9.1.1) model
(Skamarock et al., 2019) is used to provide meteorological
conditions, with the input data (6h interval) from the
National Centers for Environmental Prediction (NCEP)
Final Analysis (FNL). The gas-phase chemical mechanism
is SAPRC07 and the coarse/fine aerosol chemistry scheme
is used for the aerosol chemistry mechanism. The photolysis
rates used in the model are calculated using the O; column
concentrations from the Ozone Monitoring Instrument
(OMI) data.

The emissions inventory for the master grid (36 km) is
based on the Multi-resolution Emission Inventory for China
(MEIC 2016, Li et al., 2017) and Regional Emission Inventory
in Asia (REAS2.1, Kurokawa et al., 2013). The emission
inventory used for the nest grid (12 km) is according to
MEIC2016 and adjusted by the localized air pollutant
emission inventory. VOCs emission is subdivided into
116 species using the VOCs species consolidation methods

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1024795

Du et al.

10.3389/fenvs.2022.1024795

9°E  95SE 100°E 105°E  110°E
1 1
S0°E 60°E 70°E 80°E 90°E HO°E  130°E 150°E 160°E 170° E
50° N 1 1 1 1 1 1 1 1 1 1 1 B = ry
T
A N Zkm,
36km A 30° N 3 3
40° N+ ?;_‘ R
A
25° N+ o
30° N
20° N+
20° N 102°FE 103°E 104°E 105°E 106°E
1 1 1 1 1
33° N+
10° N NEC 32° N
0 335670 1,340 Miles
e P 31° N+
0° '
Legend 30° N
—Domain 2 (12km) Topo height (m)
—Domain 1 (36km) wor High : 5365 260N
[IChengdu Plain Economic Zone |y L 241
= : oW :
* Monitoring stations
FIGURE 1

Modeling domains for (A) East Asia, (B) Sichuan and its surrounding area and (C) the CMA region. The blue triangles in (C) represent national air

quality monitoring stations.
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FIGURE 2
NOx and VOCs emission reductions matrix

introduced by Carter. (2000), Li et al. (2014) and Carter and
Heo. (2013)
SAPRCO07 mechanism. The biogenic emissions used in the

for allocation of VOCs species for the
simulations are generated by the Model of Emissions of Gases

and Aerosols from Nature (MEGANvV3.1; Guenther et al,,
2019).
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2.2 Simulation scenarios design

One baseline scenario and 108 emission reduction scenarios are
designed in this study. Of the 108 scenarios, 36 are region-wide NOy
and VOCs emissions reductions for Chengdu with emissions outside
Chengdu remaining unchanged; 36 are region-wide emission
reduction scenarios for eight cities in the CMA region (Chengdu,
Deyang, Mianyang, Meishan, Leshan, Ziyang, Suining and Ya’an)
with emissions outside CMA remaining unchanged; 36 are region-
wide emission reduction scenarios for entire Sichuan Province with
emissions outside Sichuan Province remaining unchanged. Figure 2
shows the matrix of different NO, and VOCs emission reductions.
The origin (x = y = 0) represents the baseline scenario and the dots
identify the proportions of NO, and VOCs emissions reduction
percentages that are applied for Chengdu, CMA and Sichuan
Province. Referring to Ou et al. (2016), Chen et al. (2019) and
Luo et al. (2021) for the setting of emission reduction scenarios, since
those nearest the baseline cases represent more feasible emissions
reductions, the emissions reduction percentages are spaced at 10%
intervals when the emissions reduction percentages are 50% or less
and at 20% intervals when the emissions reduction percentages
exceeded 50%. In order to investigate the changes in O;
concentrations at different emissions reduction ratios of VOCs to
NO, 12 scenarios with different reduction percentages of NO, and
VOCs emissions are designed (e.g., 20% reduction for NO, and 40%
reduction for VOCs). All simulations are conducted for the August
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TABLE 1 Comparisons of observed and simulated MDA8 Os concentrations on polluted days in eight cities in August 2019 (MDA8 Os concentrations

exceeding 160 ug m=3).

City name Observed MDAS O Simulated MDAS8 O; Fractional bias (%) Number
of pollution days
Chengdu 194.64 175.42 -10.80 14
Deyang 209.14 179.11 -14.09 7
Leshan 177.50 199.99 12.12 6
Meishan 188.00 182.30 -3.55 10
Mianyang 179.17 171.52 -5.52 6
Suining 179.43 223.51 21.59 7
Ya’an 170.00 167.54 -1.93 4
Ziyang 178.33 193.49 6.63 9
A R: 0.80 ; NMB: -1.73% ; NME:18.02% B R: 0.90 ; NMB: 9.01% ; NME:14.81%
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>
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FIGURE 3

Comparisons of (A) daily maximum 8-h average Oz and (B) daily averaged NO, concentrations in eight cities of the CMA region in August 2019.

2019 period, and the other input parameters used for all simulations
are unified. Finally, the responses of O; to NOy and VOCs emission
reductions are calculated based on the 108 emission reduction
scenarios and are visualised via O3-NO,-VOC isopleths.

Considering that pollution control measures are mainly
targeted at stages of heavy pollution, O; polluted days in each
city are selected as those for which the observed and simulated
MDA8 Oj; concentrations are simultaneously greater than
160 uygm™>, and the number of O; polluted days during
August 2019 are counted (Table 1), the simulated MDA8 O;
concentrations for each city are averaged over the modeling grids
where the monitoring stations are located. The factional bias
between observed and simulated MDAS8 O; concentrations are
calculated for each city, showing that the model is well performed
for simlulating the polluted days with most of biases less
than 20%.
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3 Results and discussions
3.1 Model evaluation

The evaluation of the model performance for O; and NO,
concentrations in cities of the CMA region is illustrated in
Figure 3. The observed MDA8 O; concentrations and the
daily NO, concentrations averaged over the monitoring sites
in each city are used against the simulated data. The simulated
MDAS O; concentrations in August 2019 are extracted from the
modeling grids where the monitoring stations are located. A total
of 37 national monitoring stations in the eight cities in CMA are
chosen for model validations (Figure 1C). The statistical metrics,
correlation coefficient (R), normalised mean bias (NMB) and
normalised mean error (NME) show that the correlations
between simulated and observed O; and NO, concentrations
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MDA8 O concentrations in the range of 160-170 ug m~3, (C) polluted days with MDA8 O3 concentrations in the range of 170-190 pyg m=* and (D)
polluted days with MDA8 Osz concentrations greater than 190 ug m= (the black arrows are ridgelines).
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are both greater than 0.8, the NMB values of O; and NO, are
-1.73% and 9.01%, and the NME values of O; and NO, are

18.02% and 14.81%, indicating that the model generally performs
well over the CMA region (Emery et al., 2017).

3.2 Responses of Oz to NO, and VOCs
emission reductions

3.2.1 Reduction scenarios in chengdu

A baseline and thirty-six abatement scenarios were conducted to
investigate the effects of local and regional emission reductions on
MDAS Oj; concentrations in Chengdu. Isopleth diagrams of average
MDAS Oj; concentration are plotted on polluted days during August
2019 with NO, and VOCs emissions reduced only for Chengdu
(Figure 4A), following the method as described in Section 2.2
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(Table 1). The decreases in Oz concentrations due to the
reductions of local NO, and VOCs emissions for Chengdu are
small, even with a 100% reduction of local emissions, which only
brings down the MDA8 O; concentration close to 170 ug m™>. The
isopleth diagrams illustrate that the MDA8 O5 concentration for the
baseline scenario is skewed towards the transition regime
(Figure 4A). When the VOCs emissions gradually reduce and
NOy emissions remain the same or decrease less than the VOCs
emissions, the Os-sensitive regime in Chengdu gradually moves
toward VOC-limited.

The average MDA8 Oj; polluted days during August 2019 in
Chengdu are divided into three categories based on the following
concentration 160-170 pg m >, 170-190 pg m™
and >190ugm™ (Figures 4B-D). When the MDA8 O,
concentrations at the range of 160-170 pgm™, Chengdu is in
VOC-limited regime and a decrease in NO, emissions enhancing

ranges,
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FIGURE 5

Isopleth diagrams of MDA8 Os varing with VOCs and NO, emission reductions for the CMA scenario ((A) Chengdu, (B) Leshan, (C) Deyang, (D)
Meishan, (E) Mianyang, (F) Ziyang, (G) Suining, (H) Ya'an; the black lines with arrows are ridgelines).

Oj; concentrations. However, a 20% reduction in VOCs emissions in are small, with only a decrease of O; concentration around
Chengdu can bring down the MDA8 O; concentration to 5pugm™ by more than 50% reductions. The nearly horizontal
160 ugm™. When the MDA8 O; concentration above contours of Suining and Ziyang indicate that these two cities are

170 pgm™>, Chengdu is in a transition regime. At the range of NO,-limited and reducing NO, emissions inhibits O5 formations.
170-190 pg m >, MDAS8 Oj concentrations in Chengdu are only Therefore, priorly reducing NO, emissions in the eight cities of

likely to reach 160 ug m™ when NO emissions decreased by almost CMA will bring down O; concentrations more effectively.
100%. At the Os level above 190 ugm™, the MDA8 Os The responses of Oz concentrations to NO, and VOCs
concentrations in Chengdu cannot reach 160 pg m™ if only local emissions vary in different cities in the CMA region. The
emissions are reduced. It indicates that at light levels of O pollution, averaged MDAS8 O; concentrations in cities such as Leshan,
reducing local emission can attain O; standard, while at more severe Mianyang and Ya’an can attain the standard (160 ug m™)
levels of O3 pollution, considering regional control measures are when NO, emissions in CMA are reduced by 22-53%. Cities
necessary in Chengdu. such as Chengdu, Ziyang, Deyang and Meishan need to reduce
NO, emissions in CMA by 60-77% to reach the standard.
3.2.2 Reduction scenarios in CMA Although the MDAS8 Oj; concentrations in Suining are lower
In the emission reduction scenario for eight cities in CMA, the than most of the other cities, the reduction of NO, emissions
isopleth diagrams of MDAS Oj illustrates that all cities are mainly in CMA causes a small gradient in the decrease of Oj, resulting
NOj-limited in the baseline scenario except for Chengdu, which is in in more than 89% reduction of NO, emissions in CMA to
a transition regime (Figure 5). In Chengdu, the reduction of both lower down Oj concentrations below 160 ug m™>. It indicates
NO, and VOCs emissions resulted in a decrease in O; that synergistic precursor emission reductions from the CMA
concentration. When NO, and VOCs emission reductions region or outside CMA are required to achieve more effective
exceeded 40%, the gradient of O; concentration decrement O3 controls.
caused by NO, reduction is greater than that from VOCs
reduction. Similar trend is also observed for Deyang. The O 3.2.3 Reduction scenarios in Sichuan Province
isopleths for Leshan, Meishan, Mianyang and Ya’an show that Isopleth diagrams of the averaged MDA8 O concentrations
the effects of VOCs emission reductions on O; concentrations versus the VOCs and NO, emission reduction percentages for
Frontiers in Environmental Science frontiersin.org
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FIGURE 6
Isopleth diagrams of MDA8 Os varing with VOCs and NO, emission reductions for the Sichuan Province scenario ((A) Chengdu, (B) Leshan, (C)
Deyang, (D) Meishan, (E) Mianyang, (F) Ziyang, (G) Suining, (H) Ya'an; the black lines with arrows are ridgelines).

Sichuan Province are shown in Figure 6. It shows that reducing Province result in a maximum decrease in MDA8 O;
NOy and VOCs emissions in Sichuan Province cause a larger concentrations above 77.4pugm™ (40%) for most cities,
gradient in the decrease of MDA8 O3 concentrations compared with a maximum of approximately 83.9ugm™ (47%) in
to those shown in Figure 4 and Figure 5. Although the responses Leshan. The exception is in Suining, which has the smallest
of O3 concentrations to NO, and VOCs emissions in most cities decrease in O; concentrations among these cities, with a
are NO,-limited, the same percentage of VOCs emission maximum decrease of about 44 ugm™ (25%) in two
reductions in Figure 6 causes a greater decrease in MDAS8 O; different regional emission reduction scenarios. A study by
concentrations than in Figure 4 and Figure 5. In Leshan, Lu et al. (2019) revealed that the background O;
Mianyang and Meishan, around 30% VOCs emission concentrations from May to August accounted for
reductions result in a 5pugm” decrease in the O; approximately 50.3% of total O; concentrations in the
concentrations. Similarly, the MDA8 O; concentrations in Sichuan Basin, indicating that a 100% reduction of
eight cities reach the 160 ug m~ much faster in the emission anthropogenic emissions in Sichuan Province may cause
reduction scenarios for Sichuan Province. Cities such as Ziyang, less than 50% decrease of total O3 concentrations.
Suining, Leshan, Mianyang and Ya’an, NOy emissions dropped The maximum decrease in O3 concentrations in Deyang and
by around 20-45%, and cities such as Chengdu, Deyang and Chengdu under the CMA emission reduction scenario is around
Meishan, NO, emissions dropped by approximately 48-66%, 714 ug m™ (34.1%) and 68.8 ug m™ (35.4%), respectively, and
respectively, MDAS8 O3 concentrations can attain the standard of the maximum decrease in O; concentrations in Chengdu and
160 pg m™. Deyang under the Sichuan Province emission reduction scenario
The effects of NO, and VOCs emission reductions from is about 97.5ugm™ (46.6%) and 91.0ugm™ (46.8%),
different regions on O; concentrations vary significantly respectively. The decreases in Oj; concentrations under the
among cities. Figure 7 shows the maximum decrements in Sichuan ~ Province emission reduction scenario are
MDAS8 O; concentrations for each city under the 100% NOy approximately 12% larger compared to the CMA emission
and VOCs emission reductions for the CMA region and reduction scenario, especially in Leshan, Mianyang and
Sichuan Province. The emission reductions for Sichuan Ziyang, decreases in Os; concentrations under the Sichuan
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Province emission reduction scenario are about 20% higher than
those under the CMA emission reduction scenario.

3.3 Differences in Oz reduction
effectiveness

Figures 4-6 illustrate the effects of local and regional
emission perturbations on Oz concentrations. Comparing the
Oj; isopleth diagrams for Chengdu, CMA and Sichuan Province
emission reduction scenarios reveals that, although the baseline
scenario showing Chengdu is in a VOC-limited regime, the
reductions of local VOCs emissions have small impact on the
decrease of Oj concentrations. When local VOCs emissions
decreased by 60%, the decrease of O; concentrations in
Chengdu is less than 5ugm™. In contrast, under emission
reduction scenarios for the CMA and Sichuan Province, to
achieve a 5pugm™ decrease in MDA8 Oj; concentrations in
Chengdu only required a reduction of NO; or VOCs
emissions of less than 20%, and even a smaller reduction rate
is demanded if both NO, and VOCs emissions are reduced. It
indicates that the regional and transported emission sources on
O3 concentrations should be considered in emission control
strategies.

Referring to the emission ratios of VOCs to NOy in other
studies (Chen et al,, 2019; Wang et al,, 2019; Yao et al., 2021),
11 different emission reduction ratios of VOCs to NO, emissions
(VOCs/NO, = 14, 1:3, 1:2, 1:1.5, 1:1.25, 1:1, 1.25:1, 1.5:1, 2:1, 3:1,
4:1) within 100% emission reductions under Chengdu, CMA,
and Sichuan Province scenarios are conducted to investigate the
changes for MDA8 O; in Chengdu (Figure 8). When the
emission reduction ratio of VOCs/NOy is greater than 1, the
decreasing trend of the averaged MDAS8 Oj; concentration is
closer to linear and the decrement in the averaged MDAS8 O;
concentration is significantly smaller than those when the ratio is
less than 1. In contrast, the decreasing trend in the averaged
MDAS8 O; concentration is non-linear when the emission
reduction ratio of VOCs/NO, is equal to or less than one and
the smaller the ratio (the larger reduction of NOy emission) the
faster the O; decrease. The largest decrease in the averaged
MDAS8 O3 concentration is at the VOCs/NO, ratio of 1:4.

Among the emission reduction scenarios in different
the decrease in the averaged MDA8 O;
concentration under the Chengdu
scenario is significantly smaller than those under the other

regions,
emission reduction
two regional emission reduction scenarios (the CMA and
Sichuan Province). However, when the total VOCs and NO,
emission reductions are less than 30%, especially at high ratio of
VOCs/NOy, the in the averaged MDAS8 O;
concentration under these two emission reduction scenarios

decrease

is almost identical.
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4 Conclusion

108 scenarios of NO, and VOCs emission reductions for
different regions were simulated using the CAMx model and
the relationship among O3;-NO,-VOC was obtained in this
study. The responses of O; formation to the changes in NOy
and VOCs emissions in the CMA region were demonstrated
by the O; isopleth diagrams. In addition, 11 emission
reduction cases with different VOCs-to-NO, ratios were
investigated to explore the changes in Oz concentrations
under different reduction ratios of precursor emissions.

It was found that the Os-sensitive regimes in Chengdu city
was in a transition zone, while the other cities in the CMA region
were in the NO,-limited zone. Eight cities could meet the
MDAS8 O3 concentration standard when NO, emissions in the
CMA region were reduced by 77% or more. However, if only cut
VOCs emissions, even with a 100% reduction, it failed to attain
Oj; standard of 160 ug m > for all cities in the CMA region. The
results showed that under the NO, and VOCs emission reduction
scenario in Sichuan Province, the most effective way to reduce
the peak MDA8 O; concentration was to control NOy emissions,
with a 66% reduction in NOy emissions enabling cities in the
CMA region to reach the MDA8 O; standard (160 pugm™).
However, in reality, it is quite difficult to achieve 66% NOy
emission reductions in a short time period. Hence, in order to
reach the MDA8 Oj; standard in all cities in the CMA region,
joint regional pollutant prevention and control abatement
measures outside of Sichuan Province may need to be
considered. Although a decrease in VOCs emissions could
also reduce the MDAS8 O; concentration, the effects were
smaller than that achieved with a decrease in NO, emissions,
and cutting VOCs emissions alone may not be able to achieve the
MDAS Oj; standard in some cities, such as Deyang, Meishan, and
Suining. Overall, the NO, and VOCs emission reductions in
Sichuan Province could reach a 50% higher O; concentration
decrease than the emission reductions in the CMA region, such
as in the Ziyang city, but the other cities such as Deyang,
Chengdu and Suining, such differences were not significant.

The MDA8 O; concentration decreases resulting from
different VOCs to NO, emission reduction ratios for the
eight cities in the CMA region showed that all cities reach
higher MDAS8 O3 decreases due to NO, emissions control. In
addition, the effects of non-local emission reductions on
MDAS8 Oj; decreases were much higher than those from
local emission reductions. Furthermore, in the emission
reduction scenarios for the CMA and Sichuan Province, the
decreases in MDAS8 O; were almost identical for NO, and
VOCs emission reductions at less than 30%, suggesting that if
the non-local NO, and VOCs emission reductions were small,
effects of expanding the emission control area from CMA to
Sichuan Province on MDA8 O; were insignificant.
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Oj; is highly transportable and biogenic VOCs emissions
were relatively high in summer, contributing high background
O; concentrations and increasing the difficulties in O;
control. Although most cities in the CMA region were
NOy-limited on the regional basis, the synergistic control
of NO, and VOCs emissions was still an effective way to
reduce Oj concentrations in the short term. On the other
hand, persistently controlling regional NO, emissions should
become a control measure in a long run to further reduce O;
levels regionally.
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The widespread surface of the air-water interface plays a crucial role in the
partitioning processes between the atmosphere and the hydrosphere. As one of
the prime CWAs (Chemical Warfare Agents) abandoned by Japanese, the
unfound 2-Chloroacetophenone posed a severe threat to the Chinese
people. In this study, the interface partition constant of 2-
Chloroacetophenone was obtained by measuring the mass uptake vapor on
different environmental water films with various thicknesses. The surface
tension, dissolved organic matter, and salinity of the environmental samples
were analyzed. The partition constant of 2-Chloroacetophenone in pure water,
river water and sea water samples at 288 K were 1182.2 + 499, 1606.6 +
101.3 and 408.9 + 18.3, respectively. Surface adsorption is the predominant
mechanism. The results also indicate that the adsorption partitioning ability of
2-Chloroacetophenone at the air/water interface was negatively correlated
with surface tension. 2-Chloroacetophenone is more likely to adsorb at the gas/
water interface with lower surface tension.

KEYWORDS

air-water interface, partition constant, 2-Chloroacetophenone, surface microlayer,
flow-tube reactor

Introduction

2-Chloroacetophenone, one of the primarily used riot control agents with the military
designation of CN, can cause uncontrolled sneezing, coughing, eye irritation and
lacrimation (Olajos and Salem, 2001; Blain, 2003). It was first synthesized in
1871 and had served in military action for a long history (Olajos and Salem, 2001).
CN was also used as the main active ingredient in a liquid mixture under the tradename
“Mace” for riot control and law enforcement.

The chemical formula of CN is shown in Figure 1. At room temperature, CN is
colorless crystals solid. CN has low solubility in water but is soluble in alcohols, ethers and
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Cl

2-Chloroacetophenone (CN)

FIGURE 1
Chemical formula of 2-chloroacetophenone (CN).

other organic solvents. The vapor pressure of CN at 20°C is 4.1 x
10~° mmHg. The hydrolysis of CN in water is very slow. CN acts
directly on the mucous membranes. Exposure to high
concentrations of CN aerosol can cause intense ocular and
respiratory irritation and associated burning and pain
sensation in the eyes, nose, throat and lungs. Some symptoms
can persist for 20 min. The maximum safe dose for short-term
inhalation is 500 mg/m® (Blain, 2003). And the safety
threshold in an aqueous environment is 0.36 pg/L (Hu et al,
2008).

After World War I, CN began to appear as a chemical warfare
agent in military operations and exercises. Since the 1930s, tons
of agents called “Midori” or “green color agent” was
manufactured and shipped to China by the Japanese army
(Tu, 2010; Brombach, 2011). At the end of the war, a large
amount of CN was directly dumped into water area in China by
the Japanese army to cover up the evidence of their criminal use.
These abandoned chemical agents had been found in nearly
100 locations in China. There are still considerable amounts of
agents that remain undetected. These agents had become a
serious threat to residents, causing severe pollution and
ecological damage. This project was undertaken to evaluate
the atmospheric fate of CN.

The air-water interface is the most widespread surface in the
environment. The uppermost 1 um to 1 mm of the surface of the
ocean and the river, which also call the Surface Microlayer, is
mainly composed of various biogenic organics species (Peleg
etal,, 20165 Stirchak et al., 2021). Some organic compounds, such
as n-alkanoic acids (fatty acids) and humic-like substances
(HULIS), are surface-active substances and can affect the
surface tension of water (Tinel et al., 2016; Chiu et al., 2017).
These compounds are also present in atmospheric water films
such as fog, mist, dew, cloud droplets surface and can affect the
nucleation and the growth of aerosols and the absorption of gas
molecules. Cappiello analyzed water-soluble organic matter
(WSOC) in fog water samples by MS/MS and found the
presence of HULIS (Cappiello et al., 2003).
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The main purpose of this study is to develop an
understanding of the partitioning processes between the
atmosphere and the hydrosphere. The adsorption behavior is
strongly associated with the target molecule’s polarity and size
and the film surface’s polarity, which could be measured by the
air/water partition constant (K,y) (Jing et al., 2006; Goss, 2010;
Chen et al, 2011). However, the presence of surfactants may
increase the water solubility of gaseous substances through
micelle trapping mechanisms or intermolecular interactions. It
also may cause a decrease in the permeability of gaseous
substances on aqueous surfaces (Chen and Valsaraj, 2007).
Furthermore, the spices may be involved in surface reactions
to cause unpredictable results. Chen investigated the effect of
surfactants on the adsorption of naphthalene at the gas-water
interface using Suwannee River fulvic acid (SRFA) (Chen and
Valsaraj, 2007). When the concentration of River fulvic acid in
water was low, the increase of naphthalene adsorption by
films
naphthalene in aqueous films even exceeded the solubility in

aqueous was limited. And the concentration of
pure water when the concentration of SRFA was high, indicating
that the presence of HULIS in natural aqueous films promoted
the adsorption of naphthalene. Some studies had also shown that
long-chain fatty acid monomolecular layers covering the surface
of aqueous film inhibit the uptake of N,Os and anthracene
(Thornton and Abbatt, 2005; McNeill et al., 2006).

In this study, a flow-tube reactor was used to obtain the
equilibrium concentration of CN between the water film and the
gas phase. The objective of this work was to obtain the partition
constant of CN and to investigate the impact of different surface
samples on the partitioning results.

Materials and methods
Materials

Standard reagents: Methanol (chromatographic pure, Fisher
Chemical, Germany); NaCl (chromatographic pure, Beijing
Chemical Manufacturer, China); TENAX TA supporter (60/
80 mesh BUCHEM BV, Holland); CN (99.89%),
provided by the State Key Laboratory of NBC Protection for
Civilian (Duan et al., 2020).

Environmental water samples: The river water samples were
collected from the Yangtze River in Yichang, Hubei Province (salinity
0.2 g/L); The sea water samples were taken from the surface layer of
the South China Sea in Guangdong Province (salinity 17.125 g/L). All
environmental water samples used were unfiltered.

size,

Equipment and instrument

Equipment: 7890A Gas chromatograph (equipped with

hydrogen ion flame detector, Agilent Technologies,
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FIGURE 2

Flow tube reactor.

United States); Solid-phase microextraction device (SPME,
Supelco, United States); 85um CAR/PDMS fiber (Supelco;
United States); Magnetic heating stirrer (MS-H-Pro, Dalong
Xingchuang Instruments, China); Ultrapure water system
(CR- 20B+, Gaosen instrument equipment, China);
Thermostat oil-bath cauldron (OSB-2000, EMELA); Flow
injection fluorescence (R-6000, Shimadzu, Japan); Laboratory
conductivity meter (ST3100C, OHAUS, United States); Optical
contact angle meter (OCA-20, Dataphysics, Germany);
Electronic balance (CPA225D, Sartorius Group, Germany),
Mass flow controller, range 0-500 mlmin™' (SY-9312D,
ShengYe Technology Company of Beijing, China).

The adsorption experiments were performed on a flow-tube
reactor described in our previous work (Hao et al., 2021). Some
modifications have been made in Figure 2 for the detection of
CN. The equipment was mainly constant with a vapor saturator
device, a flow-tube reactor, and a coolant circulator system. The
whole device and the quartz boat were held in a horizontal
position. The partition experiment was conducted in the flow-
tube reactor. CN is adsorbed on a thin water film coated on the
bottom surface of a rectangular quartz trough (length 490 mm,
width 30 mm, and height 5 mm). The bottom surface area of the
quartz trough is 147 cm? The circulating coolant in the reactor
controls the temperature of the water film. The reactor was sealed
using a suitable seal strip. The instrument status was monitored
by a variety of sensors. Temperature sensors inserted through the
reactor body are placed only millimeters from the glass trough
bottom. The temperature of the water film is monitored
consistently throughout the experiment. The internal pressure
of the reactor was measured by a pressure sensor system. The
sensor used ensures the reproducibility and reliability of the
experiment.

The concentration of gas-phase CN is hard to quantify by the
gas chromatograph directly. So, we use SPME technique to
capture the CN in the reactor. During the experiment, the
SPME fibers were inserted into the reactor and released into
the GC inlet for analysis.

The whole system was operated in a ventilated environment.
Nitrogen was used as the carrier gas at a flow rate of 60 ml/min.
The flow rate was controlled by the SY-9312D mass flow
controller. The carrier gas was humidified by passing through

Frontiers in Environmental Science

a vessel containing water to avoid the volatilization of the water
film during the experiment.

Experimental details

The bottom of the quartz boat was soaked in 50% w/v
NaOH for 1h, followed by rinsing with Milli-Q water.
The volume of water added controlled the thickness of
the film. The temperature of the water film was kept at 15°C
which makes the data correspond to the average temperature
of the atmosphere. 2, 5, 8, 11, and 15 ml of ultrapure water
were added into the quartz trough to form water films
with thicknesses of 136, 340, 544, 748, and 1,020 pm,
respectively.

The vapor saturator device generated the gas-phase CN. At
20°C, CN is a flaky white crystal, and the vapor needs to be
transferred to the flow tube reactor for the partitioning
experiment. TENAX TA has been used in riot control agent
analysis (Carrick et al., 2001). We present a scheme to spike
TENAX TA supporter into a thermal desorption tube. The
supporter was coated with CN by mixing it with a CN-
methanol solution. Methanol has a lower boiling point
(64.8°C), so it was first to evaporate when heated. After that,
CN has been adsorbed onto the surface of the supporter and was
released in a stream of nitrogen gas. The support was
transformed into a stainless-steel tube and covered by glass
wool. Since the melting point of CN is 54°C, heating the
thermal desorption tube would lead to rapid volatilization of
CN. Therefore, the temperature of the vapor generator was kept
at 20°C in all experiments.

The quartz boat was covered with water film and placed in
the reactor, and then the vapor was passed through to carry out
the experiment. The concentration of CN in the gas phase and
aqueous phase was measured using SPME separately. The reactor
and the lines were purified with pure nitrogen to avoid residues
after the experiment.

Environmental water experiment: The effects of mineral
content and dissolved organic matter (DOM) on the
interfacial partitioning in different environmental water were
studied. Experiments were conducted with the samples collected
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from the Yangtze River and the South China Sea at the same
temperature and water film thickness.

Sample analysis

In this experiment, SPME combined with GC-FID was used
to analyze CN in the gas phase and aqueous phase.

An 85 um CAR/PDMS fiber was inserted into the flow tube
reactor to capture CN in the gas phase. The SPME fiber was
exposed for 10 min. And the fiber was inserted into the injection
port of the GC for desorption. Samples were collected at 10, 30,
and 50 min, respectively.

The aqueous samples were collected at the end of the
partitioning experiment. The concentration of CN in aqueous
phase was determined using the same fiber. In the previous work,
the effects of extraction temperature, extraction time, stirring
speed, salinity, and resolution time on the extraction effect were
investigated (Hao et al., 2022). The best extraction conditions
were obtained as follows: extraction temperature 40°C, extraction
time 30 min, stirring speed 1500 r/min, NaCl 2 mol/L, and
resolution time 2 min.

Quantification of CN in the aqueous and gas phase was
calculated based on two calibration curves. A calibration curve
for aqueous samples was obtained by a serial dilution from
standard  stock (10 mg/ml) to the
concentration (10 ug/ml) calibration standard. In

solution lowest

each
analysis, eighty microliters of water samples were diluted to
4ml with ultrapure water for SPME. These samples were
extracted for 30 min under the same extraction conditions to
obtain a standard curve for the aqueous phase. The curve for the
gas phase was from the standard gas method, which will be
described in the following part.

Analysis was conducted on a 7890A gas chromatograph
(FID, Agilent Technologies, United States) at 250°C. The
injector temperature was set at 250°C. Nitrogen was used as
carrier gas at a pressure of 20 psi. Hydrogen and air were used as
detector gases at 40 and 300 ml/min flow, respectively. The
analytical column was DB-5MS, 30m X 0.25m, 0.25pm
thickness (Agilent Technologies). The temperature program of
the GC was from 80°C (1 min) to 250°C (8 min) at 20°C/min.

Data progressing

The concentration of CN in the water films was accumulated
by both adsorption and absorption processes, which can be
described by the following equation (Chen et al., 2011):

K
Cl = Cy +—=C,

5 1)

where: C{,, is the overall equilibrium concentration for CN, Cyy is
the bulk water phase concentration of cyclohexanone, Cq is the
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concentration in the gas phase, § is the thickness of water film,
Kar is the partition constant at the air-water interface.

According to Eq. 1, the y-axis intercept and slope of the curve
are the values of bulk phase concentration (Cyy) and the partition
constant Ky, respectively. In combination with the value of C,,
the interfacial partition constant K,; was obtained.

Analysis of environment water

The samples’ DOM in river water and sea water was measured
using a Shimadzu F-6000 fluorescence spectrophotometer from
Japan. The sample was placed in a 1 cm quartz cuvette with a
scanning speed of 12,000 nm/min. The excitation wavelength
(AEx) in the range of 200-900 nm (slit width 5nm) was used,
and fluorescence was recorded (AEm) in the range of 200-900 nm
(slit width 5 nm).

The surface tension of ultrapure water and the real samples were
measured using the pendant droplet method with a contact angle
meter. An inverted pendant drop was suspended from a stainless-
steel needle. A digital video camera captured the images of the drops.
Ten milliliters of ultrapure water and environmental water were
weighed. The density of each sample was measured and used to
calculate the surface tension of different samples. The salinity (SAL),
total dissolved solids (TDS), and conductivity of environmental
water were determined using a laboratory conductivity meter.

Results and discussion
Standard curves

The SPME-GC response was obtained using the standard gas
method. A gas-tight syringe was used to extract the headspace gas
from a vial filled with CN. The temperature of the vial was
maintained at 20°C. Then the gas samples were injected into a
brown bottle (1.15L) to get gas mixtures. The bottle was sealed
with a sealing film (Parafilm) and placed in a thermostat oil-bath
cauldron at 15°C. The concentration of CN in the bottle was
calculated by the following equation.

Ps-V
BT RT

@

Where: P; (mmHg) is the saturated vapor pressure of CN (4.1 x
10~ mmHg at 20°C), V (L) is the extraction volume, n, (ug/L) is
the amount of the CN introduced into the brown bottle, R is the
gas constant, T (K) is the sample temperature.

A glass-tight syringe was used to draw 50, 100, 200, 400, and
500 ml of headspace gas. The CAR/PDMS extraction fiber was
inserted into the sealing film and extracted for 10 min. After each
set of experiments, the syringe and the bottle were heated to avoid
residual. Different concentrations of gas mixtures were prepared
for the standard curve and analyzed by GC-FID.
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FIGURE 3
Trend of gas phase concentration of CN.

The standard curve for the SPME is y = 16.069x-14.792, and
the correlation coefficient is 0.9897, indicating that the method’s
linearity is acceptable.

The variation of CN concentration in gas-
phase

We selected four time periods to explore the rule of gas phase
concentration with different water film thicknesses. From the
beginning of the experiment, CN was collected from the gas
phase at 10-20, 30-40, 50-60 and 70-80 min, respectively. The
result is shown in Figure 3. It can be seen from the figure that the
concentration of CN in the reactor showed an increasing trend,
and the concentration of CN decreased as the thickness of the
water film increased. For the water film with a thickness of
136 pum, part of the bottom surface of the quartz boat will be

10.3389/fenvs.2022.1052646

exposed when covered for more than 1 h. So, 60 min was chosen
as the experiment time.

Ultrapure water adsorption distribution
constant determination

The uptake experiments with ultrapure water were first
conducted at 288 K. The thickness of the water films ranged
from 136 to 1020 um. The concentration of CN was plotted as a
function of the gas phase concentration/film thickness to
determine the partitioning constant (K,). Figure 4A shows
the fitted line of the experimental data.

As shown in Table 1, the average gas-phase concentration for
different water film experiments ranged from 2.11 to 3.29 mg/L.
The overall concentrations of CN in the water film ranged from
4.92 to 30.7 mg/L. The interfacial partition constant K,y at 288 K
is 1182.2 + 49.9. With the increase in film thickness, the overall
equilibrium concentration of CN in the aqueous film decreased.
Surface adsorption became the dominant partition mechanism as
the film thickness decreased. The correlation coefficient of the
linear fit was 0.9947, indicating a good correlation between the
two parameters.

River water adsorption experiments

Five experiments were performed at 288 K. The bottom
surface of the boat was coated with the water sample collected
from the Yangtze River. The thicknesses of the river water films
were 136, 340, 544, 748, and 1,020 pum, respectively. As can be
seen from Table 2, the overall concentrations of CN in water film
determined in river water ranged from 1.65 to 20.18 ug/L. The
partition constant K,y was 1606.6 + 101.3 at 288 K. As shown in
Figure 4B, the correlation coefficient of the linear fit was 0.9941.
The partition constant of CN in river water was higher than that

A . Pure water B Yangtze River €  South China Sea
30} R2:0.9947 20F R2-0.9941 151 R2: 0.9940
S~ : —
%25' o 15} %
\?20- g‘«' 10
O 15} O 10p 5
10} -l o
5¢ . . ) . . [ ] " . ) . . . . .
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015  0.000 0.005 0.010 0.015 0.020 0.025 0.030
Cg/o (ng/L-pm) Cg/d (ng/L-pm) Cg/o (pg/L-pm)

FIGURE 4

Uptake of CN from the gas-phase on water films with varying thicknesses and different sample.
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TABLE 1 Interface air-water partition constants of CN for ultrapure
water.

6 (um) Cg/(ng/L) Cw/(ug/L) Kar

Ultrapure water 136 3.29 30.70 1182.2 + 49.9
340 3.11 14.00
544 2.16 7.01
748 2.39 4.92
1020 2.11 5.33

*Uncertainties for K, were based on standard errors for the linear regression as shown
in Figure 4A.

TABLE 2 Interface air-water partition constants of CN for river water.

0 (um) Cy/(ng/L) Cw/(ug/L) Ky

Yangtze river 136 1.80 20.18 1606.6 + 101.3
340 1.57 5.63
544 1.91 331
748 1.94 2.55
1020 1.65 1.65

“Uncertainties for K, were based on standard errors for the linear regression as shown

in Figure 4B.

TABLE 3 Interface air-water partition constants of CN for sea water.

8 (um)  Cg/(ug/l)  Cw/(ug/l)  Ku

Sea water 136 3.63 15.16 408.9 + 18.3
340 1.93 6.55
544 1.89 5.83
748 1.97 4.79
1020 222 5.48

“Uncertainties for K, were based on standard errors for the linear regression as shown
in Figure 4C.

of ultrapure water. CN was easily adsorbed at the air-water
interface of river water.

Sea water adsorption experiments

Five experiments were performed with the surface sample
collected from the south China sea in 288 K. The concentration
of CN was analyzed using the SPME-GC method. Table 3 below

10.3389/fenvs.2022.1052646

illustrates that the overall concentration of CN ranged from
4.79 to 15.16 ug/L. The results of the correlational analysis are
presented in Figure 4C. The correlation coefficient of the two
paraments was 0.9940. And the interfacial adsorption partition
constant K,y was 408.9 + 18.3 at 288 K.

Water quality analysis

The collected environmental water samples were analyzed
using a laboratory conductivity meter. As shown in Table 4, the
salinity, total dissolved matter content, and conductivity of the
seawater were much higher than those of the river water.

Dissolved organic matter (DOM) is the main light-absorbing
substance in water, and fluorescence technology has proved to be
a valuable tool for providing information on the composition of
DOM in water (Stedmon, 2003; Sanchez et al., 2013; Cincotta
et al, 2019). The fluorescence spectrophotometer results for
ultrapure water, river water, and seawater are shown in Figure 5.

Compared to pure water, river water and sea water contains
light-absorbing material, and the fluorescence was measured at
Aex/Agm = 300/400 nm for sea water. As reported by Fellman and
Stedmon, this part of the components was identified as HULIS.
The DOM in the collected sea water samples was mainly
composed of HULIS (Fellman et al., 2010; Murphy et al., 2010).

As shown in Table 5, the density and surface tension of
different samples were measured. Prior studies have noted that
the salt in the aqueous cause an increase in surface tension. The
result also indicated that the surface tension of seawater was
higher than that of salt solution at the same concentration (Zhao
and Kang, 2017). It can be seen that river water has slightly lower
surface tension than ultrapure water, and the value of surface
tension increased with the salinity and the presence of humus.

Comparative analysis

The overall CN in the aqueous films was accumulated through
interfacial adsorption and bulk phase absorption processes. In the
previous work, we determined Henry’s constant of CN by a gas-
liquid system partitioning device. The experiments were carried
out in environmental samples from the same source. As shown in
Figure 6, the partition constant and Henry’s constant of CN in the
different aqueous samples were different, and the differences were
mainly in the river water.

TABLE 4 Salinity, total dissolved solid (TDS) and conductivity of environmental water samples.

Environmental water SAL (%)
River water 0.38
Sea water 20.71
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TDS (g/L) Conductivity (ms/cm)
0.2 0.4
17.13 3425
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FIGURE 5
Fluorescence intensity measurements of different samples.

TABLE 5 Surface tension of ambient water.

Ultrapure water

Density (g/ml’) 1.004

Surface tension (mN/m) 72.9
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FIGURE 6

Comparison of partition constant and Henry's constant
for CN.

Based on Eq. 1, the intercept of the fitted line in Figure 4 is the
value of bulk phase concentration. The least amount of CN was
dissolved in the bulk phase of river water, which is consistent
with the results of Henry’s constant. As shown in Figure 7, the
partition constants of different water samples had a reverse
correlation with their surface tensions, and with lower surface
tension, CN is more likely to adsorb at the gas/water interface.
The surfactant substance in the river reduces the surface tension,
and the interfacial adsorption of CN is enhanced by micelle
trapping mechanisms or intermolecular bonding. These results
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Effect of surface tension on partition constant.

match those observed in an earlier study of naphthalene by Jing
Chen (Chen and Valsaraj, 2007). The sea water samples have the
minimum bulk phase absorption. Although humic substances
have been found in seawater from fluorescence measurements,
the sea water sample has the highest surface tension, probably
because its salinity is significantly higher than that of river water
and ultrapure water.

The present study suggests that the influence of surface-
active substances and ionic strength of environmental water on
the bulk phase absorption and interfacial adsorption of CN
should be considered comprehensively. The surface tension
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can be used as a reference to evaluate the adsorption behavior of
CN preliminary.

Conclusion

In this study, the interfacial partition constants (K,;) of CN
in different film thicknesses and several environmental samples
were determined using a flow-tube reactor. SPME was used to
uptake and quantify the concentration of CN in the aqueous
phase and gas phase. The salinity, DOM and surface tension of
different samples were tested, respectively.

Surface adsorption became the dominant absorption mechanism
for CN as the film thickness decreased. The adsorption partitioning
ability of CN at the air/water interface was negatively correlated with
surface tension. CN is more likely to adsorb at the gas/water interface
with lower surface tension. The maximum interface adsorption for
CN was found at the air/river water interface, and the partition
constant at the air/river water interface was 1606.6 + 101.3. The K¢
of CN in ultrapure water and sea water samples at 288 K were
1182.2 + 49.9, 408.9 + 18.3. Fluorescence measurements indicated
that light-absorbing substances exist in seawater and river water, and
humis substances were founded in seawater. The presence of salts
and HULIS in seawater reduces the bulk phase uptake and interfacial
desorption of CN.

Data availability statement
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the further
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included in article/supplementary material,
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Based on the current air pollution control and CO, emission reduction policies,
this study analyzed the energy structure, number of motor vehicles and
nonroad mobile machinery, energy consumption and pollutant emissions in
Beijing. Furthermore, the diesel consumption characteristics and challenges for
emission reduction in key fields were investigated, such as medium- and heavy-
duty diesel trucks, long-distance passenger and tourist diesel vehicles, and
nonroad machinery, which are areas with difficult-to-reduce diesel
consumption. Control targets and measures for total diesel consumption
were also proposed. The results indicated that the higher diesel
consumption per unit area in Beijing is related to the larger passenger car
and freight truck populations. In recent decades, the number of diesel vehicles
has increased, the vehicle type structure has been optimized, the proportion of
vehicles with high emission standards has increased, and the absolute pollutant
emissions have decreased. Among these, nitrogen oxides (NO,), fine particulate
matter (PM,s) and volatile organic compound (VOC) emissions of different
models decreased by 39.5%, 75.3% and 42.8%, respectively, while carbon
dioxide (CO,) emissions from diesel combustion decreased by 32%.
Moreover, medium and large passenger vehicles, medium- and heavy-duty
trucks and construction machinery are the main contributors to diesel
consumption. These vehicle types are also difficult to control and reduce,
and their replacement by new-energy vehicles is relatively limited. The main
control measures for diesel consumption are as follows. First, a green
transportation mode can be adopted for goods that can be converted from
roads to railways. Second, fuel consumption reduction for nonroad mobile
machinery can be realized by tightening fuel consumption limits, setting
appropriate maximum retirement life, establishing low- or ultralow-emission
zones, and establishing demonstration plots for electric vehicle (EV) substitution
for mobile machinery. To improve the air quality and take the lead in carbon
neutrality in the future, Beijing must further accelerate the energy structure
adjustment and the development of new-energy vehicles in the transportation
sector. Carbon neutralization is an important opportunity for diesel
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consumption reduction, and the synergistic control of atmospheric pollution
and carbon emissions from diesel combustion must be strengthened.

KEYWORDS

mobile source, diesel consumption, total pollutants control, control measures,
atmospheric pollution, carbon dioxide

1 Introduction

After years of efforts, the total emissions of motor
vehicles
continue to decline (Fu et al., 2012; Yao et al, 2014;
Zhang et al.,, 2014; Lv et al,, 2016). However, due to the
high motor vehicle population, overall emissions remain

and nonroad mobile machinery in Beijing

very high, and the proportion of motor vehicles and
nonroad mobile machinery emissions in local pollution
sources continues to rise (Song et al, 2006; Lee et al,
2008; Ni et al, 2017; Wu et al.,, 2022). In 2018, source
apportionment of fine particulate matter (PM,5) showed
that the contribution of mobile-source emissions in the
local PM, s pollution reached 45%, the largest source of
local PM, s in Beijing. Therefore, the task of emission
management and reduction remains arduous (Zhang et al,,
2017; Fan et al., 2018; Gao et al., 2020; Zhang et al., 2020).

Diesel vehicles in Beijing account for only 5% of all vehicles,
but single-vehicle emissions are relatively high. The nitrogen
oxides (NO,) emissions of diesel vehicles account for
approximately 80% of the total NOy emissions from motor
vehicles (Xue et al., 2022); therefore, diesel vehicles are a
significant source of NOy emissions. Beijing’s 2019 Action
Pollution Prevention and Control
the

consumption by vehicles in Beijing and accelerating the

Plan for proposes

promoting control and reduction of total diesel
construction of an indicator system of statistics, monitoring,
and total reduction for diesel consumption by vehicles in public
transport, tourism, freight transport, sanitation, and postal
services.

Therefore, in this study, based on Beijing registration data,
the emission factor method is used to calculate the emissions of
air pollutants from mobile sources, and carbon dioxide (CO,)
emissions are measured according to the CO, emission
accounting guidelines. Additionally, the existing policies
related to the pollution control of diesel vehicles in Beijing are
evaluated. Pollution emission control measures are proposed,
considering air quality improvement, emission reduction needs,
diesel consumption characteristics, and existing problems in

emission reduction.

2 Materials and methods

In this study, through data collection, investigation and
expert consultations, the current diesel consumption and
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carbon emission reduction policies in Beijing are reviewed;
fuel reduction measures for medium- and heavy-duty diesel
trucks, long-distance passenger transport and tourist vehicles,
and nonroad mobile machinery are studied; control targets for
total diesel consumption are proposed; and the impact on air
quality is analyzed.

2.1 Data sources

The data include the number of various motor vehicles, the
types and number of nonroad mobile machinery units, and
energy data. The number of motor vehicles is obtained from
the Beijing Traffic Management Bureau, the types and number
of nonroad mobile machinery units are based on the Beijing
nonroad mobile machinery information code registration
data, and the energy data are obtained from the Statistical
Yearbook released by the Beijing Municipal Bureau of
Statistics. (as can be seen in Table 1).

2.2 Calculation method of atmospheric
pollutant emissions from diesel
combustion

2.2.1 Calculation method for diesel motor
vehicle emissions

The air pollutant emissions of diesel vehicles in Beijing are
calculated based on registration data, road length, and the
emission factor method (Gu et al., 2019; Hao et al., 2022).

E, =) P;x EF, x VKT; x 10°, (1)

where E; is the annual emission

corresponding to vehicle emission source i, in tonnes;

of pollutants

EF; is the emission factor, which is the amount of
pollutants emitted by type i diesel vehicles per kilometer,
in g/km; P; is the number of registered diesel vehicles in
Beijing; and VKT; is the average annual mileage of type i
diesel vehicles, in km/vehicle.

2.2.2 Calculation method for diesel nonroad
mobile machinery emissions

For construction machinery and agricultural machinery,
emissions are calculated by using the emission factor based on
the mechanical power with the following formula:
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TABLE 1 Data sources of activity levels for mobile-source emissions.

Category

Number of various diesel vehicles and emission standards
Number of various diesel machinery units and emission standards

Energy data

TABLE 2 CO, emission coefficients for different energy types.

Energy CO, coefficient Unit

Coal 2.66 tonnes of CO,/tonnes of standard coal
Fuel 1.73

Gas 1.26

Electricity 0.6168 kg/kWh

E=Y Y Y (Pjin X Gjkn X LF o X I jjon x EF ) x 10°°,
j k n

2

where E is the emission of various pollutants from nonroad mobile
machinery, in tonnes; j is the type of nonroad mobile machinery; k
is the emission standard; n is the power range; P is the number of
nonroad mobile machinery units registered in Beijing, with vehicle
as the unit; G is the average rated net power, in kilowatts/vehicle;
LF is the load factor; hr is the total hours of use per year, in hours;
EF is the pollutant emission factor, in g/kWh, and the mobile
source survey method and emission coefficient in the Second
National Pollution Source Census in China are applied.

2.3 CO, emission accounting method

CO, emissions include emissions from terminal coal
fuel
consumption, and regional electricity consumption.

consumption, terminal consumption, terminal gas

E; = F; x EF;, (3)

where i refers to the various energy types, such as coal, fossil fuel
and gas. Ei represents CO, emissions from type i. EF; represents
the emission factor of type i, as shown in Table 2, and the EFs of
coal, fossil fuel and gas were 2.66, 1.73, and 1.56 tonnes of CO,
per ton of standard coal, respectively (NDRC Energy Research
Institute, 2011). The local power grid emission factor is
0.6168 CO, emissions (kgCO,/kWh).

2.4 Model simulation

The ADMS-Urban model is used to quantify the impact of air

pollutant emissions from vehicles on the surrounding
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Source

Beijing Traffic Management Bureau
Registration data

Beijing Statistical Yearbook

atmospheric environment; it is a steady-state atmospheric

dispersion modeling system developed by Cambridge
(CERQ).

atmospheric boundary layer parameters, the ADMS-Urban

Environmental Research Consultants Based on
model can better handle the complex topography and wind
conditions of megacities (Righi et al, 2009; Audrius and
Aukse, 2015). First, the traffic flow coefficients are assigned to
roads of different levels, and a 1 km x 1km grid is used for
Beijing. Second, the data mentioned above are used to calculate
the emissions of air pollutants in each grid, and the dispersion
concentration of air pollutants in Beijing throughout the year is
then simulated to obtain the dispersion concentration map of
various pollutants. At present, ADMS-Urban is widely used and
can accurately simulate the diffusion of traffic pollutants. The
uncertainty of its simulation results is related mainly to
meteorological conditions. Generally, when wind speed or
direction changes sharply, the simulation value of ADMS-
Urban is lower than the actual monitoring value, while when
weather conditions are relatively stable, the simulation results are
more accurate.

The total amount of various pollutants, meteorological data,
typical road vehicle flow data, and model parameters are
imported into the model. In the simulation of pollutant
dispersion in the Beijing area, the total pollutant data for
Beijing are used, and the data are gridded for the dispersion
simulation. The data source is based on the amount of pollutant
emissions from vehicles in Beijing. The meteorological data
required for the model simulations are from the China
Meteorological Data Service Centre (http://data.cma.cn), and
the model defaults are used for other data, such as road
slopes and loads.

3 Results and discussion

3.1 Air pollutant emissions from diesel
vehicles in Beijing

Figure 1 shows the changes in diesel vehicles and diesel
consumption in Beijing from 2013 to 2020. The overall diesel
consumption from 2013 to 2020 decreased, with interannual
fluctuations. In 2020, the diesel consumption of diesel vehicles in
Beijing was 0.90 million tonnes, which is significantly lower than
that in 2019 and is related mainly to the decline in passenger and
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FIGURE 1

Changes in the number of diesel vehicles and diesel
consumption from 2013 to 2020.

freight traffic due to the coronavirus 2019 (COVID-19)
pandemic. In the long term, diesel consumption also declined
by 41% from 1.51 million tonnes in 2013 as a result of the
adjustment of the diesel vehicle structure, i.e., new diesel vehicles
replacing old ones, since the fuel consumption of new diesel
vehicles is significantly lower. Fuel consumption limits for heavy-
duty commercial vehicles were implemented in 2014 (GB 30510-
2014) and 2018 (GB 30510-2018), clearly and effectively reducing
the fuel consumption of new vehicles. In the second year after
implementation, i.e., 2015 and 2019, diesel consumption in
Beijing was greatly reduced.

As shown in Figure 2, the changes and proportions of air
pollutant emissions from diesel vehicles in Beijing show that
from 2013 to 2020, the adjustment and optimization of vehicle
structure caused declines of 39.5%, 75.3%, and 42.8% in the
NOy, PM, 5, and volatile organic compound (VOC) emissions,
respectively, of different vehicle types, with PM, 5 decreasing
most significantly. Large diesel passenger cars and trucks
contributed significantly to NOy and PM, 5. There were also
significant differences in the contributions of vehicles with
different emission standards. The ownership of medium-
sized diesel trucks meeting China III emission levels
accounts for 37%, contributing 46% of NO, and 45% of
PM, 5 emissions; the ownership of heavy-duty diesel trucks
meeting China III emission standards accounts for 11%,
contributing 15% of NO, emissions and 13% of PM,s
emissions. The emissions of pollutants from vehicles at or
below China III emission standards were also relatively high,
and their percentage of pollutant emissions exceeded the
proportion of vehicles. It is necessary to further promote the
adoption of measures to ensure that the emission standards are
met and to accelerate the elimination and updating of these
vehicles.

Frontiers in Environmental Science

81

10.3389/fenvs.2022.1068861

3.2 CO, emissions

According to the corresponding assessment criteria of the
Work Plan for the Evaluation of the Responsibility of Energy
Saving and Carbon Reduction Targets in Beijing during the 13th
Five-Year Plan Period, the annual CO, emissions during
2013-2020 in Beijing are calculated as shown in Figure 3.
CO, emissions peaked at 151 million tonnes in 2019, followed
by a plateau period. Thanks to the large-scale coal-to-clean
energy policy, CO, emissions declined from 2015 to 2017,
followed by a slight rebound from 2018 to 2019. The
proportion of CO, emissions from coal continuously declined,
the proportion of emissions from electricity significantly
increased, and the proportion of emissions from fossil fuel
remained stable.

CO, emissions from diesel combustion decreased from
3.85 million tonnes in 2013 to 2.24 million tonnes in 2020, a
reduction of 41%. The contribution of diesel combustion to total
CO, emissions decreased from 3% in 2013 to 2% in 2020 (as can
be seen in Figure 4). At present, some road transport enterprises
are included in the list of key carbon emission units. For the
future prevention and control of air pollution from road
transport vehicles, more road transport enterprises, especially
those with numerous medium- and heavy-duty trucks and
medium and large passenger vehicles, should be highlighted
based on the current carbon emission management mechanism.

3.3 The control target of total diesel
consumption from mobile sources in
Beijing and its impact on air quality

Based on the actual situation in Beijing, the total amount of
diesel should be set, and the diesel consumption in key
should  be
transportation  (passenger

controlled, road
and freight the
construction industry, and the building materials industry,

industries including

transport),

which are best combined with key carbon emission units
(Jiang et al., 2008; Kim et al., 2010). The annual diesel
consumption reduction targets of each industry should be
reasonably allocated, and diesel consumption statistics
should be collected and monitored. Based on publicity and
policy implementation, key diesel vehicle users should be
guided to increase their awareness of energy conservation
and emissions reduction, to actively update and eliminate
low-standard diesel vehicles and machinery with high energy
consumption and emissions levels, and to gradually upgrade to
new standards or new-energy vehicles and machinery (Axsen
and Kurani, 2010; Bessa and Matos, 2012; Yang et al., 2018).

The control target of total diesel consumption is closely
related to the targets of air quality improvement and carbon
neutrality in Beijing. In 2020, the concentration of PM, 5 in

Beijing decreased to 38 pig/m’ for the first time, which is related to
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FIGURE 2

Changes and proportions of pollutant emissions from diesel vehicles.
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the decrease in the activity level of pollution sources caused by
COVID-19 (Cao et al, 2021). This decrease is also an
environmental benefit of air pollution control measures. To
achieve air quality standards and meet the World Health
Organization (WHO)’s recommended health limits for PM, 5
in the future, there is still a need to strengthen air pollution
control, especially concerning the continuous reduction of
emissions from mobile pollution sources. Therefore, based on
future air quality improvement targets in Beijing (low, medium,
and high PM, 5 concentration scenarios will be 25, 20, and 15 pg/
m’, respectively, in 2035), reductions of at least 40%, 45%, and
50% in the low, medium, and high gasoline and diesel
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2014 2016 2017 2018 2019 2020

consumption scenarios, respectively, in Beijing should be met
by 2035 (Figure 5A).

To meet the target of carbon neutrality by 2050 and the
carbon reduction target of halving greenhouse gas emissions by
2035, reductions of at least 45%, 50%, and 60% in the low,
medium, and high diesel consumption scenarios or gasoline and
diesel consumption scenarios, respectively, in Beijing should be
met by 2035 (Figure 5B).

For major diesel vehicle types, there should be no diesel
consumption by small passenger vehicles by 2035, by which time
all buses should also be electric vehicles (EVs). The development
of new-energy tourist buses and medium and large buses can be
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accelerated by the establishment of a zero-emission zone in the city
center to increase the proportion of these vehicles. Light trucks are
being phased out naturally, and the economic stimulus for
accelerating the phaseout and renewal of older vehicles and
policies facilitating access to new-energy vehicles could increase
the proportions of the latter. Due to the implementation of the
new energy development strategy for medium- and heavy-duty
trucks, technological progress and lower production costs, and the
anticipation of a ban on the sale of traditional-fuel vehicles, the
adoption of new-energy medium- and heavy-duty trucks could be
accelerated. Based on the bottom-up measures for key diesel vehicles,
it is estimated that diesel consumption in the low, medium, and high
scenarios in 2035 could be reduced, respectively, by 54%, 62%, and
69% (Figure 6) compared to 2020, which would essentially meet
Beijing’s carbon emission reduction targets.

The ADMS-Urban model is used to simulate the effects of
pollution emissions from diesel combustion on primary PM, s,
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VOC, and NO, concentrations in 2020 and the decreases in
major atmospheric pollutant concentrations due to reduced
diesel consumption under different control scenarios in 2035.

The impact of diesel vehicles on the surrounding air quality
in Beijing in 2020 is obtained through simulation, as shown in
Figure 7. Five traffic stations are selected as sensitive receptors,
and the annual average concentrations of NOy, PM, 5, and VOCs
are 17.6, 0.4 and 0.8 ug/m>, respectively.

Under the low diesel reduction scenario, the annual average
concentrations of the three major atmospheric pollutants due to
diesel vehicles are reduced by approximately 53%, and the annual
average concentrations of NO,, PM, 5, and VOCs at the five
traffic stations with sensitive receptors are 10.51 pg/m?, 0.14 pg/
m’ and 0.48 pg/m’, respectively. Under the medium diesel
reduction scenario, the annual average concentrations of the
three major atmospheric pollutants due to diesel vehicles are
reduced by approximately 65%, and the annual average
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Impacts of diesel vehicles in Beijing in 2020 (A) and high- (B), medium- (C), and low-control scenarios (D) in 2035 on air quality.

concentrations of NO,, PM,5, and VOCs at the five traffic Under the high diesel reduction scenario, the annual average
stations with sensitive receptors are 6.69 pg/m’, 0.1 ug/m’, and concentrations of the three major atmospheric pollutants due to
0.32 ug/m?, respectively. diesel vehicles are reduced by approximately 74%, and the annual
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average concentrations of NO,, PM, s, and VOCs at the five
traffic stations with sensitive receptors are 2.26 pg/m?, 0.07 ug/
m?, and 0.24 pg/m’, respectively.

3.4 Recommendations for coordinated
control of diesel vehicle pollution in
Beijing

To reduce the pollution emissions from diesel vehicles, over the
past decade, Beijing has actively adopted legislation (Beijing
Regulations on the Prevention and Control of Emissions from
Motor Vehicles and Nonroad Mobile Machinery), upgraded diesel
vehicle and oil product standards, implemented a subsidy policy for
the elimination of old diesel vehicles, and strengthened emission
supervision and law enforcement (online supervision, remote sensing
monitoring, etc.). These measures and policies have effectively
promoted the adjustment and optimization of the diesel vehicle
structure in Beijing, and the proportion of vehicles with high
emission scores has continuously increased. Some key models of
new energy have been well developed, especially in the light truck and
bus industries. However, several problems remain: (1) It is necessary
to further optimize the traffic structure and increase the proportion of
railway transport. (2) The efficiency of transport should be further
improved. The current transport intensity is still high. (3) The low
level of new-energy development of medium-heavy goods vehicles
and buses is insufficient to support the realization of higher air quality
improvement and carbon neutrality goals.

3.4.1 Promoting optimization of the energy
structure of freight vehicles

In addition to ensuring major livelihood, emergency, and
special scenarios, policies should be developed starting from the
licensing process to ensure that new and updated light trucks are
essentially new-energy vehicles. A series of incentive plans for
new-energy trucks in Beijing should be formulated to expand the
incentive range from light trucks under 4.5 tonnes to medium-
and heavy-duty trucks. A series of priority passage policies for
new-energy logistics distribution vehicles should be formulated
and implemented, and all vehicles with truck passes should be
purely EVs or hydrogen fuel cell vehicles, thus promoting EV's
through policies that begin with licensing and use processes.

3.4.2 Push-pull combination to promote the
elimination of old vehicles and upgrading to
electric vehicles

The current policies and measures should be continued,
including the subsidy for the elimination of gasoline vehicles
meeting the China III emission standard, the ban on gasoline
vehicles meeting China I and II emission standards within the
Fifth Ring Road during weekdays, and the city-wide ban on diesel
trucks meeting the China III emission standard. Additionally,
phaseout subsidies and restrictions on vehicles with higher
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emission standards and more vehicle models should be
studied. In 2022, light gasoline vehicles meeting the China III
emission standard should be banned within the Fifth Ring Road
during weekdays; in 2023, phaseout subsidies for gasoline
vehicles meeting the China IV emission standard and large
and medium-sized passenger vehicles meeting the China III
emission standard should be implemented; in 2024, diesel
trucks meeting the China IV emission standard should be
banned in Beijing; and in 2025, light gasoline vehicles meeting
the China IV emission standard and large and medium-sized
passenger vehicles meeting the China III emission standard
should be banned within the Fifth Ring Road.

3.4.3 Promoting the transportation of bulk
goods by rail and establishing a green freight
transport mode of electrified railway plus new-
energy vehicles

Adjustment of the freight transportation structure must be
continuously promoted. The special implementation plans for
medium- and long-term transportation structural adjustment
should be studied and formulated, infrastructure facilities should
be improved, and the use of rail transportation for bulk goods,
such as sand and gravel aggregates, commercial vehicles, steel,
and productive coal, should be promoted. The construction of
green sand and gravel bases should be promoted to further
increase the proportion of sand and gravel transportation by
rail and new-energy vehicles.

4 Conclusion

This study analyzes the energy structure, number of motor
vehicles and nonroad mobile machinery units, and their energy
consumption and emissions in Beijing. It combines the current
air pollutant and CO, emissions in Beijing and proposes
synergistic control measures and recommendations for the
existing policies and problems related to diesel vehicle
pollution control in Beijing. The main conclusions are as follows:

From 2013 to 2020, the adjustment and optimization of vehicle
structure caused decreases of 39.5%, 75.3%, and 42.8% in the NO,,
PM, 5, and VOC emissions of different vehicle types, respectively,
with PM, 5 reduction being the most significant. Diesel trucks
contribute significantly to NO, and PM,; emissions. CO,
emissions from diesel combustion decreased from 3.85 million
tonnes in 2013 to 2.24 million tonnes in 2020, a reduction of 41%.
The contribution of diesel combustion to total CO, emissions
decreased from 3% in 2013 to 2% in 2020.

To improve air quality and take the lead in carbon neutrality
in the future, Beijing must further accelerate energy structure
adjustment and the development of new-energy vehicles in the
transportation sector. Existing policies are insufficient to
promote the updating of in-use vehicles into new-energy
vehicles, and the purchase cost, technology, and supporting
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facilities have not reached the ideal standard. In the future, full-

scale electrification depends on social consensus and

transformation, the establishment and guarantee of relevant
systems, the safe supply of electricity, and breakthroughs in
EV control and fast charging technologies. The need for large-
scale production and reduced purchase cost must also be
addressed.

Carbon neutralization is an important opportunity for diesel
reduction to strengthen the synergistic control of atmospheric
pollution and carbon emissions from diesel combustion. Energy
consumption reduction is a systematic project, but it is not
appropriate to control the consumption of diesel and gasoline
separately, and coordination should be enhanced. Diesel
consumption and emissions can be reduced through dual
control of the number of industries and the total amount of
emissions. Combined with the management of carbon
transportation and carbon emission units, the prevention and
reduction of energy and emissions in key vehicle-using industries
should be promoted.
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Low-level jets (LLJ) are a common phenomenon in the atmospheric boundary
layer and have been reported worldwide. Additionally, they have considerable
relevance in a series of fields. This review aimed to document their implications
on air quality, specifically particulate matter, mineral dust, and ozone in recent
literature focus on i) generalizing long-range advection of pollutants by the
low-level jets; ii) analysing vertical transport due to low-level jets-enhanced
turbulence mixing and the corresponding mechanisms for different pollutants;
and iii) introducing the performance of state-of-the-art numerical models.
Finally, we suggest that high-resolution spatiotemporal observations of the
pollutants and turbulence must be conducted, and current parameterization
schemes should be improved to better represent the low-level jets and
nocturnal boundary layer structures for reproducing the complicated
interactions between the low-level jets and pollutants.

KEYWORDS

low-level jets, regional transport, vertical dispersion, intermittent turbulence, PM2.5,
ozone

1 Introduction

Low-level jets (LL]Js) are a common phenomenon in the atmospheric boundary layer
(ABL) and have been widely observed worldwide, including in North America (Smith
et al,, 2019), South America (Sdnchez et al., 2022), East Asia (Wei et al., 2014; Miao et al.,
2018), Europe (Tuononen et al., 2017), and Africa (King et al., 2021). However, there is no
universal consensus on the definition of the LL]Js (Fiedler et al., 2013). To summarize the
definitions in previous literatures, the term LLJ used here refers to a stream of fast-moving
flow with maximum wind speed and vertical wind shear in the lower part of the
troposphere (Stull, 1988).

The occurrence and variation of the LLJs are modulated by a combination of
mechanisms on different temporal and spatial scales. Blackadar’s (1957) pioneering
work proposed that inertial oscillations of ageostrophic components contribute to the
diurnal cycle of the LLJs. The “Blocking Theory” (Wexler, 1961) attributed the speeding-
up of flows to the blockage of terrains, such as the Rocky Mountains, an analogy to the

frontiersin.org
88


https://www.frontiersin.org/articles/10.3389/fenvs.2022.1082623/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1082623/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1082623/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.1082623&domain=pdf&date_stamp=2023-01-04
mailto:weiw@cma.gov.cn
mailto:weiw@cma.gov.cn
https://doi.org/10.3389/fenvs.2022.1082623
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.1082623

Wei et al.

Gulf Stream in oceanography. The thermal—wind relationship
leads to coastal jets because of the differential heating and cooling
between the land and oceans (Lima et al., 2019). Sloping terrains
and the associated horizontal temperature gradients are other
ways for providing baroclinicity that the LLJs need to develop
(Gebauer and Shapiro, 2019).

The LLJs are primarily a process in the ABL and are highly
relevant in many fields, such as wind energy (Wimhurst and
Greene, 2019), precipitation (Du et al., 2012), fog (Wu et al,
2020), urban heat islands (Hu et al., 2013a), wildfires (Cavlina
Tomasevic¢ et al., 2022), aviation safety (Gultepe et al., 2019), and
migration pathways of birds (Wainwright et al, 2016). This
review aimed to examine how the LLJs impact pollutant
transport locally and inter-regionally, considering mineral
dust, fine particulate matter (PM,s), and ozone (O3).
Specifically, this paper focuses on the following:

Present the current state of knowledge of the LL]—pollutant
interaction mechanism.

Document the state-of-the-art methods to analyse the LL]Js,
including numerical models and signal analysis techniques.

Outline the remaining gaps between the current progress and
future research.

2 Regional transport

The belt of high wind speed, one of the dominant features of
the LLJs, is a crucial process in the long-range transport of the
pollutants. The contribution of LLJ advection to a certain region
depends on the season, wind direction, and location of pollutant
sources. In the Sahara Desert, dust is primarily advected below
800 hPa to South America in winter and spring and to the
Caribbean at 500 hPa in summer and autumn (Gliser et al,
2015). In the southwestern China, up to 80% of the summertime
05 accumulation is because of horizontal transport (Yang et al.,
2020). The LLJs are crucial to the redistribution of O3 between
source locations and downwind regions (Bao et al., 2008; Klein
et al,, 2019). Li et al. (2019) revealed that southerly LLJs could
transport large amounts of PM, 5 from upstream regions, leading
to accumulation of the pollutants in the downstream zones. In
contrast, the occurrence of the LL]Js positively contributes to the
dilution of pollutants in Beijing (Miao et al., 2019). In Tianjin,
China, southwesterly LL]Js transport polluted air masses from the
southern industrial regions, deteriorating local air quality,
whereas the northerly or southeasterly LLJs are helpful in
improving visibility (Wu et al., 2020). In general, the existence
of the LLJs favors the dilution of pollutants, whereas downwind
regions suffer from pollutant advection by the LL]Js.

In addition, the transport of precursors and moisture by the
LLJs facilitates the formation of pollution periods. In the North
China Plain, southwesterly LLJs establish a moisture channel
from the South China Sea to the Bohai Rim Region, contributing
to the frequent PM, 5 events in winter (Ju et al., 2020).
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3 Vertical transport of mineral dust

Although the long-range transport of chemical species by the
LLJs between different regions has been studied previously, the
vertical flux associated with them has not been intensely
investigated (Figure 1). Recent studies have revealed that
vertical dispersion induced by the LLJs may play a crucial role
in the local air quality.

The downward momentum flux caused by the LLJs is
recognized as one of the key mechanisms of dust emissions in
the Sahara Desert, in addition to monsoon surges (Cuesta et al.,
2010), cold pool outflows (Allen et al., 2013), and dry convective
plumes (Ansmann et al., 2009). The LLJs develop in the ABL after
sunset because of the inertial oscillations (Blackadar, 1957). The
wind shear near the jet core creates turbulence in the upper layer
and it is transported downward, generating peak winds near the
surface. There is a time lag of several hours between the maximal
wind speed of the LLJs and that at the surface layer, with the
former occurring before sunrise and the latter occurring mid-
morning. Dust is emitted once the surface wind exceeds the local
dust emission threshold (Allen and Washington, 2014).
Observations and model simulations (Todd et al., 2008) have
confirmed that LLJ-induced downward momentum initiates
mid-morning dust events. Approximately 60% of the total
dust can be attributed to the peak wind caused by nocturnal
LLJs (Fiedler et al., 2013). The LLJs are a common phenomenon
in the Sahara Region and an average of 29% at night was observed
(Fiedler et al.,, 2013). Frequently occurring LL]s are key drivers of
the local dust emissions. According to satellite observations from
2006 to 2008 (Schepanski et al., 2009), the surface peak wind
associated with the nocturnal LLJs accounted for 65% of dust
source activations during the mid-morning across North Africa,
which is larger than the values at midday. Once uplifted, the dust
is horizontally transported by the LLJs to America, Europe, and
beyond.

4 Vertical transport of PM, 5

Due to the consumption of fossil fuels and the stable
atmosphere, PM, 5 pollution tends to occur frequently during
winter, especially in densely populated metropolises. One feature
of PM, 5 pollutions in winter is persistent and it threatens public
health (Dominici et al., 2014). Persistent heavy pollution events
are divided into two stages (Zhong et al., 2017; Wei et al., 2018;
Zhong et al., 2018; Ren et al., 2019a): the cumulative stage during
which particles accumulate is due to the high emissions, adverse
synoptic weather conditions, regional transport, and secondary
pollutant production and the dissipation stage is characterized by
an abrupt decline in PM, 5 levels. Numerous studies (Wei et al.,
2018; Ren et al., 2019a; Ren et al., 2019c¢; Li et al., 2020; Wei et al.,
2020; Liet al., 2021) have revealed that the LL]Js play a key role in
the dissipation stage of PM, s.
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Inversion layer frequently develops in winter and traps PM, 5
emitted from the ground within a shallow layer. According to the
“barrier effect” theory (Ren et al., 2021), turbulence disappears at
some heights and laminar flow develops during heavily polluted
periods, which serves as a barrier layer impeding vertical turbulence
transport. In the presence of the LLJs, turbulence bursts produced by
aloft wind shear enhance vertical mixing, break the decoupled ABL
structure, and rebuild the heat/momentum/material exchange
between different heights. Field observations (Li et al, 2020)
confirmed that the LLJs frequently occurred during the
transition between the two stages. Miao et al. (2018) investigated
the climatology of the LL]s in the Beijing Region and discovered that
they frequently occurred in spring and winter and were mostly
concentrated during nighttime. The consistency between the LLJs
and severe PM, s events implies that they play a crucial role in PM, 5
pollution, which has been confirmed in a wide range of areas in
China.

The LLJs can affect the diffusion of PM, 5 indirectly via
propagating internal gravity waves (IGWs), in addition to
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their direct impact on pollutant transport. The IGWs are a
type of wavelike motion in the stable boundary layer (SBL)
triggered by the LLJs (Jia et al, 2019). One puzzling
of that PM,5
concentrations  at experience non-

phenomenon heavy  pollution is
different

simultaneous drops or inverse variations (Ren et al., 2020).

levels

In the presence of the LLJs, the IGWs are generated and
propagated downward, intermittently triggering turbulence
layer by layer (Wei et al., 2022). The vertical spreading of
the IGWs is responsible for short-term PM, s removals during
the cumulative stage and asynchronous variation at different
heights.

5 Vertical transport of
tropospheric Oz

As a volatile secondary photochemical pollutant, O;
concentration at the surface undergoes a marked diurnal
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variation: i) High emission of precursors and photodissociation
leads to high O; concentration during the daytime. ii) After
sunset, the photochemical production shuts down and O; is
removed via dry deposition and chemical reactions within the
surface layer. Meanwhile the aloft residual layer traps Os. iii) The
following morning, strong turbulence develops and fully mixes
the aloft Os. In this scenario, nocturnal Oz concentration at the
surface should be near zero owing to the absence of production,
removal processes, and a decoupled SBL. However, nighttime O3
spikes have been frequently reported in different regions since
the 1970s (Samson, 1978; Reitebuch et al., 2000).

At night, the surface layer decouples with the aloft residual
layer, thus making the residual layer a “reservoir” of daytime
pollutants. In the presence of the LLJs, the strong wind shear
near the jet core generates turbulence bursts, enhancing the
vertical mixing between the two layers. Thus, the O; restored
in the residual layer leaks into the surface layer. Studies
(Reitebuch et al., 2000; Hu et al., 2012; Hu et al., 2013b)
have verified that the concentration of O3 in the residual layer,
accompanied by O3 spikes near the surface, is highly variable,
implying active vertical exchanges. This aloft turbulence
source associated with the LLJs depicts a reversed vertical
structure from the traditional SBL, where most of the
turbulence is produced by surface friction and transported
upward. The turbulence induced by the LLJs is highly sporadic
and is marked by intermittent bursts which remains an
intriguing problem. Apart from the LLJs, other mechanisms
causing intermittent turbulence include Kelvin-Helmholtz
instabilities, gravity waves, wake vortices, and density
currents (Wei et al., 2017). Considering that favorable
synoptical patterns for the LLJs are also beneficial to heavy
Oj; periods in some regions (Ryan, 2004), the importance of
the LLJs in O5 pollution cannot be ignored.

The maxima O3 concentrations at nighttime may not be
comparable to those in the afternoon. However, relevant
research still has implications: i) The LLJs are important
contributors to the horizontal transport. Considering that
the vertical O; flux leads to a leaky residual-layer reservoir,
the impact of pollutants carried by the LLJs downwind may
be relieved. ii) O; dispersed to the surface is permanently
removed via dry deposition at night. As photochemical
production does not occur, the net effect is that the total
amount of Oj3 is reduced, further easing the next-morning O;
levels. iii) In persistent Oj; periods, the amount of O;
removed by nighttime vertical mixing is crucial for the
total O3 budget over several days (Banta et al., 2007). iv)
Nighttime spikes have been reported in different chemical
species, including hydrogen peroxide (Das and Aneja, 1994),
isoprene (Starn et al, 1998), volatile organic compounds
(VOCs) (Ganzeveld et al., 2008), carbon dioxide (CO,)
(Hicks et 2015), and PM,s5 (Wei et 2018).
Therefore, the studies on the LL]J-O3 mechanism also have

al., al.,

implications for other pollutants.

Frontiers in Environmental Science

91

10.3389/fenvs.2022.1082623

6 Models and analyses methods

Model simulation has become a useful tool for investigating
the LLJs and their interactions with air pollutions. Based on the
inertial oscillation theory, numerical models can reproduce the
diurnal variation in the LLJs (van de Wiel et al., 2010). However,
the underestimation of the maximal wind speed and deviations of
profiles by the numerical models have been widely reported
(Smith et al.,, 2018; Haikin and Castelli, 2022). The simulation
bias of the maximal wind strength and profiles could further
affect the wind shear and turbulence mixing. The simulation of
the nocturnal LLJ is highly sensitive to the vertical resolution,
planetary boundary layer (PBL) schemes and surface-layer
parameterizations. Refining vertical spacing is helpful to
improve the LLJs while the computational cost and model
stability should be considered.

The simulation bias in the diurnal variation of PM, 5 levels is
largely due to turbulence mixing during nighttime. Considering
that the LLJs and serious PM,s pollution tend to occur in
stabilized atmosphere, local closure PBL schemes are suitable
for the simulation of the LLJs and PM, 5 events (Jia and Zhang,
2020). Some literatures (Udina et al., 2020; Yang et al., 2021) have
confirmed that the Mellor—Yamada—Janjic scheme (Janjic,
2002)
schemes, while it still cannot reproduce the different stages of

shows Dbetter performance compared with other
haze events. The turbulence mixing coefficient is one of the key
parameters to control the PBL mixing. Du et al. (2020) revealed
that increasing the threshold of turbulence mixing coefficient was
helpful to the simulation of diurnal variation of PM, s. Jia et al.
(2021) developed a turbulence diffusion term for aerosols and
embedded it into a mesoscale model for the first time.

The high wind speed of the LLJs is crucial to achieving long-
range transport of dust. The underestimation of the jet core speed
implies a weakened region-to-region transport simulation. In
addition, parameterization of the mineral dust budget depends
on the simulation of the downward momentum flux (Pérez et al.,
2011; Knippertz and Todd, 2012). However, a weakened LLJ
strength can lead to an underestimation of the dust emissions, as
the surface wind speed is not strong enough to reach the dust
emission threshold. Besides, the overestimation of LLJ strength
and vertical mixing at night alters the diurnal variation of the
wind field in the ABL (Sandu et al., 2013).

The tropospheric O; concentration during the daytime can
be simulated in accordance with the field observations, although
distinct differences exist at night. The primary reason for this is
the representation of the nighttime turbulence transport by the
LLJs. Although the horizontal structure of the LLJs can be
reasonably simulated, the results of the simulated LLJ vertical
profiles are far from satisfactory. Sensitivity simulations (Hu
et al,, 2012) elucidated that longer turbulence lengths and long-
tail stability functions are more suitable for O; and LLJs
modelling, implying that turbulence mixing during nighttime
requires careful treatment.
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TABLE 1 Summary of main studies (mostly after 2012) on the LLJs and
chemical species transport in different regions.

Research Regions and references
focus

Dust Africa: Knippertz and Todd, (2012); Fiedler et al. (2013);
Allen and Washington, (2014); Gliser et al. (2015);
Schepanski et al. (2015); Kalenderski and Stenchikov,
(2016); Wiggs et al. (2022)
East Asia: Ge et al. (2016); Zhou et al. (2019); Han et al.
(2022)
West Asia: Gandham et al. (2022) the dust belt: Shi et al.
(2021); Tindan et al. (2022)

PM, 5 Asia: Chen et al. (2018); Wei et al. (2018); Wei et al.
(2020); Ren et al. (2019a); Ren et al. (2019b); Ren et al.
(2019¢); Li et al. (2019); Miao et al. (2019); Jin et al.
(2020); Li et al. (2020); Li et al. (2021); Wei et al. (2022);
Mei et al. (2022)
South America: Martin et al. (2018);
Rodriguez-Gomezetal et al. (2022)
North America: Dreessen et al. (2016); Wang et al. (2018)

0; Europe: Kulkarni et al. (2016); Klein et al. (2019)

North America: Hu et al. (2012); Hu et al. (2013b); Ryan,
(2004); Caputi et al. (2019)
South America: Martins et al. (2018); Melo et al. (2019)
Asia: Zhu et al. (2020); Zhao et al. (2022)

CO, Africa: Han et al. (2015)

Black Carbon South America: Martins et al. (2018)
Sulphur and NO | Europe: Arkadievi Obolkin et al. (2014)

Turbulence intermittency has still not been effectively
the although  field
observations have confirmed its importance in the transport
of O; (Salmond and McKendry, 2002; Salmond and
McKendry, 2005), PM,s (Wei et al., 2018; Ren et al., 2019b),
and CO, (EIMadany et al., 2014; Hicks et al., 2015). The classical
Monin—Obukhov similarity theory (MOST, Monin and

considered in numerical models,

Obukhov, 1954), which has been widely adopted in
atmospheric and environmental models, is only suitable for
unstable ABL or traditional surface-forced SBL. Large

uncertainties may exist when applying the MOST-based

models to intermittent turbulence. Furthermore, no
overarching agreement has yet been reached an appropriate
method to describe the turbulence intermittency in the ABL.
The traditional Fourier transform cannot be applied to the
analysis of non-linear and non-stationary turbulence bursts.
The wavelet analysis was used to separate the LLJ-induced
intermittent turbulence during O; periods (Salmond, 2004).
Based on the self-adaptive Hilbert—Huang transform (Huang

et al., 1998), several indexes have been proposed to quantify the
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strength of the turbulence intermittency (Wei et al., 2018; Ren
et al., 2019b; Ren et al., 2019c).

7 Summary and discussion

This review summarized the current state of interactions
between the LLJs and pollutants from the perspective of
observations, models, and mechanisms. With the literature of
the three most-studied species (i.e., mineral dust, PM, 5, and O3),
the effects of the LL]Js can be divided into long-range horizontal
transport and local vertical dispersion. Recent works have been
listed in Table 1. The fast-moving stream of the LLJs is an
important pathway for the region-to-region transport of
moisture, precursors, and pollutants. Whether the LLJ is a
boon or bane for the local air quality depends on the season,
wind direction, and location of the pollutant sources. Recently,
vertical mixing induced by the LLJs has been under the spotlight
for explaining the local variation of pollutant levels. The
downward transport of intermittent turbulence resulting from
the LLJs is crucial for re-coupling nocturnal SBLs, enhancing
vertical mixing, transporting pollutants downward/upward, and
worsening/improving the air quality. What the three species have
in common is that the downward momentum due to LLJs
strengthens the turbulence mixing and pollutants transport.
(0N the aloft
“reservoir”, leading to O; peaks at night. The mineral dust

Specifically, dissipates downward from
was uplifted from the underground the next morning. The
PM, 5 is mostly transported upward and diluted over a deeper
layer. The intermittency of LLJ-induced turbulence perplexes the
mechanism of the vertical dissipation of pollutants.

In the future, high-resolution turbulence and pollutant
observational data is needed to investigate the complicated
vertical LL]—pollutant interaction and establish the turbulence
diffusion relationship of pollutants. Most current work is based
on surface observations of pollutants and turbulence. However,
to study the fine structure of the SBL, continuous profiles are
required. A meteorological tower can provide multilevel
observations, however, its spatial resolution is far from
satisfactory. Radiosonde data suffers from a low time
resolution. Carrying out intensive observation period
experiments can be a good way for addressing these problems.
Remote sensing technologies, such as Lidar are helpful methods
to obtain continuous observation. Furthermore, the current
findings were mostly obtained from one site. There is a large
scope for further research on the spatial distribution of
intermittent turbulence and pollutants based on multi-site
observation.

The numerical models perform well in the simulation of the
horizontal structure of the LLJs, while the vertical distribution
remains unsatisfactory. PBL schemes need to be further
better

Accurate simulation of the LLJ profiles and development is

improved for representing nighttime processes.
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crucial for nocturnal turbulence mixing. In addition, present
models do not consider the turbulence intermittency, and most
studies on the LLJ-burst interplay focus on O3 and PM, 5. How
this mechanism impacts the variation of other chemical species,
such as nitrogen oxides (NO), VOCs, and carbon monoxide,
remains to be assessed.
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Characteristics of PM, s and
secondary inorganic pollution
formation during the heating
season of 2021 in Beijing
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Junting Zhong?

State Key Laboratory of Severe Weather & Key Laboratory of Atmospheric Chemistry of CMA, Chinese
Academy of Meteorological Sciences, Beijing, China, 2Shaanxi Meteorological Observatory, Xi‘an,
China

Water-soluble inorganic ions (WSlls) were measured online in Beijing during the
heating season of 2021, during which Beijing 2022 Olympic and Paralympic
Winter Games were hosted. The characteristics of PM, s and water-soluble
inorganic ions were investigated in general, as well as during the clean period,
polluted period, and Olympic and Paralympic Winter Games periods. It was
found that most of the polluted episodes occurred under conditions of low
wind speed, temperature inversion, and high relative humidity. The total mass
concentration of water-soluble inorganic ions during the polluted period and
the clean period accounted for 38.2% and 61.4% of the PM,s mass
concentration, respectively. Both the sulfur oxidation ratio (SOR) and
nitrogen oxidation ratio (NOR) showed a strong relationship with relative
humidity. During the polluted period, the concentrations of secondary
aerosols such as sulfate, nitrate, and ammonium (SNA) increased
significantly. Secondary transformation was enhanced compared with that in
the clean period. A polluted process after a snowfall event was selected to
explore the mechanism of sulfate and nitrate formation under high relative
humidity. The results would be beneficial to understanding the causes of
pollution and helping the government to formulate effective measures to
control air pollution in winter.

KEYWORDS

PM, 5, water-soluble inorganic ions, heating season, secondary transformation, sulfur
oxidation ratio

1 Introduction

Fine particulate matter (PM, 5, particles with an aerodynamic diameter of 2.5 um or
less) has a significant adverse impact on air quality, decreased visibility, global climate,
and human health (Geng et al., 2021; Hu et al,, 2021; Xu et al., 2022). In January 2013, a
series of severe haze pollution episodes occurred in eastern China. The peak of PM, 5
hourly average mass concentration in Beijing and its surrounding areas exceeded 500 ug/
m? (Wang et al,, 2013; Liu et al,, 2015; Huang et al., 2016; Ren et al., 2021). Since then, the
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Chinese government has taken many measures to improve air
quality in the Beijing area. For example, stricter emission
standards have been issued for coal power plants, industry,
and road vehicles since 2013. Although air quality has
improved overall and primary pollutants such as SO, have
decreased significantly, however, PM, 5 pollution still occurs
frequently, especially in winter (Elser et al., 2016; Wang et al,
2019b; Lachatre et al., 2019; Cao et al., 2021; Huang et al., 2021; Li
et al., 2021; Dong et al., 2022).

At present, the formation mechanism of haze pollution
dominated by PM, s is still unclear (Xie et al., 2022), which
has become one of the difficulties in air pollution control in
Beijing. Many researchers have explored the causes of PM, s from
different perspectives (Zhang et al., 2018b; Ma et al., 2018; Yang
et al, 2018; Chen et al., 2019). Some studies have shown that the
stagnation of meteorological conditions such as high relative
humidity of the atmosphere, low mixed boundary layer height,
low wind speed, and rapid chemical reactions leads to frequent
pollution (Zhong et al., 2018a; Zhong et al., 2018b). On the other
hand, some researchers proposed that the transformation of
secondary aerosols promotes the explosive growth of PM, 5
(Li et al, 2019; Wu et al.,, 2020; Dao et al., 2021; Rai et al.,,
2021; Wu et al., 2022). However, due to the diverse sources of air
pollutants, complex chemical composition, and the coupling of
various environmental factors, the polluted factors have not been
fully quantified, and its chemical reaction mechanism is still
controversial.

Water-soluble (WSIIs) are
chemical components in PM, s, accounting for up to 70% of
the PM, 5 mass concentration (Sun et al., 2019; Su et al., 2021).
They exhibit strong hygroscopicity and can directly affect the

inorganic ions important

acidity of atmospheric precipitation (Zhan et al., 2021). Among
them, SO,>, NO; ", and NH," (SNA) have a great influence on the
atmospheric extinction coefficient and are important factors
causing urban visibility degradation. Some studies showed that
the high concentration of gaseous precursors tends to promote
heterogeneous reactions on the PM,s surface and forms
secondary pollutants in haze days (Shao et al, 2019; Wang
et al, 2020; Lei et al, 2021). Therefore, it is of great
significance to study the concentration characteristics and
sources of PM,s and WSIIs for exploring the cause and
control of PM, 5.

In order to better understand the formation mechanism of
PM, 5 in Beijing, we conducted continuous observation of WSIIs
in PM, 5 during the heating season of 2021 in Beijing. PM, 5
pollution is generally the worst during the heating season of a
year (Pang et al., 2020; Dao et al., 2022). During this period, a
high load of coal particles is generated and released into the
atmosphere by the burning of coal for heating (Dao et al., 2022).
In addition, low temperatures during the heating season slow
down the dispersal of air pollutants, further exacerbating PM, 5
pollution. The heating season of 2021 in Beijing lasted for about
5 months, from 28 October 2021 to 23 March 2022. During the
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heating season, Beijing hosted the XXIV Olympic Winter Games
(from 4 February 2022 to 20 February 2022) and the XIII
Paralympic Winter Games (from 4 March 2022 to 13 March
2022). Some studies evaluated the air pollution during the
2008 Olympic Games and proposed that atmospheric
concentrations of PM,;q, PM,s, NH;, NO,, SO,, and the
particulate ions NH,*, NO5~, SO, Ca**, Mg**, and K* all
decreased because of strict emission controls (Shen et al,
2011). While preparing and hosting the Winter Olympics,
Beijing, Hebei, and other neighboring cities and provinces
have been authorized to temporarily control enterprises and
vehicles with heavy pollution, large emissions, and relatively
little economic impact to create a favorable environment for
hosting the games. Therefore, improved field observation on the
Beijing’s 2021 heating season can not only measure the impact of
heating on PM,s but also analyze the effects of emission
reduction on PM,;s. It would be beneficial to understanding
the causes of pollution and helping the government to formulate
effective measures to control air pollution.

2 Methods and data
2.1 Sampling site

Field measurements were performed on the roof of the
building of the Chinese Academy of Meteorological Sciences
(CAMS), approximately 53 m above the ground in the yard of the
China Meteorological Administration (39°57'N, 116°19'E). The
sampling site is located within the northwestern Third Ring Road
of Beijing, around 200 m from the main road as shown in
Figure 1. It is a typical urban observation station surrounded
by traffic and residential emissions without an obvious industrial
source nearby.

2.2 Instrument and measurements

From 25 October 2021 to 22 March 2022, major water-
soluble inorganic ions (NO;", SO4>, Cl', NH,*, Na*, K*, Mg*",
and Ca") in PM, 5 were continuously measured using an online
Ambient Ton Monitor (AIM, model URG-9000D, United States)
with 1-h time resolution. The ambient air was pumped through a
PM, 5 cyclone (at a flow rate of 31 per minute), parallel plate
denuder, steam-jet aerosol collector, aerosol sample collector,
and then to two ion chromatographs (model ICS-1000, Dionex,
United States) for chemical analysis (Hu et al, 2014). The
interfering acidic and basic gases were removed in the parallel
plate denuder by ultra-pure water with 0.018% vol H,O,. Aerosol
particles were grown into liquid droplets inside the steam-jet
aerosol collector due to supersaturated water vapor condensation
on them. Also, these liquid droplets were collected by the aerosol
sample collector until they were injected into ion chromatograph,
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Geographical location of the observation site. The blue lines represent Beijing’s main ring roads.

where the soluble species were analyzed. The chromatography
conditions were as follows: CS12 analytical column, 22 mM MSA
eluent, and cation self-regenerating suppressor for cations;
AS22 analytical column, 4.5mM Na,CO3/1.4 mM NaHCO;
eluent, and anion self-regenerating suppressor for anions.

To ensure the accuracy of the measurements, the system was
calibrated and maintained periodically. The temperature and
pressure sensors were calibrated yearly to ensure the accuracy of
sample volume. The ion chromatograph was calibrated monthly
using standard anionic solutions (NO;, SO4*, and CI") and
cationic solutions (NH,4*, Na*, K*, Mg**, and Ca®"). Multi-point
calibrations were considered qualified if the linear correlation of
the standard curve of each ion was above 0.999. The minimum
detection limit (MDL) was estimated by sampling zero air. The
MDL for SO4*, NO3~, and NH," was 0.0026, 0.047, and 0.013 pg/
m?, respectively. The MDL ranged from 0.002 to 0.307 ug/m’ for
other ions (Cl, Na*, K*, Mg*, and Ca*") (Hu et al, 2014).
Membranes in the parallel plate denuder were changed once a
month, and the in-line filters, which removed the insoluble
particles in the samples, were replaced every 4-7 days.

The mass concentration of PM, s, PM,, and trace gases
(SO, O;, and NO,) used in this study was observed at the
Guanyuan Monitoring Station by the China National
Environmental Monitoring Center (CNEMC). The Guanyuan
Monitoring Station is only 3 km away from our station. Both of
them are Beijing urban stations with a similar surrounding
environment.

The hourly meteorological data (air pressure, temperature,
relative humidity, wind speed, and wind direction) in this study
were obtained from the nearest meteorological data station,
Haidian Meteorological Observation Station (No. 54399). It is
about 5km northwest to our sampling site, located inside
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Haidian Park, Beijing. To some extent, the data can represent
meteorological conditions at our site.

All data in this study are reported in local time, 8 h ahead
of UTC.

3 Results and discussion

3.1 Overview of the air quality during
observation

In this study, the days with the daily average air quality index
(AQI) greater than 100 were listed as the polluted days, while the
days with the average daily AQI less than 50 were defined as the
clean period. Time series of the daily mean AQI throughout the
2021 heating season is shown in Figure 2A. There were
17 polluted days (AQI >100) out of 147 days measured,
according to the National Standard of the People’s Republic of
China “Ambient Air Quality Standard” (GB3095-2012). PM, 5
was the major air pollutant in these 17 polluted days. Among
them, three heavy polluted episodes were characterized by long
duration and high daily mean value of AQI The first heavy
polluted episode occurred in the early heating season (from 15:
00 on 3 November 2021 to 03:00 on 6 November 2021) and lasted
about 3 days with the hourly maximum AQI of 218. This polluted
episode was preceded by a short period of a polluted process. The
second polluted episode lasted more than 3 days from 23:00 on
21 January 2022 to 10:00 on 25 January 2022 with AQI rising
from 112 to 215, which was about 2 weeks ahead of the start of
the XXIV Olympic Winter Games. During the XXIV Olympic
Winter Games, air quality was very good, with 10 days being
excellent (0 < AQI <50) and 6 days being good (51 < AQI <100).
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The air quality during the XIII Paralympic Winter Games
was not as good as that during XXIV Olympic Winter Games.
There were only 2 days with excellent air quality. In addition, the
third heavy polluted episode of the heating season occurred from
03:00 on 10 March 2022 to 03:00 on 11 March. This heavy
polluted episode lasted for about 1 day, and the AQI reached its
maximum for the entire heating season (hourly AQI
reached 234). As shown in Figures 2B,C, the main pollutants
in these three pollution episodes were PM, 5 with high NO,
concentrations.

3.2 Meteorological conditions

During the whole heating season of 2021 in Beijing, as
shown in Figure 2D, the daily average temperature was low
and the temperature span was large. This is shown in the
summary of the hourly meteorological data in Table 1, and the
mean temperature in the whole heating season was 2.4°C. The
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highest lowest

temperature

reached 22.5°C, and the
—-10.9°C. The
temperature during the Olympic Winter Games was the
lowest (=2.0°C), followed by the clean period (1.2°C) and
polluted period (5.1°C). The average temperature during

temperature

was as low as average

the Paralympic Winter Games was the highest, with a value
of 8.5°C. In terms of wind speed, the whole heating season was
dominated by light winds. Except for Paralympic Winter
Games, the average wind speed was below 2.0 m/s during
the clean period, polluted period, and Olympics Winter
Games period. Particularly in the polluted period, the wind
speed was much lower, and the average wind speed was only
1.0 m/s. As shown in Figure 2E, the polluted period was
dominated by south and southwest winds, while the clean
period was characterized by north winds, often fluctuating
between 0.6 and 4.0 m/s. Winds from the southwest or southeast
often bring high concentrations of PM, 5, while clean air comes
mostly from the northwest, effectively removing air pollution in
Beijing (Li et al., 2021; Su et al,, 2021).

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1028468

Wang et al. 10.3389/fenvs.2022.1028468

TABLE 1 Hourly meteorological factors, hourly mass concentration of PM, s and its water-soluble inorganic ions during the clean period, polluted period,
Olympics Winter Games period, and Paralympics Winter Games period.

Heating season Clean period Polluted period Olympics Winter Paralympics Winter
Games period Games period

Min Mean Min Max Mean i Max Mean Min Max Mean Min Max Mean
T (C) 4109 | 225 24 -109 225 1.2 85 | 211 5.1 -10.9 104 20 29 198 8.5
RH (%) 80 | 99.0 50.1 80 970 36.4 130 99.0 74.9 140 930 412 80 | 940 425
WS (m/s) | 0.0 7.7 15 0.1 7.7 1.8 0.0 6.5 1.0 0.0 59 1.6 0.0 6.5 15
PM, 5 20 | 2010 369 20 | 480 10.8 360 | 2010 @ 109.8 40 | 970 233 4.0 195 614
NO;~ 001 | 528 6.1 001 155 12 03 52.8 229 0.1 16.4 35 001 486 13.4
N 001 | 178 17 0.2 49 0.8 0.7 17.8 52 05 7.9 1.8 02 7.2 2.0
cr 0.1 3.0 07 0.03 27 05 0.1 3.0 13 02 24 0.7 0.4 25 1.0
NH,* 0.1 192 |19 001 55 03 0.1 192 | 80 0.1 43 1.1 0.1 13.0 3.7
Na* 03 44 15 05 44 1.6 03 30 |13 0.7 1.6 0.9 07 1.6 1.0
K 0004 30 02 0.005 3.0 0.1 0.04 L1 03 001 02 0.1 001 03 0.1
Mg>* 0008 24 02 0.006 24 02 0.02 10 03 0.1 0.6 0.1 0.1 0.6 03
Ca* 0.1 64 22 0.1 5.6 1.9 0.4 53 | 25 1.0 2.0 12 1.2 6.4 1.8

The mass concentration unit of PM, 5 and water-soluble inorganic ions is pg/m”.
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FIGURE 3
Time series of vertical distribution of meteorological factors including (A) wind speed; (B) temperature (T); and (C) relative humidity (RH) from
25 October 2021 to 22 March 2022; the solid red line represents the three polluted episodes.

It can be seen from Figure 2D that heavy pollution usually of 4.7 m/s, and then the air quality ameliorated. This is due to the
occurred with relatively high temperature or high humidity in fact that strong winds blow away pollutants quickly (Zhao et al.,
winter. In the early heating season in Beijing (2 November 2019; Han et al., 2020). The second polluted episode occurred
2021-6 November 2021), the first polluted episode occurred, after a snowfall on 20 January 2022. This episode lasted for more
during which the southwest wind was dominated, the hourly than 3 days (23:00 on 21 January 2022-10:00 on 25 January
average temperature was 10.4°C, and the average RH was 87%. By 2022), with the hourly average temperature which reached
the end of this polluted episode (23:00 on 6 November 2021), the 11.1°C, RH which reached 81.8%, and the wind speed was
wind turned to northwest, with the hourly maximum wind speed only 1.1 m/s. Low wind speed was not conducive to the
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Relationship between PM; s mass concentration and RH in
the heating season

diffusion of pollutants (Wu et al., 2020). The RH in the first and
second polluted episodes was high (>80%). In the third polluted
episode, the RH was around 60%. It can also be seen from Table 1
that the average RH in the polluted period was 1.5 times larger
than the average RH of the whole heating season and 2.1 times
larger than that in the clean period.

The vertical distribution of meteorological factors (wind
speed, temperature, and relative humidity) from surface up to
1.5 km is shown in Figure 3. As shown in Figure 3A, the wind
speed near the ground was low, indicating that it is not conducive
to the diffusion of pollutants throughout the whole heating
season. It is also worth noting that the air quality would
deteriorate once the humidity increased. In Figure 3B, there
was a significant temperature inversion in the first and third
polluted episodes. As can be seen from Figure 3C, the RH near
the ground was above 60% in the three polluted episodes and the
early heating season when the pollution occurred frequently. In
contrast, the RH in the clean periods was low, which further
confirmed that the RH was higher in the polluted periods not
only at the surface but also in the upper air.

3.3 PM, 5 mass concentration

In this study, the characteristics of PM, s mass concentration
in the 2021 heating season in Beijing were explored. Table 1
shows the statistical results of hourly PM, 5 mass concentration
during the heating period including the polluted period, the clean
period, the XXIV Olympic Winter Games period, and the XIII
Paralympic Winter Games period. The hourly mean PM, 5 mass
concentration during the heating season was 36.9 ug/m’, which
was close to the excellent standard for PM, s mass concentration
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(35.0 ug/m?) in accordance with the Chinese National Ambient
Air Quality Standard (GB 3095-2012). During the clean period,
the hourly average mass concentration of PM, 5 was 10.8 ug/m’.
During the heating period, the highest hourly mass concentration
of PM, 5 reached 201.0 pg/m?, which was 5.7 times the national
standard (GB3095-2012, 35.0 pg/m*). While during the Olympic
Winter Games, the hourly concentration of PM, 5 ranged from
4.0 to 97.0 pg/m3, with no obvious pollution, and the overall air
quality was good, with an average mass concentration of 23.3 g/
m’. The mass concentration of PM,5 was in the range of
4.0-195.0 pg/m’ during the Paralympic Winter Games, and
the average mass concentration was 61.4 ug/m’, which was
2.6 times that of the Olympic Winter Games.

RH had a great influence on the formation of pollution;
higher RH promoted the growth of the mass concentration of
PM,s (Wu et al, 2022). As displayed in Figure 4, PM, s mass
concentration increased with the increase in RH. When RH was
below 40%, PM, 5 mass concentration changed slowly with RH.
However, when RH was greater than 40%, especially above 60%,
PM, 5 increased sharply with the increase in RH. Higher relative
humidity was believed to increase the content of liquid water on
the surface of particles and even cause deliquescence, thus
promoting some aqueous-phase reactions on the aerosol
surface (Herrmann et al., 2015; Wu et al., 2019). In this case,
trace gases such as SO, and NO, in the atmosphere may be
converted into secondary aerosols through aqueous-phase
reactions, thus aggravating PM, s pollution (Sun et al., 2013;
Zhong et al., 2017).

3.4 Water-soluble inorganic ions (WSlls)

PM, 5 contains a large number of WSIIs including SO,*,
NO;~, ClI', NH,%, Na*, K*, Mg**, and Ca**. The proportions of
each ionic component in the clean period and the polluted period
are shown in Figure 5. The concentration of WSIIs accounted for
38.2% of PM, 5 in the polluted period, while it can be as high as
61.4% during the clean period. The proportion of SNA in PM, 5
increased with the increase in pollution (Zhan et al., 2021). SNA
accounted for 20%-83% of the total mass WSIIs during the clean
period and 22%-96% during the polluted period with the average
of 83.1%. Over the whole heating season, the hourly mean mass
concentration of sulfate, nitrate, and ammonium was 1.7 ug/m’,
6.1 pug/m’, and 1.9 pg/m’, respectively. Compared with the winter
SNA mass concentration of 2013-2017, the SNA concentration
of 2021 was reduced (Wang et al., 2019a). The proportions of
sulfate, nitrate, and ammonium in PM, 5 in the clean period were
7.4%, 11.1%, and 2.5% and in the polluted period were 4.8%, 21%,
and 7.3%, respectively. During the XXIV Olympic Winter Games
period, the WSII mass concentration accounted for 40.3% of
PM, 5. SNA contributed to 7.7%, 15%, and 4.7% of the total mass
WSIIs, respectively. The WSII mass concentration contributed to
38.0% of PM, 5 mass concentration in the Paralympics Winter
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Games period, while SNA accounted for 6.0%, 21.8%, and 3.3%,
respectively.

Although the proportion of WSIIs was low in PM, 5 during
the polluted period compared to the clean period, the overall
concentration of WSIIs was higher than that in the clean period.
In the clean period, the hourly mean mass concentration of
WSIIs was 6.6 ug/m’, while it was 41.8 ug/m’ in the polluted
period. As shown in Table 1, the hourly average mass
concentration of WSIIs in the polluted period was in the
following order: NO;~ > NH,"> SO, > Ca**> Na'> Cl” >
Mg**> K*. During both the clean and polluted periods, the
concentration of NO5;~ was the highest among all WSIIs. The
hourly average mass concentration of NO;~ during the polluted
period was 22.9 ug/m’, which was 19.1 times of that in the clean
period (1.2 pg/m?). As for SO,*, the mean mass concentration in
the polluted period (5.2 pg/m?) was 6.5 times of that in the clean
period (0.8 pg/m’). NH,* mean mass concentration was 8.0 ug/
m® and 0.3 pg/m’ in the polluted and clean periods, respectively.
In contrast, the concentrations of Na*, K*, Mg**, Ca**, and Cl" in
PM, s were lower. Throughout the heating season, the hourly
maximum concentrations of Ca®* and Mg**, which were mainly
from dust, were 6.4 ug/m® and 2.4 pg/m’, respectively. Cl” mass
concentrations fluctuated between 0.1 and 3.0 pg/m’, while K*
was usually used as a tracer for biomass burning (Wu et al., 2019),
with an hourly average concentration of 0.2 pg/m’, which was the
lowest concentration among WSIIs.

During the Olympics Winter Games period, no polluted
episode occurred, and the hourly mean mass concentrations
of sulfate, nitrate, and ammonium were 1.8 pg/m?, 3.5 pug/m’,
and 1.1 ug/m’, respectively. While the third polluted episode
occurred during the Paralympic Winter Games period, a dusty
event (9 March 2022-10 March 2022) occurred, and the hourly
maximum concentration of Ca** reached 6.4 pg/m’. Also, during
this episode, the hourly maximum concentration of NO;~, SO,*,
and NH," reached 48.6 ug/m®, 7.2 ug/m’, and 13.0 ug/m’,
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respectively. The concentration of sulfate, nitrate, and
ammonium during the Paralympic Winter Games period was
1.1, 3.8, and 3.4 times that of the Olympics Winter Games period.

Figure 6 displays time series of major WSII mass
concentrations during the filed observation. The variation
trend of SNA and PM, 5 mass concentration was similar. The
peaks and valleys of most SNA and PM, 5 basically appeared at
the same time. SNA occupied the largest fraction in WSIIs; SNA
accounted for 68.1% of the WSIIs during the Olympics Winter
Games and 82.0% during the Paralympics Winter Games. This
indicates that with the increase in pollution, SNA contributed
more, which was roughly similar to the observation of Xu et al.
(2019a) during the Asia Pacific Economic Cooperation Summit
(APEC). The concentration of WSIIs in the clean period was
lower than that in the polluted period. The concentrations of
Mg® and Na® in the polluted period were lower and the
fluctuation was smaller than those in the clean period. The
mass concentrations of Ca®* and Cl increased with the

increase in pollution.

3.5 Secondary aerosol processes

The secondary transformation process plays an important
role in the formation of SNA in PM, 5 (Wang et al., 2021). The
mass ratio of PM, 5/CO is often used to qualitatively evaluate the
intensity of secondary transformation of PM, s to exclude the
impact of primary combustion emissions and meteorological
conditions (He et al., 2017; Wu et al,, 2020). In this study, the
hourly ratio of PM, 5/CO in Beijing was 0.03 + 0.01 during the
clean period and 0.10 + 0.03 in the polluted period, which was
3.3 times that of the clean period, indicating that the secondary
pollution in the polluted period was aggravated. Figure 7 shows
that PM, 5/CO increased significantly during the polluted period,
especially during the three polluted episodes.
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Time series of PM, s and WSIIs mass concentration; the black dotted lines are the test heating time; the blue dotted lines represent snowfall; the
green dotted lines represent the Olympic Winter Games period, and the red lines represent the Paralympic Winter Games period.
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Time series of hourly and daily PM, s/CO mass ratios; the three polluted episodes are marked by blue dashed lines.

To further explore the secondary transformation process, the
sulfur oxidation ratio (SOR) and nitrogen oxidation ratio (NOR)
are usually used to quantitatively study the secondary conversion
reactions of SO, and NO, to form sulfate and nitrate, respectively
(Lietal, 2018; Li et al., 2019; Zhao et al., 2019; Yang et al., 2022).
They were calculated as follows:

sor= - SO
n[SO2 ] + n[SO,] W
NOR =  1ING;]

n[NO;] + n[NO,]’

where n refers to the molar concentration.
The higher SOR and NOR suggested that greater oxidation of
gaseous species would occur and secondary aerosols would be
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formed in the atmosphere (Fu et al., 2008). Generally, when their
values were >0.10, secondary transformation processes such as
photochemical oxidation and heterogeneous reactions would
play an important role in the formation of sulfate and nitrate
from gas-phase SO, and NOx. Nitrate and sulfate are suggested
to be mainly generated from the primary emission sources if
NOR and SOR values are less than 0.1 (Xu et al., 2019a).

The SOR in the clean period was 0.22, while the SOR in the
polluted period was 0.55. The mean SOR for both clean and
polluted periods was greater than 0.1, indicating that the
secondary transformation was the primary source of SO,*
formation. The formation of SO,” in the atmosphere
proposed by previous studies mainly includes the gas-phase
oxidation of SO, by OH radicals and the aqueous oxidation of
H,0,, O3, and NO, to S (VI) and the catalytic oxidation by
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transition metals such as Fe’* and Mn®* in cloud droplets and
aerosols (Dong et al., 2020; Cao et al., 2021). The SOR in this
study showed a clearly increasing trend with RH (shown in
Figure 8A). When RH > 60%, the SOR increased faster. This
possibly suggested that the aqueous oxidation of SO, to produce
SO,* is enhanced under high RH conditions due to high liquid
water content in the aerosol (Zhang et al., 2018a; Wu et al., 2022).

In order to further explore the mechanism of sulfate and
nitrate formation under high RH, we selected the second polluted
episode with a snowfall event (from January 20 to January 26,
2022) as a case for detailed analysis. There were intermittent
snowfalls in Beijing from January 20 to 23. After the snowfall
stopped, the RH was high and the pollution continued to
aggravate. As shown in Figure 6, the PM,s hourly mass
concentration climbed from 73.0 to 165.0 pg/m’ during the
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The NO;~ concentration

increased rapidly from 12.5 to 30.8 pg/m’, while the sulfate

second episode. hourly mass
hourly mass concentration rose from 4.6 to 11.9 pg/m’. It was
interesting to observe from Figure 9A that the SOR increased
with the increase in sulfate mass. When SO,* < 2 pg/m?, Os
promoted the formation of sulfate to some extent, and the SOR
increased with Oz concentration. However, O; had little
influence on sulfate formation when the sulfate concentration
increased. The concentration of O decreased, but the SOR value
still grew up. At the same time, it was found that high SOR and
sulfate values both appeared at high relative humidity, especially
above 60%. O3 and RH were believed to be two factors in the
formation of sulfate (Fang et al., 2019). Previous studies proposed
that sulfate formation mechanisms in the atmosphere primarily
include gas-phase oxidation of SO, by OH radicals and the
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aqueous oxidation of S(IV) by H,0O,, Os, organic peroxides, and
NO, and catalytic oxidation by transition metal ions (TMIs), for
example, Fe(III) and Mn(II), in cloud/fog water droplets (Li et al.,
2020; Wang et al., 2021; Wang et al.,, 2022b; Wang et al., 2022¢;
Wang et al., 2022d; Gao et al,, 2022; Ye et al., 2022). As sulfate
itself exhibit strong hygroscopicity (Kong et al., 2020), with the
increase in sulfate and RH, the PM, 5 surface water content
would increase, which would be more conducive to potential
aqueous oxidation of S(IV), resulting in the increase in SOR. This
can partly explain the aforementioned fact that RH and O; affect
the secondary transformation process.

Fu et al. proposed that the NOR was less than 0.1 in the case
when nitrate was mainly generated from primary emissions and
greater than 0.1 when nitrate was mainly generated through the
secondary transformation of NOx oxidation (Fu et al., 2008). The
mean NOR value in the clean period was 0.04 and in the polluted
period was 0.21, suggesting that nitrate was mainly formed by
secondary transformation processes in the polluted period and by
primary emission sources in the clean period. RH and O; can
affect these secondary transformation processes in the polluted
period. As shown in Figure 8B, NOR rose with the increase in RH
although the effect of RH was less than that of SOR. When the
RH was less than 60%, most values of the NOR were less than 0.1.
When the RH was more than 60%, the NOR began to rise, and
the average values were above 0.1. It indicated that higher RH
may promote nitrate formation. The relationship between NOR
and NO;~ with O; and RH is shown in Figure 9B. NOR presented
an upward trend with the increase in NO;™. At high relative
humidity, the NOR increased with nitrate concentration and was
greater than 0.1 even at low O concentrations. Heterogeneous
hydrolysis of N,Os under high humidity conditions may
contribute to the formation of HNO; at night (Yun et al,
2018; Chen et al,, 2020; Yang et al., 2022).
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The diurnal variation of O3 concentration and NOR in the clean
and polluted periods is shown in Figures 10A, B, respectively, as well as
their relationship with RH. It can be seen from Figure 10A that the
diurnal variation of O; mass concentration and NOR showed a
similar trend during the clean period. They presented an obvious
single peak and reached the maximum around 15:00. However, in the
polluted period, NOR only maintained a good consistency with O
concentration in the afternoon, as shown in Figure 10B. Due to the
weakening of the titration effect of NOx, the increase in O;
concentration leads to the enhancement of atmospheric oxidation
capacity, promoting the formation of NOx to HNO3, and then reacted
with NH; in the atmosphere to form nitrate (Ren et al, 2021).
However, at night, the NOR still rose when Os; concentration
decreased. In addition, it was found that the NOR increased with
the increase in RH. According to the studies in previous literatures,
heterogeneous hydrolysis of N,Os may contribute to the formation of
HNO; at night under high humidity conditions (Zhang et al., 2018a;
Wang et al,, 2022a).

4 Conclusion

Hourly mass concentrations of water-soluble inorganic ions
in PM, s were continuously measured in Beijing during the entire
2021 heating season, which covered not only the 2021 winter but
also the periods of XXIV Olympic Winter Games and XIII
Paralympic Winter Games. The filed observation lasted for
about 5months from 25 October 2021 to 22 March 2022.
This study analyzed the characteristics of PM,s and WSII
mass concentrations during this period and investigated the
influence of meteorological conditions on their formation. It
was found that meteorological factors played an important role in
the PM, 5 pollution. Most of the polluted processes occurred

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1028468

Wang et al.

under conditions of low wind speed, temperature inversion, and
high RH, which were in favor of local accumulation of pollutants
and secondary transformation. The PM, 5/CO ratio, an indicator
of the contribution of secondary aerosols to PM, s, suggested that
the secondary conversion was enhanced in the polluted period.

Total mass concentration of WSIIs accounted for 38.2% and
61.4% in the polluted and clean periods, respectively. Among
them, during the polluted period, the average contribution of
SNA to WSIIs was 83.1%. The concentration of nitrate was the
highest in WSIIs. The SOR and NOR in the polluted period were
much higher than those in the clean period, which further
confirmed that the secondary transformation process had an
important impact on the occurrence of PM, s pollution. In
addition, high RH was conducive to the formation of
secondary aerosols such as sulfate, which further aggravated
pollution.  For secondary aerosols such as nitrate,
heterogeneous hydrolysis of N,Os under high humidity
conditions may contribute to the formation of nitrate at night
in the polluted period, while photochemical reactions were

another pathway of nitrate formation during the day.

Data availability statement

All data given in figures are displayed in tables or in digital
form. Readers who are interested in the data should contact the
corresponding authors.

Author contributions

JW: field investigation, analyzed the observational data and
prepared the figures of the manuscript, draft the manuscript.
LW: data
revising—original draft, funding acquisition, and guiding the

conceptualization, methodology, analysis,

References

Cao, J., Qiu, X,, Gao, J., Wang, F., Wang, J., Wu, ], et al. (2021). Significant
decrease in SO, emission and enhanced atmospheric oxidation trigger changes in
sulfate formation pathways in China during 2008-2016. J. Clean. Prod. 326, 129396.
doi:10.1016/j.jclepro.2021.129396

Chen, X, Wang, H,, Lu, K, Li, C,, Zhai, T,, Tan, Z., et al. (2020). Field
determination of nitrate formation pathway in winter beijing. Environ. Sci.
Technol. 54 (15), 9243-9253. doi:10.1021/acs.est.0c00972

Chen, Z., Chen, D., Wen, W., Zhuang, Y., Kwan, M.-P., Chen, B,, et al. (2019).
Evaluating the “2+26” regional strategy for air quality improvement during two air
pollution alerts in beijing: Variations in PM,s concentrations, source
apportionment, and the relative contribution of local emission and regional
transport. Atmos. Chem. Phys. 19 (10), 6879-6891. doi:10.5194/acp-19-6879-2019

Dao, X, Di, S. Y., Zhang, X, Gao, P. J., Wang, L., Yan, L. Y,, et al. (2022).
Composition and sources of particulate matter in the Beijing-Tianjin-Hebei region
and its surrounding areas during the heating season. Chemosphere 291, 132779.
doi:10.1016/j.chemosphere.2021.132779

Dao, X., Di, S., Zhang, X., Gao, P., Wang, L., Yan, L, et al. (2021). Composition
and sources of particulate matter in the Beijing-Tianjin-Hebei region and its

Frontiers in Environmental Science

106

10.3389/fenvs.2022.1028468

field investigation. JS: conceptualization, writing—review and
editing, supervision, funding acquisition. JW, SZ and LW
performed the instrument deployment and operation. SZ:
field investigation. JZ: plotting some figures. All co-authors
discussed the results and commented on the manuscript.

Funding

This work was supported by the Beijing Natural Science
Foundation (No. 8202052), the National Natural Science
Foundation of China (Nos. 21777191, 42075082, and
41875147), and the Chinese Academy of Meteorological
Sciences (2020KJ001, 2020Z002, and 2022KJ002). It was also
supported by the Innovation Team for Haze-fog Observation and
Forecasts of the Ministry of Science and Technology of the
People’s Republic of China and China Meteorological
Administration.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

surrounding areas during the heating season. Chemosphere 291, 132779. doi:10.
1016/j.chemosphere.2021.132779

Dong, C, Li, J., and Qi, Y. (2022). Decomposing PM, s air pollution rebounds in
Northern China before COVID-19. Environ. Sci. Pollut. Res. 29 (19), 28688-28699.
doi:10.1007/s11356-021-17889-2

Dong, Z., Su, F., Zhang, Z., and Wang, S. (2020). Observation of chemical
components of PM2.5 and secondary inorganic aerosol formation during haze and
sandy haze days in Zhengzhou, China. J. Environ. Sci. 88, 316-325. doi:10.1016/j jes.
2019.09.016

Elser, M., Huang, R.-]., Wolf, R,, Slowik, J. G., Wang, Q., Canonaco, F., et al.
(2016). New insights into PM, 5 chemical composition and sources in two major
cities in China during extreme haze events using aerosol mass spectrometry. Atmos.
Chem. Phys. 16 (5), 3207-3225. doi:10.5194/acp-16-3207-2016

Fang, Y., Ye, C, Wang, J., Wu, Y., Hu, M,, Lin, W,, et al. (2019). RH and O;
concentration as two prerequisites for sulfate formation. Atmos. Chem. Phys. 19
(19), 12295-12307. doi:10.5194/acp-19-12295-2019

Fu, Q,, Zhuang, G., Wang, J., Xu, C,, Huang, K., Li, ], et al. (2008). Mechanism of
formation of the heaviest pollution episode ever recorded in the Yangtze River

frontiersin.org


https://doi.org/10.1016/j.jclepro.2021.129396
https://doi.org/10.1021/acs.est.0c00972
https://doi.org/10.5194/acp-19-6879-2019
https://doi.org/10.1016/j.chemosphere.2021.132779
https://doi.org/10.1016/j.chemosphere.2021.132779
https://doi.org/10.1016/j.chemosphere.2021.132779
https://doi.org/10.1007/s11356-021-17889-2
https://doi.org/10.1016/j.jes.2019.09.016
https://doi.org/10.1016/j.jes.2019.09.016
https://doi.org/10.5194/acp-16-3207-2016
https://doi.org/10.5194/acp-19-12295-2019
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1028468

Wang et al.

Delta, China. Atmos. Environ. X. 42 (9), 2023-2036. doi:10.1016/j.atmosenv.2007.
12.002

Gao, J., Shi, G. L., Zhang, Z. C.,, Wei, Y. T,, Tian, X,, Feng, Y. C, et al. (2022).
Targeting atmospheric oxidants can better reduce sulfate aerosol in China: H,O,
aqueous oxidation pathway dominates sulfate formation in haze. Environ. Sci.
Technol. 56 (15), 10608-10618. doi:10.1021/acs.est.2c01739

Geng, G., Zheng, Y., Zhang, Q., Xue, T., Zhao, H., Tong, D,, et al. (2021). Drivers
of PM2.5 air pollution deaths in China 2002-2017. Nat. Geosci. 14 (9), 645-650.
doi:10.1038/s41561-021-00792-3

Han, X., Guo, Q,, Lang, Y., Li, S., Li, Y., Guo, Z,, et al. (2020). Seasonal and long-
term trends of sulfate, nitrate, and ammonium in PM, 5 in beijing: Implication for
air pollution control. Environ. Sci. Pollut. Res. 27 (19), 23730-23741. doi:10.1007/
$11356-020-08697-1

He, J., Gong, S., Yu, Y., Yu, L., Wu, L., Mao, H,, et al. (2017). Air pollution
characteristics and their relation to meteorological conditions during 2014-2015 in
major Chinese cities. Environ. Pollut. 223, 484-496. doi:10.1016/j.envpol.2017.
01.050

Herrmann, H., Schaefer, T., Tilgner, A., Styler, S. A., Weller, C., Teich, M., et al.
(2015). Tropospheric aqueous-phase chemistry: Kinetics, mechanisms, and its
coupling to a changing gas phase. Chem. Rev. 115 (10), 4259-4334. doi:10.1021/
cr500447k

Hu, G, Zhang, Y., Sun, J, Zhang, L., Shen, X, Lin, W, et al. (2014).
Variability, formation and acidity of water-soluble ions in PM,s in Beijing
based on the semi-continuous observations. Atmos. Res. 145, 1-11. doi:10.1016/
j.atmosres.2014.03.014

Hu, S., Zhao, G., Tan, T., Li, C., Zong, T., Xu, N,, et al. (2021). Current challenges
of improving visibility due to increasing nitrate fraction in PM, 5 during the haze
days in Beijing, China. Environ. Pollut. 290, 118032. doi:10.1016/j.envpol.2021.
118032

Huang, X,, Liu, Z,, Zhang, J., Wen, T, Ji, D., and Wang, Y. (2016). Seasonal
variation and secondary formation of size-segregated aerosol water-soluble
inorganic ions during pollution episodes in Beijing. Atmos. Res. 168, 70-79.
doi:10.1016/j.atmosres.2015.08.021

Huang, X, Tang, G. Zhang, J., Liu, B, Liu, C., Zhang, J, et al. (2021).
Characteristics of PM,s pollution in Beijing after the improvement of air
quality. J. Environ. Sci. 100, 1-10. doi:10.1016/j.jes.2020.06.004

Kong, L., Feng, M, Liu, Y., Zhang, Y., Zhang, C,, Li, C,, et al. (2020). Elucidating
the pollution characteristics of nitrate, sulfate and ammonium in PM, 5 in Chengdu,
southwest China, based on 3-year measurements. Atmos. Chem. Phys. 20 (19),
11181-11199. doi:10.5194/acp-20-11181-2020

Lachatre, M., Fortems-Cheiney, A., Foret, G., Siour, G., Dufour, G., Clarisse, L.,
etal. (2019). The unintended consequence of SO, and NO, regulations over China:
Increase of ammonia levels and impact on PM, 5 concentrations. Atmos. Chem.
Phys. 19 (10), 6701-6716. doi:10.5194/acp-19-6701-2019

Lei, L, Zhou, W., Chen, C, He, Y., Li, Z., Sun, J., et al. (2021). Long-term
characterization of aerosol chemistry in cold season from 2013 to 2020 in Beijing,
China. Environ. Pollut. 268, 115952. doi:10.1016/j.envpol.2020.115952

Li, J., Gao, W, Cao, L., Xiao, Y., Zhang, Y., Zhao, S., et al. (2021). Significant
changes in autumn and winter aerosol composition and sources in Beijing from
2012 to 2018: Effects of clean air actions. Environ. Pollut. 268, 115855. doi:10.1016/j.
envpol.2020.115855

Li, J., Zhang, Y. L., Cao, F,, Zhang, W., Fan, M., Lee, X,, et al. (2020). Stable
sulfur isotopes revealed a major role of transition-metal ion-catalyzed SO,
oxidation in haze episodes. Environ. Sci. Technol. 54 (5), 2626-2634. doi:10.
1021/acs.est.9b07150

Li, W,, Liu, X,, Zhang, Y., Tan, Q., Feng, M., Song, M., et al. (2019). Insights into
the phenomenon of an explosive growth and sharp decline in haze: A case study in
beijing. J. Environ. Sci. 84, 122-132. doi:10.1016/j.jes.2019.04.015

Li, X, Li, S., Xiong, Q., Yang, X,, Qi, M., Zhao, W, et al. (2018). Characteristics of
PM, 5 chemical compositions and their effect on atmospheric visibility in urban
beijing, China during the heating season. Int. . Environ. Res. Public Health 15 (9),
1924. doi:10.3390/ijerph15091924

Liu, X, Sun, K., Qu, Y., Hu, M, Sun, Y., Zhang, F,, et al. (2015). Secondary
Formation of sulfate and nitrate during a haze episode in megacity beijing,
China. Aerosol Air Qual. Res. 15 (6), 2246-2257. doi:10.4209/aaqr.2014.12.
0321

Ma, J., Chu, B,, Liu, J., Liu, Y., Zhang, H., and He, H. (2018). NOx promotion of
SO, conversion to sulfate: An important mechanism for the occurrence of heavy
haze during winter in Beijing. Environ. Pollut. 233, 662-669. doi:10.1016/j.envpol.
2017.10.103

Pang, N. N,, Gao, J., Che, F,, Ma, T,, Liu, S., Yang, Y., et al. (2020). Cause of PM, 5

pollution during the 2016-2017 heating season in beijing, tianjin, and langfang,
China. J. Environ. Sci. 95, 201-209. doi:10.1016/j.jes.2020.03.024

Frontiers in Environmental Science

107

10.3389/fenvs.2022.1028468

Rai, P., Furger, M,, Slowik, J. G., Zhong, H.,, Tong, Y, Wang, L, et al. (2021).
Characteristics and sources of hourly elements in PM;, and PM, 5 during wintertime in
Beijing. Environ. Pollut. 278, 116865. doi:10.1016/j.envpol.2021.116865

Ren, C., Huang, X., Wang, Z., Sun, P., Chi, X,, Ma, Y., et al. (2021). Nonlinear
response of nitrate to NOx reduction in China during the COVID-19 pandemic.
Atmos. Environ. X. 264, 118715. doi:lO.1016/j.atm0senv.2021.118715

Shao, J., Chen, Q., Wang, Y., Lu, X,, He, P., Sun, Y., et al. (2019). Heterogeneous
sulfate aerosol formation mechanisms during wintertime Chinese haze events: Air
quality model assessment using observations of sulfate oxygen isotopes in beijing.
Atmos. Chem. Phys. 19 (9), 6107-6123. doi:10.5194/acp-19-6107-2019

Shen, J., Tang, A., Liu, X., Kopsch, J., Fangmeier, A., Goulding, K., et al. (2011).
Impacts of pollution controls on air quality in beijing during the 2008 olympic
games. J. Environ. Qual. 40 (1), 37-45. doi:10.2134/jeq2010.0360

Su,J., Zhao, P., Ding, J., Du, X., and Dou, Y. (2021). Insights into measurements of
water-soluble ions in PM2.5 and their gaseous precursors in Beijing. J. Environ. Sci.
102, 123-137. doi:10.1016/j.jes.2020.08.031

Sun, J., Liang, M., Shi, Z., Shen, F,, Li, J., Huang, L., et al. (2019). Investigating the
PM, 5 mass concentration growth processes during 2013-2016 in Beijing and
Shanghai. Chemosphere 221, 452-463. doi:10.1016/j.chemosphere.2018.12.200

Sun, Y., Wang, Z,, Fu, P,, Jiang, Q., Yang, T., Li, J,, et al. (2013). The impact of
relative humidity on aerosol composition and evolution processes during
wintertime in Beijing, China. Atmos. Environ. X. 77, 927-934. doi:10.1016/j.
atmosenv.2013.06.019

Wang, H., Lu, K,, Tan, Z., Chen, X,, Liu, Y., and Zhang, Y. (2022a). Formation
mechanism and control strategy for particulate nitrate in China. J. Environ. Sci.
doi:10.1016/j.jes.2022.09.019

Wang, ], Li, ], Ye, J., Zhao, J., Wu, Y., Hu, J,, et al. (2020). Fast sulfate formation
from oxidation of SO, by NO, and HONO observed in Beijing haze. Nat. Commun.
11 (1), 2844. doi:10.1038/s41467-020-16683-x

Wang, S., Wang, L., Fan, X., Wang, N, Ma, S., and Zhang, R. (2022b). Formation
pathway of secondary inorganic aerosol and its influencing factors in Northern
China: Comparison between urban and rural sites. Sci. Total Environ. 840, 156404.
doi:10.1016/j.scitotenv.2022.156404

Wang, T., Liu, M., Liu, M., Song, Y., Xu, Z., Shang, F., et al. (2022d). Sulfate
Formation apportionment during winter haze events in north China. Environ. Sci.
Technol. 56 (12), 7771-7778. doi:10.1021/acs.est.2c02533

Wang, T, Liu, Y., Cheng, H., Wang, Z., Fu, H., Chen, ], et al. (2022c). Significant
formation of sulfate aerosols contributed by the heterogeneous drivers of dust
surface. Atmos. Chem. Phys. 22 (20), 13467-13493. doi:10.5194/acp-22-13467-2022

Wang, W., Liu, M., Wang, T., Song, Y., Zhou, L., Cao, J., et al. (2021). Sulfate
formation is dominated by manganese-catalyzed oxidation of SO, on aerosol
surfaces during haze events. Nat. Commun. 12 (1), 1993. doi:10.1038/s41467-
021-22091-6

Wang, X.,, Wei, W., Cheng, S., Yao, S., Zhang, H., and Zhang, C. (2019a).
Characteristics of PM, 5 and SNA components and meteorological factors impact
on air pollution through 2013-2017 in Beijing, China. Atmos. Pollut. Res. 10 (6),
1976-1984. doi:10.1016/j.apr.2019.09.004

Wang, Y., Wang, Q,, Ye, J., Yan, M., Qin, Q,, Prevot, A. S. H,, et al. (2019b). A
review of aerosol chemical composition and sources in representative regions of
China during wintertime. Atmosphere 10 (5), 277. doi:10.3390/atmos10050277

Wang, Y., Yao, L., Wang, L,, Liu, Z,, Ji, D., Tang, G., et al. (2013). Mechanism for
the formation of the January 2013 heavy haze pollution episode over central and
eastern China. Sci. China Earth Sci. 57 (1), 14-25. d0i:10.1007/s11430-013-4773-4

Wu, L., Sun, ], Zhang, X., Zhang, Y., Wang, Y., Zhong, J., et al. (2019). Aqueous-
phase reactions occurred in the PM, s cumulative explosive growth during the
heavy pollution episode (HPE) in 2016 Beijing wintertime. Tellus, Ser. B Chem.
Phys. Meteorol. 71 (1), 1-15. doi:10.1080/16000889.2019.1620079

Wu, L, Wang, Y., Li, L., and Zhang, G. (2020). Acidity and inorganic ion
formation in PM2.5 based on continuous online observations in a South China
megacity. Atmos. Pollut. Res. 11 (8), 1339-1350. doi:10.1016/j.apr.2020.05.003

Wu, L., Zhang, X,, Sun, J., Wang, Y., Zhong, J., and Meng, Z. (2022). Intensified
wintertime secondary inorganic aerosol formation during heavy haze pollution
episodes (HPEs) in Beijing, China. J. Environ. Sci. 114, 503-513. doi:10.1016/j jes.
2022.01.008

Xie, X., Hu, J., Qin, M., Guo, S., Hu, M., Wang, H., et al. (2022). Modeling
particulate nitrate in China: Current findings and future directions. Environ. Int.
166, 107369. doi:10.1016/j.envint.2022.107369

Xu, M., Liu, Z., Hu, B., Yan, G., Zou, J., Zhao, S., et al. (2022). Chemical
characterization and source identification of PM, 5 in Luoyang after the clean
air actions. J. Environ. Sci. 115, 265-276. doi:10.1016/j.jes.2021.06.021

Xu, Q., Wang, S., Jiang, J., Bhattarai, N., Li, X., Chang, X., et al. (2019a).
Nitrate dominates the chemical composition of PM, s during haze event in

frontiersin.org


https://doi.org/10.1016/j.atmosenv.2007.12.002
https://doi.org/10.1016/j.atmosenv.2007.12.002
https://doi.org/10.1021/acs.est.2c01739
https://doi.org/10.1038/s41561-021-00792-3
https://doi.org/10.1007/s11356-020-08697-1
https://doi.org/10.1007/s11356-020-08697-1
https://doi.org/10.1016/j.envpol.2017.01.050
https://doi.org/10.1016/j.envpol.2017.01.050
https://doi.org/10.1021/cr500447k
https://doi.org/10.1021/cr500447k
https://doi.org/10.1016/j.atmosres.2014.03.014
https://doi.org/10.1016/j.atmosres.2014.03.014
https://doi.org/10.1016/j.envpol.2021.118032
https://doi.org/10.1016/j.envpol.2021.118032
https://doi.org/10.1016/j.atmosres.2015.08.021
https://doi.org/10.1016/j.jes.2020.06.004
https://doi.org/10.5194/acp-20-11181-2020
https://doi.org/10.5194/acp-19-6701-2019
https://doi.org/10.1016/j.envpol.2020.115952
https://doi.org/10.1016/j.envpol.2020.115855
https://doi.org/10.1016/j.envpol.2020.115855
https://doi.org/10.1021/acs.est.9b07150
https://doi.org/10.1021/acs.est.9b07150
https://doi.org/10.1016/j.jes.2019.04.015
https://doi.org/10.3390/ijerph15091924
https://doi.org/10.4209/aaqr.2014.12.0321
https://doi.org/10.4209/aaqr.2014.12.0321
https://doi.org/10.1016/j.envpol.2017.10.103
https://doi.org/10.1016/j.envpol.2017.10.103
https://doi.org/10.1016/j.jes.2020.03.024
https://doi.org/10.1016/j.envpol.2021.116865
https://doi.org/10.1016/j.atmosenv.2021.118715
https://doi.org/10.5194/acp-19-6107-2019
https://doi.org/10.2134/jeq2010.0360
https://doi.org/10.1016/j.jes.2020.08.031
https://doi.org/10.1016/j.chemosphere.2018.12.200
https://doi.org/10.1016/j.atmosenv.2013.06.019
https://doi.org/10.1016/j.atmosenv.2013.06.019
https://doi.org/10.1016/j.jes.2022.09.019
https://doi.org/10.1038/s41467-020-16683-x
https://doi.org/10.1016/j.scitotenv.2022.156404
https://doi.org/10.1021/acs.est.2c02533
https://doi.org/10.5194/acp-22-13467-2022
https://doi.org/10.1038/s41467-021-22091-6
https://doi.org/10.1038/s41467-021-22091-6
https://doi.org/10.1016/j.apr.2019.09.004
https://doi.org/10.3390/atmos10050277
https://doi.org/10.1007/s11430-013-4773-4
https://doi.org/10.1080/16000889.2019.1620079
https://doi.org/10.1016/j.apr.2020.05.003
https://doi.org/10.1016/j.jes.2022.01.008
https://doi.org/10.1016/j.jes.2022.01.008
https://doi.org/10.1016/j.envint.2022.107369
https://doi.org/10.1016/j.jes.2021.06.021
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1028468

Wang et al.

Beijing, China. Sci. Total Environ. 689, 1293-1303. doi:10.1016/j.scitotenv.
2019.06.294

Xu, W, Liu, X,, Liu, L,, Dore, A. J,, Tang, A., Lu, L., et al. (2019b). Impact of
emission controls on air quality in Beijing during APEC 2014: Implications from
water-soluble ions and carbonaceous aerosol in PM, 5 and their precursors. Atmos.
Environ. X. 210, 241-252. doi:10.1016/j.atmosenv.2019.04.050

Yang, J., Wang, S., Zhang, R, and Yin, S. (2022). Elevated particle acidity
enhanced the sulfate formation during the COVID-19 pandemic in Zhengzhou,
China. Environ. Pollut. 296, 118716. doi:10.1016/j.envpol.2021.118716

Yang, S., Ma, Y., Duan, F.,, He, K., Wang, L., Wei, Z., et al. (2018).
Characteristics and formation of typical winter haze in Handan, one of the
most polluted cities in China. Sci. Total Environ. 613-614, 1367-1375. doi:10.
1016/j.scitotenv.2017.08.033

Ye, C,, Lu, K, Song, H., Mu, Y., Chen, J., and Zhang, Y. (2022). A critical review of
sulfate aerosol formation mechanisms during winter polluted periods. J. Environ.
Sci. doi:10.1016/j.jes.2022.07.011

Yun, H., Wang, W., Wang, T., Xia, M., Yu, C., Wang, Z,, et al. (2018). Nitrate
formation from heterogeneous uptake of dinitrogen pentoxide during a severe
winter haze in southern China. Atmos. Chem. Phys. 18 (23), 17515-17527. doi:10.
5194/acp-18-17515-2018

Zhan, Y., Xie, M., Gao, D., Wang, T., Zhang, M., and An, F. (2021).
Characterization and source analysis of water-soluble inorganic ionic species in
PM, 5 during a wintertime particle pollution episode in Nanjing, China. Atmos. Res.
262, 105769. doi:10.1016/j.atmosres.2021.105769

Frontiers in Environmental Science

108

10.3389/fenvs.2022.1028468

Zhang, R,, Sun, X. S,, Shi, A. J., Huang, Y. H,, Yan, J,, Nie, T,, et al. (2018a).
Secondary inorganic aerosols formation during haze episodes at an urban site in
Beijing, China. Atmos. Environ. X. 177, 275-282. doi:10.1016/j.atmosenv.2017.
12.031

Zhang, Y., Li, X, Nie, T,, Qi, J, Chen, J., and Wu, Q. (2018b). Source
apportionment of PM, 5 pollution in the central six districts of Beijing, China.
J. Clean. Prod. 174, 661-669. doi:10.1016/j.jclepro.2017.10.332

Zhao, L., Wang, L., Tan, J., Duan, J., Ma, X., Zhang, C,, et al. (2019). Changes of
chemical composition and source apportionment of PM, 5 during 2013-2017 in
urban Handan, China. Atmos. Environ. X. 206, 119-131. doi:10.1016/j.atmosenv.
2019.02.034

Zhong, J., Zhang, X., Dong, Y., Wang, Y., Liu, C., Wang, J., et al. (2018a).
Feedback effects of boundary-layer meteorological factors on cumulative
explosive growth of PM, 5 during winter heavy pollution episodes in Beijing
from 2013 to 2016. Atmos. Chem. Phys. 18 (1), 247-258. d0i:10.5194/acp-18-
247-2018

Zhong, J., Zhang, X.,, Wang, Y., Liu, C,, and Dong, Y. (2018b). Heavy aerosol
pollution episodes in winter Beijing enhanced by radiative cooling effects of
aerosols. Atmos. Res. 209, 59-64. doi:10.1016/j.atmosres.2018.03.011

Zhong, J., Zhang, X., Wang, Y., Sun, J., Zhang, Y., Wang, J., et al. (2017).
Relative contributions of boundary-layer meteorological factors to the
explosive growth of PM, s during the red-alert heavy pollution episodes in
Beijing in December 2016. J. Meteorol. Res. 31 (5), 809-819. doi:10.1007/
s13351-017-7088-0

frontiersin.org


https://doi.org/10.1016/j.scitotenv.2019.06.294
https://doi.org/10.1016/j.scitotenv.2019.06.294
https://doi.org/10.1016/j.atmosenv.2019.04.050
https://doi.org/10.1016/j.envpol.2021.118716
https://doi.org/10.1016/j.scitotenv.2017.08.033
https://doi.org/10.1016/j.scitotenv.2017.08.033
https://doi.org/10.1016/j.jes.2022.07.011
https://doi.org/10.5194/acp-18-17515-2018
https://doi.org/10.5194/acp-18-17515-2018
https://doi.org/10.1016/j.atmosres.2021.105769
https://doi.org/10.1016/j.atmosenv.2017.12.031
https://doi.org/10.1016/j.atmosenv.2017.12.031
https://doi.org/10.1016/j.jclepro.2017.10.332
https://doi.org/10.1016/j.atmosenv.2019.02.034
https://doi.org/10.1016/j.atmosenv.2019.02.034
https://doi.org/10.5194/acp-18-247-2018
https://doi.org/10.5194/acp-18-247-2018
https://doi.org/10.1016/j.atmosres.2018.03.011
https://doi.org/10.1007/s13351-017-7088-0
https://doi.org/10.1007/s13351-017-7088-0
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1028468

:' frontiers ‘ Frontiers in Environmental Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Gen Zhang,

Chinese Academy of Meteorological
Sciences, China

REVIEWED BY
Yuanjian Yang,

Nanjing University of Information
Science and Technology, China
Haipeng Lin,

Harvard University, United States

*CORRESPONDENCE

Chunmei Geng,
gengcma@craes.org.cn

Xinhua Wang,
wangxh@craes.org.cn

SPECIALTY SECTION

This article was submitted to
Atmosphere and Climate,

a section of the journal

Frontiers in Environmental Science

RECEIVED 27 October 2022
ACCEPTED 14 December 2022
PUBLISHED 06 January 2023

CITATION
LiM, Geng C, LiL, Zheng Z, Xu B, Yang W
and Wang X (2023), Meteorological
impacts on surface ozone: A case study
based on Kolmogorov-Zurbenko
filtering and multiple linear regression.
Front. Environ. Sci. 10:1081453.

doi: 10.3389/fenvs.2022.1081453

COPYRIGHT

© 2023 Li, Geng, Li, Zheng, Xu, Yang and
Wang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science

TvpE Original Research
PUBLISHED 06 January 2023
Dol 10.3389/fenvs.2022.1081453

Meteorological impacts on
surface ozone: A case study
based on Kolmogorov—-Zurbenko
filtering and multiple linear
regression

Menghui Li*?, Chunmei Geng'*, Liming Li*, Zhensen Zheng?,
Bo Xu?, Wen Yang® and Xinhua Wang'*

State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of
Environmental Sciences, Beijing, China, ?State Key Laboratory of Organic Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China, *Shandong Zibo Eco-
Environmental Monitoring Center, Zibo, China

Ozone variation, excluding meteorological effects, is very important to assess
the effects of air pollution control policies. In this study, the Kolmogorov-
Zurbenko (KZ) filter method and multiple linear stepwise regression are
combined to study the impact of meteorological parameters on ozone
concentration over the past 5years (2016-2020) in a petrochemical
industrial city in northern China. Monte Carlo simulations were used to
evaluate the reliability for the potential quasi quantitative prediction of the
baseline component. The average level of the city and the details of five stations
in the city were studied. The results show that the short-term, seasonal, and
long-term component variances of maximum daily running average 8 h (MDAS)
ozone in Zibo city (City) decomposed by the KZ filter account for 32.06%,
61.67% and 1.15% of the total variance, for a specific station, the values were
32.37%—-34.90%, 56.64%-62.00%, and .35%—-3.14%, respectively. The average
long-term component increase rate is 3.19 ug m~ yr* on average for the city,
while itis 1.52-5.95 ug m=* yr~* for a specific station. The overall meteorological
impact was not stable and fluctuated between —2.60 ygm= and +3.77 ugm™.
This difference in trends between the city and specific stations implied that the
Oz precursor’'s mitigation strategy should be more precise to improve its
practical effects.

KEYWORDS

ozone, KZ filter, meteorological conditions, multiple linear regression, Monte Carlo
simulation
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1 Introduction

Over the past few decades, China’s economic development
has seen significant advancements, the pace of urbanization and
industrialization has also been accelerating. Accordingly, the
consumption of fossil fuels, such as coal and petroleum, has
increased significantly, leading to severe air pollution. Haze
pollution—characterized by a high concentration of inhalable
particulate matter (PM;,) and fine particulate matter (PM, 5)-
and photochemical smog pollution-characterized by a high
concentration of ozone (Oj;)-were severe issues in the past
(Huang et al., 2013; Zhang et al., 2015; Wang et al., 2017; Wang
et al., 2019). After the implementation of the “Air Pollution
Prevention and Control Action Plan” (also referred to as the
“Atmospheric Ten Measures”), the concentration of particulate
matter in China has been significantly decreasing each year.
However, regional photochemical pollution has become
increasingly prominent, and the ozone concentration has
risen instead of falling in many cities, and threatens human
health, which is of significant concern for the scientific
community and relevant government departments (Kuerban
et al, 2020; Lin et al, 2021). According to the results of
monitoring data from 338 cities in China, the 90th percentile
of the maximum daily running average 8h (MDAS)
concentration of ozone increased from 134 pgm™ in 2015 to
148 ugm™ in 2019. The proportion of days exceeding the
second standard values (160 pg m ) specified in the National
Ambient Air Quality Standards (GB3095-2012), with ozone as
the primary pollutant increased from 16.9% in 2015 to 41.7% in
2019, and the proportion of cities exceeding the secondary
standard increased from 16% to 30.6% (Ministry of Ecology and
Environment of China, 2016, 2019). Research has indicated that
the concentration of ozone in 22 of China’s 30 provinces
increased from 2015 to 2018, and ozone pollution was
prominent and concentrated in the Beijing-Tianjin-Hebei
(BTH), Yangtze River Delta (YRD), and Pearl River Delta
(PRD) regions (Kuerban et al., 2020).

In comparison to other pollutants, ozone is chemically
active and susceptible to meteorological (MET) conditions,
such as temperature, relative humidity, wind speed, boundary
layer (Cheng et al., 2019; Zong et al., 2021; Zong et al., 2022),
and atmospheric transmission. The close relationship between
the ozone concentration and meteorological conditions may
cover up the ozone long-term trend caused by emission
change of ozone precursor. Therefore, it is necessary to
filter out the meteorological effects to understand the net
impact of emission changes (Rao et al., 1997; Yu et al., 2019).
the of
such as Fourier

Some methods can help separate influence

meteorological conditions on ozone,
transforms and the wavelet transform method (Eskridge
1997). The Kolmogorov-Zurbenko (KZ) filter,

combined with the multiple linear regression (MLR)

et al.,

analysis technique proposed by Rao and Zurbenko (1994)
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can separate the influence of meteorological conditions on
ozone concentration. The KZ filter method is a robust
statistical model with a simple algorithm that can be used
directly in the presence of missing data (Porter et al., 2001),
and is widely used to study ozone pollution trends, such as in
Tucson (Wise and Comrie, 2005) and Houston in the
United States (Botlaguduru et al., 2018); Canoas and Estio
in Brazil (Agudelo-Castaneda et al., 2014); Cessa in the Greek
Lee Plain (Papanastasiou et al., 2012); Switzerland (Boleti
et al, 2018); and major cities in South Korea (Seo et al.,
2014), and Australia, and Spain (Anh et al., 1997; Ibarra-
Berastegia et al., 2001; Agudelo-Castaneda et al., 2014), and
other places (Kang et al., 2013; Luo et al., 2019). Sa et al. (2015)
used the KZ filter method to decompose the original time
series of atmospheric pollutants O;, PM;o, and NO, at
different time scales, and then ascertained the influence of
meteorological conditions on the components of each
pollutant through MLR. Research has shown that the KZ
filter method can be used to decompose the air pollutants
concentrated in metropolises in China, such as BTH (Ma et al.,
2016; Gao et al.,, 2021) and YRD (Yu et al., 2019). Ma et al.
(2016) used KZ filtering to remove meteorological influences
and extracted the long-term ozone trend of background
that
limited effects on the rapid increases in the ozone

stations, finding meteorological conditions have

concentration in Beijing. Research in Hebei province (Gao
2021) has
(temperature, atmospheric pressure, and boundary layer

et al, shown that meteorological factors
height) account for 64% of long-term ozone changes.
Therefore, the influence of meteorological factors varies
widely in different cities in different periods. Most previous
research has focused on the influence of meteorological
parameters on regional ozone pollution. However, for
ozone pollution control, emission reduction measures
should be implemented in every district in each city. It is
imperative to investigate whether the effects are similar in all
districts within a city. Thus, it is important to evaluate the
effect of emission reduction without the influence of
meteorological conditions in specific districts within a city.
In this study, Zibo City was selected as a representative
heavily-industrial city. Zibo is an important petrochemical
industrial city in the North China Plain (NCP), with
significant volatile organic compounds (VOCs) emissions (Luo
et al., 2018). The KZ filter method and multiple linear stepwise
regression are used to study the impact of meteorological
parameters on the O; concentration over a 5-year period (1
1 2016-31 12 2020). Pollutant concentrations on different time
scales (long-term, seasonal, and short-term) were obtained, and
the influence of meteorological conditions was evaluated
quantitatively. The details regarding the long-term component
and meteorology impact in each division in the city were
discussed. This study will help understand the influence of

meteorological conditions on O3 concentration within a city.
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FIGURE 1

Location of the study area and air quality monitoring sites in Zibo City.

2 Materials and methods
2.1 Site description

Zibo is located in the central region of Shandong Province
(35°55'20"-37°17'14"N,  117°32'15"-118°31'00"E). It is
located in the warm temperate zone, experiencing a semi-
humid and semi-arid continental climate; the terrain is high in
the south and low in the north, and is surrounded by
mountains on three sides—in the east, west, and south. The
permanent population was 4.704 million at the end of 2020
(http://www.zibo.gov.cn/).

There are seven national ambient air quality monitoring
stations in Zibo. Considering the data integrity of both the O,
concentrations and meteorological parameters, data from five
national environmental monitoring stations are selected to study
the characteristics at different sites. The five stations are located
in five districts: Dongfeng Chemical Plant (DFCP) in Zhangdian
District, Putianyuan (PTY) in Linzi District, Qixiangzhan (QXZ)
in Zichuan Dictrict, Sanjin Group in Zhoucun District, and
Shuangshan (SS) in Boshan District, as shown in Figure 1.
Detailed information on these stations can be found in
Supplementary Table S1.

2.2 Data acquisition

The daily concentrations of the maximum daily average
8 h (MDA8) ozone for Zibo city (the average conditions of the
city) and the five specific sites were obtained from Zibo
Environmental Monitoring Center, and the meteorological
data was from China National Meteorological Information
Centre (http://data.cma.cn/). The data was obtained from
1 January 2016 to 31 December 2020. The meteorological
factors used in this study are the daily average relative
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humidity (RH), daily average wind speed (WS), and daily
average temperature (T).

To facilitate a comparison, the ozone concentration of different
cities was found and analysed. The ozone concentration data of
Beijing (the average value of 12 sites), Tianjin (the average value of
14 sites) and Shijiazhuang (the average value of 7 sites) are from the
national real-time air quality release platform of the China National
Environmental Monitoring Centre (https://quotsoft.net/air/), and
the ozone data of Shanghai (the average value of 19 sites) were
collected from Shanghai Municipal Bureau of Ecology and
Environment (https://sthj.sh.gov.cn/). Ozone time series data of
Los Angeles, California were collected from Air Data at the US
Environment Protection Agency (https://www.epa.gov/outdoor-air-
quality-data). Available O; time series data in Berlin (the average
value of 3 sites), Paris (the average value of 8 sites) and London (the
average value of 6 sites) were obtained from https://discomap.eea.
europa.eu/map/fme/AirQualityExport.htm.

2.3 KZ filter method

The KZ filter method was used to decompose the time series
of ozone and meteorological conditions. According to Rao and
Zurbenko (Rao and Zurbenko, 1994), the original time series of
pollutants can be expressed as

X(t)=e(t)+S(t)+W(t) (1)

Where X(t) represents the original time series, e(f) represents the
long-term component, S(f) represents the seasonal component,
and W(t) represents the short-term component. In terms of the
air quality component, the short-term component can be
attributed to the weather and the short-term fluctuations of
source emissions, the seasonal component can be attributed to
the changes in the angle of the sun, for example, solar radiation,
monsoon, temperature and rainfall due to solar angle changes
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FIGURE 2

Calendar heat map of MDA8 ozone of Zibo city during 2016-2020.

show seasonal variations, and the associated changes in biogenic
emissions on a time scale of generally 1a, and the long-term
component can be attributed to the changes in source emissions,
climate change, policy or economic activities (Rao and Zurbenko,
1994).

The KZ filter method is mainly implemented through the
KZA package in R software (Version 4.0.2). It is based on the
iterative moving average to eliminate high-frequency changes in
the data, which is defined as p applications of a moving average of
m points (Rao and Zurbenko, 1994). Its calculation formula is as
follows:

@

Where Y; represents the time series after filtering once, and the
calculation is performed again using Y; as the input of the next
filter, which iterates p times, and finally yields the filter result
KZ(, p)- The unit of the filtered result is the same as that of the
original time series; m represents the length of the sliding
2k+1), k represents the length of the sliding
window at both ends when X; is filtered; X represents the

window (m =
original time series; i represents the sequence (the unit of
sampling interval in this study is days); j represents the
sliding window variable, which represents the time points
involved in the sliding. By adjusting the filter parameters m
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and p, the filtering of different scale processes can be obtained,
and the effective filter width satisfies the following formula:

mxp?<N (3

The above mentioned formula implies that the filter result KZ,,,
p (X) removes high-frequency waves with a wavelength less than N.
According to formula (Eq. 3), KZs, 5) (X) (the length of the sliding
window is 15, and 5 iterations have been carried out) filters out
fluctuations with a period less than 33 d (15 x 5> < 33); the effective
filter width is approximately 33 d (Rao et al., 1997).

Apply meteorological weather and air pollutant quality data
to the KZ55) filter, and the extracted time series represent the
baseline component, which is defined as the sum of the long-term
component and the seasonal component:

Xy (t) = KZ (155 =e(t) + S(t) (4)

The long-term component of the data can be obtained by
selecting a KZ filter with a larger window length (Eskridge et al,
1997), and by using the KZ (565, 3) filter (Rao et al., 1997), the
long-term component is extracted in the data, and its effective
filter width is 632 d, which is about 1.7a. That is, this component
filters out fluctuations in the original sequence whose period is
less than 632 d (365 x 32 < 632).

e(t) = KZ 365, (5)

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1081453

Li et al.

300

10.3389/fenvs.2022.1081453

250+
200+

150 + ‘

Os(llg'm-s)

100+

50 |

12}

108+

104}

100

FIGURE 3

Separated time series of MDA8 of the ozone values during 2016—2020. (A) the original data; (B) the short-term component; (C) the seasonal

component; (D) the long-term component.

From the above mentioned functions, the seasonal and short-
term components can be calculated as follows:

S(t) = KZ(IS,S) - KZ(365,3)
Wi(t)=X(t) - KZ(15,5)

(6)
™)

Ozone is still affected by meteorological conditions after KZ
filtering. Linear stepwise regression (Version 22.0, SPSS) is used to
eliminate these meteorological effects (Flaum et al, 1996). The
decomposed baseline component and short-term component,
along with the corresponding decomposed meteorological factors,
are introduced into stepwise linear regression, and the O; statistical
model is generated; the corresponding explanatory variance is
subsequently given. The robustness of the stepwise linear
regression model is tested using 10,000 times Monte Carlo
simulation, based on the ¢ distribution of the mean squared error
of the model (Xiao et al,, 2018). The R* distribution map is drawn
based on this result. It is generally agreed that R* > .64 indicates that
the model has an explanatory degree of 80%. The calculation method
for variance explained is as follows (Wise and Comrie, 2005):

VE < <w ®)

X 100%
var X (t) ) ’

Where VE is the explained variance, varX(t) is the variance of the
original time series of ozone, and vare(t) is the variance of the residual
series. Generally speaking, the smaller the residual sequence, the
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larger the interpretation variance, and the greater the explanatory
power and influence degree of the meteorological conditions
participating in the model construction on the time series of ozone.

O; was measured using online commercial gas analyser
(Thermo Scientific 49i, United States), and the measurement
method was UV photometric. Previous articles have been
published using part of these data, for details see Li et al. (2021).
In this study, ground observation data in accordance with the
Technical Regulation for Ambient Air Quality Assessment (on
trial) (HJ 663-2013) in the data statistical validity provisions, that
is, the MDAS within a natural day is specified as at least 14 valid 8-h
average concentration values from 08:00 to 24:00 on that day. When
the 14 valid data are not met, if the MDAS concentration exceeds the
concentration standard limit, the statistical results are still valid. For
the treatment of missing data, KZ is an iterated moving average and
can be used with missing values. Please see the introduction of KZA
package in R for details.

3 Results and discussion

3.1 General characteristics of meteorology
and ozone concentration

Major MET variables in Zibo City in 2016 and 2020 were
compared. The monthly variation in (a) temperature, (b)

frontiersin.org
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FIGURE 4
Evolution of urban surface MDA8 ozone levels in different cities. SH, Shanghai, BJ, Beijing, SJZ, Shijiazhuang, TJ, Tianjin, LA, Los Angeles, ZB,
Zibo, LD, London, PA, Paris, BL, Berlin.

TABLE 1 Contribution of the KZ filter to the total variance of each component in the original MDA8 ozone.

Contribution to the total variance (%)

Long-term Seasonal Short-term
DFCP 67 59.87 34.51 95.06
PTY 64 62.00 3231 94.95
QXZ 35 59.43 34.90 94.68
SIG 82 61.66 3227 94.75
Ss 3.14 56.64 34.78 94.56
City 115 61.67 32.06 94.88

Note: DFCP, Dongfeng chemical plant; PTY, putianyuan; QXZ, Qixiangzhan; SJG, Sanjin Group; SS, Shuangshan.

relative humidity, and (c¢) wind speed in Zibo City in 2016 and The 90th percentile of MDAS of the ozone concentration in
2020 are illustrated in Supplementary Figure S1. The annual Zibo City from 2016 to 2020 is between 184 and 203 ugm™>,
average wind speed and relative humidity decreased (by exceeding the secondary standard limit (160 ugm™) by
.25m/s and .79%, respectively), and the annual average 1.15-1.27 times. The annual ozone concentration reached a
temperature remained basically unchanged (14.3°C in maximum in 2019 and a minimum in 2017. Another
2016 and 14.2°C in 2020). The changes in the MET cumulative index for human health, the annual Sum of Ozone
conditions will affect the concentration of pollutants. Means Over 35 ppb (SOMO35), was 1.27 x 10* ppb d-1.74 x
Therefore, it is of great significance to understand the 10*ppbd (1.55 x 10* ppbd, on average) from 2016 to 2020,
effects of the MET conditions on the concentrations of which was higher than the highest SOMO35 (6.8 x 10° ppb d)
pollutants to eliminate them. reported in the southeastern Unites States in 2000 (Ellingsen
Frontiers in Environmental Science frontiersin.org
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TABLE 2 Stepwise regression model for the baseline and short-term components of MDA8 ozone.

Component Site Regression model VE (%) N R?
X(t) DFCP 4.5T-0.903RH+93.83 90.22 1827 859
QXz 4.819T-1.375RH+124.755 86.82 1827 868

PTY 4581T-0.585RH+17.248WS +47.594 87.74 1827 877

SIG 4.97T-1.153RH+116.797 90.62 1827 906

ss 4.559T-1.432RH-5.895WS+135.759 86.98 1827 870

City 4.374T-1.484RH-4.807WS+147.039 89.98 1827 900

W(t) DECP 4.75T-0.934RH-8.880WS+0.061 32.78 1745 326
QXZ 4.909T-0.863RH-7.992WS-0.063 29.98 1777 299

PTY 4.405T-0.720RH-12.565WS+0.016 30.50 1773 302

SIG 4.772T-0.854RH-10.794WS-0.019 29.08 1777 290

ss 4.938T-0.744RH-3.724WS-0.056 33.59 1777 335

City 4.738T-0.881RH-7.703WS-0.101 35.17 1776 351

Note: VE, explained variance, N, Total number of samples, R?, square of correlation; DFCP, Dongfeng chemical plant; PTY, putianyuan; QXZ, Qixiangzhan; SJG, Sanjin Group; SS,

Shuangshan.

et al,, 2008), as well as the observed value (1.5 x 10°-6.0 x 10%) in
France (Sicard et al., 2016).

In terms of monthly variations, as shown in Figure 2, the
MDAS is relatively high from April to September, while the
MDAS is relatively low from December to March of the following
year. The highest MDAS8 usually appeared in June and July. In
terms of daily variations, the concentration of MDAS8 ozone
varies greatly, ranging from 9 to 274 ug m™. In terms of the inter-
annual variation, an increasing trend can be observed. The
overall variations of six percentiles (5%, 25%, 50%, 75%, 95%
and 99%) based on the MDAS ozone statistics were +2.2, +4.0,
+4.5, +4.2, and +5.2 ug m ™’ for the whole city during 2016-2020,
indicating increases in all data segments and a relatively faster
increase at the upper end of the ozone distribution.

In addition, the time when the MDAS8 ozone concentration
exceeded the secondary standard limit (160 ug m™) appeared earlier
every year from 2016 to 2019. The first day of MDAS8 exceeding
160 pg m™ occurred on 30 April in 2016, on 7 April in 2017, on
25 March in 2018, on 10 March in 2019 and on 23 March in 2020.
The MDAS ozone concentration fluctuated greatly in the summer
and remained relatively stable in winter.

3.2 O3 time series after KZ filtering

3.2.1 Separated time series of MDA8 ozone

KZ filtering was performed on the MDAS of the ozone sequence
of Zibo City (Figure 3) and five sites (Supplementary Figure S2) to
obtain the short-term, seasonal and long-term component sequences.
It can be seen that, for all cases, there is high-frequency noise in the
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original time series of MDAS8 ozone, which exhibits obvious seasonal
characteristics. After removing the short-term component, caused by
meso-scale and synoptic-scale meteorological processes (Yu et al,
2019), the seasonal component presents clearer and smoother
periodic characteristics, with a trough from December to January
of the following year, and with a peak in June. Every site in each year
exhibited obvious bimodal peaks. In general, peaks occurred in June
and September, and dips occurred in July or August. Owing to the
influence of the monsoon climate, the precipitation was mainly
concentrated from July to August. For example, the sum of the
average precipitation in July to August from 2016 to 2020 was 373.2,
283.9, 422.6, 621.1, and 347.3 mm, respectively, accounting for
52.39%, 56.57%, 45.92%, 78.64% and 48.14% of the total annual
average precipitation (Zibo City Statistical Yearbook, 2016, 2017,
2018, 2019, 2020). In additional to the precipitation, the high relative
humidity, low temperature, cloudy days, and the clearance of the
precursor also weaken the ozone formation (Boleti et al., 2018; Lin
et al.,, 2021).

The long-term component clearly exhibits an upward trend of
MDAS ozone, and this trend is covered in the original time series
by high-frequency noise (Yu et al,, 2019). The variation shows an
obvious increase in the study period for all cases, followed by a
smooth or small fluctuation trend. The growth rates of the long-
term component of the city is 3.19 ug m~ yr' from 2016 to 2020.
The growth rates of the long-term components of the DFCP, QXZ,
PTY, SJG, and SS stations are 1.52, 1.61, 1.97, 1.99, and 5.95 pg m™
yr', respectively. The increase rate of the city is higher than the
242 ug m~ yr ' rate of the SDZ background station in Beijing (Ma
etal,, 2016), and is lower than the average value of 3.85 pg m™> yr™'
in the YRD region during 2013-2017 (Yu et al., 2019).
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FIGURE 5

The results of 10,000 times Monte Carlo simulation based on the t distribution of the mean squared errors of the baseline component (A) and

short-term component (B) regression models in the city.

The long-term component of MDAS8 ozone for the city from
2016 to 2020 was compared with the long-term component of
MDAS8 ozone in Los Angeles from 1990 to 2020, and Beijing,
Tianjin, Shijiazhuang, Shanghai, London, Paris, and Berlin in
recent years (Figure 4). The trend of the long-term component of
MDAS ozone for compared cities was similar to those found in
previous studies (Yu et al., 2020), which proves that our MLR
method is reliable. In comparison to London, Paris, and Berlin,
the concentration level in the selected cities in China was much
higher. Further, there was a large increase from 2017 to 2019 for
the long-term component trend of MDA8 ozone in this study,
which is similar to that in Shijiazhuang, Tianjin, and Los Angeles
in the early 21st century but in different years.

3.2.2 Contribution of each component to the
total variance

To identify the contribution of each temporal component to
the original ozone data, the variance of each generated time series
was calculated and the contribution to the total variance of the
original data was determined as shown in Table 1. Ideally, the
long-term component, the seasonal component, and the short-
term component should be independent of each other, that is, the
variance of the original time series should be equal to the sum of
the three component variances (Ibarra-Berastegia et al., 2001).
The higher the sum of the contribution rate of each component to
the variance of the total variance, the better the decomposition
effect after filtering. The results from Table 1 show that the sum
of the variance of the short-term, seasonal, and long-term
components of MDAS8 of ozone after KZ filter decomposition
contributes 94.56%-95.06% to the variance of the original time
series, indicating that the components basically meet the
conditions of mutual independence.

The seasonal component contributes the most to the total
variance of the original MDA8 ozone sequence (61.67%),
followed by the short-term component (32.06%) and the long-
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term component (1.15%), demonstrating that ground ozone
concentrations in the city were mainly affected by the
variations in the seasonal and short-term meteorological
conditions. These contributions were consistent with these
found in previous studies (Ma et al., 2016; Cheng et al., 2019;
Yu et al, 2019). For example, Ma (Ma et al., 2016) used KZ
filtering to analyse the MDAS8 of ozone of Beijing Shangdianzi
(SDZ) background station from 2003 to 2015, revealing that the
total variance of the seasonal and short-term component
accounted for 57.6% and 36.4%, respectively.

It can be seen from Table 1 that the contribution of seasonal
and short-term component dominated the variation of ozone for
each station, with certain differences. For the SS site, the long-
term component (3.14%) is significantly higher than that of the
other four sites (.62% on average), while the seasonal component
of the SS site (56.64%) is lower than that of the other four sites
(average 60.71%). The long-term component represents the
combined effects of different factors, such as pollutant
emissions, climate change, and socioeconomic development.
This site (SS) is located on a hill at an elevation of about
150 m, within 1 km radium, there is a main road on the west
sides, and no other obvious sources of contamination. Relative to
the other urban sites, the SS site is at higher altitude and may be
more influenced by climate and atmospheric circulation in the
long term. Therefore, the long-term component contribution of
this site is large compared to other sites.

3.3 Quantitative assessment of the long-
term impact of meteorological conditions

3.3.1 Multiple linear stepwise regression and
robustness test

The time series decomposed by KZ filtering is still affected by
some meteorological conditions, and multiple linear stepwise
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Variation in the ozone long-term component before and after meteorological adjustment. DFCP, Dongfeng Chemical Plant site, QXZ,
Qixiangzhan, PTY, Putianyuan site, SJG, Sanjin Group site, SS, Shuangshan site and City: Zibo city.

regression is an effective measure to further eliminate
meteorological conditions (Flaum et al., 1996). The filtered
ozone time series was set as the dependent variable, and the
filtered meteorological variable time series was set as the
independent variable. By wusing multiple linear stepwise
regression (SPSS 22.0), the model between the ozone and the
meteorological conditions was established in terms of the
baseline component and the short-term component, and the
relationship formula is as follows (Cheng et al., 2019)

W) = ap + ) aqw; () + &, (1) )
Xy (£) = bo + ) bixi (1) + & (1) (10)

Where W(t) and w;(t) are the short-term components of ozone
and the ith meteorological conditions respectively. ag and a; are
regression coefficients. &,(t) is the regression residual of the
short-term component. X,(t) and x;(t) are the baseline
components of ozone and the ith meteorological conditions,
respectively. by and b; are regression coefficients. e(t) is the
regression residual of the baseline component.

Table 2 shows the statistical model of multiple linear stepwise
regression and the corresponding explanatory variance (Gao, et al.,
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2021). In terms of baseline components, the three meteorological
factors explained 89.98% of the total ozone variance in the city, and
the value ranged from 86.82% to 90.62% for the five sites.
Temperature was positively correlated with MDAS8 ozone and
relative humidity was negatively correlated with MDAS8 ozone.
The coefficient of temperature was much higher than that of
relative humidity. For wind speed, negative correlations existed
for the city, which is consistent with the general finding that a
high wind speed facilitates diffusion. However, for specific sites,
positive correlations exist between wind speed and MDAS ozone,
which points to significant differences between sites. Monte Carlo
simulation (Figure 5A, Supplementary Figure S3) shows that the
simulated R* surpassed .64 for over 95% of the baseline component,
indicating that the model might be reliable for potential quasi-
quantitative prediction of the baseline component.

For the short-term component, the relationship between
the ozone and the meteorological variables is relatively low,
and the explained variance was 29.08%-33.59% (35.17% on
average) for all monitoring sites. For this component, wind
speed presents the highest explained variance, indicating that
wind speed has a great impact on ozone over the short term.
Monte Carlo simulation (Figure 5B) shows that the simulated
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Assessment of the influence of weather conditions on the long-term variation of ozone in the city and five districts within the city. DFCP,
Dongfeng Chemical Plant site, QXZ, Qixiangzhan, PTY, Putianyuan site, SJG, Sanjin Group site, SS, Shuangshan site and City: Zibo city.

R’ is widely distributed between 0 and 1, and is smaller than
.5 for all cases, indicating that the regression model was less
robust (Xiao, et al., 2018).

3.3.2 Reconstruction of long-term ozone
component time series

According to Eqs 9, 10, the fitting value of the short-term and
the baseline component of ozone can be obtained, and it can be
considered that the sum of the short-term and the baseline
component primarily reflects the influence of meteorological
factors. The residual error between the observed value of
ozone and the fitted value is expressed as follows:

e(t) =& (t) +&,(t) (11)

The residual sequence &(f) mainly represents ozone fluctuations
caused by the changes in the emissions from the pollution source,
but the series still contains the influence of meteorological
conditions that are not considered in the regression fitting;
further, there are also contributions from modelling errors and
monitoring errors of ozone. In view of these factors, KZ (,,.—365, p-3) is
used to filter &(f) again, and the filter result &; 1(#) represents the long-
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term change trend of ozone caused only by changes in the pollution
source emissions. Although &;7{t) is filtered, it is still a residual
sequence. To intuitively reflect the long-term component changes of
05 caused by pollution emissions, X;(f) is reconstructed (Cheng
et al., 2019)

X (t) = Xpr + &7 () (12)

Where &7 (1) is the result of & (¢) filtered by KZ (m-365 p=3) X7 is
the mean value of the long-term ozone component; X, (¢) is the
adjusted and reconstructed long-term ozone component time
series, which eliminates the impact of the meteorological
conditions, and is only related to pollution source emissions.
Figure 6 shows the variation of the long-term ozone component
before and after meteorological adjustment. The red curve
represents the long-term change trend of the ozone component
after the meteorological influence is eliminated. This series only
reflects the variation caused by pollutant emissions. It can be seen
that, due to the variation in pollutant emissions, the long-term
component of ozone for the city exhibited an overall upward trend
in 2016-2018 and a downward trend in 2019-2020. In 2018, the
of Zibo issued the “Three-Year

People’s  Government
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Implementation Plan for Zibo to Win the Blue Sky Defense War
(2018-2020),” which pointed out that the trend of rising O;
concentration must be significantly curbed by 2020 (http://www.
zibo.gov.cn). This indicates that the action plan that began in
2018 has greatly reduced anthropogenic emissions in the city. In
terms of the specific districts, the long-term component of ozone in
the PTY site exhibited an upward in 2016-2018 and a downward
trend in 2019-2020. The QXZ site exhibited a downward trend in
2016, an upward trend in 2017-2018, and no significant variation in
2019-2020. In addition, the SS site does not change much after the
meteorological impact is eliminated. This is because the site is a
hillside site with a high altitude, relatively good diffusion conditions,
relatively large surrounding vegetation coverage, and has less impact
from anthropogenic emissions.

The impact of meteorological conditions on the long-term
component of ozone can be expressed more directly by
calculating the difference between the long-term components
before and after adjustment, as shown in Figure 7. If the
difference (the ozone concentration before adjustment minus that
after) is positive, the meteorological condition does not favour ozone
generation. For the city, during the periods from January to May
2016, from July 2017 to April 2018, and from March 2020 to
December 2020, the meteorological conditions are not conductive
to the improvement of ozone concentrations, increasing the long-
term component of ozone by .69, .38, and 2.11 pg m™>, respectively.
However, from June 2016 to July 2017 and from May 2018 to
February 2020, the meteorological conditions are conducive to the
abatement of ozone, reducing the long-term components of ozone by
1.62 and .95 pg m™>, respectively. The overall meteorological impact
was not stable and fluctuated between —2.60 and +3.77 ug m™.

4 Conclusion

KZ filtering is used to decompose the ozone time series into
long-term, seasonal, and short-term components in Zibo City
and the five stations in this city. Monte Carlo simulation was used
to evaluate the reliability of the potential quasi-quantitative
The
meteorological parameters on the ozone concentration for the
past 5 years (2016-2020) was studied.

The seasonal component contributes the most to the total

prediction of the baseline component. impact of

variance of the original MDAS8 ozone sequence (61.67%),
followed by the short-term component (32.06%) and the long-
term component (1.15%). The growth rate of the long-term
component in the city is 3.19 ygm™ yr' from 2016 to 2020.
The growth rates of the long-term component for the DFCP,
QXZ, PTY, SJG, and SS stations are 1.52, 1.61, 1.97, 1.99, and
5.95ugm~ yr', respectively. After the meteorological adjustment,
the long-term component of ozone for the city exhibited an overall
upward trend in 2016-2018 and a downward trend in 2019-2020.
This transition time was consistent with the implementation of the
Blue Sky Defense Action Plan, which began in 2018. The overall
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meteorological ~ impact not stable and fluctuated
between —2.60 and +3.77 pygm™.

In this study, the time period was from 2016 to 2020, as the O
monitoring started in 2016 for all cities in China. When more data is
available, further evaluations should be conducted. In addition, if

more data is available, the influence of solar radiation, the dew-point,

was

the boundary layer height and other pollutants on O3 concentration
could also be analysed using the method in this study.
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O3 pollution in China has been increasing in recent years, but the process of O3
impact on net primary productivity of terrestrial ecosystems remains unclear. We
attempts to explore a remote sensing-based method to assess the impact of Oz on
NPP of China's terrestrial ecosystems by combining MODIS NPP and the latest
ground observation data of Oz concentration. By comparing the NPP data of
MODIS image pixels with the 6-year average AOT40 data of corresponding pixels,
we extracted the signal data that highlighted the effects of Oz on NPP and
established the response relationships between AOT40 and NPP. It was found
that NPP was significantly negatively correlated with AOT40 in farmland and
grassland ecosystems in China (farmland: r = 0.8674, p < 0.003, grassland: r =
0.7181, p < 0.03). Then the response relationships were adopted to evaluate the
effect in China in 2014. The results showed that the estimated percentage of Oz-
induced NPP decline was in the range of 5%-35%. Among them, the most
significant declines were found in farmland ecosystems, with the vast majority
of declines in 10%—-35%. The decrease rate of evergreen coniferous forests ranked
second, mostly in the range of 15%—-20%. The grassland ecosystems declined at a
lower rate, almost between 5% and 15%. And the evergreen broad-leaved forests
has the lowest decline rate, most distributed in 0%-5%. The highest percentage
decreases were mainly found in the Beijing-Tianjin-Hebei region and Shandong
Province. And the decline rate of farmland ecosystems was significantly higher
than other ecosystem types.

KEYWORDS

ozone pollution, MODIS NPP, AOT40, net primary productivity, China

1 Introduction

Net primary productivity (NPP) is the total amount of organic matter fixed by vegetation
per unit time and area, which reflects the capacity of vegetation to absorb carbon dioxide and
is an important indicator to evaluate plant growth (Ma et al., 2022). Factors affecting NPP
include temperature, precipitation, solar radiation, human activities and regional vegetation
types (Tu et al., 2023; Xu et al,, 2023). Surface O3 is mostly a secondary pollutant generated
from nitrogen oxides (NOx) and volatile organic compounds (VOCs) as precursors (Feng
et al,, 2018). When excessive O; enters plant cells, it causes damage or death of plant cells,
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and affects plant photosynthesis and respiration, thus affecting the
NPP of terrestrial ecosystems (Feng et al., 2018). With the rapid
economic development of China in recent years, the emission of
NOx and VOCs from industries has increased, and O3 pollution has
become increasingly aggravated. Additionally, China has become
one of the most serious countries in the world in terms of O;
pollution (Wang et al, 2008). According to the 2019 China
Ecological Environment Bulletin, China’s air quality improved
13th Five-Year Plan period, with the
concentration of the atmospheric pollutant PM2.5 and other

greatly during the

indicators decreasing. However, research (Zeng et al, 2019)
showed that Oj; concentrations have been on a continuous
upward trend from 2013-2017 and have become the primary
atmospheric pollutant. It was (Ren and tian., 2007) predicted that
50% of forest ecosystems on land will be exposed to high O,
concentrations (>60 ppb) by 2,100, and forest productivity will be
greatly affected. However, there are fewer domestic studies on the
long-term effects of O; on ecosystems due to the difficulty of
observations and experiments (Ren and tian., 2007). Among
foreign studies, Shimzu et al. (2019) selected the Kanto region of
Japan as the study area, constructed AOT40-NPP response
relationships for different ecosystems, and assessed the effects of
O; on NPP of vegetation such as evergreen coniferous forests in
2013. However, most domestic studies have focused on the effects of
temperature and precipitation on NPP, such as Pan et al. (2015)
studied the effects of climate change and extreme climate on global
NPP in the first decade of the 21st century. Liu et al. (2018) studied
the spatial pattern of grassland NPP and its relationship with hydro-
thermal factors in China from 1993 to 2015. Some scholars have also
conducted studies on the effects of O3 on NPP (Ren and tian., 2007),
who explored the effects of O; on the main processes of
photosynthesis, allocation, growth and vyield formation of
terrestrial ecosystem productivity and its long-term effects on the
whole ecosystem. In summary, it is necessary to study the effects of
O; pollution on terrestrial ecosystem productivity in depth, but
there is a lack of quantitative research on the effects of O3 on NPP
and a lack of research on Oj; pollution at the ecosystem level in China
(Feng et al., 2019).

The effects of Oz on plants are usually studied by controlled
experiments using Open-Top Chamber (OTC) experiments or Free
Air Control Enrichment (FACE) experiments, and the construction
of response relationships helps to quantify the effects of O; on plants
and to assess the effects of O5 on plants over a large area. Most of the
existing studies in China have constructed response relationships
based on OTCg and O3-FACE mainly for major crop yields in China
(Feng et al,, 2020; Feng and peng, 2021), including winter wheat
(Chen et al., 2011; Feng et al., 2011), rice (Pang et al., 2009; Shi et al.,
2009; Luo et al,, 2012), soybean (Yang et al., 2010), maize, oilseed
rape (Baietal., 2003; Feng et al., 2006), and spinach (Bai et al., 2004).
Methods based on OTCg and O;-FACE controlled experiments can
study response relationships more precisely, but they can only be
based on a limited area, and their observation time is short, which is
not conducive to the macroscopic assessments of ecosystems. In
addition the quantitative study of the impact of O; on terrestrial
ecosystems NPP is lacking in China. The studies on O; pollution
effects were mostly focused on the more serious O pollution regions
such as Beijing-Tianjin-Hebei, Yangtze River Delta, and Pearl River
Delta (Feng et al., 2020). But the limited number of stations is not
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conducive to the study at the ecosystem level. In summary, more
complete data and new methods are needed to study the effect of O
on the NPP of ecosystems.

Remote sensing is a detection technology that emerged in the
1960s, which is based on the theory of electromagnetic waves,
applying various sensors to collect, process, and finally image the
electromagnetic wave information radiated and reflected by distant
targets, so as to detect and identify various scenes on the ground. It
has the advantage of efficiently collecting data over a large area.
Based on the remote sensing information such as temperature,
precipitation, and vegetation obtained from the MODIS sensor
carried on the satellite, MOD17A3H NPP data were simulated
using a productivity model, which has reliable simulation
accuracy and can be inverted to obtain a nationwide NPP. The
effects of O3 on natural ecosystems have been studied mainly by
observing O3 concentrations and Os fluxes on terrestrial ecosystems
and a series of O3 concentration and flux assessment indicators, such
as the dose response indicator AOT40, have been proposed. By
constructing the response relationships between AOT40 and NPP,
the impact assessment can be extended to a large regional scale.

Therefore, based on the latest release of ambient air quality site
data, we use a new data processing method to produce a ground-
based site observation Oz concentration dataset with increased
temporal resolution to hourly and spatial coverage across China.
By combining multi-year (2014-2019) MOD17A3H NPP data with
the O; concentration dataset, we aim to explore a method to
establish the AOT40-NPP response relationships for evergreen
broad-leaved forests, evergreen coniferous forests, grassland, and
farmland ecosystems in China. We also apply this response
relationships to assess the impact of O3 on the NPP of terrestrial
ecosystems in China, thus attempting to quantify the impact. The
methods used to construct the AOT40-NPP response relationships
in this paper include: 1) using the Mann-Kendall mutation test to
test for the presence of change mutation points. 2) Based on the idea
of Jarvis multiplicative model, we proposed two constraints so as to
isolate the signal data that can highlight the influence as the sample
data for calculating the response relationships. 3) We selected the
corresponding sample data to calculate the AOT40-NPP response
relationships and their normalized slopes for evergreen coniferous
forests, evergreen broad-leaved forests, farmland, and grassland
ecosystems. 4) We apply the established response relationships to
2014 to assess the impact of Oz on terrestrial ecosystem NPP.

Section 2 introduces the study area, the spatial distribution of the
four ecosystem types, small study areas according to climate zones
and the spatial distribution of the ground-based observation sites for O
concentration. The original data and data processing methods used are
also introduced, including: O; ground observation site data, MODI7A3H
NPP data, and ecosystem classification data. Among them, the data
cleaning methods used are described in detail. In addition, the monthly
and annual cumulative values of AOT40 in the whole country and
different ecosystem types were calculated. Section 3 presents the specific
methods and steps to construct the AOT40-NPP response relationships.
Section 4 shows the spatial and temporal distribution characteristics and
multi-year change rates of the annual average AOT40 and NPP values for
the whole country and different ecosystem types from 2014 to 2019, the
correlation between the annual average AOT40 and NPP values, the
constructed AOT40-NPP response relationships for the four major
ecosystems, and the spatial distribution of the percentage of Os-
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FIGURE 1

Spatial coverage map of six major ecosystem types (from China
Cover 2010) and spatial distribution map of Oz ground observation
stations in China, 2010 (from the China Air Quality Real-time
Publishing Platform of China Environmental Monitoring Station,
http://www.cnemc.cn/sssj/), Climate zoning data (from Resource and
Enviroment Science and Data Center, https://www.resdc.cn/Datalistl
aspx?FieldTyeplD=4,5).

induced NPP decline. Section 5 discusses the results of this study. Section
6 presents the conclusions.

2 Materials and methods

2.1 Study area

Remote sensing observation has the advantage of collecting large
area data efficiently. Therefore, We combines MODIS data to expand the
research area to the whole China, and studies the four ecosystems of
evergreen coniferous forests, evergreen broad-leaved forests, farmland
and grassland. Differences in temperature and precipitation in different
regions will affect the NPP differently. In order to reduce the interference
of climatic factors in the study, the whole Chinese region was divided into
some small study regions based on climatic zones, namely,: I: North
Temperate Zone, II: Middle Temperate Zone, III: South Temperate Zone,
IV: North Subtropics, V: Middle Subtropics, VI: South Subtropics, VII:
North Subtropics, VIII: Middle Tropics, H: Plateau Climate Zone.
Figure 1 shows that farmland ecosystems are found mainly in III,
parts of the II and the northernmost parts of IV, grassland
ecosystems are found mainly in II and H, evergreen coniferous and
evergreen broad-leaved forests are found mainly in V, VI, VII, and
deciduous coniferous forests are found mainly in L.

2.2 MODIS NPP

The MODIS NPP data used in this paper is derived from the
United States Geological Survey (LP DAAC - MODI17A3H
(usgs.gov)). The time series is from 2014 to 2019, the spatial
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resolution is 500 m, the time resolution is 1 year, and the spatial
coordinate system is WGS-1984 coordinate system (Liu et al., 2018).
Remote sensing technology has the advantage of collecting large area
data efficiently, which is suitable for constructing response
relationships.

Based on the original data, we carried out the following
processing in turn: extracting China‘s regional data, removing
non-vegetation data, adjusting the spatial resolution to 10 km,
calculating the true value of NPP and unit conversion. Finally,
we get the true value of NPP, whose unit is gC/m?/yr.

2.3 Processing Oz concentration data

2.3.1 Oz concentration data

The original O3 concentration data used in this paper comes
from the China Air Quality Real-time Publishing Platform of China
Environmental Monitoring Station (http://www.cnemc.cn/sssj/).
There are about 1521 O; monitoring stations distributed in the
whole country. The time series is from 2014 to 2019, the time
resolution is 1h, and the unit is ug/m’. The specific information of
the data is shown in Table 1.

The hourly O; concentration observation data were recorded at
1,521 stations across the country, and the invalid data included two
categories: One is that some stations are invalid due to equipment
damage and other reasons, and the observed data at all times are
invalid values; the other is that some sites have default values in time
series due to instrument damage and other reasons in some time
periods, including “ _ 7, “ -=99”or “ NAN ” values.

2.3.2 O3 concentration data processing

O; concentration data are usually derived from ground
observation, remote sensing monitoring, model simulation, etc.
With the significant increase in the number of ambient air
quality sites in recent years, the new O; concentration data
provides data support for research work. Therefore, based on the
newly released O; ground observation station data, we obtains a data
set closer to the real O; concentration on the surface. It has a spatial
resolution of 10 km and a temporal resolution of 1h, and covers the
whole China region spatially with a time series of 2014-2019. The
data processing method is mainly divided into two parts: Os
concentration data cleaning and China regional spatial
interpolation.

The main purpose of data cleaning is to replace the default
values. Due to the obvious monthly and daily variation of O;
concentration, Oj pollution is mainly concentrated in June and
July in summer, spring and autumn come in second place, and
basically no pollution in winter (Zhang et al., 2022). In the diurnal
variation, the O3 concentration usually reaches a low value at 6 :
00-7 : 00, then the concentration rises rapidly, the concentration
reaches a peak around 14 : 00-15 : 00, and then begins to decline
until the next morning. The O; concentration remained at a low
value at night (Wang et al,, 2017; Lin et al., 2022; Zhang et al., 2022).
Therefore, spatial coordinate matching is first performed on the
original input data. Secondly, the original data is cleaned, as shown
in Figure 2. The O concentration data of each hour are judged as
normal value or default value, and the original observation data are
retained when judged as normal value; when it is judged to be the
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TABLE 1 O3 concentration data of ground observation stations.

10.3389/fenvs.2023.1112874

Process of surface observation Oz concentration data cleaning algorithm.

Data year Effective number of ground stations/total number of stations (n)  Temporal resolution Unit Data size
2014 942/1,521 hourly Ug/m® | 365 days*24 h*n
2015 Jan-Feb:1,494/1,521 hourly Ug/m® | 365 days*24 h*n

Mar: 1,495/1,521
Apr: 1,496/1,521
May-Jun: 1,497/1,521
Jul: 1,498/1,521
Aug-Dec:1,519/1,521
2016 1,492/1,521 hourly Ug/m’ 365 days*24 h*n
2017 1,521/1,521 hourly Ug/m® | 365 days*24 h*n
2018 1,521/1,521 hourly Ug/m® | 365 days*24 h*n
2019 1,521/1,521 hourly Ug/m® | 365 days*24 h*n
2014Site 2015Site 2016Site 2017Site 2018Site 2019Site
pbservation pbservation pbservation
da; daj daj
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default value, the O3 concentration at the site and time of the default
value is estimated and replaced. The estimation of the default data is
achieved by calculating the monthly scale mean and the weekly scale
mean for each hour. The monthly scale mean refers to the arithmetic
mean of the daily evaluation concentration in a calendar month, and
the weekly scale mean refers to the arithmetic mean of the daily
evaluation concentration in a calendar week. If the monthly scale
mean is 0, representing that the current site has no valid data in this
month‘s measurement, the current invalid site is deleted directly. If
the monthly mean is not 0, the weekly mean continues to be
calculated. Finally, the monthly and weekly mean values of
surface O3 concentration data from 2014 to 2019 were obtained.
For the replacement process of the default value, the first step is to
determine whether the observation value at the current time of the
current site is valid data. If it is a default value, it is replaced in order
of priority according to the weekly mean and monthly mean.

ArcGIS 10.6 software was used for spatial interpolation. The
inverse distance interpolation method was selected, in which the
number of adjacent points was 20 and the power was 2, so as to
obtain the hourly O3 concentration data set with full coverage in
China.

2.4 Annual AOT40 calculation

A series of evaluation indicators of O3 concentration and flux are
proposed (Feng et al,, 2020). Including evaluation indicators based
on O3 concentration, O3 dose and O; flux. The dose refers to the
accumulation of O3 concentration in a plant growth period, which is
calculated by assigning different weights to O; concentration per
hour, such as SUM06, W126, AOT40 (Feng and Peng, 2021). Such
indicators take into account O; concentration, exposure time and
plant tolerance to O; concentration, and are relatively simple to
calculate. The AOT40 index is widely used, which is the
accumulation of the difference between the hourly concentration
of O3 above 40 nL L™ and 40 nL L. In this paper, the effect of O; on
NPP of terrestrial ecosystems was studied by AOT40 index. The
calculation formula is as follows:

AOT40 = )" ([O5] - 40) xAt 6y

where At is the cumulative time period for calculating O; evaluation
index. Since the time resolution of MOD17A3H NPP data used in
this paper is 1 year, AOT40 is adjusted to annual AOT40 value in
order to maintain the unity of time resolution. Data from 8: 00 a.m.
to 8: 00 p.m. daily were extracted from 2014-2019 O3 concentration
data, and the monthly and annual cumulative AOT40 values were
calculated using the model builder of ArcGIS 10.6. The annual
AOT40 values of evergreen coniferous forests, evergreen broad-
leaved forests, farmland and grassland ecosystems from 2014 to
2019 were extracted respectively.

2.5 Ecosystem classification data

The original data of ecological system classification used comes
from China Cover 2010 data (https://kns.cnkinet/kems2/article/
abstract?v=3u0qlhG8C44YLTIOAiTRKibYIV5Vjs7ir5D84hng
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y4D11vwpOrrta3RDv2Tx3hkXc19TbqMxdjxDMZ09MZGIf8qt
kDSEgjR&uniplatform=NZKPT), The spatial resolution was
adjusted to 10km to keep consistent with the annual AOT40,
and then the data of evergreen coniferous forests, evergreen
broad-leaved forests, farmland and grassland ecosystems were
extracted.

3 Methods and steps

3.1 Establishment of AOT40-NPP response
relationships

In previous studies, the relationship between the factors
affecting NPP and the response of NPP was usually assumed to
have a linear influence (Peng et al., 2022; Wang et al., 2020; Shimizu
et al, 2019). This paper attempts to establish linear response
relationships between AOT40 and NPP. The formula is as follows:

y=a-x+b (2)

where y is the estimated NPP, x is the annual average AOT40 value,
a is the slope of the response relationships between AOT40 and
NPP, b is the NPP value of the ecosystem before the effect of O; is
highlighted. The b values of different ecosystem types are different.
In order to standardize the slope of the response relationships of
different ecosystems, the regression equation is transformed by
dividing the left and right of Eq. 2 by intercept b. The formula is
as follows:

y':a-%+1 (3)

where y ' is the ratio of NPP to NPP before the effect of O; (AOT40)
is highlighted. Therefore, determining the a and b values is the key to
establishing a response relationships. The determination of a value is
calculated by separating the scatter plot signal, and the
determination of b value is estimated by combining the NPP
background values of different ecosystem types.

Jarvis (Jarvis et al., 1976) estimated the leaf - level water vapor
stomatal conductance using a multiplicative model. Yo Shimizu
et al. applied this method of determining the limit function in the
Jarvis model to estimate the AOT40-induced NPP decline. They
believe that the top point of the scatter plot with annual AOT40 as
the X-axis and annual NPP as the Y-axis represents the optimal
regional data for all environments such as temperature, humidity,
solar light intensity, and soil moisture at the corresponding
AOTH40 level. Therefore, the change of the top point reflects the
relationship between NPP change and AOT40 increase to some
extent (Shimizu et al., 2019).

The traditional AOT40 is calculated over a six-month
period, which covers the period from April to September
when most plants grow. In order to unify with the time
resolution of MODIS NPP, we calculated the annual
AQT40 value. The scatter plot of AOT40-NPP was drawn for
each ecosystem type, where the X-axis is the annual
AOT40 value and the Y-axis is the annual NPP value. In
order to reduce the impact of interannual variation of Oj
pollution, the X-axis was adjusted to the 6-year AOT40 average.
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FIGURE 3

Spatial distribution of annual AOT40 (A-G), annual change rate of AOT40 (H) and Climate zone map (I), 2014 to 2019. A slope greater than

0 indicates an upward trend in annual AOT40 values in (H).

It can be clearly seen from the scatter diagram, whether it is from
the overall trend of 6-year data or the trend of every 1-year data,
when the AOT40 value of the year increases to a certain extent, the
annual NPP value of the top point tends to decrease continuously
and stably with the increase of the annual AOT40 value. It is
considered that “continuous and stable downward trend ”
indicates that the effect of AOT40 on NPP begins to highlight at
this time. We attempts to separate the signal data showing
“continuous and stable downward trend” by a certain method,
and establish response relationships to quantify the relationship
between AOT40 and NPP. The AOT40 value corresponding to the
onset of a “continuous and stable downward trend” is called the
annual AOT40 threshold.

Due to the need to extract the signal data after the annual
AOT40 threshold, it is necessary to first obtain the annual
AQOT40 threshold of different ecosystems. Firstly, all pixel
points of evergreen coniferous
Secondly, the scatter points (top points) with NPP value

forests were extracted.

above 80% quantile were extracted as sample data A. For the
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sample data A, the scatter plot is drawn, the Y-axis is set as the
annual NPP value, and the X-axis is adjusted to the annual
average of AOT40 of 6 years to reduce the influence of
AOT40 interannual variation, and the average is divided into
10 intervals. The average value of the annual NPP value in each
interval is calculated to represent the overall data characteristics
of the top point NPP in the AOT40 interval, and the
midpoint value of the AOT40 interval is taken as the X value
to draw 10 scatter points. Mann-Kendall mutation test
method was used to test the signal mutation point. This
method has no requirement for the distribution of samples
and is less disturbed by a few outliers, so the results are reliable.
this paper, the Mann-Kendall mutation test is
implemented by Python programming. The calculation

In
formula is as follows:

(4)

k
Sk = ZT,‘
i=1

where,
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After determining the signal mutation point, this paper
proposes two constraints to separate the signal data that can
reflect the response relationships between AOT40 and NPP,
which are.
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1) the annual AOT40 value needs to exceed the annual
AOT40 threshold of the corresponding ecosystem type;

2) Scatter from 1) for NPP values greater than 80% of the quantile
points.

Firstly, the regional scatter points of annual AOT40 exceeding
annual AOT40 threshold are extracted as sample data B, and then
the scatter points of NPP value exceeding 80% quantile points in
sample data B are extracted as sample data C to solve the slope of
response relationship. The scatter plot is drawn for the extracted
sample data C, and the X-axis is divided into 10 intervals on average.
The average NPP value of each interval is calculated as the y value,
and the midpoint value of the AOT40 interval is taken as the x value
to obtain 10 scatter points. Then a linear regression fitting is
performed to obtain the fitting line slope a.

The b value represents the NPP background value when the
corresponding ecosystem type has just reached the annual
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AQOT40 threshold and has not been significantly affected by O,
rather than the intercept in the mathematical sense of the fitted
regression line. Therefore, for each ecosystem type, the average of its
top point near the AOT40 threshold is calculated as the b value.

3.2 Calculation of Osz-induced NPP decline
percentage

For each type of ecosystem, the area where the annual
AOT40 value reaches the corresponding ecosystem annual
AOT40 threshold is selected as the evaluation area. Based on the
established response relationships, the percentage of O;-induced
NPP decline in this part of the region was calculated. The formula is
as follows:

a-x
quone = b (8)

The response relationship was then applied to the 2014 annual

AOT40 image to obtain the NPP reduction percentage of each

ecosystem type, as shown in Figure 7.
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3.3 Annual trends of AOT40 and NPP from
2014 to 2019

In this paper, the trend analysis method is used to
analyze the trend of annual AOT40 mean and annual NPP
mean in China from 2014 to 2019, so as to obtain the
change rate of AOT40 and NPP. The calculation formula is
as follows:

ny (ix AOT40)- )" ix Y AOT40;
2
nY it = (2)

where Slope is the slope of the pixel regression equation,
AOT40i is the average value of AOT40 in year i, n is the
length of time studied, n = 6 in this paper. When Slope >0, it
means that the pixel AOT40 is an increasing trend; when
Slope =0, it means that the pixel AOT40 is basically
unchanged; when Slope <0, it indicates that the pixel AOT40
is a decreasing trend. The change rate of NPP from 2014 to

Slope =

2019 was calculated by the same method.
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TABLE 2 Correlation between AOT40 and NPP for each ecosystem, 2014-2019.

Ecosystem types r-value p-value
China Region —0.460 0.359
Evergreen coniferous forests -0.071 0.894
Evergreen broad-leaved forests 0.629 0.181
Farmland -0.653 0.159
Grassland —0.484 0.331
4 Results

4.1 Spatial-temporal characteristics and
annual change rate of AOT40

The O; concentration dataset obtained by data cleaning and
spatial interpolation in this paper has a spatial resolution of 10 km
and a temporal resolution including 1 h, 1 day, 1 month and 1 year.
The spatial coverage is the China region and the time series is
2014-2019. This dataset removes and replaces default values to
improve data availability and extends point data only located at
observation locations to regional data at the Chinese scale. Figure 3
shows the spatial distribution of annual AOT40 (A-G), annual
AOT40 trends H) and the climatic zoning map I) within the
Chinese region from 2014-2019. As shown in Figure 3, the
highest value of national annual AOT40 mainly occurs in Beijing,
Tianjin and Hebei, Shanxi, Shandong, Henan and the northern
regions of Jiangsu and Anhui in the Southern Temperate Zone,
where the annual AOT40 values are higher than 20,000 ppbh/yr.
The second highest annual AOT40 values are found in the Inner
Mongolian Plateau in the Middle Temperate Zone and in the
southern regions of Jiangsu and Anhui in the Southern
Temperate Zone, with annual AOT40 values above 14,000 ppbh/
yr. The annual AOT40 values in all other regions are relatively low,
below 17,500 ppbh/yr.

The annual AOT40 values during 2017-2019 were generally
higher relative to those during 2014-2016, indicating that the Os
pollution became more serious. During 2014-2015, AOT40 in the
Inner Mongolia Plateau region had significantly increased. During
2016-2017, AOT40 in the Inner Mongolia Plateau region, the
Middle Temperate Zone region, Jiangsu and the southern part of
Anhui Province had significantly increased, indicating a significant
deterioration of O pollution.

From (H), it can be seen that the annual AOT40 value has been
on an increasing trend for six years. Among them, the most
significant increase was observed in the Southern Temperate

TABLE 3 AOT40 thresholds, a, b and normalized slopes for each ecosystem.

10.3389/fenvs.2023.1112874

Zone, including the south-central Shanxi province (annual
growth rate >6,000), southern Hebei, northern Henan, and some
parts of Anhui (annual growth rate >3,000). The second most
pronounced increase is found in the Middle Temperate Zone,
including the Inner Mongolia Autonomous Region, Gansu and a
few other areas of the North China Plain, and the Guangxi Zhuang
Autonomous Region (annual growth rate >1,500). However, a few
areas in Guangdong, Fujian and the Tibet Autonomous Region
located in the subtropics show a decreasing trend (slope <0).

The above results indicate that O pollution is most serious in
the Southern Temperate Zone and the Inner Mongolia Plateau
region located in the Middle Temperate Zone nationwide during
2014-2019, and their Oz pollution intensification is most
pronounced.

Figure 4 shows the temporal variation of monthly AOT40 for
different ecosystems from 2014 to 2019. Farmland and Grassland
ecosystems are located in areas with the highest monthly AOT40,
largely remaining around 2,000 ppbh/yr. Evergreen coniferous and
Evergreen broad-leaved forests have the second highest monthly
AQT40, 1,000-2,000 ppbh/yr. Deciduous
coniferous forests had the lowest monthly AOT40, remaining

remaining around

below 1,000 ppbh/yr most of the time. The appeal results indicate
that O; pollution is most severe in areas of Grassland and Farmland
ecosystems. Areas where Evergreen coniferous and Evergreen
broad-leaved forests are located have the second worst O;
pollution. Areas where deciduous coniferous forests are located
have no serious Oz pollution. The inter-month variation in
China’s AOT40 values from 2014 to 2019 is very consistent with
the inter-month variation in the regions where Farmland and
Grassland ecosystems are located. Moreover, O3 pollution has a
clear seasonal effect, being most severe in summer and autumn, but
less severe in spring and winter. Seasonal effects are most
pronounced in Grassland and Farmland, second most
pronounced in Evergreen coniferous and Deciduous coniferous

forests, and less pronounced in Evergreen broad-leaved forests.

4.2 Spatial-temporal characteristics and
annual change rate of NPP

From Figure 5, we can see that China’s annual NPP values are
higher in the east and south than in the west and north. Among
them, Evergreen coniferous and Evergreen broad-leaved forests in
subtropical regions have the highest annual NPP values, which range
from 350-1,500 gC/m?/yr; Farmland, Grassland and Deciduous
coniferous forests have lower annual NPP values, which range
from 350-700 gC/m?*/yr. The annual NPP values of Farmland

and Deciduous coniferous forests located in the Southern

Normalized slope

Ecosystem types

AOT40 threshold (ppb-h/yr)

Evergreen coniferous forests 13,411 - 0.0104 966.51333 1.076 x 10~
Evergreen broad-leaved forests 13,485 ‘ - 0.003487 ‘ 1,387.91875 0.2512 x 107°
Farmland 11,741 ‘ - 0.00457 ‘ 62891117 0.7267 x 10~
Grassland 15,877 ‘ - 0.00224 ‘ 479.50508 04671 x 107°
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Temperate Zone showed a clear downward trend during 2014-2015.
The annual NPP values of Farmland located in the Subtropical Zone
showed a clear downward trend during 2015-2016 and 2018-2019.
The annual NPP values of other ecosystems did not change
significantly. From H), it can be seen that annual NPP values in
some areas of farmland, Deciduous coniferous forests and Grassland
show a decreasing trend. The annual NPP of Evergreen coniferous
and Evergreen broad-leaved forests showed an increasing trend in
most regions and a decreasing trend in a few regions.

The above results indicate that there is a significant downward
trend in the annual NPP values of Farmland, Deciduous coniferous
forests and some areas of Grassland. However, there is no significant
downward trend in either Evergreen coniferous or Evergreen broad-
leaved forests during the period 2014-2019.

4.3 Relationship between AOT40 and NPP

For the different ecosystem types, correlation coefficients and
p-value between AOT40 and NPP were
2014-2019 using all scatter points within that ecosystem region,
as shown in Table 2. The 2014-2019 annual average AOT40 and
annual average NPP from the national scale and for each ecosystem

calculated for

other than Evergreen broad-leaved forests showed a non-significant
negative correlation. Therefore, we needed to select the signal data to
establish the response relationships.

4.4 The year AOT40 threshold and response
relationships

AOT40 thresholds were obtained for Evergreen coniferous
forests, Evergreen broad-leaved forests, Farmland and Grassland
ecosystems based on the Mann-Kendall mutation point detection
method. As shown in Table 3, the signal data were then extracted
according to the constraints and we obtained the a-values, b-values
and normalised slopes of the regression lines for each of the four
ecosystems. When a<0, it means that NPP is negatively correlated
with AOT40.

The scatter plots of the signal data separated from the four types
of ecosystems are shown in Figure 6, and the response relationships
are as follows:

y = —0.0104x + 966.51333r (r = 0.5164, p = 0.1546),
y = —0.003487x + 1387.91875 (r = 0.1959, p = 0.6134),
y = —0.00457x + 628.91117 (r = 0.8674, p < 0.003),
y = —0.00224x + 479.50508 (r = 0.781, p < 0.03).

4.5 Oz-induced NPP decrease percentage

Figure 7 shows the spatial distribution of NPP decline induced
by O; in 2014. In China, the estimated Os-induced NPP decline
ranged from 5% to 35%. Among them, the decline rate of Farmland
ecosystem was the most significant (in range of 5%-35%), and most
of the decline rate was 10%-25%. The decline rate of Evergreen
coniferous forests was the second (in range of 10%-25%), mostly
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between 15% and 20%. The decline rate of Grassland ecosystem is
low (in range of 5%-20%), most of which is between 5% and 15%.
The Evergreen broad-leaved forests have the lowest decline rate (in
range of 0%-10%), mostly between 0% and 5%. The regions with the
highest percentage of NPP decline induced by O; in various
ecosystem types are mainly Beijing-Tianjin-Hebei and Shandong.
The decline rate of Farmland ecosystem in the study area was
significantly higher than other ecosystem types.

5 Discussion

Remote sensing is a detection technique that emerged in the
1960s and has the advantage of obtaining data with wide coverage
and a long time span, which also facilitates the expansion of the
spatial and temporal span of O; impacts on vegetation, thus
facilitating the quantification of O; impacts on vegetation at the
ecosystem level. Remote sensing also allows for fast and efficient
acquisition of images and corresponding data, thus providing data to
support studies at smaller time scales, such as hourly.

The MODIS NPP data used in this paper is derived from the
NASA Earth Observing System and is simulated by the Light Energy
Utilisation Model. The NDVI data obtained from MODIS for the
inversion of NPP is affected by the sensitivity of the satellite sensors,
cloud cover, satellite orbit, etc. Therefore, the MODIS data needs to
be denoised at first. Although this process can improve the quality of
the data, there are inevitable limitations in the denoising algorithm,
which affects the accuracy of the inverse NPP data. Secondly, we, like
previous researchers, assumed the AOT40-NPP correlation to be a
linear response relationship, and thus fitted their response
relationship a linear relationship. However, the AOT40-NPP
correlation may be better described by a non-linear correlation,
which is one of the directions to be further investigated. Finally, the
spatial interpolation method used in this paper is ArcGIS’s distance
interpolation method, which inevitably has its own corresponding
errors.

6 Conclusion and prospect

Based on the idea of Jarvis multiplication model, this paper
proposes a method of constructing AOT40-NPP response
relationships based on remote sensing technology combined
with  MOD17A3H NPP data, and applies the response
relationship to evaluate the impact rate of O; on NPP in
2014. The show that the established response
relationship between Farmland and Grassland ecosystems has

results

the highest correlation coefficients and strong significance, so
the results are statistically significant. The percentage of NPP
reduction induced by Os in 2014 was in the range of 5%-35%.
Among them, the decline rate of Farmland ecosystem is the
most significant, mostly between 10% and 35%. The decline rate
of evergreen coniferous forest is the second, mostly between
15% and 20%. The decline rate of Grassland ecosystem is low,
mostly between 5% and 15%. The decline rate of Evergreen
broad-leaved forests is the lowest, mostly between 0% and 5%.
In addition, we have produced the O3 concentrations dataset of
ground-based observations over the Chinese region.
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The prospects of the research work are as follows: 1) The
resolution (10km) of the O;
concentration dataset used in this paper leads to the possibility of

limitation of the spatial
mixing other types of vegetation within the same image element.
Therefore, in the subsequent study, the spatial resolution of
AQOT40 spatially interpolated images and remote sensing images
can be improved to analyze the effect of O; on NPP of specific
species more precisely. 2) Since NPP is greatly influenced by
environmental factors such as temperature and precipitation, in
the subsequent study, the same ecosystem can be further divided
into different regions according to the different climate zones they
are located in, and the AOT40-NPP response relationships can be
constructed separately for different climate zones to obtain more
accurate assessment results.
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